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(57) ABSTRACT

A photonic band gap fiber is provided having multiple air
holes in a silica portion extending in the longitudinal direction
of the fiber. The fiber includes a cladding containing an air
hole periodic structure in an extended triangular lattice con-
figuration, wherein first rows each having a number of air
holes at a first pitch are arranged alternately in the cross
section of the fiber with multiple second rows of air holes
each with multiple air holes at a second pitch which is twice
the first pitch. The fiber further includes an air hole core.
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PHOTONIC BAND GAP FIBER AND METHOD
OF PRODUCING THE SAME

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to a photonic band gap
fiber wherein multiple air holes are provided in silica portions
along the longitudinal direction of the fiber. The photonic
band gap fiber of the present invention can inhibit surface
modes specific to ordinary photonic band gap fibers and can
expand the transmission bandwidth of the fiber. It can, there-
fore, be used in very low loss optical transmissions, optical
transmissions from the UV region to the visible light region
and infrared region, and in fiber laser optical transmissions.
[0003] 2. Description of Related Art

[0004] By using a periodic structure of air holes in the
cladding, a photonic band gap fiber (hereinafter referred to as
“PBGF”) can confine light in the core by making use of its
photonic band gap. Even if the core is air, wave guidance is
possible. (See R. F. Cregan, B. J. Mangan, J. C. Knight, T. A.
Birks, P. St. J. Russell, P. J. Roberts, and D. C. Allan, “Single-
mode photonic band gap guidance of light in air,” Science,
vol. 285, no. 3, pp. 1537-1539, 1999.)

[0005] However, even if the periodic structure of air holes
provided in the cladding forms a band gap, the core mode
wherein light is concentrated in the core couples with the
surface mode wherein light is concentrated in the silica close
to the core edge and causes a large transmission loss. Thus,
optical wave guiding cannot be obtained for the entire wave-
length band of the band gap (see J. A. West, C. M. Smith, N.
F. Borrelli, D. C. Allan, and K. W. Koch, “Surface modes in
air-core photonic band-gap fibers,” Opt. Express, vol. 12, no.
8, pp. 1485-1496, 2004).

[0006] The presence of a surface mode depends on the
magnitude of the core diameter. FIG. 1 shows this depen-
dency.

[0007] The conventional PBGF 1 shown in FIG. 1 com-
prises multiple circular air holes 11 in a triangular lattice
configuration in the silica portion 10 seen in the cross section
of'the fiber. The air hole at the center forms an air hole core 12.
The structure of air holes forming a triangular lattice periodic
structure with multiple circular air holes 10 arranged at con-
stant pitch in the cross section of fiber in this way is referred
to hereinafter as a “normal triangular lattice periodic struc-
ture.”

[0008] In FIG. 1, “bulk mode” refers to a mode with I"
points (points at which the wavelength vector has compo-
nents only in the transmission direction), which has maxi-
mum frequencies in the low pass band of the band gap, when
the periodic structure of air holes constitutes the band gap.
[0009] Inthe PBGF ofthe structure as shown in FIG. 1, itis
well known that a surface mode is present when the edge of
core 12 cuts through the bulk mode, and a surface mode is
absent when it does not cut through the bulk mode (see H. K.
Kim, J. Shin, S. Fan, M. J. F. Digonnet, and G. S. Kino,
“Designing air-core photonic-bandgap fibers free of surface
modes,” IEEE J. Quant. Electron., vol. 40, no. 5, pp. 551-556,
2004).

[0010] FIGS. 2 and 3 are examples of the positional rela-
tionship between an air hole core 12 and a bulk mode in the
conventional PBGF 1 with a normal triangular lattice periodic
structure. The conventional PBGF 1 shown in FIG. 2 com-
prises multiple circular air holes 11 arranged in a triangular
lattice configuration in the silica portion 10 that forms the
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cladding in the cross section of the fiber. An air hole core 12
is provided formed by air holes in a region that includes six air
holes surrounding one central air hole. The conventional
PBGF 1 shown in FIG. 3 comprises multiple circular air holes
11 arranged in triangular lattice configuration in the silica
portion 10 in the cross section of the fiber. An air hole core 12
is formed by one air hole at the center surrounded by 18 air
holes in two layers.

[0011] However, when a normal triangular lattice periodic
structure as shown in FIGS. 2 and 3 is used in the cladding, the
edge of the air hole core 12 cuts through the region wherein
bulk mode 13 is present; therefore, it becomes difficult to
avoid the surface mode. The result is that the light in the core
mode couples with the surface mode, causing large transmis-
sion loss, such that optical wave guiding throughout the
wavelength band cannot be obtained, the wave guide band-
width becomes narrow, and the transmission loss increases
further.

SUMMARY OF THE INVENTION

[0012] An exemplary object of the present invention is to
offer a PBGF with low transmission loss and wide wave guide
bandwidth after considering the circumstances mentioned
above.

[0013] A first exemplary aspect of the present invention
offers a PBGF with multiple air holes provided in silica
portions extending in the longitudinal direction of the fiber.
the fiber comprises: a cladding having an air hole periodic
structure in an extended triangular lattice configuration in the
cross section of the fiber wherein first rows each having a
number of air holes at a first pitch, and second rows each
having a plurality of air holes at a second pitch which is twice
the first pitch, are arranged such that the air holes of the first
rows and the air holes of the second rows are disposed alter-
nately so as to form a triangular lattice in the cross section of
the fiber. The fiber further comprises an air hole core.
[0014] Inthe PBGF of'the first aspect of the present inven-
tion, the air hole core may have an almost circular shape inthe
cross section of the fiber and the diameter D of the air hole
core may have the relationship 0.7A=D=3.3A with respect
to the first pitch A.

[0015] Inthe PBGF of'the first aspect of the present inven-
tion, the air hole core may have an almost circular shape inthe
cross section of the fiber and the diameter D of the air hole
core may have the relationship of 4.7A=D=7.3A with
respect to the first pitch A.

[0016] Inthe PBGF of'the first aspect of the present inven-
tion, the air hole core may have an almost circular shape inthe
cross section of the fiber and the diameter D of the air hole
core may have the relationship of 8. 7A=D=11.3A with
respect to the first pitch

[0017] Inthe PBGF of aspect of the present invention, the
air holes may have a circular cross section with a diameter d
that satisfies the relationship 0.85A=d=A withrespect to the
first pitch A.

[0018] Inthe PBGF of'the first aspect of the present inven-
tion, three or more layers of the air hole periodic structure in
the extended triangular lattice configuration in the cladding
may be provided outside the air hole core.

[0019] The PBGF ofthe first aspect of the present invention
may have a core mode in which 60% or more of a transmitting
power is concentrated in the air hole core region, and may
have optical characteristics wherein a surface mode is sub-
stantially absent.



US 2008/0170830 Al

[0020] The PBGF of'the present invention may have optical
characteristics wherein only a single core mode (where the
number of modes in case of all degraded modes is taken as 1)
is present.

[0021] The PBGF ofthe first aspect of the present invention
may have optical characteristics wherein a core mode is
present when a wavelength A, transmitted in the fiber, satisfies
a range of 0.7=I"/A=1.2 (where I'=2A, where A is the first
pitch).

[0022] The PBGF ofthe first aspect of the present invention
may have optical characteristics wherein a core mode is
present when a wavelength A, transmitted in the fiber, is in the
range 1.4=I"/L=1.8 (where I'=2A, and A is a first pitch).
[0023] In a second exemplary aspect of the present inven-
tion, a method of producing PBGF is provided, the method
comprising arranging silica capillary tubes and silica rods
into first rows of air holes and into second rows of air holes,
wherein in each first row, a number of capillary tubes are
arranged at a first pitch, and in each second row capillary
tubes and silica rods are alternately arranged, such that a
capillary tube arrangement of a cross section forms an
extended triangular lattice. The method further comprises
forming an air hole core region with capillary tube bundles
containing silica rods by eliminating a central silica rod, or by
eliminating the central silica rod together with capillary tubes
and silica rods surrounding the central silica rod, heating the
capillary tube bundles containing the silica rods and making
them integrated, thus forming a preform for fiber spinning.
The method further comprises spinning the preform.

[0024] Inthe method of producing a PBGF according to the
second aspect of the present invention, the capillary tubes
may have annular cross sections, and the silica rods may have
circular cross sections and diameters equal to those of the
capillary tubes.

[0025] In the method of producing PBGF of the second
aspect of the present invention, forming the preform may
comprise making the capillary tube bundle containing silica
rods integrated while it is inserted in the hole of the silica tube.
[0026] In the method of producing PBGF according to the
second aspect of the present invention, forming an air hole
core region comprises eliminating only one silica rod at a
center of a cross section of the capillary tube bundle contain-
ing silica rods.

[0027] In the method of producing PBGF according to the
second aspect of the present invention, forming an air hole
core region comprise eliminating one silica rod at a center of
a cross section of the capillary tube bundle containing silica
rods, and capillary tubes and silica rods in no less than one
layer and no more than five layers surrounding the central
silica rod.

[0028] In the method of production of PBGF according to
the present invention, the capillary tube bundle containing
silica rods may be provided such that the air hole periodic
structure in an extended triangular lattice configuration sur-
rounding the air hole core region has three or more layers of
silica rods facing the rear and directed outward.

[0029] A third exemplary aspect of the present invention
offers a PBGF having multiple air holes in silica portion
extending in the longitudinal direction of the fiber, the fiber
comprising: a cladding having an air hole periodic structure in
an extended triangular lattice configuration in a cross section
of the fiber wherein first rows each having a number of air
holes at a first pitch, and second rows each having a plurality
of air holes at a second pitch which is twice the first pitch, are
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arranged such that the air holes of the first rows and the air
holes of the second rows are arranged so as to form a trian-
gular lattice in the cross section of the fiber. The fiber further
comprises an air hole core comprising multiple air holes
arranged at a constant pitch in triangular lattice configuration.
[0030] Inthe PBGF of'the third aspect of the present inven-
tion, the core may comprise a central air hole at a center of the
fiber cross section and a first layer of air holes surrounding the
central air hole.

[0031] Inthe PBGF of the present invention, the core may
comprise an air hole at a center of the fiber cross section and
two or more layers of air holes surrounding the air hole at the
center of the fiber.

[0032] Inthe PBGF of'the third aspect of the present inven-
tion, the cross sectional shape of the air holes may be circular
and their diameter d may satisfy the relationship
0.85A=d=A with respect to the first pitch A.

[0033] Inthe PBGF of'the third aspect of the present inven-
tion, three or more layers of air hole periodic structure in the
extended triangular lattice configuration in the cladding may
be provided outside the core.

[0034] The PBGF of'the present invention may have a core
mode in which 60% or more of a transmitting power is con-
centrated in the core region, and optical characteristics
wherein a surface mode is substantially absent.

[0035] The PBGF of the third aspect of the present inven-
tion may have optical characteristics wherein only a single
core mode (where the number of modes in case of all
degraded modes is taken as 1) is present.

[0036] The PBGF of the third aspect of the present inven-
tion may have optical characteristics wherein a core mode is
present when a wavelength A, transmitted in the fiber, satisfies
a range of 0.7=I'/A=1.2 (where I'=2A, where A is the first
pitch).

[0037] The PBGF of the third aspect of the present inven-
tion may have optical characteristics wherein a core mode is
present within arange in which a wavelength A, transmitted in
the fiber, satisfies of 1.4=I"/A=1.8 (where '=2A, where A is
the first pitch).

[0038] In a fourth exemplary aspect of the present inven-
tion, a method of producing a PBGF is provided, the method
comprising: arranging silica capillary tubes and silica rods
into first rows of air holes wherein a number of capillary tubes
are arranged at a first pitch, and into second rows of air holes,
wherein the capillary tubes and the silica rods of the second
rows are alternately arranged with the tubes and rods of the
first rows and arranged such that the capillary tube arrange-
ment of a cross section forms an extended triangular lattice.
The method further comprises forming an air hole core region
with capillary tube bundles containing silica rods by elimi-
nating a central silica rod, or by eliminating the central silica
rod together with capillary tubes and silica rods in one or
more layers surrounding the central silica rod, and heating the
capillary tube bundles containing the silica rods and making
them integrated in order to make a preform for fiber spinning;
and subsequently, spinning the preform.

[0039] Inthe method of producing the PBGF according to
the fourth aspect of the present invention, the capillary tubes
may have an annular cross section, and the silica rods may
have a circular cross section with diameters equal to that of
the capillary tubes.

