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SUMMARY

Fibres for optical communications are currently being made with
two types of material, namely low-temperature compound glasses

and high-temperature silica-based glasses. The paper outlines

the techniques used in the two cases and summarises the results
which have so far been achieved.

INTRODUCTION

In the development of fibres for optical communications two
factors are of primary importance, namely the transmission loss
and the bandwidth. This paper discussed the various ways in
which low attenuation may be achieved together with a summary of
the results which have been reported. Within the space available
it is not possible to make a detailed survey but an introduction
will be given to the literature now available some of which is
presented in the references. The subject has developed to the
stage where the primary problems,i.e. attenuation and bandwidth,
have been largely solved, although a considerable amount of work
remains to be done, and much effort has now been shifted to
second stage difficulties such as cabling and cabling losses,
mechanical strength, jointing and sources. A review of fibre
loss mechanisms and results is therefore timely.

LOSS MECHANISMS IN FIBRE MATERIALS

The transmission losses of optical fibres can be broadly clas-
sified into two groups, (i)} those which are inherent in the
materials used and (ii) those arising from the fibre configurat-

ion and the form of propagation. Only the former will be con-
sidered here while the latter will be referred to in later sections.
In turn the fundamental material loss mechanisms fall into the

two simple categories of absorption and scattering, although

there are many particular sources which can give rise to these

forms of loss.

ABSORPTION

Pure glasses can absorb light through, in general, electronic
transitions causing strong absorption bands in the ultra-violet
region of the spectrum and vibrational resonances of the molec-
ular structure with their associated absorption bands at infra-
red wavelengths. For good transmission at visible and near-
infra-red wavelengths the UV and IR bands should be as well
separated as possible but even so some residual absorption due
to the tails of the bands may be detectable in the wavelength
region of interest. This inherent absorption loss, as well as
the separation and location of the bands, depends very much on
the components of the glass. A very common, and often a major,
component of glass is silica which fortunately has very attract-
ive optical propertiesl although it is not altogether easy to
process or to handle.

Until recently, on the other hand, the bulk of the absorption loss
was not inherent in the glass itself but was due to impurities.
Some of these can have a considerable effect even when present

in very small amounts and they have_to be reduced to concentrat-
ions of as low as a few parts in 10° to produce an acceptable

loss figure. The major 1lmpurities of glasses having a low melt-
ing temperature are the transition metal ions which can take
several forms of ionic state and can give rise to absorption
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bands of different positions, intensities and distributions. The
detailed effects, and the ratio of ions in the different states,
depend both on the particular glass composition and on the method
of preparation. The influence of some typical impurities for a
particular glass is shown in Fig.l and it can be seen that the
tail of an absorption band can produce a large attenuation well
away from the band centre.

Another impurity which is sometimes difficult to remove is water
which produces hydroxyl ions. The stretching and bending vib-
rations of the hydroxyl bond and the various overtone and com-
bination bands cause absorption peaks at various wavelengths
depending on the position of the hydroxyl ion and the type of
glass network in which it is situated. Compared with metallic
impurities the peaks due to water are sharper so that the tails
are less important. However in glasses made by vapour deposition
one OH peak occurs at about 0.95um and, particularly in the GeO3/
$i0; glasses?, the tail can produce an appreciable attenuation

at the GaAs laser wavelength of 0.9%um.

Other absorption mechanisms such as defects induced while the

fibri is being drawn~ and colour centres due to ionizing radia-
tion® are generally of secondary importance.
SCATTERING

With the progressive reduction in the loss due to absorption the
effect of scattering has become correspondingly more important.
In the limit inhomogeneities in the density and local fluctuat-

ions in composition smaller than
leigh scatteiing. The resulting
length as A™7 and thus decreases
and for typical fibre glasses is

the light wavelength cause Ray-
scatter loss varies with wave-
rapidly towards the infra-red
~1dB/km at 0.9um. Density

fluctuations are frozen into the glass on cooling and are there-
fore greater the higher the temperature at which the glass solid-
ifies. Scatter due to density fluctuations is therefore higher

in pure silica which is drawn into fibre at a temperature ~2000 C
than in, say, a potassium silicate glass>® which is drawn at 1000 C.
On the other hand the latter has an additional scatter loss due

to compositional fluctuations.

