
..,._ 

-1-

METHOD OF MAKING lXN FIBER OPTIC COUPLER 

This invention relates to methods of making fiber 
optic couplers, more in parti!=ular so-called lxN fiber 
optic c~upl~rs~ which are capable of coupling substantially 
equal amounts of power f-rom an input optical fiber to two 

5 or more output optical fibers. 

Methods of making lxN couplers are disclosed in 
relates U.·S. patent application_S.N~ 380,877. Protective 
coating is removed from a region of an input optical fiber 
intermedia.te the ends thereof, and protective coating is 

10 removed from an end of eac_h of a plurality of output 
optical fibers. The coated portion of the input fiber is 
threaded through the aperture of a capillary tube until the 
uncoated region thereof is near the tube end. The uncoated 
regions of the outJ:?Ut fibers are placed around that of the 

15 input fiber, and the uncoated regions of all of the fibers 

20 

25 
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are simultaneously fed into the tube aperture until the 

uncoated regio~s extend through the midregion of the tube. 

In order to equally space the output fibers around the 

input fiber, the uncoated sections of the output fibers are 

5 glued to the input fibe_r prior to insertinq the fiber 

bundle into the tube. The tube rnidregion is heated to 

collapse it about the fibers, and the central portion of 

the midregion is drawn to-reduce the diameter thereof over 

a predetermined length. 

10 U.S. Patent No. 4,902,324 teaches that tubes having 

bores of predetermined cross-section can be employed to 

facilitate the alignment of the output fibers around the 

centrally-disposed input fiber prior to the tube collapse 

step.. The aperture is formed by a plurality of flattened 

15 walls, the dimensions and orientations of which are such 

·that the cross-section of the aperture in· the central 

region of the tube is symmetrical with respect to a plane 

passing through the l<?ngitudinal axis of the tube·. At any 

cross-section of the aperture that is adjacent· the coated 

20 regions of the fibers, each fiber coating contacts two 

walls of the aperture. The midregion"of the tube is heated 

and collapsed about the fibers, and the central portion of 

the midregion is drawn to- reduce the diameter thereof. For 

e~ample, four fibers can be positioned in a triangularly 

25 shaped 1J9re, three of the fU>ers being equally spaced about 

a central fiber. After the tube collapse st~p, tbe 

pe~ipherally dis"posed fibers are not.always equally spaced 

about the central fiber. 

30 Summary of the Invention 

It is an object· of the present inventio~ to provide a 

method of· making an overcl~d lxN fiber optic coupler 

wherein a pl~ality of output fibers remain equally spaced 

35 about an input fiber after the overclad tithe has been 

collapsed onto the fi]?ers. Another object is· to provide a 

r~producible method of making lxN overclad fiber optic 
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couplers. A further object is to provide a method. of 

r-eproducibly making lxN fiber optic couplers of th_e type 

wherein the input signal is equally coupled to the. qutput 
I 

fibers. 

Overclad fiber optic couplers are conventionally 
formed from a coupler preform including a glass tube having 

a longitu~inal aperture. Disposed wi~hin .the aperture are 

at_ least a portion of each of a plurality of-glass optical 
fibers. At least that part of each .fiber that is located 

.in the· tube midregion has no coating. The midregion of ·the 

tube is collapsed onto the fibers, and at least a portion 

of the midregion is stretched. In accordance with this 
invention, the tube is characterized in that the aperture 

has H equally spaced, longitudinally extending, inwardly 

proj.ecting protrusion means (M>2). The region between each 

two adjacent .protrustion means constitutes a corner region 

through which one of the fibers extends. The protrusion 

means maintains the fibers in their relative positions 
during the tube collapse step. 

The tube aperture may be formed of M similarly ~haped 
side walls, adjacent walls intersecting at an apex, and . 

each of the walls including one of the prptrusion means. 

If M+l fibers are. to be disposed in the aperture, M fibers 

are disposed in the corner regions, and one fiber is 

centrally disposed in the aperture in substantial contact 
with the M"fibers. ·In that embodiment wherein Mis greater 

than ~, the diameter of the centrally qispo_sed fiber is 
greater than the diameters of the M fibers. 

The glass tube can be formed by· inserting into the 
aperture of a first tube an elongated carbon member having 
a predetermined cross-sectional shape. The first tube is 

heated, and a di.fferential pressure is created across the . . . . . . . 
wall thereof to cause the tube to collapse onto· the carbon 
member. The_ carbon member is removed by oxid~tion, and the 

resultant tube is drawn to reduce the diameter thereof. 

