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UNIVERSITY OF SOUTHAMPTON
: ABSTRACT
FACULTY OF ENGINEERING AND APPLIED SCIENCE

DEPARTMENT OF ELECTRONICS

Doctor of Philosophy
OPTICAL FIBRES FOR COMMUNICATIONS: MANUFACTURE, PROPERTIES,
AND APPLICATION

by Stephen Roy Norman

The successful application of optical fibres to wideband communi-
cations demands the utilisation of fibres exhibiting very low
attenuation and high bandwidth at the wavelength of operation. This
thesis describes an experimental study of the homogeneous chemical
vapour deposition (HCVD) technique, a convenient process for the
manufacture of ultra-pure waveguide glasses. Objectives of the
programme included the development of technologies which could be
adopted by industry for the routine manufacture of high—quality
optical fibres. Aspects of the work have included not only
optimisation of the HCVD and fibre-drawing processes bhut also the
development of protective coatings which presérve the physical and
optical performance of the fibres.

A lathe-based system has been constructed for the manufacture of
optical-fibre preforms by HCVD, and evaluation of fibres prepared by
HCVD has led to the development of ternary phosphogermanosilicate
glasses for use as the core glass in multimode fibres. The fibre
drawing operation is described, and, in particular, it is shown that
the addition of a fibre diameter measuring system led to important
refinements to the preform-manufacturing and fibre-drawing processes.

Multimode graded-index fibres have been produced in lengths in
excess of bkm, with numerical apertures up %o 0.25, attenuation as low
as 0.8 dB/km, and intermodal dispersion as low as 0.3 ns/km; fibres
suitable for operation in the 1.3 ym and 1.55 pm regions have been
prepared. The versatility of the HCVD process has enabled low-loss
monomode fibres to be fabricated. In addition, a monomode fibre
having a linear birefringence of less than 3°/m has been manufactured
for transducer applications; this represents the lowest value teported
to date for the birefringence of an optical fibre.

Techniques have been developed for the application of a surface-
protective coating to fibres in-line with drawing. Using a thick
primary coating of a thermosetting silicone elastomer, it has been
possible to maintain the high inherent strength of freshly-drawn
fibres without degrading their optical performance; a median tensile
strength of 5.2 GN/m“ was obtained in 1.0m gauge—length samples. An
experimental evaluation of materials suitable for providing a tough
outer jacket over primary-coated fibres is described. An extrusion
line has been developed for applyving thermoplastic jackets, and by
using nylon—-6 as the jacketing material, it has been possible to
provide an excellent degree of microbending resistance and mechanical
protection without compromising the fibres' performance.

Suitably protected graded-index fibres have been cabled and
installed in a particularly severe environment, where they form part
of an optical link transmitting video signals and high bit-rate
digital data. The performance of the fibres within the link surpassed
initial expectations, and confirmed the capabilities of the fibre-
manufacturing technology.



CHAPTER 1: INTRODUCTION

The demand for ever-increasing bandwidth in medium—- to long—distance
communication systems has led to an exponential growth in the

research and development of optical communications systems using
optical fibre waveguides as the transmission medium. Such has been
the pace of development over the last decade that trial systems have
been installed in many countries and are carrying regular
telecommunications traffic on a reliable basis. 1Indeed, plans are
already well advanced for the installation of a 140 Mb/s optical fibre
network within the U.K. to link the new System X trunk telephone

exchanges)1

The widespread interest in optical fibre systems stems from the many
advantages that they offer compared vith conventional metallic cable
systems. These advantages centre around the greatly increased band-
width associated with the use of optical carrier frequencies,
potentially ultra-low loss, ffeedom frém.electromagnetic interference
(EMI), low weight and bulk for a given capacity, and intrinsic safety
when operatingvin hazardous environments. As an illustration of their
considerable attractions, compare a digital trunk telecommunications
system operating at 140 Mb/s (1920 voice channels) over conventional
coaxial cable with an optical fibre system operating at the same bit-
rate. The‘highest quality coaxiél conductor currently available is
9.5mm in diameter, and would require repeaters spaced at 2km.
intervals. In contrast, a graded-index multimode fibre operating at
0.85pmm would be able to opefate without regenerators over distances
of 10km, and in its protected state would be approximately lmm in
diameter. Even at the present day costs of small-scale production of
graded-index fibres, the 140 Mb/s optical fibre system is cost-
competitive with the coaxial system. Furthermore, by utilising the
1.55’pm wavelength region in which the attenuation of silica-based
fibres can reach a minimum of 0.2 dB/kmz, future systems employing

single-mode optical fibres could sustain regenerator spacings of the

order of 100km>.
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This thesis describes work undertaken during the period 1975 to 1980,
during which time the proliferation of developments in optical fibres
was ever—increasing. The primary chjective of the programme was to
develop manufacturing processes which would yield high-quality optical
fibres on a routine basis, and which could be adopted on an industrial
scale for the manufacture of fibres for use in telecommunications
cables. The research programme has therefore been concerned largely
with the technological aspects of fibre manufacture, rather than the
more fundamental topics of glass technology and waveguide propagation.
The thesis reports several aspects of research covering fibre
manufacture, characterisation, strengthening of fibres by the
application of protective -coatings, and incorporation of fibres into a
novel cable. To illustrate the capabilities of the processes, an
apﬁlication of graded-index multimode fibres in an optical
communications system iustalled in a particularly severe environment
ig described. As an off-shoot of the work on fibre manufacture, a
particular type of single-mode fibre exhibiting extrememly low
polarisation birefringence has been ﬁcveloped, and a brief description
of its manufacture and properties are included. The success of the
development of the manufacturing processes has led to the transfer of.
technology to industry where the same techniques are being employed in
the large-scale production of fibre. Hence, it is intended that the
thesis should not only present results of the research programme, but
should also act as a reference for the future use of industry adopting
the technology.

\

1.1 Historical Background to the Research Programme

More than any other development, it was the advent of the laser in the
early 1960s that made high—capacity optical communicaticns a real
possibility, and the laser's potential in telecommunications was soon
recognised. Although initial efforts were directed towards the use of
atmospheric optical communicatioms, it was clear that line—of-sight
restrictions and atmospheric scattering would severely limit the
usefulness of such systems, and attention switched to guided systems
in which the optical carrier was constrained within a transparent
conduit (or light pipe) containing re—focusing elements appropriately
spaced along the length of the pipe. Whilst being technically
feasible, the costs of this approach precluded it from serious

consideration for most telecommunications systems.
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In 1966 Kao and Hockham, in a classic paperA, proposed that the
optical carrier could Ee transmitted over optical fibres, and that
although the attenuation was typically 1 dB/metre at that time, this
was due mainly to the presence of transition metal impurities within
the glass. They suggested that reduction of the impurity levels would
allow attainment of losses much lower than those typically
encountered, In another important papers, published in 1969, Kao
demonstrated that synthetic silica having transmission losses as low
as 5 dB/km was commercially available, and soon after single-mcde
fibres having a core of titania-doped silica in a silica cladding with
losses Below 20 dB/km were reported6. This result prompted
developments in many countries and further breakthroughs came with

the modified chemical vapour deposition technique developed
independently by workers at Southampton University7 and Bell

Laboratoriess.

Although the Bell workers utilised the already known properties of
boric-oxide-doped silica to form the cladding of a fibre having a
9

silica core’, the Southampton work disclosed the discovery of
phosphosilicate glass as a suitable material for vee as the core of a
silica-clad fibire. The logical development of a phosphosilicate-core,

borosilicate-clad filre was to follow from Southampton Universitylo

"in the early stages of the current research programme. At that time
it was possible, with care, to manufacture fibres having minimum
losses of the order of 3dB/km in lengths of up to 1 km. The process
control was inadequate, and it was therefore difficult‘to guarantee
parameters such as core size, core/cladding diameter ratio, refractive
index profile, bandwidth and loss. Furthermore, the fibres were not

protected from abrasion or chemical attack, and were too weak to be

incorporated into a cable structure.

In contrast, at the completion of the present programme, fibres have
been drawn in lengths in excess of 5 km, losses as low as 0.8 dB/km
have been achieved, and the control of refractive index profile,
bandwidth and fibre geometry have been significantly improved.
Fufthermore, technologies have been developed for protecting the
fibres both mechanically and optically, and the manufacturing
technology has been adopted on an industrial basis by the world's

largest cazble-manufacturing group.
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1.2 The Main Research Topics

1.2.1 Low-loss Fibre Manufacture

The many methods for the manufacture of low-loss optical fibres
generally derive from one of two fundamental approaches to the
preparation of high-purity glasses, viz, soft-glass preparation by the
melting of raw méterials, and preparation of silica-based glasses by a
chemical vapour deposition (CVD) process., This study has concentrated
solely on the latter because it offers greater versatility in the
fibre design and choice of material without the need for a large
investment in glass-melting equipment. Using the so-called modified
CVD (MCVD) or homogeneous CVD (HCVD) process, fibre is produced in two
separate operations, the first involving the preparation of a
composite blank or preform having the same geometrical and optical
configuration as the resultant fibre. The preform is subsequently
elongated at high temperature in a drawing-down operation to form the

optical fibre.

1.2.1.1 Preform Manufacture by HCVD

The HCVD process offers a very elegant solution to perhaps the
greatest problem facing the succegsful application of optical fibre
communications, namely the preparation of high purity glasses having
very low levels of transition metal impurities. By purifying the
volatile halides of silicon and other glass forming clements {(e.g.
phosphorus, germanium and beoron) using simple distillation and
separation techniques, it is possible to obtain ultra-pure halides
having transition-metal impurity levels as low as 10 parts per
billion (ppb)ll. In the HCVD process, vapours of the halides are
oxidised at high temperature within a silica tube, and the oxides are
deposited as a glassy layer onto the wall of the substrate tube. The
silica tube provides a high purity environment for the reaction and
the deposited glass thercfore has a purity comparable to that of the
source chemicals. In addition, by adjusting the composition of the
reactant gas stream it is possible to control the rate of deposition

and the refractive index of the deposited materiallz.
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Hence to produce an optical fibre preform, an appreciable thickness of
glass having a defined refractive index distribution is built up by
the successive deposition of many glass layers of controlled thickness
and refractive index7. The temperature of the silica substrate is
then raised above its softening point and the composite tube collapses
under surface tension forces into the solid preform which is later

drawn into fibre.

During the course of this study an HCVD system for the routine
production of both multimode and monomode-fibre preforms has been
developedlz. The inexpensive system offers great flexibility in the
choice of glass composition, deposition rate and deposition
temperature. A study of the deposition process has been undertaken
and developments in the control of the glass composition and
deposition rate have enabled a broad spectrum of fibres to be produced
for experimental purposes. Thus long lengths (>5km) of multimode
graded-index fibre having losses below 1 dB/km and band-widths in
excess of 1.0 GHz km have been manufactured on the same equipment as
step-indéx fibres having a 300 pm core diameter! Similarly, without
the need for modification to the equipment, preforms have been
produced for drawing into monomode fibres operating in the 0.85 pm and
1.3 pm regions. To assess the repeatability of the process more than
twenty multimode graded-index preforms have been produced under
similar conditions. The characteristics of the fibres drawn from the
preforms have been compared and some of the fibres have been employed

in a 5.3km optical fibre link.

Chapter 2 describes the HCVD process in detail and covers tﬁe
manufacture of both the multimode- and monomode-fibre preforms.
Rather than itemising the improvéments to the equipment and process
technology in a chronological fashion, the chapter discusses the
common glass systems which can be manufactured by HCVD, describes the
deposition equipment developed by the author, reports the results of a
systematic study of the main process variables, and finally
illustrates the application of the process to the manufacture of a
variety of preform configurations. By presenting the work in this
form it is hoped that the reader will obtain an understanding of the
process and of the significance of the research programme's

contribution to the present 'state of the art'.



1.2.1.2 Drawing of Silica-based Fibres from HCVD Preforms

Fibre drawing is, in principle, a very straight-forward operation and
is performed on a purpose-built machine comprised of three sub-
unitsl3. The preform is gripped in a driven crosshead and is fed
into a furnace having a graphite resistance-heating element. The
furnace temperature is raised above the softening point of the preform
and the fibre is drawn from the end of the preform on to a winding
drum having an accurately controlled take-up speed. Important
parameters affecting the stability of the operation are the
temperature stability of the furnace and the speed stability of the
feeding and winding systems. At the outset of this project fibre
diameter was maintained at a near—constant value by electronically
interlocking the motor controllers for the feeding and winding
systemsl3. However, whilst this system operates satisfactorily for

a uniform preform, diameter variations along the length of a preform
will produce a corresponding variation in the fibre diameter. Hence,
an important aspect of the current work has been the addition of a
fibre diameter measuring system to the fibra drawing machine and its

incorporation in a feedback loop to control the ribre diameter.

As will be shown in Chapter 3 the addition of the diameter measuring
system led to the discovery of several sources of fibre diameter-
noise, and investigations of these effects led to an improved furnace
design. Also the importance, of preform surface finish was established
and led to improvements in the preform manufacturing process. On
completion of the study 4km lengths of fibre had been drawn with less
than + 1 pm diameter variation in an overall fibre diameter of 125 pm,
a result previously only possible when drawing fibre from high-quality
silica rod. The improvement in fibre diameter control has been
accompanied by a reduction in the wavelength-independent excess loss
commonly associated with diameter fluctuations, and has led to a

reduced variance of attenuation from fibre to fibre.
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1.2.2 Characteristics of Fibres Made by the HCVD Process

As outlined above, the HCVD technique has been applied to the
manufacture of multimode and monomode fibres having a number of end-
uses. The further development of the manufacturing techniques has
resulted in a marked improvement in the quality and yield of fibre.
Chapter 4 describes the principal optical characteristics of the
various types of fibre, and illustrates the results that have been
brought about by the optimisation of the waveguide glass systems and

the processing conditions.

As a major aspect of this work has been the development of low-loss
d~index fibres for telecommunications, the geometrical and

grade
optical characteristics of such fibres are discussed in depth. It is
shown that by employing the PZOS—GeOZ-SiOZ glass system as the

core glass of graded-index fibres, very high quality fibres can be
manufactured having excellent geometrical properties, very low loss
over the O.Ble to 1.7 pm wavelength region and very high bandwidth at
the wavelength of operation. Core ellipticity and core/cladding
eccentricity have both been reduced below 1% in graded~index fibres
having a 63 pm core in a 125‘pm diameter. Numerical apeftures of 0.23
are readily achieved without ihtroducing excessive stress into the
fibre. Spectral attenuation measureﬁents show that the level of
transition metal impurities within the fibres has been reduced to
negligible levels, and that in some cases the OH ion abscrption peak
centred at 0.95 pm has been reduced to less than 0.2 dB/km. Thus
attenuation levels of less than 3.0 dB/km at 0.85 pm and less than

1.5 dB/km at 1.06 pm have been achieved; extended measurements into
the infrared show that the attenuation falls to even lower 1evéls in
the 1.3 pm region where material dispersion effects fall to a minimum,
and that the fibres should be capable of 'second' and 'third-window'
operation. The PZOS-GeOZ—-SiO2 glass system has allowed more

accurate refractive index profile control than the P205—Si02

system, and by creating a germania-rich environment in the closure
zone during preform collapse, the out-diffusion of dopant from the

innermost core layers has been almost eliminated.
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Bandwidth measurements on graded-index fibres have been made using

time~domain measurement of pulse dispersion in the 0.85}*m region.

Intermodal dispersi?n as low as 0.3 ns/km has been achieved in some
fibres, although 1.0 ns/km would be more representative of the mean.
Pulse dispersion measurements over a broad wavelength range (0.75 am
to 1.35 ym) are reported for one fibrels. The results indicate that
the refractive index profile of this fibre cannot be described by a

single exponent oL in the equation.

a(r) = oy L - zA@-:-jx]%

where n, = refractive index at r = 0
a = core radius
A = relative index difference between core and cladding.
ol

= power law exponent characterising the profile.

