
EP 0 431 311 B1 Description This invention relates to single-mode fiber
optic couplers that are capable of effecting a relatively uniform coupling
of light from one fiber to another over a relatively broad band of
wavelengths. 5       Coupling occurs between two closely spaced cores In a
multiple core device.Fiber optic couplers referred to herein as "fused
fiber couplers have been formed by positioning a plurality of fibers in a
side-by-side re- lationship along a suitable length thereof and fusing the
claddings together to secure the fibers and reduce the spacings between the
cores. The coupling efficiency increases with decreasing core separation
and, in the case of single-mode cores, with decreasing core diameter. 10
European published patent application No. 0302745 teaches that various
coupler properties can be im- proved by inserting the fibers into a
capillary tube prior to heating and stretching the fibers, thereby
resulting in the formation of an "overclad coupler". After the fibers have
been inserted into the tube, the tube midregion is heated to cause it to
collapse onto the fibers; the central portion of the midregion is
thereafter drawn down to that diameter which is necessary to obtain the
desired coupling. The coupling region of an overclad coupler 15    is
hermetically sealed, and the optical characteristics thereof are relatively
insensitive to changes in temper- ature. The tube also greatly enhances the
mechanical strength of the coupler. Identical optical fibers are used to
make overclad couplers referred to herein as standard couplers" the
coupling ratloofwhichisverywaveleng  dependent. Astandard coupler which
exhibits 3 dB coupling at 1310 nm cannot function as a 3 dB coupler at 1550
nm because of that wavelength dependence. A3 dB coupler is 20  one that
couples 50% of the power from a firstfiber to a second fiber. A standard
coupler can be characterized In terms of Its power transfer characteristics
In a window centered about 1310 nm, which Is referred to as the first
window. For example, a standard coupler might exhibit a coupling ratio that
does not vary more than about [err]5% within a 60 nm window. It has been
known that an achromatic coupler, the coupling ratio of which is less
sensitive to wavelength 25     than it is for a standard coupler, can be
formed by employing fibers having different propagation constants, i.e. by
using fibers of different diameter and/or fibers of different refractive
Index profile or by tapering one of two Identical fibers more than the
other. There is no widely accepted definition of achromatic couplers. The
least stringent definition would merely require an achromatic coupler to
exhibit better power transfer charac- teristics than the standard coupler
In the first window. More realistically, the specification is tightened by
re- 30 quiring an achromatic coupler to perform much better than the
standard coupler in that first window, or to re- quire it to exhibit low
power transfer slopes in two windows of specified widths. These windows
might be spe- cifled, for example, as being 100 nm wide and centered around
about 1310 nm and 1530 nm. These windows need not have the same width;
their widths could be 80 nm and 60 nm, for example. An optimally performing
achromatic coupler would be capable of exhibiting lowvalues of coupled
power slope over essentially the entire  - - 35   single-mode operating
region.For silica-based optical fibers this operating region might be
specified as being between 1260 nm to 1580 nm, for example. It is noted
that the total permissible variation in power includes insertion loss and
that the permissible power variation specification becomes tighter as
insertion loss increas- es. Furthermore, for a 3 dB coupler, for example,
the coupled power at the center of the window should be 50%. If the 50%
coupling wavelength is not at the center of the window, the coupled power
specification be- 40    comes even tighter. tive In the following
discussion, the relative refractive index difference [err] between two
materials with refrac- tive indices na and nb Is defined as [err] For
simplicity of expression, A is often expressed in per cent, i.e. one
hundred times [err] 45    A usual requirement for fiber optic couplers is
that the fibers extending therefrom, referred to herein as "pigtails", be
optically and mechanically compatible with standard system fibers to which
they will be connected in order to minimize connection loss. For example,
the outside diameter and the mode field diameter of the coupler pigtails
should be substantially the same as those of a standard fiber. One of the
fibers employed in the fabrication of the coupler can be a standard,
commercially available fiber. That feature of the other fiber so  that is
modified to change the propagation constantshould affectthe outside
diameterand modefied diameter of the pigtail portion of the other fiber as
little as possible. U.S. patent No. 4,798,436 (Mortimore) discloses a 3 dB
fused fiber coupler wherein different propagation constants are obtained by
pretapering one of the fibers. First and second identical standard fibers
can be used to form such a coupler. The central portion of the first fiber
is initially heated and stretched such that the core 55    and the cladding
diameter thereof in the tapered region is smaller than the core and
cladding diameter of the second fiber. The pigtail portions of the
stretched fiber can be connected with low loss to a standard system 



fiber since the ends thereof are identical to the ends of the stretched
fiber. However, since a separate pre- stretching operation is employed for
each coupler made, and since fiber diameter varies continuously along 2
EP 0 431 311 B1 the length thereof, it  is difficult to maintain process
reproducibility. Also, a pretapered fiber is fragile and dif- ficult to
handle. U.S. Patent No. 4,822,126 (Sweeney et al.) teaches a 3 dB fused
fiber coupler wherein [err] the relative refractive index difference
between the two coupler cores, is 0.061%. The value of [err] is obtained by
sub- stituting the two core refractive indices of the Sweeney et al. patent
into equation (1) and solving for[err] It is apparent from Fig.6 fthe
Sweeny et al. patent thatthe value of [err] should have been greater than
0.061% in order to have achieved good achromaticity with standard diameter
fibers. However, when AP is obtained by employing fibers having such large
differences between the core refractive indices, the mode field diameter of
one of the coupler pigtails differs sufficiently from that of a standard
fiber that it will not efficiently couple 10    to the fibers of the system
in which the coupler is utilized. Rather than increasing the difference
between the core refractive indices to provide a [err] greater than 0.061%,
Sweeney et al. maintained that value of [err] and, in addition, etched the
fiber claddings in order to improve achromaticity. The Sweeny et al. patent
states that although wavelength independence is achieved, as contemplated
therein, by having the cores of different indices of refraction, similar
results could be achieved by keeping the 15     cores at like indices of
refration and making th claddings one different from the other withrespect
to indices of refraction. It will be obvious from the following discussion
that It is Impossible to form achromatic overclad- type 3 dB couplers
wherein the difference between the refractive indices of the fiber
claddings Is such that [err] is  0.06%,assuming that the core and cladding
diameters of the two fibers are identical. The value of is obtained by
substituting the cladding index n of one fiber and the cladding index [err]
of the other fiber for [err] and nb, respectively, of equation (1) and
solving for A. Summary of the Invention It is an object of the invention to
provide a single-mode achromatic fiber optic coupler that is characterized
25  by a very small change in coupled power over a wide bnd of wavelengths.
Another object is to provide an achromatic coupler, the connection pigtails
of which can be coupled with low Insertion loss to system fibers. Yet
another object is to provide an achromatic coupler, wherein the feature or
parameter that modifies the prop- agation constant [err] of the
non-standard fiber has negligible effect on the fiber mode fiel diameter.A
further object is to provide a reproducible method of making achromatic
over ad fiber optic couplers. The achromatic coupler of the Invention
comprises an elongated body of matrix glass having a refractive index
[err]. The body Includes two opposed ends and a midregion. A plurality of
optical fibers extends longitu- dinally through the body, each of the
fibers comprising a core of refractive index n1 and a cladding of
refractive the refractive Index n; of the cladding of the second fiber by
such an amount that the value of [err] greater than zero but less than
0.03%. The fibers are fused together along with the midregion of the matrix
glass. The diameters of the optical fibers in the central portion of the
midregion are smaller than the diameters thereof at the ends of the body,
whereby a portion of the optical power propagating In one of the fibers
couples to the other of the fibers. The value of [err] is preferably
greater than 0.005%. To form a coupler that is capable of coupling about
50% of the power from the first fiber to the second fiber at a
predetermined wavelength, the value of [err] is preferably less than 0.02%.
The refractive Index[err] is preferably such that [err]is greater than
0.4%. Couplers made in accordance with the invention have exhibited an
insertion loss less than 4dB in each leg thereof over a 300 nm range of
wavelengths up to 1565 nm. The achromatic fiber optic coupler of the
present invention is formed by Inserting into a glass tube at least a
portion of each of a plurality of optical fibers so that the portions
occupy the midregion of the tube. Each of the fibers comprises a core of
refractive index n1 and a cladding of refractive index less than n1, the
refractive index n2 of the adding of the first fiber being  fferent fromthe
refractive index [err]the cladding of the second be The difference between
[err] and [err] is such that the value of [err]is greater than zero but
less than 0.03%. The midregion of the tube is collapsed onto fibers, and
the central portion of the midragion is stretched until a predetermined
coupling occurs between the fibers. The step of stretching may comprise
providing relative movement between the ends of the tube, and vary- ing the
rate at which the relative movement occurs. The stretching rate can vary
continuously, or the variation 