[0040] In the method of producing PBGF of the fourth
aspect of the present invention, the preform for fiber spinning
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may be produced by making the capillary tube bundle con-
taining silica rods integrated while it is inserted in a hole of a
silica tube.

[0041] In the method of producing PBGF according to the
fourth aspect of the present invention, forming an air hole
core region may comprise replacing only one silica rod at a
center of the capillary tube bundle containing silica rods with
a capillary tube.

[0042] In the method of producing PBGF according to the
fourth aspect of the present invention, forming an air hole
core region may comprise replacing one silica rod at a center
of the capillary tube bundle containing silica rods and one
layer of silica rods surrounding the silica rod with capillary
tubes.

[0043] In the method of producing PBGF according to the
fourth aspect of the present invention, forming an air hole
core region may comprise replacing one silica rod at a center
of the capillary tube bundle containing silica rods and two
layers of silica rods surrounding the silica rod with capillary
tubes.

[0044] In the method of production of PBGF according to
the fourth aspect of the present invention, the capillary tube
bundle containing silica rods may be provided such that the
air hole periodic structure in the extended triangular lattice
configuration surrounding the air hole core region has three or
more layers of silica rods facing the rear and are directed
outward.

[0045] A fifth exemplary aspect of the present invention
offers a PBGF with multiple air holes provided in silica
portions along the longitudinal direction of the fiber. The fiber
comprises: multiple hexagonally-shaped silica portions at
constant pitch I' in a cross section of the fiber arranged in
triangular lattice configuration; air holes disposed between
the silica portions; a cladding having a periodic structure
wherein a length m, between two sides facing each other of
the silica portion is equal to a length A which is half of the
pitch I'; and an air hole core or a core with multiple hexagonal
air holes arranged in triangular lattice configuration.

[0046] The sixth exemplary aspect of the present invention
offers a PBGF having multiple air holes in a silica portion
extending in the longitudinal direction of the fiber. the fiber
comprises: a cladding having an air hole periodic structure in
an extended triangular lattice configuration with a length w,
between two sides facing each other of the silica portion is
substantially equal to a first pitch A, wherein first rows of air
holes each comprising multiple hexagonal air holes at the first
pitch A is arranged through a silica partition wall in a cross
section of the fiber, and second rows of air holes each com-
prising multiple hexagonal air holes at a second pitch I which
is twice the first pitch are arranged through hexagonally-
shaped silica portions such that the air holes of the first rows
are disposed alternately with the air holes of the second rows,
so as to form a triangular lattice in the cross section of the
fiber. The fiber further comprises an air hole core or a core
with multiple hexagonal air holes arranged in a triangular
lattice configuration.

[0047] The PBGF of the sixth aspect of the present inven-
tion wherein a thickness w, of the silica partitioning wall may
be in the range 0.005A=m,=0.2A.

[0048] The PBGF of the sixth aspect of the present inven-
tion wherein a diameter D of the air hole core has the rela-
tionship of 0.7A=D=3.3A with respect to the pitch A.
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[0049] The PBGF of the fifth and sixth aspects of the
present invention wherein a diameter D of the air hole core
has the relationship of 4.7A=D=7.3A with respect to the
pitch A.

[0050] The PBGF of the fifth and sixth aspects of the
present invention wherein a diameter D of the air hole core
has the relationship of 8.7A=D=11.3A with respect to the
pitch A.

[0051] In the PBGF of the fifth and sixth aspects of the
present invention, three or more layers of the air hole periodic
structure in the extended triangular lattice configuration in the
cladding may be provided outside the core.

[0052] The PBGF of the fifth and sixth aspects of the
present invention may have a core mode in which 60% or
more of a transmitting power is concentrated in the air hole
core region, and may have optical characteristics wherein a
surface mode is substantially absent.

[0053] The PBGF of the fifth and sixth aspects of the
present invention may have optical characteristics wherein
only a single core mode (where the number of modes in case
of all degraded modes is taken as 1) is present.

[0054] The PBGF of the fifth and sixth aspects of the
present invention may have optical characteristics wherein a
core mode is present within a range in which a wavelength A,
transmitted in the fiber, satisfies of 0.6=T/A=1.5.

[0055] The PBGF of the fifth and sixth aspects of the
present invention may have optical characteristics wherein a
core mode is present within a range in which a wavelength A,
transmitted in the fiber, satisfies of 1.4=T/A=2.3.

[0056] The PBGF of the fifth and sixth aspects of the
present invention may have optical characteristics wherein a
core mode is present when a wavelength A, transmitted in the
fiber, satisfies a range of 2.2=I"/A=3.2.

[0057] A seventh exemplary aspect of the present invention
provides a method of producing a PBGF, the method com-
prising: arranging silica capillary tubes and silica rods into
first rows of air holes and into second rows of air holes,
wherein each first row comprises multiple capillary tubes,
and each second row comprises capillary tubes and silica rods
are alternately arranged, such that the capillary tube arrange-
ment of a cross section forms an extended triangular lattice.
The method further comprises forming an air hole core region
by eliminating a central silica rod or by eliminating the central
silica rod together with capillary tubes and silica rods sur-
rounding the central silica rod, or by forming a capillary tube
bundle containing silica rods by replacing the silica rod with
capillary tubes. the method further comprises heating the
arrangement of capillary tubes and silica rods and making it
integrated, thus forming a preform for fiber spinning while
maintaining a pressure in the spaces in the capillary tubes at a
higher level than a pressure in the spaces surrounding the
capillary tubes. the method further comprises spinning the
preform.

[0058] Inthe method of producing PBGF according to the
seventh aspect of the present invention, the capillary tubes
may have annular cross sections, and the silica rods may have
circular cross sections with diameters equal to those of the
capillary tubes.

[0059] In the method of producing PBGF of the seventh
aspect of the present invention, making the arrangement of
capillary tubes and silica rods integrated may comprise mak-
ing the arrangement of capillary tubes and silica rods inte-
grated while it is inserted in a hole of a silica tube.



US 2008/0170830 Al

[0060] The method of producing PBGF according to the
seventh mode wherein only a pressure in the spaces in the
capillary tubes in the arrangement of capillary tubes and silica
rods inserted in the air hole of the silica tube may be main-
tained at or above the atmospheric pressure, and the spaces
other than the spaces in the capillary tubes may be maintained
in a low pressure condition when performing the integration.

[0061] In the method of producing PBGF according to the
seventh aspect of the present invention, forming the air hole
core region may comprise eliminating one silica rod at a
center of a cross section of the arrangement of capillary tubes
and silica rods.

[0062] In the method of producing PBGF according to the
seventh aspect of the present invention, forming the air hole
core region may comprise eliminating one silica rod at a
center of a cross section of the arrangement of capillary tubes
and silica rods, and capillary tubes and silica rods in no less
than one layer and no more than five layers surrounding the
central silica rod.

[0063] The method of producing PBGF according to the
seventh aspect of the present invention wherein forming the
air hole core region may comprise replacing one silica rod at
a center of a cross section of the arrangement of capillary
tubes and silica rods with a capillary tube.

[0064] The method of producing PBGF according to the
seventh aspect of the present invention wherein forming the
air hole core region may comprise replacing one silica rod at
a center of a cross section of the arrangement of capillary
tubes and silica rods, and silica rods and capillary tubes
surrounding the silica rod at the center, with capillary tubes.

[0065] In the method of production of PBGF according to
the seventh aspect of the present invention, the arrangement
of capillary tubes and silica rods may be provided such that
the air hole periodic structure in the extended triangular lat-
tice configuration surrounding the air hole core region has
three or more layers of silica rods facing the rear and are
directed outward.

[0066] An eighth exemplary aspect of the present invention
offers a PBGF with multiple air holes in silica portions along
a longitudinal direction of the PBGF, the fiber comprising:
multiple hexagonally-shaped silica portions at a constant
pitch I' in a cross section of the fiber arranged in a triangular
lattice configuration; air holes between the silica portions; a
cladding having a periodic structure wherein a length ,
between two sides facing each other of the silica portions is
smaller than a length A which is half of the pitch I'; and an air
hole core or a core with multiple hexagonal air holes arranged
in a triangular lattice configuration.

[0067] A ninth exemplary aspect of the present invention
offers a PBGF having multiple air holes in silica portions
extending in a longitudinal direction of the fiber, the fiber
comprising: a cladding having an air hole periodic structure in
an extended triangular lattice configuration wherein a length
, between two sides facing each other of the silica portions
is smaller than a first pitch A, first rows of air holes each
comprising multiple hexagonal air holes at the first pitch A in
a cross section of the fiber arranged through a partition wall,
and second rows of air holes each second row comprising
multiple hexagonal air holes at a second pitch I' which is
twice the first pitch arranged through the hexagonally-shaped
silica portions; and an air hole core or a core with multiple
hexagonal air holes arranged in a triangular lattice configu-
ration.
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[0068] The PBGF of the ninth aspect of the present inven-
tion wherein a thickness w, of a silica partitioning wall sur-
rounding the air holes may be in the range 0.005A=w,=0.
2A.

[0069] The PBGF of the ninth aspect of the present inven-
tion wherein a thickness w, of a silica partitioning wall sur-
rounding the air holes may be in the range 0.05A=m,=0.5A.
[0070] The PBGF of the present invention wherein , the
length between two sides facing each other of the silica por-
tion may be in the range 0.4A=w, =A.

[0071] The PBGF of the ninth aspect of the present inven-
tion wherein a diameter D of the air hole core may have the
relationship 0.7A=D=3.3A with respect to the first pitch A.
[0072] The PBGF ofthe eighth aspect or the ninth aspect of
the present invention wherein a diameter D of the air hole core
may have the relationship of 4.7A=D=7 3A with respect to
the first pitch A.

[0073] The PBGF ofthe eighth aspect or the ninth aspect of
the present invention wherein a diameter D of the air hole core
may have the relationship of 8.7A=D=11.3A with respect to
the first pitch A.

[0074] Inthe PBGF ofthe eighth aspect or the ninth aspect
of the present invention, three or more layers of the air hole
periodic structure in the extended triangular lattice configu-
ration in the cladding may be provided outside the core.
[0075] The PBGF ofthe eighth aspect or the ninth aspect of
the present invention may have a core mode in which 60% or
more of a transmitting power is concentrated in the air hole
core region, and optical characteristics wherein a surface
mode is substantially absent.

[0076] The PBGF of'the present invention may have optical
characteristics wherein only a single core mode (where the
number of modes in case of all degraded modes is taken as 1)
is present.

[0077] The PBGF of the fifth and sixth aspects of the
present invention may have optical characteristics wherein a
core mode is present within a range in which a wavelength A,
transmitted in the fiber, satisfies a range of 0.6=I7A=1.7.
[0078] The PBGF ofthe eighth aspect or the ninth aspect of
the present invention may preferably have optical character-
istics wherein a core mode is present within a range in which
a wavelength A, transmitted in the fiber, satisfies a range of
1.5=2I7A=2.4.

[0079] The PBGF ofthe eighth aspect or the ninth aspect of
the present invention may have optical characteristics
wherein a core mode is present when a wavelength A, trans-
mitted in the fiber, satisfies a range of 2.1=I"/A=3.5.

[0080] The PBGF ofthe eighth aspect or the ninth aspect of
the present invention may have optical characteristics
wherein a core mode is present when a wavelength A, trans-
mitted in the fiber, satisfies a range of 0.7=I/A=2.4.

[0081] A tenth exemplary aspect of the present invention
provides a method of producing a PBGF, the method com-
prising: arranging silica capillary tubes and hollow silica
tubes, having wall thicknesses greater than that of the capil-
lary tubes, into first rows of air holes and into second rows of
air holes, wherein each first row comprises multiple capillary
tubes, and each second row comprises capillary tubes and
hollow silica tubes, wherein the first and second rows are
disposed such that a capillary arrangement of a cross section
of the fiber forms an extended triangular lattice. the method
further comprises forming an air hole core region by elimi-
nating a central hollow silica tube or b eliminating the central
hollow silica tube together with capillary tubes and hollow
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silica tubes surrounding the central silica tube, or by forming
a capillary tube bundle in the capillary core region by replac-
ing the central silica tube with capillary tubes. the method
further comprises forming a preform for fiber spinning by
heating the arrangement of capillary tubes and hollow silica
tubes and integrating the arrangement while maintaining a
pressure in spaces in the capillary tubes at a high level and a
pressure in the spaces within the hollow silica tubes at a low
level, such that the spaces within the hollow capillary tubes
collapse, and the capillary air holes are converted to hexago-
nal shape. the method further comprises spinning the pre-
form.

