United States Patent (19
Stowe et al.

[11] E
[45] Reissued Date of Patent: Aug. 14, 1990

Re. 33,296

Patent Number:

[S4] METHOD OF MAKING A .
POLARIZATION-INSENSITIVE,
EVANESCENT-WAVE, FUSED COUPLER
WITH MINIMAL ENVIRONMENTAL
SENSITIVITY

[75] Inventors: David W. Stowe, Medfield, Mass.;
Paul M. Kopera, Vernon Hills, Il

[73] Assignee: Gould Inc., Eastlake, Ohio
[21] Appl. No.: 222,908
[22] Filed: Jul. 22, 1988

Related U.S. Patent Documents

Reissue of:
[64] Patent No.:
Issued:

4,632,513
Dec. 30, 1986
Appl. No.: 705,044
Filed: Feb. 28, 1985

U.S. Applications: g
[63] Continuation of Ser. No. 498,436, May 26, 1983, S~
abandoned. ’

[51] Imt. C15
[52] US.CL

GO02B 6/26
350/320; 156/166;
156/629; 350/96.15
[58] Field of Search .................. 350/96.15, 96.16, 320;

156/626, 629, 157, 158, 166

[56] References Cited
U.S. PATENT DOCUMENTS

3,372,969 3/1968 Snitzer ........ccriimneienns 350/96.33
3,759,316 5/1971 Dyottetal ..eoeerrecerrerene 65/4
3,957,341 5/1976 Taylor ........cee.ee .. 350/96.15
4,054,366 10/1977 Barnoski et al. ... 350/96.15
2 4,083,625 4/1978 Hudson ............. .. 350/96.15
4,087,156 5/1978 Kao et al .....coccenrvnnncnns 350/96.21

(List continued on next page.)

FOREIGN PATENT DOCUMENTS

0047960 5/1982 European Pat. Off. .
0069054 1/1983 European Pat. Off. .
0074789 3/1983 European Pat. Off. .
0093460 11/1983 European Pat. Off. .
53-91752 8/1978 Japan .

53-15149 11/1978 Japan .
55-87111 7/1980 Japan .
57-186730 11/1982 Japan .
58-40521 3/1983 Japan .
60-51685 11/1985 Japan .
2038017 7/1980 United Kingdom .

OTHER PUBLICATIONS

NASA Tech Brief, Summer 1983, NASA'’s Jet Propul-
sion Laboratory, Pasadena, Calif., ‘“Polymer Bonding
of Optical Fibers”.

International Search Report PCT/US84/00820, Inter-
national Filing Date May 25, 1984.

Optics Letters, vol. 8 No. 10, Oct. 1983,
“Monomode-Polarization-Maintaining Fiber Direc-
tional Couplers”, Nayar et al., pp. 543-545.

EPC Office Action Application No. 84 902 308.0, dated
Apr. 15, 1987.

Electronics Letters, vol. 18, No. 22, Oct. 28, 1982,

“Fabrication of Single-Polarisation Sin-
gle-Mode-Fibre Couplers”, Kawachi et al, pp.
962-964.

Optics Letters, vol. 4, No. 1, Jan. 1979, “Single-Mode

Fiber-Optical Power Divider: Encapsulated Etching

Technique”, Sheem et al., pp. 29-31.

Applied Optics, vol. 15, No. 9, Sep. 1976, “Optical
(List continued on next page.)

Primary Examiner—John D. Lee
Attorney, Agent, or Firm—Staas & Halsey

(571 ABSTRACT

An optical coupler and method of making same is de-
scribed. The coupling ratio of the coupler is polariza-
tion-insensitive. The optical coupler described herein is
made from single-mode optical fibers. Each optical fiber
has a length of nearly exposed core which is fused to the
exposed core of the other optical fiber while the fibers
are maintained in parallel juxtaposition with one an-
other without twisting. By creating a fused core coupler
from single-mode optical fibers in which the cores are in
parallel juxtaposition with one another, the coupling
ratio of the subject invention does not change with
changes in polarization of light passing through each
single-mode fiber and, thus, is polarization insensitive.
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METHOD OF MAKING A
POLARIZATION-INSENSITIVE,
EVANESCENT-WAVE, FUSED COUPLER WITH
MINIMAL ENVIRONMENTAL SENSITIVITY

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

This is a continuation of co-pending application Ser.
No. 498,436 filed on May 26, 1983, now abandoned.

