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MATKRIALS AND PROCRSS FOR THR PRODUCT{ON

OF OPTICAL. FIRERS

{ Adrianc ZUCCALA }

Optical fibers are having & large diffusion in telecosmuny-
cation fi1rld : potentinlity of this trasmissive medlum are
rxploited 1n terms of low altenuatinn and high handwidth,
The attenustion levael control in based upon the uee of mate-
rianls at very high purity,while the bandwidth depends on the
tefraction index profile of the Fiber core.

The fiber is a glass line, with the standard externa] diame-
ter of 125 mm { except nome fibern for apecial applications
that can present different dimensions, l.e. 140 um }, coa-
ted with a polimeric material often applied in & doubla la-
yer of different componltion.

The glass prevents, accrose & section, & central area of
appropriste dimensions and material compoaition, that is cal
led " corm “ of the (lber, with & refractive index higher
Lhah the rest of the section, called " cladding ".

Dus to the totel reflection phencaenon, the light radiation
injected into the core e guided by the trensparent saterial
without pnasibility of going into the cladding.

The main material used in optical fiber manufacturing is vi-
treocus sllica ( 8102 1 : it presents the transparence and
the cheaical stability requested for this application.

The core is made doping the sillca wlith others vitreocus oxi-
dru, that have the capability of increase the refractive
index.

The most largely used is GeO2, but also P20 § can be used.
p20) and F are suitable to eventuslly decreass the silica
refrartive Ilndex, snd, for this resson they are malinly used
to dope the cladding.

The very high purlty of material used and the requested pre-
cinion of the refractive Index proflle have lead to the aet
up of pecullar tecnice for fibers manufacturing.

First of all, it ie not possible, even wilh the most sophl-
aticated purification processes, to obtain a natursl si1lica
wilh the 8o low impurities level admitted ¢ few parts per
billicns ).

This fact has forced the ude of & chemical synthesis procesas
that allows, directly by reagents in sapour phasre, to obLain
synthetic silica, already doped with the others ovides in
the guantity and form requested.

On the other end necessity of shaping with extrese preci -
sion the core index profile, enforces, for all the procesg-
ses, the manufacturing of a semi = product  preform or

“ blank “ } that as a Klass cylinder already inlernally con-
taining the chemicsl and, therefore, optical structure of
the fiber, must be drawn in & further atep.

geveral processes, wome of which have reached the industrial
application phase, have been divectly deseloped on the bane
of the common principle of the rapour phase depowition 1CVD=
= Chemicsl Vapour Depositiont.

They are essentially divided in two large fasilies @ inside
type process snd ouside type procesa.

Each one of the two technics hee been developed in diffe -
rent ways , that are sble to produce optical vaveguides of
aultimode type { tiplcal core 50 wm ) snd of singlemode
type ( typical core 10 e )

Materisls, half products and finiahed products themselves
must undergo to rigeroun control and qualification tests.
Ceppetrical sand sechanical properties of the fiber must be
alsoc evaluated together with the optical characteristics.
Typicsl perforsances of the modern multimode [lbers are
attenustion of 0.6 - 0.8 dp/Km at 1300 nm of wavelenght and
corresponding bandwldth superior than | GHz . Ks.

For monomode fibers attenuation of ©.35 dB/Ke ut 1300 na and
0.22 - 0.25 dB/Ka at 1350 nm are normal values,
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Optical Fibers, Cables and Connections

4.1 INTRODUCTION

Optical liber waveguides and their transmission characteristics have been con-
sidered in some detail in Chapters 2 and 3. However. we have yet 10 discuss
the practical considerations and problems associaled with the production,
application and inst&ltation of optical fibers within a line transmission system.
These factors are of paramount importance if optical fiber communicalion
systems are 1o be considered as viable replacements for conventional metallic
line communication systems. Optical fiber communication is of little use if the
many advanlages of optical fiber transmission lines outlined in the previous
chapters may not be apphed in practice in the telccommunications network
without severe degradation of their performance.
§t is therefore essential Lhat:

{a) Optica! fibers may be produced wilh good slable transmission charac-
teristics in long lengths at @ minimum cost and with maximum repro-
ducibility,

(b} A range of optical fiber types with regard to size, refractive indices and
indea profiles. operating wavelengths, materials. etc.. be available in order
1o fulfilli many dilferenl system applications,

{c) The fibers may be converted into practical cables which can be handied in
a similar manner to conventional elecirical transmission cables withoul
problems associated with the degradation of their characieristics or
damage.

{d) The fibers and fiber cables may be terminated and connected together
(jointed) withoul excessive practical difficultics and in ways which limit the
efTect of this process on the fiber transmission characteristics 10 keep them
within acceplable operating levels. It is important that these jointing tech-
nigues may be applicd with ease in the ficld locations where cable connec-
tion takes place.

In this chapter we therefore pull 1ogether the various practical clements
associated with optical fiber communications. Hence the various methods (or
preparing optical fibers {both liquid and vapor phase) with characteristics suit-
able for telecommunications applications ar¢ outlined in Sections 4.2 to 4.4

m
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This n» followed in Sconon 45 with convderanon of commencially avinlable
tibers describung an general fermis both the types and ther characienistics. The
requitements for opucal fiber cabling in relanon o fiber protecnon are thea
discussed in Section 4.6 prior Lo consideration of cable desgn in Section 4.7,
In Sccuon 4.8 we deal wah the losses incurred when optical fibers are con.
nected together. This discussion provides a basis for consideraton of the
techniques employed for jointing optical fibers. Permanent fiber joints {or
splices) are then dealt with in Section 4.9 prior 10 discussion of the various
types of denountable fiber connector in Sections 4.10 10 4.12.

4.2 PREPARATION OF OPTICAL FIBERS

From the considerations of optical wascguiding of Chapier 2 it is clear that a
variation of refraciive index inside the opticat fiber (i.e. between the core and
the cladding) is a fundamental necessity in the fabrigation of fibers for light
ransmission. Hence au least two dilTerent materials which are transparent 1o
light over the operating wavelength range (0.8-1.6 pm) are required. In
practice these materials must exhibit relatively low oprical aucnuation and
they must therefore have low intrinsic absorption and scaiiering losses. A
number of organic and inorganic insulating subsiances meel these conditions
in the visible and ncar infrared regions of the specirum.

However, tn order 1o aveud scatiering losses in excess of the fundamental
inlnnsic losses, scattening ¢enders such as bubbles, sirains and  grain
boundaries musl be cradicated. This tends to limit the choice of suitable
materials for the fabrication of optical fibers to cither glasses (or glass ke
maierials) and monocrystalline structures (certain plasngs).

1t is also wseful, and in the case of graded index fibers essential, 1hat the
refractive index of the material may be varied by suitable doping with another
compatible material. Hence these two materials should have muival solubility
over a selatively wide range of concentrations. This is only achieved in glasses
or glass like materials, and therefore monocrysialline materials are unsuitable
for the fabrication of graded index fibers. but may be used for step index
fibers. However, it iy apparcin that glasses ¢xhibn the best overall malerial
characteristics for use in Lhe fabrication of low loss optical fibers. They are
therefore used almost eaclusively n the preparation of Hibers for 1elecom-
municalions applications. Plasuc clad |Refl. }] and all plastic fibers lind some
use in short haul. low bandwidih applications.

In this section the discussion will thercfore be conlined 10 the preparation of
glass Mibers. This is a {wo stage process in which initially the pure glass is
produced and converted into a form (rod or preform) suitable for making the
fiber. A drawing or pulling technique is then employed 10 acquire the end
product. The methads of preparing the extremcly pure opuical glasses generally
fail into 1wo major calegories which are:
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(2} conventional glass refining techniques in which the glass is processed in
the molien state (melting methods) producing a multicomponent glass

structure;

(b} vapor phase deposition methods producing silica rich glasses which have
melting temperatures that are 100 high to allow the conventional meh b bty e
process.

These processes, with their respective drawing lechriques, &re described in the
following sections.

4.3 LIQUID PHASE (MELTING) TECHNIQUES
Molien .-un\
The first stage in this process is the preparation of ulira pure material powders \ h
which are usually oxides or carbonates of the required constituents. These
include oxides such as $i0,, GeO,. B,0, and A,0;. and carbonates such as
T e N
(—_"_—_7,4 dear ikt Crmihh - ="
L ;
- gyt
o Filicred gay —--— if i
- = — L uliny ; i i
Fig 4.2 High purily glass melling using a radiofrequency induction furnace |Aets. 5 8|
NE!;VCO‘. K,CO,, CaCO, and BaCO, which will decempose into oxides
) during the glass melting. Very high initial purity is essential and purification
' accounts for a large proportion of the material cost: nevertheless these com
7o 7 o pounds are copmcrcml!y available with total transibon meral contents below
;{{\\\;\f\\ﬂ\; 2Q parts in IQ and below | part in 10° for some specific impuritics [Ref. 2].
N B i The punﬁc‘alron may therefore involve combined technigues of fine filtration
{ e l and cr)p(-cup?tnnon. followed by solvent extraction befare recrystallization and
1= Al i ) ittt o final drying in a vacuum 1o remove any readual OH 1ons [Rel. 3L
] ; The ncxt. stage is 1o melt these bigh purty. powdered, Tow inclting point
| gplass nl1alc.rml<. 10 form a homogencous, bubble free mulbcomponent glass. A
B B : refractive index variation may be achieved by either a change in the composi-

) i tion of vari i s s .
Fig. 4.1  Glassmaking lurnace foi the production of high punty glasses [Ref 4l ) the various constituents or by 1on exchange when the materials are in
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the molten phase. The melung of these multicomponent glass syslems occurs
al relatively low temperatures between 400 and 1300 °C and may take place
in 2 silica crucible as shown in Fig. 4.1 |[Ref. 4] However. contamination can
arise during melting from several sources including the furnace environment
and the crucible. Both fused silica and platinum crucibles have been used with
some success although an increase in impurity content was observed when the
melt was held in a platinum crucible at high lemperatures over long periods
[Ref. 5).