More accurate control of the refractive index profile near the
core/cladding interface should lead to an improvement in the band-

width performance of the fibres.

In single-mode fibres designed for telecommunications purposes, band-
width is limited (to the first order) by material and mode dispersion
effectsl6. The system used for the measurement of pulse dispersion

in multimode fibres has insufficient resolution for the measurement of
material and mode dispersion in relatively short monomode fibres
({3km), and therefore the measurements presented on single-mode fibres
are confined to geometrical measurements, attenuation measurements and
. measurement of normalised frequency, or V-value. It has been found
relatively easy to manufacture low-loss monomode fibres for 0.85 pm

operation using the HCVD technique12

« Measurements in the 1.0 pm to
1.7 jm region show that the attenuation level of these fibres is
capable of further reduction by the elimination of OH ions within the
deposited material and by reduction of the wavelength independent

losses in the fibre.



Monomode fibres are also finding applications in instrumentation, where
their ability to transmit coherent polarised light is most attractive.

In one application 17

the current travelling in a busbar is measured
by menitoring the Faraday rotation of polarised light propagating in a
monomode fibre wound around the conductor. As the sensitivity of this
instrument is limited by the residual birefringence of the fibre, a
systematic study of the causes of birefringence has been undertaken
and a monomode fibre exhibiting less than 3°/metre linear retardance

8

has been developed1 , and has been incorporated into an operational

current measuring system.

1.2.3 Protective Coatings for Optical Fibres

For optical fibres toc uve successfully incorpdrated into telecom
munications cables without breakage or degradation of optical
characteristics, it is necessary to protect them in such a manner that
they can withstand the limited tensile loads applied during cabling and
be isolated from asymmetric latergl forces which cause microbending
losseslg. Chapter 5 describes a two stage approach to this problem,
firstly, to apply a protective 'primary' ccating to the fibres in line
with drawing so as to preserve their inherent strength, and, secondly,
to apply an extruded 'secondary' coating of a thermoplastic material

off-line to reduce the fibres' sensitivity to microbending losseslg.

1.2.3.1 Primary Coatings for Optical Fibres

It is well known that the high-temperature fibre—drawing operation can
produce a pristine fibre surface free of stress concentrating flaws
(Griffiths microcracks) and that>freshly—drawn fibres can exhibit
strengths approaching 7 GN/mz. The subsequent introduction‘

of flaws by.handling, abrasion, or atmospheric attack will reduce the
strength by a factor of 20 or more. Hence to optimise the strength of
our fibres, techniques for on-line coating of the fibre have been
developed to preserve the pristine surface condition of the newly-
drawn fibre and maintain its high initial strength throughout its

operational lifetime.
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The requirements of the primary coating have been defined and

various coating materials have been characterised. It was found
difficult to apply solvent-based ccatings in reasonable thickness
within the normal range of fibre drawing speedslz. Although the
first—choice material, polyorganosiloxanes, gave most encouraging
initial results, problems of solvent evaporation led to the selection
of an alternative, solventless, silicone rubber for use as the primary
coating. Coatings of up to 80 Pm.thickness have been applied over
long lengths of 125 Pm.fibre, and it has been possible to achieve a
uniform coating which has not affected the fibres' optical
performance. Concentricity between fibre and coating has been improved
by employing tapered-nozzle coating tips, and by reducing the ratio of
the overall coating diameter to the fibre diameter; minimum coating

thicknesses of approximately 40 pm are typical.

Significant improvements in fibre strength have been obtained and some
preliminary investigations of the flaw distribution have been
completed. Tensile strength measurements on samples taken at random
from lengths of primary-coated graded-index fibres have shown a
bimodal Weibull strength distribution characterised by a high-strength

region of modulus 'm'~25, and a low-strength 'tail' of m ~11.

The low-strength tail gives a rather broad distribution of flaw sizes
which is characteristic of fibres drawn in graphite resistance-heated
furnaces. Nevertheless, median strengths of 5.2 GN/m2 in 1.0m
lengths of fibre have been achieved; mean breaking lcads in excess of
60 N have been obtained in 125 ym;diameter fibres, compared with
about 6 N in bare fibres subjected to normal handling before

testing.
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1.2.3.2 Secondary Coatings for Optical Fibres

Gloge has s‘nown19

that surprisingly small external forces can cause
lateral deformation, mode coupling and microbending loss in optical
fibres. To cable fibres without significant increase of attenuation
it is therefore necessary to isolate the fibre from distortion by the
application of a suitable protective jacket. The choice between a
tightly adherent jacket or a loosely fitting jacket around the fibre
depends very much on the modulus and thickness of both the primary
coating and the jacket itself. An experimental evaluation of
materials suitable for jacketing of silicone rubber primary-coated,
graded-index fibres has been undertaken. It was found that
conventional extruders used for insulating metallic conductors were
generally too big for use with optical fibres. A new jacketing line

incorporating a small extruder was commissioned for use with fibres.

A number of materials have been evaluated for their influence upon
fibre transmission properties. Nylon 6 was found to be the most
promising material and was selected for further assessment. The
effects of the extrusion conditions and secondary coating .diameter on
attenuation have been assessed. Both the cooling conditions of the
extrudate and the colouring of the extrudate by pigmentation have a
marked effect upon the low temperature performance of the coated
fibre; these effects have been attributed to the influence of cooling

and pigmentation upon the degree of crystallinity of the nylon.

Using nylon 6 as a tightly-adherent jacket over the graded-index
fibres it has been possible to coat fibres to 0.5mm and 0.7mm overall
diameter without degrading the attenuation or bandwidth of tle

fibres. The variation of attenuation with temperature over the range
-40°C to + 60°C has been reduced to less than 0.1 dB/km. Whilst the
0.5mm coated fibre is sufficiently robust for handling and
incorporation within a loose cable structure, the O.7mm diameter
secondary ceating will offer greater mechanical isolation to the fibre
and will also improve the tensile load bearing capabilities of the

jacketed fibre.
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L.2.4 DINORWIC: An Optical Fibre Field Trial

To demonstrate the capabilities of the graded-index fibres developed
at Southampton, Chapter 6 describes a collaborative programme which
has been undertaken between Southampton University, Pirelli General
Cable Works and the Central Electricity Research Laboratories (CERL)
to install an optical fibre communications system in the pumped-
storage power station under construction at Dinorwic, North Waleszz.
Initially, the optical fibre link is operating between the head-works
of the upper reservoir and a lower terminal building above the
station's main control room, a total distance of about 5.3km over

severe terrain with a vertical drop of some 500 metres between the two

ends. Although only two channels were necessary to transmit video and

for further experiments by installing a cable containing four graded-
index fibres. The fibres, manufactured at Southampton University by
the author, were taken to Pirelli General for jacketing and cabling.
Installation was also carried out by Pirelli General whilst the CERL
were responsible for the development and installation of the terminal

equipment.

The severity of the route and the continuing site construction
dictated the need for a robust cable structure offering high tensile
strength for drawing the cable into ducts, and a high hoop-strength to
protect the fibres from impact. To afford maximum protection to the
fibres a cable structure was selected in which the strength members
were embedded in the sheath and the fibres were loosely laid within an
internal cavity. Several designs employing different degrees of cable
reinforcement were considered and a number of trial cables were made
before the final design was conceived. The design23 employs a
composite sheath comprising a longitudinally-formed steel—t;pe with a
polyethylene oversheath 'and offers a good balance of strength and
flexibility.
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A novel manufacturing technique was developed in which the fibres were
driven into the cable cavity at a speed in excess of the cable forming
speed. It was thus possible to achieve a significant degree of strain
relief by incorporating an excess length of fibre (typically 0.5%)
within the cable. Time delay measurements on fibres before and after
cabling confirmed the presence of the excess length. Attenuation and
pulse dispersion measurements before and after cabling showed no
deterioration of properties and in some cases an apparent reduction in
attenuation was measured due to the absence of any microbending forces

within the cable.

Cable lengths of up to 1600 metres were manufactured and installed
without fibre breakage; the mean attenuation of the installed fibres
was found to be only 3.6 dB/km at 0.85 pm, well below the 5 dB/km
figure set out in the specification. The 5.3 km roate was cabled in
only five lengths and jointed using the copper-substrate V—groove
technique developed by the British Post Office. Considerable
difficulty was éxperienced in making low-loss joints in the dusty
environment and end-to—end loss measurements indicated that the joint
losses were high. By re-making the joints using the fusion splicing
technique the mean attenuation of the jointed link fell from 4.4 dB/km
to 3.8 dB/km.

The bendwidth of all four channels was found to be very good ({lns/km
pulse dispersion), and so to carry out a more démanding test on the
fibres, two channels were jointed to form a 6.6km loop to which a 34
Mb/s line system was connected. The systemza, developed by

Telettra, employs an LED source operating at 900nm aﬁd as such has a
limited operating margin of 25dB for an error rate of 1 in 109;

over long lengths the system's performance is also limited by material
dispersion. However, the system was successfully operated over the

6.6km link at a bit error rate (BER) of better than 1 x 1
Attenuation measurements on the loop show a 3dB system margiﬁ in good
agreement with the measured BER. This system is the first 34 Mb/s
optical fibre communications lirk installed within.the United Kingdom
and its performance compares well with other LED-based 34 Mb/e systems
installed in other countries. Its long term stability will be
monitored over the next two years, as will the stability of the

fibres, cables and joints.
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If the results of this practical field trial form a basis for
assessment, it can be concluded that the original objectives of the
research programme have been met. However, as with any new
technology, the initial strides in its evolution leave scope for
further steps which introduce refinements in the product. Whilst in
Chapter 7 the results of the study are summarised and conclusions are
drawn, the areas for future development are identified and a number of

research projects are suggested.
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CHAPTER 2: THE HCVD PRGCESS FOR THE MANUFACTURE OF
OPTICAL FIBRE PREFORMS

The application of optical fibres to long~distance telecommunication
demands the utilisation of glasses having ultra-low attenuation at the
wavelength of operation. ZFEarly in the development of optical fibres
it was clear that the total attenuation was generally high in glasses
prepared by conventional melting processes, not due to intrinsic
losses, but to absorption by transition metal impurities present in
the glass. For several years the major effort in fibre manufacture
was directed towards the reduction of impurity levels in the waveguide
glasges. Although it was proving difficult to produce ultra-pure
glass by melting, fresh impetus was provided by Rao's! demonstration
that certain synthetic grades of fused silica could exhibit low
attenuation. Attention switched from the so—called'soft glasses',
prepared by melting, to synthetic, silica-based glasses which’might be
incorporated with silica into an ocotical fibre structure. A number of
techniques evolved for the manufacture of high~silica glasses 2—6,

but of these, the homogeneous chemical vapour deposition (HCVD)
technique, 3, 6 was probably the most significant because it

provided a versatile process which could be readily adapted to the
manufacture of different glasses and optical fibre configurations.

The process was adopted by many research centres throughout the world,
and today forms the basis of most manufacturing facilities for the
production of ultra-low-loss fibres. This chapter describes the
development of the process and shows how it has been applied to the
manufacture of both multimode and monomode optical fibre pfeforms. The
subsequent drawing of the preforms into fibre and the characteristics

of the fibres are covered by ensuing chapters.

2.1 Principles of the HCVD Process

The principle of the HCVD process results from the fact that, at
temperatures in excess of 1200°C, silicon tetrachloride vapour reacts

. ; ; i ; 7
spontaneously with oxygen to form a dispersion of silica particles’.
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The reaction can be carried out at high concentration within a silica
tube to form a dense fog of silica soot which adheres to the internal
wall of the tube; furthermore, the socot can subsequently be fused

at high temperature into a clear glass layer. By incorporating a
suitable additive or dopant into the reaction it is possible to
deposit a glass having a refractive index which is different to that
of silica, and which may therefore be combined with silica to form

a composite waveguide structure.
Figure 2.1 is a schematic representation of the application of the
HCVD process to the manufacture of optical fibres. The fibres are

produced in three distinct stages:-—

2.1.1 The Deposition Process

A gas stream of oxygen, silicon tetrachloride and dopant vapours

is passed through a silica tube along which a hot-zone is tréversing
in the direction of the gas flow. Provided that the temperature

is sufficiently high, when the vapours reach the hot-zone they
spontaneously oxidise to form the soot dispersion which, as the
reactant concentration is high, is formed homogeneously across the
section of the tube. Glassy particles are deposited on the wall

of the tube, not only within the length of the hot-zone, but also
downstream from it. A certain amount of soot is also transported

out of the tube by the reaction by-products, principally chlorine

and excess oxygen. If the hot—zone temperature exceeds the softening
temperature of the soot particles, they fuse into a clear layer of
glass in the region of the hot-zone; material deposited downstream
from the hot-zone is fused as the hot-zone approaches. Thus, by
traversing the hot-zone along the tube, a single~layer of glass may
be deposited, the thickness and refractive index of the glass
depending upon parameters such as reactant flow-rate, dopant
concentration, traversal rate and deposition temperature. It follows
that, by the successive deposition of many layers, it is possible

to build up an appreciable thickness of glass having a defined
refractive index distribution. Hence, a material of higher refractive
index than silica may be deposited to later form the core of an

optical fibre in which the silica substrate forms the cladding.
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Alternatively, a low-index cladding glass may be deposited prior

to the core glass; in this case the silica substrate acts only as

a supporting structure in the resultant fibre. Because the silica
tube provides a high-purity reaction environment, the deposited glass
is likely to have a purity comparable to that of the reactant

materials.,

2.1.2 Preform Collapse

In the second stage of fibre manufacture, the composite tube of silica
and deposited glass is collapsed into a solid rod, or preform, having
essentially the same cross—sectional structure as the resultant fibre.
Although this operation may be combined with the fibre drawing
operation, it is more conveniently performed immediately after the
deposition stage. When sufficient glass has been deposited, the
reactant gas flow is stopped and the temperature of the traversing
hot-zone is raised above the softening point of the silica tube.
Surface tension forces then cause the composite tube to contract
radially to form the solid preform, figure 2.1b. The

preform may then be removed and stored until required for fibre

drawing.

2.1.3 Fibre Yrawing

In the fibre drawing operation (figure 2.lc), the end of the preform
is fed vertically downwards by a precision feed mechapism into the
hot—-zone of a short furnace which heats the tip of the preform until
it flows. A fibre filament is drawn from the molten tip on to a

take-up drum.

2.2 Glass Systems for HCVD

Although it is possible to produce optical fibres from only one

material 8, 9

, i1t is generally more convenient to utilise a
radially concentric core—-and-cladding configuration. To form such
a fibre having a silica core or cladding, a second material is
réquired which has a different refractive index and is physically

and chemically compatible with silica.
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There are a great many oxides which can be added to silica to form

a binary glass having a different refractive index. These materials
may be network formers such as‘boric oxide (3203), phosphorus
pentoxide (P,05), germanium dioxide (Ge02), arsenic trioxide

(A5203), or they may be network modifiers such as sodium oxide

(Na0), calcium oxide (Ca0), lead oxide (Pb0) or titania (Ti0;).
However, to produce the glass in ultra-pure form by HCVD, several pre-
requisites must be met. Firstly, a volatile halide or oxyhalide of
the proposed additive must exist and preferably be a liquid at room
temperature (to assist in purification) and, secondly, this halide
must readily oxidise when mixed with oxygen at an elevated temperature
below the softening point of silica. The glass should also be
compatible with silica and be stable at the fibre drawing temperature
(> 2000°C). Fortunately all the network formers fulfill these
criteria and can with sufficient care be purified using fractional
distillation techniques. The common network modifiers on the other
hand, being predominantly ionic, form solid halides at room temper-—
ature, with the exception of titania, and are therefore unsuitable for
fabrication by HCVD. Other materials such as fluorine have been used
with some success both at Southampton and elsewherell, but do not

form part of this study. Of the glass formers, only phosphorus
pentoxide, germania and boric oxide have been investigated in this
programme, and it seems that the potential advantages of using arsenic
trioxide as a dopant do not offset the hazards associated with the
source material, arsenic trichloride, since little or no information

has been published on fibres made using this material.