Glass optical fibers.are conventionally provided with· 
protective coatings. A port~on of the coating is stripped· 
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from each coated fiber, an·d the uncoated portions of the 

fibers are placed within the longitudinal aperture. In one 

embodiment, M+l coated glass fiQers are employed.. A 

portion of the protective coating is stripped from a region 

of one of the fibers remote from the ends thereof, and a 

portion of the coating is stripped from the ends of the 

remaining M fib~rs. The uncoated sections of the one and 

the M fibers are placed within the tube aperture. The one 

fiber can be located in one of the corner regions 'of the 

aperture, or it can be located in center of the aperture. 

Brief Description of· the Drawings 

Fig. 1 is a partial cross-sectional view of a coupler 

preform attached to an .evacuation apparatus. 

Fig. 2 is a cross-sectional view of the-axial portion 

of the preform of Fig~ 1. 

Fig. 3 is a cross-sectional view taken along lines 3-3 

of Fig. 2.· 

Fig. 4 is a cross-sectional view of a carbon aperture 

forming member. 

Fig. 5 is a schematic illustration of an apparatus for 

collapsing a coupler preform and drawing the midregion 

thereo·f. 

Figs. 6, 7 and 8 are cross-sectional views of the 

axial region of the tube during the collapse step. 

Fig •. 9 sh~w.s a ~fiber optic coupler after it has been 

drawn down and sealed at its ends. 

Figs. 10 and ll are cross-sectional veiws illustrating 

further embodiments of the invention. 

Fig. ·12 and 15 are graphs illustra.til)g the variation 

in coupled pow~ with respect to coupling;length during the 

stretching of two types of lx4 coupler preforms. 

Fig. 13 a spectral diagram illustrating the power in 

the outpu·t · fibers of the lx4 coupler of Ex~mple 1. 

Fig. 14 .is a schematic illustration of an alternative 

arrangement for positioning the input fiber. 
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Description of the Pref erred Embodiments 

The drawings are not intended to indicate scale or 

relative p~oportions of the elements shown therein. 

A first embodiment pertains to an improved method of 

making lx4 fiber optic couplers. This method employs a 

tube 10 (Fig. 1-:-3) having a longitudinal bore or aperture 

11. Tap~red apertures .12 and 13 '"form funnel-like entrances 

to aperture 11 at end surfaces 14 and 15~ respectively. 

The ~oftening point temperature of tube 10 should be lower 

than that of the fibers that are to be inserted.therein. 

Suitable tube compositions are sio2 doped with up to 25 wt. 

!Ii B2o3 , 8~10 wt %being prefer:r;-ed. Fluorine can optionally· 

be employed ·in addition to the B2.o3 . Tube 10 can be formed 

by depositing glass particles on a cylindrical mandrel to 

form a porous, cylindr.ical preform. The mandrel is 

removed, and the.porous preform is dried and consolidated 

to form a tubular glass body. · 

The optical fibers must be maintained in a symmetrical 

array within the coupling region of the coupler in order to 

obtain proper coupling i-n a lxN coupler. The geometry of 

the tube apertur~ is a critical factor in maintaining the 

fibers in such a symmetrical array. In accordance with .the 

present invention the tube aperture has an equiangular 

polygonal cross-sectional configuration. If 'the aper~ure 

has·an M sided polygonal cross-section,.it is formed of M 

similarly shaped side walls, each of which includes 

longitudinally extending, inwardly projecting protrusion 

means .for collapsing inwardly on the peripherally located 

.fibers and maintaining their relative positions·during the 

tube collapse step. Adja-cent aperture wal.ls intersect at 

·an apex, ·thereby forming a· corner region.-tihrough which one 

fiber extends in substantial contact with the adjacent 

walls. By substantial contact is meant that amount of 

contact that might occur, taking into consideration the 

fact that the fiber must be slightly smaller than the space 

alloted to it to account for manufacturin<J tolerances. 
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Such an M-sided cross-section can symmetrically support an 

array of M fibers or an array of M+l fibers. If M fibers 

are present, one is disposed in each corner, and each fiber 

contacts the two adjacent fibers. If M+l ·fibers are 

present, one fiber is disposed in each of the M corners, 

and one additional fiber is disposed in the center of the M 

fibers. 
Aperture 11 of Fig·s. 1-3 comprise.s three similarly. 

shaped walls that intersect at corners 23. At the centers 

of the th_ree walls are inwardly projecting, longitudinally 

extending protrusions 24. A triangular aperture is 

suitable for making coupl'ers having four fibers (Fig. 3), 

or it could be used to support three mutually contacting 

fibers if it were suitably dimensioned with respect t~ the 

fiqer d.iameters. 

