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METHOD OF MANUFACTURING AN OPTICAL 
FIBER PREFORM 

REFERENCE TO RELATED APPLICATION 

[0001] This application is a divisional application of 
patent application Ser. No. 09/340,473 ?led Jun. 30, 1999 
and claims priority bene?ts of prior ?led, copending provi 
sional patent application, Ser. No. 60/091,290, ?led Jun. 30, 
1998, and copending provisional application, Ser. No. 
60/091,154, ?led Jun. 30, 1998, all of Which are incorpo 
rated herein by their reference. 

FIELD OF THE INVENTION 

[0002] This invention relates to a method and apparatus 
for the manufacture of an optical ?ber preform having 
incorporated therein a predetermined and enhanced amount 
of rare earth dopant material, and particularly, Wherein the 
rare earth dopant material is incorporated at a comparatively 
high concentration and With a cross-sectional geometry of 
the preform designed to promote good mode scrambling. 

BACKGROUND OF THE INVENTION 

[0003] Optical ?bers are essentially ultra thin light con 
duits. Light is pumped into one end, propagates forWard 
Within and through the ?ber, Whether bent or straight, and 
ultimately emerges at the other end. By pumping light into 
the ?ber in a prede?ned pattern, huge amounts of informa 
tion can be communicated over large bandWidths over long 
geographic distances almost instantaneously (i.e., at the 
speed of light). Thin, fast, and robust, the utility of optical 
?bers is beyond question. 

[0004] While the variety, forms, and complexity of 
?beroptic con?gurations continue to evolve, the central 
underlying structure found in virtually all optical ?bers is a 
light transmitting core surrounded by a cladding layer. The 
indices of refraction of the core and the cladding are adjusted 
during manufacture to provide the cladding With an index of 
refraction that is less than that of the core. When light is 
pumped into the ?ber core, it encounters the refractive index 
differential at the core/cladding interface and in an optical 
phenomenon, also referred to as “continuous internal re?ec 
tion”, is “bent” back With little loss into the core, Where it 
continues to propagate doWn the optical ?ber. 

[0005] In manufacture, an optical ?ber is typically draWn 
from an optical ?ber preform that essentially has the same 
cross-sectional geometrical arrangement of core and clad 
ding components as that of the ?nal optical ?ber, but a 
diameter several orders of magnitude greater than that of the 
?ber. One end of the preform is heated in a furnace to a soft 
pliable plastic consistency, then draWn lengthWise into a 
?ber having the desired ?ber core/cladding dimension. 

[0006] In the art of ?ber preform manufacture for trans 
mission ?bers, as opposed to the manufacture of active 
?bers, i.e., ?bers With rare earth doped cores in single mode 
or double clad ?bers, techniques have been developed for 
high speed manufacture to reduce costs While providing high 
quality ?ber using chemical deposition processes Where 
constituents in their vapor phase are supplied to a horiZon 
tally rotated refractory tube to form one or more inner glass 
layers on the inside surfaces of the tube. Examples are the 
MacChesney at al. US. Pat. No. 4,909,816 and its compan 
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ion U.S. Pat. Nos. 4,217,027 and 4,334,903, disclosing What 
is referred to as the modi?ed chemical vapor deposition 
(MCVD) process, named as such to distinguish it from 
general semiconductor type CVD processes as Well as from 
prior CVD process employed for the manufacture of glass 
preforms. These patents discusses the so called “soot” or 
outside vapor deposition (OVD) process, disclosed in US. 
Pat. Nos. 3,775,075 and 3,826,560, Which process is 
enhanced by the use of the MCVD process. Patent ’816 
relates to the establishment of a more prominate homoge 
neous reaction Where the reaction product from the vapor 
phase forms glass precursor particulates Within the gas 
stream Within the ambient of the refractory tube Which 
particulates are then subsequently deposited doWnstream of 
the heat Zone or source on the inner surface of the tube. The 
deposited particulates are then consolidated into a transpar 
ent glass layer on the tube surface by the passing heat Zone. 
This is distinguished from previously employed CVD pro 
cesses for glass preforms Where a heterogeneous process is 
explained to occur With glass particulates initially formed on 
the inner surface of the refractory tube forming either a soot 
layer that is subsequently sintered to form a glass layer or 
directly forming a glass layer resulting in deposited forma 
tion of monolithic glass, as opposed to glass particulates 
initially formed Within the ambient of the glass refractory 
tube. The homogeneous reaction of the MCVD process is 
accomplished, in a signi?cant manner, by increasing the 
temperature of the reaction Zone via the hot moving Zone. 
The advantage of the MCVD approach over the OVD 
process is eliminating hydrogen bearing components, Water 
vapor and other contaminants from the deposited glass layer. 
The MCVD process is explained brie?y in Andrejco et al. 
US. Pat. No. 4,257,797 and is explained in detail in the book 
entitled “Optical Fiber Communications”, Vol. 1, Fiber 
Fabrication, edited by Tingye Li, 1985 (Academic Press, 
Inc.), in particular, at pages 1-64, Which is incorporated 
herein by reference. 

[0007] From the point of vieW of patent ’816, higher 
productivity of glass preforms for large scale ?ber produc 
tion, via subsequent ?ber draWing, can be achieved by 
providing a continuous, unbroken processing procedure 
Which includes increasing the reaction temperature for glass 
layer formation, increasing the rate of tube rotation, sinter 
ing the deposited glass layer, minimiZing the effects of 
hydration contamination from the deposited glass layer 
While rotating and collapsing the tube to form the preform. 
While the high speed process approach may be highly 
applicable to manufacture transmission ?ber, it is not a 
preferred approach to the manufacture of active ?ber, par 
ticularly Where high levels of a rare earth dopant or 
codopants are desired for incorporation in the deposited 
layer or layers on the inner surface of the refractory tube. 
Active optical ?bers are employed as ?ber gain media for 
purpose of signal ampli?cation of ?ber laser applications 
and are comprised of a single mode ?ber or a double clad 
?ber With a core composition doped With 4f rare earth 
elements (i.e., the lanthanide series of element, atomic 
numbers 57-71), e.g. erbium or ytterbium or co-doped With 
erbium and ytterbium. By selective use of particular con 
centrations and/or mixes of rare earth dopants, the spectral 
absorptivity of the core to certain Wavelength ranges of light 
can be de?ned to desired speci?cations. An appropriately 
tuned core, surrounded With an appropriate cladding con 
?guration, can provide, in combination With an appropriate 
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pump source, the basis for light lasing and/or light ampli 
fying functionality. In consideration, for example, of the 
need for signal ampli?cation in ?beroptic telecommunica 
tion projects, optical ?bers capable of such light intensifying 
functionality are desirable. Unfortunately, rare earth doping 
is not easy performed, particularly at high levels of concen 
trations in the core. 

[0008] Various methods and variation have been devel 
oped for fabricating rare earth doped optical ?ber preforms. 
Some examples of these methods are disclosed in US. Pat. 
No. 4,501,602, issued to Miller et al. on Feb. 26, 1985; US. 
Pat. No. 4,616,901, issued to MacChesney et al. on Oct. 14, 
1986; US. Pat. No. 5,236,481, issued to Berkey on Aug. 17, 
1993; US. Pat. No. 5,609, 665, issued to Bruce et al. on Mar. 
11, 1997; US. Pat. No. 4,501,602, issued to Miller et al. on 
Feb. 26, 1985; US. Pat. No. 4,826,288, issued to Mans?eld 
et al. on May 2, 1989. Regardless, under current practice, it 
is very dif?cult to incorporate high concentrations of rare 
earth dopants at limited total doping levels, particularly, in 
the case of the popular rare earth element neodymium (Nd). 

[0009] Part of the problem is the need in one of the most 
commonly-practiced preform manufacturing methodolo 
gies, i.e., MCVD, to generate and deposit as layer a vapor 
laden With rare earth dopant. Under current practice, it is 
dif?cult to generate anything other than relatively loW vapor 
pressures, resulting ultimately in the incorporation of cor 
respondingly loW concentrations of rare earth dopant. With 
out the ability to attain a high rare earth dopant concentra 
tion, one cannot produce an optical ?ber With a loW 
numerical aperture, a loW core attenuation, and high pump 
ing poWer absorption, all of Which are desired criteria in the 
design of ?beroptic lasers and ampli?ers. 

[0010] Additionally, in regard speci?cally to ?beroptic 
lasers, even if a suitable ?ber optic preform is made, the 
lasing efficiency of a ?ber draWn therefrom may still suffer 
in other respects. The performance of ?ber lasers, as in any 
active or nonlinear Waveguide, is related intimately to the 
ef?ciency With Which pump radiation can be absorbed by the 
active material in the ?ber core. In the earliest ?ber lasers, 
an appreciable amount of the radiant energy pumped into the 
?ber Would not pass into the core, and, thus, did not 
contribute to the core’s lasing effect. In response, various 
cross-sectional ?beroptic geometries, in particular, pertain 
ing to the cross-sectional geometry of the inner cladding of 
a double clad ?ber, Were successfully developed that are 
capable of effecting patterns of internal re?ection having a 
greater frequency of core interactions With light propagating 
along the inner cladding and crisscrossing and being 
absorbed in the doped core. See, for example, US. Pat. No. 
4,815,079, to SnitZer et al. issued Mar. 21, 1989; and US. 
Pat. No. 5,533,163, to M. H. Muendel issued Jul. 2, 1996. 
HoWever, designing a ?ber on the basis of such learning 
requires additional manufacturing steps in the preform for 
mation. Any improvement that Would reduce the burden of 
these additional steps With the enhancement of light scat 
tering in the inner cladding for enhancing absorption in the 
?ber core Would be desirable. 