2.2.1 Phosphosilicate Glasses

Phosphorus pentoxide is a most attractive candidate for incorporation
with silica into a binary glass. When added to silica it increases

its refractive index and, although P205 is strongly hygroscopic,

forms a glass which is chemically resistant and does not devitrify.
Furthermore phosphorus has two liquid halides, phosphorous trichloride,
PCly, and phosphorous oxychloride, POCl4 which both readily

oxidise at high temperature to form P205. Of the two halides,

PCly is less stable and oxidises to POCl3 at room temperature in

the presence of oxygeﬁ. POCl, is therefore a more suitable source

material and can be readily purified by distillation at 102°C.
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Phosphorus pentoxide is a strong glass former having two

. 2
1somorphsl~

» @ low-temperature hexagonal phase and a high-

temperature tetragonal phase. The hexagonal form is obtained by
melting hexagonal P,05 crystals at 423°C and has a refractive

index of 1.490. The tetragonal form is obtained by fusing
crystalline, tetragonal P,0s at 580°C and has np = 1.512. When
heated above 500°C the hexagonally co—ordinated glass undergoes a very
rapid, irreversible transformation to the more viscous, tetragonal
form. Thus, when incorporated with silica at high temperature into a
binary glass, the P205 will be tetragonally co—ordinated and the
network liquid will be -composed of linking Si0, and PO4

tetrahedra.

When combined togethter in the HCVD process the oxidation reactions

of SiCl4 and POClB are of the form:—

x 8iCl, + X0,  —»  x 510, + 2xCl,}
2y POCly + 3y/, 0y —a y Py0gd+ 3yclyt (2-1)

A
L

A phosphosilicate glass of composition xSiOZ:yPZO5 iz thus formed
having a molar fraction, M , of P205 in the binary glass, where

M = y/x+y. Generally, when two pure glasses are mixed, the refractive
index of the resulting compound glass varies monotonically between

the limiting values of the pure constituents as a function of M13.
Thus in figure 2.2 the refractive index behaviour of phosphosilicate
glass is plotted over the compositional range O0--20 m/o PZOS

assuming linear additivity between the constituents. The graph is
plotted up to M = 0.20 becausc it has been found 14 that at higher
concentrations of PZOS ;he glass is physically incompatible with
silica due to expansion and viscosity mismatches. It can.be seen that
a P205 concentration of 20 m/o produces a 0.75% refractive index
difference with respect to silica, corresponding to a maximum
numerical aperture of 0.18 in a silica-clad, phosphosilicate-core

fibre.

The thermal expansion coefficient of Pp0g isoip = 140 x 1077

7

og1 compared with = 5.5 x 1077 °¢™! for pure silica.
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As P90g5 is added to Si0O; the thermal expansion coefficient

increases above that.of silica until the point is reached where, in a
silica-clad, phosphosilicate-core fibre, the tensile stress in the core
is such that the glass fractufes. This represents one of the major
limitations of the phosphosilicate system. A second limitation arises
from the fact that the viscosity versus compositional behaviour of
phosphosilicate glass is a super—linear function. Thus, in an earlier
it was found that even small admixtures of P,05

appreciably lower the viscosity of silica, and that this ultimately
limits the compatability of phosphosilicate and silica glasses in the
HCVD process; at high P205 levels, the viscosity of the
phosphosilicate glass at the collapsing temperature (>1950°C) is so
low that it is extremely difficult to maintain core circularity.
Nonetheless, the low viscosity of the phosphosilicate system is of
great importance in the HCVD process, since, even at low P205

levels, the soot formed by the gas—phase reaction can be fused into a
clear glass layer at temperatures well below that at which the silica

tube softens.

2. 2.2 Germanosilicate Glasses

Germania, GeO,, like phosphorus pentoxide, is a strong glass-former
which when added to silica increases its refractive index. In its
glassy form, germania has a refractive index of np = 1.610,
considerably higher than that of P,0s (nD= 1.512). Germanium
tetrachloride is a liquid at room temperature having é vapour pressure
of 66 mm Hg at 20°C, and is therefore well suited to purification by
distillation. Furthermore, GeCl4 readily oxidises to GeOy when

mized with oxygen at high temperature, although there is some evidence
that at temperatures in excess of 1700°C the volatile compound GeO is
favouredls. By the combined oxidation of GeCl, to GeO2 and

SiCl4 to 8102 it is possible to produce germanosilicate glasses by

HCVD according to the reactions:—

x SiCl, + =0, —xSi0,4 +  2xCl,} }
2.2
y GeCl, + yO, -=yGeO,} + 2yCl,! (2.2)



Glassy germania is built up of germanium-oxygen tetrahedra in a three-
dimensional random network very much like that of silical®. The
four-valent germanium atom is located at the centre of the tetrahedron
with a covalent bond to an oxygen atom at each corner of the
tetrahedra as in vitreous silica. Thus in a germanosilicate glass,
the Ge0, tetrahedra substitute directly for SiO; tetrahedra and the

composite glass is structurally similar to pure silica.

The coefficient of thermal expansion of germania is «+.=80 x 1077
°C_1,approximately half that of P05, and the viscosity is
appreciably higher. Although the central atom-oxygen bond strengths
in GéOZ, P,0; and 5i0, are about 100 keal mole_l, the

surprisingiy large difference in viscosity between PZOS and GeOy

is probably due to the fact that in P,05 each PO4 cetrahedron is
bonded to three others instead of four as for GeO, (and 810,).
Although structurally similar to 5i0,, the viscosity of GeO2 is

lower at a given temperature, and a germano-silicate glass would
therefore be expected to have a melting point below that of silica;
fusion of the glass deposited by HCVD should thus be possible without

deformation of the silica substrate.

Figure 2.3 shows the refractive index behaviour of germanosilicate
glass over the compositional range 0—=20 m/o GeOy, assuming linear
additivity between the constituents. In comparison with P205 (see
figure 2.2), it is clear that the refractive index difference
resulting from the addition of a certain molar fraction of Ge0y to
Si0y is considerably higher than that for the addition of the same
molar fraction of P205 to 510,5. Thus the theoretical

coefficient of refractive index difference is An = 15.2 x 10—4
(n/o)~ ! for GeO,, compared with An = 5.4 x 1074 (m/o)—1 for

P205. To produce a silica-clad optical fibre of 0.2 NA would
therefore require the addition of only 9.0 m/o GeO2 to silica in the
core (25 m/o for a P205/Si02 core). Consequently, from the

reduced doping levels (for a particular refractive index difference),
the higher viscosity and the reduced expansion, it may be expected
that germanosilicate glass would be physically more compatible with
silica than phosphosilicate glass, and would be the preferred choice

for use as the core of a silica-clad fibre.
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2.2.3 Borosilicate Glasses

In contrast to phosphorus pentoxide and germania, it has been found
that the addition of boric oxide, B,03, to silica reduces the
refractive index of the compound glass below that of silica17,
especially in highly-quenched samples. Thus Van Uitert et all3d were
able to demonstrate that borosilicate glass was a promising cladding
material for silica-based optical fibres, even though the refractive
index of bulk annealed samples was only marginally less than that of
pure silica. Two volatile halides of boron, namely boron trichloride,
BCl,, and boron tribromide, BBry are readily available, and both
form boric oxide when oxidised at high temperature. Binary
borosilicate glasses may be prepared by the HCVD technique according

to the reaction equations:-

x SiCl, + X0, —» xS510,4 + 2xCl, !
2yBCY ., + 0 B.,0 +  3yCl 2.3
ybli 4 -%y 2 > YByUsg i ylls P« )

or  2yBBry + _%y 0, —» yB,04 i +  3yCl, !

to form the composite borosilicate glass xSiO.,:yBZO3 in which
the molar fraction of B203 is M = y/xty. Of the two halides,
BCl, is highly volatile and boils at about 5°C; boron tribromide

is thereifore the preferred material for purification by distillatiomn.

Vitreous B203 is composed of boroxyl groups (planar rings

containing six members, alternately boron and oxygen atoms) linked
together in a three dimensional network by boron~oxygen—boron

bonds 10, The boron atom is triangularly co-ordinated, each being
linked to three oxygen atoms, and the network liquid is structurally
very different to the tetrahedrally co-ordinated silica. The more
open structure of the planar boroxyl groups may be the reason for the
low viscosity of glassy 3203 compared with SiO2 or Ge02. As

with phosphorus pentoxide, the addition of boric oxide to silica
produces a significant decrease in viscosity, which in turn lowers the
sintering temperature of the glassy soot deposited in the HCVD
process., The reduced viscosity does not represent a sevious limitatiomn
to the maximum amount of boric oxide that can be incorporated into the
borosilicate glass by.HCVD; because, in practice, it is found that the

expansion coefficient mismatch with silica predominates.
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In contrast to the phosphosilicate and germanosilicate glass systems,
the refractive index of borosilicate glass depends on both the
composition and cooling rate. Measurements on annealed samples of
glassy B,04 gave a refractive in_dexl7 of ny= 1.4582, and would
indicate a maximum index difference of -3 x 10—-4 with respect to
silica. However, Wemple18 demonstrated that the refractive index of
high-silica borosilicate glass was particularly sensitive to cooling
rate, and obtained an index difference of - 3.7 x 10—3 in a 25 m/o
Bzﬂsglass prepared by rapid quenching. Figure 2.4 shows the
compositional dependence of refractive index for guenched borosilicate
glass over the range M = 0 to M = 0.15. The results are presented for
annealed samples (Van Uitert et all3) and rapidly quenched samples

(French et a119

Y. In the quenched samples, French obtained an index
difference of -8 x 10~ with respect to silica at a boric oxide
content of 15 m/o; at this composition, a numerical aperture of 0.16

is possible in a borosilicate-clad, silica—core fibre.

The coefficient of thermal expansion of boric oxide is &y = 160 x

1077 °C—l, somewhat higher than that of P,Og or Ge0,, and

sets the limit to the maximum B,0q level in the glass; at M = 0.20,

the thermal expansion mismatch can produce excessive tensile streés in
the deposited layers. To attain a numerical aperture in excess of 0.16
using a borosilicate cladding, it is customary to employ a doped-silica

core to extend the core/cladding index difference beyond the thermal=-

stress limit imposed by the silica-core, borosilicate-clad

2.3 Preparation of High-Purity Raw Materials

In a study of the optical abscerption due to transition metal
impurities in silica, Schultz20 found that the absorption
coefficients of elements such as vanadium, chromium, and nickel could
exceed 2dB/km per part per billion (ppb) of impurity over the
wavelength region of interest to optical communications. To achieve
ultra-low loss in optical fibres made by HCVD, it is thus necessary

té reduce the transition metal impurity levels below the ppb level.
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The raw materials used in the HCVD process are principally SiCl,,
POCls, GeCl,, BBry and oxygen, although other gases such as

nitrogen, argon and helium may be added to adjust the deposition
conditions. Oxygen and the other gases can be made virtually free of
particulate matter, which may contain transition metals, by filtering
through ultrafine filters. As a strong hydroxyl ion absorption band
is also present at 0.95‘ym and 1.4‘pm in silica based glasses, the
water content of the gases must also be minimised by employing
liquified sources or by passing the gases over drying agents such as

activated alumina.

Silicon tetracﬁloride and the dopant halides are generally purified
by simple distillation techniques. Figure 2.5 shows the vapour
pressure versus’ temperature characteristics of the source materials
and the most common transition metal compounds likely to be present
in them. The vapour pressure/temperature characteristic is an

Arrhenius type of exponential function given by21:—

P = Ae ~Q/RT
where P =  Vapour pressure
A =  Vapour pressure constant
Q = Latent heat of vapourisation
R = Gas constant
T = Temperature in °K

By plotting the curves on a log P versus 1/T scale, the vapour
pressure curve is a straight line for each material. The striking
feature of the figure is that the source materials have very similar
vapour pressures, which at temperatures below 100°C are several orders
of magnitude greater than the vapour pressures of the transition
metal impurities. A simple low-temperature distillation process can

therefore reduce the impurity levels by several orders of magnitude.

Thus, using this technique to purify reagent-grade SiClA, POCl3
and BCl3, the author was able to manufacture borosilicate—clad,
phospho-silicate~core graded—index fibres with ultra-low loss over

the 0.75 jpm to l.B‘pm wavelength range.23



More recently, ultra-high purity chemicals have become commercially

available22

and in Table 2.1 the assays of two materials, SiCly

and POCly are given. It can be seen that for both materials, the
level of impurities has in most cases been reduced to below the limit
of detection, which is still above the level dictated by the work of
Schultz. In practice, however, a further stage of purification is
obtained in the HCVD process where the reactant vapours are picked up
from the liquid phase by bubbling high—purity carrier gas through the
liquids which are held at about 20°C in glass Dreschel bottles.
Obviously at this temperature the vapour pressure of the transition
metal halides is very much lower than that of each reactant, and
purification by more than an order of magnitude would not seem

unlikely.

2.4 The HCVD System

Although low loss may be a pre-requisite for the use of optical fibres
in telecommunications, from a system viewpoint additional parameters
play an important part in defining the optical fibres' performance.
Fundamental properties such as overall fibre diameter, core size,
numerical aperture, refractive index profile, and the glass systems
used to manufacture the fibres have a direct effect upon the fibres'
operating characteristics. The control of these parameters in the
HCVD process is therefore of comparable importance to the attainment
of low impurity levels in the waveguide glasses, and requires

accurately controlled deposition and collapsing processes.

2.4.1 Chemical Vapour Collection and Distribution

To control the composition and quantity of glass deposited in the

HCVD process the reactant vapours must be collected and delivered

to the silica deposition tube in controlled volumes. This is achieved
by saturating a carrier gas with reactant vapour by bubbling the
carrier through the liquid reactant; varying the flow rate of carrier
gas thus varies the amount of reactant vapour transported to the

deposition zone.
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Figure 2.6 is a schematic diagram of a system for collecting and

distributing controlled amounts of SiClA, POC13, GeCl4 and

BBry vapours. Each liquid halide is held in a Dreschel bottle

through which a controlled flow of carrier gas is passing. Vapours of
the halides are collected, brought together in a manifold and mixed
with additional oxygen before being piped to the deposition zone. The
mass pick~up of each reactant is theoretically determined only by the
vapour pressure of the reactant and the carrier gas flow rate. If the
carrier gas is fully saturated by the reactant vapour then the

volumetric flow 'SI' of reactant 'I' is given by:-

Sy = Prr L Ve (2.3)
Po =~ PIT
where Pyp = Vvapour pressure of reactant I at temperature T
Po = atmospheric vapour pressure
Vor = carrier gas flow rate through reactant I

4
The total reactant flow rate is given by i{h SI where the vapour

pressur2 of each reactant is given by 21:— 1=

SiClA:

logjg P = 7.9312 -  1656.6/T (2.6)
POCl3:

logjg P = 7.8953 - 1892.5/T (2.7)
GeCl4:

logjg P = 8.0072 - 1812.7/T (2.8)
BBr3:

logjg P = 7.9580 - 1833.5/T (2.9)

Oxvgen is normazlly used as the carrier gas for the first three
reactants but nitrogen is used for BBrgy as there is evidence of
oxidation of BBrg to B,05, and of free bromine, when oxygen is

present within the Dreschel bottle.
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When depositing a binary silicate glass the refractive index will
depend upon the relative concentrations of silicon tetrachloride

and dopant-halide within the reaction zone. The ratio R of the
required ca;rier flow rate through the dopant halide to that through
the silicon tetrachléride is related to the molar fraction of dopant

in the vapour phase by the equation

R = K. M (2.10)
1 -M)

where K is a constant depending on the vapour pressure of the
reactants and the number of molecules of dopant halide necessary
to yield one molecule of dopant. Assuming that the reactants are

held at 20°C, the equations for the binary silicates can be written:—

Phosphosilicate glass:

R =

Germanosilicate glass:

Reeo, = 3.48 _ M (2.12)
(1 - M)

Borosilicate glass:

R0, = 9.38 _ (2.13)
1-w

Equations (2.11)—(2.13) assume complete saturation of the carrier
gas streams. Early in the project it was realised that a variation
of pick-up efficiency with carrier-gas flow rate, material, or liquid
height in the bubbler could lead to large differences between the

theoretical and actual values of § for each material.
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An experimental study of the variation of pick-up efficiency with
carrier—gas flow rate was undertaken using POClg as the sourcelA.