can occur in descrete steps. One stretching operation can stop after a
predetermined coupling is achieved; thereafter, stretching can occur at a
second stretch rate. The stretching operation can be stopped before a
predetermined coupling is achieved: thereafter, the can- tral portion of
the tube midregion can be reheated, and the central portion of the tube
midregion can again be stretched. The reheat temperature is preferably
lower than the temperature to which the tube is initially heated. 3    EP 0
431 311 B1 The last employed stretch rate may be lower than the first
stretch rate.     - In an embodiment wherein a first fiber extends from
both ends of the tube, and a second fiber extends from only the second end
of the tube, the coupler preform can be stretched until some coupling
begins to occur between the fibers. Detectors can be connected to the ends
of the first and second fibers which extend from 5   the second end of the
tube. The coupled power is employed to maximize the power coupled from the
second fiber to its respective detector. The ratio of the optical power
coupled to the two detectors is used to generate the signal which stops the
stretch operation. Brief Description of the Drawings 10 Fig. 1 is a
cross-sectional view of an overclad coupler. Figs. 2 and 3 are graphs of
output voltage v. stretching time for couplers having two different
overclad refractive indices. Fig. 4 is a graph of the coupled power slope
(centered around 1310 nm) plotted as a function of [err] 15    Fig. 5 shows
theoretical spectral response curves for single-window and double-window
achromatic cou- piers wherein [err] is 0.005%. Fig. 6 is a graph which
schematically illustrates the temporal variation In percent coupled power
during the stretching of couplers having different values of [err] Fig. 7
is a graph Illustrating non-uniform stretch rates. 20      Fig. 8 is a
graph illustrating the effect of chlorine on [err] Fig. 9 is a refractive
index profile of a non-standard fiber employed in the coupler of the
Invention. Figs. 10-12 Illustrate achromatic couplers having more than two
ports at one end thereof. Fig. 13 Is a cross-sectional view of a capillary
tube after optical fibers have been inserted therein. Figs. 14 and 15 are
schematic illustrations of two steps during the formation of an
antireflection termination 25   on a fiber. Fig. 16 is a schematic
illustration of an apparatus for collapsing a capillary tube and stretching
the mid- region thereof. Fig. 17 is a partial cross-sectional view
illustrating the collapse of the glass tube around the fibers to form a
solid midregion. Fig. 18 is a partial cross-sectional illustration of a
fiber optic coupler after it has been drawn down and sealed at its ends.
Fig. 19 is a graph illustrating the spectral Insertion loss curves for an
achromatic coupler produced by the method of Example 1. 35    Description
of the Preferred Embodiments The drawings are not intended to indicate
scale or relative proportions of the elements shown therein. Referring to
Fig. 1, each of the optical fibers F1 and F2 has a core of refractive index
n1 surrounded by cladding of refractive index lower than n1. The claddings
of fibers F1 and F2 have different refractive indices 40   n2 and n2
respectively, the values of which are such that the propagation constants
of those fibers differ to the extent necessary to provide achromati ity. A
coupler preform Is formed by threading fibers F1 and F2 through glass
overclad tube 0, the refractive index n3 of which is less than the
refractive indices of the fiber claddings. whereas those portions of the
fibers extending from the tube preferably have protective coating material
(not shown in this Illustrative embodiment), 45  those portions thereof
within the tube have no coating. The original diameter of the tube Is d1.
The midregion of the coupler preform is evacuated and heated to collapse It
onto the fibers. The tube is reheated and the ends thereof are pulled in
opposite directions to increase the tube length and reduce its diameter.
The combined rate at which the two tube ends move away from each other
constitutes the stretch rate. The central portion of the stretched
midregion constitutes neckdown region N of diameter d2 where the fiber
cores are sufficiently 



closely spaced for a sufficiently long distance z to effect the desired
coupling therebetween. Region N is illu- strated as having a constant
diameter even though a slight taper exists therein, wherebythe longitudinal
center of section N exhibits the minimum diameter. Draw ratio R, which is
equal to d1/d2, is a critical parameter in determining the optical
characteristics of the particular device being made. A preferred range of
draw ratios for achromatic overclad couplers Is between about 3:1 and 10:1
depending upon the value of [err] and the 55   amount of power to be
coupled. Tapered regions T connect the neckdown region with the unstretched
end re- gions of tube O. The duration of the heating period for the stretch
step is shorter than that for the tube collapse step; only the central
portion of the midregion is stretched.    EP 0 431 311 B1 It is
conventional practice to monitor output signals to control process steps in
the manufacture of optical devices as evidenced by U.S. patents Nos.
4,392,712 and 4,726,643, 4,798,436, U.K. Patent Appication No. GB 2,183,866
Aand International Publication No. WO 84/04822. Furthermore, computers are
often employed in feedback systems which automatically perform such monitor
and control functions. A suitably programmed 5   Digital PDP 11-73
micro-computer can be utilized to perform these functions. During the tube
collapse and stretch steps, the ends of the tube are affixed to computer
controlled stages. The amountof stretching to which the tube must be
subjected to achieve given characteristics is initially determined by
Injecting light energy into the input fiber of a coupler preform and
monitoring the output power at one or more of the output fibers during the
stretch operation. If a 2x2 coupler is being formed, a light source can be
connected to an input end of the first and second fibers and a detector can
be aligned with the output ends thereof, the fibers being manipulated to
maximize the output power coupled to each detector. During stretching, the
input end of only the first fiber Is connected to a source, and the output
ends of both fibers are monitored. The detection of a predetermined ratio
of powers at the outputs of the first and second fibers can be used as an
interrupt to cause the computer controlled stages to stop pulling the
sample. If a 1x2 coupler is being formed, the second fiber cannot be ac-
curately positioned with respect to certain detectors until some light is
coupled thereto from the first fiber. An achromatic coupler can be made by
monitoring only the output from the first fiber. When the output from the
first fiber drops to a predetermined value, the system Is instructed to
stop stretching. An alternative procedure for monitoring 1x2 couplers is
described below. After having determined the proper stretching distance to
achieve predetermined coupling characteristics, the apparatus can be
programmed to move the stages that proper stretching distance during the
fabrication of subsequent couplers that are to have said predetermined
characteristics. The timing sequences that have been used In the
fabrication of a particular type of coupler can be entered in a separate
multiple command file that the computer recalls at run-time. The collapse
and stretch steps that are required to make that particular coupler can be
executed in succession by the computer on each coupler preform to
reproducibly manufacture 25    couplers. The process parameters that can be
controlled by the computer to ensure coupler reproducibility are heating
times and temperatures, gas flow rates, and the rate or rates at which the
stages pull and stretch the coupler preform. If the device that is being
made isa 3dB coupler, forexample, the stretching operation is notstopped
when the output powerfrom the twofibers is equal. Various parts ofthe
system exhibitmomentum, whereby stretch - ing of the coupler preform
continues afterthe stage motors are instructed to stop. The coupling ratio
therefore changes after the stopping signal is generated. Also, the
coupling characteristics may change as a newly formed coupler cools down.
Experiments can be performed on a particular type of coupler to determine
that coupling ratio which must be used to generate the interrupt signal in
order to achieve a predetermined coupling ratio after the device cools. 35
Following are examples of the various stretching operations that can be
performed. A. Heat the coupler preform, and stretch it at a single rate
until a predetermined coupling has been ach- ieved. B. After subjecting the
coupler preform to a single heating step, stretching it at differing
stretch rates until a predetermined coupling has been achieved. Two or more
discrete stretch rates could be employed, or 40  the stretch rate could
continually vary with respect to time. This stretching technique has been
employed to tune the power transfer characteristic, i.e. the amount of
power transfered from the input fiber to the output fiber during the first
power transfer cycle of the coupler preform stretching operation. C.
Heatthe coupler preform and perform afirststretch which does notachieve the
predetermined coupling; reheat the resultant device and perform a second
stretch. The heat and reheat steps may be performed 