A glass. tube having an aperture of the type 

illustrated ~n Fig. 3 can be formed by shrinking a tube 

on.to a carbon graphite member 25 h~ving the cross-~ectional 

shape shown in Fig. 4 and then burning out the· ·carbon 

member and stretching the tube to decrease its diameter. 

The carbon member surface should be free from impurities 

that would cause imperfections in the glass surface within 

the aperture. The details of this process are disclosed in 

U.S. patent No. 4,750,926, which is incorporated herein by 

reference. 

Tapered apertures 12 and 13 can be formed by flowing 

the qas phase etchant NF3 through the tube while directing 

a flame toward the end of the tube to create an axial 

temperature gradient. · The tapered apertures form 

funnel-like entran~es to bore 11 to facilitate fiber 

insertion. 

Coated· fiber is utilized in '\:;he· pres~'nt method, such 

coated fiber comprising a glass optical fiber and a 

protective coating. The glass optical fiber includes a 

core of refractive index n1 and a cladding h~ving a 

refractive index n2 (n1 > n2). There is cut a length 17 of 

coated fiber comprising glass optical fi~er 19 and coating 
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~l. A portion of the coating intermediate the ends of 

coated fiber 17 is removed for a distance slightly longer 

than the length of tube 10. 

5 Three lengths 18 of coated fiber are severed; each of 

the lengths comprises a glass optical fib~r-20 having a 

protective coating 22. A portion of t~e coating at an end 

of each coated fiber 18 is removed. Each of the uncoated 

ends is optiona~ly provided with an antireflectton 

10 termination. One method of forming such terminations is 

disclosed in U.S. patent No." 4,834,493 •. In accordance with· 

a modification of the method of ·that patent, an 

oxygen-acetyiene flame is_directed at the uncoated fiber a 

short distance from the end thereof, and the end of the 

15 fiber is pulled until it becomes severed from the remainder 

of the fiber. The fiber now has a tapered e~d. The fiber· 

end remote from .the tapered end is connected to a 

reflectance monitoring apparatus. The tapered end is 

provided with a low reflectance termination by heating the 

20 tapered end in a flame to lower the viscosity of the 
. . 

material thereof by· an amount sufficient to cause the 

material tp recede back al orig the fiber and form a rounded. 

endface, the final diameter of which is ~bout equal to or 

slightly smaller than the original uncoated. fiber diameter. 

25 A current specification. for the reflected power is ~so dB. 

The uncoated sections of ·fiber 18 that remain after the 

termination·step are slightly longer than tube 10. 

Various techniques can be .employed for threading the 

fibers into aperture 11. In accordance with one technique, 

30 tube 10 is mounted horizontally .in a jig with one of the 

aperture corners 23 oriented downwardly. All fibers are 

inserted into that portion of aperture 11 ~hich extends to 

tube end 15. The exposed portion of one fiber 20 is 

inserted into the lower portion of apert~re. 11 such.tha~ it 

35 contacts the aperture walls in~ersecting in the downwardly 

oriented corner. one of the coated end portions of coated 

fiber 17 l.s then threaded through the central portion of 

aperture 11 unt_i.1--.the uncoated central re9ion ot: optical 
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fiber 19 is centered in the tube. The coated portion of 

the fiber fits through· the aperture at this time since the 

remaining two corner_s of the aperture are open.· The 

exposed portions of the remaining two fibers 20 are 

inserted into the the remaining open regions of aperture 11 

. between fiber 19 and the aperture walls that form the 

rema~ning two corners. Preferably, only a few micrometers 

of clea~ance exists between adjacent fibers and/or the 

fibers and· wa-lls. The cladding portions of the fibers are 

a few millimeters from the tube end faces 14 and 15. Drops 

29 of glue are applied to optical fibers 19 and 20 at both 

ends of the tub~ to glue the fibers to one side of .the 

aperture. Care is taken not to block access to aperture 

11. This glue cures to· a viscosity such that the fibers 

are rigidly secured to the tube. Thereafter, drops 30 of 

glue are applied to . cover ~ny exposed portions of stripped 

fiber. Again, care is taken not to block access to 

aperture 11. Glue 30 cures ·to a consistancy that is less 

rigid than glue 29. 