[0082] In the method of producing PBGF according to the
tenth aspect of the present invention, the capillary tubes may
have annular cross sections, and the hollow silica tubes may
have cross sections with diameters equal to that of the capil-
lary tubes.

[0083] In the method of producing PBGF according to the
tenth aspect of the present invention, forming the preform for
fiber spinning may comprise integrating the arrangement of
capillary tubes and silica rods while it is inserted in a hole of
a silica tube.

[0084] In the method of producing PBGF according to the
tenth aspect of the present invention, only the spaces in the
capillary tubes in the arrangement of capillary tubes and silica
rods inserted in the air hole of the silica tube may be main-
tained at or above the atmospheric pressure, and the spaces
other than the spaces in the capillary tubes, including the
spaces in the hollow silica tubes, may be maintained in a low
pressure condition when performing the integration.

[0085] In the method of producing PBGF according to the
tenth aspect of the present invention, forming the air hole core
may comprise eliminating one hollow silica tube at a center of
across section of the arrangement of capillary tubes and silica
rods.

[0086] In the method of producing PBGF according to the
tenth aspect of the present invention, forming the air hole core
may comprise eliminating one hollow silica tube at a center of
across section of the arrangement of capillary tubes and silica
rods together with capillary tubes and hollow silica tubes in
no less than one layer and no more than five layers surround-
ing the hollow silica tube.

[0087] In the method of producing PBGF according to the
tenth aspect of the present invention, forming the air hole core
may comprise replacing one hollow silica tube at a center of
across section of the arrangement of capillary tubes and silica
rods with a capillary tube.

[0088] In the method of producing PBGF according to the
tenth aspect of the present invention, forming the air hole core
region may comprise replacing one hollow silica tube at a
center of a cross section of the arrangement of capillary tubes
and silica rods and hollow silica tubes surrounding the hollow
silica tube with capillary tubes.

[0089] In the method of production of PBGF according to
the tenth aspect of the present invention, the arrangement of
capillary tubes and silica rods may be provided such that the
air hole periodic structure in the extended triangular lattice
configuration surrounding the core region has three or more
layers of hollow silica tubes facing the rear and directed
outward.

[0090] The PBGF in the first aspect of the present invention
has a cladding containing an air hole periodic structure in an
extended triangular lattice configuration. Thus, a core made
ofair holes in a triangular lattice configuration can be realized

Jul. 17,2008

without the core edge cutting across the bulk mode; optical
characteristics wherein only a core mode is present and a
surface mode is not generated, can be obtained; a wide wave
guide bandwidth can be obtained, and transmission loss can
be reduced.

[0091] The PBGF in the third aspect of the present inven-
tion has a cladding containing an air hole periodic structure in
an extended triangular lattice configuration. Thus, a core
made of air holes in triangular lattice configuration can be
realized without the core edge cutting across the bulk mode;
optical characteristics wherein only a core mode is present
and a surface mode is not generated, can be obtained; a wide
wave guide bandwidth can be obtained, and transmission loss
can be reduced.

[0092] Moreover, since the core is disposed with multiple
air holes in a triangular lattice configuration in the silica
portion, compared to a PBGF with a conventional air hole
core in which the silica portions between the air holes of the
core act as reinforcing material, the mechanical strength of
the fiber can be increased.

[0093] ThePBGEF in the fifth aspect of the present invention
has a cladding containing an air hole periodic structure in an
extended triangular lattice configuration. Thus, an air hole
core or a capillary core can be configured without the core
edge cutting across the bulk mode; optical characteristics
wherein only a core mode is present and a surface mode is not
generated, can be obtained; a wide wave guide bandwidth can
be obtained, and transmission loss can be reduced.

[0094] The PBGF in the eighth and ninth aspects of the
present invention has a cladding containing an air hole peri-
odic structure in an extended triangular lattice configuration.
Thus, a core at the center of the fiber can be configured
without the core edge cutting across the bulk mode; optical
characteristics wherein only a core mode is present and a
surface mode is not generated, can be obtained; a wide wave
guide bandwidth can be obtained, and transmission loss can
be reduced.

[0095] In the periodic structure mentioned above, the hex-
agonally-shaped silica portion was made smaller than the
pitch A of the hexagonal air holes. Compared to a periodic
structure in which a pitch of the silica portion is equal to the
pitch A of the air holes, the band gap widens, the position of
the band gap becomes higher, the size of the fiber required to
realize the same wavelength pass band increases, and produc-
tion becomes easier.

BRIEF DESCRIPTION OF THE DRAWINGS

[0096] FIG. 1 is a cross section showing the relationship
between core diameter and surface mode in a PBGF with a
normal triangular lattice periodic structure.

[0097] FIG. 2 is a cross section showing the relationship
between the air hole core and a bulk mode in a PBGF with a
normal triangular lattice periodic structure and air hole core.
[0098] FIG. 3 is a cross section showing the relationship
between the air hole core and a bulk mode in a PBGF with a
normal triangular lattice periodic structure and air hole core.
[0099] FIG. 4 is a cross section illustrating an air hole
periodic structure of an extended triangular lattice used in a
PBGF of the first embodiment of the present invention.
[0100] FIG. 5 is an extended cross section showing the unit
cell of the extended triangular lattice of FIG. 4.

[0101] FIG. 6 is a cross section showing the relationship
between core diameter and surface mode in a PBGF of the
present invention.
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[0102] FIG. 7 is a cross section showing a first example of
a PBGF of the first embodiment of the present invention.
[0103] FIG. 8 is a cross section showing a second example
of'a PBGF of the first embodiment of the present invention.
[0104] FIG. 9 is a cross section showing the extended tri-
angular lattice structure with d/A==1 in Example 1-1.
[0105] FIG.10is a graph showing the band structure of the
extended triangular lattice with d/A=1 in Example 1-1.
[0106] FIG. 11 is a cross section of a PBGF using an
extended triangular lattice structure with d/A=1 in Example
1-1.

[0107] FIG.12 is a graph showing the dispersion in the first
band gap of the PBGF shown in FIG. 11.

[0108] FIG. 13 is a graph showing the dispersion in the
second band gap of the PBGF shown in FIG. 11.

[0109] FIG. 14 is a cross section of a PBGF using an
extended triangular lattice structure with d/A=1 in Example
1-2.

[0110] FIG. 15 is a graph showing the dispersion in the first
band gap of the PBGF shown in FIG. 14.

[0111] FIG. 16 is a graph showing the dispersion in the
second band gap of the PBGF shown in FIG. 14.

[0112] FIG. 17 is a cross section showing the extended
triangular lattice structure with d/A=0.94 in Example 1-3.
[0113] FIG. 18 is a graph showing the band structure of the
extended triangular lattice with d/A=0.94 in Example 1-3.
[0114] FIG. 19 is a cross section illustrating the air hole
periodic structure of the extended triangular lattice used in the
PBGF of the second embodiment of the present invention.
[0115] FIG. 20 is an extended cross section showing the
unit cell of the extended triangular lattice of FIG. 19.

[0116] FIG. 21 is a cross section showing the relationship
between core diameter and surface mode in the PBGF of the
second embodiment of the present invention.

[0117] FIG. 22 is a cross section showing the first example
of'a PBGF of the second embodiment of the present inven-
tion.

[0118] FIG. 23 is a cross section showing the second
example of the PBGF of the second embodiment of the
present invention.

[0119] FIG. 24 is a cross section showing the extended
triangular lattice structure with d/A==1 in Example 2-1.
[0120] FIG. 25 is a graph showing the band structure of the
extended triangular lattice with d/A=1 in Example 2-1.
[0121] FIG. 26 is a cross section of the PBGF using an
extended triangular lattice structure with d/A=1 in Example
2-1.

[0122] FIG. 27 is a graph showing the dispersion in the first
band gap of the PBGF shown in FIG. 26.

[0123] FIG. 28 is a figure showing the power distribution of
the core mode of the first band gap of the PBGF shown in FIG.
26.

[0124] FIG. 29 shows the permittivity distribution of the
PBGF shown in FIG. 26.

[0125] FIG. 30 is a graph showing the dispersion in the
second band gap of the PBGF shown in FIG. 26.

[0126] FIG. 31 is afigure showing the power distribution of
a core mode 1 of the second band gap of the PBGF shown in
FIG. 26.

[0127] FIG. 32 is a cross section of the PBGF using an
extended triangular lattice structure with d/A=1 in Example
2-2.

[0128] FIG. 33 is a graph showing the dispersion in the first
band gap of the PBGF shown in FIG. 32.
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[0129] FIG. 34 is a figure showing the power distribution of
acoremode 1 ofthe first band gap of the PBGF shown in FIG.
32.

[0130] FIG. 35 shows the permittivity distribution of the
PBGF shown in FIG. 32.

[0131] FIG. 36 is a figure showing the power distribution of
acore mode 2 ofthe first band gap of the PBGF shown in FIG.
32.

[0132] FIG. 37 is a graph showing the dispersion in the
second band gap of the PBGF shown in FIG. 32.

[0133] FIG. 38 is a figure showing the power distribution of
a core mode 1 of the second band gap of the PBGF shown in
FIG. 32.

[0134] FIG. 39 is a figure showing the power distribution of
a core mode 2 of the second band gap of the PBGF shown in
FIG. 32.

[0135] FIG. 40 is a cross section showing an extended
triangular lattice structure with d/A=0.94 in Example 2-3.
[0136] FIG. 41 is a graph showing the band structure of the
extended triangular lattice with d/A=0.94 in Example 2-3.
[0137] FIG. 42 is a cross section illustrating the air hole
periodic structure of an extended triangular lattice used in the
PBGF of the third embodiment of the present invention.
[0138] FIG. 43 is an extended cross section showing the
unit cell of the extended triangular lattice of FIG. 42.

[0139] FIG. 44 is a cross section of the circular air hole
extended triangular lattice structure given as a reference
example.

[0140] FIG. 45 is a graph showing the band structure in the
circular air hole extended triangular lattice structure of FIG.
44.

[0141] FIG. 46 is a cross section showing the hexagonal air
hole extended triangular lattice structure with w,=0 as the
first example of the hexagonal air hole extended triangular
lattice structure used in the PBGF of the third embodiment of
the present invention.

[0142] FIG. 47 is a graph showing the band structure of the
hexagonal air hole extended triangular lattice of FIG. 46.
[0143] FIG. 48 is a cross section showing the hexagonal air
hole extended triangular lattice structure with ,/A=0.06 as
the second example of the hexagonal air hole extended trian-
gular lattice structure used in the PBGF of the third embodi-
ment of the present invention.

[0144] FIG. 49 is a graph showing the band structure of the
hexagonal air hole extended triangular lattice of the third
embodiment of FIG. 48.

[0145] FIG. 50 is a cross section of PBGF using a hexago-
nal air hole extended triangular lattice structure with w,/A=0.
06 produced in Example 3-1.

[0146] FIG. 51 is a graph showing the dispersion in the first
band gap of a PBGF of Example 3-1.

[0147] FIG. 52 is a figure showing the power distribution of
the core mode of the first band gap of the PBGF of Example
3-1.

[0148] FIG. 53 shows the permittivity distribution of the
PBGF of Example 3-1.

[0149] FIG. 54 is a graph showing the dispersion in the
second band gap of the PBGF of Example 3-1.

[0150] FIG. 55is a figure showing the power distribution of
the core mode of the second band gap of the PBGF of
Example 3-1.

[0151] FIG. 56 is a cross section of the PBGF using a
hexagonal air hole extended triangular lattice structure with
,/A=0.06 produced in Example 3-2.



US 2008/0170830 Al

[0152] FIG. 57 is a graph showing the dispersion in the first
band gap of the PBGF of Example 3-2.

[0153] FIG.58is a figure showing the power distribution of
core mode 1 of the first band gap ofthe PBGF of Example 3-2.
[0154] FIG. 59 shows the permittivity distribution of the
PBGF of Example 3-2.

[0155] FIG. 60 is a figure showing the power distribution of
core mode 2 of the first band gap ofthe PBGF of Example 3-2.
[0156] FIG. 61 is a graph showing the dispersion in the
second band gap of the PBGF of Example 3-2.

[0157] FIG. 62is a figure showing the power distribution of
core mode 1 of the second band gap of the PBGF of the third
embodiment.

[0158] FIG. 63 is a figure showing the power distribution of
core mode 2 of the second band gap of the PBGF of the third
embodiment.

[0159] FIG. 64 is a cross section showing the hexagonal air
hole extended triangular lattice structure with w,/A=0.12 pro-
duced in Example 3-3.

