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method of and an apparatus for expanding the mode field diameter of an optical fiber by heating a specified region of the optical

fiber with a uniform or desired temperature distribution for forming a thermally-diffused expanded core (TEC). The mode field
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ameter of the optical fiber Is expanded by heating an optical fiber 1 with a burner 11 so as to thermally diffuse the dopant forming
e refractive-index profile. The burner 11 has a heating surface 11a in which a plurality of gas-issuing holes 12 are arranged such
at a plurality of parallel rows each of which is composed of a plurality of gas-issuing holes 12 are parallel to the axis of the optical
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ABSTRACT OF THE DISCLOSURE

A method of and an apparatus for expanding the mode field diameter of an op-

.. tical fiber by heating a specified regibn', of the optical fiber with o l_l,l‘lif(-)rm\or"

desired temperature distribxitidn for forming a t,hermally-difqued' expanded

core (’I"EC). The mode field diameter of the optical fiber is expi«uided'by'héab :

~ ing an optical fiber 1 with a burner 11 so as to thermally diffuse the dopant

forming the refractive-index profile. The burner 11 has a heating surface 11a

' n ,whiéh a plural‘ity of gasl-iss_uing holes 12 are arranged such that a plurality .

- of p arallel rows each of which is composed of a plurality of ga’é;#issuirig holes 12

are parallel to the axis of the OpfiCal fiber 1.
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METHOD OF AND APPARATUS FOR

EXPANDING MODE FIELD DIAMETER OF OPTICAL FIBER

BACKGROUND OF THE INVENTION

Field o_f the Invention

- The present i;tlvention relates to a method of and an appafatus -fo‘r eX-
panding the mode field diameter of an Optiéal ﬁber'by ‘heati.ng t-he Optical fiber
with a burner to thermally diffuse the\\dopant- that forms the refracti{ze-'index
profile. '
Descrip tion. of the Background Ai't

In recent years, researchers and engineers have been developing an opti-

- cal fiber transmission line 1 which an optical fiber having a small mode field

~ diameter, such as an optical fiber for wavelength division multiplexing trans-

mMIssion Or an Eﬁpt-ical fiber for Ramén amplification, is couﬁled iévith an oxrdinary
single-mode optical fiber having a relatively Iarge mode field diameter. When
optical fibers having different \.mode-ﬁeld' diameters are spiiced, it is difficult to
reduce the splice loss to a practical level only by a sumple fusion-splicing
method. To solve this problem, Japanese patent No 2618500 has dlsclosed a
method 1 which a fusmn-sphced portion 1s additionally heated to thelmally

diffuse the dopant 1n the core portion toward the cladding. portion. This

‘method can produce a fusion-spliced portion in which the mode field diameter

of at least one optical fiber is gradually varied so that the optical fibers can be

spliced with the same mode field diameter. Hereinafter, this fusion-spliced
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portion is referred to as a thermally-diffused expanded core (TEC).

| '}F‘igures 12A1, 12A2, 12B1, and 12B2 are diagrams showing examples for

forming a TEC. Figures 12A1 and 12A2 are diagrams showing an example in

which a TEC is formed after two 0ptical fibers having different mode field
di:—].:r.ne-t_ers are fusion-spliced. ‘ Figures 12B1 and 12B2 are diagrams showing
an e‘xample in which a TEC is formed in an optical fiber having a smaller mode
field diameter befor.e the optical fibers are fusion-spliced.

'._In these figures, Optical fibers 1a and 1b to be fu',sion-;spliced-have clad-
d.ihg portions 2 having the same diameter and core portions 3a and 3b having
different mode field ' diameters and 'different' relative refractive-index differ-
ences. The optical fibers 15 and 1b have resin jac_keté 4. The optical fibers 1a ‘
and 1b are butt-fusion-spliced by fusing the mutuallyfac;ing ends of the optical

fibers by using arc discharge or another means. If they are spliced only by a

simple fusion-splicing method, the optical fibers 1a and 1b cannot be spliced

with the same mode field diameter, and therefore the splice loss increases.

To solve this problem, as shown in Fig. 12A1, a TEC is formed by addi-
timuiﬂy heating the fusion-\spli’ced portion.5‘ including its neighboring portions '
with a microtorch or Burner 6 fed ‘With fuel gas. The heat_ing 1S per_formed
under temperature and time conditio_xis that thermally diffuse the dopant, whi-
ch 1s z-;dded into the core portions 3a and 3b to increase the refractive index,
townrd the cladding portions 2 without fusing the optical ﬁbers la and 1b. As
shown in ‘Fig. 12A2, the heating expands the mode field diameters to fbrql an

expanded portion 7 in which the mode fields can be smoothly spliced.
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The optical fiber 1a having a smaller mode field diametér and a higher

dopant. concentration allows the dopant to thermally diffuse 'mo\fe than the

~dopant in the optical fiber 1b having a larger mode field diameter and a lower

dopant concentration. \Conse'quently, the mode field diameter in the optical
fiber 1a is expanded more than that in the optical fiber 1b, reducing the dis-

crepancy between the two mode field diameters. As explained above, it is

- known that when different types of optical fibers are fusion-spliced, the splice

loss can be reduced by forming a TEC in which a smaller mode field diameter is
\expu_'nded such that it closély approximates the mode field d.iameter of the oﬁher
o}jti.ca.}. fiber.