Apparatus for collapsing and stretching the resultant 

preform 31 is s~o:wri in ·Fig. 5. -Chucks 32 and 33 are 

mounted on motor controlled st~ges 45 and 46, respectively, 

which are preferably cont:z:-olled by a computer. A heat 

shield 35 is optionally located. ab~ve the ring burner 3 4 • 

·Preform 31 is inserted through ring burner 34 and is 

clamped to the draw chucks. The fibers extending from both · 

ends of the tube are threaded through their respective 

vacuum apparatus, and vacuum attachments 41 and 41' are 

connected to the tube. Vacuum a·ttachment 41, which is 

shown in cross-section in. Fig. 1, may comprise a tube· 40, a 

collar. 39 threaded thereon, and an o-ring,38 disposed 

between the collar ~nd tube. After vacuum.• attach:cent 41 is 
- -

slid over the end of tube 1"0, . collar 39 is tight:-ened 1 

thereby compressing o-ring 3·8 ·against the tube. Vacuum 

line 42 is conn~ted to t~be 40. One end of· a length of 

thin rubber tubing 43 is attached to that end. of vacuum 

attachment 41 that is opposite preform 31.: the rel&laining 
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end of the tubing extends between clamp jaws 44 •. Upper 
vacuum attachment 41' is similarly associated with line 
42', tubing 43' and ~lamp jaws 44'. The coated portions 9f 
the fibers extend from tubing 43 and 43'. Vacuum is· 
applied to both ends of coupler preform 31 by clamping jaws 
44 and 44' on tubing 43 and 43 1 , respectively. 

The flame ~rom ring burner 34 heats tube 10 for a 
sufficient period of time to increase the temperature of 
midregion 27 of the tube to the softening temperature 
thereof. With the assistance of the differential pressure 
on the tube, the matrix glass begins to collapse onto 
fibers 20, and they are urged into contact with fiber 19 

(Fig. 6). The tube matrix glass then begins to surround 
fiber 19 as shown in Fig. 7. Finally, the tube matrix 
glass completely surrounds the fibers and fills the 
aperture to form a solid structure that is free from 
airlines and the like. Midregion 27, the central portion 
of which forms the coupling region of the resultant 
coupler, becomes a solid region· (see Fig. 8) wherein 
substantially the entire lengths of fibers 19 and 20 are in 
mutual contact. Fig. 8 illustrates the fact that the 
·relative orientation of the fibers is retained throughout 
the entire collapse ~tep. The longitudinal length of the 
collapsed region depends upon ·the temperat.ure ·and time 
duration of the flame, the therm~l conductivity of the . . 
glass tube, and the amount of vacuum applied. 

The diff ere~t stages of partial collapse illustrated 
in Figs. 6 and 7 were obtained.by collapsing tube~ onto 
fibers by a method similar to that described above except 
that the applied vacuum was less than that necessary to 
obtain complete collapse. These figures clearly illustrate 
the benet:icial effect of longitudinal prp~'rUs·ions 24. 

After the tube cools, the flame is reignited, and the 
center of the collapsed region is reheated to the softening 
point of the materials thereof. The flame duration for the 
stretch process depends upon the desired coupler 
characteristics. S;tretching only ·the central portion of 

•. 
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the collapsed midregion ensures that the coupling region of 

the fibers will be· embedded in the matrix glass of the 

capillary tube. During this reheating step, the .fibers are 

also heated since they are completely surrounded by the 

matrix glass of the capillary. tube and are.therefore in 

therma~ contact th.erewith. After the collapsed tube is 

reheated, the ~upply of oxygen to.burner 34 is turned off, 

an~ stages 45 and 46 puil in opposite directions until the 

coupler length has been increased by an amount necessary to 
bring the fiber cores closer together along a distance 

sufficient to.accomplish a predetermined type of coupling. 

The diameter of midregion 27 is reduced as illustrated by 

region 51 of Fig. 9. The ratio of the drawn down diameter 

of region 51 to the starting diameter of midregion 27 (the 

draw down ratio) is determined by the optical 

characteristics of the particular device being made. 

It is conventional practice to monitor output signals 
to control process steps in the manufacture of optical 

devices as evidenced by u.s. pa-tents Nos. 4,392,712 and 
4,726,643, 4,798,436, U.K. Patent Application No. GB 

2, 183, 866 A and International Publication No. WO 84/04-822. 
Furthermore, computers are often employed in feedback 
systems which automatically perform such •onitor and 
control functions. A suitably programmed Digit.al PDP 11-73 

micro-computer can be utiliz.ed to perform these functions. 
During the tube collapse.and stretch steps~ the ends of the 
tube are affixed t~ computer controlled stages. The amount 
of 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 ~t one or more of 
the output f ibe:t;"s during the stretc~ operation. 