SUMMARY OF THE INVENTION 

[0011] According to this invention, a methodology and 
apparatus for the manufacture of an optical ?ber preform is 
provided having incorporated therein a comparatively high 
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concentration of rare earth dopant material, and Which thus 
can be draWn and processed into an optical ?ber having loW 
numerical aperture, loW core attenuation, and high pumping 
poWer absorption. The high concentrations of rare earth 
dopant material are attained in the practice through the 
employment of either What We refer to as the “hybrid vapor 
processing” (HVP) method or a “hybrid liquid processing” 
(HLP) method, each capable of being practiced in combi 
nation or independently of one another. The methods of 
application and the apparatus to practice the methods herein 
are applicable to formation of glass performs for most types 
of ?ber geometry, including single mode ?ber and double 
clad ?ber, having high optical homogeneity. The HVP 
method involves the vaporiZation of a solid state form of a 
rare earth chloride by the exposure thereof to a suf?ciently 
elevated temperature, contemporaneously With the transport 
of the resultant rare earth chloride laden vapor into an 
oxidation reaction Zone Within the bore of a holloW refrac 
tory tube on a ?oWing stream of essentially unreactive inert 
gas, such as helium. Avapor of glass forming material, e.g., 
SiCl2, is introduced contemporaneously into the reaction 
Zone. By regulating the temperature of the reaction Zone, 
one or more layers of glass, Whether deposited in the form 
of a soot layer, or as a monolithic, sintered glass layer can 
be directly deposited as in the case taught in US. Pat. No. 
4,909,816 and some earlier patents. The soot layer is depos 
ited on the inner surface of the bore of the refractory tube by 
oxidation of constituents comprising the rare earth chloride 
laden vapor and the vapor of glass forming material. The 
holloW tube is thereafter collapsed to form the optical ?ber 
preform. 

[0012] As used herein, the term, “soot layer”, is a depos 
ited layer having a large amount of porosity and is not fully 
sintered to form a glass or amorphous layer and, therefore, 
lacking any optical transparency, optical properties and 
homogeneity as found in monolithic glass layer formed after 
a high temperature sintering step. 

[0013] An important feature of the HVP method is the 
employment of a rare earth dopant deliver system that 
provides for rare earth laden vapor from its solid state form 
in advance of mixing With oxygen or oxides of glass forming 
materials introduced in the vapor phase deposition (VPD) 
process. In other prior art methods, such as disclosed in US. 
Pat. No. 4,909,816 and its companion patents, the rare earth 
vapor comes in contact almost immediately With oxygen or 
oxides thereof. We have found that this has a de?nite and 
profound effect on the uniformity of constituents in the 
deposited soot layer deposited on the inside of the refractory 
tube. There is not a uniform incorporation of the rare earth 
component on a continuous, repeatable basis let alone the 
incorporation of intermediates that function as homogeniZ 
ers. The HVP method of this invention provides for uniform, 
repeatable incorporation of rare earth and/or intermediate 
components With comparatively high levels of concentration 
through the employment of the novel delivery system of this 
invention forming a layer of high optical homogeneity. By 
high optical homogeneity, We mean that the resultant layer 
of deposited and sintered monolithic glass that has irregu 
larities in the deposited glass material less than about 2 pm 
in Width or less. Anything larger than this is referred as 
having heterogeneity and considered unacceptable in that 
the glass material has not been fully reacted and undergone 
a sufficient transformation into an amorphous, monolithic 
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glass layer With uniform mixed glass components including 
intermediates and rare earth dopant uniformity. 

[0014] The HLP method involves the method of deposit 
ing a glass layer or layers containing a ?rst amount of rare 
earth dopant material on the inner surface of a refractory 
tube forming a soot layer or layers on the internal surface. 
The layer or layers are deposited at a temperature to provide 
a soot consistency With multiple pores Without transforma 
tion into a continuous monolithic glass layer. This step may 
be carried out employing the HVP method or employing a 
standard VPD process of the prior art. In either case, the 
soot-deposited refractory tube is then removed from the 
preform lath and impregnated With a dopant solution for 
mulated With a second amount of rare earth dopant material. 
The tube is then return to the preform lath, heated to sinter 
the doped impregnated layer or layers and thereafter col 
lapsed, resulting in an optical ?ber preform With a ?nal 
amount of rare earth dopant material that includes substan 
tially both the ?rst and second amounts of rare earth dopant 
material. 

[0015] An optical ?ber preform made according to the 
HVP or the HLP method can be employed With its geometry 
as formed, or the preform geometry may be modi?ed before 
the preform is draWn into ?ber to introduce deviations in the 
optical properties of the glass preform, e. g., a light scattering 
mechanism. Mechanical grinding or a chemical process may 
be employed to form a simple ?at or concave surface on at 
least one longitudinal surface of the preform. These are quite 
suitable for changing the preform geometry prior to the ?ber 
draWing process and the formation of an outer cladding layer 
as in the case of draWing a double clad preform or a sleeve 
as may be the case in draWing a single mode ?ber. More than 
one ?at can be applied to the preform such as on opposed 
longitudinal surfaces of the glass preform. 
[0016] In light of the above, it is principal object of this 
invention is to provide improved methodology and appara 
tus for the manufacture of an optical ?ber preform having a 
comparatively high rare earth dopant concentration, particu 
larly, Wherein the limited total doping concentration of the 
glass ?ber preform is at a level suf?cient to effect a loW 
numerical aperture in an optical ?ber prepared therefrom. 

[0017] It is another object of this invention to provide a 
method of manufacturing of an optical ?ber preform 
Wherein enhanced, higher levels of incorporation of a rare 
earth dopant or dopants is achieved by the vaporiZation of a 
solid state form source of a rare earth material in close 
proximity to the region of deposition of the glass forming 
material on the inner surface of a rotated refractory tube. 
More than one such rare earth source may be employed 
respectively providing different vapor laden rare earth 
dopants to the reaction Zone Within the refractory tube. 

[0018] It is another object of this invention to provide a 
method of manufacturing an optical ?ber preform Wherein 
the incorporation therein of rare earth dopant material is 
effected by performing a soot layer deposition rare earth 
vapor doping folloWed by rare earth solution doping. 

[0019] It is a further object of this invention to provide a 
method of manufacturing an optical ?ber preform, the 
method characteriZed by a vapor phase deposition process 
having means employed therein for reducing the incidence 
of premature particle-creating oxidation reactions, and thus, 
ultimately better suited for formation of uniform layer or 
layers of monolithic glass. 
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[0020] It is a still further object of this invention to provide 
an method of manufacturing an optical ?ber preform, 
Wherein said method is comparatively less susceptible to 
Water contamination, Which is often traceable to the inherent 
moisture sensitivity of halogen-based dopant materials (e. g., 
aluminum chlorides, rare earth chlorides, etc.) commonly 
used in preform manufacture. 

[0021] It is an additional object of this invention to pro 
vide a method of manufacturing an optical ?ber preform, 
Wherein said method employs a rare earth cyclopentadienide 
(CP3) and/or derivatives as dopant material. 

[0022] It is still another object of this invention to provide 
a method of manufacturing an optical 5 ?ber preform, 
Wherein, among other steps, a solid state form of a rare earth 
halogen, i.e., a rare earth chloride, is vaporiZed by exposure 
to a sufficiently elevated temperature, and transported on a 
?oWing stream of essentially unreactive inert gas (e.g., 
helium) to an oxidation reaction Zone, contemporaneously 
With the introduction thereto of vaporous glass forming 
material. 

[0023] It is another object of this invention to provide a 
method of modifying an optical ?ber preform by introducing 
deviations in the preform geometry to change its optical 
characteristics. 

[0024] The foregoing and other features and advantages of 
the invention Will be apparent from the folloWing, more 
particular description of several preferred embodiments of 
the invention, as illustrated in the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] FIG. 1 is a schematic illustration of a vapor phase 
deposition (VPD) apparatus for depositing layer or layers of 
soot or amorphous, monolithic glass on the inner surface of 
a holloW support refractory tube in the practice of the 
methods according to this invention. 

[0026] FIG. 2 is a cross-sectional schematic illustration of 
an optical ?ber preform made in accordance With an 
embodiment of this invention, and is subsequently collapsed 
into a glass preform. 

[0027] FIG. 3A is a schematic illustration of the draWing 
of a glass preform into an optical ?ber. 

[0028] FIG. 3B is a schematic illustration of an apparatus 
for coating additional cladding material and/or polymeric 
protective layer(s) onto the draWn optical ?ber of FIG. 3A. 

[0029] FIG. 4 is a graph illustration of attenuation data 
versus Wavelength for an optical ?ber made in accordance 
With an embodiment of this invention. 

[0030] FIG. 5A is a cross-sectional schematic illustration 
of a double clad optical ?ber made in accordance With an 
embodiment of this invention. 

[0031] FIG. 5B is a cross-sectional schematic illustration 
of another double clad optical ?ber made in accordance With 
another embodiment of this invention. 

[0032] FIG. 6 is perspective vieW of a rare earth chloride 
vessel or boat useful in the practice of an embodiment of this 
invention. 