In the case of the other example, as silown in Flg 12B1, ﬁrst; the central
portion of an optical fiber 1a having a smaller modeé field diameter is heated to |
éXpand the mode field diameter so that an expahded_ portion 7 can be formed.
Seco_nd.; the expanded portion 7 18 cut to obtain a splicing end face 5% having the
Same mode field diameter as that of an optlcal ﬁber 1b to be Sphced ‘Under
thm condition, the optical ﬁbers are. spliced as shown 1n Fig. 12B2 This ex-

am.pm also, can prevent an 1mcrease in splice loss resulting' from the unsmooth

spheing caused by a disérepancy in mode field diameter. The published Ja-

panese paﬁent applicatibri 1okukaishou 61-'11-7508 has disclosed that the for-
ination of such a TEC 1s effective even for splicing optical fibers having the
same design feature, because the TEC can reduce the splice loss caused by core
accentricity.

The foregoing TEC 1s formed usually by using a microtorch or a burner.



CA 02421350 2003-03-07

A specified region of an optical fiber is heat_;ed by giving the microtorch longitu-
dinal movemepts relative to the optical fiber. Alternatively, a plurality of mi-
crotorches or burners'may- be placed alohg the optical fiber. The pilblished .
Japanese patent application Toku!raﬁzej 8-82721 has disclosed another method '

in which a plurality of optical fibers arranged in a flat array are concurrently

heated by usihg a plurality of microtorches or burners arranged in the arrayed

~direction of the optical fibers. Zbkukai?zei 8-82721 has also disclosed a methbd

in which a fiber ribbon is heated by using a microtorch specifically designed to
correspond to the width of the fiber ribbon.
It is necessary to form a TEC by heating the optical fiber under proper

temperature and time conditions. The optical fibers 1a and 1b are heated at a

temperature below their melting points. Nevertheless, if the heating is not

properly conductédz the heated portion is softened and may bend due to the
weight of the optical fiber itself. If bending occurs and remains, it increases
the splice loss. In addition, it is difficult to control the heaﬁng condition when
a burner is used, because the flame of a burner has a spé(i_iﬁc temperature dis-
tribution and Wandersl accordihg to the variation in environmental condition.
Some times, a p‘luraiity of TECs are formed at fusion-spliced portions after
the individual fibers of a fiber ribbon comprising 8, 12, 24, or more fibers are
collectively -fusion-spﬁcéd. In this case, the ﬂamés of the burner heaﬁ the fu-
sion-spliced portions such that the flames engulf the multiple optical fibers
arrémged 1N a‘ﬂat array. Consequently, the outer fibers in the array are morel'

intensely heated than the inner fibers. In other words, the optical fibers in the
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array are not uniformly heated. As a result, the TECs are not uniformly

formed. This creates a problem in that the splice losses in the individual opti-

cal fibers are not uniformly reduced.

The above-described phenomena in the formation of a TEC or TECs are

~significantly affected by the structure of the heating burner used. However,

conventlional burners have difficulties in controlling the conditions for properly

 heating a specified region of an optical fiber, particularly an optical fiber incor-

porated 1n a fiber ribbon.

SUMMARY OF THE INVENTION

An object of the present invention is to offer a method of and an appara-
tus for expandilig the mode field diameter of an optical fiberby-_ heating a speci-
fied region of the optical fiber with a desired temperature distribution.

‘According to the present invention, the fbregoing object is attained by of-
fering a méthod of expanding the mode field diameter -of an optical fiber by

heating the optical fiber with a burner so as to thermally diffuse the dopant -

forming the refractive-index profile. The burner to be used in the foregoing

method has a heating surface in which a plurality of gas-issuing holes are two-
dimensionally arranged.

According to one aspect of the present invention, the foregoing object is

- attaned by offering an apparatus for expanding the mode field diameter of an

optical fiber by heating the optical fiber with a burner so as to thermally diffuse

the dopant forming the refractive-index profile. The burner to be used in the
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6
foregoing apparatus has a heating surface in which a plurality of gas-issuing

holes are two-dimensionally arranged.

The gas-issuing holes may be two-dimensionally arranged such that a
plurality of parallel rows each of which is composed of a plurality of gas-
issuing holes are parallel to the axis of the optical fiber.

According to an aspect of the present invention there is provided a
method of expanding the mode field diameter of at least one optical fiber, the
method expanding the mode field diameter by heating the optical fiber or
fibers with a burner so as to thermally diffuse the dopant forming the
refractive-index profile;

the burner having a heating surface in which a plurality of gas-issuing holes
are two-dimensionally arranged, wherein

the at least one optical fiber is one or two optical fibers and

the heating with the burner is performed such that the heating amount 1s
larger at the portions close to the burner’s side faces perpendicular to the axis
of the optical fiber or fibers than at and around the midpoint portion between
the side faces.

According to another aspect of the present invention there is provided a
method of expanding the mode field diameter of at least one optical fiber, the
method expanding the mode field diameter by heating the optical fiber or

fibers with a burner so as to thermally diffuse the dopant forming the
refractive-index profile;
the burner having a heating surface in which a plurality of gas-issuing holes

are two-dimensionally arranged, wherein
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6a
the at least one optical fiber is a fiber ribbon comprising three or more optical

fibers arranged 1n a flat array, and
the heating with the burner is performed such that the heating amount is
smaller at the portions close to the burner’s side faces parallel to the axes of
the optical fibers than at and around the midpoint portion between the side
faces.
In the above description, although the expression "gas-issuing holes are

two-dimensionally arranged" is used, the arrangement of the gas-issuing holes

are not limited to the arrangement on the same plane. The expression means

that when viewed from the gas-issuing side, the gas-issuing holes are two-
dimensionally arranged without regard to their height from a reference plane.
More specifically, the heating surface may comprise a plurality of planes with
different heights. The heating surface may also have a éurved surface. The-
se are examples in which the gas-issuing holes do hot have ﬁniform height.

The present invention is further explained below by referring to the aC-'
companying drawings. The drawings are provided solely for thé purpose of

tllustration and are not intended to limit the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWING

Figures 1A to 1C are diagrams illustrating the first embodiment of the
present invention, in which Fig. 1A 1s a side view and Figs. 1B and 1C are per-
spectlve views.