The efficiency was indeed found to be sensitive to the carrier flow
rate, the height of the POClj in the Dreschel bottle and also the
bubble-size of the carrier as it passed through the liquid.

Increasing the surface area of the liquid/carrier interface by
reducing the bubble size, and increasing the path-length of the
carrier through the POClj, produced a significant improvement and
pick—up efficiencies of fz=0.9Qt 0.05 were reproducibly obtained over
the normal range of carrier gas flow-rates. If the pick-up efficiency
does not vary from bubbler to bubbler then the values of K in
equations (2.11)+(2.13) do not need modification. The volumetric flow
rate however will be reduced and equation (2.5) must be modified

accordingly:~-
St actual = T].pick—up x Sp . (2.14)

Although the problem of pick—~up efficiency could be overcome by
employing an electronic mass flowmeter sited downstream of each
Dreschel bottle in a feedback loop with the carrier—gas flow
controller, this approach has not been investigated becanse the highly
corrosive nature of the reactant wculd probably result in corrosion

of the flowmeter and contamination of the vapour streams. Indeed,
even if the correct volumes of reactants are delivered to the
depesition zone, the gas-phase reagtion is such that there is no
guarantee that the deposited glass will have the same dopant content
as the reactive gas stream. In fact, as will be described in Section
2.5.2 it is necessary to calibrate the HCVD process in terms of dopant
level and refractive index difference and then to adjust the value of
K in equations (2.11) to (2.13) so that the valus of M used in the
eqﬁations cerresponds to the composition of the binary silicate glass

and not to the composition of the gas—phase reactant stream.
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2.4.2 Reactant Vapour Distribution System

Figure 2.7 is a detailed schematic of the reactant vapour distribution
system developed during the course of this study. It represents

the final design of a number of systems which have been constructed
and modified after experimental evaluation. It was found that the
reactants readily attacked any metallic component with which they
were in contact, and so care was taken to eliminate metallic wvalves
etc. from the vapour handling system. On the other hand non-metallic
flow controllers made in PTFE were found to be inaccurate and gave
insufficient control over the carrier gas streams. A dual approach
was finally adopted in which a precision carrier gas distribution
system was constructed using metallic components; this was connected
to a chemical vapour handling system comprised of only glass and
PTFE. This permits accurate control of the carrier gas streams and
prevents contamination of the chemical vapour stream. Thus in figure

2.7 the line AA" delineates the metallic/non-metallic interface.

High-purity carrier gases (oxygen and nitrogén) are supplied to the
gas control equipment via driers and filters which remove hydrogen-
containing species and particulate matter from the gases. The carrier
gas flow rate through each bubbler is controlled by either a precision
flow meter or an electronic mass flow controller. An additional flow
of oxygen may be provided to vary deposition conditions and to provide

an excess of carrier gas downstream of the bubblers.

The liquid reactants are held in silica Dreschel botties having
temperature—controlled water jackets to maintain the vapour pressure
of each reactant at a comnstant value. Each bubbler has a large porous
frit with many fine holes to give a blanket of small carrier-gas
bubbles distributed over the entire cross—section of the container;
this provides a large surface area for the carrier gas/reactant
interface and ensures efficient pick-up of reactant vapour. The
Dreschel bottles were constructed in silica to minimise the possibil-
ity of impurities leaching from the container walls. Each bubbler may
be sealed using all PTFE valves, znd a bypass line is provided for
eaéh carrier-gas stream. When the system is not in use a small
carrier flow is passed through each line, via the bypass, to prevent

backstreaming of reactant vapours into the gas control equipment.
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The gas and vapour streams are brought together and mixed in a PTFE
manifold before passing to the deposition tube. A 0.1 um line filter
provides final filtration of the gas stream and prevents particles
produced by wear of the PTFE rotary joint from entering the deposition

tube.

Control of the dopant carrier—-gas flow rates during deposition is
achieved by applying preset voltage levels to the inputs of the
electronic mass flow controllers (MFCs). The voltage levels may
be obtained using analogue electronics to divide down a reference
voltage, or by using digital techniques to store the flow rate values
on magnetic tape, random access memory (RAM) or read—only memory
(ROM). Each preset value may then be read from store and applied
tc an analogue to digital (A to D) converter, the output of which
is fed to the MFC. Of these approaches the magnetic tape storage
is the most elegant since it allows the computer to calculate and
directly store the flow rates required to synthesise a specific

refractive index profile.

2.4.3 Modified Glass—-Working Lathe for HCVD

The original development work on the HCVD process was undertaken
using the fibre drawing machine to translate the déposition tube
vertically through a hot—zone provided by the fibre-drawing

furnace®™ . As the silica tube was supported at one end only, severe
elengation and distortion of the tube frequently occurred. A purpose-
built machine, in ‘which the tube was rigidly supported at both ends

and the hot—zone was vertically translated, produced a significant

improvement and is described in detailed in Reference 24. However,

frequently led to misalignment between the chucks which gripped the
silica tube, and to an asymmetric preform cross—section. To overcome
these problems a horizontal glass-working lathe has been adapted

for the HCVD process, and is shown in figure 2.8,

The lathe is a standard glass—working lathe having two driven spindles
on a 54" bed (Heathway Model No. S3L). To adapt the machine to the

HCVD process, the following modifications have been made:-
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A motorised drive éystem has been fitted to the burner carriage
to provide accurately controlled translation of the hot-zone
produced by a surface-mix burner mounted on the carriage.

A stepper motor system was selected to give a wide dynamic
speed range; traversal rates of-zero to 80 cm/min can be
obtained. Adjustable microswitches mounted on the lathe bed

are used to set the limits to which the carriage translates.

The silica tube is gripped between the rotating spindles by
precision engineering chucks mounted on the spindles. The
chucks tightly grip the tube, ensuring accurate alignment
and preventing relative rotation between the two ends of
the tube due to chuck slippage. Heat shields protect the

chucks from excessive temperatures during processing.

The reaction rate of the chemicals inside the silica tube

during depcsition dépends larg=ly upon the temperature of the
hot-zone. An optical pyrometer has therefore been fitted to

the burner carriage to monitor the hot—zone temperature, and
forms part of a feedback loop with a three-term controller and an
electronic solenoid valve to control the flow of oxygen to the
burner, as shown schematically in figure 2.9a. Natural gas is
used as thm fuel gas over the normal range of deposition
temperatures (1500°C to 1800°C), but must be replaced by hydrogen
to achieve the higher temperatures necessary for collapsing the
tube. Figure 2.9b shows the variation of temperature along the
deposition length of a silica tube at a burner traverse rate of
10 cm/min and at a hot-zone set—temperature of 1600°C. It can be
seen that apart from the initial overshoot at the start of the
traverse, the temperature is maintained to within + 5°C over the

cycle.

Extract systems have been fitted to remove chlorine from the
output of the silica tube during deposition and collapse, and

also to remove the silicon mcnoxide vapcur liberated from the

silica tube during the high-temperature collapse.
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The system offers an inexpensive machine for the fabrication of
preforms up to 1 metre in length, and does not suffer from thermal
distortion problems encountered with earlier equipments. It has now
been in regular operation for more than three years without needing

major modification or maintenance.

2.5 Deposition of Doped Silica Glasses

Many experiments have been perférmed to characterise the important
parameters affecting the deposition process and the deposited glass.
If high-quality optical fibres are to be fabricated, it must be
possible to control the refractive index and thickness of each glass
layer for whichever glass system is being employed. A knowledge

of tﬁe effects of reactant flow rate, dopant level and traverse speed

upon refractive index and layer thickness is of ut.ost importance.

2.5.1 Control of Deposited Layer Thickness

The thickness of glass deposited during eacl. hot-zone traverse will
clearly depend upon reactant flow rate, traverse speed, tube
dimensions and deposition temperature. The influence of these
variables has been sssessed for the phosphosilicate, germanosilicate
and also the ternary phospho—germancsilicate glass systems. In figure
2.10a the deposited layer thickness is plotted as a function of
carrier gas flow through 5iCl, for a 10 m/o phosphosilicate glass
deposited at constant traverse rate (10 cm/min) in a 15 mm diameter
silica tube having a 1 mm wall thickness. A number of lavers were
deposited at different carrier flow rates and the tube was then
sectioned for measurement of the layer thicknesses. Figure 2.10b
sheows 2 photomicrograph through the deposited layers which are easily
distinguished under transmitted light illumination. Seven layers
were deposited at carrier flow rates in the range 100 ml/min to

300 ml/min, and the process was then repeated a second time to give

a total of 14 layers; in each series, two layers were deposited

at the lower flow rates to improve the measurement accuracy.
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The deposited layer thickness is seen to vary linearly with carrier
gas flow rate over the flow range examined. At a carrier flow of
300 m1/min a deposition thickness of 32‘Pm/pass was obtained. Under
these conditions only seven passes would be required to deposit
sufficient material to form a preform with a 1:2.5 core/cladding

ratio (e.g. S50 pm core, IZSAFm OD fibre).

Similar experiments performed on tubes of different cross—sectional
area show that, for constant carrier flow rates, the layer thickness
increases with decreasing internal tube diameter; moreover the cross-
sectional area of the layers was found to be independent of tube

size. The HCVD process thus yields a constant volume of deposited
material per unit time at a specified reactant flow rate. As the gas-
phase reaction occurs homogeneously over the cross—section of the
tube, this result might well be expected. It is Lhus possible to
normalise the deposition rate in terms of volume of material deposited
per unit time per unit volume of reactant vapours as shown in figure
2.11 for the above mentioned glass systems. To allow for the fact
that the results were obtained using different bubbler temperatures
(and hence reactant vapour pressures) the reactant flow rate is
expressed directly in ml/min SiC14 vapour. The results were

obtained from measurements on many preforms fabricated using a wide
range of deposition conditions, in particular the reactant vapour
pressure, dopant level, hot-zone traverse speed and silica tube size
were varied irom preform to preform. The striking feature of the
results is that the deposition rate is a linear function of SiCl,
flow-rate over the range of flows commonly encountered It is thus
possible to manufacture preforms having pre-selected core/cladding
diameter ratios by varying the reactant flow rate or traveise speed to
give the required thickness of deposited material., For example, at
the highest reactant flow rate (270 ml/min SiCl,) layers of 36 ym
thickness were deposited at a traverse speed of 17 cm/min. However, at
such high deposition rates bubbles frequently form in the deposited
layers due to gas entrapment and it would be preferable to deposit
twice as many layers of 18 Jm thickness at the same traverse speed

(thereby requiring a SiCl, flow of 135 ml/min).
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2.5.2 Control of Refractive Index

For each glass system the refractive index of the deposited glass
will be a function of the glass composition and its thermal history
(particularly for the borosilicates). To permit accurate profile
synthesis, the HCVD process has been calibrated for each glass system
in terms of the refractive index difference with respect to silica

as a function of the molar composition of the gas phase reactants.

The refractive index data was derived by measurement of the numerical
aperture of fibres drawn from preforms manufactured using known gas—
phase reactant concentrations. It is felt that direct measurements

on fibres are more desirable than measurements on bulk samples because
the thermal history of bulk samples is not sufficiently representative

of the state of stress within a fibre.

2.5.2,.1 Phosphosilicate Glasses

Figure 2.12 shows the refractive index difference between the binary
phosphosilicate glass and silica as a function of the molar content
of PZO5 present in the gas phase. The circular pouiats represent
values obtained from the measurement of the numerical aperture of

a number of step-index fibres fabricated using different gas-phase
ratios of POCl3 to SiCl, assuming that the glasses so-formed were
the stoichiometric products of the gas-phase oxidation reaction.
Experimental points identified by a cross were obtained from graded-
index fibres by first measuring the NA of the fibre to give the
maximum core index difference and then deconvolving fhe index
difference as a function of core radius from refractive index profiles
obtained by a near—-field scanning techniquezs. The theoretical
refractive index difference derived in section 2.2.1 is also plotted
(solid line)-. The close coincidence of the experimental results and
the theoretical predictions confirms the assumpticon of complete
stoichiometric oxidation and shows that the composition of the
deposited glass closely follows the ratio of the reactant chloride
concentrations up to P,0g levels of about 15 m/o. The discrepancy
between the results at higher levels may in part be due to the out
diffusion of P205 from the glass during the high temperature
collapsing process, and also to a stress—optic reduction of the

refractive index under the high tensile stresses present in highly-

doped phosphosilicate-core fibres.
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2.5.2.2 Germanosilicate Glasses

In contrast to the phosphosilicate glass system, it was found that

the incorporation of Ge0, into germanosilicate glass is non-
stoichiometric. Although the index difference with respect to silica
is a linear function of dopant level, the specific index difference
(index difference per m/o GeOy in gas-phase) falls surprisingly

below the theoretical prediction. Electron microprobe analysis
(EPMA)26>27 of preform sampleé revealed that the incorporation ratio
of Geoz into glass in the HCVD process was less than half the
stoichiometric gas-phase ratio, as shown in fig. 2.13. The GeOjp
content of the glass is seen to be a non-linear function of the gas-—
phase concentration. and there is considerable scatter between the
results from preform to preform. The most likely explanation of this
apparently random fluctuation is that the germania incorﬁoration ratio
i1s temperature dependent, the incorporation efficiency increasing with

decreasing substrate temperature.

Thus at high Ge0, doping levels the reduced viscosity of the

deposited glass permits a lower deposition temperature, and the
proportion of germania in the glass increases. Similarly, at low

GeOy levels a higher deposition temperature must be employed (to
ensure fusion of the deposited soot), and the germania incorporation
efficiency drops accordingly. The scatter between results at constant
gas—phase Ge0O, levels probably arises because the deposition
temperature was not held constant from preform to preform. (The need
for accurate temperature control of the deposition process is clearly
evident). There is qualitative evidence to justify this theory in the
fact that graded-index germaniaFdoped preforms made under constant-
temperature cconditions exhibit smoothly varying concentration profiles
which are only severely perturbed when the deposition temperature is
changed. The practical implication of this effect is that even though
the hot-zone temperature may be maintained at a constant value
throughout a deposition, unless the set-temperature is the same from
one deposition to another then random fluctuations in numerical

aperture will occur from preform to preform.
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Nevertheless, when the refractive index difference with respect to
silica is plotted as a function of the actual germania content of
the glass, as shown in figure 2.14, the experimental data agrees
well with the theoretical prediction. The specific index difference

is found to be dn = 15 x 10~4 per mole peréent Ge0y in the glass.

If a linear relationship is fitted tc the data of figure 2.13
(implying constant incorporation efficiency at constant temperature)

it is possible to combine the data of figures 2.13 and 2.14 to

conveniently give the gas-—-phase concentration of GeClQ necessary

to achieve a specified refractive index in the glass, figure 2.15.
For example, using this graph, it is found that to obtain a 0.24

NA in a silica-clad fibre, a gas—phase concentration of 25 m/o GeCl,
is required, about twice the actual GeO, content of the resultant
germanosilicate glass. The validity of this apprecach has been
confirmed by EPMA analysis of a graded—index preform of accurately
knovn fabrication conditions and‘core/cladding index difference.