[0160] FIG. 65 is a graph showing the band structure of the
hexagonal air hole extended triangular lattice structure of
Example 3-3.

[0161] FIGS. 66 A and B are cross sections showing the
hexagonal air hole extended triangular lattice structure used
in the PBGF of the fourth embodiment of the present inven-
tion.

[0162] FIG. 67 is a cross section illustrating the hexagonal
air hole extended triangular lattice structure with w,/A=1,
,/A=0 taken as reference example.

[0163] FIG. 68 is a graph showing the band structure in the
hexagonal air hole extended triangular lattice structure of
FIG. 67.

[0164] FIG. 69 shows across section of a hexagonal air hole
extended triangular lattice structure with w,/A=0.9, w,/A=0,
used in the PBGF of the fourth embodiment of the present
invention.

[0165] FIG. 70 is a graph showing the band structure of
hexagonal air hole extended triangular lattice of FIG. 69.
[0166] FIG. 71 is a cross section showing the hexagonal air
hole extended triangular lattice structure with ®,/A=0.8,
w,/A=0 used in the PBGF of the fourth embodiment of the
present invention.

[0167] FIG. 72 is a graph showing the band structure of the
hexagonal air hole extended triangular lattice of FIG. 71.
[0168] FIG. 73 is a cross section illustrating the hexagonal
air hole extended triangular lattice structure with w,/A=1,
,/A=0.06 taken as reference examples.

[0169] FIG. 74 is a graph showing the band structure in the
hexagonal air hole extended triangular lattice structure of
FIG. 73.

[0170] FIG.75 shows across section of a hexagonal air hole
extended triangular lattice structure with w,/A=0.9, w,/A=0.
06, used in the PBGF of the fourth embodiment of the present
invention.

[0171] FIG. 76 is a graph showing the band structure of the
hexagonal air hole extended triangular lattice of FIG. 75.
[0172] FIG. 77 is a cross section showing the hexagonal air
hole extended triangular lattice structure with ®,/A=0.8,
,/A=0.06 used in the PBGF of the fourth embodiment of the
present invention.

[0173] FIG. 78 is a graph showing the band structure of
hexagonal air hole extended triangular lattice of the fourth
embodiment of FIG. 77.
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[0174] FIG. 79 is a cross section showing the hexagonal air
hole extended triangular lattice structure with ®,/A=0.7,
,/A=0.06 used in the PBGF of the fourth embodiment of the
present invention.

[0175] FIG. 80 is a graph showing the band structure of the
hexagonal air hole extended triangular lattice of FIG. 79.
[0176] FIG. 81 is a cross section of the PBGF using a
hexagonal air hole extended triangular lattice structure with
,/A=0.9, ,/A=0.06 produced in Example 4-1.

[0177] FIG. 82 is a graph showing the dispersion in the first
band gap of the PBGF of Example 4-1.

[0178] FIG. 83 is a figure showing the power distribution of
the core mode of the first band gap of the PBGF of Example
4-1.

[0179] FIG. 84 shows the permittivity distribution of the
PBGF of Example 4-1.

[0180] FIG. 85 is a graph showing the dispersion in the
second band gap of the PBGF of Example 4-1.

[0181] FIG. 86 is a figure showing the power distribution of
the core mode of the second band gap of the PBGF of
Example 4-1.

[0182] FIG. 87 is a cross section of a PBGF using a hex-
agonal air hole extended triangular lattice structure with
,/A=0.8, 0,/A=0.06 produced in Example 4-2.

[0183] FIG. 88 is a graph showing the dispersion in the first
band gap of the PBGF of Example 4-2.

[0184] FIG. 89 is a figure showing the power distribution of
the core mode of the first band gap of the PBGF of Example
4-2.

[0185] FIG. 90 shows the permittivity distribution of the
PBGF of Example 4-2.

[0186] FIG. 91 is a cross section of the PBGF using a
hexagonal air hole extended triangular lattice structure with
,/A=0.7, 0,/A=0.06 produced in Example 4-3.

[0187] FIG. 92 is a graph showing the dispersion in the first
band gap of the PBGF of Example 4-3.

[0188] FIG. 93 is a figure showing the power distribution of
the core mode of the first band gap of the PBGF of Example
4-3.

[0189] FIG. 94 shows the permittivity distribution of the
PBGF of Example 4-3.

[0190] FIG. 95 is the cross section of the PBGF using a
hexagonal air hole extended triangular lattice structure with
,/A=0.9, 0,/A=0.06, produced in Example 4-4.

[0191] FIG. 96 is a graph showing the dispersion in the first
band gap of the PBGF of Example 4-4.

[0192] FIG. 97 is a figure showing the power distribution of
a core mode 1 of the first band gap of the PBGF of Example
4-4.

[0193] FIG. 98 shows the permittivity distribution of the
PBGF of Example 4-4.

[0194] FIG. 99 is a figure showing the power distribution of
a core mode 2 of the first band gap of the PBGF of Example
4-4.

[0195] FIG. 100 is a graph showing the dispersion in the
first band gap of the PBGF of Example 4-4.

[0196] FIG. 101 is a figure showing the power distribution
of a core mode 1 of the second band gap of the PBGF of
Example 4-4.

[0197] FIG. 102 is a figure showing the power distribution
of a core mode 2 of the second band gap of the PBGF of
Example 4-4.
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[0198] FIG. 103 is a cross section of a hexagonal air hole
extended triangular lattice structure with w,/A=0.7, w,/A=0.
1, produced in Example 4-5.

[0199] FIG. 104 is a graph showing the dispersion in the
first band gap of the PBGF of Example 4-5.

[0200] FIG. 105 is a cross section that shows the capillary
core structure of the PBGF of Example 4-5.

[0201] FIG. 106 is a cross section using a hexagonal air
hole extended triangular lattice structure with ®,/A=0.7,
w,/A=0.1, produced in Example 4-5.

[0202] FIG. 107 is an enlarged view of a portion of FIG.
106.
[0203] FIG. 108 is a graph showing the dispersion in the

first band gap of the PBGF of Example 4-5.

[0204] FIG. 109 is a graph showing the transmission char-
acteristics of the PBGF of Example 4-5.

[0205] FIG. 110 shows the power distribution of mode 1 of
the PBGF of Example 4-5.

[0206] FIG. 111 shows the power distribution of mode 2 of
the PBGF of Example 4-5.

[0207] FIG. 112 shows the permittivity distribution of the
PBGF of Example 4-5.

[0208] FIG. 113 is a cross section of a PBGF using a hex-
agonal air hole extended triangular lattice structure with
,/A=0.8, 0,/A=0.1, produced in Example 4-6.

[0209] FIG. 108 is a graph showing the dispersion in the
first band gap of the PBGF of Example 4-6.

[0210] FIG. 115 shows the power distribution of mode 1 of
the PBGF of Example 4-6.

[0211] FIG. 116 shows the power distribution of mode 2 of
the PBGF of Example 4-6.

[0212] FIG. 117 shows the permittivity distribution of the
PBGF of Example 4-6.

[0213] FIG. 118 is a cross section of the PBGF using a
hexagonal air hole extended triangular lattice structure with
,/A=0.7, ,/A=0.1 produced in Example 4-7.

[0214] FIG. 119 is a graph showing the dispersion in the
first band gap of the PBGF of Example 4-7.

[0215] FIG. 120 shows the power distribution of the modes
of the PBGF of Example 4-7.

[0216] FIG. 121 shows the permittivity distribution of the
PBGF of Example 4-7.

[0217] FIG.122 is a cross section of a PBGF using hexago-
nal air hole extended triangular lattice structure with w,/A=0.
8, w,/A=0.1 produced in Example 4-8.

[0218] FIG. 123 is a graph showing the dispersion in the
first band gap of the PBGF of Example 4-8.

[0219] FIG. 124 shows the power distribution of the modes
of the PBGF of Example 4-8.

[0220] FIG. 125 shows the permittivity distribution of the
PBGF of Example 4-8.

DETAILED DESCRIPTION OF THE INVENTION
First Embodiment

[0221] The first exemplary embodiment of the present
invention is described below referring to the drawings.
[0222] FIG. 4 shows an example of an air hole periodic
structure in an extended triangular lattice (ETL) form used in
the cladding part of a PBGF 100 of the present invention. In
this figure, reference numeral 110 is the silica portion, refer-
ence numeral 111 are air holes, reference numeral 114 are
first rows of air holes, and reference numeral 115 are second
rows of air holes.
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[0223] This air hole periodic structure in an extended tri-
angular lattice configuration is a periodic structure alternately
arranged with first rows of air holes 114 each row 114 having
multiple air holes 111 at first pitch A in the cross section of the
fiber, and second rows of air holes 115 each row 115 having
multiple air holes 111 at a second pitch I', which is twice the
first pitch A (I'=2A) such that the air holes 111 of the second
rows 115 and the air holes 111 of the first air rows 114 form
a triangular lattice.

[0224] FIG. 5 shows a unit cell structure of this extended
triangular lattice. In this unit cell, the distance between the
centers of adjacent air holes (first pitch) is taken as A, and the
diameter of the air holes 11 is taken as d. The fundamental
vectors a, and a, indicating the periodicity of the lattice are
inclined at 30 degrees and -30 degrees with respect to the x
axis respectively, while the second pitch I' is 2A.

[0225] If this air hole periodic structure in an extended
triangular lattice configuration is used in the cladding of the
PBGF 100, and an appropriate core region is designed, a layer
of air holes can be provided between the core and the clad-
ding. The result is that the surface mode can be prevented, and
a wide transmission bandwidth can be realized. An air hole
periodic structure in an extended triangular lattice configura-
tion can be created by combining capillary tubes and silica
rods. Compared to creating a normal triangular lattice peri-
odic structure by combining only capillary tubes, the capil-
lary tube wall does not become extremely thin, and the shape
of'the air holes can be restricted to a circular shape; therefore,
the compression of band gap due to deformation of air holes
can be prevented.

[0226] FIG. 6 is a cross section showing the relationship
between core diameter and surface mode in a PBGF 100 of
the present invention. In the air hole periodic structure in an
extended triangular lattice configuration used in a PBGF 100
of the present invention, the bulk mode is localized in the
silica portion disposed in the silica rod. If an air hole core 112
(see e.g. FIG. 7) is formed at the center of this extended
triangular lattice, the core edge can be formed without cutting
across the bulk mode. Thus, the surface mode can be avoided.
[0227] A PBGF 100 ofthe present invention has an air hole
periodic structure of an extended triangular lattice mentioned
earlier, in the cladding, and also has an air hole core 112 at the
center. The material of the silica portion 110, other than the air
holes in the PBGF 100, of the present invention can be made
the same over the entire fiber. For instance, pure silica (Si0O,)
may be used, but silica glass including a dopant for adjusting
the refractive index, such as fluorine or germanium dioxide
may alternately be used.

[0228] The air hole core 112 is almost circular in shape in
the cross section of the fiber. The diameter D of this air hole
core can be made to have the relationship: 0.7A=D=3.3A
with respect to the first pitch A. By setting the diameter D of
the air hole core 112 within the range mentioned above, a
PBGF without a surface mode can be provided.

[0229] The diameter D of the air hole core 112 may satisfy
the relationship: 4. 7A=D=7.3A with respect to the first pitch
A. By setting the diameter D of the air hole core 112 within the
range mentioned above, a PBGF without a surface mode can
be provided.

[0230] The diameter D of the air hole core may satisfy the
relationship of 8. 7A=D=11.3A with respect to the first pitch
A. By setting the diameter D of the air hole core 112 within the
range mentioned above, a PBGF without a surface mode can
be provided.
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[0231] FIG. 7 is a cross section that shows the first example
of'a PBGF 100 of the present invention. In this example, the
PBGF has an air hole periodic structure in an extended trian-
gular lattice configuration, mentioned above, in the cladding,
and comprises an air hole core 112 formed by taking one air
hole at the center of the fiber cross section surrounded by a
region that includes six air holes in one layer as the air hole
core.

[0232] FIG. 8 is a cross section that shows the second
example of a PBGF 100 of the present invention. In this
example, the PBGF has an air hole periodic structure in an
extended triangular lattice configuration, mentioned above,
in the cladding, and comprises an air hole core 112 formed by
taking one air hole at the center of the fiber cross section
surrounded by a region that includes 36 air holes in three
layers as the air hole core.