[0033] FIG. 7 is a ?rst modi?ed version of the glass tube 
delivery system of FIG. 1. 
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[0034] FIG. 8 is a second modi?ed version of the glass 
tube delivery system of FIG. 1. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0035] Applicability of the present invention is directed to 
the manufacture of performs draWn to form double clad 
?bers but equally suitable for manufacture of preforms for 
other type of ?bers including single mode ?bers or multi 
mode ?bers. In particular, since the methods disclosed are 
concerned With the enhancement of rare earth doping, such 
in the ?ber core, the embodiments of the invention have 
particular adaptability to single and double clad ?ber utiliZed 
as active gain media, e.g., as ?ber ampli?ers or ?ber lasers. 
For purposes of explanation, representative examples of 
?ber gain media are illustrated in FIGS. 5A and 5B. 
HoWever, the principal of the methods employed herein are 
also applicable to enhancement of other constituents or 
components in ?ber glass preforms, other than just rare earth 
enhancement, Where such a constituent or component is 
enhanced by the methodology of either or both the HVP or 
HLP method. An example is the enhancement of phosphatic 
incorporation in the glass forming layer deposited on the 
inner tube surface, beside or in lieu of a rare earth compo 
nent. 

[0036] As shoWn in cross-section in FIGS. 5A and SE, a 
double clad ?ber, useful for high poWer ?ber ampli?er or 
laser applications, comprises a core 14, an inner cladding 5, 
an outer cladding 40, and an optional protective outer jacket 
50. Optionally, the double clad ?ber design may include an 
additional inner cladding layer 12 having a comparatively 
thin cross section forming an interface betWeen core 14 and 
cladding 5. The portion of the ?ber that this draWn from a 
glass preform, such as preform 10“ in FIG. 2, is designated 
at 10 in FIGS. 5A and 5B. 

[0037] When the index of refraction n1 of core 14 is larger 
than the index of refraction n2 of inner cladding 5, propa 
gating radiation can be largely con?ned Within core 14 by 
means of total internal re?ection. Inner cladding 5 functions 
as a Waveguide by means of internal re?ection of the 
radiation occurring at the interface lying betWeen inner 
cladding 5, With an index of refraction n, and outer cladding 
40, With a loWer index of refraction n3. The purpose of inner 
cladding is to con?ne radiation launched into the inner 
cladding so that it repeatedly intersects the core 14 as it 
propagates along the length of the ?ber. With each such 
intersection With core 14, a portion of this radiation, Which 
is also referred to as pump light, is absorbed by an active 
gain dopant (e.g., rare earth dopant) incorporated in core 14. 
The length of an optical ?ber is typically tens, or possibly 
hundreds, of meters alloWing for a large number of these 
core interaction permitting as much as possible the absorp 
tion of the pump radiation With the core. 

[0038] While current double clad ?ber lasers produce 
good results, it has been found that such good results can be 
either improved and/or more cost-effectively accomplished 
by (1) increasing the concentration of the active gain dopant 
material (e.g., rare earth dopant material) in the ?ber’s core, 
and/or by (2) designing a simple ?ber geometry to promote 
the occurrence of an acceptably high frequency of light 
absorbing interactions at the ?ber’s single mode core. 

[0039] Although the ?nished double clad ?ber laser is the 
product of ultimate concern, the embodiments of the present 
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invention focus on the design and manufacture of the optical 
?ber preform 10“ from Which the central optical strand 10 of 
the ?ber is draWn, i.e., a strand comprising the ?ber core and 
inner cladding structure. As is Well knoWn in the art, the 
structural and compositional con?guration of the rod-like 
preform 10“, though reduced greatly in cross-sectional 
diameter, can be translated accurately into the much longer 
?lamentary ?ber 10 as draWn from preform 10“. 

[0040] We have discovered that high concentrations of 
active gain, rare earth dopant material can be incorporated 
into an optical ?ber preform either by a method involving 
the delivery of rare earth halogens to a glass forming 
reaction Zone under high vapor pressures and substantially 
free of oxides and moisture content (i.e., the hybrid vapor 
processing or HVP method), or by a method involving an 
innovative combination of soot deposition and solution 
doping processing (i.e., the hybrid liquid processing or HLP 
method). Either of these methods are capable of being used 
alone or in combination With one another. 

[0041] According to the HVP method of this invention, an 
oxidiZable rare earth halogen, such as a rare earth chloride 
vapor having desirably higher vapor pressure is directly 
produced by vaporiZing, in the presence of high temperature 
in an environment free and regulated from oxygen and 
moisture free, a solid form of the rare earth halogen. This 
streamlined process provides advantages With respect to 
ef?ciency, uniformity, and concentration yield that cannot be 
easily duplicated When oxidiZable rare earth, for example, 
vapors are generated in the multi-step processes common 
among the prior art such as disclosed, e.g., in US. Pat. No. 
4,616,901, to MacChesney et al. 

[0042] As shoWn in FIG. 1, the vapor phase deposition 
(VPD) apparatus of this invention employs a novel designed 
delivery system 20 comprising a plurality of multi-concen 
tric quartZ glass tubes 200, 220, and 240, supported and 
sealed Within the quartZ tube 5 at 245, With a forWard 
?oW/anti-back ?oW regulator 202 and 222, e.g., a permeable 
quartZ glass frit interface or other such inert permeable 
material, sealing the output end of each of the inner con 
centric delivery tubes 200 and 220. In essence, the multi 
concentric delivery system 20 of the HVP apparatus com 
prising this invention alloWs for the regulated delivery of 
various vapor laden gaseous material into the bore of quartZ 
tube 5 Without back How contamination by oxygen being 
provided via outer concentric delivery tube 240. In this 
manner, the uncontaminated vapors of refractive index and 
rare earth dopants provided from delivery tubes 200 and 220 
are ?rst reacted under the in?uence of burner 340 in a 
de?nable reaction Zone 5B along the length of tube 5 With 
other gases and vapor laden glass forming components via 
outer delivery tube 240 for forming on inner surface 5A one 
or more layers of monolithic glass or other particulate or 
soot layers. 

[0043] The VPD apparatus is ?exible in alloWing, With 
minor modi?cation, for the carrying out of various vapor 
phase deposition procedures. For example, in the conduct of 
a HVP method, assembly 42 is shut-off, isolated, removed, 
or otherWise taken “off-line”, and a solid form of a rare earth 
halogen, such as a rare earth chloride, is loaded into a vessel 
or boat 32 positioned inside central delivery tube 200. 
Alternatively, in further enhancing the incorporation of rare 
earth materials into the deposited glass or soot layers, vapor 
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rare earth supply source 42 may be activated or placed 
“on-line” in combination With the vaporization of rare earth 
chloride from boat 32. HoWever, it should be understood that 
either of these rare earth chloride supply sources can be 
employed Without the other. 

[0044] An important attribute of this invention is the use 
of rare earth chloride boat. It should be noted at the outset 
that the use of solid forms of rare earth materials to be 
transformed into a liquid form as a vapor under high vapor 
pressure is not per se neW. For example, in MacChesney et 
al. US. Pat. No. 4,666,247, a fused silica quartZ tubular 
chamber 24 contains a rare earth poWer or liquid constituent 
(NdCl3) heated to about 1,000° C. by heater 18 in essentially 
an oxygen free ambient due to the use of silica Wool 25 
placed at the output end of chamber 24 Which prevents the 
entrance of contaminants into chamber 24. The dif?culty 
With this approach, hoWever, is that as the rare earth material 
is spent in carrying out the process, the surface area of the 
chunk, pile or irregular form of the rare earth Would change 
over time, and, as a result, the concentration of rare earth 
dopant introduced into the process correspondingly changes 
over time. The same is is true relative to a liquid pool of rare 
earth With unmaintained boundaries. The total quantity of 
rare earth in its vapor form is a function of temperature, 
vapor pressure at a given temperature and surface area of the 
exposed form of the rare earth constituent. In the case of a 
fused tube chamber shoWn in US. Pat. No. 4,666,247 
employing a poWder or liquid form of the rare earth con 
stituent, there is an ever changing exposed surface area since 
as the solid or liquid phase of the constituent is dissipated, 
the total surface area Will be reduced. Therefore, in order to 
control the uniformity of vaporiZed rare earth provided over 
time, a removable boat 32 is employed that, as shoWn in 
FIG. 6, has a cavity 34 Which has a tWo dimensional Width 
38 and length 40 Will be constant as the rare earth solid 
material 36 is dissipated over time. As a result, constant 
vaporiZed surface area remains throughout the life of the 
rare earth material present in boat 32 until replaced by 
another boat Which is not possible in US. Pat. No. 4,666, 
247. By loading the rare earth material 36 into the cavity 34 
of the quartZ boat 32, as a vapor phase deposition process 
can be carried out over several runs and the exposed surface 
area subject to being vaporiZed Will stay essentially the 
same, thus assuring reliable “batch-to-batch” uniformity. 

[0045] In order to prepare boat 32 for use in delivery 
system 20, a melt of rare earth poWder is prepared Within 
cavity 34 to form a solid integral form of the rare earth 
chloride With the dimensions 38 and 40 of boat 32. This 
preparation is carried out in an inert ambient, Without 
oxygen, such as helium, at around 900° C., for example. In 
the process of preparation, ?rst, the boat is placed in a 
hermetically sealed chamber containing a poWder form the 
rare earth, e.g., Yb. Then, the chamber is provided With a 
halide gas, e.g., C12, and an inert carrier gas, e.g., He. The 
temperature of the chamber is elevated to around 500° C. or 
so to drive off an carry aWay via a chamber exhaust system, 
Water vapor and oxygen according to folloWing formula: 

[0046] This form of the rare earth is highly desirable since 
it provides for loW vapor pressure that does not include 
oxygen. The inclusion of or presence of oxygen in rare earth 
Will increase its vapor pressure. 
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[0047] The temperature of the boat is raised further to 
about 900° C. to melt the rare earth poWder and provide an 
exposed surface having a tWo dimension of 38 and 40 as 
shoWn in FIG. 6. The prepared rare earth boat is then 
permitted to cool and transferred directly for placement 
Within delivery tube 200 to prevent any prolonged exposure 
to an oxidiZing atmosphere. Boat 32 is inserted in the 
doWnstream end of tube by removal of ?oW/anti-back ?oW 
interface 202 and its replacement With the same interface, or 
a neW regulator if the older one is signi?cantly obstructed by 
signi?cant deposits of oxides on its outer surface, after 
insertion of boat 32 Within the tube end. After interface 
placement and re-assembly of delivery system 20, an inert 
gas How is initiated With heater 360 operated at a loW 
temperature (500° C.) to remove any moisture and oxygen 
absorbed during the transfer to delivery system 20. Then, for 
generation and delivery of a vapor form of the rare earth 
from boat 32, heating source is taken up to a temperature of 
about 1,000° C. or so to provide a high vapor form of the rare 
earth carried by the inert gas, helium. Thus, the process of 
provided a loW vapor pressure solid source for the rare earth 
constituent is provided Without any contamination With 
moisture or oxygen. 

