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ABSTRACT

The present invention provides a method for manufacturing a photonic crystal
fiber that has a core portion in which a fiber core extends in a lengthwise direction and
1s formed as a solid or a void, and a porous clad portion provided around the core
portion and having numerous pores extending along the core portion. A preform is
fabricated by packing numerous capillaries into a cylindrical support pipe such that they
are parallel to the central axis of the support pipe and disposing a core rod to serve as
the solid core portion at the central axis portion of the support pipe. The preform is

drawn to make it small in diameter.
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METHOD FOR MANUFACTURING PHOTONIC CRYSTAL FIBER

TECHNICAL FIELD

The present invention relates to a method for manufacturing a photonic crystal
fiber (hereinafter referred to as “PC fiber”) having a core portion, provided with a fiber
core extending in the lengthwise direction and formed as a solid or a void, and a porous
clad portion having numerous pores extending along the core portion and provided

around the core portion.

BACKGROUND ART

Optical fibers made of a core portion and a clad portion are very well known as
media for propagating light. Moreover, PC fibers have attracted much attention in
recent years because they can achieve a large wavelength dispersion, which was not
possible with optical fibers having this configuration. PC fibers include a core portion
provided with a fiber core extending in the lengthwise direction and formed as a solid or
a void, and a porous clad portion provided enclosing the core portion and having
numerous pores extending along the core portion.

One method for manufacturing these PC fibers is preparing a cylindrical body
made primarily of S10;, fabricating a preform by providing numerous pores peripheral
to the central axis portion of the cylindrical body and passing therethrough in the
direction of the central axis, and then drawing the preform.

Another such method is bundling multiple capillaries made of SiO; into a
densely packed state, fabricating a preform by fusing together the outer surfaces of
adjacent capillanies, and then drawing the preform.

The former manufacturing method, however, provides multiple pores close to
one another in the cylindrical body, and thus the portions separating adjacent pores from

one another are extremely thin and may break during processing, which makes
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fabrication of the preform very difficult.
In the case of the latter manufacturing method, it is very difficult to fuse the
capillaries together while maintaining the configuration of multiple capillaries bound in

a densely packed state.

DISCLOSURE OF THE INVENTION

It 1s an object of the present invention to provide a method for manufacturing a
PC fiber without the accompanied difficulties explained above.

To achieve this object, in the present invention, a preform is fabricated by
packing capillaries into a support pipe, and the preform is drawn.

More specifically, the present invention provides a method for manufacturing a
PC fiber that includes a core portion with a fiber core provided extending in a
lengthwise direction and formed as a solid or a void, and a porous clad portion provided
around the core portion and having numerous pores extending along the core portion.
Furthermore, it is characterized in that it includes a step of fabricating a preform by
packing numerous capillaries into a cylindrical support pipe such that they are parallel
to the central axis of the support pipe and positioning a core rod (core material) to serve
as the solid core portion in the central axis portion of the support pipe, or forming a
space to serve as the void core portion in the central axis portion of the support pipe,
and a step of drawing the preform to make 1t small in diameter.

With this configuration, the preform is fabricated in a state in which the
numerous capillaries are bound by the support pipe and the preform is drawn, making it
smaller in diameter (make it into fiber). Thus, the problem of portions separating
adjacent pores breaking during processing, which is the case if the preform is fabricated
by boring pores into a cylindrical body, does not occur. Moreover, the capillaries are
held by the support pipe, so that there are none of the problems associated with

fabricating a preform by fusing capillaries with one another into a single piece, and the
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PC fiber can be easily manufactured.
Here, if 1n a honzontal cross section the border of the inner wall of the support
pipe is circular, then when the capillaries are disposed such that portions related to the

propagation of light peripheral to the core rod or space serving as the core portion are

~ densely packed, the capillaries at the portions far from the core portion (in particular,

near the inner wall of the support pipe) are assembled with a low packing ratio in order
to fill gaps in the support pipe. Consequently, of the packed capillaries, not more than
70% function as photonic crystals once they have been densely packed and drawn. For
example, if 100 capillaries are packed, about 70 of those can be used effectively.
Moreover, because the packing ratio of the capillaries drops near the inner wall of the
support pipe, there i1s greater shrinkage here than around the core portion during
drawing, and gaps (grating defects) are formed within the capillary bundle as a result.
These gaps cause dislocations (phase transitions) in the positioning of the packed
capillaries.

From this standpoint, 1t is preferable that the border of the inner wall in a
horizontal cross section of the support pipe 1s formed in a substantially regular
hexagonal shape. Such a structure allows almost all capillaries to be packed into the
support pipe in a densely packed state, and substantially 100% of the packed capillaries
function as photonic crystals after drawing. Additionally, because there is no
difference in the capillary packing ratio near the inner wall of the support pipe and
around the core portion, the capillary bundle is shrunk uniformly during the drawing
process and gaps (grating defects) formed within the capillary bundle can be suppressed
to a minimum. Moreover, because the capillary bundle is shrunk uniformly, it is
difficult for displacement (phase transition) in the arrangement of the capillaries to
occur. Also, it 1s necessary only that the capillaries are densely packed in order from
near the inner wall of the support pipe, so that there is almost no need to give

consideration to keeping the arrangement of the capillaries around the core portion from
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being disrupted during the task of packing the capillaries into the support pipe, and
work efficiency 1s improved. '