BACKGROUND OF THE INVENTION

A. Field of the Invention

The present invention relates generally to optical
waveguide couplers and more specifically to optical
couplers using single-mode optical fibers that are resis-
tant to polarization changes.

B. Description of the Prior Art

Fiber optic couplers are commonly used to transfer
light from one optical waveguide to another for a vari-
ety of functions. For example, fiber optic couplers are
used in the communications field to rapidly convey
[larger] large amounts of data. Other applications
include measurement systems in which high-precision
measurements are made based upon an environmentally
dependent shift in either the phase or wavelength of
light traveling through an optical waveguide. Early
couplers used for measurement applications had several
disadvantages. For instance, the coupling ratio of early
couplers typically varied with the polarization of the
light passing through the coupler. Furthermore in some
cases, the phase of the light passing through the coupler
varied with polarization which was unsatisfactory for
certain interferometric sensor [aplications} applica-
tions such as the passive quadrature demodulator cou-
pler matrix.

Much of the technology developed in the past ten
years for manufacturing couplers has centered around
couplers which use multimode fibers. Multimode opti-
cal fibers are fairly large fibers, having a core diameter
on the order of 40 microns to 200 microns. Some multi-
mode fibers may be as large as 4 millimeters. While
multimode fibers can be used to produce couplers for
transferring polarized light from one fiber to another,
they are typically undesirable because polarized light
transmitted in a multimode optical fiber has a tendency
to become depolarized. Single-mode fibers, on the other
hand, are more capable of transmitting polarized light
with minimal depolarization of light during transmis-
sion over small distances. Due to the method in which
single-mode fibers act to transmit only one mode of
light, the core diameter of a single-mode fiber is approx-
imately ten times smaller than the core diameter of a
multimode fiber. This had led to serious difficulties in
manufacturing couplers using single-mode fibers. The
invention described hereinbelow represents an advance-
ment in the art in that it teaches methods for coupling
single-mode fibers and for producing polarization-
insensitive optical couplers.

Before describing the applicants’ invention however,
it is necessary to briefly describe the physical character-
istics of a typical optical fiber. In most instances, a fiber
comprises an inner core having a relatively high index
of refraction, a cladding having a relatively low index
of refraction, and a substrate having a relatively high
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2

index of refraction, but not necessarily equal to the
index of refraction of the core. This type of fiber is
commonly called “W-fiber” by those skilled in the art
becamse the index profile of the fiber appears to resem-
ble a “W”. It should be noted that other types of fibers
do not have an outer substrate having a relatively high
index of refraction.

SUMMARY OF THE INVENTION

The subject development comprehends a polariza-
tion-insensitive optical device for coupling light which
includes a first single-mode optical fiber having a first
longitudinal segment having an inner core having a
relatively high index and a cladding having a relatively
low index of refraction. The optical device also includes
a second single-mode optical fiber having a second
longitudinal segment having an inner core having a
relatively high index of refraction and a cladding hav-
ing a relatively low index of refraction. A coupling
region is included in the subject device having the first
and second longitudinal portions fused together in par-
allel juxtaposition to one another. The coupler further
includes a housing means for maintaining the first and
second longitudinal portions substantially straight and
for maintaining the first and second longitudinal por-
tions in a stable environment.

The invention further comprehends a method of mak-
ing polarization-insensitive optical couplers comprising
the steps of exposing first and second longitudinal clad-
ding segments of first and second single-mode optical
fibers; maintaining the optical fibers in linear parallel
juxtaposition with one another along a portion of the
exposed longitudinal segments; fusing the parallel juxta-
position segments of the fibers together to form a cou-
pling region, and rigidly encapsulating the coupling
region of the optical fibers while maintaining the linear
parallel juxtaposition of the fibers.