[0048] A previously used boat can be recharged With rare 
earth material by adding additional rare earth material to the 
remaining rare material in the boat, dehydrating and deoxi 
diZing the recharged boat and thereafter melting the rare 
earth material to integrate the material as a single mass. 

[0049] As shown in FIG. 1, an inert carrier gas, such as 
helium, is injected from a source, not shoWn, through mass 
?oW controllers 112 and 114, respectively, into reservoirs, 
feeders or columns 122 and 124. Mass ?oW controllers are 
electronic ?oW regulating gas sources Well knoWn in the art. 
Columns 122 and 124 serve as sources of various kinds of 
vapor laden gases. In the embodiment illustrated, column 
122 is a source of an intermediate (homogeniZer) such as a 
AlCl3 vapor, Which is an refractive index modifying mate 
rial. Other intermediates or combinations of intermediates 
may be employed such as Ga, In, As and/or Sb halide vapors. 
These intermediates provide for homogeneity in the mixing 
of constituents in the glass forming process. Only a single 
intermediate source is shoWn here for simplicity, but it 
should be understood that combination or other such sources 
may be employed With an inert carrier gas from controller 
116. Column 124 is a rare earth containing rare earth chelate 
vapor source. As shoWn, one particularly useful rare earth 
containing vapor is a “rare earth” -cyclopentadienyl (RE 
CP3) vapor, e.g., Yb(C5H5)3 or Er(C5H5)3 or a combination 
of such rare earth vapors. The chemical formula of the “rare 
earth” -cyclopentadienyl compound is RCP3 Where CP3 may 
be the hydrocarbon (CSHS)3 and R is a rare earth element, 
such as, but not limited to, neodymium (Nd), ytterbium 
(Yb), erbium (Er), thulium (Tm), holmium (Ho), and 
samarium Neodymium cyclopentadienyl vapor is 
favorable as a rare earth chelate vapor source 124 in that can 

be oxidiZed at temperatures greater than 1,000° C. to form 
a useful active gain, Nd-cyclopentadienide dopant. 

[0050] Columns 122 and 124 preferably are heated to a 
maximum temperature in the area of about 220° C. Of 
course, different temperatures may be needed for different 
rare earth material due to differences in vapor pressure for 
each of the different rare earth compounds. 
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[0051] As illustrated in FIG. 1, the vapor phase of these 
source materials from of columns 122 and 124 are provide 
to delivery system 20 respectively via three Way stopcocks 
132 and 134. 

[0052] Additional inert carrier gas, e.g. helium, may be 
supplied from controller 110 via line 144 and stopcock 130 
to regulate the amount of inert gas to provided to delivery 
tube 200. 

[0053] Stopcocks 132 and 134 have vents for venting the 
intermediate (AlCl3) and rare earth chelate vapors, respec 
tively, as columns 122 and 124 are brought to a desired 
equilibrium gas flow and temperature condition prior to 
diversion of the vapor stream into the transport line leading 
to the CVD reactor comprising rotated tube 5 and its heating 
Zone. Stopcocks 132 and 134, being independently control 
lable, are used to divert a desired mix of vapor streams into 
the reactor system When deposition of the rare earth con 
taining soot begins, as Well as shut off the vapor supply at 
the end of the required deposition. 

[0054] The vapor materials Which enter transport lines 142 
and 144 are transported therein by an inert carrier gas, for 
example, helium, Which enters lines 142 and 144 through 
mass flow controllers 116 and 110, respectively. Such trans 
port lines are Well knoWn in the art. For example, transport 
lines 142 and 144 comprise a 0.25 inch (0.63 cm) diameter 
Te?on® lines surrounded by a 1.5 inch (3.8 cm) copper tube. 
The temperature of transport lines 142 and 144 is maintained 
at a temperature Which is sufficiently high that the vapor 
materials being transported do not condense therein. In this 
regard, one can use a thermocouple temperature sensor to 
control the temperature in transport lines 142 and 144 to 
Within about 2° C. to 3° C. This should provide sufficient 
accuracy to control the temperature and vapor pressure of 
the vapor materials transported therein to ensure stability. 

[0055] Transport lines 142 and 144 are respectively 
coupled to separate concentric delivery tubes 220 and 200, 
of delivery and reactor system 20. A mixture of unheated 
gases from sources (not shoWn but Well knoWn in the art) 
enter outer concentric delivery tube 240. In the illustrated 
example of FIG. 1, the mixture of gases comprise He, 02, 
C12, SiCl4, GeCl4, POCl3, BBr3, SP6, and CF4. Other gases, 
as knoWn in the art, may possibly be SiO2, P205, A103, 
MgO, CaO or K20. Generally, active ?bers Will employ 
either Al or P as index altering components, but such 
elements are not alWays employed in the manufacture of 
transmission ?ber. These gases can be introduced into deliv 
ery tube 240 in a mixture because they Will not react at the 
temperature of tube 240 at the upstream extent of delivery 
system 20 and reaction Zone SA. Central of concentric 
delivery tubes 200, 220 and 240 is a central heating element 
290 for initially heating the gas vapors as they enter the 
tubes via their inputs at the rearWard extent of each of these 
tubes Which also prevents substantial premature thermal 
decomposition or pyrolysis of these component vapor laden 
gases on the tube Walls. 

[0056] As previously indicated, the doWn stream end of 
inner delivery tube includes a support vessel or boat 32 for 
holding a solid form of an element or compound to vapor 
iZed in a gaseous state by means of the application of high 
temperature in a high temperature Zone 362 that includes 
boat 32 Within tube 200. The heat Zone 362 is created by 
another heating element 360 Which is axially disposed about 

Jul. 11, 2002 

the concentric tubes 200, 220, 240 as Well as refractory tube 
5 of system 20. Any type of Well knoWn heating element can 
be employed, e.g., a rf coil arranged about the concentric 
tubes, may be employed as a heater and the boat 32 of a 
material high absorptive of the rf radiation. An example 
employed is a coaxially circumscribing heating element 360 
comprising a nichrome Wire Wrapped on a small bore 
alumina tube, Which Was found adequate for performing the 
task of vaporiZing a rare earth element in boat 32. Due to the 
concentricity of their arrangement, the temperature in the 
innermost delivery tube 200, being closest to the thermal 
focus of heating element 360, is the highest, and the tem 
perature in outermost chamber 240, being furthest from the 
thermal focus of heater 360, is the loWest among the several 
delivery tubes 200, 220, and 240. Thus, When the rare earth 
con-taming vapors are introduced from source 42 and are 
transported through central delivery tube 200, these vapors 
Will encounter the high temperatures at Zone 362, e. g., in the 
range of about 800° C. to about 1,200° C., to effect the high 
vapor pressures appropriate for achieving a uniform incor 
poration of rare earth elements on surface 5A. The tempera 
ture employed via annular heater 360 is dependent upon the 
rare earth dopant concentrations desired in the glass layer to 
be deposited since the vapor pressure developed at rare earth 
chloride boat 32 is dependent on the applied heater tem 
perature. Delivery system 20 is coaxially inserted into and 
arranged in relation to holloW tube 5, for example, through 
a rotatable, gas-impermeable seal, such that holloW tube 5 
can be rotated at a desired rpm about its axis during the 
process of depositing a glass layer on tube surface 5A. The 
rate of rotation employed in conjunction With the methods 
disclosed herein are in the range of about 40 rpm to about 60 
rpm, or generally around 50 rpm. Rotation can be effected by 
employing a lathe or the like as is Well knoWn in the art. In 
the high speed production of preforms taught in Us. Pat. 
No. 4,909,816, and its companion U.S. Pat. No. 4,217,027, 
the lath rpm is around 100 rpm. DoWnstream, as the vapors 
exit delivery system 20, they encounter reaction Zone 5A 
established by elevated temperatures effected by ribbon gas 
burner 340 Which may be moved transversely and recipro 
cally along the length of tube 5, as indicated by arroW d, 
exclusive, of course, of the region of tube 5 housing delivery 
system 20. Thus, once the gaseous species are mixed 
together in a reaction Zone at 5B of holloW tube 5, a 
chemical reaction occurs as the reactant vapors pass through 
the hot Zone 342 established by traversing burner 340. Rare 
earth oxide particles, e.g., particles of Nd-cyclopentadien 
ide, are among the products Which become mixed along With 
other base glass particulate oxides in the soot layer deposited 
on the Walls of holloW refractory tube 5. 