In this case, it is preferable that the substantially regular hexagonal inner wall
border of the support pipe has been dimensioned such that all capillaries next to an inner
wall of the support pipe come into contact with that inner wall when the preform is
fabricated by densely packing capillaries into the support pipe and drawn to make its
diameter small. With this configuration, there is an extremely low degree of freedom
for the capillaries during drawing, and displacement (phase transition) in the
arrangement of the capillaries can be more effectively prevented. When fabricating
the preform, gaps formed between the inner walls of the support pipe and the capillaries
become extremely small and a densely packed state can be achieved simply by packing
the capillaries in order from near the inner walls of the support pipe, so that almost no
consideration needs to be given to keeping the arrangement of the capillaries from being
disrupted, and the task of packing the capillaries into the support pipe becomes more

efficient.

In the above, the shape of the substantially regular hexagonal border of the
inner wall of the support pipe includes not only a so-called regular hexagon but also, for
example, one in which the corner portions have been rounded, such as if the adjacent
edges were joined by an arc. Here, it is preferable that the radius of the arc i1s not more
than half the maximum diameter of the capillaries if a substantially regular hexagon is
formed by joining the adjacent edges in an arc. This 1s because if 1t 1s larger than half
the maximum diameter of the capillaries, then the capillaries positioned at the corner
portions do not sit well and the dense packing of the capillaries 1s lost from that portion.

It is also preferable that the process for fabricating the preform includes
packing a filler such as thin diameter quartz rods or quartz powder into gaps formed
between the inner wall of the support pipe and the capillaries next to the inner wall.

This configuration inhibits deformation in the outer circumference portion of the
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capillary bundle during drawing.

Incidentally, heat during the drawing process in methods for manufacturing a
PC fiber using capillaries may cause the capillary pores to shrink or collapse, which
makes 1t difficult to form a stable photonic crystal structure.

Accordingly, JP H10-95628A discloses a method for manufacturing a PC fiber
in which a preform is formed by a pipe bundle, in which one end of the silica capillary
pipes (capillaries) 1s sealed and numerous capillaries are bundled in a closely packed
arrangement with the sealed ends and the open ends on the same respective side, the
silica capillary pipe (capillary) in the center is replaced by a silica pipe or a silica rod,
and the preform i1s drawn from the open end side of the silica capillary pipes
(capillaries). Furthermore, 1t discusses how with this configuration, the internal
pressure that is obtained in the voids (capillary pores) of the silica capillary pipes
(capillaries) holds the voids (capillary pores) open, which means that the voids
(capillary pores) are kept from shrinking and collapsing.

However, even with the method disclosed in JP H10-95628A there are
hydroxyl groups (OH groups) formed on the inner surface of the capillaries due to
reactions with moisture in the air during drawing, because at least one end of the
capillaries 1s open and thus new air can infiltrate the capillaries at any time. When
many hydroxyl groups are formed in the PC fiber, they absorb signal light of a specific
wavelength (1.38 1 m) and cause transmission loss.

To counter this problem, 1t is preferable that both ends of each of the numerous
capillaries are sealed. This will stop new air from infiltrating the capillaries because
both ends of the capillaries have been sealed, so that hydroxyl groups are prevented
from forming on the inner wall of the capillaries due to reactions with moisture in the
air during drawing, and the PC fiber that 1s obtained will have less transmission loss
than conventionally. Here, the capillaries can be sealed before or after the preform is

fabricated.
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It is also preferable that both ends of the capillaries are sealed after the pressure
inside the capillaries has been set such that the capillaries maintain a similar shape while
their diameter is reduced during drawing. Using capillaries with both ends sealed

causes a difference in pressure inside and outside the capillaries during drawing, and the
capillaries have the characteristic of expanding or shrinking due to unevenness in their
wall thickness. However, as explained above, the pressure inside the capillaries has
been suitably set such that the capillaries maintain a similar shape as their diameter 1s
made smaller during drawing, and thus PC fibers of a desired structure are stably
manufactured. Here, the pressure inside the capillaries i1s determined, for example, by
the thickness of the capillary wall, the drawing temperature, and the pressure outside of
the capillaries during drawing.

Moreover, it 1s preferable that the both ends of the capillaries are sealed after a
gas inert in the formation of hydroxyl groups has been filled into the capillaries.
Although small, there is the risk that, due to moisture in the air, hydroxyl groups are
formed on the inner surface of capillaries whose both ends have been sealed with air
trapped inside. Performing the above, however, eliminates contact between the
moisture and the inner surface of the capillaries, so that the formation of hydroxyl
groups at the capillary inner surface 1s almost entirely eliminated. Here, the gas inert
in the formation of hydroxyl groups i1s a gas that does not form hydroxyl groups on the
inner surface of the capillaries, and for example may be a rare gas such as argon (Ar), or
chlorine (Cl;) gas or mtrogen (N2) gas.

It is furthermore preferable that the inner and/or outer surface of the capillaries
is etched by hydrofluoric acid or the like. Hydroxyl groups may form on the inner
and/or outer surface of capillaries during the manufacturing stage. However, if the
above is performed, the surface layer of the inner and/or outer surface of the capillaries
is etched by hydrofluoric acid or the like, and thus hydroxyl groups are removed and the

PC fiber that is obtained has few hydroxyl groups. Here, 1t is preferable that if a core
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rod 1s used, its outer surface is also etched by the hydrofluoric acid or the like.

