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(57) ABSTRACT 

An optical fiber having optical characteristics that System 
atically vary along its length is made by inserting a plurality 
of cylindrical tablets into a cladding glass tube and over 
cladding the tube with particles of cladding glass. Each 
tablet contains a core region, and it optionally contains a 
layer of cladding glass Adjacent tablets are capable of 
forming optical fiber Sections having different optical prop 
erties. Prior to consolidating the glass particles, chlorine 
flows through the tube and over the tablets. When the tube 
begins to Sinter, the chlorine flow is stopped and the Sinter 
ing particles generate an inwardly directed force that causes 
the tube to collapse inwardly onto the tablets which con 
currently become fused to each other. The resultant draw 
blank can be drawn into a low loss optical fiber. This method 
is particularly useful for making dispersion managed single 
mode optical fibers. 
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METHOD OF MAKING OPTICAL FIBERS 

BACKGROUND 

0001. The invention is directed to a method for making 
an optical fiber having optical properties that Systematically 
vary along its length. This method is particularly useful for 
making dispersion managed (DM) single-mode optical 
waveguide fibers. 
0002 The potentially high bandwidth of single-mode 
optical fibers can be realized only if the System design is 
optimized So that the total dispersion is equal to Zero or 
nearly equal to Zero at the operating wavelength. The term 
“dispersion” refers to pulse broadening and is expressed in 
ps/nm-km. “Dispersion Product” refers to dispersion times 
length and is expressed in pS/nm. 

0003) When telecommunications networks employ mul 
tiple channel communications or wavelength division mul 
tiplexing, the System can experience a loSS due to four wave 
mixing. This loSS occurs when the Signal wavelength is at or 
near the Zero dispersion wavelength of the optical transmis 
sion fiber. This has necessitated the exploration of 
waveguide fiber designs which can minimize signal degra 
dation that results from this non-linear waveguide effect. A 
dilemma arises in the design of a waveguide fiber to mini 
mize four wave mixing while maintaining characteristics 
required for Systems which have long spacing between 
regenerators. That is, in order to Substantially eliminate four 
wave mixing, the waveguide fiber should not be operated 
near its zero of total dispersion, because four wave mixing 
occurs when waveguide dispersion is low, i.e., less than 
about 0.5 pS/nm-km. On the other hand, Signals having a 
wavelength away from the Zero of total dispersion of the 
waveguide are degraded because of the presence of the total 
dispersion. 

0004 One strategy that has been proposed to overcome 
this dilemma is to construct a System using cabled 
waveguide fiber Segments. Some of which have a positive 
total dispersion and Some of which have a negative total 
dispersion. If the length weighted average of dispersion for 
all the cable Segments is close to Zero, the regenerator 
spacing can be large. However, the Signal essentially never 
passes through a waveguide length where the dispersion is 
close to Zero, So that four wave mixing is prevented. 
0005 The problem with this strategy is that each link 
between regenerators must be tailored to give the required 
length weighted average of dispersion. Maintaining cable 
dispersion identity from cabling plant through to installation 
is an undesirable added task and a Source of error. Further, 
the need to provide not only the proper dispersion, but also 
the proper length of cable having that dispersion, increases 
the difficulty of manufacture and leads to increased System 
cost. A further problem arises when one considers the need 
for replacement cables. 

0006 Those problems are overcome by the optical fiber 
disclosed in U.S. patent application Ser. No. 08/584.868 
(Berkey et al.) filed Jan. 11, 1996. In accordance with the 
teachings of the Berkey et al. application, each individual 
fiber is made to be a Self contained dispersion managed 
System. A pre-Selected, length weighted average of total 
dispersion, i.e., total dispersion product, is designed into 
each waveguide fiber. Each waveguide fiber is interchange 
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able with any other waveguide fiber designed for that System 
link. Thus, the cabled waveguide fibers all have essentially 
identical dispersion product characteristics, and there is no 
need to assign a particular Set of cables to a particular part 
of the System. Power penalty due to four wave mixing is 
essentially eliminated, or reduced to a pre-Selected level, 
while total link dispersion is held to a pre-Selected value, 
which may be a value Substantially equal to Zero. 
0007. In accordance with the Berkey et al. patent appli 
cation, the dispersion of a DM fiber varies between a range 
of positive values and a range of negative values along the 
waveguide length. The dispersion product, expressed as 
pS/nm, of a particular length, l, is the product (D pS/nm-kml 
km). A positive number of pS/nm will cancel an equal 
negative number of pS/nm. In general, the dispersion asso 
ciated with a length l, may vary from point to point along l. 
That is, the dispersion D, lies within a pre-determined range 
of dispersions, but may vary from point to point along l. To 
express the contribution of l to the dispersion product, 
expressed in pS/nm, l is made up of Segments dl over which 
the associated total dispersion D is essentially constant. 
Then the Sum of products dil D, characterizes the dispersion 
product contribution of li. Note that, in the limit where dil 
approaches Zero, the Sum of products dl, D, is Simply the 
integral of dlD, over the length li. If the dispersion is 
essentially constant over Sub-length l, then the Sum of 
products is simply l; D. 
0008. The dispersion of the overall waveguide fiber 
length is managed by controlling the dispersion D, of each 
Segment dli, So that the Sum of the products Didl is equal 
to a pre-Selected value over a wavelength range wherein 
Signals may be multiplexed. For high rate Systems having 
long regenerator Spacing, the wavelength range in the low 
attenuation window from about 1525 nm to 1565 nm may be 
advantageously chosen. In this case, the Sum of the disper 
sion products for the DM fiber would have to be targeted at 
Zero over that range of wavelengths. The D magnitudes are 
held above 0.5 ps/nm-km to substantially prevent four wave 
mixing and below about 20 pS/nm-km So that overly large 
Swings in the waveguide fiber parameters are not required. 
0009. The length over which a given total dispersion 
persists is generally greater than about 0.1 km. This lower 
length limit reduces the power penalty (see FIG. 5), and 
Simplifies the manufacturing process. 
0010. The period of a DM single-mode waveguide is 
defined as a first length having a total dispersion which is 
within a first range, plus a Second length having a dispersion 
which is in a Second range, wherein the first and Second 
ranges are of opposite sign, plus a transition length over 
which the dispersion makes a transition between the first and 
Second range. To avoid four wave mixing and any associated 
power penalty over the transition length, it is advantageous 
to keep the part of the transition length which has an 
asSociated total dispersion less than about 0.5 pS/nm-km as 
Short as possible. 
0011) If the transition regions between the regions of 
higher and lower dispersion are too long, the dispersion in 
the central portions of the transition regions will be near Zero 
for some finite length of fiber. This will result in some power 
penalty due to four wave mixing. The longer the transition 
regions are, the higher the power penalty. The transition 
regions should therefore be sufficiently sharp that the fiber 
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power penalty does not cause the total System power penalty 
to exceed the allocated power penalty budget. 
0012 Aprimary requirement of a process for making DM 
fibers is that it be able to form short transition regions. 
Moreover, the process of making the DM fiber should not be 
one that itself induces an exceSS loss that is unrelated to four 
wave mixing. Also, the proceSS should be simple and be 
sufficiently flexible that it can be implemented with a variety 
of fiber designs and materials. Thus, the DM fiber must be 
a unitary fiber that is formed by drawing a draw preform or 
draw blank that includes sections that will form the fiber 
sections of different dispersion. Such a unitary fiber does not 
include splices between Separately drawn fiber Sections, as 
each Splice would introduce additional loSS. Ideally, the total 
attenuation of the unitary fiber is no greater than the com 
posite of the weighted attenuation of each of the Serially 
disposed Sections of which it is formed. 
0013 An attempt was made to form a DM fiber core rod 
by fusing together core cane Sections by the lathe and torch 
method. In addition to being difficult to implement, that 
method Suffered from core misalignment, and the flame 
caused core wetting problems. 