[0057] Ribbon burner 340, Which is axially transportable 
in upstream and doWnstream directions along the transverse 
directions, d, generally comprises a quartZ or metal tube 
having a slit. H2 is injected therein and ignited to provide a 
?ame Which heats holloW tube 5 to be heated to the desired 
temperatures needed to effect soot formation and deposition 
on surface 5A. When in operation, a soot layer is generally 
deposited in an area a feW inches doWnstream from the 
reaction Zone SB, as is knoWn in the art. To deposit a layer 
of soot along the extent of tube 5, ribbon burner 340 is 
transported doWn the length of tube 5 in doWnstream direc 
tion. Layers of soot or amorphous glass on surface 5A, 
depending on the reaction temperature providing by burner, 
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are created by sequential passes of the burner 340 doWn the 
length of tube 5 in the downstream direction. 

[0058] Contemporaneously, immediately after, or eventu 
ally after vapor phase deposition, the quartz tube 5 is 
collapsed to form the ?nished optical ?ber preform. Col 
lapsing is occasioned by exposure of quartZ tube 5 to 
extremely high temperatures, i.e., temperatures higher than 
glass depositing and sintering temperatures, as is knoWn in 
the art. Good results in collapsing are achieved When quartZ 
tube 5 is rotated along its axis in conjunction With ribbon 
burner 340 traversing the length of tube 5, i.e., in the 
upstream direction. 

[0059] The employment of the VPD apparatus for con 
ducting the HVP method includes modi?cation to the gen 
erally employed VPD apparatus for the MCVD method, in 
particular, employment of rare earth boat 32, provision of 
regulators 202 and 222 to prevent the pre-contamination 
including the pre-oxidation of vapor laden dopants to be 
delivered to the reaction Zone SB, and the generation of a 
helium streams through components 110 and 116 as an inert 
carrier gas for the vapor laden dopants. HoWever, inasmuch 
as they provide speci?c advantages in the conduct and 
results of the HVP method, certain further points should be 
noted in respect of regulators 202 and 222 and rare earth 
boat 32. 

[0060] As all the component laden vapors exit delivery 
tube 200 and 220 of delivery system 20 into the bore of 
holloW tube 5, they must past initially penetrate through 
permeable interface in the form quartZ glass frits interfaces 
202 and 222. Quartz-glass frits 202 and 220 are permeable 
causing the rare earth chloride vapor laden carrier gas to be 
dispersed into ?ne, relatively homogenous gas streams 
through the frits 202 and 222. In one mode of practice, gas 
streams in delivery tubes 200 and 220 initially mix, at the 
doWnstream end of delivery tube 220 at chamber 224 after 
passage of the rare earth gas stream through frit interface 
202, With intermediates (homogeniZers), such as Al, Ga, In, 
As and/or Sb halide vapors. Then, after their passage 
through frit interface 222 into tube 5, they are immediately 
mixed With the halide vapor of the glass forming constitu 
ents, such as the halides of silicon, germanium, boron and/or 
phosphor. Use of the frits interfaces 202 and 220 provides 
for soot or monolithic glass depositions having enhanced 
uniformity of deposited components making of the layer or 
layers as compared to the conventional MCVD method, 
particularly With the incorporation of rare earth dopants into 
the deposited layer. 

[0061] While the inventors do not Wish to be bound to any 
theory used in explanation of their invention, it is believed 
that in attaining uniform depositions, frits 202 and 222 
function to prevent premature particulate formation, thus 
alloWing homogenous vapor to issue from the internal 
delivery system prior to exposure to elevated temperatures 
effected by heat source 340. This promotes the homogeneity 
of the mixture of vapor With dopant vapor, leading to 
uniformly doped particles. Further, it is also believed that 
frits 202 and 222, in combination With the doWnstream How 
of gas, reduces considerably the back How of oxygen into 
the area of delivery tube 200 Wherein rare earth chloride 
vapors are being directly produced in the HVP method of 
this invention. The back How of oxygen can result in the 
particle-forming oxidation of the rare earth chloride vapor 
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prematurely. If particles are formed prematurely, as they 
enter the reaction Zone at SB, they Will groW by accretion, 
and Will be ultimately deposited doWnstream, resulting, 
When the deposited layer becomes sintered, in a portion of 
the formed glass having characteristics different from sur 
rounding areas, a defect knoWn in the art as a “bubble”. The 
presence of “bubble” signi?cantly reduces the optical ef? 
ciency of a draWn optical ?ber and, generally, if the bubble 
is an entrapped air bubble as large as the soot particles, one 
such bubble can render the resultant glass preform useless 
for ?ber draWing. 

[0062] The HVP method of this invention provides for 
higher uniformity in the presentation of glass forming mate 
rials With the use of the delivery system 20 comprising this 
invention, particularly relative to higher and maintained 
concentrations of incorporated rare earth dopants resulting 
in higher homogeneity in the resultant glass formed layer or 
layers Within the glass or refractory tube than is possible 
With the MCVD method. In operation, the HVP method is 
initiated With the provision of a solid form of a rare earth 
chloride in vessel or boat 32 in, for example, the VPD 
apparatus illustrated in FIG. 1. The solid rare earth chloride 
source 32 is exposed, under essentially oxygen- and mois 
ture-free condition, to a temperature elevated suf?ciently 
high to vaporiZe at least a portion of the solid rare earth 
chloride under appropriate vapor pressure forming, in a 
continuous manner, a rare earth chloride laden vapor. The 
rare earth chloride laden vapor is carried on a ?oWing stream 
of inert gas of helium to reaction Zone 5A Within the bore of 
a holloW tube 5, contemporaneously With a vapor of material 
capable of forming glass When exposed to elevated tem 
peratures. The temperature of reaction Zone 5A is then 
elevated to form from the rare earth chloride laden vapor and 
the vapor of glass forming material at least one layer of soot 
on surface 5A of tube 5. Several passes of the 342, prefer 
ably in the doWnstream direction (but not of necessity), 
produces a soot layer. The soot process as opposed to 
providing a monolithic glass layer, is accomplished by 
utiliZing a hot Zone temperature approximately 200° C. to 
about 300° C. loWer than temperatures employed in the 
MCVD method. The direction of movement of hot Zone 342 
to bring about a reaction and layer deposit can be accom 
plished by either or both upstream and/or doWnstream 
directions of movement. In the HVP method, usually depo 
sition is utiliZed during doWnstream passes. In the HLP 
method, next to be discussed, the deposition is usually 
carried out in upstream passes because the upstream passage 
provides for a deposited, unsintered soot layer having 
greater porosity Which is useful in the application of the 
subsequent step of rare earth liquid imbibition of the soot 
layer. It should be noted that deposition in US. Pat. No. 
4,909,816 is carried out in the doWnstream direction to 
provide for a tWo-step operation Wherein the soot layer is 
formed in conjunction and simultaneously With the sintering 
of the same deposited layer employing comparatively higher 
deposition temperatures immediately after Which the tube is 
collapsed to quickly form a glass preform. HoWever, in the 
HVP method for forming preforms for producing active 
?ber, in general, three steps are applied Wherein the ?rst step 
is deposition of a soot layer, the second step of sintering the 
soot layer and a third step of collapsing the tube. There may 
further, preferably, be an intervening step betWeen the ?rst 
and second steps comprising a moisture and oxygen remov 
ing step applied to the soot layer prior to collapsing or, 
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alternatively, liquid solution doping imbibition of the soot 
layer followed by the moisture and oxygen removing step of 
the soot layer. A loWer temperature is employed during the 
deposition step to achieve a layer having soot consistency, 
i.e., more porosity Which is avoided in the process of US. 
Pat. No. 4,909,816 to achieve high volume production of 
preforms for manufacture of transmission type optical ?bers. 

[0063] In the HVP method, therefore, in a preferred form 
of practice, ?rst the soot layer is formed on the inside surface 
5A of the tube through several passes of hot Zone 342 
folloWed, second, by the purging of moisture (H20) and 02 
from the deposited soot layer With a How through the tube 
of SF6 or Cl2 (driving of moisture in the form of hydrogen 
chloride) folloWed, third, by the step of sintering, at a higher 
temperature, the dehydrated soot layer. 

[0064] Lastly, depending on predetermined objectives, 
such as employing a rare earth solution impregnation or 
imbibition step in accordance With the HLP method dis 
closed herein (explained beloW), folloWed by a subsequent 
moisture removing step to remove any remaining moisture 
from the soot layer folloWed by a sintering step to transform 
a soot layer into a monolithic glass layer, glass tube 5 can be 
immediately collapsed employing a higher collapsing tem 
perature. 

[0065] Previously, reference Was made US. Pat. No. 
4,666,247 regarding rare earth chloride boat 32. It should be 
noted that a further advantage of this invention is the 
provision of multiple premixing tubes Where the inner most 
tube permits the initial establishment of a rare earth com 
ponent from its solid state form With an inert carrier gas 
absent any mixing With an intermediate, such as AlCl3, as is 
the case of Us. Pat. No. 4,666,247, Which raise the vapor 
pressure required to create the rare earth vapor. On the other 
hand, the embodiment of FIG. 1, the rare earth solid state 
vaporiZation process is carried out at a loWer vapor pressure 
in the presence of an inert gas and in the absence of any such 
intermediate, affecting its vapor pressure, and prior to mix 
ing of the created rare earth vapor With the intermediate in 
the second tube 220 via interface 202. The loWer vapor 
pressure established at boat 32 is only governed by the inert 
gas and the temperature of boat 32. 

[0066] It should also be noted from US. Pat. No. 4,666, 
247 that the employment of a silica Wool to provide an 
oxygen-free atmosphere relative to chamber 24 is not a 
preferred approach because the rare earth chloride can 
readily react With the silica Wool forming an oxide through 
out the material so that reproducibility of the mixing of the 
rare earth chloride from on run to the next Will not be the 
same. In the case employing a permeable glass frit, the 
material is high inert so the, While an oxide may form on the 
outside surface of the outer most glass frit interface 222, it 
does not substantially affect its permeability so that multiple 
runs With the same rare earth chloride boat to produce 
multiple glass preforms can be accomplished With the same 
glass frit interfaces. 