It 1s also preferable that the inner and/or outer surface of the capillaries is
dehydrated by chlorine gas or the like. This dehydrates the inner and/or outer surface
of the capillaries by chlorine gas or the like, removing hydroxyl groups and moisture,
and thus the obtained PC fiber has few hydroxyl groups. It is preferable that if a core
rod 1s used, its outer surface is also dehydrated by the chlorine gas or the like.

It 1s furthermore also preferable that the drawing process i1s performed with the
voids formed inside the preform in a state of reduced pressure. Both ends of the
preform can be completely sealed and then drawn to stop the formation of hydroxyl
groups on the outer surface of the capillaries and the outer surface of the core rod,
however, this increases the pressure in the voids formed between the capillaries and
results in these voids (interstitial sites) remaining in the obtained PC fiber without being
eliminated. However, if drawing is performed with the voids formed between the
capillaries inside the preform in a state of reduced pressure, as explained above, then
moisture can be kept from coming into contact with the outer surface of the capillaries
and the outer surface of the core rod, and the pressure-reduced voids are smoothly
collapsed due to the heightened pressure inside the capillaries caused by heating, and
thus the structural stability of the photonic crystal is increased and a PC fiber with very
low background transmission loss can be obtained. Here, reducing the pressure in the
voids formed between the capillaries in the preform can be done by sealing both ends of
the preform to put the voids into a state of reduced pressure, or discharging gas from the

voids while drawing to put the voids into a state of reduced pressure.

BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 1s a cross-sectional diagram of the preform according to the first
embodiment.

Fig. 2 1s a perspective view of the PC fiber according to the first embodiment.
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Fig.. 3 1s a cross-sectional diagram of the preform according to the second
embodiment.

Fig. 4 1s a diagram showing the process for fabricating capillaries according to
the third embodiment.

Fig. 5 1s a cross-sectional diagram of the preform according to the third
embodiment.

Fig. 6 1s a diagram showing the process for dehydration by chlorine gas
according to the third embodiment.

Fig. 7 1s a diagram of the drawing process according to the third embodiment.

Fig. 8 1s a perspective view of the PC fiber according to the third embodiment.

Figs. 9A to 9D are diagrams of the drawing processes of Examples 1, 2, 5, and
6, respectively, of the experimental examples of the third embodiment.

Fig. 10 1s a diagram showing the process for fabricating capillaries according to

another embodiment.

Fig. 11 1s a diagram of a drawing process according to another embodiment.

BEST MODE FOR CARRYING OUT THE INVENTION

First Embodiment

The process steps in the method for manufacturing a PC fiber according to a
first embodiment of the present invention will be described with reference to Fig. 1.
Preparatory Process

A support pipe 1, in which a hole of regular hexagonal cross section is
provided i1n a cylindrical body made of SiO, along its central axis, 90 cylindrical
capillaries 2,2, ... made of SiOz, and a cylindrical core rod 3 made of Si0, and of the
same thickness as the capillaries 2 are prepared. Here, the hole of regular hexagonal
cross section provided in the support pipe 1 has been dimensioned so that all capillaries

2, 2, ... next to an inner wall of the support pipe 1 are brought into contact with that
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inner wall when a preform 4 fabricated by densely packing the 90 capillaries 2, 2, ...
(and the core rod 3) into the support pipe 1 is drawn to make its diameter small. This
means that its dimensional settings are such that when the capillaries 2 of the eleventh
layer, explained below, are packed when the capillaries 2, 2, ... (and the core rod 3) are
densely packed into the support pipe 1, voids are formed to an extent that the capillaries
2 are not left unpacked due to friction with the capillaries 2, 2 of the tenth layer, ... and
the inner wall of the support pipe 1, and once the eleventh layer has been packed,
extremely small gaps are formed between the eleventh layer capillaries 2, 2, ... and the
inner walls of the support pipe 1.

Capillary and Core Rod Packing Process (Preform Fabrication Process)

The capillaries 2, 2, ... are packed into the support pipe 1.  Six capillaries 2, 2,
... are lined up side by side at this time so as to cover the surface of one inner wall of
the support pipe 1 and form a first layer, and capillaries 2 are then disposed such that
they are arranged between pairs of capillaries 2, 2 in the formed first layer to form a
second layer (the second layer is made up of seven capillaries 2). The capillaries 2 are
packed up to a fifth layer in this manner. Then, the capillaries 2 for the sixth layer are
packed in the same manner as up to the fifth layer, except that only the sixth capillary,
which 1s positioned in the center, 1s not a capillary 2 but instead the core rod 3. The
capillaries 2 are then packed up to the eleventh layer.

Next, filler (not shown) such as narrow diameter quartz rods or quartz powder
1s packed into the gaps formed between the inner walls of the support pipe 1 and the
capillanies 2, 2, ... next to these walls.

Thus, as explained above, the preform 4 for a PC fiber, in which 90 capillaries
2, 2, ... are packed into the support pipe 1 and the core rod 3 has been disposed at the

central axis position, is fabricated as shown in Fig. 1.