If _a 1x4 coupler is being· formed, a light source can. 
be connected to the input end of fiber 17 extending from 

preform endface 14, and a detector can be al_igned with the 
output en~ thereof. During the stretchi~g operation, the 
detection of a predetermined power at said output end can 
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be used as an interrupt to.cause the computer .controlled 

stages to stop pulling the coupler preform. 

After having determined the proper stret?hing distance 

to achieve predetermined coupling characteristics, the 

apparatus can be programmed to move the stages that proper 

stretching distance.during the fabrication of subsequent 

coup~ers that a_r~ 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 couplers. The process· 

parameters that can be controlled by the computer to ensure 

coupler reproducibil~ty are heating times and tempera~\,lres, 

gas flow rates, and-the rate or rat~s at which the stages 

·· pull and stretch· the. coupler pre.form. In the fol"l&lation of 

a lx4 coupler, the predetermined output power would be 1/4 

the input power minus 1/4 ·the total excess device loss, as 

de~ermined empirically. 

r.f the device that is being made is a lx4 coupler, for 

example, the stretching operation is not stopped when the 

output power_ decreases to 1/4 the input ·power. Various 

_parts of the system exhibit momentum, whereby stretching ef 

the coupler preform continues after the stage motors are. 

instructed.to stop. The coupling ratio therefore ·changes 

after the stopping signai is generated. Also, the coupling 

characterist~cs 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;t9 achieve ·a 

predetermined coupling r~tio after the device cools. 

After the coupler cools down_, the vacuum 1 ines are 

removed from the resultant coupler, and quantities 48 and-. 

49 of glue are applied to the ends of the capilla~ tube 

(Fig. 9). Glue 48 and 49 is applied over the previously 
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applied glue., and it also fills in the aperture opening 

that had previously been kept open. This last application 

of glue increas~s the pull strength of the fiber pigtails 

and produces a hermetic seal. The resultant fiber optic 

coupler 50 of Fig. 9 functions to equally couple a signal· 

propagating in the input end of optical fiber 17 at end 14 

to all of the o~ti~al fibers extending from end 15. The 

coupler is then removed from the draw apparatus and can be 

packaged if additiQnal stiffness is desired. 

In.a modification of the above-described embodiment, 

coated fiber 17 extends only from end 14 of tube 10. 

Rather than being stripped in its central portion, coated 

fiber 17 would be stripped at its· end. Since the resultant 

device is a lx3 coupler, the output power f.rom at least one 

of the output coated fibers 18 would be monitored d"::ring 

the stretch operation. In this case, the predetermined 

output power wou14 be 1/3 the input power ~inus 1/3 the 

total excess device lo~s. · 

The lxJ coupler embo4iment is u~eful for describing_a· 

further modification of the invention. If the input fiber 

and the three output fibers are identical, the percent 

power coupled from the input f~ber to the output fiber will 

be wavelength sensitive.· For example, .about 1/3 the input 

power might couple to the <;>utput fibers at a predetermined 

wavelength such· as 13.10 nm, whereas substantially no power 

would.couple at another wavelength such as 1550 nm. 

Hovever, if the propagation constants of the output fibers 

are different fr.om that of the input fiber, the device can 

be made to function as an achromatic coupier, a wavelength 

division multiplexer or the like. Various fiber parameters 

that affect the propagation constant are disclo~ed in the 

publication: o. Parriaux et al.; "Wav.elerigth Selective 

Distributed Coupling Between Single Mode Optical.Fibers for . . . 

Multiplexing", Journal of Optical Communicaticms, VoL 2, · 
. . 

No. 3,_ Pl>· 105-109. 
If all fibers have the same outside diame~er, a 

maximum of six fibers 55 can be arranged,in a close packed 
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array around a central fiber 56 as shown in Fig. 10. 
Aperture s7 would therefore be form~d of six walls, each of 
which coptains an inwardly projecting, longitudinally 
extending protrusion S-8. 

However, more than six fibers of a given diameter can 
be arranged around a central fiber having a diameter larger 
than t~e give_n diameter. In the embodiment illustrated in 
Fig. 11, eight fibers 61 of a given di.ameter are arranged 
around central fiber 62 having a diameter larger than the 
given diameter. Aperture 63 is formed of eight walls, each 
of which contains an inwardly projecting, longitudinally 
extending protrusion.64. The diameter of the core of fiber 
62 could be the same as the diameters of the cores of 

. . 
fibers 61, thus causing the mode field diameters of all of 
the fibers to be identical. Fiber 62. could therefore be 
efficiently coupled to a system fiber of standard diameter. 