In view of the preceding, an object of the invention
described herein is to provide a polarization-insensitive
coupler which is simple to fabricate using single-mode
optical fibers.

It is a further object of the invention to provide an
environmentally stable single-mode optical fiber.

It is a further object of the invention to provide a
single-mode coupler device having controlled coupling.

These objects are given only by way of example;
thus, other objectives and advantages inherently
achieved by the disclosed invention may occur to those
skilled in the art. The scope of the invention is to be
limited only by the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a frontal view of one embodiment of the
coupler described herein indicating the coupling region;

FIG. 2 is a frontal view of one embodiment of the
coupler described herein illustrating a quartz housing in
which the housing is broken away to provide a view of
the coupling region;

FIG. 3 is an illustration partially in phantom of one
embodiment of the subject coupler after encapsulation;
and

FIG. 4 is an isometric illustration of one embodiment
of the equipment used to fabricate the couplers de-
scribed herein.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

As discussed above, single-mode fibers are extremely
fragile because of their minute size. The subject devel-
opment, therefore, has been directed to providing a
single-mode coupler which is relatively rugged, and is
relatively insensitive, or stable, with respect to changes
in polarization. Referring now to FIG. 1, first and sec-
ond single-mode optical fibers 12, 14 are provided in the
preferred embodiment of the subject development.
Each optical fiber 12, 14 has a respective substrate 16,
18 and core and cladding 20, 22. The diameter of the
core of each single-mode fiber is on the order of 5 mi-
crons whereas the diameter of the cladding of each fiber
is on the order of 75-125 microns. Thus, it should be
recognized that when the core 20, 22 of each fiber is
exposed, it is in a relatively delicate, or fragile, state. In
the preferred embodiment of the subject development,
each fiber 12, 14 has a longitudinal segment having a
core and cladding diameter 20, 22 of approximately
15-50 microns. It should be obvious to one skilled in the
art that the length of the longitudinal segment can be
varied greatly without deviating from the intent of the
subject invention. In the preferred embodiment, the
exposed core length is approximately one centimeter in
order to ensure complete coupling between the first
optical fiber 12 and the second optical fiber 14. The
longitudinal segments 20, 22 are fused together in cou-
pling region 24. The invention described herein com-
prehends that throughout the coupling region, the first
and second fibers 12 and 14 have cores which are main-
tained in linear parallel juxtaposition with one another.

Referring now to FIG. 2, the fused fiber 12, 14 of
FIG. 1 are illustrated in a rigid housing 26. The method
of placing the fused fibers within the housing will be
discussed in greater detail hereinbelow. It is important
to note, at this point however, that the housing provides
a rigid support to fused fibers 12 and 14 throughout
coupling region 24.

Referring now briefly to FIG. 3, after fibers 12 and 14
have been positioned in housing 26, the entire assembly
is encapsulated in a rubber-like material 28. Encapsula-
tion of the assembly provides a further means for stabi-
lizing the subject device. The encapsulation material
may provide strain relief to the ends of the fibers which
extend beyond the housing because the housing may be
encapsulated by a dipping technique in which the ends
of the fibers are also coated with the encapsulation
material.

The following description represents the currently
preferred method of making the subject couplers. In the
preferred embodiment, two single-mode fibers are pre-
pared. A variety of single-mode fibers may be used,
depending on the wavelength of operation of the cou-
pler. Each coupler would be designed to be laser spe-
cific, that is, the fiber used for one wavelength of light
may be made from a different material, and have a dif-
ferent core diameter and index of refraction than a cou-
pler designed for another wavelength of operation.
Important characteristics of any fiber chosen include:
good concentricity, excellent core uniformity, and an
appropriate refractive index profile. While various
lengths of optical fiber may be used, the present proce-
dure in the laboratory is to use two lengths of optical
fiber that are 50 centimeters long. Each fiber has a plas-
tic jacket and an RTV (room temperature vulcanizing
[silicone] sificon) coating. The plastic jacket is cut
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4

away and any RTV is removed with a hydrofluoric acid
rinse.