Drawing Process

The preform 4, which has been fabricated by packing the capillaries 2, 2, ...
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and the core rod 3 into the support pipe 1, is heated and stretched in a drawing process
to make its diameter small (make it into fiber). At this point, the capillaries 2 are fused
into a single umt by fusing the capillaries 2 with adjacent capillaries 2, fusing the
capillaries 2 with the support pipe 1, and fusing the capillaries 2 with the core rod 3.
Then, as shown 1n Fig. 2, a PC fiber 8 provided with a core portion § formed as a solid
and provided with a fiber core extending in the lengthwise direction, a porous clad
portton 6 provided around the core portion S and having numerous pores extending
along the core portion 3, and a jacket portion 7 provided such that it covers these, is
manufactured.

With this method for manufacturing the PC fiber 8, the preform 4 is fabricated
with the numerous capillaries 2, 2, ... 1n a state bound by the support pipe 1 and this
preform 4 is drawn to make its diameter smaller (make it into fiber), so that the problem |
of the portions that separate adjacent pores being broken during processing, as is the
case when fabricating the preform by boring holes into a cylindrical body, does not

occur, and the capillanes 2, 2, ... are held by the support pipe 1 so that there are none of

the difficulties such as when the preform is fabricated by fusing the capillaries with one
another into a single unit, and the PC fiber 8 can be easily manufactured.

Furthermore, the border of the inner wall in a horizontal cross section of the
support pipe 1 1s formed in the shape of a regular hexagon, so that all capillaries 2, 2, ...
can be packed into the support pipe 1 in a densely packed state, and once 100% of the
packed capillaries 2, 2, ... have been drawn, they function as photonic crystals. Since
the capillary packing ratio near the inner walls of the support pipe 1 is not different from
that at the periphery of the core portion, the capillary bundle is shrunk uniformly during
drawing and gaps (grating defects) formed within the capillary bundle can be
suppressed to a minimum.

Furthermore, the regular hexagon inner wall border of the support pipe 1 has

been dimensioned so that all capillaries 2, 2, ... next to an inner wall of the support pipe
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1 come into contact with that inner wall when the preform 4 fabricated by densely
packing the capillaries 2, 2, ... into the support pipe 1 is drawn to make its diameter
smaller, and thus there 1s an extremely low degree of freedom for the capillaries 2, 2, ...
during drawing, and displacement (phase transition) in the arrangement of the
capillaries 2, 2, ... can be more effectively prevented. When fabricating the preform 4,
the gaps formed between the inner walls of the support pipe 1 and the capillaries 2, 2,
... become very small and a closely packed state can be achieved simply by packing the
capillaries 2, 2, ... in order from near the inner walls of the support pipe 1, and therefore
consideration for keeping the arrangement of the capillaries 2, 2, ... from being
disrupted 1s almost entirely unnecessary and the task of packing the capillaries 2, 2, ...
into the support pipe 1 1s made more efficient.

Furthermore, filler 1s packed between the inner walls of the support pipe and

the capillaries next to the inner walls, and thus the outer periphery of the capillary
bundle can be kept from deforming during the drawing process.
Second Embodiment

The process steps in the method for manufacturing a PC fiber according to a

second embodiment of the present invention will be described with reference to Fig. 3.

Portions identical to those of the first embodiment are shown in the drawing by identical
numerals.
Preparation Process

A support pipe 1 in which a hole of regular hexagonal cross section is provided
in a cylindrical body made of S10, along its central axis, 168 capillaries 2,2, ... made of
S10; and with an outer border of a regular hexagonal cross section and a pore of a
circular cross section provided in its center, and a core rod 3 made of S10, and of the
same hexagonal rod shape as the capillaries 2, are prepared. Here, the hole of regular
hexagonal cross section provided in the support pipe 1 has been dimensioned such that

all capillaries 2, 2, ... next to an inner wall in the support pipe 1 are brought into contact

11
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with that inner wall when the preform 4 fabricated by densely packing the 168
capillaries 2, 2, ... (and the core rod 3) into the support pipe 1 is drawn to reduce its
diameter. The dimensional settings are the same as those of the first embodiment.
Capillary and Core Rod Packing Process (Preform Fabrication Process)

Eight capillaries 2, 2, ... are lined up side by side so as to completely cover the
surface of one inner wall of the support pipe 1 to form a first layer, and then capillaries
2 are set such that they are arranged between pairs of capillaries 2, 2 in the formed first
layer to form a second layer (the second layer 1s made up of nine capillaries 2). The
capillaries 2 are packed up to a seventh layer in this manner. Then, the capillaries 2 for
the eighth layer are packed in the same way as up to the seventh layer, except that only
the eighth capillary, which 1s positioned in the center, 1s not a capillary 2 but instead the

corerod 3. The capillanes 2 are then packed up to a fifteenth layer.

Next, filler (not shown) such as narrow diameter quartz rods or quartz powder
1s packed into the space formed between the inner walls of the support pipe 1 and the

capillaries 2, 2, ... next to these walls.

Thus, as explained above, the preform 4 for a PC fiber, in which 168 capillaries
2, 2, ... have been packed into the support pipe 1 and the core rod 3 has been disposed
at the central axis position, is fabricated, as shown in Fig. 3.