Silica crucibles can give dissolution inlo the melt which may introduce
inhomogeneities into the glass especially al high melling temperalures. A
technique for avoiding this involves mclting the glass dircctly into a radio-
frequency (RF approximately $ MHz) induction furnace while cooling the
silica by gas or water flow as shown in Fig. 4.2 |Rels. 6-81. The materials are
preheated to around 1000 °C where they exhibit suficieal ionic conductivity
1o enable coupling between the melt and the RF ficld. The melt is also
protected from any impurities in the crucible by a thin layer of solidified pure
glass which forms due to the Lemperature diflference between the melt and the
cooled silica crucible.

In both techniques the glass is homogenized and dried by bubbling pure
gases through the mel, whilst protecting against any airborne dust particles
either originating in the melt furnace or present as atmospheric contamination.
Afler the melt has been suitably processed, it is cooled and formed into long
rods (cane) of mullicomponent glass.

4.3.1 Fiber Drawing

The traditional technique for producing fine optical fiber waveguides is to
make a preform using the rod in tube process. A rod of core glass is inserted
into a wbe of cladding glass and the preform is drawn in a vertical muflle
furnace as illusirated in Fig. 4.3 [Ref. 91. This technique is uselul for the
production of step index fibers with large core and cladding diameters where
the achicvement of Tow attenuation is not critical as there is a danger of includ-
ing bubbles and particulate maties Tt the core~cladding interface.

Another technigue which is also suitable for the production of large core
diameter step index fibers, and reduces the core~cladding intesTace problems,
is calied the stratified mell process. This process, developed by Pilkington
Laboratorics |Rel. 10|, involves pouring a layer of cladding glass over the core
glass in a platinum crucible as shown in Fig. 4.4 [Ref. I1]. A bait glass rod is
dipped into the molten combination and slowly withdrawn giving a composile
core-clad preform which may be then drawn into a fiber.

Subscquent development in the drawing of optical fibers (cspecially graded
index) produced by tiquid phase techniques has concentrated on the double
crucible method. In this method the core and cladding glass in the form of
separate rods is fed inlo two concentric platinum crucibles as illustrated in
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Fig. 4.3 Opucal Lber liom a preform {Rel. 9].

Fig. 4.5 [Ref. 4]. The assembly is usually localed in & muile furnace capable
of heaiing the crucible conlents 10 & temperature of between 800 and 1200 °C.
The crucibles have nozzles in their bases from which the clad fiber is drawn
directly from the melt as shown in Fig. 4.5 Index grading may be achieved
through the diffusion of mobile ions across the core-cladding inferface within
the molien glass. [t is pussible 10 achicve a reasonable refractive index profile
via this diffusion process, although due to lack of precise control it is not
posuble 10 obtain the oplimum near parabolic profile which yields 1he
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Fig. 4.4 The strabbed meit process (glass on glsss techniquel for producing glass clad
tods oi prelurms |Rel. 11]
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Fig. 4.8 The double crucible method lor fiber drawing [Rel 4]

minimum pulse dispersion (see Section 3.9.2). Hence graded index fibers
produced by this technique are substantially less dispersive than slep index
fibers, but do not have the bandwidth-length products of optimum profile
fibers. Pulse dispersion of 1-6 ns km' [Refs. 12, 13] is quite typical, depend
ing on Lhe malerial syslem used.

Some of the material systems used in the fabrication of multicomponcnt
glass siep index and graded index fibers are given in Table 4.1,

Using very high purity melting techniques and the double crucible drawing
method, step index and graded index fibers with attenvations as low as
34dBxkm"' |Ref. 14] and 1.1dBkm* [Rel. 2] respectively have been
produced. However, such low losses cannot be consistently obtained using
liquid phase techniques and Lypical losses for multicomponent glass fibers
prepared continuousty by these methods are between 5 and 10dBkm ',
Therefore, liquid phase lechnigues have the inherent disadvantage of obtaining
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Table 4.1 Matenal systems used in the fabiication
of multicomponent glass fibers by the double
crucible lechnique

Step Index

Core glass Cladding glass
Na,-8,0,-S0, N2,0-8,0,-50,
Na, L0 Ca0-5i0, Na,0-Li,0 Ca0 %0,
Ns,-Ca0-GeO, Na,0-Ca0 SO,
T1,0-Na,0-8,0,-Ge0,-830-Ca0-5i0, Na,0-8,0,-50,
Na,0-810-Ge0,-8,0,-50, Na,0-8,0,-540,
?,0,-Gs,0, GeO, P,0,-Gs,0,-5.0,
Graded index

Base glass Diffusion mechanism
R,0-Ge0,-Ca0-5i0, Na® = K
R,0-B,0,-50, TI* = Na-
Na,0-8,0,-50, Na, 0 diMusion
N»,0-8,0,-510, Ca0. Ba0 diffusion

and maintaining extremely pure glass which hmits their ability 1o produce low
loss fibers. The advantage of these techniques is in the possibility of continuous
production (both melting and drawing} of optical fibers.

4.4 VAPOR PHASE DEPOSITION TECHNIQUES -

Vapor phase deposilion techniques are used to produce silicarich glasses of
the highest transparency and with the optimal optical properties. The starting
materials are volatile compounds such as 5iCl,, GeCl,, $i1F,, BCI,, O, BBr,
and POCI, which may be distilled 10 reduce the concentration of most transi-
tion metal impurities 10 below one parl in 10° giving negligible absorption
losses from these clements. Refractive index modification is achieved through
the formation of dopants from the nonsilica starting materials. These vapor
phase dopants include TiO,, GeO,, P,0y, Al;O,, B,O, and F, the efTects of
which on the refractive index of silica are shown in Fig. 4.6 |Refl. 2| Gaseous
mixtures of the silica containing compound, the doping material and oxygen
are combined in a vapor phase oxidation reaction where the deposition of
oxides occurs. The deposition is usually onto a substrate or within a hollow
tube and is built up as a stack of successive layers. Hence the dopant con-
centration may be varied gradually to produce a graded index profile or
maintained to give a step index profite. In the case of the substrate this directly
results in a solid rod or preform whereas the hollow tube must be collapsed to
give a solid preform from which the fiber may be drawn.
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There are a number of variations of vapor phase deposition which have heen
successfully utilized to produce low loss fibers. The major techniyues are
illustrated in Fig. 4.7, which also indicates the planc {(horizontal or vertical) in
which the deposition takes place as well as the formation of the preform. These
vapor phase deposition techniques fall into two broad catcgories: Name
hydrolysis and chemical vapor deposition (CYD) methods. The individual
techniques are considered in the following sections.
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Fig. 4.7 Schemauc ilustration of the vapor phase deposition lechniques used in the
preparation of low loss optical fibers.
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4.4.1 Outside Vapor Phase Oxidation (OVPO) Process

This process which uses Mame hydroly sis stems from work on “soat’ processes
enginally developed by Hyde [Ref. 17] which were used 10 produce the first
fiber with losses of bess than 20 4B km ¢ [Ref 18], The best hnown techmque
of this 1y pe is often relerred 1o as the outside vapor phase omidation process. In
this process the required glass compuosition is deposited laterally from a “soot’
generated by hydrolyzing the halide vapors in an oxygen-hydrogen flame.
Oxygen is passed through the appropriate silicon compound (1.¢. SiCl, ) which
is vaporized, removing any impurities. Dopants such as GeCl, or TiCl, are
added and the maxture is blown through the oxygen-hydrogen flame giving the
following reactions:

b
SCl, + 2H.0 —— $10; + 4HCI .1}
(vapor) (rapon) (sold) {gas})
and
. heae .
SiCl, + O, Si0, «+ 2ClI, (4.2)
(vapuri (gan) {solid) (gas}
b
GeCl, + O ————= GeO, + 2C (4.3)
[vapur) 1gas) (solid) (gas)
or
. heat .
TiCl, + O, TiO, + 2Cl, (4.4)
(vapor}  (gas) (~ohd) (gas)

The silica is generated as a fine soot which is deposited on a cool rolaling
mandrel as illustrated in Fig. 4.8(a) [Ref. 19]. The Rame of the burner is
traversed back and forth over the kength of the mandrel umil a sulficient
number of layers of silica (approximatcly 200) are deposiled on it. When this
process is completed the mandrel is removed and 1he perous mass of silica
sool is sinlered (10 form a glass body) as illustrated in Fig. 4.8(b). The preform
miy contain both core and cladding glasses by properly varying the dopant
concentrations during the deposition process. Several kilometers (around
10 km of 120 uym core diameter fiber have been produced (Ref. 2|} can be
drawn from the preform by colapsing and closing the central hole as shownin
Fig. 4.8(c). Fine control of the index gradient for graded index libers may be
achicved using this process as the gas flows can be adjusied at the completion
of cach traverse of the burner. Hence fibers with bandwidih-length products
as high as 3 GHe km have been achieved |Ref. 20f through accurate index
grading with this process.

The purity of the glass fiber depends on the purity of the feeding materials
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fig. 4.8 Schemauc diagram of the OVPO process o+ Lhe preparation of optical fibers
{a) soot depositien, (bl preform sintering. {ct fiber drawing [Rel. 19)

and also upon the amount of OH impurity from the exposure of the silica o
water vapor in the Name following the reactions given in Eqs. {(4.1) to {4.4},
"Typically the OH content is between SO and 200 parts per million and this
contributes 1o the fiber atienuation, I is possible to reduce the OH impurity
content by employing gascous chlorine as a drying agent during sintering. This
has given losses as low as | dB km' and 1.8dBkm" a1 wavelengths of 1.2
and §.55 um respectively {Ref. 21 lin fibers prepared using the OV PO process.
Other problems stem [rom the use of the mandre! which can create some
difficultics in the formation of the fiber preform. Cracks may form due 1o
stress concentration on the surface of the inside wall when the mandrel is
removed. Also the refractive index profile has a central depression due 10 the
collapsed hole when the fiber is drawn. Therefore although the OYPO process
is a useful fiber preparation technique, it has several drawbacks. Furthermore
it is a batch process which limits its use for the volume production of optical

libers.