Figures 2A tQ 2C are diagrams showing an example of a burner to be used

1n the present invention, in which Fig. 2A is a plan view, Fig. 2B 1s an a-a sec-
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tion in Fig. 24, and Fig. 2C 1s a right side view.

Figures 3A1, 3A2, and 3B are diagrams shoWing an example of forming a

TEC or TECs in one or two optical fibers, in which Fig. 3A1 is a side view, Fig.

3A2 1s a cross-sectional vieﬁv, and F1g 3B 1s a graph showing a relationship
bétweén the 'heating temperature and the locétion along thé axis of the optical
fibe.f.

Figures 4A, 4B AC1, 4C2, ._and. 4C3 are diagrams shoﬁring examples of

other burners, 1in which Figs. 4A, 4B, and 4C1 are plan views, and Figs. 4C2

and 4C3 are side views of the burner shown in Fig. 4C1.

Figures bA and 5B are diagrams showing an example of forming TECs in
three or more optical fibers or in a fiber ribbon, in which Fig. 5A is a cross-

sectional view and Fig. 5B 1s a graph showing a relationship between the

 heating temperature and the location of the arranged optical fibers.

K igures 6A, 6B, 6C1, 6C2, and '608 a:fe diagrams showing examples of

other burners, in which Figs. 6A, 6B, and 601 are plan views, and Figs. 6C2

and 6C3 are ﬁ'ontivi'ews of the burner shoWn in Fig. 6C1.

~ Figure 7 ié a persped:ive view 1llustrating the second embodiment of the
present \invenfion.
Figure 8 i1s a diagram illustrating an optical hiber-supporting mechanism
of.the‘ pjresent invention.
igure 9 1s a diagram illustrating a b‘urner-actuating mechanisxﬁ 6f the
present invention.

Figure 10 1s a flow chart showing the operation of a burner of the present



10

20

- CA 02421350 2003-03-07

inveniion.

igure 11 1s a graph showing a relatidnship between the splice loss and
the heating time in a method of expanding the mode field diameter of the pre-
sent invention.

Figures 12A1 to 12B2 afe diagrams illustrating conventional methods of
exp\aﬁ.ding the mode field diameter.

Figu;?e 13 is a perspective view illustrating-the heating of optical fibers
from ahove with a burner facing downward.

Figure 14 is a. perspective view illustratihg an 'embo'diment in which a
passive é:ooling means 18 employed.

" Figure 15 is a perspective view illustrating another embOdiment in which

“a passive cooling means is employed.

ligure 16 is a perspective view illustrating an embodiment in which an
active cooling means is employed. |
- Figures 17A to 17C are perspective views explaining coupling methods

between a burner and a radiator.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments of the present inventioﬁare eXpla_ined below by referring to
the accompénying drawings. In the drawingé, the same number referé to the
same part to avoid duplicated eXpla_nation. The ratios of the dimensions in thé
drawings do not necessarﬂy coincide with the explanation.

The first embodiment of the present invention is explained by referring to
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Figs. 1A to 1C. Figure 1Ais a side view ﬂlustratieg the outline of the heating
method for forming a TEC. Figure 1B 1s a perspective View illustrat.ing the con-
current heating of two optical fibers. Figure 1C is a perspective view 1llus-
trating the concurrent heating of three or more optical fibers in a fiber ribbon.
In Fig. 1A, the numeral "2" denotes a cladding portion, whose diameter is usu-
a'\lly'().'l 25 mm and in some.c.ase 0.080 mm.

As shown in Fig. 1A, after fusion-spliced, for example, an optical fiber 1 is

mounted on a mode field diameter-expanding apparatus 40 to form a TEC at a

fusion- eph( ed portion 5. The apparatus 40 is equipped Wlth ‘rwo fiber holders

8. two f1her clamps 9, and a burner 11. First, the optlcal ﬁber 1 1s fu mly held

. ‘by the fiber clamps 9 situated at both sides of the \fusion-spliced portion 5 such |

that the fﬁsion-spliced portion 5 is located directly above the center of the
burner 11. The burner 11 1s placed such that a heating surface 11a faces the
optical fiber 1. ~After the fiber clamps 9 give the optical fiber 1 proper tension,

the fiber holders 8 located inside the fiber clamps 9 ﬁrmiy hold the end portions

of jackets 4 of the optical fiber 1 without releasing the tension. Subsequently,

the fiber clamps 9 release the tenS_ion._ The tension‘given to the optical fiber 1

can }‘}ﬁzevcmt 1t from sagging during the heating eperation.'

The inethod of fhe present in_ventioh for expanding the mode field diame-
ter to form a TEC can be applied to both the TEC 'formati‘on atter the fusion-
splicing as shown in Fig. 12A1 and the TEC formation before the fusion- .
splicing as Sho_Wn in Fig.‘ 12B1. }Furthermore, the method Cah be applied to

both one optical fiber and a fiber ribbon as can be seen from Figs. 1A to 1C.
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As shown in Figs. 1B and 1C, the burner 11 has the heating surface 11a in

which a plurality of gas-issuing holes 12 are two-dimensionally arranged such

that a plurality of parallel rows eaCh of which is composed of a plurality of gas-

issuing holes are parallel to the axes of the optical fibers. The number and

ntervals of gas-issuing holes 12 parallel to the axes of the optical fibers 1 can

" be determined by considering the length of specified heating regions 10 of the

 optical fibers 1. The number of rows of gas-1ssuing holes 12 parallel to the

axes of the optical fibers 1 can be adjusted in accordance with the number of

optical fibers to be heated and the placing intervals of the optical fibers. - In

addition, a desired temperature distribution can be achieved by adjusting the
arranging pattern of the multiple gas-i1ssuing holes 12.