45      at a single temperature or at different temperatures. The first and
second stretch steps can be done at the same stretch rate or at different
stretch rates. More than two heat and stretch steps could be per- formed. A
species of stretching embodiment C is especially useful in the formation of
1x2 couplers. The stretching operation is temporarily terminated after some
minimal amount of power has been coupled to the second fiber. 50   For
example, stretching could be stopped after the coupler preform has been
stretched some predetermined distance, such as between 90% and 99% of the
total distance required to achieve the final coupling ratio. The second
fiber can be connected to a detector, and the power coupled to that
detector can be maximized. There- after, a second stretching operation can
be initiated, the Interrupt signal being based on the ratio of the two
outputsignals. The second stretching operation is preferably conducted at a
final stretch rate that is lowerthan 55  the initial stretch rate. Also,
during the second stretch, it is preferable to employ a flame which has a
lower temperature and/or which is less focussed than the flame employed
during the first stretch. Tube O can be characterized by the symbol [err]
the value of which Is obtained by substituting n2 and n3    EP 0 431 311 B1
into equation (1). Commercially available single-mode optical fibers
usually have a value of n2 that is equal to or near that of silica. If
silica is employed as the base glass for the tube, a dopant is added
thereto for the pur- pose of decreasing the tube refractive index n3 to a
value lower than n2. In addition to lowering the refractive index of the
tube, the dopant [err] also advantageously lowers the softening point
temperature thereof to a 6 . value lower than that of the fibers. This
enhances to a certain extent the collapsing of the tube onto the fibers;
the tube glass flows around the fibers without distorting their shape. For
certain purposes it may be desirable to employ a tube glass that is
sufficiently hard that the tube slightly flattens the fibers as it forces
the fibers together. Fluorine can also be employed to lowerthetube
refractive index. Suitable tube compositions are[err] doped with 1 to 25
wt. % [err] doped with 0.1 to approximately 2.5 wt. % fluorine, and [err]
doped with 10   combinations of[err] and fluorine. When [err] Is below
about 0.2%, the amount of [err] In a silica tube is in- sufficient to
soften the tubeglass, whereby it excessively deforms the fibers during the
collapse step. The value of [err]for standard couplers has therefore
usually been between 0.26% and 0.35%. Suitable achromatic over- clad
couplers have been made from preforms comprising tube and fibers exhibiting
refractive Index values such that[err] is within that range. However,
process reproducibility is enhanced by employing preforms having 15    A24
values above that previously employed range. To demonstrate the effect of
the overclad glass, reference is made to Figs. 2 and 3 which are plots of
the voltage from a detector connected to the output end of the input fiber
during the manufacture of 1x2 couplers wherein the values of [err] are
0.36% and 0.48%, respectively. Referring to Fig. 2, the output is initially
highest at point a since coupling has not yet occurred. As the stretching
process is initiated and powerbegins to couple, the power remaining In the
input fiber begins to decrease at some point in time after point a. At
point b, the detected power is such that the computer controlled stages are
instructed to stop moving. Afew microseconds later, the stretching step Is
terminated (point c), and the finished coupler begins to cool. During
cooling, the coupled power begins tovary until it finally stabilizes at
pointd when it is sufficiently cool thatthere is no further change in
stress or refractive index within the coupler. It is possible, by
experimentation, to form a coupler,--- the 3 dB point of which is within 10
nm of the desired wavelength by causing the stretching operation to stop at
some predetermined coupling other than 50%. The meandering of the coupling
ratio upon cooling of the coupler can be essentially eliminated by
utilizing overclad tubes of sufficiently high refractive index that the
value of [err] is greater than about 0.4%. This sta- bilizing effect is
Illustrated in Fig. 3 wherein reference letters similartothose of Fig. 2
are represented by primed reference numerals. The amount of coupled power
begins to decrease at point a, the computer controlled sta- ges stop moving
at point b', and the stretching step is terminated at point c'. During
cooling, the coupled power varies only slightly until it stabilizes at
point d'. After the stretching has stopped (points c and c'), the coupled A
theoretical analysis was made of 3 dB couplers of the type wherein [err]
was obtained by fiber cladding - index difference. Coupled modetheorywas
used tomodel the behaviorofthe achromatic couplers[A.W. Snyd- er and J.D.
Love, Optical Waveguide Theor Chapman and Hall, New York, 1983]. In
accordance with this theory, the mode field of the overclad coupler is
assumed to be a linear combination of the fundamental modes , and V2 of
each of the fibers F1 and F2 in the absence of the other fiber, i.e. with
the fiber surrounded by overclad index n3 only. The mode fields and
propagation constants can be determined exactly for such a struc- ture
[M.J. Adams, An Introductin to Optical waveguides]. 



The coupling constant which describes the optical coupling between the two
cores can then be written as an overlap integral: [err] In this equation,
[err] are the mode fields of the two cores, rand r' are the radial
distances from the center of the cores of fibers F1 and F2, respectively, n
is the index structure of the entire coupler, n' is the index struc- ture
with the core of F1 replaced by overcladding material of index n3, and the
integral is over the entire cross- section of the coupler (but n - n' is
only non-zero over the core and cladding of fiber F1). The mode fields are
assumed to be normalized in this equation, i.e. the integrals [err] both
equal 1. While these are tapered devices, their behavior is adequately
modeled by assuming a constant draw ratio over a given coupling length,
with no coupling outside this length, i.e. assuming that the diameter of
region N of Fig. 1 is constant over the entire length z. This approximation
works well since the coupling constant Is a rapidly increasing function of
draw ratio, and thus the behavior of a coupler is dominated by the behavior
at the highest draw ratio. Using this approximation, with the power
launched Into core 1, then, as a function of z, the length along the
coupler axis, the power In the two cores is given by [err]    where the
factor F is given by [err] where [err] are the propagation constants of
fibers F1 and F2, respectively. Optimal achromatic performance was defined,
for a single-window device having a center wavelength of 10  1310 nm and a
width of 50 nm, as being the point where P2(1297.5 nm) = P2(1322.5 nm) =
0.5  (6) The achromaticity was defined as Acromaticity  P2(1335 nm) -
P2(1310 nm)  (7) 25 nm 15    The coupled mode model was used to determine a
suitable range of [err] Most of the assumptions which were made concerning
coupler parameters are based on work done on standard overclad couplers.
Fiber F1 was assumed to be a standard 125 pm outside diameter single-mode
fiber having a core radius of 4[err] The core and cladding refractive
indices n1 and n2 were assumed to be I A61000 and 1.455438, respectively.
It 20   was assumed that fiber F2 was identical to fiber F1 except that the
cladding index n was greater than n2. The value of[err] was assumed to be
0.3%. In order to determine the combination of draw ratio and length z for
which achromaticity was best, P2 was calculated at the appropriate
wavelengths for a range of draw ratios The combination of draw ratio and
coupling length z which satisfied equation (6) was determined, and then the
achromaticity (the variation In coupled power In percent per nanometer)
calculated for that combination. As shown in Fig. 4, the theoretical
analysis revealed that the variation in coupled power (at 1310 nm) in- 25
creases as the value of [err] decreases. This Is In accordance with the
expected relationship whereby coupler achromaticity decreases as the
difference between the fiber propagation constants decreases. The relation-
ship shown in Fig. 4 is for couplers having a [err] value of 0.3%. For
couplers having greater values of [err] the curve is displaced toward
higher values of variation in percent coupled power. When the value
of[err]Is less than 0.005%, the variation in percent coupled power rapidly
increases. The achromaticity therefore rapidly de- 30  creases at values of
[err] below this value. Also, as the value of [err]decreases below 0.005%,
the required length of the neckdown region Increases to such an extent that
the resultant achromatic coupler would be Im- practical In that it would be
undesirably long and would be difficult to make. Fig. 5 shows the
theoretical relationship of coupled power with respect to wavelength for
both single-win- dow and double-window couplers, with [err] = 0.005% and
[err] = 0.3%. The value of d1/d2 is 6.6 for the single- window device as
determined by requiring equation (6) to be satisfied. The value of d1/d2 is
6.2 for the double- window device as determined by requiring an analogous
equation to be satisfied for the wavelengths 1310 nm and 1550 nm. Whereas
the model indicated that a draw ratio of about 6:1 would be needed to form
a coupler wherein 40      [err] Is 0.005%, 3 dB achromatic couplers having
low values of [err]have been made having draw ratios as low as about 3.5:1.
The draw ratio can be even lower for taps (less than 50% coupling) since
less stretching is required. As thevalue of [err] increases, the draw ratio
mustincrease in orderto achieve the desired coupling ratio. Although Fig. 4
would seem to suggest that a [err] value of 0.025% would be desirable from
the stand- point of providing very good achromaticity, such a coupler is
difficult to make since the draw ratio required to 