4.4.2 Vapor Axial Dsposition (VAD)

This process was developed by lzawa ef al. |Ref. 221 in the search for a con-
tinuous {rather than batch) technique for the production of low loss optical
fibers. The YVAD technique uses an end-on deposition onlo a rotating lused
silica target as illustrated n Fig. 4.9 [Rel. 23|. The vaporized conslituents are
injected from burners and react 1o form silica soot by Name hydrolysis. This is
deposited on the end of the starting target in the axial direction forming a sohd
porous glass preform in the shape of a boule. The preform which is growing in
the axial direction is pulled upwards at a rale which corresponds 1o the growth
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rate. [t is initially dehydrated by heating with SOCI, using the reaction:

H,0 + socl, — Mo JHCl + SO, (4.5)
{vapor) {vapor) (gas) (gas) -

and is then sintered into a solid preform in a graphite resistance furnace at an
elevated temperature of around 1500 °C. Therelore, in principle this process
may be adapled 10 draw fiber continuously, although at present & 1cmr'. o be
operaled as a batch process. V

A s;‘fatial refractive index profile may be achicved using the deposition
properties of $i0,--GeO, particles within the oxygen-hydrogen ﬂanr:c The
concentration of these constituents deposited on the porous preform is‘ con
trolled by the substrate temperature distribution which can be altcred by
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changing the gas Mow conditions. Fibers produced by the VAD process sl
suffer from some OH impurnty content due ta the Name hydrolysis and hence
very fow loss Mibers have not been achieved using this method. Nevertheless,
fibers with atienvation in the range 0.7-2.0dBkm ' al a wavelength of
1.18 pm have been reported |Rel. 241,

4.4.3 Modifiad Chemical Vapor Deposition (MCVD)

Chemical vapor deposition lechmiques are commonly used al very low deposi-
tion rates in the semiconductor industry to produce protective 510, films on
silicon semiconduclor devices, Usually an easily onidized rcagent such as SiH,
diluted by inert gases and mixed with oxygen is brought into contact with a
heated silicon surface where it forms a glassy transparent silica film. This
heterogeneous reaction (i.e. requires a surface to take place) was pioneered for
the fabrication of optical fibers using the inside surface of a fused quartz tube
[Ref. 25]. However, these processes gave low deposition rates and were prone
to OH contamination due to the use of hydride reactants. This led 1o the
development of the modilied chemical vapor deposition (MCVD) process by
Bell Telephone Laboratories |Ref. 261 and Southampton University, UK [Ref.
27, which overcomes these problems and has found widespread application
throughout the world.

The MCVD process is also an inside vapor phase oxidation (IVPO) tech-
nique taking place inside a silica ube as shown in Fig. 4.10. However, Lhe
vapor phase reactants (halide and oxygen) pass through a hot zone so that a
substantial part of the reaction is homogencous (i.e. involves only onc phase; in

Hostatum Sl LIS N )
. Uh pamale | Loy

artil o Lakibing

' g rung !
Nt e Qb by

LW LT AN

g Dnen

Fig. 4.19 Schematic diagram showing the MCVYD method for the preparstion ol oprical
tibers. lab depostion, (b) collapse 1o produce a preform. (¢} hler drawing
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this cise the vapor phasel. Glass particles formed during tis reaction teavel
with the gas flow and are deposited on the walls of the silica tube. The tube
may form ihe cladding material but usually it is merely a supporting structure
wiich is heated on the outside by an oxygen-hydrogen Mame 1o wwmperatures
between 1400 °C and 1600 °C. Thus a hot zone is created which encourages
high temperature oaidation reactions such as those given in Fqs. (4.2) and (4.3)
or (4.4} (not Eq. (4.1, These reactions reduce the OH inpurity concentration
to levels below those found in fibers prepared by by dride oxidation or Name
hydrolysis.

Jhe hot zone is moved back and forth along the tuhe allowing the particies
to be deposited on a layer by layer basis giving a sintered transparent silica
film on the walls of the wbe. The film may be up o 10 um in thickness and
unifurmity is maintained by rotating the tube. A graded refractive index profite
can be created by changing the composition of the layers as the glass is
deposiied. Usually when suflicient thickness has been formed by successive
traverses of the burner for the cladding. vaporized chlorides of germanium
(GeClL,) or phosphorus (POCL, ) are added 1o the gas flow. The core glass is
then formed by the deposition of successive layers of germanosilicate or
phosphosilicate glass. The cladding layer is important as it acts as a barrier
which suppresses OH absorption losses due to the dilfusion of OH ions from
the silica tube into the core glass as it is deposited. After the deposition is com-
pleted the temperature is increased to between 1700 and §900 *C. The tube is
then coliapsed to give a solid preform which may then be drawn into fiber at
temperatures of 2000-2200 °C as illustrated in Fig. 4.10.

This Lechnique is the most widely used au present as it allows the fabrication
of fiber with the lowest losses. Apart from the reduced QH impurity con-
taminaton the MCVD process has the advantage that deposition occurs
within an enclosed reactor which ensures a very clean environment. Hence
gascous and particulate impurities may be avoided during both 1he layer
deposition and the preform collapse phases. The process also allows the use of
a varicly of malerials and glass compositions. It has produced GeQ, doped
siica single mode fibes with minimum losses of only 0.2dBkm' a a
wavclength of 1.55 pym iRef. 28]. More generally the GeO,-B,0,-Si0,
system (B, O, is added 10 reduce the viscosity and assist fining} has shown
minimum losses of 0.34dB km ' with multimede fiber at a wavelength of
155 pm [Ref. 29]. Also graded index germanium phosphosilicate fibers have
exhibited losses near the intrinsic level for their composition of 2.8, 0.45
and 0.35dB&m ' a wavelengths of 082, 1.3 and 1.5um respectlively
{Ref. 301,

The MCVD process has also demonstrated the capabiliy of producing
libers with very high bandwidihs, although stll well below the theoretical
values which may be achieved. Multimode graded index fibers with measured
bandwidth-tength products of 4.3 GHz km and 4.7 GHz km a1 wavelengths of
1.25 and 1.29 pn have been reported [Refl. 311, Large scale batch production
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{30,000 km) of 50 pm core graded index fiber has mantained bandwidih-
length products of 825 MHz km and 735 MHz km al wavelengths of 0825
and | 3 pm respectinely [Ref. 30 The median attenuation obtained with thus
fiber was 3.4 dB km ' at 0.825 um and 1.20 dB km ' at 1.3 ym. Hence,
although it is not a continuous process, the MCVD techmyue has proved suit
able for the mass production of high perfoermance optical fiber.

4.4.4 Plssma-activated Chemical Vapor Deposition (PCVD)

A variation on the MCVD Lechnique is the use of various types of plasma to
supply energy for the vapor phase oxidation of halides. This method, first
developed by Kuppers and Koenings [Rel 32|, involves plasma induced
chemical yapor deposition inside a silica tube as shownan Fig. 4.11. The essen-
tial difference between this technigue and the MCVD process is the stimulation
of oxide formation by means of a nonisothermal plasma maintained at low
pressure in a microwave cavity (2.45 GHz) which surrounds the 1ube. Volatile

reaciants are introduced into the tube where they react heterogencously within

the microwave cavily and no particulate matier is formed in the vapor phase,
The reaction zone is moved backwards and forwards along the tube by
* ¢control of the microwave cavily and a circularly symmelnic layer growth is
formed. Rotation of the tube is unnccessary and the deposition s virtually
100" efficient. Film deposition can occur at temperatures as fow as 300 °C,
but a high chlorine content may causc expansivity and cracking of the film.
Hence the tube is heated to sround 1000 °C during deposition using a
stationary furnace.

The high deposition efMiciency allows the composition of the layers 1o be
accurately varied by control of the vapor phase reactants. Also when the
plasma zone is moved rapidly backwards and forwards along the tube very
thin layer deposition may be achieved giving the formation of up to 2000
individual layers. This enables very good graded index profiles to be realized
which are a close approximation (o the optimum near parabolic profile. Thus
low pulse dispersion of less than 0.8 nskm ', for fibers with atienuations of
between 3 and 4dB km ', at a waselength of 0.85 pm have been reported

[Refl. 21.

Fig. 4.11  The apparatus utilized in the PCVD process
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A further PCVYD technique uses an inductively coupled radioflrequency
argon plasma which operales a1 a frequency of 3.4 MHz |Ref 33, The
deposition takes place at | aimosphere pressure and is predominanmtly a
homogeneous vapor phase reaction which, via the high temperature discharge,
causes the fusion of the deposited material inlo glass. This technique has
proved to have a reaction rate five times faster than the conventional MCYD
process. However, fiber attenuation is somewhat higher with losses of
6dBkm ' at a wavelength of 1.06 pm. Variations on this theme operating at
frequencies of 3-6 MHz and 27 MNz have produced GeQ,--P,0. -$:0,
Fbc;sj‘;hh minimum fosses of 4-SdBkm'' at a wavelength of 085 um
Refl, 14|,



OPTICAL FIBER _HANUFACTUR]NG IN FOS
{ A. Zuccata )}

1) INTRODUCTION

FOS optical fibere are manufactured with the Outaide

Vapor Deposition (OVD)} process.
The OVD proceas ia made up of three process atepa:

The firest estep ﬁu soot deposition. A hot stream of soot
particlea of desired composition is generated by passing
the vapor stream through a fuel gas-oxigen flame directed
towards a rotating and traversing refractory target rod.
The soot particlee are deposited on this rod in a
partially sintered atate and, layer by layer, a
cylindrical porous glass preform is built up.