~ As shown in Fig. 1B, when the number of optical fibers to be heated is

small, such as one or two, the flames of the burner 11 heat the specified heating

regions 10 of the optical fibers 1 from both within and without of the array of

the optical fibers 1. The h‘eating regions 10 can be 'nearly uniformly heated
with the multiple g"as—issuing holes 12 without moving the burner 11 along the

axes of the optical fibers 1. Thus, this method can éxpand the mode field

- diameter without increasing the wavelength dependency of the splice loss.

~ As shown in Fig. 1C, even when :the number of optical fibers to be heated
15 lm'ge,‘ such as three or.‘more as 1n a fiber ribbon, as with the case shown in
g, 1B, the heating regions 10 of the individual optical fibers 1 can be nearly
uniformly heated with the multiple gas-issuing holes 12 'Witﬁout moving the

burner 11 along the axes of the optical fibers 1. Thus, this method can uni-
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formly expand the mode field diameters of all the multiple optical fibers.
As described above, whether one optical fiber or a fiber ribbon, the heat-
ing by using the multiple gas-issuing holes 12 provided on the heating surface

112 can achieve a uniform or desired temperature distribution over a wide

range of a specified region of the optical fibers without moving the burner.

This method can expand the mode field diameter 1n a short heating time in

comparison with the conventional method in which the specified region is heat-

“ed by moving-the burner along the axes of the optical fibers. As described be-

low, the heating can be performed more uniformly by oscillating the burner 11
in the axial direction of or the arranged direction of the optical fibers by using
an actuating mechanism.

Figures 2A to 2C are diagrams showing an example of a burner to be used

in the present invention. Figure 2A is a plan view, Fig. 2B is an a-a section in

Thig. 2A, and Fig. 2C is a right side view. A burner 11 is made of heat-resistant

metal, has the shape of a rectangular solid 1 cm® or less in volume, and has a

‘main body 11b to which a gas-introducing pipe 11d is connected. The main

bodv 11b has a gas-introducing chamber 11c in it and aih\eating surface 11a for

heéating optical fibers. The heating surface 11a is provided with a plurality of

gas-1ssuing holes 12 connected to the gas-introducing chamber 11c. The gas-

‘isswing holes 12 have a diameter of 0.3 mm or so, for example, and are ar-

ranged 1n the form of a matrix with the rows parallel to the axes of the optical

fibers and the columns perpendicﬁla.r to the axes with a pitch of 0.7 to 1.0 mm

or so for both the rows and the columns.
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Figures 3A1, 3A2, and 3B are diagrams showing an example of forming a
TEC or TECs 1n one or two optical fibers. Figures 3A1 and 3A2 are a side view

and a cross-sectional view, respectively, showing the heating state of the optical

 fiber. Figure 3B 1s a graph showing a relationship between the heating tem-

perature and the location along the axis of the optical fiber. Figures 44, 4B,

and 4C1 are plan views showing examples of other burner configurations, and

Figs. 4C2 and 4C3 are side views of the burner shown in Fig. 4C1.

As shown in Figs. 3A1 and 3A2, when the number of optical fibers to be
heated 1s small, such as one or two, it is not necessary to consider variations in

the heating conditions between the optical fibers, which variations occur in the

‘case of a fiber ribbon. However, as shown by a curve denoted by f1n Fig. 3B,

~the optical fiber 1s heated more intensely at the central portion of the burner

than at the end portions. To form a TEC uniformly i the specified region of

the optical fiber, 1t 1s desiwrable that the distri__bution of the heating temperature

‘be relatively flat as shown by a curve denoted by % in Fig. 3B.

 Figures 4A, 4B, and 4C1 show examples of burner cohﬁgurations suttable

for achieving a flat temperature distribution. Iigure 4A shows a burner in

which the ‘gas-1ssuing holes 12b at the portions olose to the burner’s side faces
perpendicular to the axis of the optical fiber have a largei: cross-éectional area
than the gas-issuing holes 12a at and aroun\d the midpoint portion between the
burner's foregoing side faces.

Iigure 4B shows a burner in which the number of gas-issuing holes 12b

close to the burner's side faces perpendicular to the axis of the optical fiber is
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larger than the number of gas-1ssuing holes 12a ‘at and around the midpoint
portion between the burner's foregoing side faces. In other words, the gas-
issuing holes 12b at the portibns close to the burner's foregoing side faces are
‘more densely arranged than the gas-i1ssuing holes ~12_é at and around the mid- -
}:N‘iih.ﬁ poi'tion between the burner's forégoing side faces.

- Figures 4C1 to 4C3 shoﬁv burners in which the distance between the
heating surface 11a and the optical fiber 1 1s smaller at the portions CIOSe to thé
burner's side faces perpendicular to the axis of the optical fiber thah at and
around the midpoint portion between the burner's foregoing side faces. More
‘specifically, the burne.;r shown. in Fig. 4C2 has a heating surface 11a with a re-
cess 11e at the midpoint portion between the burn_ei"s foregoing side'faces, and
the burner show*n in Fig. 4C3 has a heating surface 1lla with a recess 1le
formed by two planes that.. inwardly incline toward the midpoint portibn be-
tween the burner's foregoing side faces. In the burnerss‘hown in Figs. 4A, 4B,
and 4C1, the heating amount is larger at the portions close to the burner's fore-
going side faces than at and around the midpdiht portion.