SUMMARY OF THE INVENTION 

0.014. Therefore, an object of the invention is to provide 
an optical fiber having distinctly different optical character 
istics along its length and an improved method for making 
such a fiber. Another object is to provide a method for 
making optical fiber of the aforementioned type wherein the 
transition lengths between Sections of different characteris 
tics are very short. A further object is to provide a method 
for making fiber of the aforementioned type wherein the 
attenuation is Sufficiently low for use as long distance 
transmission fiber. Another object is to provide a method for 
making low loSS Single-mode DM optical fiber having short 
transition lengths. Yet another object is to provide a method 
for making optical fibers exhibiting low polarization mode 
dispersion. 

0.015. One aspect of the invention concerns a method of 
making an optical fiber preform. Briefly, the method com 
prises the following Steps. A coating of cladding glass 
particles is deposited on the outer Surface of a cladding glass 
tube, and a plurality of tablets is inserted into the cladding 
glass tube. At least one optical characteristic of at least one 
of the tablets in the tube is different than that of an adjacent 
tablet, and each tablet has at least a central region of core 
glass. While the coated assembly is heated to a temperature 
less than the Sintering temperature of the cladding glass 
particles, a centerline gas is flowed through the tube. The 
centerline gas is Selected from the group consisting of pure 
chlorine and chlorine mixed with a diluent gas. Thereafter, 
the coated assembly is heated to Sinter the coating, thereby 
generating a radially-inwardly directed force that causes the 
tube to collapse onto and fuse to the tablets, and causing the 
cladding glass tube to Shrink longitudinally, whereby adja 
cent tablets are urged toward one another and are fused to 
one another. 

0016 A further aspect of the invention concerns a unitary 
optical fiber that results from the above-described method. 
The fiber comprises a plurality of Serially disposed optical 
fiber Sections, each fiber Section having a glass core and a 
glass outer cladding. The core of a first fiber Section is 
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different from the core of each fiber section that is adjacent 
to the first section. The cladding of the first fiber section is 
identical to the cladding of the adjacent fiber Sections. 
Between each two adjacent fiber Sections is a transition 
region, the length of which is less than 10 meters. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0017 FIG. 1 is an illustration of total dispersion varying 
along the waveguide fiber length. 
0018 FIG. 2 shows how the Zero dispersion of a 
waveguide fiber may vary to maintain total dispersion of the 
waveguide within a pre-Selected range over a predetermined 
wavelength window. 
0019 FIG. 3a is a chart illustrating the power penalty vs. 
input power for a System comprised of particular waveguide 
Sub-lengths having a low total dispersion magnitude. 
0020 FIG. 3b is a chart illustrating the power penalty vs. 
input power for a System comprised of particular waveguide 
Sub-lengths having a higher total dispersion magnitude. 

0021) 
penalty. 

FIG. 4 is a chart of total dispersion vs. power 

0022 FIG. 5 is a chart of dispersion variation period 
length VS. power penalty. 
0023 FIG. 6 is a chart of transition region length vs. 
power penalty. 
0024 FIG. 7 is a schematic representation of a process of 
making an optical fiber, adjacent Sections of which have 
distinctly different characteristics. 
0025 FIG. 8 is an enlarged cross-sectional view of the 
tablets of FIG. 7. 

0026 FIG. 9 illustrates the application of a layer of 
cladding glass particles to a tube. 

0027 FIG. 10 is a cross-sectional view of the fused 
assembly resulting from the consolidation/fusion Step illus 
trated in FIG. 7. 