The constitution, the operation, and the effect of the drawing process are
1dentical to those of the first embodiment.
Third Embodiment

The process steps in the method for manufacturing a PC fiber according to a
third embodiment of the present invention will be described with reference to the
drawings. Portions 1dentical to those of the first embodiment are shown in the drawing
by i1dentical numerals.
Capillary Fabrication Process

As shown in Fig. 4, a cylindrical quartz (S10,) pipe 9 is heated and stretched by

12
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an electric furnace 10 to produce a long capillary 2. Chlorine gas is circulated inside
the quartz pipe 9 and the capillary 2 at this point to remove hydroxyl groups and
moisture on the inner surface of the capillary 2 and to expel air and thus prevent
moisture from adheriqg to the inner surface of the capillary 2. Also, both ends of the
long capillary 2 that has been obtained are sealed to create a condition in which the
inside of the capillary 2 is filled with chlorine gas. The pressure of the chlorine gas in
the capillary 2 at this time 1s set to a predetermined value such that the capillary 2
maintains a similar shape as it 1s drawn to give it a smaller diameter. Then, the long
capillary 2 is cut into predetermined lengths using a micro burner, for example, to
produce capillaries 2, 2, ... with capillary sealing portions 2a, 2a formed at both ends
and chlorine gas filled in its interior. Because chlorine gas is filled in the capillaries 2,

moisture no longer comes into contact with the inner surface of the capillares 2.

Preparation Process

Numerous capillaries 2, 2, ... fabricated 1n the capillary fabrication process, a
single core rod 3 made of quartz and of the same outer diameter and length as the
capillaries 2, and one cylindrical support pipe 1 made of quartz and which is shorter
than the capillaries 2 and the core rod 3 are prepared.
Capillary and Core Rod Packing Process (Preform Fabrication Process)

The capillaries 2, 2, ... and the core rod 3 are packed into and pass through the
support pipe 1. In a horizontal cross section of the support pipe 1, the capillaries 2, 2,
... are at this point densely packed such that the capillary pores form a triangular grating
and the core rod 3 is positioned at the central axis location. Accordingly, movement of
the capillaries 2 and the core rod 3 is restricted by the support pipe 1. Additionally, the
capillaries 2, 2, ... and the core rod 3 have a circular cross section, so that voids 11, 11,

. substantially triangular in shape in a cross section thereof are formed for example

between the capillaries 2 in the support pipe 1. Then, filler such as quartz powder 1s

filled in the gaps created between the outermost layer of the capillary bundle and the

13
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inner walls of the support pipe 1 to prevent dislocation of the capillaries 2 Thus, as
explained above, the preform 4, which s made of numerous capillaries 2, 2, ... disposed
in a densely packed state forming a capillary bundle, the core rod 3 arranged at the
central axis position thereof, and the support pipe 1 for holding the capillary bundle
made of the capillaries 2, 2, ... and the core rod 3, as shown 1n Fig. §, is fabricated.
Dehydration Treatment by Chlorine Gas

As shown in Fig. 6, auxiliary pipes 12, 12 made of quartz of an outer diameter
that is substantially the same as that of the support pipe 1 are each welded to an end of
the preform 4. Then, chlorine gas is introduced into the open portion of one of the
auxiliary pipes 12 and circulated through the voids 11, 11, ... formed in the support pipe
1, and ultimately discharged from the open portion of the other auxiliary pipe 12. A
flame 13 is concurrently moved back and forth in the lengthwise direction of the
preform 4 to heat the outside thereof. The chlorine gas removes the hydroxyl groups
and moisture on the outer surface of the capillaries 2, 2, ... and the outer surface of the
core rod 3. Then, the inside of the support pipe 1 i.s reduced in pressure by a vacuum
‘pump to put the voids 11, 11, ... between the capillaries 2 into a state of reduced
pressure, while both ends of the support pipe 1 are heated to form support pipe sealing
portions 1a, 1a. At this point, air is kept from infiltrating the voids 11, 11, ...and the
voids 11, 11, ... are in a state filled with chlorine gas.
Drawing Process

One of the auxiliary pipes 12 1s removed from the preform 4, and as shown in
Fig. 7, the preform 4 is set into a drawing machine such that the remaining auxiliary
pipe 12 is on top. Then, the preform 4 1s subjected to a drawing process in which it is
heated and stretched by a drawing furnace 14 to give it a smaller diameter (make it into
fiber). At this time the capillaries 2, 2, .. have a predetermined internal pressure and
are drawn 1in a sealed state so that the capillaries 2, 2, ... maintain a similar shape while

they are reduced in diameter. Also, the voids 11, 11, ... formed in the support pipe 1
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are sealed in a state of reduced pressure and are filled with chlorine gas, and thus
moisture is prévented from coming into contact with the outer surface of the capillaries
2 and the outer surface of the core rod 3. At the same time, the pressure-reduced voids
11, 11, ...collapse smoothly because of the heightened internal pressure of the
capillaries 2, 2, ... due to heating. This fuses the capillaries 2 into a single unit by fusing
the capillaries 2 with adjacent capillaries 2, fusing the capillaries 2 with the core rod 3,
and fusing the capillaries 2 with the support pipe 1. Thus, as shown in Fig. 8, a PC
fiber 8 made of a solid core portion S in which the fiber core extends in the lengthwise
direction, a porous cladding portion 6 provided around the core portion § and having

numerous pores extending along the core portion 5, and a jacket portion 7 provided so
as to coat these portions, 1s manufactured.