When enough glaes ism deposited for both the core and the
cladding of Fhe optical fiber, deposition is stopped and

the porous prefors is slipped off the target rod.

The porous prefora is then taken to the second process
step of sintering. In this process step the preforam is
zone sintered, at temperatures between 1400°- 1600°C
depending on glasa composition, to a aolid, bubble-free,
Elaas blank by passing it through & furnace hot zone in a
controlled atmosphere. At this stage the central hole due

to removal of the target rod may or may not rcmain,

The glans bLlank with or without the central! hole can then

be drawn into a fiber at much higher temperature of 2100 -

2200 Ct

2} PROCESS DESCRIPTION

. The chemical reactions involved in the formation of the

glaps soot are complex, involving not only the SiCl4,
GCeCl4 and 02, but also the fuel gas (CH4 or HZ)
combustion products.

The chlorides react with 02, Equations (1) and (2), as

they are heated to above 1500°C in the flame.

1) SiCl4 + 02 —» 8102 ¢+ 2Z Cl2

2) GeCl4 + 02 ¥ GeO2 ¢ 2 Cl2.

Equatione (2) is shown ae being in equilibrium because
Ge0Q2 ie not significantly xore stable than GeCl4 at these

temperatures.

The glass particle formation (8i02) has been shown to

begin within nboué 10 mm from the burner face and is
nearly complete within 100 mm. Typically the particlea
forwmed are on the order of 0.1 um : 0.26 um and they vary

in size throughout the flame.

Due to the umall size of the particles, they cannot be
collecled by impaction because they tend to follow the
gad streamlines. Careful analysis of the collection of

soot particlea onto a poroua preform indicates that
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thermophorenis ie the dominant mechaniam for collection.
In rtudics to maximize depoaition rete from a single OVD
burner it has been demonstrated that, for a given burner,
tvo key parameters are: target diameter {of the preforam)

and fuel glags flow. The average collection efficiency of

the OVD is arocund 50X,

The most pignificant feature of the process atep of
drying and eintering conmiete in %he way dryingd gases
are fed into the preform within the furnace environment.
In the OVD procesn, the removal of the target rod makes
it poesible to deliver the drying gases through thia
centerhole as the preform is fed down through the
aintering furnace. Although the elimination of all
hidroxyl ione from the preform ia attempted, the radial
hydroxyl ion gradient, if any, is favourable for
propagation of light in the core of the fiber when this
approach is used. This 18 conaidered to be an important
feature of the OVD process that has made possible to

obtain a very high level of drying in OVD fibers.

The next satep is fiber drawing. This is done by placing a
pintered preform into s high temperature furnace, where
the tip of the preform is heated to between 2100%- 2200°
C, and then it isa free-drawn to s fiber with diameter of

125 4w,

A capatan pulling apparatus is used for free drawing of

the Tiber. During drawing, the core and cladding glasnes
maintain their respective geomelric relationship, even
though diameter reductions are as high as 300 : 1.

Below the furnace is a laser gauge that monitors the
fiber diameter followed by the applications of two layers
of polymeriec coating materiale, The coatings are necea-
sary to preserve the high intrinsic strenght, to provide
microbending protection and to allow handling of the
fiber. Subsequent to coating, the fiber pasaes through
the capstan drive and the tensile strenght monitor before
being wound on a drue, The fiber is then transferred for
optical, geometrical, mechanical characterization. (see

Final Measurement (FM) sanual).



Introduction

Thus paper deals with 1he oulside vapor deposdan
{OVD) process of manulacluning giass preforms lor
ophcal waveguide hibers. The OVD process 15 one
of lhe lhree majot processes used i the word
loday (o manulacture opical wavequides The
olher two processes are the Modihed Chemicat
Vapor Deposition (MCVD) and Vapor Axial Depos:-
1on (VAD) processes. At the onsel, it 1s mponant 1o
nale thal in aflempling o compite malenal for this
paper. prios knowiedge of the basic physics of all
components of fiber-ople communcalion syslems
has been assurned.

The mosl widely used opical waveguide manufac-
tuning process s the MCVD process Compared 1o
the MCVD process the OVD pracess 1s significantly
more complex. This complexity and the need lor
cuslom designed equipment have caused resinc-
hive use of this piocess around the word Of alt the
majr optcal waveguide manutacturers only Cor-
ning Glass Works, the company where the process
was invenled, uses this process 1o manulaciure
oplical fibers. Allhough complex, Corning beleves
it 0 be a very flexible and economic process
capable of producing high qualily libers ior diverse
applicanons. The process has been successiully
ndusirialzed and aulomaled. H s the prmary
process used to manutaciure optical wavegudes in
Corning's manufacturing plant al Wimington, N.C.
The race lowards economic manufaclunng of hugh.
Quality fiber cpics is just beginning and Ithe market
15 in constant flux with new products. There i aiso
an ongaing proliteration of new appiications. A
dominant process, il ever, 1 not likely 1o emerge in
this decade. but the OVD process has the potential
1o 1ulfi all the requaements as they are presenily
undersiood. .

This paper 1s organized n fout seclions The rest of
1his wilroduclory firs! section will Cover he back:
bround of the OV piocess and includes Ihe
process description. The second sechion wit be
devoled 10 the basc understanding of the process

Qulside Vapor Deposition
A J Mairrow P C Schulr

TR da1/Maich 1984

steps The vanous producls manutaclured by the
OVD process and their perionmance chatactenshcs
will be descnbed n the third sechon The lourth,
and last, sechon will summarze the siale of Ihe an
of Ihe process and provide early resulls of some
developmental activies in OVD.

. Because ol Ihe complexdty of the subject, an

explanalon of only the baskc conceplts of what
makes OVD work and how is atlempled In doing
thus. wgorous mathemalcal analysis has had 1o
be minymized.

Background on Vapor Deposilion Processes

In order 10 pul the OVD process in proper perspec:
teve. 115 important 10 diferentiale belween (wo
baswcally diterent classes of chemecal vapor depo-
sihon (CVD) processes The most commaonly known
ts Ihat used primardy in the labncation ol semicon-
duclor dewices Typically, a low pressure. low
concenlration vapor stream ol ofganometatics or
metal halides s reacted al or near a healed
subslrate surlace resuling in, «eally, a unidorm,
delecl-kee deposition on the substrate. The reac-
an can be helerogeneous (GoCurmng on the
swiface) or homogeneous {occurnng n the vapor
phase). Rales are low because the awm is (o deposd
essenhally molecular layers of crystafine sold.
Als0. Ihe surface available lor deposition s lvled
in area.

The cfass o CVD most commonly used for fabri
cabon of bulk glass products s quile diferent. It
relies on thermally activaled homogeneous (vapor
phase) oxidaton reactions of stanting mixtures ol
melal halides and oxygen. Glassy parlicles called
"s00!” are nucleated and grow and are subse-
quently deposiled on a substrale of larget. They
can be fused 1o form a clear glass object o
collected as a porous prelorm—dependng on
lemperature This appleation typically uses mich
larger concentralans ol reaclants and is operated
at ambeent presswre. As a result, depositon rate
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can b ngre than an orders ol magndude grealer
than in the previously described case The larget,
Of subsiiate, €an also be much lasgernin area
allowing mate ethoweni collecton Not surprisingly.
Ihe mgjosty ol hber oplcs manulaciuiing tech-
miques, ncluding OVD, MCVD, and VAD are exam-
ples of 1his class of CVD process

One of he test bulk glass progucts manulactured
by such a vapor deposiion process was fused
sihca by Cotning Glass Works {Hyde. 1942) it was
also the process concepl Corning scentists used in
ther hustorical bieakthiough of producing the first
= 20 ¢B/wm glass hber (Kapron, et al., 1970). This
success led 10 extensive worldwide elffort to
develop vapod deposibon processes 10 many-
laciure prachical ophical ibers and a tapudly -
Qrowing oplcal commumcatons indusiry. This
efort in Corming Glass Works led 10 the devel-
opmenl of the OVD process

OvD Process Description

The OVD process 1s made up ol three process
steps shown in Figure 1. The brsl slep 15 sool depo-
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Oulside Vapor Deposition (OVD) Process Steps.

Figure 1

SN, 10 s slep @ hat siream of soof parlcles of
desded Compositon 1S generated by passinyg the
vapor stream thiough a fuel gas oxygen fiame
direcled lowards a rolating and kaversing reliag-
lory Yarget rod. The soot paricles are deposted on
this rodhin a parnally sintered state and, layer by
layer. @ cylindnical porous glass prelorm is budl up
When enough glass 15 deposited fof both Ihe core
and Ihe cladding of the ophical hber, deposiion is
stopped and the porous prelorm s shpped oft the
larget rod.

The porous preloim is then laken 1o the second
process step ol sintenng. 1n this process slep the
preform s zone sinlered. at temperatures belween
1400-1600°C depending on glass compesiLon, 1o
a sohd, bubble-free. glass blank by passing il
Ihrough a lurnace hot 20ne n a controlled aimo-
sphere. At this stage Ihe central hole due 10
temoval of the fatgel 1od may or may nol remain
The glass blank walh of wilhoud Ihe centra nole can
then be drawn nto a hiber al much hgher lempera-
tures ol 1800-2206°C

Evoiution of OVD Technology

In (he eatly to mid-seventies, exploraiory work on
Ihe process emphasized malenals reseaich The
witial cancepl of using dopants hawng the required
purdy level as hgh vapor pressuie liguids or gases
was considered 10 be very restrclive Mosl such
dopanis, thal were pnmanly used in the semicon-
duclor nduslry. raised Ihe Rayleigh scanenng coel-
heient of tused sdica. The seaich lor low loss male-
nals was tocused on compostions thal would have
low inlrinsic loss. i @ low Raylegh scafienng loss
and low loss due to IR and UV absorplion band
edges, in the operaling wavelengihs of inlerest
Theorebcal analysis o such composibons led 1o
efioits to produce these by vapor depasiion
lechniques.