Figures 5A and 5B and Figé. 6A, 6B, 6C1, 6C2, and ‘603’ afe diagrams
showing examples of forming TECs in three or more optical fibers or in a fiber .
ribbon. Figure 5A is a cross-sectional view showing a heating state of the opti-
cal -ﬁbers, and Fig. 5B 15 a graph showing a relationship between the heating
temperature and the location of thé arranged optical ﬁberS. Figures GA, 6B,
and 6 Cl. are plan views showing examples of 'other burner configurations, and

Figs. 602 and 6C3 are front views of the burner shown in Fig. 6C1.
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When \TECS are formed in three or more optical fibers or in '-a fiber ribbon,
as shown in Fig. 5A, the flames of the burner bend from the inner side to the
outer side of the fiber array. Consequehtly, the optical fibers placed at the
outer side are more intensely heated than those placed at the inner side. As
shown by a curve denoted by fin Fig. 5B, the anﬁount of heating is dependent
on the location of the arranged optical fibers. The heating temperature of the
optical hbers blaced at the outer side 1s higher than that of the optical fibers
placed at the "inner side. To form TECs uniformly in a plurality ‘of optical fi-
bers 1 it is desirable that the distribution of the hea‘ting temperature be rela-'
tavely tlat ac. shown by a curve denoted by A1n Fig. 5B.

Figures 6A, 6B, énd 6C1 show examples of the burner configurations
suitable for achieving the foregoing relatively flat temperature distribution.
They are structured su_ch that the heating amdunt 1S smallef at the portions
(:_loée to the burner's side faces parallel to the axes of the optical fibers than at
and around the midpoint portion between the burner's fofegoing side faces.
Figure GA shqws a burner in which the gas-iss-uing holes .12bat the portions
close to the burner's side faces parallel to the axes of the optical fibers have a
smaller cross-sectional area than the gas-issuing holes 12a at and around the
mid;ﬁ oint portion between the burner's foregoing side faces.

Figure 6B shows a burner in which the number of gas-1ssuing holes 12b
at the portions close to the burner's side faces parallel to the axes of the optical
tibers 1s smaller than the nuxﬁber of gas-issuing holés 12& at and around the

midpoint portion between the burner's foregoing side faces. In other words,
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the gas-issuing holes 12b are more sparsely arranged than the gas-issuing

holes 12a.

Figures 6C1 to 6C3 show burners in which the distance between the

heating surface 11a and the optical fibers 1 is larger at the portions close to the

 burner's side faces parallel to the axes of the optical fibers than at and around

the midpoint portion betweeﬁ the burner's foregoing side faces. More specifi-
cally, the burner shown in F1g 6C2 has a heating surface 11a W1th a protruding
portion ]_]_f at the .midpoir.lt portion between the burner's foregoing side faces,
and the burner shown 1n Fig. 6C3 has a heating surface 11a with a protruding
portion 11f formed by two planes that outwardly incline toward thé m‘idpoint
portion between the burner's foregoing side faces. In the burners shown in

Figs. 6A, 6B, and 6C1, the heating' amount 1s smaller at the portions close to

- the burner's foregoing side faces than at and around the inidpoint portion.

In the burners shown in Figs. 6A, 6B, and 6C1, a plurality of gas—issuihg

5  holes are arranged such that a plurality of parallel rows each of which is com-

posed of a plurality of gas-issuing holes are parallel to the axes of the optical

fibers. The present invention, however, is not limited to the above-described

structure. | The gas-1ssuing holes have only to be arranged two dimensionally
so that a specified heating region can be properly heated.

Figure 7 1s a diagmm illu.étrating the second embodiment of the present
imvention. In this émbodim’ent, a burner 11 1s placed directly above optical
fibers 1 with its heating surface 11a facing downward to heat the optical fibers.

The burner 11 may have the same configuration and structure as shown in Fig.
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1B. 1C. 2A, 4A, 4B, 4C1, 6A, 6B, or 6C1.

The second embodiment, also, can uniformly heat a specified region of the

optical fibers 1. With the second embodiment, as shown in Fig. 7, the flames

of the burner first reach the optical fibers 1 to heat them directly, and then shift

direction upward. Consequently, the phenomenon as shown in Fig. 5A can be

avolded in which the flames bend from the inner side to the outer side 1n the

~array of the optical fibers 1 so as to encompass the optical fibers. As a result,

this embodiment prevents the occurrence of the state 1n which the optical fibers
placed at the outer side in \the 'array are more intensely heated than those
placed at the 1mner side.

The heating with the burner 11 -facing downwérd can imprové the phe- |
nomenon that the -optical fiber 1s heated more intensely at the central portion of
t,he. burner than at the end portion, which is explained by referring to Fig. 3B.
Therefore, the method employed in the second embodiment 1S advantageous in
that one or two optical ﬁbers_, also, can be heated more uniformly.

]Q t 1s desirable to oécillate the burner 11 in the arrayed and éxialz d_irec:-
fit)ils of the thical fibers. The amplitude of thé oscillation haé no particular
limitations. For example, a fiber ribbon comprising eight fibers has a width of

2.0 mm or so. Therelore, an amplitude of about 2.0 mm may be employed.

The oscillation of the burner 11 can enhance the uniformity of the heating of all -

optical fibers, and, in particular, the oscillation in the axial direction of the op-
tical fibers can uniformly extend the heating region.