0028 FIG. 11 is a partial cross-sectional view of a 
modification of the embodiment of FIG. 7. 

0029 FIGS. 12 and 13 are refractive index profiles of 
dispersion shifted optical fibers. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0030) Dispersion Managed Fiber Design 
0031) The total dispersion of a DM fiber is charted vs. 
waveguide length in FIG. 1. The total dispersion is seen to 
alternate between positive values 2 and negative values 4. 
Whereas FIG. 1 illustrates a plurality of Sublengths exhib 
iting negative dispersion and a plurality of Sublengths exhib 
iting positive dispersion, only one negative dispersion Sub 
length and one positive dispersion Sublength are required. 
The spread in total dispersion values indicated by line 6 
illustrates that total dispersion varies with the wavelength of 
light propagated. The horizontal lines of the spread 6 rep 
resent total dispersion for a particular light wavelength. In 
general, the length of waveguide 8, characterized by a 
particular total dispersion, is greater than about 0.1 km. 
There is essentially no upper limit on length 8 except one 



US 2001/0008077 A1 

which may be inferred from the requirement that the sum of 
products, length X corresponding total dispersion, is equal to 
a pre-Selected value. 

0.032 The chart of total dispersion vs. wavelength shown 
in FIG. 2 serves to illustrate design considerations for a DM 
single-mode waveguide fiber. Lines 10, 12, 14 and 16 
represent total dispersion for four individual waveguide 
fibers. Over the narrow wavelength range considered for 
each waveguide, i.e., about 30 nm, the dispersion may be 
approximated by a Straight line as shown. The wavelength 
range in which multiplexing is to be done is the range from 
26 to 28. Any waveguide Segment which has a Zero disper 
sion wavelength in the range of 18 to 20 may be combined 
with a waveguide Segment having a Zero dispersion wave 
length in the range 22 to 24, to yield a waveguide having a 
pre-Selected total dispersion over the operating window 26 
to 28. 

0033. The following example is based on FIG. 2. Take 
the operating window to be 1540 n to 1565 nm. Assume that 
the Single-mode waveguide fiber has a dispersion slope of 
about 0.08 ps/nm°-km. Let line 30 be the 0.5 ps/nm-km 
value and line 32 the 4 pS/nm-km value. Apply the condition 
that the total dispersion within the operating window must 
be in the range of about 0.5 to 4 pS/nm-km. A simple Straight 
line calculation then yields Zero dispersion wavelength 
range, 18 to 20, of 1515 nm to 1534 nm. A similar calcu 
lation yields a Zero dispersion wavelength range, 22 to 24, 
of 1570 nm to 1590 nm. Algebraic addition of the total 
dispersion of waveguide fiber Segments having dispersion 
Zero within the Stated ranges will yield a total dispersion 
between 0.5 and 4 ps/nm-km. 
0034. The design of the DM fiber depends strongly on the 
details of the telecommunication System as can be seen in 
FIGS. 3a and 3b which show power penalty charted vs. 
input power for a 120 km link having 8 channels, wherein 
the frequency separation of channels is 200 GHz. In this case 
the power penalty is that due primarily to four wave mixing. 
Curve 62 in FIG.3a rises steeply to a penalty near 1 dB for 
an input power of about 10 dBm. The penalty is about 0.6 
dB for an input power of 10 dBm (curve 64). For both curves 
the magnitude of the total dispersion is about 0.5 pS/nm-km. 
However, for the steeper curve 62 the sub-length for total 
dispersion of a given Sign is 10 km. The corresponding 
sub-length of the dispersion in curve 64 is 60 km. The extra 
penalty results from the additional transitions through Zero 
dispersion for the Shorter, 10 km Sub-length case. An alter 
native Statement is for the 10 km case, the phase Separation 
of the Signals, which is proportional to the oscillation 
Sub-length, is not large enough to Substantially prevent four 
wave mixing. An "oscillation Sub-length' is either the posi 
tive or negative dispersion Sub-length of a period. Where 
there is no sign associated with oscillation Sub-length, the 
positive and negative oscillation Sub-lengths are taken as 
equal. 

0.035 However, magnitude of the total dispersion also 
has an impact upon phase Separation and thus upon power 
penalty. Curve 66 in FIG. 3b shows the power penalty for 
a system identical to that shown in FIG. 3a, except that the 
Sub-length is shorter, about 1 km, but the total dispersion 
magnitude is 1.5 pS/nm-km. Causing the waveguide total 
dispersion to make wider positive to negative Swings 
reduces power penalty significantly, from 0.6 dB to less than 
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0.2 dB. The penalty difference of about 0.4 dB/120 km is 
large enough to be the difference between a functional and 
non-functional link, especially for long unregenerated links 
of 500 km or more. 