[0067] In summary, a feature of the present invention is 
the achievement of uniform continuous quantities of higher 
concentrations of rare earth in a vapor form carried by an 
inert gas Which are achieved Without the presence of oxygen 
and the use of a boat that continually provides over time a 
surface exposure of the solid form the rare earth to be 
vaporiZed that does not change in dimension. Also, With the 
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use of annular heater, surrounding the rare earth boat, a high 
vapor pressure can be achieved for providing higher con 
centrations of rare earth in vapor form prior to mixing With 
an intermediate, such as AlCl3, Which is separated from the 
rare earth generation process prior to intermediate mixing 
due to How regulator separation. The presence of such an 
intermediate during the rare earth generation process in the 
delivery system Will prevent higher level of rare earth 
concentration in the vapor form. The regulated separation is 
accomplished by employing a ?rst, inert, quartZ frit interface 
that has a predetermined porosity. The solid state rare earth 
source employing an annular heater provides for a high 
vapor pressure at the rare earth boat resulting in a vapor 
laden With higher concentrations of rare earth. The second, 
inert, quartZ frit interface having a predetermined porosity 
functions as second ?oW regulator that permits mixing of the 
generated, comparatively higher concentrations of rare earth 
vapor, at least 2% or more, With the intermediate prior to 
their introduction into the reaction Zone With the other glass 
forming constituents. Also, importantly, the second ?t inter 
face prevents oxygen from feedback into the preparation 
region of the rare earth constituent. It is important to make 
determinations as the thickness and porosity of the frit 
interfaces relative to their respective delivery tube diam 
eters, taking into consideration that there is higher pressure 
developed on the outer tube 220 compared to the inner tube 
200. In considering frit porosity, the rare earth laden chloride 
vapor as Well as the aluminum chloride laden vapor should 
be easily penetrable through the frit interface but not so large 
as to permit the possibility of backWard How of other oxygen 
entrained gases into tubes 220 and 200. In fact, We have 
found that oxides of glass forming materials Will form, to 
some extent, on the outside surface 222A of the outer frit 
interface 222 and not alloW oxygen to penetrate through this 
frit interface. The frit interfaces 202 and 22 perform three 
functions. First, they function as How regulators in the 
forWard, doWnstream direction of regulated amounts of rare 
earth and intermediate vapors. Second, they function as 
back?oW inhibitor. Third, they function as an attracter for 
oxides forming on the frit interface outer surface rather than 
permitting oxygen to pass in a back?oW through the frit 
interface and contaminate the rare earth gases prior to their 
introducing into the interior of tube 5 for general mixing and 
reacting With the glass forming constituents just upstream of 
the heated reaction Zone. 

[0068] Optical ?ber preforms made by the HVP method 
alone have been measured as having, quite desirably, rare 
earth chloride concentrations as high as 4 Wt %. See e.g., 
Examples 1, 1A to 1C, 1D, and 1E, and Examples 3, 3A, 3B 
to 3C, and 3D, infra. As evident from a comparison of 
Example 1 and Example 3, no appreciable difference in the 
accomplishment of such high concentrations results from 
depositing the glass layer immediately as consolidated glass 
under extremely high reaction temperatures such as exem 
pli?ed in the MCVD method disclosed in US. Pat. No. 
4,909,816, or as opposed to the stepWise deposition and 
sintering of particulate soot layers as exempli?ed in US. 
Pat. No. 4,217,027. 

[0069] While the HVP method alone is capable of attain 
ing rare earth dopant concentrations sufficient for most ?ber 
laser applications, still higher concentrations can be attained 
if used in conjunction With the aforementioned HLP method. 
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[0070] According to the HLP method, the prede?ned 
concentration and structural distribution of rare earth con 
taining dopant material suited to effect the desired optical 
properties are built up aecretively by sequential introduc 
tions of said dopant material using both the techniques of 
soot deposition and solution doping. By such carefully 
measured, accretive introductions, an optical ?ber preform 
having desirably uniform concentrations of rare earth con 
taining dopant material in excess of that possible by either 
process alone can be obtained. 

[0071] The process of soot deposition is generally accom 
plished by ?rst introducing a vapor of glass forming pre 
cursor material into the bore of a holloW tube 5, then 
oxidiZing said precursor material at a temperature and for a 
duration suf?cient to effect the deposition onto the surface of 
said bore of at least one porous or particulate layer of soot. 
The vapor is formulated to include a ?rst amount of a rare 
earth dopant material. In accord With the present invention, 
the dopant material includes a source for rare earth ions, i.e., 
ions of elements of the lanthanide series of elements (atomic 
numbers 57-71). 

[0072] It should be appreciated as important to the accom 
plishment of the present invention that in the deposition of 
the layers to be further submitted to solution doping, the 
temperature should be high enough for the Well knoWn 
vapor phase oxidation reaction to occur but not high enough 
to sinter the deposited silica. The ?nal result should be a 
porous or particulate layer With a density of about 0.5 g/cc. 
At higher temperatures, the oxidiZed particles Will sinter 
almost immediately upon deposition, and consequently, 
form a glass layer, Which by its monolithic quality, Will be 
incapable of being impregnated With subsequent treatments 
of liquid doping solutions. At the conclusion of soot depo 
sition, unaided visual observation should reveal an opaque, 
poWdery frosting coating the bore of the tube, Which micro 
scopically should reveal layers of porous or particulate soot 
having generally uniform distribution of crevices, voids, 
?ssures, and/or capillaries. 

[0073] Into the interstitial spaces of the soot-deposited 
layers are introduced a dopant solution, Which is submitted 
to conditions appropriate to effect imbibition of the solution 
into at least one porous or particulate layer of soot. In accord 
With the present invention, the dopant solution includes a 
second amount of dopant material. As With the ?rst amount 
of dopant material, this second amount also includes a 
source of rare earth ions. Impregnated in targeted soot 
layers, the rare earth component becomes available for 
further incorporation into the resultant optical ?ber preform, 
and hence, available for increasing additively the ?nal rare 
earth content of the preform. The ?rst and second dopant 
incorporations may also include, in addition, refractive 
index modulating or modifying components in vapor and 
liquid form, respectively, e.g., halides or oxides of Al, B or 
P. 

[0074] In a preferred mode of practice, the soot is soaked 
in the desired solution for a relatively long period of time 
(for example, several hours at room temperature). The 
impregnation procedure can be accelerated by application of 
a vacuum and/or heat. In particular, a container holding the 
soot-coated tube is pumped to loW pressure (or vacuum, or 
heated, or vacuumed and heated) then, the solution With 
dopants is introduced into the container in a volume suf? 

Jul. 11, 2002 

cient to completely soak the soot-coated tube. After the 
interstices of the targeted soot layer are fully impregnated, 
the residue solution is poured aWay. The dopant-impreg 
nated soot is then dried at approximately 150° C. to 250° C. 
in ambient air or in an inert atmosphere or under vacuum. 
AfterWards, the temperature is increased to Within the range 
of approximately 750° C. to 850° C. under oxygen or an 
oxygen-rich atmosphere to oxidiZe the rare earth dopant 
precursor (e.g., rare earth chloride). The solution impregna 
tion operation can be repeated several times to increase the 
dopant concentration. Chlorine, SOC12, CCl4, or SF6 gas 
can be introduced into the atmosphere to promote the 
dehydration or hydration partition process. 

[0075] After solution doping, the holloW tube is heated at 
a temperature and for a duration suf?cient to sinter the soot 
deposited therein and to collapse the tube, said sintering and 
said collapsing occurring either contemporaneously or 
sequentially. In the preferred mode of practice, the doped 
soot containing tube is collapsed into a consolidated rod-like 
preform at temperatures in excess of 2,000° C. 

[0076] The resulting optical ?ber preform 10 Will have 
incorporated therein an amount of rare 15 earth dopant 
material that includes substantially both said ?rst and second 
amounts of rare earth dopant material. Since additional 
opportunities for introducing dopant material may be 
employed, as Well as the possibility of loss of some incor 
porated material, the ?nal concentrations of material, While 
evincing the incorporants of both steps, Will not necessarily 
be the exact sum product of both, and could be either more 
or less. 

[0077] While several Ways of practicing the HVP and HLP 
methods can be developed and practiced by those skilled in 
the art in light of the teachings contained herein, one may 
use the VPD apparatus schematically illustrated in FIG. 1 to 
accomplish the vapor phase deposition steps of either or 
combinations of both methods. The practice of this invention 
contemplates the folloWing approaches. In the ?rst 
approach, the HVP method comprises utiliZing a solid state 
form of a rare earth dopant that has exposed dimensional 
uniformity during its vaporiZation. This is exempli?ed in 
FIG. 1 by the employment of the rare earth chloride boat 32. 
In the second approach, the HVP method comprises utiliZing 
in combination the rare earth chelate vapor source 124 
together With the solid state rare earth source 32 to achieve 
even higher concentrations of the rare earth constituent or 
combinations of rare earth constituents (note that these tWo 
sources may provide different rare earth components such as 
Er and Yb for codoping) in the glass forming mixture. In the 
third approach, the HVP method of the ?rst approach is 
employed in combination With the HLP method to enhance 
the rare earth dopant concentration in the deposited soot 
layer. In the fourth approach, the HVP method of the second 
approach is employed in combination With the HLP method 
to maximiZe rare earth dopant concentration in the deposited 
soot layer Which may then be subsequently dehydrated and 
sintered to form a monolithic glass layer of high rare earth 
concentration and high optical homogeneity. 