It 1s desirable that the formation of a TEC by the method of the present
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im;*ention be applied to the fusion-spliced portion 5 between different -types of
optical fibers la and 1b as shown in Figs. 12A1 to 12B2. When.the method of
the pre}seﬁt invention 1s applied, the fusion-spliced portion 5 can be heated to
. satisfa ctbrily expand the mode field di;imeter, and consequently the 'increase 1n
5 sphce loss can be minimized. |
" Next, an apparatus for expanding thé.mode ﬁeld diameter offered by the
present invention 1s .speéiﬁt:ally explainéd togéthér with its actuating mecha-
i}is.m énd Operating method by referring to Figs. 8 to 10. Figure 8 shows an
aptical fil)e1'~éupporting mechanism, Fig. 9 a burner-actuating m’ech'anism, and
10 Tig. 10 an operating flow of a burner.
As shown 1n Fig. 8,\ aﬁ Opti'cal fiber 1 is' firmly held by fiber clamps 9 situ-
ated at both ~sides of a fusion-spiimd portion 5 af Which a TEC 1s to be formed
such that the fusion-spliced portion 5 is located directly under a burner 11
The fiber clamps 9 are inounted on fiber élamp stands 9a'thét éan slide along
15 s.liding orooves 15 on shding'blatforms 14 installed on a baSé 13. The fiber
clamp .sf;andsl 9# are pulled outward with pulleys 16 and weights 1’7 and the
fiber clamp stands 9a's movement on the sliding platforms 14 1s controlled
pneuma tically. . The air for the control is supplied from a compressor 18 via an
ALY mlve 19 and a\ pipe arrangement 20.’ A valve controller 21 regulates the
200 aw supply 'by controlling the air valve 19.
IFirst. the optical fiber 1 1s firmly held by the fiber clamps 9 situa ted at
both sides of the fusion-sphiced portion 5. Second? the fiber clamp stands 9a

are allowed to move freely. This causes the weights 17 to apply tension to the
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opt'i.cal fiber 1. Third, without releasing this tensi.on, fiber hdlders 8 mounted
on fiber holder stands 8a firmly hold the end portions of the Jacket 4 of the opti-
cal fiber 1. Finally, the valve controller 21 releases thé tension apphed to the
optical fiber 1.

3 After the 'opfical fiber 1 is in -position as described above, the position of
the burner 11 1s adjusted to start the héatingasdescribed below. As shown m
Fig. 9, the burner 11 is supported by a burner supporter 22 mounted on a burn-
er supporter s‘tand 22a. | An actuating motor 27 is provided to mové the burner
subporter stand 22a up and down (as shoWn by a double-headed arrow denoted

10 by ¥) along a sliding groove 23a on a Up-and-down'motion platform 23. The

up-and-down motion plat-form’ 23 18 supp.o-x"ted by a supporting arm 24 mounted
on a supporting arm stand'24a; An actuating motor 28 1s provided to move
the supporting arm stand 24a ba.ck and forth (as shown by a double-headed
ArTOW defmted by X) a.lbng a sliding grbové_25a on a back-and-forth motion plat; '

15 form 25.

Yét another actuating motor (not shown in F1g 9) ié provided to move the .
hack-and'-fo.rth motion platform' 25 laterally (in a direction perpendicular to the
face of the paper) along a guide portion 26 on a base 29.

Combustion gas is supplied to the burner 11 through the burner sup-

20  porter 22. The gas is a mixed gas of oxygen and fuel gas such as propane,

acetvlene, or hydr()gén. These gases are supplied from a .fuel-gas cvlinder 31
Andd an oxygen cylinder 32 through a pipe arrangement 33 A valve controller

30 controls gas-flow-regulating valves 34 to supply required amounts of these
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cases. A computerized controller 36 controls the valve controller 35, the ac-
tuating motors 27 and 28, and the anonymous actuating motor.

Next, the operation of the above-described mechanism is explained by

referring to the operating flow of the burner shown in Fig. 10. In Step S1,

specified conditions are entered or read into the controller 36. In Step S2, an

instruction is issued to move the burner 't'o. an igniting positio.ﬁ. In Step S3,
the movement of the burner to the igniting position &esign—ated by coordinates
is compl eted. Then, the burner 1s ignited, and an instruction is issued to start
the heating.

After .the burner 1s ignited, in Stép S4, the flow rate df the gas to be sup-
plied to the burner is reguléted to a specified émouﬁt in accordance with the
specibied (:onditions_entéréd into the controller 36. In \Step S5, an instruction
15 1ssued to move the burne.i* to a heating position. Then, a calculation 1s con-
ducted to obtain the amount of movement’of the burner from the présent poOs1-

tion to the heating position designated by coordinates. Subsequently, the ac-

tuating motor moves the burner to the heating coordinates.

In Step S6, the movement of the burner to the heating coordinates is

~ completed. Then, whether or not the burner is to be oscillated is selected.

When the specified condition is "No," the -Optical. fiber 1s heated for a specified
time according to the specified conditions. In Step S7, an instruction is issued
to move the burner to a retracting position. Then, a calculation 1s conducted
to obtain the amount of movement of the burner from the present position to

the retracting position designated by coordinates. Subsequently, the actuat-
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.ing m (')T.()'l;' moves the burner to the retraCting coordinates.
After Step SG,_whe_n the specified condition for the burner oscillation is
"Yes," Step S11 moves the burner to an oscillatipg position -_designated by coor-
dinates, and this niovement is completed in Step S12. Then, Stép S13 moves
5 the burner to the original heating\ cOordinates;_ énd thas movement 1s completed
in Step S14. This cycle is repeated until the number of burner-oscillating 0p-
erati(ms meets the specified cqndition. Aftér the completion of this repetition,
the next step 1s Step 7. As deséribed above, in'Step S7, an instruction is is-
sued to move the burner to the retracting coordinates, and the burner 18 moved_ ‘

10 accordingly.

In Step S8, the movement ‘(')f- the burner to .tllie retracting coordinates is
completed. When the number of. heating operations satisfies the spe-ciﬁed
condition, St'ep S>9 sets thg gas flow rate to the b'urnér;at zero. In Step 10, the
apparatus completés the oper.ati()n and stops. : After Step S8;’ if the n'i,-l'mber of

15  heating ()perations does not s'atisfy the sp_ecifiéd ccl)n‘dition, the process returns

. to Step S4 after a specified re_tracting "tin.aé elapses. Subsequently, the heating

is started again to repeat the foregoing cycle until the number of heating opera-
tions satisfies the specified condition.