45   make it is around 10:1. Also, for reasons discussed below, the coupled
power at highervalues of [err] may be inadequate to achieve the desired
coupling ratio. While a coupler preform Is being stretched to form a
coupler, the diameter of neckdown region N becomes smaller with increasing
time. Fig. 6 shows that the coupled power varies during the stretching
process. The curves of Fig. 6 do not bear an exact relationship with
respect to one another; rather, it is Intended that they qualitatively
illustrate the relative relationship between the temporal coupled power
curves of couplers having different [err] values. During the stretching of
a standard coupler ([err] = 0), the coupled power relatively quick- ly
reaches 50% and eventually reaches almost 100%. During the stretching of
devices having greater values of [err] greater time periods are required to
achieve 50% coupling, and the maximum possible amount of cou- pled power
decreases. For a given set of stretching conditions including rate of
stretch, temperature of the coupler preform, and the like, there will be
value of [err] forwhich the coupled power just reaches 50% on the first
peak of the coupled power curve. For a given set of draw conditions, this
value of [err] Is shown In Fig. 6 to be 0.015%. For higher values
of[err]such as 0.025%, the first power transfer peak of the coupled power
curve cannot provide 50% coupling. However, it can be seen that a device
for coupling less than half    EP 0 431 311 B1 the input power, for example
a 10% tap, might easily be made by stretching a coupler preform having
a[err] value of 0.025% until the coupled power is 10%, a value that can be
attained on the first peak. The curvesof Fig. 6 are not continued in time
anyfurtherthanthe extent necessaryto Illustrate the specific point being
discussed. The first power transfer peak is shown for couplers wherein
[err] is 0.015 and 0.025. Subsequent power transfer peaks are not shown.
However, if the coupler preforms were stretched for longer periods of time,
the coupled power would continue to oscillate between zero and some maximum
value, the  - period of each subsequent oscillation being narrower than the
previous one.If the curves representing couplers having    values of 0 and
0.005 were continued in time, they would experience similar oscillations in
coupled power. The relationship between coupled power and coupling length
(which is a function of stretching time) 10      over a plurality of
coupled power peaks is graphically illustrated in the aforementioned U.S.
patent No. 4,798,436. It is assumed that curve [err] = 0.025%) is for a
stretching operation wherein the coupler preform is heat- ed once and
stretched at a single rate. If all other conditions remain the same, the
power transfer curve can be displaced upwardly to curve t' (toward greater
power transfer) by stretching the coupler preform at more 15  than one
stretch rate as illustrated in Fig. 7. By way of example only, Fig. 7
illustrates a stretch technique in- volving stretching at two discrete
rates (curves S1 and S2) and a technique wherein the stretch rate varies
con- tinually with respect to time (curve s'). In accordance with a
specific embodiment depicted in Fig. 7, the coupler preform Is heated and
stretched 0.2 cm at a stretch rate of 0.95 cm/sec, the stretch rate
abruptly decreasing to 0.45 cm/sec while the coupler preform is stretched
an additional 0.55 cm. 20          For certain stretching conditions,
including a[err]value of about 0.025% or higher, a subsequent power
transfer peak such as the third peak might be required to reach the desired
coupling value, eg. 50%. Since the third peak is much narrower than the
first, the stretching operation must be stopped at precisely the right time
in order to achieve the desired coupling ratio. If stretching is continued
for only a short additional length of time, the neckdown ratio may change
sufficiently to cause the coupled power to drastically decrease. It is 25
difficult to draw such a coupler when output power is being monitored to
stop the draw, and it is almost  im- possible to make such a coupler by
drawing to a predetermined length. Furthermore, the achromaticity be- comes
degraded when the coupler has to be stretched beyond the first power
transfer peak. For the afore- mentioned reasons, the maximum preferred
value of [err] for 3 dB couplers is about 0.025% and the maximum value of
[err]for a power tap is about 0.03%. 30      In view of the value of
[err]that was required for the achromatic fused fiber coupler taught in the
afore-,- mentioned Sweeney et al. patent, the above-defined range of [err]
that is suitable for achromatic overclad cou- plers is unexpectedly low. It
appears that the presence of the overclad tube enables the achievement of
ach- romaticity with relatively small values of [err] and that a value of
[err] larger than 0.03% would be required if no overclad tube were
employed, i.e. for a fused fiber coupler. 35         The low range of
values of [err]that was determined by the aforementioned model has been
verified by experimental results. When couplers were formed having values
of [err] below about 0.005%, [err] was so in- significant that coupling
behavior approached that of a standard coupler. Couplers having a [err]
value in the range of about 0.015% exhibited an insertion loss of less than
4 dB in each leg thereof over a 300 nm range 



f wavelengths up to 1565 nm. 40  A n umber of advantages result from the
unexpectedly low values of [err] Couplers having low [err] values can be
connected with low loss into the system. One of the fibers can be a
standard single-mode fiber. To pro- vide a d  value of 0.015%, for example,
the cladding index of the other fiber (or non-standard fiber) need differ
from that of the standard fiber by only 0.00022. Such non-standard fiber
exhibits substantially the same mode field diameter as the standard fiber.
Since the diameters of both fibers are substantially identical, the 45
non-standard fiber, as well as the standard fiber, can be connected to the
system fibers with low loss. The required value of [err] can be obtained by
adding a dopant to the cladding of only one of the fibers orby adding
different amounts of the same or different dopants to the claddings of the
two fibers. For example, the cladding of one fiber could consist of silica
and that of the other could consist of silica doped with fluorine or B203
to lower the refractive Index or silica doped with chlorine, [err] or the
like to increase the refractive 50  index. The process of making the
non-standard fiber is facilitated by the low value of [err] that Is
required to form an achromatic coupler. When added to silica, commonly
employed dopants such as [err] fluorine, [err] and the like have a
relatively large effect on refractive index. It Is therefore difficult to
deliver such dopents in the small, precisely controlled amounts that are
necessary to change the refractive index of the base glass to an 55  extent
sufficient to provide a [err] value between 0.005% and 0.03%. It has been
found that chlorine has a sufficient effect on the refractive index of
silica that it can be used as a dopant in the cladding of the non-stan-
dard fiber. Since the change in refractive index per weight percent dopant
in silica is much less for chlorine than for conventional dopants such as
[err] fluorine, [err] and the like, chlorine can be used to provide pre- 8
EP 0 431 311 B1 cisely controlled refractive index values that are only
slightly higher than that of the silica to which the chlorine is added.
Furthermore, the use of chlorine simplifies the process of making the
non-standard fiber since it is conventionally employed for drying purposes.
Sufficient amounts of chlorine can simply be added to the clad- ding region
of the non-standard fiber in conjunction with the drying/consolidation
process. 5      The standard fiber can be made by a conventional process,
such as that disclosed in U.S. patent No. 4,486,212, which is incorporated
herein by reference. Briefly, that process consists of forming on a
cylindrical mandrel a porous preform comprising a core region and a thin
layer of cladding glass. The mandre is removed, and the resultant tubular
preform Is gradually inserted into a consolidation furnace muffle, the
maximum tam- perature of which is between 1200[err] and 1700[err] and
preferably about 1490C for high silica content glass. The 10  temperature
profile of the muffle is highest in the central region as taught in U.S.
patent No. 4,165,223, which Is incorporated herein by reference. Chlorine,
which Is present In the minimum concentration that is required- to achieve
drying, may be supplied to the preform by flowing into the preform aperture
a drying gas consisting of helium and about 5 volume percent chlorine. The
end of the aperture is plugged to cause the gas to flow through the preform
pores. A helium flushing gas is simultaneously flowed through the muffle.
15     The resultant tubular glass article is stretched In a standard draw
furnace while a vacuum is applied to the aperture to form a "core rod" in
which the aperture has been closed. A suitable length of the rod is
supported in a lathe where particles of silica are deposited thereon. The
resultant final preform is gradually inserted into the consolidation
furnace where it is consolidated while a mixture of 99.5 volume percent
helium and 0.5 vol- urne percent chlorine is flowed upwardly therethrough.
The resultant glass preform is drawn to form a step- - index, single-mode
optical fiber, the entire cladding of which comprises silica doped with a
residual amount of chlorine. When the cladding is consolidated in a
standard downfeed consolidation furnace, as described above, about 0.04 -
0.06 wt. % chlorine is normally present in the fiber cladding. The
non-standard fiber can be made by a process which is Initially Identical to
the process by which the standard fiber is made. For example, the core rod,
which consists of a solid glass rod of core glass, that Is 25
optionally surrounded by a thin layer of silica cladding glass, is
initially formed. A porous layer of silica particles is deposited on the
rod, and the porous layer is consolidated in an atmosphere containing an
amount of chlorine greater than that which would be necessary for drying
purposes. The chlorine concentration in the consolida- tion furnace is
controlled to provide the desired value of [err] The amount of chlorine
that is incorporated into the base glass depends upon various process
conditions such as the maximum temperature and temperature 30  profile of
the consolidation furnace, the concentrations of chlorine and oxygen
therein and the rate of Insertion of the preform into the furnace. The
porosity and composition of the preform would also affect the final
chlorine 