Referring now to FIG. 4, after the fibers have been
prepared as discussed above, each fiber 12 and 14 is
placed in respective groves 30-33 of clamping devices
36, 38. The fibers are then cleaned with a hydrofluoric
acid/water/alcohol rinse according to techniques
known to those skilled in the art. After each fiber has
been inspected for cleanliness, etching of the fibers is
initiated. It is the object of the etching portion of the
procedure to remove the substrate 16 and 18 of each
fiber 12 and 14 (FIG. 1) to expose core and cladding 20
and 22 along a coupling region 24 of each of the fibers
so as to provide an appropriate index profile. An appro-
priate index profile is one in which the outer surface, or
cladding, of each fiber has a lower index of refraction
than the core of each fiber. Although a variety of etch-
ing techniques may be used, in view of the particular
fiber used in the preferred embodiment, it is desirable to
etch the subject fibers by a heated etching technique. In
this technique, the fibers are placed in close proximity.
to an etching station which is heated by a thermoelec-
tric module. A drop of etchant is placd on top of the
etching station to etch a longitudinal portion of the
fiber. After the fiber has been etched to the desired
diameter, the fibers are then rinsed with water to pre-
vent further etching. The very fragile etched longitudi-
nal segments 20, 22 are then brought in parallel juxtapo-
sition with one another by wrapping opposite ends of
each exposed core length to one another with a thread
or other wrapping material 42, 44. In the preferred
embodiment, it has been found that a thin plastic sheet is
desirable to prevent breakage of the fragile cores 20, 22.
After the cores have been temporarily wrapped as dis-
cussed above to provide the desired parallel juxtaposi-
tion special relationship, a small drop of adhesive mate-
rial is deposited on each end 46, 48 of the exposed core
length adjacent to threads 42, 44. The glue is allowed to
cure so that the cores 20, 22 remain in parallel juxtaposi-
tion with one another throughout coupling region 24
when threads 42 and 44 are removed from the exposed
cores 20, 22.

The coupling region of the fibers 12, 14 are then
heated. In the laboratory technique used in the pre-
ferred embodiment, a lighted torch is simply passed
along the coupling region 24 while the longitudinal
segments are in axial tension until the segments 20, 22
are fused together throughout the length of the cou-
pling region. A quartz tube 26 is then measured and cut
to the desired length to surround the exposed cores of
the subject coupler. In one embodiment, a slot extend-
ing the length of the quartz tube 26 may be provided to
allow insertion of the tube about fibers 12, 14. In an-
other embodiment, the tube may be cut in half longitu-
dinally to allow each half to be simply placed about the
fibers. The ends of the fibers 12, 14 are then glued to the
ends 81, 83 of the quartz tube to suspend the etched and
fused segments of the fibers containing the coupling
region 24 in the approximate center of the tube 26. The
glued assembly is then allowed to cure as necessary.
The quartz tube is then dipped in a material to provide
an elastic covering over tube 26.

The invention described herein is insensitive to
changes in polarization due to its unique design. In
other single-mode, evanescent-wave couplers, birefrin-
gence resulting from twists, bends, stresses, or strains
imposed on the fibers will cause changes in polarity of
light transmitted through the fibers. It is common prac-
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tice in coupler manufacture to twist a pair of fibers
about one another in order to maintain contact during
fusing. By eliminating the need to twist the fibers about
one another and by making bends in the fiber as gradual
as possible, the polarization dependence of the coupling
ratio is eliminated.

Although the invention has been described and illus-
trated in detail, it is to be clearly understood that the
same is by way of illustration an example only, and is
not to be taken by way of limitation; the spirit and scope
of this invention being limited only by the terms of the
appended claims.