Figure\ 11 is a graph showing splice losses of individual optical fibers

20  when TECS are formed according to the method qf the present invention after
multiple optical fibers are concurrently fusion-spliced between a fiber ribbon
COMprising eight ordihary single-mode optical ﬁbers having a mode field

diameter of about 10 #m and a fiber ribbon comprising eight optical fibers
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having a mode field diameter of .about ‘5 L m at the wavelength of 1.55 um re-
spectively. The burner used had gas-1ssuing holes arranged 1n five rows and
six columns. The optical fibers were h'eated‘ with the heating surface of the
burner facing downward as shown in Fig. 7. - The heating was conducted such
that after the contimious heating for a specified time, intermittent heating
with short heating times was performed. The splice loss was mohitored con-
tinuously at a wa\?elength,of 1.55 um._

As can be seen ffom Flg 11, the initial. values-()f -splicé losses of the fa-
sion-spliced portions had considerable variations within the gToup of optical
{ibers (the minimum splice loss was 0.65 dB and the maximum ‘splicé loss was
1.35 dB). This is attributable to vaﬁous factors affecting the concurrent mul-
tiple fusion-splicing, such as a difference in the Cutting angle at the splicing
end face betweein‘ the optical fibers, a difference in the ehd face-to~end face dis-
tance between the optical fibers, and a difference 1n the heating amount be- ‘
tw;—,*:en an Optiéal ﬁbei’ at an outer location in the array énd an opti(iél fiber at.
an inner location. Nevertheless, after the formation of the TECS proCeeded' b.y
the heating for a specified time, the variations of splice 103898' of the optical
fibers decreased, and the splice losses of individual optical fibers Were reduced
to about 0.05 dB, which is comparable to the splice loss attainable when two
brdinary single-mode optical fibers are Spliced. -

\x described above, the splice losses decreased with increasing heating
time, and after a certain period of time_, the amount of the decrease 1n splice

loss became small. Immediately after the splice losses decreased to a certain
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dg oree, the spliced portions were heated intermittently with repetition of short
heating times. As a result, the splice losses decreése-d finally to less than 0.05
dB. which value causes no p‘roblem in actual use.

As explained 1n the 'fo'regofing embodiments, in the présent inventidn, op-
tical fibers are heated with a burner. Because a mixed gas of fuel gas and
oxygen burns at the heat‘ing surface of thé burner, this combustion also heats
the bumer itself. In particular, as shown i1n Fig. 13,‘Wheh a burner 11 facing
downward heats optical fibers 1 from above, the burner 11 is heated considera-
l.}]y' by the flames. If the temperature | éf the burner ~1'1 becoines high, the
heating surface deforms, and the size of the gas-1ssuing holes changes. As a
result, the heating conditioné deviate from the specified limits, aﬁd l?he desired
expansion of the mode field diameter cannot be achieved. The temperature\
may rise until the burner 11is red-hot. This red-hot Qondition may disconnect
the brazed connection between the burner 11 and a gas-introducing pipé 11d
If not: dis{.:onnected, the-position of the burnér 11. may shift.

Figure 14 1s a diagram ‘illustrat'ing an example of an embodiment in

which a cooling means is employed to prevent a burner from being' overheated.

~ In this embodiment, a passive cooling means is employed. More specifically, a

vadiator 37 is attached to the top face of the burner 11 to cool it naturally. The
radiator 37 is made of a material having higﬁ thermal conductivity, such as
metal. It is connected to the burner 11 in a manner that reduces the thermal
resistance between the two members. In Fig. 14, the radiator 37 is illustrated

as a block. Of course, a metal block may be used as a radiator. Radiating
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fins may also be formed to increase the heat-dissipating surface area. The

radiator 37 can dissipate the heat generated by the burner 11 when the burnef
11 heats the opticél ﬁbefs 1, so that an excessive temperature rlse in the
burner 11 can be suppressed. When the burner 11 is formed by using a metal-
Lic nm.:-x,t_:éri&h the burner 11 and the radiator 37 may be fbrmed as a unitary
structure.

Figure 15 is a diagram illustrating an embodiment in which the radiator

37 shown in PFig. 14 is lengthened so that it can be connected to thé, burner sup-

' porter 22. In this embodiment, also, a passive cooling means is employed.

The radiator 37 may be formed by using a metal block. Radiating fins .may

also be formed to increase the heat-dissipating surface area. In comparison

with the embodiment illustrated in Fig. 14, the burner 11 can be more firmly
supported by both the gas-introducing pipe 11d and the radiator .37. In this

embodiment, when the burner supporter 22, particularly its casing, 1s formed

by using a material having high thermal conductivity, such as metal, to allow

the radiator 37 to be conneCtea thermally as well, the burner supportér 22 can
also function as a hea't*dissipa'fing member to increase the effect of heat dissi-
pation.