0036 FIG. 4 is interpreted in essentially the same man 
ner as FIGS. 3a an 3b. Curve 68 shows power penalty 
charted VS. total dispersion magnitude. The Sub-length of the 
waveguide is chosen as about 1 km because the length of the 
Shortest cables in general use is about 2 km. Again there are 
8 channels having a frequency Separation of 200 GHZ, a total 
length of 120 km, and the input power is 10 dBm. Again the 
power penalty rises Steeply when total dispersion magnitude 
falls below about 1.5 pS/nm-km. 
0037) System design is shown from another viewpoint in 
FIG. 5. In this case, the dispersion magnitude is fixed at 1.5 
pS/nm-km. Curve 70 represents power penalty VS. Sublength 
magnitude for a system having 8 channels with 200 GHz 
frequency Separation and 10 dBm input power. The length is 
chosen to be 60 dispersion Sub-lengths and the Sub-length is 
allowed to vary. Lower power penalties result when the 
sub-length is above 2 km. But with the relatively large total 
dispersion magnitude, little is gained by lengthening the 
sub-length beyond 2 km. Note the generally lower four wave 
mixing penalty paid when the number of channels used is 
reduced to 4 as shown by curve 72. 
0038 Another design consideration is the sharpness of 
the transition length over which the total dispersion changes 
Sign. Here also, the Signal phase Separation is affected by the 
transition length. Thus, a shallow transition would cause the 
Signal to travel a waveguide region of near Zero total 
dispersion, and this adversely impacts power penalty caused 
by four wave mixing. 
0039. The following example illustrates the effect of 
transition length on power penalty. ASSume that the input 
power is 10 dBm. Four channels are used having a frequency 
separation of 200 GHz. The magnitude of total dispersion is 
1.5 pS/nm-km and the oscillation Sub-length of the total 
dispersion is taken to be 2 km. The chart of power penalty 
vs. transition length, shown as curve 74 in FIG. 6, shows 
that shorter transition lengths are preferred. 

0040 Fiber Fabrication 
0041. A method that produces very short transition 
regions is illustrated in FIGS. 7 and 8. To practice this 
method, core preforms can be prepared by any known 
process. Examples of processes that can be employed to 
make the core preforms are outside vapor deposition (OVD), 
vapor axial deposition (VAD), modified chemical vapor 
deposition (MCVD) wherein a core layer is formed inside a 
glass tube, and plasma chemical vapor deposition (PCVD) 
wherein the reaction within the tube is plasma induced. The 
core preform can consist entirely of core glass or it can 
consist of a core region and a cladding region. 

0042. There is initially formed two or more cylindrical 
preforms that are capable of being overclad and formed into 
optical fibers having disparate optical characteristics. For 
most applications only two different types of core preforms 
are required; two preforms are utilized in the embodiment 
illustrated in FIGS. 7 and 8. 

0043. The first and second preforms are cut into tablets 
81 and 82, respectively. The lengths of the tablets depend 



US 2001/0008077 A1 

upon the Specific type of fiber being made. In the process of 
making DM fibers, the lengths of the tablets 81 and 82 are 
selected to yield in the resultant optical fiber the desired 
Sub-lengths. The tablets can be made by the Simple Score and 
Snap method. Tablet 81 has a core region 83 and a cladding 
region 84; tablet 82 has a core region 85 and a cladding 
region 86. 

0044) A tubular glass handle 92 having an annular 
enlargement 97 is fused to one end of an elongated glass tube 
90. Handle 92 is part of a ball joint type gas feed system of 
the type disclosed in U.S. Pat. No. 5,180,410. Enlargement 
97 is adapted to rest on a slotted base of a support tube (not 
shown) that Suspends handle 92 in a consolidation furnace. 
Tube 90 is heated and a dent 98 is formed near handle 92. 
Alternatively, that part of handle 92 adjacent tube 90 could 
be dented. The assembly including tube 90 and handle 97 is 
inserted into a lathe (not shown)and rotated and translated 
with respect to burner 100 which deposits on tube 90 a layer 
91 of cladding glass particles or soot (see FIG. 9). Coating 
91 can be built up to a sufficient outside diameter (OD) that 
the resultant preform can be consolidated and drawn into an 
optical fiber having the desired optical characteristics. Layer 
91 can overlap handle 92 as shown in FIG. 7. 

0045 Tube 90 is oriented so that the end affixed to handle 
92 is lower than the other end, and tablets 81 and 82 are 
alternately inserted into the upper end of tube 90. The tablets 
cannot fall beyond dent 98. Tube 90 is heated and a dent 99 
is formed near that end opposite dent 98. When tube 90 is 
inverted, dent 99 prevents the tablets from falling from it. 