We claim:

1. A method of making a polarization-insensitive
optical coupler comprising the steps of:

(a) etching first and second longitudinal segments of
first and second single-mode optical fibers so that
each fiber has an outer cladding having a low index
of refraction relative to the index of refraction of a
nearly exposed core of each of the first and second
single-mode optical fibers;

(b) maintaining the first and second single-mode opti-
cal fibers in parallel juxtaposition with one another
along a portion of each of the first and second
longitudinal [segment] segments, said maintaining
step comprising the substeps of:

(b1) wrapping portions of the first and second lon-
gitudinal segments with a material which will
not substantially deform the nearly exposed
cores of the first and second single-mode optical
fibers;

(b2) gluing the nearly exposed cores of the first and
second single-mode optical fibers together with
glue while the nearly exposed cores are
wrapped;

(b3) curing the glue; and

(b4) unwrapping the nearly exposed cores;

(c) fusing together the portions of the first and second
longitudinal segments maintained in parallel juxta-
position to form a coupling region; and

(d) rigidly encapsulating the nearly exposed cores of
the first and second single-mode optical fibers
while maintaining the parallel juxtaposition of the
first and second longitudinal segments.

2. A method of making a polarization-insensitive
optical couopler as recited in claim 1, wherein said step
(a) comprises etching the first and second longitudinal
segments along a length in the range of 0.5 to 2 cm.

‘3. A method of making a polarization-insensitive
optical coupler as recited in claim 1, wherein said step
(a) includes removing an outer jacket of each of the first
and second single-mode optical fibers along the length
of the nearly exposed cores of the first and second sin-
gle-mode optical fibers.

4. A method of making a polarization-insensitive
optical coupler as recited in claim 1, wherein said step
(a) includes rinsing the first and second longitudinal
segments of the first and second single-mode optical
fibers in hydrofluoric acid to remove any room temper-
ature vulcanizing rubber which may be surrounding the
cladding of the first and second single-mode optical
fibers.

5. A method of making a polarization-insensitive
optical coupler as recited in claim 1, wherein said step
(b) includes aligning the first and second single-mode
optical fibers in a holder having alignment grooves
prior to said substep (bl).
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6. A method of making a polarization-insensitive
optical coupler as recited in claim 1, wherein said step
(d) includes the substeps of:

(d1) placing a tube having ends and having a length

5 substantially the same as the first and second longi-

tudinal segments over the coupling region;

(d2) gluing the ends of the tube to the first and second
single-mode optical fibers with glue to suspend the
fibers within the tube; and

10 (d3) curing the glue.

7. A method of making a polarization-insensitive
optical coupler comprising the steps of:

(a) etching first and second longitudinal segments of

first and second single-mode optical fibers so that

15 each fiber has an outer cladding [have] having a

low index of refraction relative to the index of
refraction of a nearly exposed core of each of the
first and second single-mode optical fibers;

{b) maintaining the first and second single-mode opti-
cal fibers in parallel juxtaposition with one another
along a portion of each of the first and second
longitudinal segments while placing the first and
second longitudinal segments under axial tension;

(c) fusing the parallel juxtaposition portions of the
first and second longitudinal segments together
while the first and second longitudinal segments
are maintained in parallel juxtaposition and remain
under axial tension, so that a coupling region is
formed.

8. A method of making a polarization-insensitive
optical coupler as recited in claim 7, further comprising
the step of rigidly encapsulating the nearly exposed
cores of the first and second single-mode optical fibers
while maintaining the parallel juxtaposition of the first
and second longitudinal segments.

9. A method of making a polarization-insensitive
optical coupler as recited in claim 8, wherein said en-
capsulating step comprises rigidly encapsulating the
nearly exposed cores of the first and second single-
mode optical fibers in a quartz tube.