Scattering from inhomogeneities or particulate impurities which
are not small on a wavelength scale, so-called Mie scattering, is
more difficult to calculate but it produces mainly scattering in
the forward direction. The effect may be ,eliminated by suitable
fibre fabrication techniques and with one exception will not be
considered further. The exception concerns inhomogeneities which
can.be caused at the core/cladding interface mainly during cabéing
or by coiling a fibre on a rough surface. Such "microbending"
can cause rays to be deflected to angles smaller than the crit-
ical angle at the interface so that energy is lost from the core.
Transmission losses of several tens of dB/km can be caused in
this way but, again they can be avoided in principle.

FIBRE FABRICATION

In general two types of material are used at the present time for
making low-loss optical fibres, namely low-melting-point (~1000 O
materials prepared by conventional glass-making techniques and
high-melting point (v2000 C) materials deposited from vapours
which are heated and oxidised. The latter are relatively easy

to produce and have given the lowest losses to date but require
the preparation of a preform from which the fibre is drawn. The

271



former demand extremely pure raw materials and clean room condit-
ions for preparation but should have the advantage of giving un-
limited continuous lengths.

LOW-MELTING-POINT GLASSES

Much of the early work on multi-component glasses for optical
fibres was carried out by the Nippon Sheet Glass Company (SELFOC
fibre) and by the British Post Office.

Generally the glass systems used by the Post Office are sodium
borosilicate, sodium calcium silicate, and sodium and potassium
lead silicate. The glasses are prepared by heating premixed,high-
purity starting mate;ials (oxides and carbonates) in platinum or
refractory crucibles’. At a sufficiently high temperature (1000-
1400 C) the carbonates decompose and the components react forming
a viscous liquid or melt. Homogenization of the melt is effected
by stirring at high temperatures; the temperature, times and
stirring techniques required depend on the glass composition, the
impurities present and the desired optical quality. The glass is
then either cast into moulds or pulled into rods from the surface
of the melt.

At all stages of glass making, contamination can occur, the main
sources of which are atmospheric dust, transport of impurities
from the furnace and the dissolving or diffusion of impurities
from the crucible. All the glass-making operations are therefore
usually carried out in cleam rooms, with continuously filtered air.

Vapour-phase transport of the impurities from the hot furnace re-
fractories may be minimized by careful choice of furnace materials
and liners and can be completely eliminated by inductively heating
a platinum crucible within a cool silica enclosure. However, in
this case the platinum can dissolve and contaminate the glass.
When the platinum is present in an ionic form it is less important
for its absorption bands occur at ultra-violet wavelengths. If,
on the other hand, the platinum is precipitated as metallic parti-
cles the loss can be very high. Careful choice of glass composi-
tion and melting atmosphere can practically eliminate platinum
contamination. Nevertheless even the purest available platinum
crucibles have relatively high contents of iron and copper and
these can diffuse into the glass at the high melting temperatures,
so that special precautions must be taken such as leaching the
impurities from the crucibles, or by using a lower temperature for
glass making.

To minimise the problems of contamination it is possible to use
fused silica crucibles which are available with a very low degree
of impurity. Silica dissolves slowly in the molten glass produc-
ing some inhomogeneity but losses8 as low as 8dB/km have been ob-
tained.