0046 Handle 92 is suspended from a support tube (not 
shown) which is lowered to insert assembly 94 into con 
solidation furnace muffle 95. While assembly 94 is heated in 
the consolidation furnace, a drying gas flows upwardly 
through the furnace (arrow 93). The drying gas convention 
ally comprises a mixture of chlorine and an inert gas Such as 
helium. A chlorine-containing gas stream (arrow 96) is 
flowed from tube 92 into tube 90. Although gas stream 96 
could contain a diluent Such as helium, pure chlorine is 
preferred for cleaning purposes. Since the diameter of each 
of the tablets 81 and 82 is slightly smaller than the inner 
diameter of tube 90, the chlorine flows downwardly around 
the entire periphery of each of the tablets; it also flows or 
diffuses between adjacent tablets. The chlorine then exhausts 
through the bottom of tube 90. The chlorine functions as a 
hot chemical cleaning agent. During this hot chlorine clean 
ing Step, the temperature is below the consolidation tem 
perature of Soot coating 91 So that the Space between tablets 
81 and 82 and tube 90 remains open for a sufficient length 
of time for the required cleaning to occur. The chlorine 
cleaning Step is more effective at high temperatures. It is 
preferred that the temperature of the cleaning Step be at least 
1000 C., since at lower temperatures, the duration of the 
step would be sufficiently long that the step would be 
undesirable for commercial purposes. Obviously, lower tem 
peratures could be employed if processing time were not a 
concern. The flow of hot chlorine between the tube 90 and 
tablets 81 and 82 is very beneficial in that it allows the 
surfaces of adjacent tablets and of tube and tablets to be 
brought together without the formation of seeds at their 
interface. Seeds include defects Such as bubbles and impu 
rities that can produce attenuation in the resultant optical 
fiber. 
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0047 While assembly 94 is lowered further into the 
furnace muffle, the wall of that portion of tube 90 at the end 
of Soot layer 91 collapses and fuses together, thereby cutting 
off the centerline chlorine flow. AS an optional Step, a valve 
can then be switched to pull a vacuum within tube 90. As 
assembly 94 continues its movement into the furnace muffle, 
first its tip and then the remainder of the assembly is 
Subjected to the maximum furnace temperature which is 
sufficient to sinter coating 91. Soot coating 91 shrinks both 
radially and longitudinally as it Sinters. 
0048 AS soot coating 91 shrinks longitudinally, it causes 
tube 90 to decrease in length. This causes adjacent tablets 81 
and 82 to be forced together while they are subjected to 
Sintering temperature, whereby they fuse together without 
forming seeds. Without this longitudinal shrinking of tube 
90, adjacent tablets could not become sufficiently fused to 
form low loss optical fibers. 
0049. As soot coating 91 shrinks radially, it exerts a force 
radially inwardly on tube 90. This urges tube 90 inwardly 
against tablets 81 and 82 to form a fused assembly 98 (see 
FIG. 10) in which the three regions 81, 90' and 91' are 
completely fused. Region 90' is the collapsed tube, and 
region 91" is the Sintered porous coating. A relatively low 
density Soot provides a greater inwardly directed force; 
however, the Soot coating must be Sufficiently dense to 
prevent cracking. 
0050. The consolidation of the tablet-filled overclad tube 
to yield a Seed free preform is a crucial processing Step. For 
the tablets to fuse together without Seeds, it is necessary to 
flow chlorine through the tube to chemically clean all the 
Surfaces. However, the Step of applying vacuum after the 
blank tip fuses is not necessary. 
0051. The fused assembly is removed from the consoli 
dation furnace. Regions 90' and 91' of fused assembly 98 
function as cladding in the resultant optical fiber. ASSembly 
98 can be used as a draw blank and can be drawn directly 
into an optical fiber. Fused assembly 98 can optionally be 
provided with additional cladding prior to the fiber drawing 
Step. For example, a coating of cladding Soot can be depos 
ited onto assembly 98 and then consolidated. Alternatively, 
assembly 98 can be inserted into a cladding glass tube. If 
additional cladding were added, the diameters of the core 
regions of tablets 81 and 82 would have to be suitably 
adjusted. 
0052 AS compared to fusing the core canes or tablets 
prior to inserting them into a cladding glass tube, the present 
method is simple to perform, and it enables the fusion to be 
carried out in a dry environment. The method is Self aligning 
in that adjacent core canes of different diameter will be 
centered on the axis of the resultant draw blank when tube 
90 collapses inwardly during the Sintering of porous glass 
coating 91. 
0053. The method of this invention brings new degrees of 
freedom in the tailoring of fiber properties. It results in the 
formation of optical fibers having adjacent regions or 
lengths of disparate properties. Very abrupt transition 
regions connect the adjacent fiber lengths. The attenuation of 
this fiber is identical to that of Standard long distance 
telecommunication fiber, i.e. less than 0.25 dB/km and 
preferably less than 0.22 dB/km. 
0054) In the embodiment shown in FIG. 11, dents 98 and 
99 are not formed in tube 90. A short length 104 of glass 
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capillary tubing is fused to one end of tube 90, and the glass 
handle is fused to the opposite end of tube 90. Tablets 81 and 
82 are inserted through the handle and into tube 90. The 
tablets cannot fall beyond tube 104 since that tube has a 
relatively small bore. When the assembly is lowered into the 
consolidation furnace to initiate the Sintering process, tube 
104 initially fuses to cut off the chlorine flow. 
0055 Forming DM Fibers 
0056. A dispersion managed fiber is formed from core 
preforms that are capable of forming Single-mode optical 
fibers having different Zero dispersion wavelengths. The 
dispersion of a waveguide length can be changed by varying 
various waveguide parameterS Such as geometry, refractive 
index, refractive indeX profile, or composition. Any of a 
large number of refractive indeX profiles provide the 
required flexibility for adjusting waveguide dispersion and 
thereby varying the total dispersion. These are discussed in 
detail in U.S. Pat. No. 4,715,679, Bhagavatula, and appli 
cations Ser. No. 08/323,795, Ser. No. 08/287,262, and Ser. 
No. 08/378,780. 

0057. One type of refractive index profile which is useful 
for forming optical fibers having Zero dispersion at prede 
termined wavelengths is that having a relatively high indeX 
central region Surrounded by an annular region of depressed 
indeX which is in turn Surrounded by an outer annular region 
of index higher than that of the depressed index region (see 
FIG. 12). The index profile of another embodiment (see 
FIG. 13) includes an essentially constant index central 
portion having a refractive index Substantially equal to the 
clad glass refractive indeX and an adjacent annular region of 
increased refractive index. Optical fibers having this type of 
refractive indeX profile can be easily manufactured. 
0.058 A simple DM fiber refractive index profile is the 
step index profile. Two core preforms could be formed of the 
Same core and cladding materials, the radius of one core 
region being larger than that of the other. The draw blank is 
drawn to a fiber having lengths of a first core radius 
interspersed between lengths of a Second core radius that is 
larger than the first radius. A core diameter difference of 
about 5% to 25% is sufficient to produce the desired positive 
to negative dispersion variation. A range of radii variation of 
5% to 10% is, in general, sufficient for most applications. 
0059. The following example describes the formation of 
a single-mode DM fiber suitable for providing Zero disper 
sion at 1545-1555 nm. Two different core preforms were 
made by a method similar to that disclosed in U.S. Pat. No. 
4,486,212 which is incorporated herein by reference. Briefly, 
the method of that patent includes the Steps of (a) depositing 
glass particles on a mandrel to form a porous glass preform, 
(b) removing the mandrel and consolidating the porous 
preform to form a dry, sintered preform, (c) stretching the 
Sintered preform and closing the axial aperture therein. The 
core preform included a central region of core glass Sur 
rounded by a thin layer of cladding glass. Both of the core 
preforms had core refractive indeX profiles of the type 
shown in FIG. 12. The first core preform was such that if it 
were provided with cladding and drawn into a single-mode 
fiber having a 125 um OD, it would exhibit Zero dispersion 
at 1520 nm. The second preform is such that if it were 
similarly formed into a 125 um OD single-mode fiber, its 
Zero dispersion wavelength would be 1570 nm. The core 
preforms were stretched to diameters of 7 mm and 7.1 mm. 
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The first and Second stretched preforms were Scored and 
Snapped to form tablets 81 and 82 of Substantially equal 
length. Tablets 81 had core regions 83 and cladding regions 
84; tablets 82 had core regions 85 and cladding regions 86. 
0060 A one meter length of silica tube 90 was employed; 