TwG moddicatons W utilize raw matenals avaldable
as low vapor pressure lquids (Randall, 1975a) or
as s0ids {Randall, 1975b} are shown n Figuies 2
and 3 In allempling 1o ulh2e fow vapor pressure
hiquids, Figuie 2. sikcon tetrachionde 1s conven:
\onalty ransporled iNto an oxy-gas burner as a
vapor stream. The hquid dopant raw matenal

1S pressunzed and passed through a nebuk2es ino
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Dopant delivery using nebuhzer {or kyw vapar pressurd
liquigs {Randall, t975a}.

Fiqure 2

e lame where thermal decomposlion OCCurs
producmg the desired oxde The soot s collecied
as a porous preform, homogeneous n composhice,
of silica and dopant, layer by layed All the down-
siream processing sleps are the same as that
produced from fugh vapor pressure hquids. The
second concept. Figure 3. star1s with sohd dopants
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Sl
Dopant delivery using a porous plate injection device
for liquids or solids {Randal, 1975b}

Figure 3

which are mcorporaled and transported along the
vapor stieam and fed anto the burner The malenals
may be sublimated or simply njected into the

vapor streamn s very small partcles dependng on

vapor prassure.

A seannd approach o doping sdka s inthe
concoliganon process step Enensive work has

Dop:ng by impregnation with liquid dopant soluton
{Schuttz, 1975).

Figure 4

also been expended on this apprcach Figure 4
{Schullz, 1975} shows a method of wnpregnating 3
porous OVD sihca preform wih a kquid phase
dopant Figure 5 (Oumbaugh ano Schultz, 1975}

Doping by gaseous impregnation (Dumbaugh and
Schultz, 1975).
Figure 5

shaws gaseous vmpregnalon with the slartng
malenal being a high punty, lagh vapor pressue
sohd such as AICI,

These early studies of deposting glasses ol vanous
compostons wete nspued by the behef that direct
melleyg of sobd raw maienals could. on 3 rouling
hasis. produce Iibers of cormpaiable ophical loss 1o
thuse produced by vap deposhon lechnigues
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The simplest of he possible approaches. that of
using hegh vanor oressute liquid ~ aaseons
startno matenals, was found 10 be compatible with
the QVD process Merely by exlending semecon
ductor raw maienals into glass making, dopanis
such as germamum dioxide, phosphorous penl-
oxide, boron sesquioxide, and fluonne were Weni-
fied Notonly dd Ihese dopanis produce low lnss
fibers, but the losses came down so dramalcally i
a matter of lour to five years thal an entre new
ndustry emerged. The success of this develop-
ment pre-empled the process research on allerna.
bve approaches descnbed above. However,
despile the fact they were never shown feasible as
uselul approaches for making oplcal hbers, they
could ndeed be uselul lor making high punty
glasses of vanous diverse composihons

OVD Precess Steps

The OVD process may be broken down mig as
basic elements for companson to the ather
processes of fabncating optcal ibers by vapor
deposiion. This approach, allhough simplistic n
nature, will help focus on the process sleps umque
10 the OVD process and nol tully covered else-
where. The process can be broken down as
ollows,

A Purdicaton of raw matenals.

B Transport of reactants 1o heat source.

C. Chemical teactions and partcle Jormation

0. Paricle collection

£ Drying and sintering

F. Pieform gesign.

Purification of Faw Malerials

Purficaton in ferms of norganic 1ons is imponant 1o
nol only all Ihe processes for producing ophcat
fibers. but for the semiconducior lechnoing.es as
wedl The raw malenal manutacturers ol sihcon,
geimanum, phospharous, boron, and fuonne
compounds for use N vapar deposiion processes
haw.z- developed purhcaton lechnology thatis
adequate for oplical tber manulactunng An exten-
sion of the purnfcation siale of the art was required
for the MCVD process. however, where hydroxyl

ion conient of the iber is conlrolled al the depos:-

ton stage (Barns, ef al . 1980)

Thes 1 not enlieal 1o the OVD process, since
hydtand an conlent s conlrolled n (he crnsoli-
danon process ster

Transport of Reaclants to Heat Source

The ability ta lransport an accurate composition of
feaciants Lo the heat source 15 crlcal not only 10
Tiber tolerances but also o controlhng performance
charactensiics of tibers The most cornmon vapor
Gelvery system is called @ “bubbler system” and s
schemalcally shown n Figure 6 In this case a
CRARIER A
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MFC- Lass FLow —=
CONTROLLLR TO DEPOLITON

Bubbler vapor generalion system.
Figure 6

carnes gas is bubbled through the high vapor pres.
swre hquid reaciant A cerlan amount of reactan
¥apor 1s enlrapped nlo Ihe vapor stream This is
smply an evaporation process. Control of an evap:
orahon process and s key paramelers are well
known and will nol be described here. It is,
however, imponani [o pont oul some of the mpla-
menlalion schemes commonly used regarding the
fofiowing parameters 1) chowce of carrier gas. 2)
flow controd, 3) temperature control, 4) salurahon
contiot and 5) materal of consgtruction. It is also
mporlant to point out that these chowces are sidl
diterently made in different (aboralones Conver-
gence n opinign and approach may come later as
the technology matures

1) The chace of carner gas has been of two kinds
Orygen. a key reaclant, has been used as 2
carmer gas This approach benefis from
minimizatan of volumetnc flow and makes
plumiang ol the delivery system somewhat
simpier The olher chaice has been nert gases
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such as ndrogen of argon. This apprcach mighl be
used il there s concern about 1eachion in the ines,
of Cofrasion of the system 15 conswdered prabable
wilh the use of oxygen carmer gas

2} The cortrol scheme used most commenly is that
shown in Figure 6, for example, as descnbed by
Nordberg (1943). In this case the quantity o
cainel gas {mass or combination of pressure
and volume) fed inlo the bubbler 1s conlrolled.
Stnngent control of bubbler temperature and the
ievel of salurahon 1s required o oblain accurale
conlrgd of reactant Now. This appreach ncurs
some vanabily due 1¢ changes in baicmetnic
pressure as well as vanations in pressue due to
piping and flow rate. A second more complex
approach s the use ol mass flow dfterental. In
I method the mass of reactant and carner flow
and carner flow alone are dweclly measured by
thermal conductivity cells. The mass of reaclant
flow can be inferred by difference which then
provides a feedback coritrol loep 1or the carner
gas flow. In prnnciple, this approach eliminates
some level of control of femperalure. pressure
and saturation. Il sutlers, however, iom having
10 llow patendalty corrosive reaclant vapor
through accurate insiumentation. Commercial
units providing this luncton do require more
mainienance. lmprovement in such inslrumen.
Laton may spread use of s contiol scheme.

3) Temperalure controi of the hquid raw malerial 15
achieved in several ways. First, Ihe bubblers are
normally healed at least $°C above amtient to
wmprove control. Increased temperature also
inCreases vapor presswe of the hiquid and
lhereby improves saluralion which can be of
benefil to processing. Two allernatives used for
femperatue control are individual bubbler hquid
lemperatire conrgl and cabinet tempedalure
controf wilh all the bubblers having the same
lernperature. Contiolling hquid lemperature
becomes more of a problem lor larger bubblers,
fwghet deposiion rales, and fonger run times lo
obwious reasons.

4} Saluraton conirol is partcularly crical if Ihe
reaclant fiow is conirnlied by low af carer gas
upsieam of the bubbler. 1he maprily o
bubowis used loday consist sunply of a diplube

insered close to the bonem of Ihe bubdbler,
through which carrer gas s led An allernaiive
the use ol salurabon columns above Ihe bubbler
A Irade-off between samphcity and improved
precision musl be considered.

5) The matenal of construction of vapor delivery
syslems used 1oday vary ([fom all melailc
welded canstrychon 1o all non-metallc. It is well
known 1hat to use melalic sysiems one has lo
keep maisture out of the system 10 prevent
corrosion. Technology exisis lo accomplish this
It one postulates that keeping moisture oul 15 an
wnpossible task, nonmelallg alass or olasic
svsiems are prelerred. However, glass compo-
nents are subect (o breakgae ana psastic 1o
petmeation of mastyre through Ine maienal

It s Nt clear that the compenents of the vapor
dehvery systern are the lmiling lactors for conivol
of iber 1olerances or hber properbes. The vanabily
of other process paramelers is probably sull

larger than the varabidy of vapor flow, pravided

all contol urls are roulingly mainiained and
calibrated

There are several other systems lhat have been
proposed as allernatwes 10 the bubbler syslems
One of these 15 shown in Figure 7 (Blankenship,

Tl
B
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Vapor generation system using matering pumps
{Blankenship, 1979),

Figure 7
1979). The prmary lealure of this system »5 a

metenng pump which detivers bquid reaclant 1o a
lemperature-comtrolled Hask nebulizer where the
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gaLeous regitants aie added and the mixture s fed
10 the heal source This approach requires a
meleong pump thal can handie melal halidesAlso,
Ihis approach does nol benelil from the presence
ol Ihe bubbiar whch serves 10 distdl the hqued, at
least inilially. Ancther syslem s shown n Figure 8

EaE] ]
Eﬁ”’ﬁ;ﬂ tiing )
g

bgh temperature direct vapor conlrol Syslem-
(Blankenship, 1982}

Figure 8

(Blankenshyp, 1982a) This 1s 3 fugh temperaluie
syslem Lhat ehrrunales the need of carrer gas
bubbling by using diect vaponzaton This
approach requires high lemperaiuie iow control
devices. Bolh of these approaches eliminale some
of the probiems of the bubblet syslem, but have 3
few of ther own. The kind of vapor delivery syslem
thal will become moslt used depends on the nalure
and scale of the processes of Ihe lulure and
improvements n capabilty and ielabdiy ol conirol
devices.