A new method of reducing contamination® involves heating the
molten glass directly and not via the crucible which may therefore
be held at a lower temperature. Thus a small graphite susceptor
is placed in a silica crucible with a small quantity of batch
materials and heated by means of a radio-frequency generator. The
graphite is now effectively the heat source and a small quantity
of glass is formed. In its molten state glass becomes sufficient-
1y conducting to couple directly to the r.f. field and the sus-
ceptor may be removed. More raw materials are now added and
stirring carried out in the usual way.
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Having obtained the required glasses for core and cladding, fibre
drawing can be carried out either by first preparing a preform or
via the double-crucible technique. The simplest way of making a
preform is to make a rod of core glass and tube of cladding glass,
insert one int8 the other and draw down into a cladded fibre in
the usual waylO. Obviously a considerable amount of processing
and handling has to be done on the glasses in making the preform
and the possibility of contamination is high. A novel method of
preform fabricationll direct from the melt involves pouring care-
fully a layer of cladding glass over the molten core glass in situ
in the crucible. A glass rod is then dipped into the melt and
withdrawn thus giving a composite core/cladding preform directly
and with no further handling or processing. One of the difficult-
ies of the method is in maintaining uniformity of core and overall
diameters for sufficient lengths of preform to give kilometres of
fibre. It is difficult to produce single-mode fibre using preforms.

The double crucible apparatus is illustrated in Fig.2. The core
glass is loaded into the inner crucible with the cladding glass in
the outer. The crucibles are usually made of high-purity platinum
and may hold from a few hundred grams to several kilograms of glass.
Typically, 100gm of glass yields about S5km of fibre. The crucibles
are electrically heated to a temperature at which the molten glass
begins to flow through the concentric nozzles. The emergent com-
posite flow is then drawn into fibre. Careful control of the
temperature distribution and winding speed is necessary to ensure
that the correct diameter for core and cladding is obtained.

Either single-mode fibre (core diameter of about 3-10um), or multi-
mode fibre (core diameter of about 40-100um), can be made depend-
ing on the inner nozzle diameter which determines the volume ratios
of core to cladding glass and thus the required glass flows. The
attainment of low optical loss necessitates careful attention both
in the preparation and loading procedures to minimize unwanted
contamination of the glass surfaces, and also in the operation of
the apparatus. Multimode fibres having losses of about 12dB/km
have been produced by this method$8.

A gradation of the refractive index of the core can be obtained if
suitable glasses are chosen by allowing diffusion between the core
and cladding during fibre drawing. This is the technique used to
produce the new SELFOC fibre and which has given lossesl2 as low
as 10dB/km.

VAPOUR-DEPOSITED FIBRES

When, in 1966, Kao and Hockham13 carried out a study of the use of
cladded optical fibres as long-distance transmission lines only
one material was known to have a sufficiently high transmission.
Thus synthetically-produced silica, produced commercially by flame
hydrolysis or plasma-arc oxidation of silicon tetrachloride, was
available having a bulk transmission loss of less than S5dB/km.

Two of the reasons for the availability of silica in very pure
form are firstly that the starting material, silicon tetrachloride,
is a liquid which is easily purified by cgnventional techniques
such as fractional distillation and the associated compounds of
the principal contaminants (mainly transition metal elements) of
conventional glasses, being of relatively low volatility, may
therefore be removed. Secondly the glass is formed directly and
Fequi;es no further processing in containers which may introduce
impurities.

HOWeV?r to form a convenient type of guiding structure a second
material is required which has a different refractive index and
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which is sufficiently compatible with silica to be drawn into a
composite fibre. As indicated in the previous section it is not
easy to make ultra-low-loss glasses by conventional methods and
an alternative approach is so to modify the properties of silica
by the addition of a second component as to increase or decrease
the refractive index from that of the pure material. This high-
silica glass might then be used with silica to produce a core and
cladding combination. Several methods and materials have been
tried succiisfully. Thus a silica/titania glass produced by flame
hydrolysis resulted in the first low-loss fibre, having an
attenuation of 20dB/km. Another combination, having a refractive
index lower than that of silica and hence suitable for use as a
cladding, is a borosilicate glass initially made by the oxidat-
ion of silane and boron trichloride. A new variation of the
chemical vapour deposition technique involving the simultaneous
oxidation and fusion of the comgonents produced phosphosilicate
glass fibres and germania-dopedl’ silica fibres while fhere have
also been reports of the doping of silica with aluminal® and
fluorinel9,