it had an inside diameter (ID) of 7.5 mm and an O.D. of 9 
mm. The technique described in conjunction with FIG. 7 
was employed to load tablets 81 and 82 into tube 90. Coating 
91 was built up to a sufficient OD that the resultant preform 
could be consolidated and drawn into a 125 um OD single 
mode fiber. 

0061 The resultant assembly 94 was suspended in a 
consolidation furnace. While assembly 94 was rotated at 1 
rpm, it was lowered into consolidation furnace muffle 95 at 
a rate of 5 mm per minute. A gas mixture (arrow 93) 
comprising 50 sccm chlorine and 40 slpm helium flowed 
upwardly through the muffle. A centerline flow of 0.3 slpm 
chlorine flowed downwardly around tablets 81 and 82 and 
exhausted from the bottom of tube 90. The maximum 
temperature in the consolidation furnace was about 1450° C. 
As assembly 94 moved downwardly into the furnace, the 
centerline chlorine flow chemically cleaned the Surfaces of 
tablets 81 and 82 and the inner Surface of tube 90. AS 
assembly 94 moved further into the furnace muffle, that 
region of tube 90 below the tablets fused and cut off the 
centerline chlorine flow. A valve (not shown) was then 
Switched to pull a vacuum within tube 90. Assembly 94 
continued its movement into the furnace muffle, and coating 
91 was sintered. Tube 90 was forced inwardly against tablets 
81 and 82, and the contacting surfaces of all of the glass 
elements became fused. As soot 91 sintered, tube 90 became 
Shorter, and Seed-free fused joints were formed between 
adjacent tablets. 
0062. After being removed from the consolidation fur 
nace, draw blanks formed by this proceSS were drawn to 
form DM optical fibers having an OD of 125 lum. Single 
mode DM optical fibers made by this process have been 
drawn without upsets, attenuation has typically been 0.21 
dB/km. This is the same attenuation that would have been 
exhibited by a single-mode dispersion shifted optical fiber 
drawn from a preform formed by overcladding one of the 7 

COC CCS. 

0063) The two different types of tablets that were 
employed in the fiber making process combined to provide 
a Zero dispersion wavelength of 1545-1555 nm. The Zero 
dispersion wavelength was determined by the total lengths 
of each kind of core in the fiber. The Zero dispersion 
wavelength of the fiber could be changed by cutting off a 
portion at one end of the fiber, thus changing the ratio of the 
lengths of each kind of core in the fiber. 
0064. The oscillation sub-lengths and the period are 
controlled by the lengths of the core preform tablets. Fibers 
having oscillation Sub-lengths of 1.2 to 2.5 km were drawn. 
0065 Other Fiber Types 
0066. The method of the invention has been specifically 
described in connection with the manufacture of DM single 
mode optical fibers, and a description of a method of making 
Such a fiber is Set forth in the preceding specific example. 
However, it can be employed to make many other types of 
optical fibers having optical properties that Systematically 
vary along the fiber's length. In each instance, the fiber can 
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be made by inserting the appropriate tablets into a tube and 
processing the tube as described above. 

0067 Spontaneous Brilluoin Scattering (SBS) can be 
minimized by providing a fiber with alternate lengths that 
exhibit significantly different values of A, wherein A is 
defined as 

0068 (n°-n)/2n° (n, and n are the refractive indices 
of the core and cladding, respectively. One of the types of 
tablets that is used to make the fiber preform exhibits a given 
A, and the other type of tablet exhibits a significantly 
different value of A. The A-value of a fiber core can be 
controlled by controlling the amount of a dopant in the core 
or by changing the composition of the core, i.e. by adding 
other dopants to the core. Numerous dopants including 
oxides of tantalum, aluminum, boron can be employed for 
the purpose of changing refractive indeX and other proper 
ties Such as Viscosity. 

0069. A fiber that provides a filtering function could be 
made by alternately disposing in a tube a plurality of tablets 
that are capable of forming optical fiber having a filtering 
function and a plurality of tablets that are capable of forming 
Standard, non-filtering optical fiber. 

0070 The tablets need not be of equal or nearly equal 
lengths. For example, a fiber could include relatively short 
Sections, the cores of which are doped with active dopant 
ions capable of producing Stimulated emission of light when 
pumped with light of Suitable wavelength. Dopant ions of a 
rare earth Such as erbium are particularly Suitable for this 
purpose. Thus, a fiber having Sections of erbium-doped core 
located at Spaced intervals along its length could be made by 
employing relatively long tablets of Standard, erbium-free 
core and relatively short tablets of erbium-doped core. 