According to this method for manufacturing a PC fiber 8, both ends of the
capillaries 2 are sealed by capillary sealing portions 2a, 2a, thereby stopping air from
infiltrating the capillaries 2, and chlorine gas inert 1n the formation of hydroxyl groups
is filled into the capillaries 2, thereby preventing moisture from coming into contact
with the inner surface of the capillaries 2. Moreover, the outer surface of the
capillaries 2 and the outer surface of the core rod 3 are dehydrated by the chlorine gas,
removing hydroxyl groups and moisture therefrom, so that the PC fiber 8 that is
obtained has few hydroxyl groups and there 1s very low transmisstion loss of 1.38 um
wavelength light, which 1s absorbed by hydroxyl groups.

Moreover, the pressure inside the capillaries 2 is appropriately set in advance
so that the capillaries 2 retain a similar shape as they are reduced in diameter during the
drawing process, and by executing the drawing process with the voids 11 formed in the
support pipe 1 in a state of reduced pressure, the pressure-reduced voids 11 are
collapsed smoothly because of the heightened pressure inside the capillaries 2 due to
heating. Thus, the structural stability in the photonic crystal structure is increased and

the PC fiber 8 that is obtained has very low background transmission loss.
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Also, because the preform 4 1s fabricated with the capillaries 2 and the core rod
3 bound by the support pipe 1, shifting of the capillaries 2 and the core rod 3 is
restricted by the support pipe 1, workability in the drawing process 1s good, and the PC
fiber 8 that is obtained is homogenous in the lengthwise direction.

Experimental examples in which actual PC fibers are tested and evaluated will
be described next.
Tested and Evaluated Samples

The following PC fiber sample examples were fabricated.
Example 1

A quartz pipe was heated and stretched under atmospheric pressure to produce
numerous capillaries of 500 u m outer diameter and 300 mm length. Then, these
capillaries and a core rod of 500 u m outer diameter and 300 mm length were densely
packed into a support pipe with a 26 mm outer diameter and a 10 mm inner diameter.
At this point, the capillary pores formed a triangular grating in an end face, and the core
rod was disposed at the central axis position. Next, both ends of each of the capillaries
were heated and sealed, fabricating a preform. Then, as shown in Fig. 9A, an auxiliary
pipe 12 was welded to one end of the support pipe 1, and the preform 4 was set in the
drawing machine such that the auxiliary pipe 12 was on top. The preform 4 was then
heated and stretched by the drawing furnace 14 in a drawing process to produce a PC
fiber having a 100 u m outer diameter, which was taken as Example 1.
Example 2

The same preform as that of Example 1 was fabricated, auxiliary pipes were
welded to both ends of the support pipe 1, and as in the above embodiment, dehydration
by chlorine gas was performed. Next, one of the auxiliary pipes was removed, and as
shown in Fig. 9B, the preform 4 was set in the drawing machine such that the remaining
auxiliary pipe 12 was on top. A vacuum pump was then connected to the auxiliary

pipe 12 and air was discharged from the voids formed in the support pipe 1, thus
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holding the voids in a state of reduced pressure at 4.80 X 10°Pa, and the preform 4 was
heated and stretched by the drawing furnace 14 in a drawing process to produce a PC
fiber having a 100 x m outer diameter, which was taken as Example 2.
Example 3

A PC fiber having a 100 u m outer diameter was fabricated with the same
method as that of Example 2 except that the capillaries and the core rod were subjected
to an etching process by immersion in hydrofluonc acid before they were packed into
the support pipe, and this PC fiber was taken as Example 3.
Example 4

As in the above embodiment, chlorine gas was circulated while a quartz pipe is
heated and stretched to produce a long capillary in which both ends have been sealed
and chlorine gas has been filled into its interior, and using a micro burner it was
separated into capillaries of 500 u m outer diameter and 300 mm length and with both
ends sealed. Next, these capillaries and a core rod of 500 1 m outer diameter and 300
mm length were densely packed into a support pipe with 26 mm outer diameter and 10
mm 1nner diameter, thus fabricating a preform. At this point, the capillary pores
formed a triangular grating in a horizontal cross section, and the core rod was disposed
at the central axis position. Then, auxiliary pipes were welded to both ends of the
support pipe, and as in the above embodiment, dehydration by chlorine was performed.
Next, one of the auxiliary pipes was removed, and the preform was set in the drawing
machine so that the remaining auxiliary pipe was on top. Then, the preform was
heated and stretched by a drawing furnace in a drawing process to fabricate a PC fiber
having a 100 z m outer diameter, which was taken as Example 4.
Example 5

As shown 1in Fig. 9C, a PC fiber having a 100 u m outer diameter was
fabricated by the same method as that of Example 1, except that the capillaries 2, 2, ...

were used, in which only the end portion on the side opposite the side from which has
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drawing starts has been sealed. This PC fiber was taken as Example S.
Example 6

As shown in Fig. 9D, a PC fiber having a 100 u m outer diameter was
fabricated by the same method as that of Example 1, except that capillaries 2, 2, ... in

5  which neither end has been sealed were used. This PC fiber was taken as Example 6.

lesting and Evaluation Method

1.55 u m wavelength and 1.38 1 m wavelength light was propagated through
each of the PC fibers of the Examples 1 to §, and the transmission loss was measured
for each example. It should be noted that the capillary pores in Example 6 of the

10 experimental examples collapsed and a photonic crystal structure due to pores was not

created, and thus measurements were not performed.
lesting and Evaluation Results

Table 1 shows the evaluated test results.