The modern method of making silica-based fibres will be illustrated
by referring to the technique used at the University of Southamptm
with phosphosilicate fibres. It involves a homogeneous gas-phase
reaction and produces a high deposition rate of clear phospho-
silicate glass on the inside of a supporting tube which is subse-
quently collapsed and drawn into fibre. The starting materials,
volatile chlorides, are vapourised, diluted with excess oxygen

and passed through a silica supporting tube. A short hot zone at
a temperature of about 1500 C is traversed along the tube and
within the hot zone simultaneous oxidation and fusion of the
chlorides occurs to produce a layer of glass, typically 10 to 15um
thick, on the inside of the walls of the tube.

Chemical vapour deposition of glasses is not new and has been used
for some time in the semiconductor industry to deposit thin films
of glass on substrates for use as passivation layers or diffusion
sources. In order to avoid soot formation a heterogeneous (sur-
face) reaction is made to occur at low temperatures and low
reactant concentrations so that the deposition rate is also low.
In order to increase the deposition rate a technique has been dev-
eloped which utilizes the homogeneous (gas phase) reaction at high
temperature and with high reactant concentrations. A dense dis-
persion of small glass particles is formed and is fused onto the
walls of the supporting tube at temperatures ~1400 C, the precise
value depending on the composition. The reaction does not involve
the presence of hydrogen so that glass of very low OH content is
obtained.

Silica and phosphorus pentoxide are derived by direct oxidation of
silicon tetrachloride and phosphorus oxychloride vapours which are
obtained by bubbling oxygen streams through the liquid chlorides,
Fig.3. After fusion the oxides form a binary phosphosilicate glass
in which the concentratign of phosphorus pentoxide appears to
follow that in the vapour phase. Excess oxygen is added to the
two vapour-carrying oxygen streams in order to control the depos-
ition conditions, particularly the formation of the glass particle
dispersion downstream from the hot zone. With little or no excess
oxygen the glass particles tend to flocculate and stick to the
colder tube walls in large feathery conglomerations which cause
non-uniformities in the deposited layer after fusing by the trav-
ersing hot zone. An additional oxygen flow seems to cure this
problem by cooling the centre of the tube.
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The hot zone is provided by either a resistance furnace or a gas
burner. A burner is convenient for rapid experimentation but for
more controlled deposition conditions a resistance furnace is
preferable. The burner is moved along the tube and the hot zone
temperature is adjusted so as to give a reasonably thick phospho-
silicate glass layer (~10um). The temperature at which the
deposited materials fuse into a clear homogeneous layer lies
between 1400 C and 1550 C. To achieve a fibre diameter/core
diameter of, say 2.5:1 from a 13mm bore silica tube of wall thick-
ness 1.5mm requires a total deposition thickness on the walls of
the tube of 300um. Typically some 20 to 60 glass layers are laid
down in a time of between two and four hours. A section of a
deposited tube is shown in Fig.4.

In order to simplify fibre fabrication an automated machine has
been developed to carry out the chemical vapour deposition process,
Fig.5. The vertical silica support tube is rotated at about 50rpm
and the gas mixture is fed into the top of the silica tube via a
rotary swivel joint and the reaction by-products and excess
reactants are extracted at the bottom. The extent of travel of
the burner is limited by microswitches which also provide control
signals for a programmer linked to the mass-flow controller to
meter the flow of phosphorus oxychloride. This enables the
phosphorus pentoxide concentration of each layer to be accurately
pre-set, and thus a step approximation to any required concentrat-
ion profile can be produced. During the subsequent preform-
collapse and fibre-drawing stages some diffusion occurs between
adjacent layers so that in the core of the fibre the concentration
gradient, and thus the refractive index profile, becomes smoothed
over distances comparable with the layer thickness and the

stepped structure is not observed.