concentration. Agraph such as thatshown in Fig. 8 can be generated for a
given standard fiber. Forthe specific relationship shown in Fig. 8, the
standard fiber cladding contained about 0.05 wL % chlorine. Therefore,
about 0.2 wt. % chlorine should be incorporated Into the cladding of the
non-standard fiber to achieve a [err] value 35  of 0.015 %. This chlorine
concentration is determined by reading from the graph of Fig. 8 the
incremental in- crease in chlorine content for the desired value of [err]
and adding 0.05 wt. %. if desired, both fibers could be of the non-standard
type, i.e. both could contain more chlorine than standard, commercially
available fibers. For example, a [err] value of 0.015% could also be
obtained by utilizing fibers, the claddings of which contain 0.10 wt. % and
023 wt. % chlorine. 40     If the non-standard fiber is made by initially
forming a core rod comprising core glass surrounded by a thin layer of
cladding glass (containing a small amount of residual chlorine) and the
outer cladding glass is doped .            with a larger amount of
chlorine, the refractive index profile of the resultant fiber would appear
as illustrated in fig. 9. The radii of the various layers of a standard
fiber might be 4 [err] core radius [err] 10.5 [err] Inner cladding radius
r2 and 62.6 [err] outer radius r3. Because of the small area of the inner
cladding layer, the refractive index 45  of that layer need not be taken
into consideration when specifying the cladding refractive index. That is,
the effective refractive Index of the entire cladding beyond radius r1 is
essentially the same as that of the layer between r2 and r3. It is noted
that attempts have been made by certain fiber manufacturers to reduce the
amount of chlorine in optical fibers in order to lower the attenuation (see
Japanese Kokai No. 63/285137). If one fiber had a pure 50  silica cladding
(by removing the chlorine therefrom) about 0.13 wt. % chlorine would be
needed in the other fiberto achieve a[err] value of 0.015%. However, ithas
beenfound that the presence of chlorine inthe short lengths of coupler
fibers has little or no effect on coupler loss. The additional step of
removing chlorine from coupler fibers would therefore be an unnecessary
expense. Whereas 2x2 couplers are Illustrated in Fig. 1, this invention
also applies to other configurations. An NxN 55   coupler (N > 1) can be
formed for the purpose of coupling one fiber to N fibers. A 1x2 coupler is
described in the specific embodiment. More than 2 fibers can be joined at
their waists to form an NxN coupler. Sometimes, one or more fibers are
severed from one end of an NxN coupler so that a plurality of fibers,
unequal In number, extend from opposite ends of the coupler. The
embodiments of Figs. 10-12 are schematic Illustrations of cou- 9    EP 0
431 311 B1 pled fibers, the overclad tubing glass having been omitted for
simplicity. he presence of an overclad glass is indicated by the symbol n3
adjacent the fibers. In the 1x3 coupler of Fig. 10, standard fiber S is
coupled to two non-standard fibers S+ and S-. The refractive index of the
cladding of fiber S+ Is negative with respectto the cladding of fiber S
whereby the value of [err] of fiber S+ with respect to fiber S Is positive
The refractive 5    index of the cladding of fiber S- is such that the
value of [err] of fiber S- with respect to fiber S is negative. In the 1x4
embodiment of Figs. 11 and 12, the refractive index of the cladding glass
of fibers S+ is such thatthe value of [err] of fibers S+ with respectto
fiber S is positive. Fig. 12 shows thatfibers S+ are preferable equally
spaced around fiber S. Whereas the preferred manufacturing technique
results in a coupler having optical fiber pigtails extending therefrom, the
Invention also applies to overclad couplers of the type wherein the fibers
extend through the elongated matrix glass body but end flush with the body
endface. Methods of making such a coupler are dis- closed in U.S. patents
Nos. 4,773,924 and 4,799,949. Briefly, the method comprises inserting a
plurality of optical fiber preform rods into a glass tube, heating and
stretching the resultant preform to form a glass rod which is then severed
into a plurality of units. Heat is applied to the central region of each
unit, and the central 15  region is stretched to form a tapered region as
described herein. Amethod of making 1x2 achromatic 3 dB fiber optic
couplers is illustrated In Figs. 13-18. Aglass capillary tube 10 having a
3.8 cm length, 2.8 mm outside diameter, and 270 [err] longitudinal aperture
diameter was se- cured by chucks 32 and 33 of the apparatus of Fig. 16.
Tube 10, which was formed by aflame hydrolysis proc- ess, consisted of
silica doped with about 6 wt. % [err] and about 1 wt. % fluorine. Tapered
apertures 12 and 20    13 were formed by flowing the gas phase etchant
[err] through the tube while uniformly heating the end of the Coated fibers
17 and 18 comprised 125 [err] diameter single-mode optical fibers 19 and 20
having a 250 [err] diameter urethane acrylate coatings 21 and 22,
respectively. Both fibers had a 8 [err] diameter core of silica doped with
8.5 wt. % [err] The cutoff wavelengths of the fibers are below the
operating wavelength of the 25      coupler.If, for example, the minimum
operating wavelength is 1260 nm, the cutoff wavelengths of the fibers 



are selected to be between 1200 nm and 1250 nm. All chlorine concentrations
were measured by microprobe techniques. The initial steps of the processes
of making both fibers was the same; these steps are set forth above in
conjunction with a discussion of U.S. Patent No. 4,486,212. Afirst layer of
glass particles comprising [err]  doped with 8.5 wt. % GeO2 was deposited
on a mandrel, and a thin layer of [err] particles was deposited on the
first layer. The mandrel was removed, and the resultant porous preform was
gradually inserted into a furnace having an alumina muffle where it was
dried and consolidated. During this process, an gas mixture containing 65
sccm (standard cubic centimeter per minute) chlorine and 650 sccm helium
flowed into the center hole where the mandrel had been removed. A flushing
gas containing 40 slpm (liter per minute) helium and 0.5 sipm oxygen flowed
upwardly from the bottom of the muffle. The aperture was evacuated, and the
lower end of the tubular body was heated to 1900[err] and drawn at a rate
of about 15 cm/min to form a 5 mm solid glass rod. The rod was severed to
form sections, each of which was supported in a lathe where it functioned.
as a mandrel upon which [err] cladding soot was deposited to form a final
porous preform. a.  Forming a Standard Fiber One final porous preform was
gradually inserted into the alumina muffle of a consolidation furnace
having a maximum temperature of 1490[err] A gas mixture containing 40 slpm
helium, 0.5 slpm chlorine and 0.5 slpm oxygen flowed through the muffle.
The porous preform was consolidated to form a draw blank, the outer clad-
ding of which had the same composition as the inner cladding layer,
i.e.[err] doped with about 0.05 wt. % chlor- 45      ine. The tip of the
draw blank was heated to about 2100[err] and a standard optical fiber was
drawn therefrom, the fiber being coated during drawing. The fiber had an 8
[err] diameter core and a 125 [err] diameter homoge- neous cladding layer
of silica containing about 0.05 wt. % chlorine as a residual from the
drying process. b. Forming a Non-Standard Fiber 50 Another final porous
preform was gradually Inserted into a consolidation furnace having a sileca
muffle. The maximum temperature of 1450C. The porous preform was subjected
to an upwardly flowing gas mixture containing about 2 slpm helium and 0.6
slpm chlorine. The porous preform was consolidated to form a draw blank,
the outer cladding of which consisted of [err] doped with about 0.2 wt. %
chlorine. The resultant non- 55        standard fiber was similar to the
standard fiber except that it had a 10.5 pm diameter inner cladding region
containing about 0.05 wt. % chlorine and an outer, 125 [err]diameter
cladding region containing about 0.2 wt. % chlorine. The refractive indices
of the claddings of this fiber and the standard fiber were such that the
value 10    EP 0 431 311 B1 The standard and non-standard fibers were
interchangable in the following process. A 6 cm long section of coating was
removed from the end of a 1.5 meter length of coated fiber 18. A flame was
directed at the center of the stripped region of fiber, and the end of the
fiber was pulled and severed to form a tapered end (Fig. 14). The fiber end
remote from the tapered end was connected to a reflectance mon- 5   itoring
apparatus. The tapered end was moved slowly along its longitudinal axis to
the right (as shown in Figs. 14 and 15 wherein only the bright central
portion 23 of the flame is illustrated). As the tip of fiber 20 was heated
by flame 23 of burner 24', the glass receded and formed rounded endface 25
(Fig. 15), the diameter of which was preferably equal to or slightly
smaller than the original uncoated fiber diameter. A current specification
for the reflected power Is -50 dB. The resultant length of uncoated fiber
was about 2.9 cm. 10   Tube 10 was inserted through ring burner 34 (Fig.
16) and was clamped to draw chucks 32 and 33. The chucks were mounted on
motor controlled stages 45 and 46 which were controlled by a computer.
Approxi- mately 3.2 cm of coating was stripped from the central region of a
3 meter length of fiber 17. The uncoated sections of fibers 17 and 18 were
wiped, and a small amount of ethyl alcohol was squirted into the tube to
temporarily lubricate the fibers during the insertion process. 15
Coated fiber 17 was inserted through aperture 11 until Its uncoated portion
was situated below tube end 15. The uncoated portion of coated fiber 18 was
held adjacent the uncoated portion of coated fiber 17, and both were moved
together toward tube end 14 until the coating end regions become wedged in
tapered aper- ture 13. The uncoated portion of coated fiber 17 was then
disposed intermediate end surfaces 14 and 15, the uncoated portion of
coated fiber 17 preferably being centered within aperture 11. End 25 of
fiber 18 was located 20  between midregion 27 and end 14 of tube 10. The
fibers were threaded through the vacuum attachments 41 and 41', which were
then attached to the ends of preform 31. Referring to Fig. 13, vacuum
attachment 41 was slid over the end of tube 10 and collar 39 was tightened,
thereby compressing O-ring 38 against the tube. 