Table 1
Ex. 2 Ex. 3 Ex. 4 Ex. 5 Ex. 6
equivalent
10 7
| to Ex. 1
1383 um | 700 400 190 | maximum -
15 According to the table, it can be seen that the transmission loss drops in order

~ from Example 1 to Example § in both the case of 1.55 u m wavelength and the case of
1.38 1 m wavelength.

Comparing Example 1 and Example §, it can be seen that even though both

have an equivalent transmission loss with respect to 1.55 u m wavelength light,

20 Example 1 has a lower transmission loss with respect to 1.38 u m wavelength light

than Example S. It seems that this 1s because in Example S one end of the capillaries is

open and air can enter and exit the capillaries, so that during the drawing many hydroxyl
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groups, which absorb 1.38 1 m wavelength light, are formed on the inner surface of the
capillaries, whereas in Example 1 both ends of the capillaries are sealed and air cannot

enter and exit the capillaries, so that the formation of hydroxyl groups on their inner

surfaces is inhibited.

Comparing Example 1 and Example 2, it can be seen that transmission loss
with respect to 1.55 u m wavelength light 1s significantly lower in Example 2 than in
Example 1. It seems that this i1s because in Example 1 the drawing process is
performed without reducing the pressure in the voids formed in the support pipe,
whereas in Example 2, drawing 1s performed with the voids in a state of reduced
pressure, and as a result those pressure-reduced voids are collapsed smoothly because of
the heightened pressure inside the capillaries due to heating, and thus the photonic
crystal structure has increased structural stability. It can also be seen that transmission
loss with respect to 1.38 1 m wavelength light is lower in Example 2 than in Example
1. This may be because in Example 1 the outer surface of the capillaries and the outer
surface of the core rod are not dehydrated by chlorine gas, whereas in Example 2 those
outer surfaces have been dehydrated by chlorine gas, and as a result hydroxyl groups
and moisture have been removed from the outer surface of the capillaries and the outer
surface of the core rod. Additionally, there may also be the effect of preventing the
formation of hydroxyl group, because the voids formed in the support pipe are reduced
in pressure and there i1s little moisture that comes into contact with the outer surface of
the capillaries and the outer surface of the core rod.

Comparing Example 2 and Example 3, it can be seen that transmission loss
with respect to light of both 1.55 u m wavelength and 1.38 u m wavelength is lower
in Example 3 than in Example 2. It is conceivable that the reason transmission loss
with respect to 1.38 u m wavelength light 1s lower in Example 3 than in Example 2 is
that in Example 2, the capillaries used had both ends sealed with the hydroxyl groups

remaining formed on the inner surface of the capillaries during capillary fabrication, for
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example, whereas in Example 3, the capillaries that were used were immersed in
hydrofluoric acid before both ends were sealed in order to etch the surface layer and
remove hydroxyl groups, and as a result there were fewer hydroxyl groups remaining in
the fabricated PC fiber. It seems that there 1s lower transmission loss with respect to
1.55 u m wavelength light in Example 3 than in Example 2, because the effect of
reduced transmission loss with respect to 138 u m wavelength light affects
transmission loss with respect to 1.55 © m wavelength light.

Comparing Example 3 and Example 4, it can be seen that transmission loss
with respect to hight of both 1.55 1 m wavelength and 1.38 1 m wavelength is lower
in Example 3 than in Example 2. It is conceivable that the reason transmission loss
with respect to 1.38 1 m wavelength light is lower in Example 4 than in Example 3 is
that in Example 3, although the inner surface of the capillaries has been etched with
hydrofluoric acid to remove hydroxyl groups, air is ultimately filled into the capillaries,
so that hydroxyl groups are formed on the inner surface of the capillaries during
drawing, whereas in Example 4, chlorine gas is circulated during capillary fabrication
and the capillaries are sealed as they are, so that air does not come into contact with the
inner surface of the capillaries and as a result there are fewer hydroxyl groups remaining
in the PC fiber fabricated in Example 4. It seems that there is lower transmission loss
with respect to 1.55 u m wavelength light in Example 4 than in Example 3 because the
effect of reduced transmission loss with respect to 1.38 1 m wavelength light has an
effect on transmission loss with respect to 1.55 1 m wavelength light.

Other Embodiments

In the first through third embodiments, a PC fiber having a solid core portion
was manufactured using a core rod, however, there is no particular limitation to this, and
it 1s also possible to manufacture a PC fiber having an empty core portion by forming a
space 1n the central axis portion during fabrication of the preform.

Also, 1n the first through third embodiments, the capillaries were densely
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packed into the support pipe so that in a horizontal cross section the capillary pores
formed a triangular grating, however, there is no particular limitation to this, and they
may also form a quadrangular grating or a honeycomb grating. In such a case, filler
such as rod material can be filled between the capillaries.