Examljle 1 
The following metho4 was employed to form lx4 .. fiber 

·optic coup~ers providing substantialiy e~al coupling to 
each of the output fibers at about 1430 nm. 

A glass. tube, the coinposi.tion 9.f which was silica 
doped with about 10 wt. t B2o3 was f9rmed by depositing 
particles on a mandrel to form a cylindrical porous 
preform. The mandrel was removed, and the porous preform 
was dried and consolidated to form.a tubular glass body 
having an outer diameter of 37 mm and an inside diameter of 
11 mm. A carbon graphite member was mac~ined to the shape 
shown in Fig. 4. The original cross-sectional dimensions 
Of the carbc:i~ member were: h=6.0 _mm and.b=6.93 nlm 1 the 
dimension h being measured to the originaJ; apex. 
Semicircu~ar, longitudinally extending 9~9oves 26 having a 
rad'ius of 0.612 mm were machined in each· ~all, and the 
intersection of each groove 26 and its corresponding wail 
was rounded as shown •. The corners were machined down a 
distance c of 0;254 mm~ The carbon member was inserted 
into the glass tube, and the tube was heated and evacuated 
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. in accordance ·with the teachings of the aforementioned U.S. 

patent No. 4,750,926. The carbon member was burned out of 

the tube, and the tube was stretched· until the height of 

the resultant triangular cross-secti9nal aperture was about 

365 µm, this measurement being made. from t~e base of the 

triangular cross-section to the opposite corner.· The flat 

truncated-corners of the carbon mandrel did not carry 

through to the resultant reduced diameter tube. They 

·appeared as shown in Fig. 3, apparently rounded by one of 

the heating st~ps. 

The resultant capillary tube was severed in~o lengths 

of about 3.8 cm, the outside diameter being about 2.8 mm. 

Tapered apertures were formed at both enqs of the aperture. 

by gas phas.e etching with NF3 • The radii of the tapered 

apertures at the tube ends are about 1/4-1/2 the tube 

radius. TUbe 10 was cleaned in ethyl alcohol and baked; it 

was then mounted horizontally in a jlg. 

Approximately 4.4 cm of coating.was sti:;ipped from the 

central region of ·a .4 meter length.of 125 µm diameter 

single-mode optical fiber 17 having a 170 µm diameter 

urethane acrylate coating." A 4.4 cm long section of 
. . 

coating was removed from the ends of three 2 meter lengths 

of fiber 18. The uncoated sections of the fibers were 

wiped. The fibers were threaded into tube 10 as described 

above, optical fiber 19 being in.the cent~r. The cladding 

portions of the fibers were about 3 mm_fr.om the tube 

endfaces 14 and 15.. Drops 29 of Dymax 911 UV curable gl~e 

we applied to optical fibers 19 ·and 20 at both enos of the 

tub~ to-adhere the fibers to one side of the aperture. 

After· the glue was cured by exposure to ultraviolet light, 

drops 30 .of D~ax 625 UV curable· glue _w¢~~ used to cover 

any ~xposed portion of stripped fiber. This glue wa:s also 

cured 'by exposure to UV light. Care was taken not to block 

access to aperture 11 .while.applying the glue. 
. . 

The tube was secured by chucks 32 and 33 of the 

apparatus of Fig. s·. . The fibers extending from both ends 

o·f the tube were threaded through 1;.heir _i::especti ve vacuum 
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apparatus, and vacuum attach111ents 41 and 41' were connected 

to the tube. Clamps 44 and 44' were released to secure 

coated fibers 17 and 18,. and both ends of the tube were 

connected to a vacuum source which provided a vacuum of. 18 

inches (45.7 cm) of mercury. ·The burner was ignited and 

the flame heated tube 10 for 10 seconds. TU.be 10 collapsed 

onto the fibers. as shown in Fig. _a. 
Previous experiments had been performed to determine 

the amount of stretching necessary to achieve predetermined 

optical characteristics. · During an initial experiment, the 

input end of fiber 17 was connected to a 1400 nm light 

source, ~hd the output end thereof was connected to a 

detector in the feedback system that controlled the 

movement of chucks 32 and 33. When the signal coupled to 
. . 

the detector indicated that the powe~ propagating in the 

output end of fiber 17 had decreased ·to about 1/4 its 

initial value, an interrupt signal was generated for the 
. . ':'" 

purpose of stopping the stretching operation~~ Additional 

couplers were ·then made by methods wherein the stretching 

distan.ce was varied slightly to determine the- effects 

thereof on optical properties. . Stretching distance is the 

total distance that stages 45 and 46 moved .away from each 

other. The stretching distance was found to be between 1. 5 

cm and 1.6 cm for forming lx4 couplers of the type to which 

this example pertains. 