In figure 2.16 the plots of the radial variation of refractive index
of a fibre (measured by near-field scanning) and the radial variation
of'GeOZ content in the preform prior to drawing have been
superimposed; also shown (as circular points) are the glass-ﬁhase

Ge0O, contents expected from the vapour-phase reactant concentrations

The agreement between index difference, actual glass composition .

and predicted glass composition is excellent apart from the central
core region where the Ge0y content of the innermost deposition layer
has been perturbed by outdiffusion of dopant during the preform
collapsing operation. Nevertheless the close coincidence of the
results demonstrates that the refractive index of the germanosilicate
glass pfoduced by HCVD can be accurately controlled by adjusting the

GeCl, level in the gas—phase in accordance with figure 2.15.

2.5.2.3 Borosilicate Glasses

The refractive index behaviour of borosilicate glass produced by
HCVD has been characterised by the measurement of numerical aperture

and refractive index profile in borosilicate-clad, silica-core fibres.

.
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The problems of depositing a silica~core were overcome by adopting
a rod—-in-tube technique whereby the borosilicate cladding was
deposited on to a silica substrate tube into which a4 rod of
'synthetic' silica was subsequently introduced. The rod-in—tube -
preform was then drawn into fibre at a temperature sufficient to
ensure complete closure of the annular clearance between rod and tubej
in this manner fibres having a precise step~index profile were
obtéined. Graded-index fibres having a borosilicate cladding and a

graded borosilicate core were also fabricated by conventional HCVD.

The variation of refractive index difference with relative
concentration of B,05 in the gas stream is shown in Fig. 2.17.
Also included in the figure are the results obtained by French et
all9 who have studied the borosilicate system in great depth. As
both sets of measurements were performed on samples prepared by fibre
drawing, the borosilicate glass will be in a highly quenched state,
and at each composition the refractive index of the glass should be
near its minimum value. It can be seen that there is good general
agreement between the results obtained at Southampton and those
obtained by French. In each case the refractive index difference is

seen to be a non—linear function of the gas—phase B903 content,

the rate of change of index decreasing with increasing Bo04 level.

French found from EPMA measurements that the relative composition
of 3203 in the glass phase was only marginally below that of the
gas—-phase, and attributed the non-linear refractive index variation
to a compositional sensitivity of the index depression caused by
guenching. This may well be the explanation for the reduced index
differences measured in the graded-index fibre VD143 compared with
the values obtained from step-index fibres made at Southampton.

To produce fibres with predetermined refractive index profiles using
a borosilicate cladding it is thus necessary to use the empirically
established relationship between index difference and gas—phase
3203 level, and to ensure that the quench-rate does not vary

from fibre to fibre.
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2.6 Preform Collapse

It has been found thét while the quality of the core glass is governed
principally by the deposition process, the geometrical characteristics
and dimensional uniformity of the final preform are strongly affected
by the collapse process. Great care is thus required during this

stage of preform manufacture.

To effect collapse of a composite silica/doped-silica tube prepared
by HCVD, one end of the tube is heated above the softening point

of silica using an oxyhydrogen flame (from the surface-mix burner
previously used for the deposition with a natural gas/oxygen flame).
The. hot-zone, which is about 30 mm long, is then slowly traversed
along the rotating silica tube, and the surface tension forces of the

glass are sufficient to produce a reduction in diameter of the tube.

The degree of shrinkage will depénd upon parameters such as the hot-
zone temperature, traverse speed, silica-tube size, deposited

glass composition and the pressure within the tube. All these
parameters may be varied from preform to preform to meet requirements
dictated by the fibre's eventual application. In general, hbwever, é
number of burner traverses are made to progressively collapse the
composite tube into the preform; it has been found that preform
circularity can be degraded by the large change in dimensions when
collapsing the preform in only one burner pass.

A second problem commonly experienced when collapsing\preforms naving
doped-silica cores is the outdiffusion of dcpant from the innermost
core layers due to the increased vapour pressure of the dopant

relative to silica at the collapse temperature.

This effect is particularly common in phosphosilicate preforms where
the high vapour pressure of the P205, and the low glass viscosity,
give a high P205 diffusion coefficient. 1In addition, the low
viscosity of the core glass creates an increased tendency for the

tube to deform asymmetrically during collapse.

A number of techniques have been developed to enhance the control

of the collapse process:-
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The outdiffusion of dopant can be reduced by creating a dopant-
rich atmosphere within the hot-zone during collapsezs. In

the initial stages of collapse this is achieved by pagsing
dopant-halide vapours, with oxygen, through the tube. The dopant
concentration must be adjusted to eliminate the dip without
diffusing excess dopant into the glass. During the final stage
of the collapse the tube is sealed and it is not possible to

pass the dopant through the tube. However a dopant-rich
atmosphere can still be maintained by depositing dopant soot
ahead of the hot-zone prior to sealing the tube; as the hot-zone

moves along the tube the dopant is continuously volatilised

and condensed ahead of the zone.

The circularity of the preform can be maintained by applying

a slight positive pressure to the inside of the tube during
collapse. The pressure may be adjusted to balance the surface
tension forces which cause tube shrinkage. Thus by exerting

an outward radial force marginally less than the inward radial
forces due to surface tension, it is possible to progressively
reduce the tube diameter whilst still retaining circularity.

In practice a positive pressure of 1 - 2 millibar is provided

by a dynamic gas-bleeding system employing a variable flow valve
and manometer to adjust and monitor the internal pressure of

the tube.

The preform circularity can also be affected by any offset of

the tube from the rotational axis of the lathe spindles. If the
tube is offset it will move alternately into and away from the
burner as the tube rotates, establishing a non-uniform
temperature distribution around the preform which will in turn
cause an asymmetric collapse. To overcome this problem a guide
system has been developed which can be fitted to the lathe to re-
align the tube with its rotational axis before initiating
collapse. Not only does this assist the circularity of the
preform, but also it maintains the straightness of the preform

over the collapsed length.
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4, A high-pressure air stream can be emploved to rapidly quench
the preform shortly after its closure into a solid rod thereby
preventing distortion of the rod due to viscous flow whilst

still at temperatures above the softening point.

It should be noted that the quality of the silica substrate tube
can have a significant effect upon preform quality. In particular,
variations of wall thickness around the tube ('siding') will cause
eccentricity between the deposited glass and the outer surface of
he preform, and generally also lead to ellipticity of the core due
to asymmetric temperature and'surface tension distributions. Also,
the optical characteristics of the preform can be degraded by the
presence of small bubbles within the silica tube which migrate
radially to the interface between the substrate and the deposited
glass during collapse. Care must therefore be paid to the selection
of substrate tubes of high geometrical uniformity and low bubble

content.

2.7 Manufacture and Characteristics of HCVD Preforms

The HCVD process has been applied to the manufacture of prefbrms for
both multimode and monomode fibres, more than two hundred preforms
having been fabricated during the course of this study. The
development of the process has been on-going, and even now there are
still areas for substantial improvement. However a number of
preferred techniques have been evolved for the manufacture of high-
quality preforms at high yield. In this section pracéical examples of
manufacturing details for step-index, graded-index and monomode

preforms are presented.

2.7.1 Step—Index‘Multimode—Fibre Preforms

The techniques for the manufacture of step—index preforms are essen—
tially straightforward, requiring only the deposition of a core glass
of constant composition within a cladding which may be deposited

material or the silica substrate itself.
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Having specified the numerical aperture required in fhe fibre, the
core/cladding diameter ratio, and the glass systems to be used for
core and cladding, it is necessary to determine the volume of material
to be deposited (this is a function of the cross-sectional area of the
substrate tube), the carrier gas flow rates to give the required index
difference, and to control only the traverse speed and number of

traverses to deposit the requisite volume of material.

The manufacturing technique and uniformity of refractive index across
the core are largely governed by the choice of glass systems used in
the preform. For example, figures 2.18 to 2.21 show the refractive
index profiles and cross—sections of four step-index fibres having the

following core and cladding configurations:-—

Fibre Preform Core’ Cladding NA
VD175 A PZOS/SiOZ 810, 0.15
VD148 B Ge02/8102 510, 0.15
VD154 C 810, B203/Si02 0.13
VD173 L P,05/6e0,/810, 510, 0.24

Preform A has a 15 m/o phosphosilicate core, deposited in 15 passes
within a 15 mm OD, 12.5 mmID Heralux silica tube, and has a numerical
aperture of 0.15. The refractive index profile is a éood
approximation to a step—index profile over much of the core, but

the high volatility of P205 at the preform collapsing temperature
has produced a large refractive index depression on the core axis.
It was not possible to completely compénsate the outdiffusion of
P205 by creating a dopant-rich atmosphere during collapse. Iven
though internal pressurisation had been employed during collapse the
low viscosity of the phosphosilicate glass at the collapsing
temperature has also resulted in a significant degree of ellipticity

within the core, as shown by the fibre cross-scction, figure 2.18b.
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Using germanosilicate glass as the core (preform B) only 5 m/o GeO,
is required to give a 0.15 numerical aperture. The reduced doping
level compared to the phosphosilicate core, and the increased
viscosity of the germanosilicate glass has enabled a high degree of
core circularity to be obtained, figure 2.19b. However, whilst the
lower doping level and reduced volatility of GeOj has resulted in
less outdiffusion of GeOp during collapse, the refractive index
profile of the core consists of a series of 18 annular rings, each
ring corresponding to one deposition layer. Clearly, the refractive
index distribution within each iayer is non—-uniform, a consequence of
the variation of Ge0, incorporation efficiency along the length of

29. Furthermore, the mean index level of

the deposition hot—zone
each layer increases with decreasing core radius giving a graded-index
structure; this effect is thought to be due to the variation of GeO,
incorporation efficiency with deposition temperature, a problem which
was subsequently overcome by the use of a temperature-contrclled hot-

zone during deposition.

In the borosilicate—clad, silica-core fibre both the geometry and
refractive index profile are as desired, figure 2.20. Rowever,
production of such a large silica core by HCVD is inefficient because
the very high deposition temperature required to fuse the silica soot
necessitates the deposition of many silica layers at low reactant flow
rates; the high deposition temperature leads to severe tube distortion
unless an internal pressurisation system is used to control the tube
diameterso- As in the case of this preform, to achieve an

acceptable core/cladding diameter ratio, a rod-in-tube approach is
generally adopted. and a high—-quality synthetic silica rod must be

procured for the core.

The binary glass systems thus possess processing characteristics
which make it difficult to obtain good geometry and an accurately-
stepped refractive index profile in long lengths of fibre: The
viscosity and refractive index properties of phosphosilicate glass
invariably result in non—cirgularity and excessive dopant out-

diffusion in fibres having a numerical aperture in excess of 0.12.
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For the germanosilicate glass, the high viscosity dictates the need
for a high depositiqn temperature with its attendant problems, namely
tube shrinkage, a perturbed refractive index profile, and, often,
bubble formation due to gas entrapment within the deposited glass.
Whilst the borosilicate-clad, silica-core fibre provides the desired
optical configuration, the rod-in-tube approach is viable only for
the manufacture of short lengths of fibre for experimental purposes.
Faced with these limitations, it was decided to investigate the
ternary glass systems formed by the mixing of any two of the three

binary systems.

Initial attempts to manufacture phospho-borosilicate glasses revealed
that it was difficult to deliver the reactant vapours to the
deposition tube, due to a room tewperature reaction between POC14

and BBrjz which produces a solid precipitate. Similar problems

were not experienced when mixing_GeCl4 vapour with either P0013

or BBry vapours. Germanoborosilicate glasses were found to have

a lower fusion temperature than thé germanosilicates and by a suitable
choice of dopant levels it was possible to obtain either positive

or negative refractive index differences with respect to pure silica.
The opposite senses of the refractive index difference due to each
dopant is a disadvantage of this system, since the total dopant level
to achieve a specified refractive index in the glass must be higher
than would normally be the case. Finally, investigation of the
ternary phosphogermanosilicate system demonstrated that by a suitable
choice of dopant levels it was possible to obtain a glass exhibiting

most advantageous processing characteristics.

It follows from the discussion of the phosphosilicate and germano-
silicate glasses in earlier sections that the addition of small
amounts 6f PZOS to germanosilicate glass will reduce the soot-
fusion temperature in much the same way as for P205 in silica.

The practical significance of this is twofold. Firstly, the ternary
glass may be deposited at a temperature below that normally used for
germanosilicate glass, and, secondly, the deposition rate can be
increased without causing bubble formation due to gas entrapment
within the deposited layers. The lower deposition temperature also
reduces the concentration gradient within each laver, and thus

improves the accuracy with which an ideal refractive index profile may

be approximated.
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Furthermore, if the phosphorous pentoxide doping level does not exceed
5 m/o, then the viscosity of the ternary glass remains sufficiently
high to prevent severe ellipticity of the preform during the
collapsing operation. Although dopant evaporation still occurs at

the high temperature used for collapsing, the depletion zone is
generally no greater than that obtained in a binary germanosilicate
core; as will be shown in chapter 4, the dopant loss can be
effectively compensated by creating a germania-rich atmosphere in

the closure zone during collapse.

The ternary phosphogermanosilicate glasses thus possess processing
characteristics which combine the advantageous properties of each

of the binary systems. The ternary system was adopted as the
'standard' for use in the multimode fibres produced at Southampton,
and led to distinct improvements in the quality and yield of the
HCVD preforms. In figure 2.2l the refractive index profile and cross—
section of a silica-clad, phosphogermanosilicate-core fibre is shown.
The use of a low deposition temperature and an increased deposition
rate has enabled the intended step—index profile to be wall-
approximated, and excellent core circularity has been obtained. In
Table 2.2 the typical deposition conditions for the fabrication of a
step-index preform are given along with the details of the processing
time and dimensions of the final product. By employing a 20mm OD x
1.5mm wall-thickness substrate tube it has been possible to increase
the deposition rate by a factor of three compared with earlier fibres
made by HCVDZA. The reduced tube shrinkage associated with the
P205—Ge02-8i02~system and the larger substrate tube hasvalso

enabled twice as many layers to be debosited in each preform. The
volume of deposited glass has therefore increased by a factor of six,
making it possible to draw lZS'pm fibres in lengths in excess of Skm

from preforms which can be fabricated in less than six hours.

The considerable benefits of the ternary system were subsequently
recognised by a number of other laboratories; for example, workers
at Corning Glass Works realised that the low sintering temperature
of the phosphogermanosilicate glasses would permit the use of a
substrate having a lower softening temperature, and successfully
employed Vycor (96% silica, 4% boric oxide) tubing as a direct

replacement for silica3l.
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Even though the development work on the ons—GeOQ“SiOZ system
was undertaken in 1975 and 1976, to date no superior alternative has
been reported, and, at most fibre manufacturing facilities, the

ternary system is in general use for the manufacture of high-quality

multimode fibres.

2.7.2 Graded-Index Multimode-Fibre Preforms

Gloge and Marcatili32 have shown that by grading the core refractive
index of multimode fibres according to a power-law profile, the group
velocity differences between modes can effectively be equalised,
increasing the fibre's.bandwidth by up to three orders of magnitude
over the step—index case. In a subsequent analysis which took account
of the dispersive properties of the core and cladding glasses,

Olshansky33 found an optimum index profile given by:-
R
n(r) = mrl - ZA(';(—:> __\/" for F&a
. ‘ )
() n 2 - 2/\]/" For > & (2.15)
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Using step—index fibres as described in the previous section
Dr. F.M.E. Sladen was able to determine the value of the profile
dispersion parameter over an extended wavelength range for the binary
glass systems33. It was found that in the case of germania and
boron-doped glasses the value °f°<opt varied considerably with
wavelength, whilst for phosphorus—-doped glasses:<i,p. remained almost
constant at 1.9 over the 850 - 1300 nm spectral range. Furthermore,
it was shown that high-bandwidth graded-index fibres'could only be
obtained in these glass systems if the refractive index profile of
the fibre (and preform) closely approximated the profile given by

equation 2.15.