The next stage in fibre fabrication is the collapse of the com-
posite tube and deposition layer into a solid preform. It has
been found that, whilst the quality of the core glass is governed
by the deposition process, the circularity of the final preform
and concentricity of the core and cladding are mainly controlled
by the collapsing process so that great caye is therefore required
during this stage. To effect collapse one end of the silica tube
is heated to approximately 1900 C to lower the viscosity of the
glass sufficiently for surface tension forces to initiate tube
collapse. The hot zone, which is about 2cm long, is then slowly
traversed along the rotating tube to produce a uniform partial
collapse. Depending on the traverse speed, between two and four
passes are normally sufficient to cause total collapse of the tube
into a symmetrical cylindrical preform in a time of about 20
minutes.

The preform is drawn into a fibre on a precision fibre-drawing
machine consisting of a crosshead drive to feed the preform into

a furnace, from which the fibre %; drawn onto a winding drum. To
maintain constant fibre diameter over the entire pull, the preform
feed rate and the fibre pulling rate are interlocked and have a
stability of better than 0.1%. Conventional oxy-hydrogen flame
furnaces are unsuitable for precision fibre-drawing purposes
because of their lack of controllability and repeatability. A
novel graphite resistance furnace has therefore been developed
specifically for drawing fibres of high silica content. Furnace
temperature control is achieved by use of an optical pyrometer
(also developed at the University of Southmmpton) and a standard
SQR power controller. To prevent oxidation of the graphite at the
high temperatures required, the furnace is operated with a flow
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of argon through it.

Fibre drawing is usually carried out at a temperature of approx-
imately 2040 C, and at pulling speeds in the range 0.75m/s to
1.5m/s. Over lengths in excess of 1 kilometre the fibre diameter
variation is less than *2um in 150um and is generally due to taper
in the preform. Fibre lengths of up to 4km, with core and overall
diameters of 50um and 140um respectively, can be fabricated from

a 1 metre length of preform 9mm in diameter. However for exper-
imental purposes fibres are fabricated in lengths of approximately
2km from somewhat shorter preforms.

The flexibility in fibre preform production which vapour depositioms
allows, particularly in the selection of core diameter, is such
that sinéle-mode fibres can be made very simply and quickly. For
exampleZU a single deposition pass at greater speed than normal

in a Spectrosil tube gives a single thin phosphosilicate glass
layer. When the tube is collapsed and drawn in the normal way a
fibre having a core of about 8um diameter is produced, resulting

in single-mode operation at the 0.633um wavelength of the helium/
neon laser. The transmission loss of 6.1dB/km is close to the
fundamental attenuation limit of pure silica at this wavelength.
The guidance property of the fibre is 'good since the low atten-
uation was measured with the fibre wound on a 48cm diameter drum.
At longer wavelengths the loss increases because the core-diameter/
wavelength ratio is smaller and the fields penetrate further into
the cladding., If the core diameter were to be increased, but still
kept within the limitation of single-mode operation, the atten-
uvation in the infra-red would be less.

SUMMARY OF FIBRE PROPERTIES

It is possible to make fibres of compound glasses in long contin-
uous lengths by the concentric crucible process. The numerical
apertures attainable are in the region of 0.2 to 0.3 so that they
have reasonable resistance to microbending loss and an acceptable
launching efficiency from a light-emitting diode. On the other
hand while in principle the _loss can be reduced to +3dB/km the
best values achieved so far8 are ~14dB/km in long (0.9km) lengths.
Furthermore the cost of providing raw materials of a much higher
degree of purity may be high. SELFOC fibreslZ2 with losses of
10dB/km have recently been reported.