Chemical Reactions and Particle Formation

The chermucat reackons nvolved in the Icrmalon of
the glass sool are complex, involving not only the
SiCl,. GeCl,, and O, but also the luel gas (CH, or
H;) combusbion producis. Al present it s believed
that the chlondes list react with O, Equabons (1}
and {2). as they are heated 16 above 1500°C n the
llarme (Powers. 1978a).

SICl, + 0z = $10; + 2Ch, [§1)
GeCl + O; & Ge0, + 2Cl, @

EqQualion {2} 1s shown as beng n equiliboum
because Ge0; s nol signihcantly more slable than
GeCl, at these lemperatures

The waler [rom the combustion ol the fuel gas
reacls with chlonne 1o produce hydrogen chlonde.
Equaton {J).

2H;0 + 2CI; + 4HCI + O, &)

The eltect of this reaction s o consume a large
poriien of the chionne produced by the formaton
ol S10; and Ged,;. The temaval of chlonne from the
reaction mixture allows the reacton shown in Equa:
ton {2) 1o proceed fuilher 10 the nght resulting n
the loimation of more GeQ,. Allemperalures
above 1B00°C. Ge(Q, decomposes 1o GeO (g) as
shown n Equaucn, (4)

GeCqs) « GeO(g) + Y2 Odyg) (4

Compeling reachcns ol ths type make il necessary
10 understand ait ihe thermodynamec and kinetic
aspects of ihe paricle l[ormalon process in oider (o
condrol 1he composiion of the deposiled matenal

The glass parlhicle lormalon has been shown 1o
begw wilhin about 10 mm from the burner lace
and 15 nearly compiete within 100 mm. Typically the
hist parlcles lormed are onihe order ol 9.1 pmon
diameler These grow Dy colision and coalescence
1o produce paricies up 16 0 25 ym. Due 10 the high
lemperalure. Equations (2)-(4) are in equéibrium,
and the particles can vary n Composition gepend-
ing on the par! of the flame in which they are
tormed. The extent 10 which particles are not
homoganecus & Sull under mvestigaton:

Particle Collection

The submicron sphencal glass partcles produced
in the QVD process valy in sze lhigughoul the
flame. A scanning electron micrograph ol particies
cokiected on a targel rod is shown in Figure 9.{0ue
10 Ihe small size of Ihe paricles, they cannol be
coilecled by impaction because they tend 1o fokow
the gas sieamined Carelul analys:s of the
coilecnon ol 5001 paricles onlo a porous prelorm
wdicates hat Ihermophoresis 15 the dominani
mechanisen for collectionfAs Ihe hot gas slream
and glass pasncles go around the preform, a
lhermal boundary layer 15 sel up near the prelorm.
This boundary layer 15 a steep theimal gracsent in
which the glass parucies are pushed by a lheimo-
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Scanning electron micragraph of OVD sool showing
glass spheres,

Figure 9

phoretc loree 1owards the preform In studes 10

NAxamze deposibon rale om & single OVD burner,

Wt has been demonstraled {Blankenship, ef af,
1982) Ihat. lor a given burner. lwo key parameters
are target diaineler and fuel gas flow, Migure 10 At

15—13 4 ) 6 |7 8 9g /mn
13—
npE=
9l ~\ -y - - B --
7
1 .
[

S 1\
50 2 0

FUEL GAS (SLPM)

4 [
TARGE T DIAME TER (cm)
OVD deposiion rare as a function gl tasget diamelet
and tuel gas flow (Blankenship, of al, 1982).

Figure 10

larger 1argel damelers. the cucumierence and
surface ares ol the preform inciease allowing morg
tme and area duning which ine parhicles ara clpse
enqugh 10 ihe surtace to be collecied Also. the
averaqge prelnrm temperalure s reduced,
wneeasiry the lhemlnpho;eh-c Fnrcé Increasing ihe
fuel gas flows (ncreases Ihe sool paricle
lemperature and Ltheielore the thermophorehc
force The average collection eficiency of the QVO
process s arnund 50%

Drying and Sinlering

The process steps of drying and smtenng are very
similar lor the QVD and the VAD processes
However, they are significantly diffecent trom the
MCVD process. The published iterature on drying
and sinterng w the VAD pracess covers the funda-
mentals of this process step exlensively (Edahio, et
al, 1980). Only the bask diferences in the drying
process between the OVD and VAD processes wait
be discussed i order g aved duplication and
because many aspecis ol ths process step are
propreelary.

Perhaps Ihe mos! signihicant dilerence 1s in the way
drymng gases are fed inlo the prelorm within the
furnace enwironment. In the OVD process. the
remaoval of the target rod makes It possible 1o
deliver the dyng gases thiough 1his centerhole as
the preform s ted down hrough the sintenng
lurnace (Pewers, 1978b) This s shown i Figure
11 Although the eliminalon of all hydroxy! ons
trom the prelorm s attemptled, the radal bydioxyl
ion gradient, 1 any. 15 favorable lor propagahon of
light in the core of the fiber when thrs approach s
used This hydroxyl ©n gradent & shown sche-
matcally compared 10 that of the VAD process in

S &
N
N ]
N
§ N
\ \
N

) oed ) §

Drying of an OVD petturm through the centerhole
{Powers, 1978b).

Figure 11
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Figure 12

Figure 12 This 1s considesed 10 be an important
teature of (he OVD process that has made il
possie 1o obtan the level of dryng in OVD lbers
shawn in Figure 25 of this paper. There is litle
diterence n the sinlenng of VAD and OVO
pretonms A theoretical analysis of 1he kinetics ol
sinlenng has been reported by Scherer (1977)

OVD Preform Design

An added complexty in fabncating mulimode
hters in parbcular using the OVD process « hat of
prelorm Iracture due to thermal shock This occurs
because mosl dopants increase the Ihermal expan-
sion coeticient of the glass. Thus, i graded index
tibers, the maximwm tensile stress 15 al \he cenler
hole Furthermore, removal of the larget rod can
easty leave delecl sites on (he cenlerhole. The
abave combination was a mar cause ol preform
breakage atter consoldation in early development
eflors.

The bieakage problem can be addressed by at
leas! tour diflerent approaches. The lirstis &
conventional solution based on simple ohvsiwal
principles (Blankenship. 1982). B low expansion
layer 15 deposiled on the cenlerhole surface such
fhat itis in compressve siress 1f the detect sies are
shaliower than the compressive layer Thekness,
crdck piopagaton  relracted. This s sche-
mabcally shown n Figure 13,

Lz D= —————ew—

1.

]

"
Siress profile produced using low expansien cenler
ot layer (Blankenship, 1982b).

Figure 13

The second approach is 10 balance the expansion
coethcient of 1he core wilh thal of the cladding such
that the siress al the centerhole s much reduced or
elmmated (Gulan and Scherer, 1982). This can be
done conveniently using B,0, as a dopant
because B;0, redures the index of S0, whie
increasing g ihermal expanson creficient There-
fore. Ihe siress eftects of B0, and GeQ,¢an be
balanced al no cos!  ndex dificrential between
core and clad Due 10 the wirared absorplon edge
of B,0,. however, Ihis apptoach s only useful for
thers operating al wavelengihs below aboul 1 2
pum Typcal expans.on coetoent gradients of
shiess-balanced and uncompensaled desgns are
shown n Frgure 14

THERMAL EXPANSION

1 t 1 1 | 3| L
RADIUS

Comparison of therrnal expansion coefficient prohiles

tor uncompensaled (A} and siress-balanced (B8]

designs.

Figure 14

A thadd approach s o conlrpl the densdy and
compustion Qfadieols within the porous prefoim
shen Inat e halé roses dunng the consohdaon
process slep. thereby efimnating ihe centerhole as
a detect site 1 1he man expansion 316a {Blanken-
ship, 1981} Theorencal analysis (Scherer 1979) *
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ang successiul use of tis approach have been
reported A low wiscosly glass layer on the cenier-
hole has been shown to promole seedfiee hole
closing when this appioach s used (Baley and
Morow. 1983).

A tourth appioach which nol anly elimunalcs this

problem but also wnproves process productivily 15
* shown in Figure 15 {Badey. 1979). in Ihis case the

S
e
!
Elj

Schematic of combined consoldation and draw
process (Bailey. 1979).

Figure 15

consolidaton process step is combiped with fiber
drawing such that the sinfe ea giass does nol have
the oppariunily 16 cool down below Ihe glass lrang
tion lemperature priof 10 beng drawn inlo hber.
This prevenis siress lormation thereby eliminaling
breakage.

OVD Fibers and Ther Peiloimance
Charactenslics

Al the present ime (bere are thiee general classes
produced by the oulskde depostion process They
are. ) single-mode hber, i) mullimode graded index
tiber for long-dislance communicangn systems, and
i) large-core mulimode graded index fiber lor high
capacity shorl-disiance dala ransmiss.on Systems
The 1esi of this seclion 15 devoled 10 descrbing the
performance charactensics of these libers.

OVD Single-Mode Fibers

The OVD single mode hbers developed (o date
include a step-indev prohis Ge--&N, core, 50,
clad hber uplimized Iof operatien ating 1 3 pum
wavelenglh range. The aflenuation distiibution of
ecenl proviuchon hibers at 1.3 pm s shown in
Fiquie 16 The assocalated hydroxyl n content
1

DG~

[=}
v}
1

[rJ
A
3

o]
i
w

A TLACH [Li2m)

o
-
\

NMBIA OF FIECTS
OVD single-mode liber atienualion disinbution.