0071. A fiber where the core systematically decreases in 
size such as that employed in Soliton fibers could be made 
by inserting into the tube a plurality of tablets, each having 
a core diameter Smaller than the previous one or each having 
a core diameter larger than the previous one. Alternatively, 
Some other core characteristic that affects dispersion could 
be varied in the tablets so that the dispersion of the resultant 
fiber monotonically decreased from one end of the fiber to 
the other. 

0.072 The above-described examples employ alternately 
disposed tablets that have disparate optical properties. In one 
embodiment, a single core preform could be used to form all 
tablets. A Single preform is formed Such that its core has an 
azimuthally asymmetrical refractive indeX profile. For 
example, the core could be slightly out of round, i.e. the core 
croSS-Sectional shape of the core is an ellipse having a major 
axis and a minor axis (see U.S. Pat. No. 5,149,349). Alter 
natively, the fiber could contain StreSS rods on opposite sides 
of the core as disclosed in U.S. Pat. No. 5,152,818. An 
elliptical core fiber can be formed as follows. Tablets are 
Severed from the preform. A cladding glass tube is provided 
with a coating of cladding glass Soot. The tablets are inserted 
into the cladding glass tube Such that the major axis of the 
elliptical core of one tablet is rotated with respect to the 
major axes the cores of adjacent tablets. After the cladding 
Soot is consolidated and the tablets are fused to the tube and 
to each other, the resultant draw blank is drawn into an 
optical fiber having low polarization mode dispersion. 
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0073 Although particular embodiments of the invention 
have been discussed in detail, the invention is nevertheless 
limited only by the following claims. 

What is claimed is: 
1. A method of making an optical fiber preform compris 

ing the Steps: 
depositing a coating of cladding glass particles on the 

Outer Surface of a cladding glass tube having first and 
Second ends, 

inserting a plurality of tablets into Said cladding glass 
tube, at least one optical characteristic of at least one of 
Said tablets in Said cladding glass tube being different 
than that of an adjacent tablet, each tablet having at 
least a central region of core glass, 

heating the coated assembly to a temperature less than the 
Sintering temperature of Said cladding glass particles, 

flowing through Said tube a centerline gas Selected from 
the group consisting of pure chlorine and chlorine 
mixed with a diluent gas, and thereafter 

heating the coated assembly to Sinter said coating, thereby 
generating a radially-inwardly directed force that 
causes Said tube to collapse onto and fuse to Said 
tablets, and causing Said cladding glass tube to shrink 
longitudinally, whereby adjacent tablets are urged 
toward one another and are fused to one another. 

2. The method of claim 1 wherein each of Said tablets 
comprises a cladding region Surrounding Said central core 
glass region. 

3. The method of claim 2 wherein at least two adjacent 
tablets in Said cladding glass tube have a core having an 
elliptical cross-section, the major axes of the cores of Said at 
least two adjacent tablets being unaligned. 

4. The method of claim 1 wherein Said chlorine containing 
gas consists of pure chlorine. 

5. The method of claim 1 wherein said chlorine containing 
gas comprises chlorine and a diluent gas. 

6. The method of claim 1 wherein, during the step of 
collapsing Said cladding glass tube onto Said tablets, the Step 
of flowing a centerline gas continues until it is discontinued 
by the collapsing of a Softened glass member. 

7. The method of claim 6 wherein a region of said 
cladding glass tube near the Second end thereof is deformed 
inwardly, and wherein during the Step of collapsing Said 
cladding glass tube onto Said tablets, the flow of centerline 
gas continues until it is discontinued by the collapsing of 
Said cladding glass tube. 

8. The method of claim 6 wherein an extension tube is 
fused to the Second end of Said cladding glass tube, and 
wherein during the Step of collapsing Said cladding glass 
tube onto Said tablets, the flow of centerline gas continues 
until it is discontinued by the collapsing of Said extension 
tube. 

9. The method of claim 1 wherein, after said cladding 
glass tube collapses onto Said tablets, the Source of Said 
centerline gas is disconnected from Said first end of Said 
cladding glass tube, and a vacuum Source is then connected 
to the Second end of Said cladding glass tube. 

10. The method of claim 1 wherein the refractive index 
profile of one of said tablets is different from that of an 
adjacent tablet. 
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11. The method of claim 1 wherein the core region of at 
least a first of Said tablets contains a dopant capable of 
amplifying light, and the core region of at least one tablet 
adjacent Said first tablet is free from Said dopant. 

12. A method of making an optical fiber comprising the 
Steps: 

depositing a coating of cladding glass particles on the 
outer Surface of a cladding glass tube having first and 
Second ends, 

inserting a plurality of tablets into Said cladding glass 
tube, at least one optical characteristic of at least one of 
Said tablets in Said cladding glass tube being different 
than that of an adjacent tablet, each tablet having at 
least a central region of core glass, 

heating the coated assembly to a temperature less than the 
Sintering temperature of Said cladding glass particles, 

flowing through Said tube a centerline gas Selected from 
the group consisting of pure chlorine and chlorine 
mixed with a diluent gas, thereafter 

heating the coated assembly to Sinter Said coating, thereby 
generating a radially-inwardly direct force that causes 
Said tube to collapse onto and fuse to Said tablets, and 
causing Said cladding glass tube to Shrink longitudi 
nally, whereby adjacent tablets are urged toward one 
another and are fused to one another to form a sintered 
preform, and 

forming an optical fiber from Said sintered preform, said 
fiber consisting of a plurality of longitudinal Sections, 
each Section corresponding to one of Said tablets. 

13. The method of claim 12 wherein the core region of 
each of Said tablets in Said cladding glass tube is different 
from the core regions of each of the remainder of Said 
tablets. 