Vacuum line 42 was connected to tube 40. One end of a length of thin rubber
tubing 43 was attached to that end of vacuum attachment 41 opposite preform
31; the remaining end of the tubing extending between clamp 25  Jaws 44.
Upper vacuum attachment 41, was similarly associated with line 42', tubing
43' and clamp jaws 44. The coated portions of the fibers extended from
tubing 43 and 43'. Vacuum was applied to the lower portion of coupler
preform 31 by clamping jaws 44 on tubing 43 while the upper vacuum
attachment was connected to a source of nitrogen to purge the aperture
contents. Jaws 44' were then clamped against tubing 43' to apply vacuum to
the upper portion of preform 31. The upper end of fiber 17 was connected to
a monochromater coupled to a white light source. The mono- chromater was
adjusted so that the fiber was provided with a beam 1310 nm light. The
lower end of fiber 17 was connected to a detector which formed a part of
the system that controls the movement of chucks 32 and 33. With a vacuum of
10 inches (25.4 cm) of mercury connected to the tube aperture, ring burner
34 was ig- 35  nited. The apparatus located above ring burner 34 was
protected by heat shield 35. Flames of about 1800[err] were generated by
supplying gas and oxygen to the burner at rates of 0.8 slpm and 0.85 slpm,
respectively. The flame from ring burner 34 heated tube 10 for about 25
seconds. The matrix glass collapsed onto fibers 19 and 20 as shown in Fig.
17. Midregion 27, the central portion of which forrns the coupling region
of the re- sultant coupler, became a solid region wherein substantially the
entire lengths of fibers 19 and 20 were in mu- 40  tual contact. Afterthe
tube cooled, the flow rates of both the gas and oxygen were increased to
0.9 slpm, and the burner was reignited. Flames having a temperature of
about 1900[err]heated the center of the collapsed region to the softening
point of the materials thereof. After 12 seconds, the supply of oxygen to
burner 34 was turned off. Stages 45 and 46 were pulled in opposite
directions at a combined rate of 2.5 cm/sec until the central portion 45
of midregion 27 was stretched 1.46 cm. The flame became extinguished after
the stretching operation. This increase in length was just short of the
length to which coupler preform 31 would have had to be stretched in order
to have achieved achromaticity In a single stretching operation. A
sufficient amount of power began to couple to fiber 18 to enable the end of
that fiber to be connected to a detector, and the power output to the
detector was peaked. 50    Flow rates of gas and oxygen to burner 34 were
then adjusted to 0.65 slpm and 0.6 slpm, respectively, to produce a broader
flame having a temperature of about 1650[err] Twelve seconds after the
flame was Ignited, the oxygen flow was turned off, and stages 45 and 46
pulled in opposite directions at a combined rate of 0.5 cm/sec to further
increase the length of coupler preform 31 by about 0.02 cm. During this
step, the light eman- ating from fibers 17 and 18 was monitored at 1310 nm.
The stretching operation automatically stopped when - -     55      the
ratio of the optical powerfrom fiber l7to that of fiber l8was 1.2, atwhich
time the control system instructs the stagesto stop moving. Because of
system momentum, a sufficient amountofstretching continuesto occur to
provide a power ratio of 1, whereby equal light power emanated from fibers
17 and 18 at 1310 nm. The di- ameter of the midregion is reduced by the
stretching operations as illustrated by region 51 of Fig. 18.    After the
coupler had cooled, the vacuum lines were removed from the resultant
coupler, and a drops 48 and 49 of heat curable adhesive were applied from a
syringe to ends 14 and 15, respectively, of the capillary tube. After the
adhesive was cured by exposure to heat (arrow H), the coupler was removed
from the draw The resultant devices couple approximately 50% of the signal
propagating in that end of optical fiber 17 5   at end 14 to optical fiber
18 at about 1310 nm and 1490 nm; the power slope at 1310 nm is 0.077% per
nm or 0.006 dB per nm. These couplers exhibited a median excess device loss
of about 0.3 dB. The lowest meas- ured excess loss was 0.05 dB. The
spectral Insertion loss curves for a specific coupler made in accordance
with the specific example are shown in Fig. 19. Curve P2 represents the
coupled power. The excess loss for that coupler was 0.09 dB 10   and 0.05
dB at 1310 nm and 1550 nm, respectively. The Insertion loss was less than
4, dB In each leg of that coupler over a 300 nm range of wavelengths up to
about 1565 nm. Claims 15 1.  An achromatic fiber optic coupler comprising
an elongated body of matrix glass having a refractive index n3, said body
having two opposed ends a plurality of optical fibers extending
longitudinally through said body, each of said fibers compris- 20
ing a core of refractive index [err] and a cladding of refractive index
less than n1 but greater than n3, the 



refractive index n2 of the cladding of a first of said fibers being
different from the refractive index n2 of the cladding of a second of said
fibers by such an amount that the value of[err]is greater than zero but
less than 0.03%, wherein[err] equals [err] said fibers being fused together
along with the midregion of said matrix glass, the diameter of the 25
central portion of said midregion and the diameters of said optical fibers
in said central portion being small- er than the diameters thereof at the
ends of said body, whereby a portion of an optical power propagating . in
one of said fibers couples to the other of said fibers. 2.  A coupler in
accordance with claim 1 wherein the value of [err]reater than 0.005%. 3. -A
coupler in accordance with claim 1 wherein said coupler is capable of
coupling about 50% of the power from one of said fibers to the other of
said fibers at a predetermined wavelength, and the value of  [err] is
between 0.005% and 0.02%. 4.    A coupler in accordance with claim 1, 2 or
3 wherein [err]reater than 0.4%, wherein [err]qual to [err] 5.  A coupler
in accordance with any one of the preceding claims wherein [err] between
0.4% and 0.65%, wherein [err] is equal to [err] 40 6.  A method of making
an achromatic fiber optic coupler comprising the steps of inserting into a
glass tube of refractive index n3 at least a portion of each of a plurality
of optical fibers so that said portions occupy the midregion of said tube,
each of said fibers comprising a core of refractive index n1 and a cladding
of refractive index less than n1 but greater than n3, the refractive index
n2 of the cladding of a first of said fibers being different from the
refractive index n2 of the cladding of a second of said fibers, the
difference between n2 and n2 being such that the value of [err]is greater
than zero but less than 0.03%, wherein [err] equals [err] collapsing the
midregion of said tube onto fibers, and stretching the central portion of
said midregion until a predetermined coupling occurs between said 50
fibers. 7.  Amethod In accordance with claim 6 wherein the step of
stretching comprises providing relative movement between the ends of said
tube, and varying the rate at which said relative movement occurs. 55   8.
A method in accordance with claim 7 wherein the step of stretching
comprises continuously varying the rate at which said relative movement
occurs. 9.  A method in accordance with claim 7 wherein the step of
stretching comprises stretching at one stretch 12    EP 0 431 311 B1 After
the coupler had cooled, the vacuum lines were removed from the resultant
coupler, and a drops 48 and 49 of heat curable adhesive were applied from a
syringe to ends 14 and 15, respectively, of the capillary tube. After the
adhesive was cured by exposure to heat (arrow H), the coupler was removed
from the draw. The resultant devices couple approximately 50% of the signal
propagating in that end of optical fiber 17 5     at end 14 to optical
fiber 18 at about 1310 nm and 1490 nm; the power slope at 1310 nm is 0.077
% per nm or 0.006 dB per nm. These couplers exhibited a median excess
device loss of about 0.3 dB. The lowest meas- ured excess loss was 0.05 dB.
The spectral Insertion loss curves for a specific coupler made in
accordance with the specific example are shown in Fig. 19. Curve P2
represents the coupled power. The excess loss for that coupler was 0.09 dB
10  and 0.05 dB at 1310 nm and 1550 nm, respectively. The insertion loss
was less than 4 dB in each leg of that coupler over a 300 nm range of
wavelengths up to about 1565 nm. Claims 16 1. An achromatic fiber optic
coupler comprising an elongated body of matrix glass having a refractive
Index n3, said body having two opposed ends and a midregion, a plurality of
optical fibers extending longitudinally through said body, each of said
fibers compris- 20      Ing a core of refractive Index n1 and a cladding of
refractive Index less than n1 but greater than n3, the refractive index n2
of the cladding of a first of said fibers being different from the
refractive index n2 of 