2.7.2.1 Profile Synthesis

In the HCVD process, graded—index profiles are fabricated using a
stepped series of deposition layers, the refractive index being
controlled from layer to layer to give the best approximation to

the desired profile. The greater the number of layers the better

is the fit. to the power—law profile. However, the restraints of
deposition times, speeds, and flow-rate control dictate a finite upper
limit to the number of layers which can be deposited. Although
preforhs having up to 120 core layers have been manufactured using
HCVD, we have found that about 40 layers are sufficient to give a good
approximation to the desired profile whilst allowing the use of high

deposition rates for a reasonable yield.

and to calculate the composition of each deposition layer to obtain
a specified <-value in the preform. Having specified the numerical
aperture and =-value required in the fibre, the program allows the
choice of glass systems and then employs the data of figures 2.12,
2.15 and 2.17 to calculate the layer by layer compositions for the

deposition process.

The program takes account of the coordinate transformation which
occurs in the preform collapse, and outputs plots of the stepped
approximation to the ol-profile in the preform, and also the refractive

index variation with deposition layer number.
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These plots are shown in figure 2.22 for two approximations to an
ot = 2 graded index profile, namely a 20 layer deposition and a 40-
layer deposition. The 40-layer approximation is clearly a better
fit to the required profile, although it can be seen that in both
cases the profile is perturbed near to the core centre. Although
increasing the number of layers would improve the accuracy of the
approximation, it is felt that, since the grading at the core
extremities has the greatest effect upon fibre bandwidth, a 40 layer

deposition provides an acceptable solution.

In Table 2.3 the computer print—out of the relative carrier gas flow
rates RI (equations 2.11 to 2.13) is given for the above profile
having a numerical aperture of 0.25, a borosilicate cladding and a
graded phospho-germanosilicate core. The numerical aperture due to
the borosilicate cladding is 0.13, and a sufficient cladding thickness
is provided by depositing 12 layers of constant composition cladding
glass before grading out the B405 in the first core layer The

P50g is graded into the core over only two layers and then held .
constant throughout the remainder of the deposition; in this way the
lower sintering temperature offered by the use of P,05 can be
utilised throughout the major part of the deposition. The Ge02 is
added to the core glass when the P,0g level has reached its

maximum. The maximum gas-—phase Ge02 content is 30m/o with respect to
silica, giving a germania concentration of 10.5m/o in the deposited

glass.

2.7.2.2 Fabrication and Properties

Table 2.4 gives the deposition conditions for the fabricationm of

a typical preform having the profile described in the previous
section. A 20 mm OD x 17 mm ID Heralux WG silica tube of 75 cm length
was used for the deposition; a 35 mm OD by 25 cm length of low-quality
silica tubing was fused to the WG tube to provide a low-impedance
exhaust for the undeposited soot transported out of the deposition
zone. The tube was given a thorough cleaning procedure and etched

for about 15 minutes in a 257 aqueous soiution of hydrofluoric acid

to provide a clean substrate for the deposition. The tube was rinsed
in de-ionised water and dried using high-purity acetomne and nitrogen

before being connected to the HCVD system.
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By traversing the hot-zone at about 1750°C along the tube, micro-
cracks and flaws on the inner surface were removed by fire-polishing,
providing a pristine surface for the deposited glass. The borosilicate
cladding and graded-index core were deposited over a 50 cm length of
the WG tube, the 55 layers requiring a total deposition time of about
4% hours. The hot-zone temperature was maintained constant throughout
the core deposition to ensure that the Ge02 incorporation efficiency
did not fluctuate from layer to layer. At the 300 ml/min siCly -
carrier flow rate and hot-zone traverse speed of 10 cm/minute a

deposition layer thickness of l%pm/pass was expected.

Preform collapse was accomplished in four low-speed passes taking
about 1 hour 20 minutes in all. Since the hot-zone position varies
somewhat with traverse speed, the temperature control loop was not
used during the collapse, and the fuel—-gas flows to the burner were
set manually to predetermined values. During the first three collapse
traverses GeC14 and oxygen were passed through the sil;ca tube to
reduce the Ge0O, dopant loss due to outdiffusion. The tube was then
cealed and internal pressurisation was emplcoyed to maintain the
preform's circularity during the preform closure pass.. Approximately

45 cm of useful preform was obtained.

A cross—section of the partially-drawn preform is shown in figure
2.23a, and a plot of the preform's diameter along its length is given
in figure 2.23b. The geometry of the preform is very good, having

a core to cladding diameter ratio of 0.47, and a core»ellipticity

of less than 3%; this slight ellipticity will be further reduced

in the fibre drawing operation. The boroesilicate cladding layer

can be clearly distinguished as the dark annular ring surrcunding

1

the core, in which the individual deposition layers can be resolved

near the core centre.
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The dark spot at the core centre indicates that the GeOy loss during
collapse has not been completely compensated, and that an index
depression has consequently resulted. The preform diameter of 12.4 mm
gives a core diameter in the preform of 5.8 mm; the mean thickness of
the deposited layers in thus 12.5 Pm/pass, in good agreement with the
predicted value. The preform diameter is seen to be almost constant
along 45 cm of its length, with a 1.5 mm diameter variation over the
first 10 cm. This initial taper corresponds to the region where
steady-state deposition conditions are being established at the start
of each deposition pass. If the preform were to be drawn into 125 pm
diameter fibre approximately 4 km of fibre could be obtained from the
uniform section of the preform. If longer lengths of fibre are
required in single sections, the yield may be improved by increasing
the volume of deposited glass and sleeving the preform in a second

silica tube before drawing.

The structural characteristics of the graded~index fibres have been
investigated using a scanning electron microscope (SEM). When
transverse sections of fibre are etched in dilute hydrofluoric acid
the etch~rate is found to be strongly dependent upon the composition
of the glass. Thus in an HCVD fibre each core layer etches at a
different rate, and it is possible to resolve individual layers on a -
high resolution microscope. Figure 2.24 shows SEM photomicrographs of
an etched fibre sample at increasing magnification. Of particular
note are the preservation of the distinct step and layer structure and
the compositional fluctuations within each core layer. The index
depression at the core centre is evident as a raised tapered pip. The
borosilicate cladding, which is of uniform composition, etches more
quickly than the phospho-germanosilicate glass, and is revealed as the
broad annular ring surrounding the core. Perhaps the most striking
aspect of the photomicrographs is the fact that the radial symmetry of
the deposited layers has been retained during the collapse and fibre
drawing operation to give a circular core having near-perfect
symmetry: this is not the case in fibres produced by the OVPO process
where severe distortion of the innermost core layers is found in

etched samples35.
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Finally, a recent development by Mr. Issei Sasaki at Southampton

has enabled the accurate determination of the refractive index
distribution within the preform36. Figure 2.25 shows the refractive
index profile measured in a standard graded-index preform, and the
expected refractive index profile calculated from the deposition
conditions. As in the transverse cross—section of a similar preform
(fig 2.23) the core layers near the core axis can be clearly resolved.
The germania depletion has been well compensated during the collapse
and reasonable agreement is obtained between the actual and predicted

profiles.

As described in section 2.7.1, the refractive index perturbations
across each layer may be reduced by increasing the P,05 level

within the core. This has been confirmed in the graded-index preforms
by profile measurements on preforms with differing P,05 doping

levels. Hence in figure 2.26 the profile of a preiorm in which the
PZOS level was increased to 2 m/o is seen to be much smoother than

the profile in the previous figure, where the PZOS level was only

1 m/o. From the significant improvement in profile it is suggested
that in future preforms the PZOS content cc.ild be marginally

increased to 2 m/o without detriment to the circvlarity of the

preforms due to the higher doping levels.

2.7.3 Monocmode~Fibre Preforms

The techniques for producing preforms for single-mode fibres have ' a
umber of inct differences from the multimede case. Firstly, in
the monomode fibre a considerable portion of the guided power travels
in the cladding. In order to avoid excessive absorption losses, the
cladding material must be of comparable purity to the core, and a low-
loss cladding must be deposited prior to the coure. Kapron and

Lukowski37

have presented design data for the required cladding
thickness and have shown that a cladding: core diameter ratio of 4:1
should suffice to contain the guided energy within a low-loss
material. Kawachi et 3138 have considered the diffusion of hydroxyl
ions from the silica tube into the deposited cladding and suggest a
barrier cladding: core diameter ratio of 5:1., an area ratio of 24:1.

In contrast to the multimode case it is necessary to deposit far more

cladding glass than core glass, and the deposition of the cladding

layers will occupy the major portion of the deposition process.
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Secondly, for true single-mode operation the parameters characterised
by the core diameter and refractive index difference in the fibre
must normally satisfy the condition V< 2.405 where the normalised

frequency, V, is defined by39=—

. \ .
= 2o 2 1)/1 2.18
\/ - ° (ﬂi - nl ( )
N\
where a = core radius

I

A

wavelength of operation

Ny, 0y,

It

\ core and cladding refractive indices.

The choice of core size and index difference are thus governed by

the constraints imposed by equation (2.13); increasing the core
diameter requires a reduction of the index difference to maintain

the V-value constant at the operating wavelength. The chcice of

core size and index difference is dictated by the trade—off between
high-index~difference, small-core fibres which have good microbending
performance and large-core, low-index-difference fibres in which
jointing tolerances are somewhat easedao. In practice an index
difference of A~ 0.3% (NA = 0.12) provides good mode confinement

at V= 1.6 and abovela.

The doping levels are therefore very much
lower than those in multimode fibres where typically = 1.3%

(NA = 0.24).
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2.7.3.1 Preform Manufacture

Two distinct approaches may be adopted for the manufacture of
monomode~fibre preforms by HCVD. In the first approach, advantage
is taken from the fact that the core size of the monomode fibre is
very much less than that of the typical multimode fibre: by the
"deposition of a single core layer in a partially-collapsed silica
tube it is possible to obtain a preform in which the core: overall
diameter ratio is as required in the resultant fibre. Because the
silica tube must be partially collapsed before the core is deposited,
it is possible to depogit a reasonable thickness of low-loss silica
cladding during the partial—collapsela. The drawback of this
approach is that the preform is generally smaller than the multimode

preforms, and conseqnently less fibre can be drawn from each preform.

In the second approach a signifiéant volume of clad@ing and core
glasses are deposited within a standard silica substrate tube, and
the preform is collapsed in the normal manner. The core: preform
diameter ratic is generally much greater than that required in the
fibre and so to achieve the correct core: reference surface diameter
ratio the preform is sleeved in silica tubes before drawing. The
advantages of this approach are that better control of the geometry
and refractive index profile of the preform is possible, and that

much longer lengths of fibre can be drawn from each preform.

Both approaches have been pursued in this programme, énd the first
approach has been‘described in detail elsewherela. Although it
offered an excellent solution to the need for low-loss monomode fibres
for experimental purposes, it is no longer used in fibre manufacture
and will not be dealt with here. The preform—~sleeving apﬁroach has
been used to manufacture fibres having silica, phosphosilicate, or

germanosilicate cores generally in a borosilicate claddingal.
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Indeed, the deposition of the cladding layers presents more
difficulties than the core deposition. To maximise the spectral
window over which low-—-losses can be obtained, silica is the first-
142,

choice cladding materia However, the deposition of large

volumes of silica is extremely difficult without feedback control
of the substrate tube diameter using internal pressurisation30.
Borosilicate glass has therefore been utilised as the cladding, and
wherever possible the B203 doping level has been kept to a minimum
value which allows deposition of the glass without excessive

deformation of the substrate tube.

Typical deposition conditions for the manufacture of a borosilicate-
clad, germanosilicate-core monomode preform are given in Table 2.5.
The deposition proceeds as follows: A 14 mm diameter Heraeus WG silica
tube having a wall thickness of 1.5 mm is cleaned, etched and fire
polished in the usual manner. Nineteen cladding layers of
borosilicate glass containing 3 m/o B,05 are deposited at a higher
deposition rate (S8iCl, — carrier flow of 300 ml/min). A single

layer of germanosilicate glass is then deposited at 1650°C to form

the core of the preform. The composite tube is then collapsed to form
a preform of 8.05 mm diameter, 40 cm in length. A noteworthy feature
of the deposition is the use of a 14 mm diameter silica tube rather
than a 20 mm tube as used for multimode preforms; the small tube
enables a rapid preform collapse with less out-diffusicn of dopant
from the core and reduced hydroxyl diffusion from the silica substrate

into the low—loss cladding.

A transverse cross—-section of the preform, BSGl, viewed under
transmitted light is shown in figure 2.27a. The core and cladding
layers can be clearly distinguished inside the silica supporting
structure, and it can be seen that the circularity and concentricity
of the preform are excellent. The diameter over the borosilicate
cladding in the preform was 4.0 mm whilst the core diameter was 0.9 mm,
giving a cladding core diameter ratio of 4.4:1. By the use of the
high deposition rate CVD it was possible to produce the preform in
less than 24 hours from initial fire polish to final preform

collapse.
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Before the preform is drawn into fibre it is necessary to determine
the core diameter and refractive index difference in the preform,

in order that the correct drawdown ratic may be calculated for the
monomode operation of the fibre at the specified wavelength. The
core diameter may be most easily determined by measurements on
transverse photomicrographs of the preform such as is shown in figure
2.27a. Alternatively, if the core-cladding interface is diffuse,

the core may be clearly resolved by etching the end of the preform

in dilute hydrofluoric acid. Figure 2.27b shows the transverse cross-—
section of the core and cladding of preform BSGl illuminated under
reflected light after etching for 10 minutes in 257 hydrofluoric
acid. The core/cladding interface is now clearly distinguished as

is each of the nineteen cladding layers. The outdiffusion of dopant
from the core during collapse is identified by the 'pip' at the core
centre where the reduced dopant level has resulted in a lower etch

rate.

A number of techniques may be employed to establish the core to
cladding index difference. One technique involves the laborious
polishing of a thin slice of preform which is subgequently examined
by interference microscopy43. An alternative, and very simple,
technique is to draw a short section of rod from one end of the
preform, to prepare its ends by cleaving and to measure directly
the numerical aperture of the rod from its far-field radiation
pattern. Because the rod is a highly multimode structure it can
also be evaluated using techniques normally reserved for multimode
fibreé; for example. the refractive index profile in the preform
can be evaluated using the near field scanning technique. Figure

2.28 shows the refractive index profile measured in a short section

of partially drawn preform BSG2.
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The rod was approximately 2 mm in diameter, the core diameter was
192’ym and the numerical aperture measured in the rod was 0.12; at

the measurement wavelength of 0.55’pm the V-value was 131 and the

rod was thus highly multimode. The solid curve in the figure denotes
the refractive index profile obtained by applying leaky-mode ’
correction factors to the near-field distribution (broken line).

The preform has a nearly stepped refractive index profile with an
axial dip due to GeOjp loss during collapse; the relative index
difference between the depleted region and the edge of the core is
some 66% of the total index difference, and the depleted zone occupies
407 of the total core diameter. Gambling et al%% nave studied

the effects of an index depression on the core axis in monomode fibres
and have shown that a reduction in mode confinement is produced.’
However in practical terms they conclude that for an index
distribution of the form shown in figure 2.28, the propagation
characteristics are almost identical with those of a step—index fibre.
Cf course the dopant depletion may be eliminated by using a pure
silica coré in a borosilicate or fluorosilicate cladding, or it may

be compensated by creating a dopant-rich atmosphere in the closure—

zone during collapse.