[0233] In these examples, the air holes 111 formed in the
PBGF 100 have the same diameter, but the present invention
is not restricted to air holes with this diameter only; and it may
include air holes with different diameters. The diameters of
the air holes may be adjusted by setting the wall thickness of
the capillary tubes used in the production of the PBGF.
[0234] In an exemplary embodiment of the present inven-
tion, the diameter d of the air holes 111 of the PBGF 100 may
satisty the relationship 0.85A=d=A with respect to the first
pitch A, and may have a cross section of circular shape. If the
diameter d is less than the range mentioned above, the band
gap becomes too narrow; on the other hand, if it exceeds the
range mentioned above, the lattice structure is difficult to
retain. Moreover, the cross section shape of the air hole 111
need not necessarily be circular; it can be slightly modified
and can be of hexagonal shape, or close to circular shape.
[0235] The air hole periodic structure of the extended tri-
angular lattice configuration provided in the cladding may be
provided in three or more layers outside the core 112. If the
number of layers of extended triangular lattice provided in the
cladding is 2 or less, the confinement of light may become
inadequate and the loss may increase.

[0236] A PBGF 100 of the present invention may have a
core mode in which 60% or more, 70% or more or 80% or
more of the transmitting power is concentrated in the region
of'the air hole core 112, and may have optical characteristics
wherein the surface mode is substantially absent. If the per-
centage of the transmitting power of the core mode mentioned
above is less than 60%, light will be transmitted into the silica,
which is not preferable.

[0237] As shown in FIG. 7, a PBGF with a comparatively
small air hole core diameter can have optical characteristics
wherein only a single core mode (where the number of modes
in case of all degraded modes is taken as 1) is present. This
PBGF can be used as a single mode fiber.

[0238] On the other hand, as shown in FIG. 8, a PBGF with
a large air hole core diameter can be a multi-mode fiber that
transmits multiple modes.

[0239] The PBGF ofthe present invention may have optical
characteristics wherein the core mode is present when a
wavelength A, transmitted in the fiber, satisfies a range of 0.7
=I/A=1.2 (where I'=2A, where A is the first pitch). If I/A is
less than 0.7, band gap will be no longer present, and light will
not be transmitted. Moreover, if /A exceeds 1.2, the band gap
will be no longer present, and light will not be transmitted.
[0240] Ifa PBGF operates in a higher order band gap, then
I'/h may be within arange of 1.4=I/A=1.8. IfI'/A is less than
1.4, band gap will be no longer present, and light will not be
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transmitted. Moreover, if I'/A exceeds 1.8, the band gap will
be no longer present, and light will not be transmitted.
[0241] Next, as an example of the method of production of
a PBGF ofthe present invention, an example of production of
aPBGF 100 of the present invention shown in FIG. 7 and FIG.
8 is described.

[0242] In this production method, first, silica capillary
tubes and silica rods are arranged into first rows of air holes
and second rows of air holes. Each first row is arranged with
multiple capillary tubes at the first pitch, and each second row
is arranged with alternating capillary tubes and silica rods.
Thus, the capillary tube arrangement of the cross section
forms an extended triangular lattice. An air hole core region
with silica rods containing capillary tube bundles is made by
eliminating the central silica rods, or the central silica rods
together with the capillary tubes and silica rods surrounding
the central silica rods. The capillary tubes used in the produc-
tion method of the present invention may be of annular cross
section and the silica rods may be of circular cross section
with diameters equal to that of the capillary tubes.

[0243] In case of the production of a PBGF shown in FIG.
7, multiple capillary tubes are combined with silica rods to
form extended triangular lattices, and an air hole core region
is formed by eliminating one silica rod at the center sur-
rounded by six capillary tubes in one layer surrounding the
silica rod.

[0244] In case of the production of a PBGF shown in FIG.
8, multiple capillary tubes are combined with silica rods to
form extended triangular lattices, and an air hole core region
is formed by eliminating one silica rod at the center sur-
rounded by thirty-six capillary tubes and silica rods (30 cap-
illary tubes and six silica rods) in three layers surrounding the
central silica rod.

[0245] Next, the capillary tube bundle containing silica
rods is heated and integrated to produce the preform for fiber
spinning. This heating and integrating process can be imple-
mented using the same equipment and method as the heating
and integrating process in a conventional method of produc-
tion of a PBGF wherein capillary tube bundles are used. The
capillary tube bundle containing silica rods mentioned above
may be taken as the preform for fiber spinning after inserting
itinthe airhole of the silica tube and integrating it. In this way,
when the capillary tube bundle containing silica rods is
inserted in the air hole of the silica tube and integrated, the
pressure and gas composition in the silica tube may be
adjusted appropriately such that deformation of the air hole is
minimized and the circular shape is retained after integration.
[0246] By spinning the preform for fiber spinning produced
as mentioned above, the PBGF shown in FIG. 7 or the PBGF
shown in FI1G. 8 can be obtained. This spinning process can be
implemented using the same equipment and method used in
conventional spinning processes in the production of conven-
tional PBGFs and other various kinds of silica glass-based
fibers.

[0247] The PBGF in the present example has an air hole
periodic structure in an extended triangular lattice configura-
tion in the cladding. Thus, a core made of air holes in trian-
gular lattice configuration can be realized without the edge
cutting across the bulk mode, optical characteristics wherein
only the core mode is present without generating a surface
mode can be obtained, wide wave guide bandwidth can be
obtained, and transmission loss can be reduced.

[0248] The production method of a PBGF according to the
present example can be made the same as the conventional
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method of using capillary tubes, except for replacing some of
the capillary tubes with silica rods and combining them, and
a PBGF with an air hole periodic structure in an extended
triangular lattice configuration can be easily produced. Thus,
a PBGF with better optical characteristics than the conven-
tional PBGF can be produced more easily and more economi-
cally by using methods similar to those used to produce the
conventional PBGF.

Example 1-1

[0249] FIG. 10 shows the band structure of the extended
triangular lattice shown in FIG. 9. For the periodic structure
of'this example, the air hole diameter d was made equal to the
pitch A, and the refractive index of silica, n, was taken as 1.45.
The black parts are silica and the white parts are air holes in
FIG. 9. The band structure was calculated using the Plane
wave decomposition method (see S. G Johnson and J. D.
Joannopoulos, “Block-iterative frequency-domain methods
for Maxwell’s equations in plane wave basis,” Opt. Express,
vol. 8, no. 3, pp. 173-190, 2001).

[0250] InFIG. 10, p is the wave number of the transmission
direction (direction perpendicular to the periodic structure),
I'=2A is the lattice constant of the extended triangular lattice,
o is the angular frequency, and c is the velocity of light. The
light line expresses the dispersion curve when light is trans-
mitted through a vacuum medium. The region enveloped by
bands is the region wherein light cannot be transmitted in any
direction in the cross section of the periodic structure, that is,
it expresses the band gap. When this periodic structure is used
in the fiber cladding, and air holes are used in the core, the
region wherein light in the fiber core becomes the wave guide
is adjacent to the light line, above which the band gap is
present. In this case, the first wave guide region is present
when I'/A (=oI'/27c) is in a range of between 0.77 and 1.10
and the second wave guide region is present when the same
ratio is in a range of between 1.54 and 1.80. Here, A is the
wavelength of the light transmitted in the fiber.

[0251] As shown in FIG. 11, the core mode dispersion was
calculated for a PBGF produced using an extended triangular
lattice structure with d/A=1 and eliminating the silica rod at
the center of the extended triangular lattice and the six capil-
lary tubes in one layer surrounding this silica rod. The PBGF
of'the present embodiment has an air hole core 112 formed by
eliminating one silica rod and six capillary tubes in one layer
surrounding it at the center of the extended triangular lattice.
[0252] FIG. 12 shows the dispersion of the first band gap.
As shown in the figure, only the core mode is present in the
band gap when I'/A=0.81 to 1.12, and the surface mode is
absent. Also, the core mode in this case is a single mode
(including a degraded mode).

[0253] FIG. 13 shows the dispersion of the second band
gap. As shown in the figure, the core mode 1 is present when
T/A=1.57 t0 1.73, and core mode 2 is present when ['/A=1.54
to 1.66, while no surface mode is present. However, the
degraded mode is included in each core mode.

Example 1-2

[0254] As shown in FIG. 14, the core mode dispersion was
calculated for a PBGF produced using an extended triangular
lattice structure with d/A=1 and eliminating the silica rod at
the center of the extended triangular lattice and the thirty-six
capillary tubes and silica rods (30 capillary tubes and 6 silica
rods) in three layers surrounding this silica rod. FIG. 15
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shows the dispersion of the first band gap. As shown in the
figure, the first core mode is present when I'/A=0.83 to 1.12,
the second core mode is present when I'/A=0.79 to 1.99, while
no surface mode is present. However, the degraded mode is
present in the core mode.

[0255] FIG. 16 shows the dispersion of the second band
gap. As shown in the figure, core mode 1 is present when
T/A=1.57 to 1.73, core mode 2 is present when I'/A=1.53 to
1.78, core mode 3 is present when I'/A=1.55 to 1.74, and no
surface mode is present. However, the degraded mode is
present in the core mode.

Example 1-3

[0256] FIG. 18 shows the band structure of the extended
triangular lattice shown in FIG. 17. However, the periodic
structure was assumed to have an air hole diameter d=0.94A.
In this case, the first wave guide region is present when I'/A is
in a range of 0.76 to 0.98, and the second wave guide region
is present when I'/A is in a range of 1.49 to 1.57.

[0257] In this way, it can be seen that as the air hole diam-
eter decreases, the band gap becomes narrower but it is
present. Similar to Examples 1-1 and 1-2, by eliminating the
silica rod at the center of the extended triangular lattice
together with the six capillary tubes in one layer surrounding
the silica rod, or by eliminating one silica rod together with
the thirty-six capillary tubes and rods (30 capillary tubes and
6 silicarods) in three layers surrounding the silicarod, if an air
hole core is formed and a PBGF is produced, then similar to
the Examples 1-1 and 1-2, it was confirmed that only a core
mode is present while no surface mode is generated.

Second Embodiment

[0258] The second exemplary embodiment of the present
invention is described here referring to the drawings.

[0259] FIG. 19 shows an example of an air hole periodic
structure in an extended triangular lattice configuration used
in the cladding of a PBGF 200 of the present invention. In this
figure, the reference numeral 210 indicates the silica portion,
211 indicates the air holes, 214 indicates the first rows of air
holes, and 215 indicates the second rows of air holes.

[0260] This air hole periodic structure in an extended tri-
angular lattice configuration is a periodic structure alternately
arranged with first rows of air holes 214, each row 214 having
multiple air holes 211 at first pitch A in the cross section of the
fiber, and multiple second rows of air holes 215, each second
row 215 having multiple air holes 211 at the second pitch I,
which is twice the first pitch A (I'=2A) such that the air holes
211 of the second rows 215 and the air holes of the first rows
214 form a triangular lattice.

[0261] FIG. 20 shows the unit cell structure of this extended
triangular lattice. The distance between the centers of adja-
centairholes 211 (first pitch) in this unit cell is taken as A, and
the diameter of the air holes 211 is taken as d.

[0262] The fundamental vectors a;, and a, indicating the
periodicity of the lattice are inclined at 30 degrees and -30
degrees with respect to the x axis respectively, while the
second pitch I is 2A.

[0263] If this air hole periodic structure in an extended
triangular lattice configuration is used in the cladding of a
PBGF 200, and an appropriate core region is designed, a layer
of air holes can be provided between the core and the clad-
ding. The result is that the surface mode can be prevented, and
a wide transmission bandwidth can be realized. An air hole
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periodic structure in an extended triangular lattice configura-
tion can be created by combining capillary tubes and silica
rods. Compared to creating a normal triangular lattice peri-
odic structure by combining only capillary tubes, the capil-
lary tube wall does not become extremely thin, and the shape
of'the air holes can be restricted to a circular shape; therefore,
the compression of band gap due to deformation of air holes
can be prevented.

[0264] FIG. 21 is a cross section showing the relationship
between core diameter and surface mode in the PBGF 200 of
the present invention. In the air hole periodic structure in an
extended triangular lattice configuration used in the PBGF
200 of the present invention, the bulk mode is localized in the
silica portion 210 disposed in the silica rod. If air holes are
provided in the triangular lattice configuration at a constant
pitch in the silica portion at the center of this extended trian-
gular lattice and the core is formed, the core edge can be
formed without cutting across the bulk mode. Thus, a surface
mode can be avoided.