[0078] Reference is noW made to FIG. 7 illustrating a 
modi?cation to the HVP method comprising this invention. 
The description of components in the FIG. 1 embodiment 
having identical numerical identi?cation for the same com 
ponents in FIG. 7 is equally applicable to the components in 
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FIG. 7. The modi?cation in FIG. 7 relates to the delivery 
system 20A Which comprises a plurality of rare earth boats 
32 and 32A positioned in adjacent relationship to one 
another. Each rare earth boat is prepared according to the 
method previously described Where one boat may be com 
prised of a halogen of one rare earth and the other may be 
comprised of a halogen of another rare earth, e.g., ErCl3 and 
YbCl3, respectively. It is Within the scope of this invention 
that boats 32 and 32A have the same rare halogen or that 
several such boats can be provided, in Which case, each 
preferably has its oWn annular heater 360 and 360A With 
thermal focusing of heat to the region of its respective boat 
for controlling the vaporiZation of each respective rare earth 
source. Thus, depending upon the vapor pressure of the 
respective rare earth component positioned Within tube 200, 
heaters 360 and 360A may be independently controlled to 
provide desired ratios of the rare earth vapors from respec 
tive boats 32 and 32A to be fed, via interfaces 202 and 222, 
into the main glass forming gas stream and intermixed 
thereWith in region 5B. 

[0079] Reference is noW made to a further modi?cation of 
this invention illustrated in FIG. 8. Multi-quartZ glass tube 
delivery system 800 comprises a plurality of delivery tubes 
802, 804 and 806 for independently providing a series of 
gases that are generated and consecutively mixed prior to 
?nal mixing With glass forming gases via delivery tube 808, 
as in the case of the system shoWn in FIG. 1. Thus, it is 
Within the scope of this invention to generate rare earth 
vapors and other vapors of metals, for example, such as the 
case of intermediates (e.g., AlCl3) prior to mixing in mixing 
region 830 With oxygen and other oxides of glass forming 
entrained vapors and, thence, ?oWing doWnstream for reac 
tion and deposition on the inner surface of tube 5. As in the 
case of the FIG. 1 embodiment, the inner most tube 802 may 
be comprised of a boat 818 of a solid form of a halide rare 
earth, for example a rare earth chloride, With an inert gas, 
such as helium provide at inlet 803 to tube 802. Heater 822 
provides a heated Zone 826 to provided for vaporiZation of 
the rare earth into a gas entrained form Which passes through 
permeable glass ?t interface 812 into tube 806 and heated 
Zone 828 Which contains another boat 820 Which may be 
comprised of a second rare earth halogen or an intermediate 
solid state form that is vaporiZed at a rate determined by 
heater 824 and the corresponding temperature of heating 
Zone 828. In order to achieve a higher concentration in the 
rare earth vapor, the vaporiZation of the rare earth in region 
826 is accomplished by itself prior to mixing With another 
vaporiZed component generated in region 828, both com 
ponent generated in regions 826 and 828 being highly 
susceptible to contamination by oxygen or possibly other 
oxides of glass forming materials When undergoing their 
generation, but protected from them by means of the glass 
?t interfaces 812, 814 and 816, in particular, interfaces 812 
and 814. Other premixing prior to introduction With gas 
forming, oxygen entrained vapors together With the oxygen 
free generated components in tubes 802 and 804 may be 
accomplished Within third tube 806 in its chamber 829 prior 
to passage through glass frit interface 829 into mixing region 
830 With glass forming materials. Examples of such mixing 
may be an inert gas entrained rare earth vapor, an additional 
intermediate, or a glass dopant. It should be noted that it is 
Within the scope of this invention that delivery tubes 802 and 
804 may be positioned in adjacent relation Within the 
interior or bore of tube 816 so that independent generation 
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of separate rare earth solid state forms via independent 
provided inert gas sources can be provided to achieved the 
highest possible concentrations of vapor forms of the respec 
tive rare earths prior to their mixing at region 829 in tube 
806. In such a case, boats 818 and 820 may contain the same 
or different solid state forms of rare earths or one such boat 
may contain some other solid state form of material 
employed in the glass forming process, such as a glass 
dopant or an intermediate. The ?nished optical ?ber preform 
10 can be used as the starting material from Which any of a 
variety of ?ber optic products can be made. HoWever, in 
vieW of the high concentration of rare earth dopant enabled 
by the practice of the methods described herein, the ?nished 
optical ?ber preform 10 is especially Well-suited for the 
production of double clad ?ber lasers. The glass core in a 
?ber laser, like other ?ber optic products, is that portion that 
conducts the light from one ?ber end to the other. It can be 
either single mode or multimode, but it has to contain the 
active rare earth ions for laser. To help retain the light being 
conducted Within the core, an outer cladding layer surround 
ing the inner cladding and core of the optical ?ber is 
desirable. Prior to draWing and cladding a ?ber in this 
manner, hoWever, post-collapse pre-draWing modi?cations 
to the optical ?ber preform, such as “resleeving”, for 
example, should be considered. 

[0080] In respect of one such modi?cations, it is noted that 
poor optical results are obtained in ?bers draWn from a 
concentric circular preform, Whereas good results are 
obtained using offset core circular or rectangular or polygo 
nal preform shapes. These shapes are hoWever costly to 
produce and not easily compatible With certain commer 
cially standard ?ber. More recently, good optical results 
have been accomplished in ?bers draWn from a preform 
Which Was initially manufactured to be substantially round 
in cross-section, but Was subsequently modi?ed by mechani 
cally grinding the preform slightly to introduce a slight 
deviation in its otherWise substantially uniformly round 
cross-sectional con?guration. The types of slight imperfec 
tions that have proven to be very useful in enhancing mode 
scrambling are simple ?at or concave surfaces, Which for 
tunately are also quite easy to grind, requiring only a 
relatively feW passes of a suitably shaped grinding tool. An 
optical ?ber having good absorption ef?ciency Was draWn 
from a ?ber preform having tWo very small ?ats ground into 
the opposite sides of its otherWise round cross-sectional 
con?guration. See, for example, FIG. 2, Which illustrated 
potential sections A-A and B-B that may be removed grind 
ing or other such process forming Hats 13 and 15. 

[0081] The slight imperfection in the modi?ed preform 
function essentially as a mode scrambler. In this regard, it 
Will be appreciated, in the propagation of light by internal 
re?ection through a substantially round ?ber pathWay, cer 
tain components of that light Will internally re?ect continu 
ously doWn the ?ber path length, angling off internal path 
surfaces in consistently repeating geometric patterns, pos 
sibly re?ecting off all internal surfaces, but failing entirely 
in its transit to propagate through the ?ber’s central regions. 
In a conventional double clad ?ber laser, this central area is 
occupied by the ?ber core containing the active gain species 
that serves to concentrate input light in to lasing radiation. 
To the extent that input light fails to propagate into the 
central region, it is not absorbed, and hence, the intensity of 
resultant lasing radiation is diminished. The slight imper 
fection help to prevent this outcome by essentially changing 
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the ?ber internal re?ectivity, particularly as it relates to an 
effective re?ection angle, in at least one internal surface of 
What Would otherwise be an unchanging internal circular 
surface, and, thus, disrupting the possibility of continuously 
repeating geometric internal re?ection patterns. 

[0082] The use of tWo ?ats, rather than one, three, or more 
is believed to be optimal. One ?at has the drawback that the 
resulting ?ber is asymmetric and therefore serves as an 
impediment to easy fusion splicing or connection to other 
?ber optic assemblies. Three or more ?ats results in more 
“corners” than tWo ?ats, and thus more internal scattering 
but, in addition, requires additional Work and increases 
fabrication costs. 

[0083] In general, it has been found that ?ats 13 and 15 of 
a depth of about 5% to 10% of the diameter of the ?ber inner 
cladding 5 are suf?cient to give good mode-scrambling, With 
the range of about 1% to 25% providing less desirable, but 
nonetheless acceptable results. In this regard, a depth of less 
than 1% produces no notable advantages, and the labor 
involved in the grounding a ?at into the preform at depth of 
greater than 25% is far greater than that necessary to 
accomplish desirable mode scrambling, and the bene?t of 
compatibility With other ?ber assemblies and ?bers is lost. 

[0084] Although it is believed that the provision of the 
slight imperfection in the optical ?ber 20 preform is most 
easily accomplished by means of mechanical grinding, it is 
envisioned that in alternative modes of practice, changing 
the angular re?ectivity of the ?ber in at least one internal 
surface of an otherWise unchanging internal circular surface 
can be chemically accomplished. For example, through an 
ion diffusion process, the ?ber surface material is leached in 
an ion salt bath to alter the otherWise homogenous surface 
optical properties thereof. 

[0085] Other alternatives Will become apparent to those 
skilled in the art in vieW of the disclosure and suggestions 
made concerning mode scramming enhancement. Addi 
tional information is available in the PCT publication WO 
97/12429, published on Apr. 3, 1997. 

[0086] Further, although unique properties are effected by 
using such post-manufacture mode scrambling enhancement 
processes on preforms made by the novel processes 
described herein, its utility can be extended to several other 
preform manufacturing processes. For example, the mode 
scrambling enhancement process can be utiliZed With pre 
forms made by so called modi?ed chemical vapor deposition 
(MCVD) processes, such as described in Us. Pat. No. 
4,909,816 (MacChesney et al.), or those produced by so 
called outside vapor phase oxidation (OVPO) process or the 
outside vapor deposition (OVD) process, such as discussed 
in Us. Pat. No. 3,806,570 (Flamenbaum et al.), or those 
produced by so called vapor axial deposition (VAD) process, 
such as described in US. Pat. No. 4,062,665 (IZaWa et al.). 