It must also be mentioned in passing that whilst :he above techniques
for preform evaluation are both quick and simple, they only provide
data pertaining to the end(s) of the preform. A further improvement
in the characterisation of the preforms may be obtained by the use

of the preform scanning technique36, which not only yields more
accurate information on core size and index difference, but also
enables non—destructive measurements to be performed along the length
of the preform. Unfortunately at the completion of this particular
stage of the PhD project the preform scanning system was in its early
stages of development and so it is not possible to present
experimental results here; an excellent indication of the technique's

capabilities are given in Reference 30.
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Because the doping levels are generally much lower in single—mode
preforms than in multimode preforms, phosphosilicate preforms having
near—perfect core circularity can be reprqducibly manufactured.

The use of P,05 rather than GeO, as the core dopant enables

lower losses to be attained in the short wavelength region (600nm to
850nm) where the Rayleigh scattering of the phosphosilicate glass is
comparable with that of silica. It is also possible, by a suitable
choice of core and cladding dopants, to balance the stress levels
within the deposited glasses such that no stress disconitinuity occurs
at the core/cladding interface. This approach was found to be
particularly effective in the manufacture of monomode fibres
exhibliting very low birefringenceAS, the characteristics of which

are described in Chapter 4.
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MATERIAL

IMPURITY : SILICON PHOSPHOROUS
TETRACHLORIDE OXYCHLORIDE
Copper (Cu) £ 1 <5
Nickel (Ni) {01 < 5
Cobalt (Co) £ 1 <5
Iron (Fe) ( < 5 420
Manganese (Mn) < 1 < 5
Chromium {(Cr) < 1 {5
Vanadium (V) < 2 < 10

The impurity levels are in parts per billion (gravimetric)

The materials and assays were supplied by
E. Merck GmbH, Frankfurt.

Table 2.1: Impurity assays of two commercially available chemicals

for use in the HCVD process.



Starting Tube: 20mm 0.D., 1.5mm wall thickness

Heraeus WG silica, 75cm length.

Tube Preparation: Soap cleaned, water rinsed, acid etched, water

Fire Polish:

rinsed, and dried.

4 passes at 10 cm/min, hot-zone temperature

Deposition:

1)

2)

= 1750°C.

Cladding: 10 layers at 12 cm/min

Deposition hot-zone temperature = 1650°C.

300 ml/min
300 ml/min
600 ml/min

il

SiCl4 carrier (02)

i

BBr, carrier (Nz)

Additional oxygen

Core: 40 layers at 12 cm/min

Deposition hot-zone temperature = 1600°C,

SiCl4 carrier (02) = 300 ml/min
GeCl, carrier (0,) = 500 ml/min
POCl, carrier (0,) = 100 ml/min
Additional oxygen = 600 ml/min
Deposition length 60cm

Total deposition time ~v 4% hours (including fire polish)

5 passes at 5 em/min. Hot—zone temperature 1900°C

Collapse duration ~ 1 hour.

Preform Characteristics: Approx 55cm long by 12.5mm diameter

Table 2.2

Numerical aperture = 0.25

Deposition conditions for the manufacture of a step—index
preform having a borosilicate cladding and a

phosphogermanosilicate core.



Table 2.3 : Resactant carrisr—gas flowrates for the manufacturs
of a graded—index preform of 8.25 NA and alpha = 2.8

FROFILE SYHMTHESIS; CARRIER-GAS FLOWRATES
ALPHA YHALUE = 2,84 o ’
HUMERICAL RFERTURE 0OF FIERE = 8.2%
REACTAMT LIGQUID. TEMPERATURE = 2
3iC14 CRARRIER-GAS FLOWRATE = 388 ml-smin

' CARRIER-GAS DATA FOLLOWSI-

.CHRRIEE-GHS-FLDNEHTES IH mlemin

LAYER 3iCT4 EBr3 POCTZ © oGelld
B 388 232 5 5]
r ' . 257 8 g
RS 2RE. - 5] g
3 : C18% S B N
4. - - B = 8
=) 308 137 3 5]
& 380 11t 5] &
7 309 =1 B &
a 299 55 "] @
3 393 44 3. 5
18 388 13 a 5]
1t 349 a 18 ]
2 389 ) 54 el
13 295 ] S 13
4 309 ] S 23
13 339 ] S 4
15 389 a S4. 45
17 399 g - =4 s7
13 3@ 9 4 53
i3 284 # g AR
20 299 - S4 2
21 284 5 Sd4 1G4
2z 348 9 54 117
2! 388 1} 24 134
24 389 5] 54 143
23 209 ] 54 157
25 364 5] 5 179
z7 399 5] T4 153
23 399 3 5S4 133
29. 289 8 54 214
38 385 a- 54 2z
3t 329 9 S4 244
32 39a @ 54 ey
33 388 3 sS4 2TE
34 389 A 54 233
35 8@ 5] S+ 31
28 a9 A S 128
3T 399 3 5- 34
I 219 3 54 IEd
33 2393 ) S4 333
49 3O & S 4

Typical deposition conditians are given in Table 2.4



Starting Tube: 20mm O0.D., l.5mm wall thickness

Heraeus WG silica, 75cm length.

Tube Preparation: Scap cleaned, water rinsed, acid etched, water

rinsed, and dried.

Fire Polish: 4 passes at 10 cm/min, hot-zone temperature
= 1750°C.
Degbsition:
1) Cladding: 12 layers at 12 cm/min

8iCl, carrier (02) = 300 ml/min
BBr, carrier (Nz) = 300 ml/min
Additional oxygen = 600 ml/min

Deposition temperature 1650°C

2) Core: 40 layers at 12 cm/min
Reactant flow rates as given in Table 2.3

Deposition temperature ~ 1650°C.

Deposition length  60cm

Deposition period ~~ 4% hours

Collapse: 5 passes at 2.5 to 5 cm/min
Collapse temperature ~ 1900°C
8 ml/min

100 mi/min

Dopant compensation: GeCl4 carrier

Additional oxygen

Collapse period ~~ 1% hours

Preform Characteristics: Length! 55cm

Diameter = 12.4mm (mean)

Numerical aperture = 0,23

Table 2.4 Deposition conditions for the manufacture of a graded-
index preform having a borosilicate claddirg and a

phosphogermanosilicate core.



Starting Tube: l4mm 0.D., 1.5mm wall thickness

Heraeus WG silica.

Tube Preparation: Soap cleaned, rinsed, HF etch,

Fire Polish:

water rinse, acetone rinse and dried.

[

passes at 10 cm/min, hot-zone temperature

Deposition:

1750°C.

1) Cladding: 19 layers at 12 cm/min
Deposition hot—-zone temperature = 1650°C.
$iCl, carrier (0,) = 300 nl/nin
BBr, carrier (Nj) = 95 ml/min
Additional oxygen = 600 ml/min
2) Core: 1 layer at 12 em/min
Deposition temperature =  1650°C.
SiCl4 carrier (02) = 300 nl/min
GeCl, carrier (02) = 100 ml/min
Additional oxygen = 600 ml/min
(Liquid halides at 25°C)
Collapse: 3 passes at 5 cm/min. Hot-zone temperature = 1850°C
Preform Dimensions: 8.05mm dia x 40cm long
Table 2.5 Deposition conditions for the manufacture of a

borosilicate—-clad, germanosilicate—core monomode preform.
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By varying the carrier—gas flowrate Vg, the reactant vapour
flowrate SI is controlled according to the equation:-

St = Verr Prv

Po - P17
where P;r= vapour pressure of reactant ‘I at temperature T
Po = atmospheric vapour pressure
SCHEMRTIC ILLUSTRATION OF A SYSTEM FOR COLLECTING AND

DISTRIBUTING CONTROLLED VOLUMES OF HCVD-REACTANT VAPOURS.

FIGURE 2.6
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a) Schematic illustration of pyrometric feedback system for

b) Variation of temperature along the deposition length

of a silica substrats tube . Temperature conirol was

obtainsd by means of the system shown in (a8} zbove.

FIGURE

2.3
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a) Deposited layer thickness as a function of
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The individual deposition layers can be clearly
resolved; as shown in the graph above, the
layer thickness varied linearly with carrier
flowrate.
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NORMALISED REFRACTIVE INDEX PROFILE (SOLID LINE) AND DOPANT
CONCENTRATION PROFILE (BROKEN LINEY IN GRADED-~INDEX GERMANGC-
SILICATE CORE OF FIBRE VDIB!. The circular points represent
the glass—phase germania concentratton profile expected from

the vapour-—-phase reactant concentratlions.

FIGURE 2.16
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a) Transverse cross—section of "standard" preform
having a graded—index P205—Ge02—81'02 core in

a borosilicate cladding.

15.8

14.0

~

e VRS .+._-<_*__»,y~<)(———ﬂA--—*--"'~*\
o Ty

*

12.8

.
/

/
/

11.8L/

[
13.0[
_
[

1 @ Y @ L i | S I i . { i | 't ,--..J
%) 5 f@g 15 28 25 38 35 48 45 58
Position RAlong Preform cm

b) Preform diameter as a function of position along

the length of the preform shown in (a) above.

FIGURE 2.23



a) S.E.M. photomicrograph of etched P205~G902~8102 cored,

B203—-8102 clad fibre. The core and cladding have etched
more rapidly than the silica support structure, and can
be clearly resolved. The circular symmetry of the fibre

is near—-perfect. Magnification = %700

Etchant : 25% HF acid

k) Detail of the core layers and corescladding interface
in the stched fibre sample shown above (figure 2.24a).
The core layers can be individually distinguished, as
can the central! "pip" resulting from dopant evaporation

during preform collapse. S.E.M. Magnification = x1400

r IGURE 2.24
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a) Transverse cross—section of monomode—-fibre preform

having a germanosilicate core in a borosilicate

cladoing. Core diameiter = £.8mm
Clad diameter = 4.8mm
Preform diameter = 8.03mm

b) Core and cladding region of above preform after
etching in 25% HF acid for 18 minutes. The ghotograph
was obtained using an optical microscope with the
sample under reflected light illumination. Each deposited
lTaver can be resolved, as can the central "pip" due to

dopant out-diffusion during preform collapse. Magn. = %16

r IGURE 2.27
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CHAPTER 3 : THE DRAWING OF FIBRES FROM HCVD PREFORMS

The drawing of HCVD preforms into fibre is carried out on a purpose-
built machine designed by Dr. D.N. Payne and constructed within the
Electronics Department Workshops.1 The machine was originally
constructed for the drawing of soft-glass fibres, and has been used
extensively since 1968 for the manufacture of 'rod-in-tube' fibres,
fibre—tubes for liquid-core fibtres and, more recently, silica-based
fibres. In principle, the drawing of fibre from rods or preforms is
a straightforward operation requiring a machine comprised of only
three sub-units, namely a linear drive system, a stable heat source,
and a winding drum or tractor system. The preform is mounted . on the
linear drive system and is fed vertically downwards into a hot-zone
where the temperature of the glass is raised to a peint at which a
fibre filament may be drawn under tension from the tip of the preform
onto a winding drum. By adopting a strategy of precision in the
construction and control of the drawing machine, Dr. Payne
established a system which has remained essentially unchanged over a
period durinnghich the attenuation of fibres has been reduced from
typically 1000 dB/km to less than 1 dB/km. When drawing glasses
having a low softening temperature, a platinum-wound resistance-
heated furnace is employed as the heat source, while for high-silica
glasses a resistance-heated furnace having a graphite element has

been developed.2

At an early stage in the drawing of silica fibres it was realised that
the temﬁerature stability and uniformity of the furnace hot-zone
would have a marked influence upon the diameter stability of the
fipre. In addition to the routine drawing of fibres for experimental
purposes, attention has therefore been devoted to the measurement

of fibre diameter on—line with fibre drawing and to the reduction of
the diameter variations by improvement of furnace stability. As will
be seen in later sections, this aspect of the study was of great
benefit, and led to the identification and elimination of a number

of sources of fibre diameter variation, which had previously limited
the minimum loss of the HCVD fibres. As a direct consequence of this
work, it has been possible to reduce the losses of the graded-index

fibres to a level approéching the fundamental limit.



67.
3.1 Fibre Drawing Machine

The layout of the fibre drawing machine is shown schematically in

figure 3.1, and is comprised of the following sub-systems:-

3.1.1 Preform Feeding & Fibre Winding Systems

These two sub-systems constitute the major structural part of the
machine. The preform feeding system is mounted on two vertical,
precision-steel bars which run the full height of the machine and are
used as mounts for other sub-systems. The preform is gripped in a
gimballed chuck which is mounted on a cross—head sliding on one of the
bars. A precision leadscrew is coupled to the cross—head via a split-
nut and is driven via a gearbox and reduction pulleys by a DC motor
with tachometer. The use of a DC motor/tachometer combination in
conjunction with a thyristor speed control unit enables a speed
stability of better than 0.1% to be obtained. The threaded section of
the leadscrew is greater than 1.25 metres in length, thus permitting a

substaniial length of preform to be accommodated.

The fibre winding system is floor-mounted and has a precision—-machined
and balanced metal winding drum of about 40 cm diameter and 50 cm
width. To produce a uniform layer of fibre across the drum, the drum
is mounted on roller bearings on a traversing table which translates
as the fibre is wound. The pitch of winding is controlled by a
leadscrew coupled through pulleys to the winding drum itself. The
winding pitch may be adjusted by varying the ratio of the pulleys
coupling the drum and leadscrew; typically 1.5 km of fibre can be
wound in a single layer. The drum is driven by a DC motor and
tachometer unit connected in a feedback loop with a thyristor
controller. Speed stability of better than 0.1% is achieved over the
normal range of winding speeds. Although originally capable of
winding speeds of 0 to 10 metres/second, the pulling speeds for silica
fibres generally fall well below the upper limit, and a reduction
gearbox has recently beer added to bring the rotational speed of the
DC motor into its optimal control range at normal fibre-drawing

speeds.
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Fibre is guided onto the winding drum by a grooved shoe, machined
out of graphite (for its low friction and high temperature
resistance). Fibre length is measured by an impulse counter which

detects the rotational movement of the drum.

3.1.2 Graphite Resistance-Heated Furnace

rh

Conventional oxyhydrogen—£flame furnaces are unsuitable for precision
fibre-drawing purposes because of their lack of controllability.

After considering altermatives such as R.F. induction furnaces ete.,
graphite resistance heating was chosen because it offered several
advantages. Firstly, it is the simplest and most readily controlled
form of heating; accurate control of heating power is readily obtained
using a standard SCR controller. Secondly, by adjusting the local
resistance of the heating element it is possible to tailor the size
and temperature profile of the hot-zone. A third, and important
advantage is that graphite is inexpensive and can be machined using
standard workshop machinery. Finally, graphite has excellent physical
properties, high thermal shock resistance, high emissivity and high
strength at elevated temperatures. Its one great disadvantage is that
it readily oxidises when in contact with oxygen at high temperature;

however, by flooding the furnace chamber with an inert atmcsphere of

argon it is possible to exclude air from the hot element.

A schematic representation of a vertical cross—-section Ehrough the
original furnace is shown in Figure 3.2. A detailed description of
the furnace has been given elsewhére2 and will not be included here.
Noteworthy features of the design are the heating element, which has a
short hot-zone formed by a ‘meandering' resistive path, the protective
furnace lining tube, the adjustable iris diaphragms at the top and
bottom of the furnace, and the gas—flow arrangements within the centre
of the furnace which ensure a flow of clean argon over the fibre and

preform.
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Measurement of the hot-—zone temperature is achieved using an optical
pyrometer which monitors the radiated optical power from a 1 mm x 1 mm
surface on the meandering hot—-zone. The output from the pyrometer is
fed to a 'three—term' thyristor controller which compares the actual
and set-point temperatures and controls the current to the heating
element accordingly. A step—down transformer is used to reduce the
output voltage from the controller to a value compatible with the very
low resistance of the heating elements (about 0.1 ohms). The
transformer is sited as close as possible to the furnace to minimise

the resistive losses in the power leads.