[0265] The PBGF 200 of the present invention has an air
hole periodic structure in an extended triangular lattice con-
figuration, mentioned above, in the cladding, and also has a
core 216 formed by multiple air holes 211 arranged at a
constant pitch in a triangular lattice configuration. The mate-
rial of the silica portion 210 other than the air holes in the
PBGF of'the present invention can be made the same over the
entire fiber. For instance, pure silica (SiO,) may be used, but
silica glass including a dopant for adjusting the refractive
index, such as fluorine or germanium dioxide may be alter-
nately used.

[0266] FIG. 22 is a cross section illustrating the first
example of a PBGF 200 of the present invention. The PBGF
of the present example has an air hole periodic structure in an
extended triangular lattice configuration, mentioned above,
in the cladding, and also has a core 216 with a total of seven
air holes 211, including the air hole 211 at the center of the
fiber cross section and air holes 211 in the first layer (6 air
holes), surrounding it.

[0267] FIG. 23 is a cross section illustrating the second
example of a PBGF 200 of the present invention. The PBGF
of the present example has an air hole periodic structure in an
extended triangular lattice configuration, mentioned above,
in the cladding, and also has a core 216 with a total of thirty-
seven air holes 211, including the air hole 211 at the center of
the fiber cross section and air holes 211 in the first layer (6 air
holes), air holes 211 in the second layer (12 air holes), and air
holes 211 in the third layer (18 air holes), surrounding the
central air hole.

[0268] In these examples, the air holes 211 that form the
PBGF have the same diameter in the cladding part as well as
the core part, but this not arestriction, and the diameters of the
air holes in the cladding part and the core part may be difter-
ent. The diameter of the air holes may be adjusted by setting
the wall thickness of the capillary tubes used in the production
of the PBGF.

[0269] In an exemplary embodiment of the present inven-
tion, the diameter d of the air holes 211 of the PBGF 200 may
satisty the relationship 0.85A=d=A with respect to the first
pitch A, and have a cross section of circular shape. If the
diameter d is less than the range mentioned above, the band
gap becomes too narrow; on the other hand, if it exceeds the
range mentioned above, the lattice structure is difficult to
retain. Moreover, the cross section shape of the air holes 211
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need not necessarily be circular; it can be slightly modified
and can be of hexagonal shape, or close to circular shape.
[0270] The air hole periodic structure of the extended tri-
angular lattice configuration provided in the cladding may be
provided in three or more layers outside the core 216. If the
number of layers of extended triangular lattice provided in the
cladding is 2 or less, the confinement of light may become
inadequate and the loss may increase.

[0271] The PBGF 200 of the present invention may have a
core mode in which 60% or more, 70% or more or 80% or
more of a transmitting power is concentrated in the core
region, and may have optical characteristics wherein the sur-
face mode is absent substantially. If the percentage of the
transmitting power of the core mode mentioned above is less
than 60%, light will be transmitted into the silica, which is not
preferable.

[0272] As shown in FIG. 22, a PBGF with comparatively
small air hole core diameter can have optical characteristics
wherein only a single core mode (where the number of modes
in case of all degraded modes is taken as 1) is present. This
PBGF can be used as a single mode fiber.

[0273] On the other hand, as shown in FIG. 23, a PBGF
with a large core diameter can be a multi-mode fiber that
transmits multiple modes.

[0274] The PBGF ofthe second embodiment of the present
invention may have optical characteristics wherein the core
mode is present when a wavelength A, transmitted in the fiber,
satisfies a range of 0.7=I/A=1.2 (where I'=2A, where A is
the first pitch). If I'/A is less than 0.7, band gap will be no
longer present, and light will not be transmitted. Moreover, if
T'/A exceeds 1.2, the band gap will be no longer present, and
light will not be transmitted.

[0275] If the PBGF operates in a high-order band gap, the
ratio I'/A mentioned above may be in arange of 1 4=I'/A=1.
8. Ifthe ratio I'/A is less than 1.4, the PBGF is outside the high
order band gap and does not operate. Also, if I'/A exceeds 1.8,
the PBGF is again outside the high order band gap, and it does
not operate.

[0276] Next, as an example of the production method of the
PBGF ofthe second embodiment of the present invention, the
production of the PBGF of the second embodiment of the
present invention shown in FIGS. 22 and 23 is explained here.
[0277] In this production method, first, silica capillary
tubes and silica rods are arranged into first rows of air holes
and second rows of air holes. In each first row, a number of
capillary tubes are arranged at a first pitch, and in each second
row, capillary tubes and silica rods are alternately arranged.
Thus, the capillary tube arrangement of the cross section
forms an extended triangular lattice. An air hole core region
with silica rods containing capillary tube bundles is made by
eliminating the central silica rods, or the central silica rod
together with the capillary tubes and silica rods in one or more
layers surrounding the central silica rod. The silica capillary
tubes used in the production method of the present invention
may be of annular cross section and the silica rods may be of
circular cross section with diameters equal to that of the
capillary tubes.

[0278] As shown in FIG. 22, in the production of a PBGF
with a core 216 having a total of seven air holes in a triangular
lattice configuration, including one air hole at the center of
fiber cross section surrounded by six air holes in one layer,
only one silica rod at the center of the capillary tube bundle
with silica rods is replaced by capillary tubes to form the core
region.
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[0279] As shown in FIG. 23, in the production of a PBGF
with a core 216 having a total of thirty-seven air holes in a
triangular lattice configuration, including one air hole at the
center of fiber cross section surrounded by the first layer (six
air holes), the second layer (12 air holes) and the third layer
(18 air holes), only one silica rod at the center of the capillary
tube bundle with silica rods and one layer of silica rods
outside it are replaced by capillary tubes to form the core
region.

[0280] Next, the capillary tube bundle containing silica
rods is heated and integrated to produce the preform for fiber
spinning. This heating and integrating process can be imple-
mented using the same equipment and method as the heating
and integrating process in the conventional method of pro-
duction of a PBGF wherein capillary tube bundles were used.
The capillary tube bundle containing silica rods mentioned
above may be taken as the preform for fiber spinning after
inserting it in an air hole of a silica tube and integrating it.
When the capillary tube bundle containing silica rods is inte-
grated with the bundle while they are inserted in the hole of
the silica tube, and if the pressure and gas composition in the
silica tube is appropriately adjusted, the capillary tube bundle
may be integrated with the air hole maintained in a circular
shape without deformation.

[0281] Next, by spinning the manufactured preform for
fiber spinning as mentioned above, the PBGF shown in FIG.
22 or FIG. 23 can be obtained. This spinning process can be
implemented using the same equipment and method used in
conventional spinning processes in the production of conven-
tional PBGFs and other various kinds of silica glass-based
fibers.

[0282] The PBGF in the present example, is an air hole
periodic structure in an extended triangular lattice configura-
tion in the cladding. Thus, a core made of air holes in a
triangular lattice configuration can be realized without the
edge cutting across the bulk mode, optical characteristics
wherein only the core mode is present without generating a
surface mode can be obtained, a wide wave guide bandwidth
can be obtained, and transmission loss can be reduced.
[0283] Moreover, since the core is disposed with a multiple
air holes triangular lattice configuration in the silica portion,
compared to the PBGF with a conventional air hole core
wherein the silica portions between the air holes of the core
act as reinforcing material, the mechanical strength of the
fiber can be increased.

[0284] The production method of a PBGF according to the
present example can be made the same as the conventional
method of using capillary tubes, except for replacing some of
the capillary tubes with silica rods and combining them, and
a PBGF with an air hole periodic structure in an extended
triangular lattice configuration can be easily produced. Thus,
a PBGF with better optical characteristics than the conven-
tional PBGF can be produced more easily and more economi-
cally by using methods similar to those used for a conven-
tional PBGF.

Example 2-1

[0285] FIG. 24 shows the band structure of the extended
triangular lattice shown in FIG. 25. For the periodic structure
of'this example, the air hole diameter d was made equal to the
pitch A, and the refractive index of silica, n, was taken as 1.45.
The black parts are silica and the white parts are air holes in
FIG. 24. The band structure was calculated using the Plane
wave decomposition method (see S. G Johnson and J. D.
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Joannopoulos, “Block-iterative frequency-domain methods
for Maxwell’s equations in plane wave basis,” Opt. Express,
vol. 8, no. 3, pp. 173-190, 2001).

[0286] InFIG. 25, p is the wave number of the transmission
direction (direction perpendicular to the periodic structure),
I'=2A is the lattice constant of the extended triangular lattice,
o is the angular frequency, and c is the velocity of light. The
light line expresses the dispersion curve when light is trans-
mitted through a vacuum medium. The region enveloped by
bands is the region wherein light cannot be transmitted in any
direction in the cross section of the periodic structure, that is,
it expresses the band gap. When this periodic structure is used
in the fiber cladding, and air holes are used in the core, the
region wherein light in the fiber core becomes the wave guide
is adjacent to the light line, above which the band gap is
present. In this case, I'/A (=wl/27c) is in a range of between
0.77 and 1.10 and the first wave guide region is present; and
the same ratio is in a range of between 1.54 and 1.80 and the
second wave guide region is present. Here, A is the wave-
length.

[0287] As shown in FIG. 26, the core mode dispersion was
calculated for a PBGF produced using an extended triangular
lattice structure with d/A=1 and by replacing only the silica
rod at the center of the extended triangular lattice by capillary
tubes. The PBGF of the present embodiment has a core (cap-
illary core) wherein a total of seven air holes, including the air
hole at the center of the extended triangular lattice and the first
layer (six air holes) surrounding it, form the normal triangular
lattice periodic structure.

[0288] FIG. 27 shows the dispersion of the first band gap.
As shown in the figure, only the core mode is present in the
band gap when I7A=0.81 to 1.12, and the surface mode is
absent. Also, the core mode in this case is a single mode
(including a degraded mode).

[0289] FIG. 28 shows the typical power distribution at this
stage.

[0290] FIG. 29 shows the permittivity of the fiber drawn to
the same scale.

[0291] As shown in the figures, the power of the core mode

in the PBGF of the present embodiment is distributed only
slightly over the silica rod just near the core, while most of it
is distributed within the core.

[0292] FIG. 30 shows the dispersion of the second band gap
in the PBGF of the present embodiment. As shown in the
figure, the core mode is present but the surface mode is absent
when I'/A=1.59 to 1.83. The core mode in this case is also a
single mode (including degraded mode). The dispersion of
the core mode intersects the light line, but this is because a
slight amount of silica remains in the core.

[0293] FIG. 31 shows the typical power distribution of core
mode at this stage. As shown in the figure, the power of the
core mode is distributed only slightly over the silica rod just
near the core, while most of it is distributed within the core.

Example 2-2

[0294] As shown in FIG. 32, the core mode dispersion was
calculated for a PBGF produced using an extended triangular
lattice structure with d/A=1 and by replacing the silica rod at
the center of the extended triangular lattice and the silica rods
of the outer layers with capillary tubes. The PBGF of the
present embodiment has a core (capillary core) wherein a
total of thirty-seven air holes, including the air hole at the
center of the extended triangular lattice, and the first layer (six
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air holes), the second layer (12 air holes) and the third layer
(18 air holes) surrounding it, form the normal triangular lat-
tice periodic structure.

[0295] FIG. 33 shows the dispersion of the first band gap.
As shown in the figure, a core mode 1 is present when I['/A=0.
86 to 1.12, a core mode 2 is present when I/A=0.82 to 1.11,
but a surface mode is absent. However, the degraded mode is
included in each core mode.

[0296] FIG. 34 shows the typical power distribution of core
mode 1 at this stage. FIG. 35 shows the permittivity of the
fiber drawn to the same scale. As shown in the figure, the
power of the core mode 1 is distributed only slightly over the
silica rod just near the core, while most of it is distributed
within the core.

[0297] FIG. 36 shows the typical power distribution of the
core mode 2 in this case.

[0298] FIG. 37 shows the dispersion of the second band
gap. As shown in the figure, the core mode 1 is present when
T/A=1.60 to 1.79, the core mode 2 is present when ['/A=1.58
to 1.82, but a surface mode is absent. However, the degraded
mode is included in each core mode.

[0299] FIG. 38 and FIG. 39 show the typical power distri-
butions of the core mode 1 and the core mode 2 at this stage
respectively.

Example 2-3

[0300] FIG. 40 shows the band structure of the extended
triangular lattice shown in FIG. 40. However, the air hole
diameter d was taken as 0.94A for the periodic structure of
this example. In this case, the first wave guide region is
present in a range of I'/A=0.76 to 0.98, and the second wave
guide region is present in a range of I/A=1.49 to 1.58.
[0301] In this way, it can be seen that as the air hole diam-
eter decreases, the band gap becomes narrower but it is
present. Similar to Examples 2-1 and 2-2, it was confirmed
that only a core mode was present and a surface mode was not
generated.