[0087] Regardless of Whether post-manufacturing pro 
cesses are employed, after the holloW tube is collapsed to 
form a solid compacted preform Without any internal voids, 
an optical ?ber may be formed in the usual manner by 
inserting one end of the preform into a furnace, as sche 
matically illustrated in FIG. 3A, to heat the preform. After 
the preform is heated, a bait rod or other implement can be 
used to draW the material in one or more steps, into an 
optical ?ber Which retains the original cross-sectional con 
?guration of the starting preform. 
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[0088] Subsequently, outer cladding 40 is deposited onto 
the draWn ?ber, a step that can be effected using any of the 
conventional techniques knoWn to those skilled in the art. 
HoWever, in a preferred process, the draWn optical ?ber is 
coated With a photopolymeriZable composition, such as 
disclosed in Us. Pat. No. 5,534,558, issued to R. A. Minns 
on Jul. 9, 1996, employing an apparatus such as disclosed in 
FIG. 3B. The apparatus of FIG. 3B comprises an oven 2 
containing the glass preform. Beneath oven 16 are disposed 
tWo coating cups 4 and 6, each containing the photopoly 
meriZable outer cladding composition. An ultraviolet lamp 
8, for example, a Fusion Research electrodeless ultraviolet 
mercury vapor lamp, is disposed beloW the coating cup 6, 
and a capstan 7 is disposed beloW lamp 8. The apparatus 
further includes a Wind-up roll 9. As optical ?ber is draWn 
from the oven 16 by the capstan 7, typically at a rate of 
approximately 0.5 in/sec., the draWn ?ber 10 passes through 
coating cups 4 and 6. These cups are provided With doWn 
Wardly tapering conical bases, With the apex of each cone 
having a vertical bore through the cup bottom. The diameter 
of the bore id equal to the desired diameter of the optical 
?ber coated With the photopolymeriZable composition, so 
that the bore functions to exclude or Wipe excess photopo 
lymeriZable composition from the ?ber. The ?ber, With the 
uncured photopolymeriZable composition thereon, is then 
traversed past UV lamp 8, Where the solution is cured to 
produce an adherent clear cladding on optical ?ber 10. 

[0089] If desired, before coated clad ?ber 10 is Wound 
onto roll 9, the clad ?ber may be passed through additional 
coating cups and under an additional ultraviolet lamp to 
apply a durable outer coating 50 to protect the typically soft 
outer polymer cladding 40 from damage. After the comple 
tion of coating 50, the coated ?ber 10 is, then, Wound on roll 
9. 

[0090] Finally, in dividing the continuous lengths of 
draWn ?ber for ?ber ampli?er or ?ber laser applications or 
other ?ber gain media applications, it should be kept in 
mind, for practical reasons, that the length of the glass ?ber 
for such lasers and/or ampli?ers should not be excessively 
long nor too short to handle. In particular, it is desirable to 
fabricate a laser and/or ampli?er having a relatively short 
?ber and having a suf?ciently high concentration of rare 
earth dopant material so that substantially all the incident 
pump light focused on an end is absorbed in one or, at most, 
tWo passes through the ?ber. More speci?cally, if the appa 
ratus is employed as a laser, substantially all of the incident 
pump radiation should be absorbed in one or tWo passes 
through the ?ber, Whereas if the apparatus, is employed as an 
ampli?er, substantially all of the incident pump radiation 
should be absorbed in a single pass through the ?ber. 

[0091] The present invention Will noW be described in 
further detail by the folloWing non- examples of several of 
its embodiments. These examples are provided as an illus 
tration of the HVP and HLP methods of this invention are 
not intended to be exhaustive or limiting of the scope of 
applicability of these methods, but are given for the purposes 
of illustration and the manner of applying the methods to 
practical use so that resulting preforms may be modi?ed in 
various forms, as understood by those skilled in this art, as 
each may be best suited to the conditions for particular 
preform-draWn active ?bers. Unless otherWise indicated, all 
parts, percents, ratios, and the like are by Weight. 
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EXAMPLES 

[0092] 

TABLE 1 

Example 1 

Core Formation 
(4 Hot Zone Passes @ 1450° C.)* 

Cladding Formation 
(3 Hot Zone Passes @ 1450° C.)* 

Component Rate Component Rate 

SiCl4 500 cc/20° C., SiCl4 200 cc/22° C., 
1.1/gmin 0.66 g/min 

GeCl4 25 cc/20° C., 
0.03 g/min 

POCl3 678 cc/20° C. POCl3 30 cc/min/20° C., 
0.16 g/min 0.007 g/min 

SF6 0.8 cc/min SF6 0.25 cc/min 
O2 1,000 cc/min O2 1,000 cc/min 
He 1,000 cc/min He 1,000 cc/min 

*Sintered at 1960° C. 

[0093] An optical ?ber preform Was prepared using the 
base glass deposition components and parameters set forth 
in the above Table I. 

[0094] More particularly, during deposition, a glass-form 
ing vapor comprising the listed components Was directed 
into the bore of a quartz tube 5 through outer delivery tube 
240 of the multi-concentric delivery system 20 illustrated in 
FIG. 1, and reacted to form layers of soot. As indicated in 
the table, the layers of soot that Will later comprise the inner 
cladding of the preform are sintered at the conclusion of 
deposition, i.e., after the third “pass”. 

[0095] During deposition of the core layers, a stream of 
helium gas (having a How rate of approximately 300 cc/min) 
Was passed through aluminum chloride material, Which Was 
loaded and heated to 120° C.-150° C. in column 122 shoWn 
in FIG. 1. The resulting helium stream, laden With AlCl3 
vapor, Was directed into the bore of the quartz tube 5 through 
delivery tube 220 of the multi-concentric delivery system 
20. At the same time, a stream of helium gas (also having a 
How rate of approximately 300 cc/min) Was passed through 
ytterbium chloride material, Which Was loaded and heated 
Within the range of about 910° C. to 930° C. (depending on 
desired concentration) in a rare earth chloride boat 32 
positioned inside the central delivery tube 200. 

[0096] The resulting helium stream, laden With rare earth 
chloride vapor, Was further diluted With a stream of helium 
gas (having a How rate of approximately 700 cc/min) and 
directed into the bore of the quartz tube 5. The glass ?ts 202 
and 222 spread the AlCl3 and ytterbium chloride streams 
into the base vapor stream Which, as indicated above, are 
reacted to form layers of soot. The layers of soot Were 
subsequently desiccated by exposure to a 50 cc/min stream 
of chlorine gas for about one to tWo hours, then collapsed. 

[0097] The core composition of the ?nished optical ?ber 
preform Was determined under standard Electron Probe 
Microanalysis. The data collected in mol % are as folloWs: 
98.4% SiO2, 0.65% A1203, 0.6% GeO2, and 0.3% Yb2O3. 
Further analysis revealed that the optical ?ber preform had 
loW Water content. Attenuation Was determined to be as loW 
as approximately 4 dB/Krn at lasing Wavelengths longer 
than 1 pm. The attenuation curve is shoWn in FIG. 4. 
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Examples 1A to 1C 

[0098] Three optical ?ber preforms (i.e., examples 1A to 
1C) Were prepared by 

[0099] the process used 10 in Example 1. HoWever, 
for example 1A, the ytterbium chloride material Was 
vaporized at 930° C., for example 1B, at 950° C., and 
for example 1C, at 980° C.°. It Was observed that the 
core compositions of each of examples 1A to 1C 
remained the same, but that ytterbium oxide concen 
trations increased from 1A to 1C, i.e., increased With 
increasing temperatures used for vaporization. The 
ytterbium oxide concentration in Example 1C Was 
greater than 3 Wt %. 

Example 1D 

[0100] An optical ?ber preform Was prepared by the 
process used in Example 1. HoWever, for this example, 
instead of conducting 4 passes to form the core layers of 
soot, 8 passes Were conducted. The resulting optical ?ber 
preform had a core composition similar to the Example 1 
preform, but had a larger core diameter, and thus, better 
suited for draWing multimode optical ?bers. 

Example 1E 

[0101] An optical ?ber preform Was prepared by the 
process used in Example 1. HoWever, for this example, 
instead of ytterbium chloride, erbium chloride heated at 
910° C. Was used to generate the rare earth chloride vapor. 
The resulting optical ?ber preform had an Er2O3 concentra 
tion of approximately 2.5 Wt %. No devitri?cation by cluster 
formation Was observed. 

Example 1F 

[0102] A YbzEr co-doped optical ?ber preform Was pre 
pared by the process used in Example 1. HoWever, in 
addition to ytterbium chloride, erbium chloride Was loaded 
into a second chloride boat, and positioned next to the 
ytterbium chloride inside central delivery tube 200. Both 
rare earth chlorides issued vapor at 998° C.°. The resulting 
optical ?ber preform Was homogenous and had appreciable 
concentrations of Er2O3, and a Yb2O3 concentration of 4.0 
Wt %. 

Example 2 

[0103] An optical ?ber preform having a rare earth dopant 
Was prepared by a combination of soot deposition and 
solution doping techniques. Soot deposition Was conducted 
in the manner described in Example 1, but using the base 
glass deposition components and parameters set forth in the 
folloWing Table II. 

Table II 

Core Formation 
(2 Hot Zone Passes @ 1450° C.)* 

Cladding Formation 
(3 Hot Zone Passes @ 1450° C.)* 

Component Rate Component Rate 

SiCl4 500 cc/20° C., SiCl4 100 cc 
1.1/g/min 0.33 g/min 

GeCl4 20 cc, 
0.022 g/min 