Figure 16

distribution ts shown in Figure 17 The hydroxyl jon
conlen! was compuied lrom the attenuahon spec-
Lum assuming 100 ppty OH™ conlent causes an
absotption peak of 3.3 dB/km at 1 39 ymjlr cingle-
moge 'IhE!S “Latanna coefent & wavelannin
depennci (Bhagavatula, el af, 1982a). s a lung-
hon of ihe composion of The core and cladding
glasses as well as the power dslubulion between
the core and cladding The scafienng behavior of
OVD single-mode hbers has been characienzed by
dvecl scatienng measurements and a ypicat
behawvior 1s shown in Figure 18. A typcal refractive
index prolie obtaned lor OV single imode hbers 1s
showriin Figure 19 Concenincity of the core in the
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filses 15 @n wngporant prargmelen d power oplimiza-
won 15 ot dune duning sphaing Stale-ol the-art
measurement lechnigues have been inshiuted 10
Quantiatvely measure his parameter. A lypwcal
distnbution 1s shown in Frgure 20,

100~

CUWMLALATIVE PROBABILITY (%)
o
O
0

[ (RN
Q 1 20

HYQRORYL (pnd)
OVD single-mode hber hydioxyl gistibulion.

Figute 17
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VD single-moda hber scatiening behavior
{Bhagavatula, et al., 1383a}.

Tigure 18
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OVD single-mode hiber relractive index profilg.
Figura 19
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QvD single-mode hiber core offsel disinbulion.
Figure 20

The dispersion requirements on single-mode hbers

are more sinngent gue 10 mode paribon noise of
onventonal single-mode laser dwdes. OVD single-
mode libeis have been desgned 10 operate over
35 km lengths al up lo 405 Mbils data rate in
conunClicn wih convenbonal 1.3 yrn single mode
laser dhodes having spectial widihs of 4 nm
Ancther design cnlenon was thal atienuabion up 1o
1.55 urm wavetength could notl be sigruicanily
aflecled by bendng or m«crobending due (o
cablng. It:s underslood. however, Ihat lor hugher
bl rate systems within ihis waveiengih range,
imnptovements will have to come in the laser
pedformance d this hber design is lo be employed

To ensure this level of performance, the normalized

ielractive index difference. A. and the eliective cul-
ofl wavelenglh ol the hber are ughily contiolled 1o
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nominal vaiues of 0 3% and 1 2 um respechively
The dispersiaon when these paramelers are heid
within the specilied glerances is less than J 5 psed/
Amkm over the range from 1 28510 1 33 ym as
shown in Figure 21. Exiensive cabling tnals using

- 54

5 ‘2.5

€ o
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L

g 54 4=0.3 £ 0.04 (%]
e -7.5] A =1200 2 70 (nm)
a

¢ —10]

o

~12.5

415] — 1 ”T"_—t—’r*ﬁ'—{-**ﬂ
1200 1250 1300 1359 1400
Wavelength (am)
OV single-made fibet dispersion versus operaling
wavelenglh

Figure 21

loose tube consttucton have verhed the socund:
ness of the design wilh respect 1o cabling-induced
bending and mcrobending loss. Tnal installations
using conventonal 1asers have shown that the bit
error rale of svstems are well within design hmas,
even though some fibers may indeed be over-
moded {1 e.. the theoretical Vvalue may be greater
han 2.4 using equivalent step paramelers for the
compuialon) at the operaling wavelengih. The
aclual chspersion level necessary and size of the
wavelength range required for cperalion 1S
expected 1o evolve with expenence. Improved
piocess control n both laser and fiber manu-
laclunng will help optwrize System performance

In order 10 1ake advantage of the lower aftenuation
at lhe 155 pm wavelengih without the need for
narsow spectial widih lasers 1o achieve high bit
_rates, fibers are beng designed with mimimum
dispersion, A, stufted 10 this wavelengin. This s

’ possible because the matenat dispersion slays rela-

wvely constant i sihca hbers bul the wavegude
hspersion can be adpsled by changing shdex
prolle and & Total or chromane dispersion 15 he
suin of these two lerms Fibers having excellent

attenualion, dispersion, and microbiending sen
simvily have been made by the OVD process wih
designs as shown n Figure 22 (Bhagavalula. ef al.
1984). Using more complicaled designs such as
are shown n Figure 23 (Bhagavatula. ei a/, 1983b)
it s possibie 1 achieve low dispersion over a wider
wavelengih range. fof exu.nple tess than 2 psec/
nm-um over the range trom 1310 1 6 um OVD
Ibers having these Types of designs are expecled
16 be developed and n produchon when required
by syslems
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SEGCOR™ dispersion-shitted single-mode designs
(Bhagavatula, at al., 1984}

Figure 22

SEGCOR™ dispersion-Nallened singic mode designs
(Bhagavaiula. el 8l 1963b).

Figuia 23
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OVD Long-Distance Graded Index
Multimode Fibars

In multimode hbers the primary focus n the recenl
pasl has been in iNCrRasiry PHOCEss understanding
and process carie 1g improve Liber pefloimance.
This bas 10 be dane i comunction with piocess
and equipment innovabion programs and auo-
mation elorts 1o wmprove produciivity of the
process These Iwo bascally conflicting efions.
have somaelmes helped and somelimes impeded
improvernent in hber characlensics

The most remarkable progress has been in

improvement i atenuabon characiensiics shown

n Figure 24 One of the rmost sigrdicant

100~
90~
60~
70+
60-]
50+
40
30+
20
104

G T L L) T T T T 1
.2 N-] 1.0 1.4 1.8
Attenuation {1300 nm) dB8/km
OVD muflimode Bber attenuanon disiribution {all fiber
typical ine).

Cumulative Probabillity

Figure 24

contnbutors 16 this mprovement has been the
abilty 10 rectuce and contenl the invel of hvdtoxyl
won conlent in the fiber. shuwn in Figure 25,

Anolber significant improvement in the OVD
process has been in he underslanding of band-
welth cantrol of indearual ibers and of concare-
ndled lenothg, Several papers have been
pieseniad in recent conferences on this lopic
(Love, 1982 and 1383} The key fndings of these
studies are sommarzed bolow

100

Cumulative Probability

Q PO SR R TSN U W R — |

50 150 250 350 450
OH Concentration {ppb)
QYD multuncde hber hydioxyt disinbution {all fiber/
typical line).

Fiqure 25

Exlenswve analysis of pulse broadening o muili:
mode ibers loads 1o the concluson that the pulse
broadening, 0. of a liber s a function of length, L,
and wavelength A, and can be gxpressed as
follows

of {(L.A) = oL (ML + of (AIL°
+ |Of (ML + ol (WL e (5}

wheref0.and Olare (he pulse broadening due 10
hateria gispersieniana protde error iespeclively
and the 1hed term s due to radial and longiudinal
perturbations in the index prohle. These perlurba-
tions are lound 10 be of two types. Some are
correlated, r.e., appear 1o be invanant along 1he
length of the tiber (for example the cutvatute in the
core-clad inlesface in the refraclive index prohle
shown i Figure 26) Others are random n nature
The pulse broadening due 10 These two kinds of
perlurbatons, g (correlated) and 0 (uncottelated
of random), have different fenglh dependence -

1115 ‘nteresting to note that n the OVD process. al
the wavelength wheie the profile gxnonent. a, s
optimum, pulse broadening rs pvopomonalTo the
square 100t of tlength withun a unit length of Ther
This was determined by cutting back a umit lengih
of fiher and measurng hber bandwidih as a func-
tion of wavelengih A1 lhe wavelength where g 1§
ophmum or where the fiber bandwidlh s maximom,

Page 12 ot 17



4l

OVD multimode fiber refraclive index protife
Figure 26
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Lengih dependence of bandwidih at 1he oplimum

wavelength (,) and away from oplimum (1630 nm)

{Love, 1582).

Figura 27

the lenglh dependence of bandwidth is shown in
Figure 27 (Love, 1982). The implicaion ol this
observaton is that in the conlexl of Ihe measuied
fiber lengths, the index perlurbations in OVD hbers
are uncotrelaled. s then noL Surpnsing that when
fivers with oplmum a at the measured wavelength
are concalenaled, v OVD libers, the lengih
dependence of bandwadih has lhe same luncl:onal
dependence. This 1s shawn n Figure 28

{Love, 1983).
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WAWEL[NGTH (am)
Concatenaied bandwidih-lengih product and tengih
axponant (y} versus wavelengih (A} for OVD liber
{Love, 1983).

Figuie 28

In spie of this exttemely lavorable length gepen-
dence of DAlusdl 3and Championshup 1esulls of
3-4 GHz- km measuied on 2 2 km lengths. hiber
bandwihh has not been conleolted 1o the levei
desied. The prmary reason I this s 1he rate of
change ymposed on the Process [0 mprove
productivily Figure 29 shows the changes n

f 4. 0
® €
g *9 s
¢ ¥
§ 27 20
: ]
E n [
s 1 1 ]

8l e - &%

YEAR

OVD deposilion rate and blank size progress by year,
Figure 29

deposilon rale and prelorm size which have been
made n Ihe 1ast three years Anolher lacior thal
wnpedes bandwdth performance s the complexily
wnposed on the process by the need o prevent
cracking ol the preform due (o stresses at the
centethole atier the preform s consolidated. The
exising OVD process capability in producing high
bancw:dih mullimode graded index fiber 1s shown
in Figure 30 10 the near future. sandicant
wmprovernent ol the bandwidih distnbulion 1s likely
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Figure 30

OvD Short-Distance Fibers

Shoit distance hbers have nuw been designed lor
apphicalon in high capacily dala links, whede the
qQuasrslep {Q 2 3 5) s 50 MHz km tibers
previously developed {Morrow, ef af, 1979) are
consdered inadequate. In addihon 10 the above.
the hbet 15 Gesigned 10 operate at bolh the 0 85 um
and 1.3 um wavelength ranges. as described by
Jones and Sommer {1982} The lber desgn i a
~aged index mulimode hber wah nominatly O 29
wWhand dimensions of 100 pm core dameler and

" 130 um fiber diameler. The latge core tameler
and the relatively high NA are required lo maximue

coupling of light power into the fiber Irom LEDs

. The proneness 10 cabling loss due 1o microbending

in this design is significanlly improved over stare
dard iong-distance mutimode fibers and therefore
nol considered a key lactor. In addilion, since the
intended applications use short links and are
expected o be highly conneclonzed, the ncreased
fiber cosl due 10 increased diameter and hiohar
qegmania conlant is lelt 10 be wel jsliied by |
reduced lolal sygtem cost.