Third Embodiment

[0302] The third exemplary embodiment of the present
invention is described here referring to the drawings.

[0303] FIG. 42 shows an example of the air hole periodic
structure in an extended triangular lattice configuration used
in the cladding of a PBGF 300 of'the third embodiment of the
present invention. In this figure, the reference numeral 320
indicates the silica portion, 321 indicates the hexagonal air
holes, 322 indicates the first rows of air holes, and 323 indi-
cates the second rows of air holes.

[0304] This air hole periodic structure in an extended tri-
angular lattice configuration is a periodic structure (hereinaf-
ter referred to as “hexagonal air hole extended triangular
lattice” or “hexagonal air hole extended triangular lattice
structure”) alternately arranged with first rows of air holes
322 each having multiple hexagonal air holes 321 at first pitch
A inthe cross section of the fiber through a partition wall 325,
and multiple second rows of air holes 323 each having mul-
tiple hexagonal air holes 321 at the second pitch I', which is
twice the first pitch A (I'=2A) through hexagonally-shaped
silica portion 320, such that the air holes 321 of the second
rows 323 and the air holes 321 of the first rows 322 form a
triangular lattice.

[0305] FIG. 43 shows the unit cell structure of this hexago-
nal air hole extended triangular lattice. In this unit cell, the
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distance between the centers of adjacent air holes 321 (first
pitch) is taken as A, and the length m, between the two sides
facing each other of the silica portion 320 and the first pitch A
are taken as equal (w,=A). The fundamental vectors a, and a,
indicating the periodicity of the lattice are inclined at 30
degrees and -30 degrees with respect to the x axis respec-
tively, while the second pitch I' is 2A.

[0306] Ifthis hexagonal air hole extended triangular lattice
structure is used in the cladding of the PBGF 300, and if the
core region is appropriately designed, a layer of air holes can
be provided between the core and the cladding. The result is
that the surface mode can be prevented, and a wide transmis-
sion bandwidth can be realized (refer to H. K. Kim, J. Shin, S.
Fan, M. J. F. Digonnet, and G. S. Kino, “Designing air-core
photonic-bandgap fibers free of surface modes,” IEEE J.
Quant. Electron., vol. 40, no. 5, pp. 551-556, 2004).

[0307] Moreover, if a hexagonal air hole extended triangu-
lar lattice structure is adopted in combination with the hex-
agonally-shaped silica portion 320 and the hexagonal air
holes 321 in the present invention, optical characteristics can
be obtained that are different from those of the air hole peri-
odic structure in an extended triangular lattice configuration
(hereinafter referred to as “circular air hole extended triangu-
lar lattice structure”) using the circular air holes 310 as shown
in FIG. 44.

[0308] FIG. 44 illustrates the circular air hole extended
triangular lattice structure, while FIG. 45 is a graph showing
the band structure of the circular air hole extended triangular
lattice. The periodic structure shown in FIG. 44 has an air hole
diameter d equal to the first pitch A, and the it has the least
silica portion 310 in the circular air hole extended triangular
lattice structure. In FIG. 44, the black parts are silica portions
310 while the white circles are the air holes 311. The band
structure of FIG. 45 was calculated using the Plane wave
decomposition method mentioned in “Designing air-core
photonic-bandgap fibers free of surface modes,” IEEE J.
Quant. Electron., vol. 40, no. 5, pp. 551-556, 2004.

[0309] InFIG. 45, p is the wave number of the transmission
direction (direction perpendicular to the periodic structure),
I'=2A is the lattice constant of the extended triangular lattice,
o is the angular frequency, and c is the velocity of light. The
light line expresses the dispersion curve when light is trans-
mitted through a vacuum medium. The region enveloped by
bands is the region wherein light cannot be transmitted in any
direction in the cross section of the periodic structure, that is,
it expresses the band gap. When this periodic structure is used
in the fiber cladding and air hole used in the core, the region
wherein light in the fiber core becomes the wave guide is
adjacent to the light line, above which the band gap is present.
In this case, I'/A (=wI/2xc) is in a range of between 0.77 and
1.10 and the first wave guide region is present; and the same
ratio is in a range of between 1.54 and 1.80 and the second
wave guide region is present. Here, A is the wavelength of
light transmitted in the fiber.

[0310] On the other hand, FIG. 47 shows the band structure
of a hexagonal air hole extended triangular lattice structure
related to the third embodiment of the present invention
shown in FIG. 46. The hexagonal air hole extended triangular
lattice structure shown in FIG. 46 is a periodic structure
wherein hexagonally-shaped multiple silica portions 320 are
arranged in a triangular lattice configuration at a constant
pitch I' in the cross section of the fiber, air holes 321 are
disposed between the silica portions 320, and w,, the length
between the two sides facing each other of the silica portion,
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and A, the length of half the pitch I are equal. That is to say,
the hexagonal air hole extended triangular lattice structure
shown in FIG. 46 is an example of a hexagonal air hole
extended triangular lattice structure when the thickness w, of
partition wall 325 is O in the hexagonal air hole extended
triangular lattice structure shown in FIG. 4 and FIG. 43.
However, to maintain the silica portion 320 in practice, the
intermittent partition wall not shown in the figures, joints, and
so on, may be present.

[0311] Inthiscase,as showninFIG. 47, the first wave guide
region is present in a range of I'/A=0.82 to 1.30, the second
wave guide region is present in the range 1.58 to 2.13, and the
third wave guide region is present in a range of 2.83 to 3.00.
Compared to the circular air hole extended triangular lattice
structure shown in FIG. 44, it can be seen that a wide band gap
is present.

[0312] Also, FIG. 48 shows an example of a hexagonal air
hole extended triangular lattice structure wherein the ratio of
w,, of the thickness of partition wall 325 is 0.06 (0,/A=0.06)
with respect to the first pitch A, while FIG. 49 is a graph
showing its band structure. In this case, the first wave guide
region is present in a range of I'/A=0.79 to 1.13, the second
wave guide region is present in the range 1.60 to 1.83, and a
band gap equivalent to that of the circular air hole extended
triangular lattice structure shown in FIG. 44 with d/A=1 is
present.

[0313] The PBGF of the third embodiment of the present
invention has the hexagonal air hole extended triangular lat-
tice structure mentioned above in the cladding, and also has
the core 324 containing an air hole core at the center, and
multiple hexagonal air holes arranged in a triangular lattice
configuration. The material of the silica portion 320, other
than the air holes, in the PBGF of the present invention can be
made the same over the entire fiber. For instance, pure silica
(Si0,) may be used, but silica glass including a dopant for
adjusting the refractive index, such as fluorine or germanium
dioxide may alternately be used.

[0314] In an exemplary embodiment of the present inven-
tion, the diameter D of the core 324 may have the following
relationships:  0.7A=D=33A, 4.7A=D=73A, or
8.7A=D=11.3A with respect to the pitch A. By setting the
diameter D of the core 324 within the range mentioned above,
a PBGF with no surface mode can be offered.

[0315] AsshowninFIG. 48, if asilica partitioning wall 325
surrounding the air hole is present, then the w,, thickness of
the partition wall 325 may be in the range 0.005A=w,=0.2A
with respect to the first pitch A. If the thickness of the partition
wall 325 is below the range mentioned above, then it becomes
difficult to maintain the air hole structure.

[0316] Also, if the thickness of the partition wall exceeds
the range mentioned above, the band gap becomes narrower.
[0317] The hexagonal air hole extended triangular lattice
structure provided in the cladding may be provided in three or
more layers outside the core 324. If the number of layers of
the hexagonal air hole extended triangular lattice provided in
the cladding is 2 or less, the confinement of light may become
inadequate and the loss may increase.

[0318] The PBGF of the present invention may have a core
mode in which 60% or more, 70% or more or 80% or more of
a transmitting power is concentrated in the core region, and
may have optical characteristics wherein the surface mode is
absent substantially. If the percentage of transmitting power
of'the core mode mentioned above is less than 60%, light will
be transmitted into the silica, which is not preferable.
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[0319] The PBGF of the third embodiment of the present
invention, may have optical characteristics wherein the core
mode is present within a range in which a wavelength A,
transmitted in the fiber, satisfies of 0.6=I7/A=1.5. If I/A is
less than 0.6, band gap will be no longer present, and light will
not be transmitted. Moreover, if /A exceeds 1.5, the band gap
will be no longer present, and light will not be transmitted.
[0320] IfPBGEF operates in a high order band gap, then the
ratio I'/A may be in the range 1.4=I/A=2.3. Iftheratio I /A is
less than 1.4, the PBGF is outside the high order band gap and
does not operate. Also, if I'/A exceeds 2.3, the PBGF is again
outside the high order band gap, and it does not operate.
[0321] Furthermore, the PBGF may have optical character-
istics wherein the core mode is present when the wavelength
A, transmitted in the fiber, satisfies a range of 2.2=I/A=3.2.
[0322] Next, an example of the production method of a
PBGF of the third embodiment of the present invention is
described here. In this example, the PBGF shown in FIG. 50
provided with the core 324 (capillary core) wherein the cen-
tral silica portion 320 has been replaced by the air hole 321
and wherein the cladding has the hexagonal air hole extended
triangular lattice structure shown in FIG. 48, is described.
[0323] In this production method, first, silica capillary
tubes and silica rods are arranged into first rows of air holes
and second rows of air holes. In each first row multiple cap-
illary tubes are arranged, and in each second row capillary
tubes and silica rods are alternately arranged. Thus, the cap-
illary tube arrangement of the cross section forms an extended
triangular lattice. A capillary tube bundle containing silica
rods is made with the capillary core region having central
silica rods replaced by capillary tubes. The capillary tubes
used in the production method of the present invention may
have annular cross sections and the silica rods may have
circular cross sections with diameters equal to that of the
capillary tubes.

[0324] The production method of the PBGF of the third
embodiment of the present invention is not restricted to the
example of the method of formation of core region mentioned
above and the core structure of the PBGF to be produced may
be changed appropriately. For instance, in the production of
the PBGF shown in FIG. 56, a large capillary tube region with
diameter D is formed by replacing the silica rod at the center
of'the hexagonal air hole extended triangular lattice structure
and the six silica rods surrounding it by capillary tubes. Also,
when forming the air hole core, either the silica rod at the
center of the hexagonal air hole extended triangular lattice
structure can be eliminated, or the central silica rod, and the
capillary tubes and silica rods in no less than one layer and no
more than five layers surrounding the central silica rod may
be eliminated to form the air hole core.

[0325] Next, the capillary tube bundle containing silica
rods is heated and integrated to produce the preform for fiber
spinning. This heating and integrating process can be imple-
mented using the same apparatus and methods as the heating
and integrating process in the conventional method of pro-
duction of a PBGF wherein capillary tube bundles are used.
[0326] The capillary tube bundle containing silica rods
mentioned above may be taken as the preform for fiber spin-
ning after inserting it in an air hole of a silica tube and
integrating it. When the capillary tube bundle containing
silica rods is integrated with the bundle inserted in the silica
tube as-is, the pressure and gas composition within the cap-
illary tubes spaces and the spaces surrounding the capillary
tubes can be separately adjusted, the pressure within the
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capillary tubes can be maintained at a higher level than the
pressure in the spaces surrounding the capillary tubes, and the
spaces between the capillary tubes or the space betweens the
capillary tubes and the silica rods can be filled up. By increas-
ing the pressure within the capillary tubes spaces during this
integration, the cross section shape of the capillary tubes’ air
holes can be brought close to the hexagonal shape.

[0327] When the capillary tube bundle containing silica
rods in the air holes of the silica tubes is integrated after
insertion, only the spaces within the capillary tubes in the
capillary tube bundle containing the inserted silica rods may
be maintained at a pressure equal to or greater than the atmo-
spheric pressure, and the spaces other than the spaces within
the capillary tubes may be maintained at a reduced pressure
condition before performing the integration mentioned
above.

[0328] By spinning the preform for fiber spinning produced
as mentioned above, the PBGF shown in FIG. 50 can be
obtained. This spinning process may be implemented after
maintaining the pressure within the capillary tubes at a higher
level than the pressure in the spaces surrounding the capillary
tubes, and with a balanced pressure maintained in the spaces
of capillary tube air holes. With this pressure adjustment, the
capillary tube air holes become hexagonal in cross section,
and the cross sections of the silica rods become hexagonal.
[0329] The PBGF according to this example has a hexago-
nal air hole extended triangular lattice structure in the clad-
ding. Thus, if a core is formed at its center, an air hole core or
a capillary core can be configured without the core edge
cutting across the bulk mode, and optical characteristics can
be obtained wherein only the core mode is present and no
surface mode is generated; moreover, a wide wave guide
bandwidth can be obtained, and the transmission loss can be
reduced.