the cladding of a second of said fibers by such an amount that the value of
[err]  Is greater than zero but less than 0.03%, wherein [err] equals [err]
said fibers being fused together along with the midregion of said matrix
glass, the diameter of the central portion of said midregion and the
diameters of said optical fibers in said central portion being small- er
than the diameters thereof at the ends of said body, whereby a portion of
an optical power propagating in one of said fibers couples to the other of
said fibers. 2. A coupler in accordance with claim 1 wherein the value of
[err] is greater than 0.005%. 30 3. A coupler in accordance with claim 1
wherein said coupler is capable of coupling about 50% of the power from one
of said fibers to the other of said fibers at a predetermined wavelength,
and the value of [err] is between 0.005% and 0.02%. 35    4. A coupler in
accordance with claim 1, 2 or 3 wherein [err]is greater than 0.4%, wherein
[err] Is equal to [err] 5. A coupler in accordance with any one of the
preceding claims wherein [err] is between  0.4% and 0.65%, wherein [err] Is
equal to [err] 40 6. A method of making an achromatic fiber optic coupler
comprising the steps of inserting into a glass tube of refractive index n3
at least a portion of each of a plurality of optical fibers so that said
portions occupy the midregion of said tube, each of said fibers comprising
a core of refractive index n1 and a cladding of refractive index less than
n1 but greater than n3, the refractive index 45      n2 of the cladding of
a first of said fibers being different from the refractive index n2 of the
cladding of a second of said fibers, the difference between n2 and n2 being
such that the value of [err]is greater than zero but less than 0.03%,
wherein [err] equals [err] collapsing the midregion of said tube onto
fibers, and stretching the central portion of said midregion until a
predetermined coupling occurs between said fibers. 7. Amethod in accordance
with claim 6 wherein the step of stretching comprises providing relative
movement between the ends of said tube, and varying the rate at which said
relative movement occurs. 55   8. A method in accordance with claim 7
wherein the step of stretching comprises continuously varying the rate at
which said relative movement occurs. 9. A method in accordance with claim 7
wherein the step of stretching comprises stretching at one stretch 12    EP
0 431 311B1                     *   C L  M  S   * rate for a first period
of time and stretching at another stretch rate for a second period of time.
10. A method in accordance with claim 6 wherein the step of stretching
comprises pulling the ends of said tube away from each other at a first
stretch rate, and before said predetermined coupling is achieved, 5
pulling the ends of said tube away from each other at a second stretch rate
that is different from said first stretch rate. 11. A method in accordance
with claim 6 wherein the stp of stretching comprises heating the central
portion of said tube midregion, stretching the central portion of said tube
midregion, stopping said stretching op- eration before said predetermined
coupling is achieved, reheating the central portion of said tube midre-
gion and further stretching the central portion of said tube midregion. 12.
A method in accordance with and one of claims 6-11 wherein said reheating
is to a temperature lower than the first heating, and/or said further
stretching Is at a rate lower than said first stretch rate. 15   13. A
method in accordance with any one of claims 6-12 wherein the step of
stretching comprises stretching the central portion of said tube midregion
at a first stretch rate until some coupling between said fibers begins to
occur, and before said predetermined coupling is achieved, stretching the
central portion of said tube midregion at a second stretch rate different
from said first stretch rate. 20    14.  A method in accordance with claim
6 wherein said tube has first and second ends, at least a first of said  -
fibers extends from both ends of said tube, and at least a second of said
fibers extends from only the second end of said tube, and wherein the  step
of stretching comprises stretching the central portion of said tube
midregion until some coupling between said fibers begins to occur, and
using the ratio of the optical power from said fibers to stop said
stretching operation. 



25 Patetansprche 1.  Achromatischer Koppler fir optische Fasern mit .0-
einem langgestrecdten Korperaus Matrizenglas mit elnem Brechungsindex n3,
wobel dieser K8rper zwei sich gegenllberstehende Enden und elnen
Mittelbereich aufweist_ elner Mehrzahl optischer Fasernj die slch in
Lingsrichtung durch den KCrper erstrecken, wobe i  - j . . .. . . .    jede
der Fasern oienn Kern mit lnenm Brechungsindex n1 und oinen Mantel mit
elnem Brechungsindex . . 'kielner as n1 aber groger als na aufweist, wobe
der Brechungaindex ni des Mantels ener ersten dieser -; Fasern um einen
solchen Betrag unterschledlich zum Brechungsindex n des Mantels eaner
zwelten der Fasern Ist, daB A     gr6Ber als Null aber Idelner als 0,03%
1st wobel A     gleich (n22 - n3Y2nj2 Ist, wobel die Fasern zusammen mit
dem Mitteiberelch des Matrizenglases zusammengeschweist     - warden,
wobei'derDurchmesserdes zentralen Abschnittes des Mittelbereiches und die
Durchmesserder optischen Fasern in dam zentralen Abschnitt Ideiner sind als
die Durchmesser derselben an den Enden des K8rpers, wodurch ain Antell
ehner sich In einer der Fasern fortpflanzenden optischen Energle In die
andere der Fasern gekoppelt wird. 2.  Koppler nach Anspruch 1, In dam der
Wert von A     groBer als 0,005% ist. ;.   - . :. _   :   .... .   .. ...
.   . ;- -- - 3.  Koppler nach Anspruch 1, In dam der Koppler In der Lage
bst, ungeflhr 50% der Energle von ainer der Fasern In die andere der Fasern
bei einer vorherbestimmten Wellenlinge zu koppeln, und der Wert von i;
zwlschen 0,005% und 0,02% !st. 4.  Koppler nach elnem der Ansprfche I bls
3, In dam . A24 grOIer ala 0,4% let, woboi A,3 gleich (n2 - - :- -  i>-
0n22)/2n32 Ist. 5.  Koppler nach elnem der vorhergehenden Anspruche, wobei
A2-3 zwischen 0,4% und 0,65% !st, wobel A24 gleich (n32 - n22)/2n,2 at. *-
:^  - - ss   6.  Verfahren zum Herstellen eaes achromatischen Kopplers ffr
optische Faser, die foIgenden Schritte auf- weisend: Elnflhren wenigstens
elnes Abschnittes jederener Mehrzahi von optischen Fasern in el Glasrohr
mit Brechungsindex.n3, so dae diese Abschnitte den Mitteibereich dieses
Rohres einnehmen, wobei Jade 13    m~~~~~~~~~~~~~~~~~~~~~~Behnene kiene al
n1 aberw 4, - r <';-":-:.... .. .....: .                     E   p 0 431
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einen Kern mit Brechungsindex ni und oinen Mantel mit Brechungsindex
kdlener ale n, -abor- 0-  -. igrh er alzun aufwd Istewobel der
Brechungsindex n2 des Mantels elnerersten dleser Fasern untbrechied- - ''''
ih Ist zu dam Brechungsindex n des Mantels einer zwen dleser Fasern, wobel
der Unterschied zwi- schen n2 und n; so grol ist, dalB der Wert AM.ww
gr6Ber als Null aber keder als 0,03% let, wobei hmmw.. gleich (n22 - n;
I2na2 Ist, Kollableren des Mittelberelches des Rohres auf Fasern, und
Strecken des zentralen Abschnittes - . dieses Mittelberelches, bis ein
vorherbestimmtes Koppeln zwischen diesen Fasern stattflndet. 7.  Verfahren
nach Anspruch 6, in dem der Schritt des Streckens das Schaffen einer
Relativbewegung zw:- echen den Enden des Rohres und das Varlieren der Rate
beinhaltet, be! dem diese Relativbewegung statt- finded. 8.  Verfahren nach
Anspruch 7, in dem der Schritt des Streckens ein kontinulerliches Variieren
der Rate be- inhaltet, bei der die Relativbewegung stattfindet. 9.
Verfahren nach Anspruch 7, In dem der Schrittdes Streckens ein Streciken
bel einerStreckrateb ber elnen ersten Zeltraum und ein Strecken bei einer
anderen Streckrate Ober einen weiten Zeitraum beinhaltet. ; Ff"! -10.
Verfahren nach Anspruch 6, In dem der Schritt des Streckens das Zaehen der
Enden des Rohres In Rich- _  ..       .';_'20  , ,tung voneinander fort bel
einer ersten Streckrate beinhaltet, und, bevor das vorherbestimmte Koppein
errelcht fet, das Ziehen der Enden des Rohres voneinander fort bei elner
zwelten Streckrate, die unter-; .-  7 7 ....schiedlich zur ersten Streckrat
Ist. 11. Verfahren nach Anspruch 6, In dem derSchritt des Streckens
aufweist Heizen des zentralenAbschnitten  : ,   i; *i * 25i     des
Mittelbereiches des Rohres, Strecken des zentralen Abschnittes dieses
Mittelbereiches des.Rohres, Beenden des Streckbetriebes bevor das
vorherbestimmte Koppeln erreicht Ist, Wiedererhitzen des zen- 