A theoretical analysis was made of cou~lers .of the 

type to which the present invention pertains ~n order to 

better understand such couplers and the method of making 

them. ·Fig. 12, which is a result of that analysis, 

illustrates the manner in which the coupled power varies 

during ·the stretching process. curve 70 indicates that the 

percent power remaining in the output end iof fiber 17 

decreases trom 100% to zero during the stretching 

operation. As the power in the output end of fiber 17 

decreases, the power in each of the fibers 18 increases 

(curve 71). The curves of Fig. 12 ~re not continued any 

further than the extent. necessary_ -to illustrate· the 
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specific region of· interest, only the first power transfer 

cycle being shown. If ·a coupler preform were stretched to 

greater value~ of z, the coupled power would cont.inue to 

oscillate in the manner illustrated except that the period 

of oscillation becomes smaller with continued stretch~ng. 

At some.length z, the power in each of the output fibers is 

substantially e9:tJal to the power remaining in fiber 17 (see 
. . . 

. point 72). Continued stretching would result in ~nother 

value of z wherein equal power propagated in each fiber 

(see point .73). The monitoring and feedback ~quipment can 

cause the stretching to stop at point 72, point 73 or one 

of the subsequently occurinq crossover points (not shown) . 

The midregion of one specific collapsed coupler 

preform was heated for 9 seconds and was stretched to form 

the·coupler, the total stretchin9 distance being 1.55 cm. 

After the coupler had cooled, the vac~um lines .were 

removed·, and a ~rop of Emcast 1060A adhesive was· applied to 

the ends thereof to torin a hermetic seal. T.his adhesive 

was a UV .curable epoxy containing ground glass. After the 

.adhesive was cured, the ·coupler was removed from the draw. 
. . 

Output power is plotted in Fig. 13 as a function of 

wavelength ·th.at .colip.ler. curve 75 represents the power 

propagating in the output .end of fiber 17, and curves 76, 

77 and 78 represent the power propagating in output fibers 

18~ About equal power propagated· in each of the output. 

fibe:t;s at 1440 run. · There was ver:y little devi~tlon fi:om 

this power ratio at wavelengths up to about 1470 nm. The 

excess loss.of this device was 1.24 dB at 1440 run. 

It is noted that a lx3 coupler could have been .formed 

by stopp.ing the s~retchinq operation at ~i:iat value· of z 

where .no power remains in t:~e o~tput end~· ;,•f fiber ]., 7. The 

stretching distan~e.~ould b~ th.at value of z corresp~n~~ng 

to point 74 of Fiq. 1z. curve 71 inqicates that each of 
.. 

the fibers 18 co~tai·n~ abou~ 33% o_f the. powe·i;- propaqatirig . 

. lit ~e .. input end of fiber 17 in a device stretched such a 

distance. 
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Example 2 
-A coupler was made by a method similar to that 

describe<i in Example 1 except that the input fiber 80 (Fig. 

14) was placed in one of the corners of the aperture., one 

output fiber 81 was placed .in the c~n~er of the aperture, 

and the remaining output fibers 82 and 83 were placed in 

the remaining two corners. Fig. 15, which was derived from 

the aforementioned theoretical ~Odc;!l, shows the manner in 

10 which coupled power varies during the process of stretching 

such a preform. Curve 84 represents the amount of power 

remaining in that portion of input fiber ~o that extends 

from the output. end of the coupler. During the stret.ching 
operation, the percent power remaining in that fiber 

15 decreases from 100% to zero (curve 84). As the power in 

the input fiber decreases, the power in the centrally 

disposed output fiber 81 begins to increase as shown by 

· curve 85. With continued stretching, power begins to 
·coup_le from central fiber 81 to fibers 82 and 83 (curve 

· 20 86). At some length z, ·the power in all output fibers is 

equal as indicated by point 87 where curves 84, 85 and 86 
intersect. In one coupler made in accordance with this 
embodiment, the power in each of the output fibers was very 

nearly equal at wavelengths between 1280 and 1310 nm, and 
25 the excess device loss was 0.58 dB at 1300 nm. 