3.1.3 Fibre Diameter Measuring System

A recent and most important addition to the fibre—drawing machine is
the equipment for measuring the diameter of the fibre on—line with
drawing. The equipment consists of a commercial diameter monitor
(Anritcu Model SLB 501C) mounted on X-Y translation stages beneath the
fibre—drawing furnace. The diameter monitor employs a scanning laser
beam to determine not only fibre diameter, but also the X and Y co-
ordinates of the fibre within the measurement zone. Because a
'tuning—-fork' vibrating mirror is used to scan the laser beam across
the fibre at 500 Hz, a 1 milli-second sampling period is obtained and
very high frequency diameter fluctuations can thus be detected. The
equipment is capable of measuring diameters in the range 10 to 999.9
pm with a resolution of 0.1 pm. A display unit shows fibre diameter,
deviation from set-point, and fibre position in an X-Y plane, and has

analogue signal outputs for recording and control purposes.

The diameter measuring unit is mounted on the X-Y translation stages

to allow the 'tracking' of a fibre should its position change during

the drawing process.



70.
3.1.4 Primary Coating System

Equipment for the applicaﬁion of a protective primary coating to the
fibre in-line with drawing has also been fitted to the machine and is
dealt with elsewhere. It is worthwhile noting, however, that the
system is essentially a 'passive ' item of equipment which can be

swung out of the fibre-drawing line when not in use.

3.2 Fibre Drawing Conditions

3.2.1 Multimode Fibres

Multimode fibres are usually drawn to be 125)xm in diameter as this
will be the internationally agreed standard. The drawing speed is
typically 25 metres/minute although speeds as high as 100
metres/minute have becu employed. Drawing temperatures in the range
1980°C to 2250°C have been employed, but, at the normal range of
drawing speeds, a drawing temperature of about 2150°C provides an
acceptable balance of drawing temsiou and drawing speed. Unless the
preform is to be sleeved in another silica tube to increase the fibre-~
diameter:core—diameter ratio,Athe drawing conditions are directly
calculated from a knowledge of the preform's overall diameter. Having

specified the nominal drawing speed and the required fibre diameter,

the preform feeding speed is calculated from the simple continuity

equation:-
Sgehe = Sp.Ap (3.1) ‘
where Sf = fibre drawing speed (mm/s)
Ag = fibre cross—sectional area (mmz)
Sp = preform feeding speed (mm/s)
Ap = preform cross—sectional area (mmz)

For a typical graded-index multimode preform based on a 20 mm OD x
1.5 mm wall thickness silica substrate, and possessing a 2:1 overall- .
diameter:core~diameter ratio, the preform diameter is of the order of

12.5 mm and Sp is then 0.04 mm/s.
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Fibre drawing is commenced under manual control of drawing speed, and
is switched to automatic control when the drawing conditions have
stabilised. From a 45 cm length of preform, greater than 4 km of

useful fibre can generally be obtained.

By depositing a larger core in the preform and sleeving the preform
prior to drawing, up to 6 km of fibre has been obtained from one
preform. If the preform is sleeved, account of the cross-sectional
area of the sleeﬁing tube must be madz in the calculation of Sp from
equaticn 3.1. For very much longer lengths of fibre to be obtained it

is felt that the use of a larger substrate tube and higher deposition

rates would be preferable to the preform sleeving approach.

3.2.2 Monomode-Fibres

Monomode-fibre preforms are generally sleeved before drawing to provide
the necessary core to reference surface diameter ratio in the

resultant fibre. Having established the core size and index

difference in the preform, as described in Chapter 2, the draw-down
ratio of the preform is determined by the V-value required in the

fibre at its operational wavelength. Hence, if a_ is the core

radius in the preform, and ag the core radius in the fibre, then

the draw-down ratio is given by:-

= = » V . >\
R 22. ap —
a; 277 N 28 BN (3.2)
where V = V-value of fibre at operating wave-—
length
f——eemy
ALY A

= nqpumerical aperture of preform (assumed

to be the same in the fibre.)
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If re and rp are the outer radii of fibre and preform respectively
then the cross—sectional area of sleeving to give the specified core

to reference surface diameter ratio in the fibre is given by:-—

A sleeve="{T f re 2 . ap2 - rpiT
I |

(3.3)

Silica sleeving tubes are then selected to give the correct cross-
sectional area, and they are carefully cleaned before being
concentrically sleeved around the preform. The preform is then drawn
in the same manner as the multimode fibres, although the furnace
temperature may be set at a higher value to ensure the complete fusion

of the sleeving tubes and preform in the draw-down zone.

For a preform having a 1 mm core diameter, an 8 wm overall diameter,
and a numerical aperture of 0.12 to be drawn into monomode fibre
having V = 2.4 at 1.3‘pm, the core diameter in the fibre will be

8.3 pm, the draw-down ratio will be 121, and sleeving tubes of

128 mm2 cross—sectional area will be required to provide an overall
fibre diameter of 125 jpm. Approximately 6.5 km of fibre could then be

drawn from a 45 cm length of preform.

3.3 Investigztion of Fibre Drawing Conditions & Diameter Stability

Previous experience with the drawing of soft-glass fibres hadvshown
that the fibre drawing process. was particularly étable and that long
lengths of fibre could be drawn with diameter variations of less than
i'Z};m inAISO}Am over a 1 kilometre lengthl. Fibre diameter control
was effected simply by electronically interlocking the prefofm feed
and fibre drawing drive systems such that a change in fibre winding
speed was accompanied by a proportional change in preform feeding
speed to maintain the diameter of the fibre constent at a pre-
determined value. As this technique was successful with soft—glass
fibres it was assumed that it would be so with silica fibres drawn
from the graphite furnace, and many lengths of fibre were manufactured

in this way3.
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However, with the acquisiticon of the scanning laser diameter measuring
system it became clear that this was not always the case, and severe
diameter disturbances were frequently experienced when drawing fibre
from HCVD preforms: Systematic study of the fibre-drawing conditions
revealed a number of diameter noise sources which were previously
unknown, and led to modifications to the fibre-drawing furnace and

also to the HCVD process itself.

3.3.1 Influence of Preform Surface Conditions Upon Fibre Diameter

When drawing multimode fibres from HCVD preforms it was found that,
apart from the transients in fibre diameter which are experienced at
the start of the draw (when steady state conditions are being
established), severe fluctuations were also present throughout the
drawing process. These variations were apparently random and could
not be related to changes in pulling speed, preform feed speed or hot-
zone temperature, which were all maintained constant throughout the
pull. A typical diameter versus length plot for a 1.5 km section of
graded-index multimode fibre, VD240, drawn under steady-state
conditions with 'open-lcop' diameter control is shown in figure 3.3.
The fibre was drawn to be IZS}Lm overall diameter from a uniform _
preform having a 12.5 mm overall diameter; the section of fibre shown
in the figure thus corresponds to a section of preform about 15 cm in
length. It can be seen that there is a high-frequency diameter
fluctuation of approximately i.1}$m on which a number of low-
frequency, major perturbations of diameter are superimposed. For
example, at Point A on the figure, the fibre diameter falls to llS}Am,
increases to ZZQfm before decreasing to 117}&m and then returning to
its steady-state value. The occurrence of such large diameter changes

under apparently steady-state drawing conditions raised doubts about

the homogeneity of the HCVD preform along its length.
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To establish that the diameter fluctuations were not caused by
instabilities in the drawing machine, a length of fibre was drawn
under similar conditions from a ﬁigh—quality synthetic silica rod; the
diameter plot along its length is given in figure 3.4, No significant
deviations from the set—point diameter were present along the entire

3 km length. As with the HCVD fibre, there was a high-frequency

diameter oscillation of about + 1.m around the 125)Lm set-point.

The diameter perturbations in VD240 were evidently due to the preform
quality, and a number of other preforms were closely examined before
drawing. In almost every case, small carbonaceous particles were
found embedded in the preform surface; the particles were known to
have originated from sooty deposits built up on the front-face of the
tion burner, which at that time was using an oxypropane flame
for deposition. During the deposition process some of this soot would
be carried from the burner by the flame and embedded in the surface of
the silica deposition tube. Turthermore at the preform collapse stage.
the deposits migrated into the silica itself and could not easily be
removed from the preform without etching. It was concluded that the
deposits, being carbonaceous, would not draw-down in the same manner
as a glass, and would therefore tend to 'hold-back' in the drawing
zone until they reached a critical point at which they must pass out

of the drawing zone, giving a large diameter increase.

The theory was confirmed in a controlled experiment in which a
synthetic silica rod was subjected to a flame treatment over half its
length by a sooty.oxypropane flame. The whole rod was then fire-
polished using an oxyhydrogen flame, and was subsequently examined for
tne presence of sooty deposits beneath the surface of the glass. Many
deposits were found along the first section and their position was
noted before the rod was drawn into fibre. The diameter versus length
plot is shown in figure 3.5, and it can be seen that many diameter
perturbations occurred in the section of fibre drawn from the

oxypropane flame-treated section, and that none occurred in
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the fibre drawn from the 'control' section. The position of the
diameter perturbations along the length of the fibre correlated
exactly with the position of the deposits on the preform. The form of
the fluctuations is consistent with the theory that the deposits do
not draw-down, and it is interesting to note that a reduction in fibre

diameter occurs before and after the large increase in diameter.

The use of propane as the fuel gas during deposition was immediately
discontinued and a natural gas supply was installed as a replacement.
Natural gas is principally composed of methane and hydrogen, and thus
gives a much cleaner flame which is more suitable for use in the
deposition process. The imprevement in preform quality was
significant, and the severe fibre diameter fluctuations due to surface
contamination were eliminated. Figure 3.6 shows the diameter versus
length plot along a 1 km section of a 4 km length of fibre, VD244,
drawn from a preform made using an oxy-natural-gas deposition flanme.
The diameter is now much more stable with less then l)xm drift in mean
‘diameter over this section; the high-frequency diameter moise of about
i_l)xm still exists. Over the full 4 km lengrh the mean diameter
remained comstant at 125)4m for the first 3.4 km and then began to
fall smoothly over the remaining length, reaching a minimum of 121}Lm
at the 4 km point; this tapering effect is due to the taper in preform
diameter at the start-of-deposition end,and can be avoided by the use
of the diameter monitor in a feedback loop to control the fibre

diameter by varying the drawing speed (see Section 3.2.3).

3.3.2 1Influence of Furnace Conditions Upon Fibre Diameter Noise

Having eliminated the source of major diameter variations during
drawing, attention switche& to the reduction of the high—frequency
diameter noise, which can lead to mode coupling and increased
attenuation in multimode fibres. It was found that the diameter noise
was particularly sensitive to the gas-flow conditions within the

graphite resistance-heated furnace.
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Although the furnace element temperature was normally controlled to
within + 0.1 deg. C of the set—pointz, fluctuations in the flow of
argon through the furnace were found tn produce significant changes in
the magnitude of the high-frequency noise. Increasing the total flow
rate of argon through the furnace generally led to increased diameter
variations, whilst altering the ratio of gas introduced at the top of
the furnace to that introduced at the bottom also had a marked effect:
Whilst reducing the flow rate of argon would obviocusly have a
beneficial effect upon diameter stability, due regard had to be given
to the possible reduction of furnace lifetime by the ingress of
atmospheric oxygen. Furthermore, Kaiser4 had shown that the flow of
inert gas over the fibre and preform provided a clean environment for

fibre-forming, thereby preventing contamination of the fibre by dust

In the furnace developed at Southamptonz, argon is fed into the
furnace chamber through two ports, and leaves the furnace through
either of the iris diaphragms at the top and bettom of the chamber, or
through the outlet port which is sourced from the region of the
furnaée hot-zone, see figure 3.2. 1In practice, the upper iris is
closed around the preform and the major portion of the gas is
exhausted to the atmosphere via the lower iris and the outlet vent. It
would not seem unreasonable to assume that a reduction of argon into
the upper part of the furnace would lead to a reduction of the gas
turbulence within the hot-zone and a reduction in diameter noise. In
fact the opposite was found, and after further investigation it was
established that the gas flow within the up?er half of the furnace was
being affected by airflow from a fan which, by blowing across the top
of the furnace, was intended to cool the upper iris and its housing.
At low argon flows the pressure within the upper part of the furnace
was insufficient to ﬁievent air entering the furnace through the
narrow clearances around the power terminals, and the fibre diameter
was thus modulated by the fan. By simply dis-connecting the fan, a
reduction in diameter noise by a factor of two was achieved as shown
in fig. 3.7(a) and (b); however, without the air cooling the upper

iris and its housing rapidly overheated.
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The furnace top was therefore redesigned with a view to improving the
water cooling of the iris diaphrégm and to providing gas~tight seals
around the terminals. At the same time Dr. Payne modified the element
design to provide a more robust element which would have a loﬁger
lifetime than the rather intricate elements of the original design.
The use of the new components was a complete success and obviated the
need for additional forced-air cooling of the furnace top-plate.
Reduction of the argon flow through the furnace was possible and a
substantial improvement in fibre diameter noise was obtained as shown
in figure 3.7(c). Further work on the characterisation of the noise
péwer spectrum has been undertaken by Mr. M.R. Hadley5, who has

been able to identify the resonances within the furnace and to

adjust the gas flows to a near-optimal value, thereby achieving the
remarkable r.m.s. nois~ figure of i_O.lé)Lm over a kilometre length of

fibre.

3.3.3 Reduction of Long-Term Diameter Variations

By incorporating the Anritsu diameter measuring system in a feedback
loop with the winding drum's speed controller, it has been possible to
obtain automatic control of fibre diameter in-line with fibre drawing.
The Anritsu unit provides an analogue signal output which is
proportional to the deviation of the actual fibre diameter from the
set fibre diameter. This analogue signal is applied to a signal-
conditioning three-term controller which in turn providgs the set-
speed reference signal for the fibre winding drum. Deviations of the
fibre diameter about its set-point are thus accompanied by a change in
drawing speed which brings the fibre diameter back to its desired
value. Although this system was intended to control long-term
diameter deviations due fo preform taper it has been found éhat

diameter variations having a spatial frequency as high as 0.5 111—1

can be controlleds.
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A further degree of improvement in fibre diameter deviations has thus
been obtained, and very long lengths of fibre have been drawn with
accurately controlled diameter. For example, in figure 3.8, the
diameter versus length characteristics of a 5 km length of graded-
index multimode fibre, VD281, are shown. The high-frequency noise 1is
less than i'O.B}Lm over the entire length, there are no severe
disturbances due to surface contamination of the preform, and the
long-term drift in diameter due to preform taper has been eliminated.
Compared with the results presented in figure 3.3, it is seen that a
significant improvement of fibre quality has been obtained, and, as
will be shown in Chapter 4, this has been accompanied by a reduction
in the wavelength-independent waveguide losses present in the

multimode HCVD fibres. These improvements t he

o \
the fibre-drawing

o

equipment and preform manufacturing processes have thus led to an
improvement in the quality of the fibres, and, perhaps more
importantly, have established the viability of the fibre-drawing
machine for use in an industrial manufacturing environmént. There
ig little doubt that the technology would not have been attractive -
to industry if the fibre diameter noise had not been reduced to its

current level.
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A. Fibre diameter noise with forced-air cooling of
upper iris—housing

B. Fibre diameter noise after ceasing forced-air
cooling of upper

iris—housing.

m’l#'{a,!v{
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N é Wi

C“F1bre dxé;éter no1§e using mod1¥1ed furnace
with improved gas—-sealing arrangements.
ILLUSTRATION OF THE INFLUENCE OF GRS-FLOW CONDITIONS WITHIN
THE GRAPHITE FIBRE-DRAWING FURNRCE UPON FIBRE DIAMETER NOISE.

In the orlglna] furnace design (figure 3.2) it was found that
the fibre diameter was being modulated by a cooling—fan which
the upper iris—housing.

FIGURE 3.7

was intended- to cool
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