10. A method of making a polarization-insensitive
optical coupler as recited in claim 7, wherein said step
(b) comprises the substeps of:

(b1) wrapping portions of the first and second longi-
tudinal segments with a material which will not
substantially deform the nearly exposed cores of
the first and second single-mode optical fibers;

(b2) bonding the nearly exposed cores of the first and
second single-mode optical fibers together while
the nearly exposed cores of the first and second
single-mode optical fibers are wrapped; and

(b3) unwrapping the nearly exposed cores of the first
and second single-mode optical fibers.

ss  11. A method of making a [polarization-insenstive]

polarization-insensitive optical coupler as recited in claim
10, wherein said substep (b2) comprises:
gluing the nearly exposed cores of the first and sec-
ond singie-mode optical fibers together with glue
while the nearly exposed cores are wrapped; and
curing the glue.
12. A method of making a polarization-insensitive
optical coupler as recited in claim 10, wherein said
substep (b1) comprises wrapping portions of the first

65 and second longitudinal segments with a thin plastic

sheet.
13. A method of making a polarization-insensitive
optical coupler comprising the steps of:
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(a) etching first and second longitudinal segments of
first and second single-mode optical fibers so that
each fiber has an outer cladding having a low index
of refraction relative to the index of refraction of a
nearly exposed core of each of the first and second
single-mode optical fibers;

(b) maintaining the first and second single-mode opti-
cal fibers in parallel juxtaposition with one another
along a portion of each of the first and second
longitudinal segments, said maintaining step includ-
ing the substeps of:

(bl) wrapping portions of the first and second lon-
gitudinal segments with a material which will
not substantially deform the nearly exposed
cores of the first and second single-mode optical
fibers;

(b2) bonding the nearly exposed cores of the first
and second single-mode optical fibers together
while the nearly exposed cores of the first and
second single-mode optical fibers are wrapped,;
and

(b3) unwrapping the nearly exposed cores of the
first and second single-mode optical fibers; and

(c) fusing the parallel juxtaposition portions of the
first and second longitudinal segments together to
form a coupling region.

14. A method of making a polarization-insensitive
optical coupler as recited in claim 13, wherein said
substep (bl) comprises wrapping portions of the first
and second longitudinal segments with a thin plastic
sheet.

15. A method of making a polarization-insensitive
optical coupler as recited in claim 14, wherein said
substep (b2) comprises:

gluing the nearly exposed cores of the first and sec-
ond single-mode optical fibers together with glue
while the nearly exposed cores are wrapped; and

curing the glue.

16. A method of making a polarization-insensitive
optical coupler as recited in claim 13, further compris-
ing the step of rigidly encapsulating the nearly exposed
cores of the first and second single-mode optical fibers
while maintaining the parallel juxtaposition of the first
and second longitudinal segments.

17. A method of making a [polarization-insenstive]
Dpolarization-insensitive optical coupler as recited in claim
16, wherein said encapsulating step comprises rigidly
encapsulating the nearly exposed cores of the first and
second single-mode optical fibers in a quartz tube.

18. A method of making a polarization-insensitive
optical coupler as recited in claim 16, wherein:

said maintaining step (b) further comprises the sub-
step of placing the first and second longitudinal
segments under axial tenson; and

said fusing step (c) comprises fusing the parallel juxta-
position portions of the first and second longitudi-
nal segments together while the first and second
longitudinal segments are maintained in parallel
Jjuxtaposition and remain under axial tension.

19. A method of making a polarization-insensitive opti-
cal coupler as claimed in claim 7, wherein said step (b)
comprises wrapping portions of the first and second longitu-
dinal segments with a material which will not substantially
deform the nearly exposed cores of the first and second
single-mode optical fibers.

20. A method of making a polarization-insensitive opti-
cal coupler as recited in claim 8, wherein said step of rigidly
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encapsulating the nearly exposed cores includes the sub-
steps of*

placing a tube having ends and having a length substan-
tially the same as the first and second longitudinal
segments over the coupling region;

gluing the ends of the tube to the first and second single-
mode optical fibers with glue to suspend the fibers
within the tube; and

curing the glue.