0f the fibres produced by vapour deposition that having a phospho-
silicate glass core and a borosilicate cladding gives an ultra-

low loss2l of 2dB/km at 0.9um and 1dB/km_at 1.06um with a numerical
aperture of up to 0.25. Germania fibres? have reported losses
~4dB/km at 0.9um at a numerical aperture of 0.23. Higher numerical
apertures of up to 0.35 are possible but at the cost of a con-
siderable rise in attenuation to about 15dB/km. By enclosing a
pure silica core in a borosilicate cladding a loss of 2.5dB/km

has been obtainedZ at 0.9um with a numerical aperture of 0.17.
These various results are summarised in Table 1.

SUMMARY OF BANDWIDTH FACTORS

While it is not the province of this paper to discuss propagation
a brief summary of the factors affecting the bandwidth likely to
he achieved might be helpful. If it were possible to use a mono-
chromatic laser source for optical communications then the largest
bandwidth would be obtained with a single-mode fibre and would be
of the order of tens of gigahertz over tens of kilometres and
limited by material dispersion. By operating at longer wavelengths
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than are available with GaAs devices this limit would be pushed
back to that of mode dispersion resulting in some increase,
although not necessarily a large one, in bandwidth. In the regiom

X~ of 0.9um the finite linewidth (2 to 4nm) of injection lasers will
limit the bandwidth to nearer 1GHz over lkm.

t

a;:r With graded-index multimode fibres the bandwidth produced by a

rall monochromatic source would be limited by mode conversion but

m experiments with practical fibres20 have given pulse dispersions

- ) of ~0.1lns/km so that the bandwidth capability is high. Again

ely injection lasers, wh%ch are far from ideal lasers, result in an
increased dispersion 0 of about 1ns/km. One of the attractions
of multimode fibres is that light-emitting diodes can be used as

tion sources because the core area is large epough to give a reasonable
launching efficiency. By appropriate control of the refractive

or index profile the waveguide dispersion can be reduced to well

below lns/km and by operation at wavelengths greater than 1l.lum
(but not beyond 1.35um) a bandwidth ~1GHz over lkm is predicted
2 even for an LED.

A

1/ It appears therefore that for both single-mode and multimode
fibres, and for semiconductor lasers and light-emitting diodes,
a bandwidth of ~1GHz over lkm is a realistic, and a realisable
target.

er/ CONCLUSIONS

111 Ten years ago it was estimated that it is necessary to reduce
fibre transmission losses below 20dB/km in order to produce an
economically viable optical fibre transmission system but that
target seemed to be a very distant and difficult one. Today it
is relatively commonplace and has been met by a range of
materials and configurations. In fact it is now realistic to
assume that optical fibre cables will shortly be available with
transmission losses of about 5dB/km. A number of problems remain
to be solved apart from the ones discussed so far. For example
it is difficult to make fibres of the desired refractive index
profile with low-melting-point glasses while vapour-deposited
fibres usually exhibit a dip in refractive index on the axis.
Nevertheless pulse dispersions with non-ideal fibres have given
experimental values for pulse dispersion of lns/km with an
injection laser and O.lns/km with a Gaussian beam.
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TABLE 1
Attenuation
Fibre at 0.9um N.A. Core dia. Ref.
dB/km um
Sodium borosiiicate v12.5 10-20 8
New SELFOC 210 12
Phosphosilicate 3 0.18 50-100 16
Phosphosilicate core/
borosilicate cladding 3 0.25 50-100 21
Germania 4 0.23 35 2
Silica core/borosilicate
cladding 2.5 0.17 18 2
Compound glass 9 *

*Neuroth (private communication)
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Fig. 2

Schematic diagram showing
fibre drawing from
concentric crucibles
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Fig. 3

Schematic diagram of gas
flow system for vapour
deposition of glass.

M denotes mass flow
controller. F denotes
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Cross-section of a portion of silica tube showing the
deposited layers
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