In the first and second embodiments, a support pipe provided with a hole that
in a cross section was regular hexagonal in shape was used, however, there is no
particular limitation to this, and for instance it can also be substantially regular
hexagonal with rounded corner portions, such as if the adjacent edges are joined by an
arc. However, in this case it 1s preferable that the radius of the arc is not more than
half the maximum diameter of the capillaries. This is because if it is larger than half
the maximum diameter of the capillaries, then the capillaries positioned at the corner
portions do not sit well and the dense packing of the capillaries is lost from that portion.
The hole 1s not limited to a regular hexagonal shape, and also can be a regular triangle, a
regular quadrangle or a circle.

Also, 1n the third embodiment, chlorine gas was circulated through the quartz
pipe 9 while 1t was heated and stretched to fabricate the capillaries 2, however, there is
no particular himitation to this, and as shown in Fig. 10, the quartz pipe 9 can also be
heated and stretched under atmospheric pressure to fabricate the capillaries 2. In this
case, it is preferable that dehydration induced by chlorine gas or the like and/or the later
mentioned etching by hydrofluoric acid or the like is performed on the inner surface of
the capillanies 2.

Also, in the third embodiment, chlorine gas was filled into the capillaries 2,
however, there 1s no particular limitation to this, and as long as the gas is inert in the
formation of hydroxyl groups, for example, nitrogen gas or a rare gas such as argon can
also be filled into the capillanes 2.

Moreover, in the third embodiment, both ends of the support pipe 1 were sealed

with the voids 11 formed in the support pipe 1 of the preform 4 in a state of reduced
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pressure and the preform 4 was drawn, however, there is no particular limitation to this,
and as shown in Fig. 11, it i1s also possible to use a vacuum pump or the like to
discharge air from the auxiliary pipe 12 welded to the top of the preform 4 to put the
voids 11 into a state of reduced pressure and then perform the drawing. At this time, 1t
is also possible to dehydrate the outer surface of the capillaries 2 and the outer surface
of the core rod 3 by simultaneously introducing chlorine gas through the auxiliary pipe
12.

In the third embodiment, it is also possible to fabricate capillaries with both
ends sealed or capillaries that are not sealed and then etch those capillaries by
immersing them in hydrofluoric acid. By doing this the outer surface of the capillaries
is etched, so that hydroxyl groups on the outer surface of the capillaries are removed
and the PC fiber that is obtained has few hydroxyl groups. For the capillaries that have
not been sealed, the inner surface of the capillaries i1s similarly etched, and it 1s
preferable that both ends are sealed immediately after etching. This etching process

can of course also be performed on the core rod. This process can be carmed out in

- combination with dehydration by chlorine gas, or can be performed instead of

dehydration by chlorine gas.

INDUSTRIAL APPLICABILITY
As explained above, the present invention 1s suited for the manufacture of a PC
fiber having a core portion provided with a fiber core extending in the lengthwise
direction and formed as a solid or a void, and a porous clad portion provided around the

core portion and having numerous pores extending along the core portion.
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CLAIMS

l. A method tor manufacturing a photonic crystal fiber having a core portion that
1s provided with a fiber core extending in a lengthwise direction and formed as a solid
or a void, and a porous clad portion provided around the core portion and having
numerous pores extending along the core portion, comprising:

a step of fabricating a preform by packing numerous capillaries of which both
ends are sealed 1n advance into a cylindrical support pipe, a border of an inner wall of
a horizontal cross section of the support pipe having a substantially regular hexagon
shape, parallel to a central axis of the support pipe and positioning a core rod to serve
as the solid core portion in the central axis portion of the support pipe, or forming a
space to serve as the void core portion in the central axis portion of the support pipe;
and

a step of drawing the preform to make it small in diameter,

wherein the substantially regular hexagon shaped inner wall border of the
support pipe 1s dimensioned such that all capillaries next to an inner wall of the
support pipe come into contact with the inner wall when the preform fabricated by
densely packing capillaries into the support pipe is drawn to make it small in

diameter.

2. The method for manufacturing a photonic crystal fiber according to claim 1,
wherein the substantially regular hexagon shaped inner wall border of the support

pipe 1s formed by joining adjacent edges in arcs of a radius not more than half a

maximum diameter of the capillaries packed into the support pipe.

3. The method for manufacturing a photonic crystal fiber according to claim 1,
wherein filler is filled into spaces formed between the inner wall of the support pipe
and the capillaries next to the inner wall of the support pipe in the step of fabricating

the preform.
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4. The method for manufacturing a photonic crystal fiber according to claim 1,
wherein both ends of the capillaries are sealed after pressure inside the capillaries is
set such that when the capillaries are drawn they maintain a similar shape while their

diameter 1s made smaller.

5. The method for manufacturing a photonic crystal fiber according to claim 1,
wherein both ends of the capillaries are sealed after a gas inert in formation of

hydroxyl groups is filled into the capillaries.

6. The method for manufacturing a photonic crystal fiber according to claim 1,
wherein at least one of an inner surface and an outer surface of the capillaries is

etched.

7. The method for manufacturing a photonic crystal fiber according to claim 1,

wherein at least one of an inner surface and an outer surface of the capillaries is

dehydrated.

8. The method for manufacturing a photonic crystal fiber according to claim 1,
wherein the drawing is performed with the voids formed in the preform in a state of

reduced pressure.
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