21. A polarization-insensitive optical coupler prepared by
a method comprising the steps of: .

(a) etching first and second longitudinal segments of first
and second single-mode optical fibers so that each
Jfiber has an outer cladding having a low index of
refraction relative to the index of refraction of a nearly
exposed core of each of the first and second single-
mode optical fibers;

(b) maintaining the first and second single-mode optical
Jfibers in parallel juxtaposition with one another along
a portion of each of the first and second longitudinal
segments, said maintaining step comprising the sub-
steps of*

(b1) wrapping portions of the first and second longitu-
dinal segments with a material which will not sub-
stantially deform the nearly exposed cores of the
Sirst and second single-mode optical fibers;

(b2) gluing the nearly exposed cores of the first and
second single-mode optical fibers together with glue
while the nearly exposed cores are wrapped;

(b3) curing the glue; and

(b4) unwrapping the nearly exposed cores;

(c) fusing together the portions of the first and second
longitudinal segments maintained in parallel juxtapo-
sition to form a coupling region; and

(d) rigidly encapsulating the nearly exposed cores of the
[irst and second single-mode optical fibers while main-
taining the parailel juxtaposition of the first and sec-
ond longitudinal segments, said step (d) including the
substeps of:

(d1) placing a tube having ends and having a length
substantially the same as the first and second longi-
tudinal segments over the coupling region;

(d2) gluing the ends of the tube to the first and second
single-mode optical fibers with glue to suspend the
Jibers within the tube; and

(d3) curing the glue.

22. A polarization-insensitive optical coupler as recited in
claim 21, wherein said step (a) comprises etching the first
and second longitudinal segments along a length in the
range of 0.5 to 2 cm. .

23. A polarization-insensitive optical coupler as recited in
claim 21, wherein said step (a) includes removing an outer
Jacket of each of the first and second single-mode optical
Jibers along the length of the nearly exposed cores of the
first and second single-mode optical fibers.

24. A polarization-insensitive optical coupler as recited in
claim 21, wherein said step (a) includes rinsing the first
and second longitudinal segments of the first and second
single-mode optical fibers in hydrofluoric acid to remove
any room temperature vulcanizing rubber which may be
surrounding the cladding of the first and second single-
mode optical fibers.

25. A polarization-insensitive optical coupler as recited in
claim 21, wherein said step (b) includes aligning the first
and second single-mode optical fibers in a holder having
alignment grooves prior to said substep (b1).

26. A polarization-insensitive optical coupler prepared by
a method comprising the steps of*
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(a) etching first and second longitudinal segments of first
and second single-mode optical fibers so that each
Jfiber has an outer cladding having a low index of
refraction relative to the index of refraction of a nearly
exposed core of each of the first and second single-
mode optical fibers;

(b) maintaining the first and second single-mode optical
fibers in parallel juxtaposition with one another along
a portion of each of the first and second longitudinal
segments while placing the first and second longitudi-
nal segments under axial tension;

(c) fusing the parallel juxtaposition portions of the first
and second longitudinal segments together while the
first and second longitudinal segments are main-
tained in parallel juxtaposition and remain under
axial tension, so that a coupling region is formed; and

(d) rigidly encapsulating the nearly exposed cores of the
Jirst and second single-mode optical fibers in a quartz
tube while maintaining the parallel-juxtaposition of
the first and second longitudinal segments.

27. A polarization-insensitive optical coupler as recited in

claim 26, wherein said step (b) comprises the substeps of

(bI) wrapping portions of the first and second longitudi-
nal segments with a material which will not substan-
tially deform the nearly exposed cores of the first and
second single-mode optical fibers;

(62) bonding the nearly exposed cores of the first and
second single-mode optical fibers together while the
nearly exposed cores of the first and second single-
mode optical fibers are wrapped; and

(63) unwrapping the nearly exposed cores of the first and
second single-mode optical fibers.