Figure 16 is a diagram illusti'ating an example of an embodiment in
which an active cooling means is employed. In this embodiment, the radiator
37 18 provided with a forced cqoling means in which a cOolant such as water 1s

circulated. Althoﬁgh the following example uses water as the coolant, the

present invention is not limited to the use of water.
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The radiator 37 is provided with a duct through which water can flow.
The duct can be formed without specific limitations. It may ,be formed by
drilling a hole 1n the block of the radiator 37 Alternatively, a _Single c‘avity
may be fc}rméd with Surrounding walls. Any method _ma‘y'.be employed
providing that the heat transferred to the radiator 37 from the burner 11 can be
absorbed by the water flowing in the nearly entire portion of the radiator 37.
The hmrnel:' supporter 22 is équipped with a watér-cboling device that haé a
water-feeding section for feeding coqling water and a watgr-draining section for
‘x'ece.ivi\ng heated cooling water. A cpntroller may be provided to contrdl the

amount of water to be fed. A Watef-feed'ing pipe 38 connects a water inlet of

\t;he. radiator 37 énd the water-feeding section of' the burner -s_upporter 22. A
'Water-draining pipe 39 connects a water outlet of the radiator 37 and the wa-
ter-draining section of the burner supporter 22. Itis desirable that the water- _
feédj._ng\ section be able to cdntrol the amount of water to be fed. Tap Wéter
_.ma v be used as the cooling water. In this case, the water-feeding séction 1S

| -(:onnected to a Water-supplying pipe. The heated ,cooling water received at the :

water-draining section may either be drained immediately or be returned to the

‘water-feeding section after being cooled by passing through a radiator: the lat-

l'm- éystem is known as a circulation system. When a temp‘ératuré Sensor is
uséd to monitor the temperature of the burner 11, the cooling can be performed
mmfo eff{:'ectively by feeding the informatioﬁ back to the cpoling device of the
burncer supporter 22.

The foregoing active cooling means 1s not limited to a system using a cool-
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: nt. A similar forced cooling can be performed by using a Peltier device, for
example.

As explained above, when a cooling means is provided, the thermal power
of the burner can be increased. As a result, the heating time can be shortened
in comp arison with a system having no cooling means, thereby improving the
productivity.

Figures 17A to 17C are perspective views explaining coupling methods
hetween a burner 11 and a radiator 37. In .Fig. 17A, the radiator 37 1s con-
nected only to the top face of the burner 11. In Fig. 17B, the radiator 37 1%

connected to the burner 11 such that the top face and part of the side faces of

the burner 11 are covered by the radiator 37. In Fig. 17C, the radiator 37 is

connected to the burner 11 such that the top face and the entire side faces of the
burner 11 are covered by the radiator 37. In this case, part of the front face

and rear face of the burner 11 may be covered by the radiator 37.
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The embodiments of the invention in which an exclusive property or

privilege is claimed are defined as follows:

1. A method of expanding the mode field diameter of at least one optical
fiber, the method expanding the mode field diameter by heating the optical
fiber or fibers with a burner so as to thermally diffuse the dopant forming the

refractive-index profile;

the burner having a heating surface in which a plurality of gas-issuing holes
are two-dimensionally arranged, wherein

the at least one optical fiber 1s one or two optical fibers and

the heating with the burner is performed such that the heating amount is
larger at the portions close to the burner’s side faces perpendicular to the
axis of the optical fiber or fibers than at and around the midpoint portion

between the side faces.

2. A method as defined by claim 1, wherein said plurality of gas-issuing
holes are arranged 1n said heating surface such that a plurality of parallel
rows each of which 1s composed of said plurality of gas-1ssuing holes are

parallel to the axis of the optical fiber or fibers.

3. A method as defined by claim 1, wherein the gas-issuing holes at the
portions close to the side faces have a larger cross-sectional area than the

gas-issuing holes at and around the midpoint portion.

4. A method as defined by claim 1, wherein the gas-issuing holes at the
portions close to the side faces are more densely arranged than the gas-

issuing holes at and around the midpoint portion.

D. A method as defined by claim 1, wherein the distance between the
heating surface and the optical fiber or fibers is smaller at the portions close

to the side faces than at and around the midpoint portion.
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6. A method as defined by claim 1, wherein the burner is placed directly
above the optical fiber or fibers with the heating surface facing downward to

heat the optical fiber or fibers.

7. A method as defined by claim 1, wherein the burner is oscillated in a
direction parallel to or perpendicular to the axis of the optical fiber or fibers

while the burner is heating the optical fiber or fibers.

8. A method as defined by claim 1, wherein different types of optical
fibers having different mode field diameters are fusion-spliced before the

optical fiber or fibers are heated.

9. A method of expanding the mode field diameter of at least one optical
fiber, the method expanding the mode field diameter by heating the optical

fiber or fibers with a burner so as to thermally diffuse the dopant forming the

refractive-index profile;

the burner having a heating surface in which a plurality of gas-issuing holes
are two-dimensionally arranged, wherein

the at least one optical fiber is a fiber ribbon comprising three or more
optical fibers arranged in a flat array, and

the heating with the burner 1s performed such that the heating amount 1s
smaller at the portions close to the burner’s side faces parallel to the axes of

the optical fibers than at and around the midpoint portion between the side

faces.

10. A method as defined by claim 9, wherein said plurality of gas-issuing
holes are arranged 1n said heating surface such that a plurality of parallel
rows each of which is composed of said plurality of gas-issuing holes are

parallel to the axis of the optical fiber or fibers.
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11. A method as defined by claim 9, wherein the gas-issuing holes at the

portions close the side faces have a smaller cross-sectional area than the gas-

1ssuing holes at and around the midpoint portion.

12. A method as defined by claim 9, wherein the gas-issuing holes at the
portions close to the side faces are more sparsely arranged than the gas-

issuing holes at and around the midpoint portion.

13. A method as defined by claim 9, wherein the distance between the
heating surface and the optical fibers is larger at the portions close to the

side faces than at and around the midpoint portion.

14. A method as defined by claim 9, wherein the burner is placed directly
above the optical fiber or fibers with the heating surface facing downward to

heat the optical fiber or fibers.

15. A method as defined by claim 9, wherein the burner is oscillated in a
direction parallel to or perpendicular to the axis of the optical fiber or fibers

while the burner is heating the optical fiber or fibers.

16. A method as defined by claim 9, wherein different types of optical
fibers having different mode field diameters are fusion-spliced before the

optical fiber or fibers are heated.
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FIG. 9
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