30 

35 
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I claim: 

1. A method of making a fiber opti~ coupler comprising 

the steps of 
providing a glass tube having first and second 

opposite end portions and a midregion, a 

longi~udinal apertµre ext~nding from a first end 

of said tube· to a second end th~reof, 
disposing withj.n said iongitudif\al aperture at least a 

portion of each of a plurality of glass optical 

fibers, at least that part of each fiber that is 
located· in the tube midregion. having no coating 
thereon, 

collapsing the midregion of said tube onto said· 

fibers, and 

stretching at least a portion of.said midregion, 

· said tube being characteriz~d in that said aperture has M 

equally spaced, longitudin~lly extendi.nq, inwardly 
project~ng protrusion means, wherein M is at least 3, the 
region between each two adjacent protrustion means 

constituting a corner region through which one of said 
fibers extends, said protrusion means maintaining. said.· 

fibers in their relative positions during .said step of 

collapsing. 

2. A method in accordance with clahu 1 wherein said tube 

is characterized in that said ap~rture is formed of M 

similarly shaped side walls, adjacent walls intersecting at · 

an apex, each of said walls including one of said 
protrusion means. 

·3. A method in accordance with claim z ~herein said tube 
~s chqracterized in that the cross-sectional conf iquration 
of sa1d aperture is that,of a regular polygon. 

4. A method in accordance with claim 1 wherein the step 

of di$p.os.j.ng co~p~i,ses 4~spos~ng M+l ~ib~rs in said 
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aperture, M fibers being_ disposed in said corner regions 
and one fiber being centrally disposed in substantial 
contact with said M fibers. 

5. .· A method in accordance with claim 1 wherein the step 
of disposing comprise~ disposing M+l fibers in said 
aperture, wherein· M is greater than 6, ·the diameter of said 
centrally disposed fiber being greater than the diameters 
Of.said M fibers. 

6. A method in accordance with claim 1 wherein said tube 
is characterized in that the cross-sectional conf igu~ation 
of sa.id aperture is symmetrical about a plane through the 
longitudinal axis of said tube. 

7. A method in accordance with claim 1 wherein the step 
of providing a glass tube comprises inserting into the 
aperture of a first tube an elongated carbon member having 
a-predetermined. cross-sectional shape, heating said tube 
and creating across said tube a differential pressure. 
wherein the pressure within .said tube is less than that on 
the outer surface thereof to cause said tube to collapse 
onto said carbon m~mber, removing said carbon member by 
oxidation., and drawing the resultant tube to reduce the 
diameter thereQf. 

8. · A method in accordance with claim 1 wherein the step 
of disposing comprises providing a plurality of glass 
fibers have coatings thereon, stripping from each fiber a 
portion the coating thereof, and disposing the uncoated 
portions of said fibers within said longitudinal aperture . 

. . 
9. A method in accordance with claim i wherein the step 

·of disposing comprises providing M+l glass fibers have 
co~tings thereon, stripping ~rom one of said fibers a 
portion of the prote~tive coating thereof remote from the 
ends thereof, and stripping from M o.f said fibers a portion 
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of the coating at ·one end thereof, and positioning the 

uncoated sections of sa.id one and said M fibers within said 

tube aperture. 

5 10. A method in accordance with claim 9 wherein the step 

of positioning comprises positioning said one fiber in one 

of sa~d corner _.regions. 

11. A method in accordance with claim 9 wherein the step 

10 of positioning comprises positioning each of said M fibers 

in one of said corner regions .and positioning said one 

fiber in center of said aperture. 

12. A method of making a_ fiber optic coupler compri~ing 

· 1"5 . the steps of 

providing a glass tube having first and second 

opposite end portions and a-~dregion, a 

longitudin~l aperture extending from a firs.t end 

of said tube to a second end thereQf, said 
. . 

20 aperture having M .equall.y spaa:d,· longitqdinally 

25 

3-0 

35 

ext~nding, inwardly projecting protrusion ll)eans 

wherein Mis at.least 3, . . 

disposing within said _longitudinal aperture a 

pltirality ·of· glass optical fibers; each of said 
. . . . 

fibers ~tending 'thr6ugq.·said _tube midr:-egibn, one 

of said fibers bej.ng loc;ated between each 

adjacent· pair of pro~rusion means,· 

collapsing the midi:=egion of·. said tube onto said 

fibers, said protrusion me~ns-maintain~ng said 

:fibers in their relative positions, .and 

drawings· .a:t leas-t ·a portion of said .. J!!~dr¢gion. 