28. A polarization-insensitive optical coupler as recited in

claim 27, wherein said substep (b2) comprises:

gluing the nearly exposed cores of the first and second
single-mode optical fibers together with glue while the
nearly exposed cores are wrapped; and

curing the glue.

29. A polarization-insensitive optical coupler as recited in
claim 27, wherein said substep (bI) comprises wrapping
portions of the first and second longitudinal segments with
a thin plastic sheet.

30. A polarization-insensitive optical coupler as recited in
claim 26, wherein said step (b) comprises wrapping portions
of the first and second longitudinal segments with a mate-
rial which will not substantially deform the nearly exposed
cores of the first and second single-mode optical fibers.

31. A polarization-insensitive optical coupler prepared by
a method comprising the steps of:

(@) etching first and second longitudinal segments of first
and second single-mode optical fibers so that each
fiber has an outer cladding having a low index of
refraction relative to the index of refraction of a nearly
exposed core of each of the first and second single-
mode optical fibers;

(b) maintaining the first and second single-mode optical
fibers in parallel juxtaposition with one another along
a portion of each of the first and second longitudinal
segments, said maintaining step comprising the sub-
steps of:

(b1) wrapping portions of the first and second longitu-
dinal segments with a material which will not sub-
stantially deform the nearly exposed cores of the
Jirst and second single-mode optical fibers;
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(b2) bonding the nearly exposed cores of the first and
second single-mode optical fibers together while the
nearly exposed cores of the first and second single-
mode optical fibers are wrapped; and

(b3) unwrapping the nearly exposed cores of the first
and second single-mode optical fibers;

(¢) fusing the parallel juxtaposition portions of the first
and second longitudinal segments together to form a
coupling region; and

(d) rigidly encapsulating the nearly exposed cores of the
first and second single-mode optical fibers in a quartz
tube while maintaining the parallel juxtaposition of
the first and second longitudinal segments.

32. A polarization-insensitive optical coupler as recited in
claim 31, wherein said substep (bl) comprises wrapping
portions of the first and second longitudinal segments with
a thin plastic sheet.

33. A polarization-insensitive optical coupler as recited in
claim 32, wherein said substep (b2) comprises:

gluing the nearly exposed cores of the first and second
single-mode optical fibers together with glue while the
nearly exposed cores are wrapped; and

curing the glue.

34. A polarization-insensitive optical coupler as recited in
claim 31, wherein:

said maintaining step (b) further comprises the substep
of placing the first and second longitudinal segments
under axial tension; and

said fusing step (c) comprises fusing the parallel juxtapo-
sition portions of the first and second longitudinal
segments together while the first and second longitudi-
nal segments are maintained in parallel juxtaposition
and remain under axial tension.

35. A polarization-insensitive optical coupler prepared by

a method comprising the steps of:

(a) etching first and second longitudinal segments of first
and second single-mode optical fibers so that each
fiber has an outer cladding having a low index of
refraction relative to the index of refraction of a nearly
exposed core of each of the first and second single-
mode optical fibers;

(b) maintaining the first and second single-mode optical
Jfibers in parallel juxtaposition with one another along
a portion of each of the first and second longitudinal
segments while placing the first and second longitudi-
nal segments under axial tension;

(c) fusing the parallel juxtaposition portions of the first
and second longitudinal segments together while the
first and second longitudinal segments are main-
tained in parallel juxtaposition and remain under
axial tension, so that a coupling region is formed; and

(d) rigidly encapsulating the nearly exposed cores of the
Sfirst and second single-mode optical fibers while main-
taining the parallel juxtaposition of the first and sec-
ond longitudinal segments, said step of rigidly encap-
sulating the nearly exposed cores including the sub-
steps of*

(d]) placing a tube having ends and having a length
substantially the same as the first and second longi-
tudinal segments over the coupling region;

(d2) gluing the ends of the tube to the first and second
single-mode optical fibers with glue to suspend the
fibers within the tube; and

(d3) curing the glue.

* X

* r =%