14. The method of claim 13 wherein the optical charac 
teristics of Said tablets are Such that each Section of Said fiber 
exhibits a dispersion less than that of the adjacent Section, 
when Said Sections are analyzed from one end of Said fiber 
to the other end thereof. 

15. The method of claim 12 wherein the optical charac 
teristics of Said tablets are Such that each Section of Said fiber 
exhibits a value of A that is different from the value of A of 
the adjacent Section of fiber, wherein A=(n°-n)/2n , and 
in and n are the refractive indices of the core and cladding 
of Said fiber, respectively. 

16. The method of claim 12 wherein the optical charac 
teristics of Said tablets are Such that at least a first of Said 
Sections of fiber propagates a given wavelengh of light and 
at least one Section of fiber adjacent Said first Section filters 
Said given wavelengh of light. 

17. A method of making an optical fiber comprising the 
Steps: 

providing a first plurality of cylindrical core tablets, each 
of Said first plurality of tablets having at least a central 
region of core glass, 

providing a Second plurality of cylindrical core tablets, 
each of Said Second plurality of tablets having at least 
a central region of core glass, the radial refractive indeX 
profile of said second plurality of tablets being different 
from that of said first plurality of tablets, 
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depositing a coating of glass particles on the Outer Surface 
of a cladding glass tube, 

alternately inserting Said first and Second pluralities of 
tablets into Said cladding glass tube, 

flowing a centerline gas into the first end of Said cladding 
glass tube, between Said tube and Said tablets, between 
adjacent tablets, and out of the Second end of Said tube, 
Said centerline gas being Selected from the group 
consisting of pure chlorine and chlorine mixed with a 
diluent gas, 

heating Said tube to a temperature Sufficiently high that the 
chlorine chemically cleans the outer Surfaces of each 
tablet and the inner Surface of Said cladding glass tube, 
thereafter 

heating the coated assembly to Sinter said coating, thereby 
generating a radially-inwardly directed force that 
causes Said tube to collapse onto and fuse to Said 
tablets, and causing Said cladding glass tube to shrink 
longitudinally, whereby adjacent tablets are urged 
toward one another and are fused to one another to form 
a sintered preform, and 

forming an optical fiber from Said Sintered preform, Said 
fiber consisting of a plurality of longitudinal Sections, 
each Section corresponding to one of Said tablets. 

18. The method of claim 17 wherein the optical charac 
teristics of said tablets are Such that those sections of fiber 
that correspond to said first plurality of tablets exhibit a 
given dispersion at a given wavelengh of light and those 
Sections of fiber that correspond to Said Second plurality of 
tablets exhibit a Second dispersion different from Said given 
dispersion at Said given wavelengh of light, whereby the 
dispersion of Said fiber at Said given wavelength is a value 
between said given dispersion and Said Second dispersion. 

19. A unitary optical fiber comprising 
a plurality of Serially disposed optical fiber Sections, each 

fiber Section having a glass core and a glass outer 
cladding, the core of a first fiber Section being different 
from the core of each fiber Section that is adjacent to 
Said first Section, the cladding of Said first fiber Section 
being identical to the cladding of Said adjacent fiber 
Sections, and 

a transition region between each two adjacent fiber Sec 
tions, the length of Said transition region being less than 
10 meters. 

20. The fiber of claim 19 wherein the core of each fiber 
Section exhibits an azimuthally asymmetrical refractive 
indeX profile having an axis of maximum refractive index, 
the axis of maximum refractive index of Said first fiber 
Section being unaligned with the axis of maximum refractive 
index of Said at least one of Said adjacent fiber Sections. 

21. The fiber of claim 19 wherein the core of said first 
fiber Section and the core of at least one of Said adjacent fiber 
Sections are elliptically shaped, the major axis of the ellip 
tical core of Said first fiber Section being unaligned with the 
major axis of the elliptical core of Said at least one of Said 
adjacent fiber Sections. 

22. The fiber of claim 19 wherein the refractive index 
profile of the core of said first fiber section is different from 
that of the cores of Said adjacent fiber Sections. 

23. The fiber of claim 19 wherein the A-value of said first 
fiber section is different from the A-value of said adjacent 
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fiber sections, wherein A=(n-na)/2n, n is the maximum 
refractive index of the fiber core and n is the refractive 
index of the fiber cladding. 

24. The fiber of claim 19 wherein the core composition of 
said first fiber section is different from the core composition 
of Said adjacent fiber Sections. 

25. The fiber of claim 19 wherein the core of said first 
fiber Section contains a dopant capable of amplifying light, 
and the cores of Said adjacent fiber Sections are free from 
Said dopant. 

26. The fiber of claim 19 wherein the optical character 
istics of Said fiber Sections are Such that each of Said fiber 
Sections exhibits a dispersion less than that of the adjacent 
fiber Section, when Said Sections are analyzed from one end 
of said unitary fiber to the other end thereof. 
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27. The fiber of claim 19 wherein said first fiber section 
filters a given wavelengh of light and Said adjacent Sections 
propagate Said given wavelengh of light. 

28. The fiber of claim 19 wherein said first fiber section 
exhibits a given dispersion at a given wavelengh of light and 
Said adjacent fiber Sections exhibit a Second dispersion 
different from Said given dispersion at Said given wavelengh 
of light, whereby the dispersion of Said fiber at Said given 
wavelength is a value between said given dispersion and 
Said Second dispersion. 

29. The fiber of claim 19 wherein the attenuation of Said 
unitary optical fiber is less than 0.25 dB/km. 

30. The fiber of claim 19 wherein the attenuation of Said 
unitary optical fiber is less than 0.22 dB/km. 

k k k k k 