tralen Abschnittes des Mittelbereiches des Rohres und welteres Strecken des
zentralen Abschnittes des _          .          : . . .Mittelbereiches des
Rohres. 12. Verfahren nach einem der Ansprfche  bis 11, in dem das
Wiedererhitzen auf eine Temperatur durchge-.. fOhrt wird, die geringer Ist
ale die Temperatur des ersten Erhitzens, undloder das weitere Strecken bel
: elner geringeren Rate durchgetfihrt wird als die erste Streckrate. 13
Verfahren nach elnem der Ansprciche 6 bis 12, in dem der Schritt des
Streckens umfait Strecken des: -zentralen Abschnites des Mittelbereiches
des Rohres bel elner ersten.Streckrate, bis sach el gewbses Koppein
zwlschen den Fasern anflngt einzustellen, und, Strecken des zentralen
Abschnittes des mitt-. ^   . Ieren Beelches des Rohres bel einer zweiten
Streckrate, die zur ersten Streckrate unterschiediich ist, A,'h' 'r-i!.
.....' . bevor das vorherbestl mte Koppeln errelcht Ist. 14.  Verfahren
nach Anspruch 6, In dem das Rohr erste und zwelte Enden aufweist, wobel
sich wenrigetens  . ; ..;--.4.0  ene erste dieser Fasern von belden Enden
des Rohres erstreckt, und wobel sich wenigstens eine zweibt derFasern
nurvon demzwelten Endedes Rohreserstreckt, und In dem derSchrittdes
Streckens umfalt: Strecken des zentralen Abschnittes des Mittelberelches
des Rohres bis sich ein gewlsees Koppeln zwi- schen den Fasern beginnt
einzustelen, und Verwenden des Verhlitnisses der optischen Energie aus den
Fasern, um den Streckvorgang zu beenden. Revendications 1.  Coupleur
achromatique de fibres optiques, comprenant: - un corps allong6 en verre
forment matrice ayant un Indice de refractlon nj, ledit corps ayant deux
extremitbs oppos6es et une region m6diane; - une pluralit6 de fibres
optiques e'6tendant longitudinalement d'un bout A l'autre dudit corps,
chacune: 77              .         - -- deedites fibres comprenant un cosur
dindiec de refraction n1 et une gaine d'indice de refraction plus'......
petit que n1 mais plus grand que n3, Indice de refraction n2de lgatge d'une
premlire desdites fibres 6tant different de l'indice de refractlon np de la
gatne d'une deuxirne desdites fibres d'une valeur telle que la valeur de Ab
. molt plu grande que zro, malus petite que 0,03%, CO AO.u. est egal
s-t---.:^.:: . :-- .  :   A  (n22 - n;2)/2n22; 14 7.s:si' .."    mj= :, ,.
.: .. . .i . I ~~~~~~~~~~~~~~~1g1|1 111|11 111111 11|1111':;1'''--' *. ---
- ;:                             : EP0431311 B1                          *
C   L   N   S   * - lesdites fibres  tant reunlos par fusion le long de la
region m~diane dudit verre formant matce, I - diambtre de la partle
centrale de ladite r6gion mediane otles diambtres desdites fibres optiques
dane ladito partle, contralo 6tant plus petite quok les diambtres
deocellos.-cl aux oxtrdmit6s cudit corps, .... par quol une partle de la
puissance optique se propageant dane une desdites fibres se couple A I'au-.
i44  1  Wi^ 6 --;   tredesditesfibres. 2.  Coupleur solon la revendication
1, dane loquel Ia valour de 4Au,, est superieure A 0,005%. .  Coupleur
solon la revendication 1, dans lequel ledit coupleur est aptb A coupler
environ 50% de la puls- sance d'une desdites fibres A I'autre desdites
fibres A une longueur d'onde pr6d6termin6e, t la valour de A b. est
comprise entre 0,006% et 0,02%. 4.  Coupleurselon la revendiation 1, 2 ou
3, dans loquel  s4 estsuprieur a 0,4%, etdans lequel      oaest :   h - :
- BJ  . i   ; .   .. . ... .... .....................
.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~. .
.. . .   . 6gal A (V- n22)/2n82. 15      ,Couplourselonl'unequelonque de
revendicationspr6c6dentes,dansloqulA24 estcompilsentre:0,4%......... .:- et
0,65%, et dans loquel A2 est 6gal A (n32 - n22y2nj2,. - 6   ProcedA de
fabrication d'un coupleur achromatIque de fibres optiques, comprenant les
6tapes consistent - Introduire dane un tube de verro d'indice de r6fraction
ns au moins une partle de chacune d'une~plu. ,   ,, raiite de fibres
optiques de teile manlere quo lesdites parties occupent la rgbon m6diane
dudittube,  . --.:-.-.:- chacune desdites fibres comprenant un coeur
dOlndbce de refraction  rifirleur a ni, mals superlour A. n3, i'indice de
r6fraction n2 de la gafne dune premlere desdites fibres 6tant diff6rentde
ilIndboe de refractlon n; de la gafne d'une deuxieme desdites fibres, la
difference entre n2 et n2  ant toll. quo la valeurdeo a   soltsup6rieure
Az6ro, male inferieure A 0,03%, ob 4     est 6gal A(n22- n2)/2n22;. .-- ---
- resserrer la r6gion m6dlane dudit tube sur les fibres; et : - 6tirer la
partle centrals de ladite regon m6dlane jusqu'a ce qu'A un couplage prnd
termlni se pro.- 



LZ-P*, .                  .. .%1: ,.:-; . dulse entre lesdites fibres. 7.
Procede solon la revendlcation 8, dane lequel b'tape d'etirer comprend
lopdration consistent t produire  ..: un mouvement relatif entre les
extr6mit6s dudit tube et faire varier la vitesse A laquelle ledit mouvement
...... relatif est prodult, 8.  Procde selon la revendication 7, dens
loquel 1'6tape d'6tirage comprend l'op6mtion consistent A faire va- do
continfment lavitesse A laquell ledit mouvement relatif est produ. 9.
Procid6 solon la revendlcation 7, dens lequel I'etape d'5tirage comprend
l'tirage A une vitesse d6tirage pendant une premiere periode de temps et
l'etirage A une autre vitesse d'6tirage pendant une deuxleme p6eiode de
temps.. r40 10. Proc6d6 solon la revendicatlon 6, dans loquel I'etape
d'etirage comprend l'operatbon consistent A tirer sur les oxtre mitt a
dudit tube pour les  6carter ! une de i'autre  A une premre ire vitdese
d'tirege et, avant quo:, ledit couplage prd6ternmine solt attint, tirersur
les extr6mites dudittube pourles 6carterl'une de l'autre A une deuxieme
vitesse detirage qui est differente de ladite premiere vitesse d'6tirage.
.. . . ^, .:- - 11. Procede solon la revendicatlon 6, dane loquel l'etape
d'6tirage comprend l'op6ratlon consistent A chauffer- la partle centrals de
ladite r6glan m6diane du tube, 6tirer la partle centrale de ladite reglan
midiane du tube, arrfter ladit op6ration d'6tirage avant que ledit couplage
prnddtermin6 solt atteint, r6chauffer la partie centrals de laditb r6glon
m6dians du tube et allonger de nouveau la partle centrals de ladite r6glon
5 ,o       m6dlane du tube. 12. P    roced d solon lN une qulconque doe
revrndications 6 a 11, dane lqul ledqt r6chauffement est effectu6. A une
temperature inferieure A cello du premier chauffage, et/ou ledit nouvel
Mtirage est effectue A une. vitesse inf6rieure A laditb premiere vitesse
d'6tirage. s-  13. Proc6d6 solon l'une quelconque des revendications 6 A
12, dane Isquol i'etape d6tilrage comprend l'op6- ration consistent a
6tirer la partle centrals do ladits rnglon m6diane du tube A une premiere
vitesse dCMt- rage jusqu'A co qu'un couplege entre les fibres commence a so
produire et, avant quo ledit couplage pr., 150   ..   :  .  .  ..  ^  g .
.. :.: ._ . * - -   .                                             | r
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IlIIC   L11 II   111 dltermin6 solt atteint, 6tlror la partie central. de
ladito r6gion m6.dlane du tube A une deuxi16MO vitesse' d'6tirage,
diff~rente de ladite premlbre vitesse d'6irage.
. ..... .14L. Proc~dA selon la rovendication 6, dane lequel ledit tube a
des premnibro et douxiime extr~mit~s, au mons. Una premiere deeditos fibres
s'6tend A partir des deux extimit~s dudit tube, et au mhols une deuxibme
desdltes fibres s'Atend ApartirdeIa deux(ibme extr6mlth seulement dudit
tube, etdans lequel l'6tae  d'iti- rage comprend 1'6tlrage do la partile
centrals do ladrie r~glan m~dlane du tube jusqu'h ce qu'un couplago entre
lesdites fibres commence Aiso produlre, et l'utilisation du rapport do la
puissance optique Issue des- dites fibres pour arritor ladito op~ration
d'6tirage. . ...10- 15. 20 40 ...46...   . face.%:50    