A typical tefractive index profile of such a fiber 15
shown in Figuie 31. The index depression al the
axis of the fiber is due 1o the design and 15 not 3
fedture of the OVD process. Typical attenuation
distributions of the hiser at 0 85 and 1.3 pum are
shown in Figure 32 The increased atlenualion of

0 85 pm 15 due 1o the increasert Rayleigh scaliénng
coeticient of the design. The hign_atian anan 1ever

T
OVD short-gistance fiber tefraclive index profile (Jonas
and Sommer, 1982).

Figure 31
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OVD shondistance fiber anenuation distribytion.

Figure 32 -

al 1.3 pm s due to the fact that refalively lnle aften-
1on Nas been given (o (he NyaToxyt on content ol
this hibet. The atlenuation levels shown here are
considered adequate for the application. Since
these fibers are designed 10 operate al bolh 0.85
um and 1 3 um simullaneously the bandwdth of
the fiber 1s peaked al a wavelength in between.
Typical bandwidih disinbutions of such fibers at
bolh wavelenging are shown in Figure 33.

Olher hiber designs 10 serve telaled apphications
are now in development. For example. a fiber
design which 15 expecled lo be more advan-
1ageous lor local area nelwork applications has a
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OVD short-dislance fiber bandwidih disinbulion

Figure 33

0 26 NA, 85 um core. and 125 um hber dameter
with similar of better bandwidth and aflenuation 10
the shorl-dislance hber described above. The llex-
ibility of the OVD process makes latrge-core, high-
NA fibers such as these relalively easy o fabreate
compated lo VAD and MCVD processes where
ubes are often used for cladding

New Developments and Summary

This section bas been created 1o provide a glimpse
nto whal is expecled 10 happen in OVD in the near
luture, The information is not complele being
composed primarly of early resufls of development
aclnbes.

A significant new developrment is the ability 10 incor-

porate fluoring inlo OVD hibers withoul the aid of
piasma torches as well as the abidy (o retain this
fluoane and al lhe same ime dry the hiber (Berkey,
1984) Figure 34 shows a typical relraclive index
protile ol a shca-core foorosthcate-clad single-
mode iber The ability 10 incorporale luonne alsa
helps wn tabricating high NA mulimode libers The
resull of ene such atempt s shown in Figure 35

&t
S0

O &
— Q

Siticacora Nyorosilicate clad refrachive index prolie
(Borkay, 1984).

Figura 34

—
Refrachive index prolile of h:gh'ﬁb slepndex hiber with
fluorine goped clad (Berkey, 1984)

Figure 35

Progress 15 also beng made in research for otber
new dopant malenals. A new lamily of matenals
has been developeg which may permit successiul
use n the OVO process ol many more dopants
than have previously been avadable n hugh vapor
pressure hquids form. The thryst has been aimed al
reduction of Rayleigh scatienng. enhancing the
exient ol relractive inclex change per unit change in
expansion coelicent due 1o doping (for igh NA
fibers), mprowing radhation hardness of low loss
hbers, and in developing hbers lor longer wave-
lengih operation. The OVD and VAD processes
have an advantage over MCVD in ths area
because dopanis conlainng hydrogen may be
used. Thes 1s true because the sinlenng and dtying
steps are separale from deposihon in these
processes

Ahird area of new product development (hat has
shown exceptianal progeess has been n the area
of high buelingence polanzation relaning single-
mode fibers (Matrone, et al, 1984} Fguie 36
shows a Cross section of a design for such Tiber,
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STRESS-PRODUCNG
Mt MBERS

Design lor polarization-retaining single-mode fiber
{Marrone, ef al, 1984).

Figuie 36

Typncal performance charactensiics of these fibers
are attenuation at 0 85 prm of 3.4 dB/km, beal
lenglh of about 2 mm. and extchan (atio of
greater than 18 dB using a broad spectral source

In summary, the OVD process s now a fully indus-
inailzed and aulomaled manulaclunng process. it
5 he primary process used in Corning's optical
fiber manulaciunng plant in Wimington, N C. The
process has been scaled up so 1hal preforms of
=50 ki in size can now be routinety produced.
Average deposilion rates of grealer than 4 gm/min
have been achieved. Fiber designs ranging from
single-mode lo large core multitnode have been
successiully made in production. The fexibiity of
the process s being constantly exploiled 1o
produce fibers of diverse designs and
compositions 10 meet the ever-expanding needs for
oplical ibers. Recent examples are new single-
mode designs, fiber lor local-area-network applhca-
hons. and polanzation-relaimng fibers,

Although the rate of progress has been close to
ncredible, there s much in @ process as compiex
as the OVD process shill 10 be learned. Because ol
is flextadily, high rate, and abilily 10 use new

opants s polental s greal for beng able 1o
provide the high-qualty hber and glass needed in
the fulure, bolh tor pplcal communications and for
apphcatons yel (o b dacovered
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TYPICAL QPTICAL FIBRE STRUCTURE
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{ 50 aum M4 )
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MAiN  ADVANTAGES OF THE
VAPOUR THASE DEPOSITION METHODS

COMPARED To THE
bovaLE CRovciBLE  METHoD

Rt —

o LONGER LENGTHS
® HIGHER PRODUCTIVITY,

® HIGHER RESOLVUTION IN THE REFRACTIVE=
INDEX  PROFILES,

® STABLER TRANSMISSION CHARACTERISTICS
OF THE FIBER,

® LOWER ATTENVATION DVE To THE HIGHER
PURITY OF THE MATERIALS,

Al ll'.l'IUF‘H.IUiIE. luul A

ATTENUAZIONE INTRINSECA OELLA SILICE

d8/Km

LUNGREZZA 'ONDA {pm} .



r Graded-Index Multimode Fibers

NJ.Ol

Trpicel Aange
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Fig. la & 1b. Spectral attenuatlon rate of {a) mulifmode graded-
Inaex and (b) single-mode fibers. Floee atienuation rare iy
Intrinsically Henited by increased sobtlering toward short wave-
lengths and absarption st lower wa velengihs. The sbsorption hand
o0 1390 nm s due 1o a small hydionyl impurity in the glass. The
typical aticnuation rate range for commerclally avallable fibers iy
thown, )
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Single-Mode Step-index

Dispersion
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_ Material .-~
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1200 1300+ 1400 1500
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Fig. 4. Thetotal dispersion of single-mode fitiers Is s combination of
materisl and wavegulde dispersion, This produces a zero-dispersion
point acar 1330 nm where extremely large bandwidih ks possible.
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STEP-INDEX

~N S

GRADED- INDEX

J’fnjaw

SINGLE MODE

Core

20D
FIBRE MONOMODAL!
ATTENUAZIONE COMPQSIZIGNE
PROFILO TIPO [dB/km] | % {um] CLADDING/CORE
L3vm- 1L.5um {MAT. ALTERNATIVI)
Step Si0— GeQy/SiOy
ﬂ Index 027-0.16 13 | (P0YGEO - P.O'—F)
Depressed . .
Index 028-0.16 | =13 f’;%;féo)‘fs'o‘” F
| ’ | 7| Cladding W
v ) ; Si0;~ GeOYSiOs—F ;
’_—'l_ﬂ__r—‘— «W 0.35-0.2 155 | porpon
, , } SiOv— GeO,/5i0 (F)
. ]\L ' Triangular 0.57-0.24 155 | (0 GeOs POV
Multiple - N sio—ceossi
CO;/SIO:—“(F)
_ Index/ 0.45-025 155 | (p,0./CeOrPiON
: Triangulor
Multiple $i0y— Ge0,/5i0, — (F)
ﬂﬂﬂ Index/ 04-04 1.3: 155 | (P,Oy/GeDi—Pi0O,)
5 ented Core ’
sisliate; <gm
T L
- ﬂ ]"" Pure ) Si0,/Si0,—F
“I Silica 0.30-0.16 1.29 (P,0s— F/P:Oy)



NR_ 8202 _alghatraonix Y6.47 93-12-1982 -1 - K
Experiment : STEP INDEX PRODUZIONE , ‘2 NA_ 292 olghatronix ¥6,31 10,972,087 -4
L
Fibre Name * 421055562502 Exporimant HONOMODO TRIANGOLARE SHIFTED
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TIPICAL FIBRE COMPOSITIONS

COMPOUNDS, BASE REAGENTS AND RELATED TEMPERATURES

manielto aucleo
. 90, 50,-Ge0,
SIO](F) S|0,-G¢0,
SIOJlF) SIO)
Tastira Ul - Composn. reagennt di base ¢ relative temperature.
=i ,__._*._ R ——-w_ﬁ_‘*-::—r—_u't"——-h_________—*—-
WAIN REACTIONS Composio TF'O) TE*C) Reagente TF(*C) TE('C)
$10, (") 1713 2230 5:Cl - we
) i - T
?CO‘I } 108 — GeQl, - 498 :}6
, -8 - 158 CCyF, ~ 138 - X
CF., - 184 -3
SiF, ~ %0 - 8
SF, -~ %0 6

SiCly, +0; 8i0; +2CI .
GeCly +0; =Ge0; +2CY .
CCLF, +0; wF!  +Qyf + co;.
2BCly + 320,55 B,0; +3C
2POCI, + 320, = P,05 + 30 .



OPYICAL FIBRES PRODUCTION CYCLE
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SCHEMA PROCESSO IV.D.

SCHEMATIC OF PCVD PROCESS
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Fig. 10 - SCHEMA MACCHINA BI #1LATUR
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2) Fornace
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