[0330] The production method of a PBGF according to the
present example can be made the same as the conventional
method of using capillary tubes, except for replacing some of
the capillary tubes with silica rods and combining them, and
a PBGF with an air hole periodic structure in an extended
triangular lattice configuration can be easily produced. Thus,
a PBGF with better optical characteristics than the conven-
tional PBGF can be produced more easily and more economi-
cally by using methods similar to the conventional PBGF.

Example 3-1

[0331] As shown in FIG. 50, a PBGF was produced with a
cladding containing a hexagonal air hole extended triangular
lattice structure wherein the ratio of thickness w, of the par-
tition wall 325 was 0.06 (w,/A=0.06) with respect to the first
pitch A, and having a core 324 (capillary core) wherein the
central silica portion 320 was replaced by the airhole 321, and
the dispersion of the core mode was studied. FIG. 51 is a
graph showing the dispersion in the first band gap of this
PBGF. In FIG. 51, B is the wave number of the transmission
direction (direction perpendicular to the periodic structure),
I'=2A is the lattice constant of the extended triangular lattice,
o is the angular frequency, and c is the velocity of light. The
light line expresses the dispersion curve when light is trans-
mitted through a vacuum medium. The region enveloped by
bands is the region wherein light cannot be transmitted in any
direction in the cross section of the periodic structure, that is,
it expresses the band gap. As shown in FIG. 51, only the core
mode is present and the surface mode is absent in the band gap
of I'/A (=wI/2mc)=0.82 to 1.16.
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[0332] FIG. 52 shows the typical power distribution of core
mode at this stage. FIG. 53 is the permittivity of the fiber
shown in the same scale as FIG. 50. As shown in the figure, the
power of the core mode is distributed only slightly over the
silica portion 320 just near the core, while most of it is
distributed within the core 324.

[0333] FIG. 54 is a graph showing the dispersion of the
second band gap in the PBGF of the present embodiment. As
shown in the figure, the core mode is present but the surface
mode is absent in I'/A=1.64 to 1.85. The core mode in this case
is also a single mode (including degraded mode).

[0334] FIG. 55 shows the typical power distribution of core
mode at this stage. As shown in the figure, substantially the
entire power of the core mode is distributed within the core
324.

Example 3-2

[0335] As shown in FIG. 56, a PBGF was produced with a
cladding containing a hexagonal air hole extended triangular
lattice structure wherein the ratio of a thickness w, of the
partition wall 325 was 0.06 (w,/A=0.06) with respect to the
first pitch A, and having a core 324 (capillary core) wherein
the central silica rod and the six silica portions 320 in one
layer outside the central rod were replaced by the air hole 321,
and the dispersion of the core mode was studied. FIG.57 is a
graph showing the dispersion in the first band gap of this
PBGF. As shown in the figure, a core mode 1 is present when
T/A=0.84 to 1.11, a core mode 2 is present for I'/A=0.89 to
1.16, and the surface mode is absent. However, the degraded
mode is included in each core mode.

[0336] FIG. 58 shows the typical power distribution of the
core mode at this stage. FIG. 59 is the permittivity of the fiber
shown in the same scale as FIG. 56. As shown in the figure,
substantially the entire power of the core mode is distributed
within the core 324.

[0337] FIG. 60 shows the power distribution of the core
mode 2 of the same fiber.

[0338] FIG. 61 is a graph showing the dispersion of the
second band gap in the PBGF of the present embodiment. As
shown in the figure, a core mode 1 is present when I'/A=1.66
to 1.82, a core mode 2 is present when I'/A=1.65 to 1.87, but
the surface mode is absent. However, the degraded mode is
included in each core mode. The dispersion of the core modes
is present in the region below the light line also because a
small amount of silica remains as partition wall in the core
324.

[0339] FIG. 62 shows the typical power distribution of the
core mode 1 at this stage. FIG. 63 shows the typical power
distribution of the core mode 2 in this case.

Example 3-3

[0340] FIG. 65 shows the band structure of hexagonal air
hole extended triangular lattice structure wherein the ratio of
athickness w, of the partition wall 325 with respect to the first
pitch A is 0.12 (0,/A=0.12), as shown in FIG. 64.

[0341] In this case, the wave guide region is present in a
range of I/A=0.81 to 1.00.

[0342] Inthis way, it can be seen that as the thickness of the
partition wall 325 increases, the band gap becomes narrower
but it is present. It has been verified that similar to Examples
3-1 and 3-2, if the capillary core is formed and a PBGF is
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produced, only the core mode is present and the surface mode
is not generated, similar to the Examples 3-1 and 3-2.

Fourth Embodiment

[0343] The fourth embodiment of the present invention is
described here referring to the drawings.

[0344] FIG. 66 shows an example of the air hole periodic
structure in an extended triangular lattice configuration used
in the cladding of the PBGF of the fourth embodiment of the
present invention. In this figure, the reference numeral 420
indicates the silica portion, 421 indicates the hexagonal air
holes, 422 indicates the first rows of air holes, 423 indicates
the second rows of air holes, and 425 indicates the partition
walls.

[0345] This air hole periodic structure in an extended tri-
angular lattice configuration is a periodic structure (hereinaf-
ter referred to as “hexagonal air hole extended triangular
lattice” or “hexagonal air hole extended triangular lattice
structure”) alternately arranged with first rows of air holes
422 each having a row of multiple hexagonal air holes 321 at
first pitch A in the cross section of the fiber through partition
walls 425, and multiple second rows of air holes 423 each
having multiple hexagonal air holes 421 at the second pitch I,
which is twice the first pitch A (I'=2A) through hexagonally-
shaped silica portions 420 as shown in FIG. 66 A. As shown in
this example, the hexagonal air holes 421 are not equilateral
hexagonal air holes; the two sides touching the silica portion
420 are shorter than the other two sides, and the hexagonal
forms touching the silica portions have a length between the
two sides touching the silica portion 420 that is greater than
the length (A) between the other two sides.

[0346] FIG. 66B shows the unit cell structure of this hex-
agonal air hole extended triangular lattice. The length w,
between the two sides facing each other of the silica portions
420 in this unit cell is smaller than the first pitch A (w,<A).
The fundamental vectors a, and a, indicating the periodicity
of' the lattice are inclined at 30 degrees and -30 degrees with
respect to the x axis respectively, while the second pitch I is
2A.

[0347] The silica portions 420 in the fourth embodiment of
the present invention may be smaller than the air holes 421
including the partition walls 425. The length w, between the
two sides facing each other of the silica portions 420 and the
first pitch A may satisfy the relationship 0.4A=w,=A, and
may further satisfy the relationship 0.5A=w,=A.

[0348] If this air hole periodic structure in an extended
triangular lattice configuration is used in the cladding of the
PBGF, and an appropriate core region is designed, a layer of
air holes can be provided between the core and the cladding.
The result is that the surface mode can be prevented, and a
wide transmission bandwidth can be realized s(refer to H. K.
Kim, J. Shin, S. Fan, M. J. F. Digonnet, and G. S. Kino,
“Designing air-core photonic-bandgap fibers free of surface
modes,” IEEE J. Quant. Electron., vol. 40, no. 5, pp. 551-556,
2004).

[0349] Moreover, ifthe silica portions 420 in the hexagonal
air hole extended triangular lattice of the present example is
made smaller than the air holes 421, that is, if the relationship
®,=A is maintained, then optical characteristics different
from those of hexagonal air hole extended triangular lattice
with ®,=A can be obtained.

[0350] FIG. 67 is given here as a reference example show-
ing the hexagonal air hole extended triangular lattice structure
with w,=A, while FIG. 68 is a graph showing the band struc-
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ture. However, FIG. 67 shows a hexagonal air hole extended
triangular lattice structure wherein m,=A and the partition
wall thickness w,=0. The black part of the hexagonal shape is
the silica portion 420, while the white part is the air holes 421
in FIG. 67. The band structure of FIG. 68 was calculated by
the Plane wave decomposition method described in “Block-
iterative frequency-domain methods for Maxwell’s equations
in plane wave basis,” Opt. Express, vol. 8, no. 3, pp. 173-190,
2001 by S. G. Johnson and J. D. Joannopoulos. In FIG. 68,
is the wave number of the transmission direction (direction
perpendicular to the periodic structure), '=2A is the lattice
constant of the extended triangular lattice, w is the angular
frequency, and ¢ is the velocity of light. The light line
expresses the dispersion curve when light is transmitted
through a vacuum medium. The region enveloped by bands is
the region wherein light cannot be transmitted in any direc-
tion in the cross section of the periodic structure, that is, it
expresses the band gap. When this periodic structure is used
in the fiber cladding and an air hole is used in the core, the
region wherein light in the fiber core becomes the wave guide
is adjacent to the light line, above which the band gap is
present. In this case, the first wave guide region is present in
the range I'/A (=01/2rc)=0.82 to 1.30, while the second wave
guide region is present in the range 1.58 to 2.13.

[0351] Here, A is the wavelength of light transmitted in the
fiber.
[0352] On the other hand, FIG. 70 shows the band structure

of hexagonal air hole extended triangular lattice structure
related to the fourth embodiment of the present invention
shown in FIG. 69. FIG. 69 shows the hexagonal air hole
extended triangular lattice structure wherein multiple hex-
agonally-shaped silica portions 420 are arranged in triangular
lattice configuration at constant pitch I' in the cross section of
the fiber, air holes 421 are provided between the silica por-
tions 420, the length w, between the two sides facing each
other of the silica portions 420 is made smaller than half the
length A of pitch I (w,/A=0.9), and the wall thickness w,, is 0.
However, to maintain the silica portions 420 in practice, inter-
mittent partition walls not shown in the figures, may be
present.

[0353] Inthis case, the first wave guide region is present in
a range of I'/A between 0.85 and 1.45 and the second wave
guide region is present in the range between 1.82 and 2.38.
Compared to the band structure of hexagonal air hole
extended triangular lattice structure wherein w,=A (0,/A=1),
the hexagonal air hole extended triangular lattice structure of
the present example has a wider band gap, and moreover, the
position of the band gap is higher. This suggests that the fiber
dimensions required for realizing the same wavelength pass
band are large, and this is advantageous from the production
aspects.

[0354] Also, FIG. 72 shows the band structure of the hex-
agonal air hole extended triangular lattice structure related to
the fourth embodiment of the present invention shown in FI1G.
71. The present example shows the hexagonal air hole
extended triangular lattice structure with ®,/A=0.8, and
,=0. In this case, the first wave guide region is present in a
range of I'/A between 0.90 and 1.65, and the second wave
guide region is present in the range between 2.02 and 2.62, as
shown in FIG. 72. Compared to the band structure of hexago-
nal air hole extended triangular lattice structure wherein
,/A=1, the fiber of the present example has a wider band gap,
and moreover, the position of the band gap is higher.
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[0355] The same trend is observed in actual fibers wherein
partition wall 425 surrounding the air holes 421 is present.

[0356] FIG. 73 is a reference example that shows the hex-
agonal air hole extended triangular lattice structure with
,/A=1 and w,/A=0.06, while FIG. 74 is a graph that shows
its band structure. In this case, the first wave guide region is
present in a range of I'/A=0.79 to 1.13, and the second wave
guide region is present in the range 1.60 to 1.83.

[0357] On the other hand, FIG. 76 shows the band structure
of a hexagonal air hole extended triangular lattice structure
related to the fourth embodiment of the present invention
shown in FIG. 75. Similar to FIGS. 66A and 66B, the hex-
agonal air hole extended triangular lattice is alternately
arranged with first rows of air holes 422 each having multiple
hexagonal air holes 421 at first pitch A in the cross section of
the fiber, and multiple second rows of air holes 423 each
having multiple hexagonal air holes at the second pitch I,
which is twice the first pitch through hexagonally-shaped
silica portions 420, and the length m, between the two sides
facing each other of the silica portions 420 is smaller than the
first pitch A. In this example, ®,/A=0.9, and w,/A=0.06.

[0358] Inthis case, the first wave guide region is present in
arange of I'/A=0.86 to 1.25 and the second wave guide region
is present in a range of 1.82 to 1.94. Similar to the ideal fiber
with m,=0 as shown in FIG. 7, compare to the fiber in FIG. 73
wherein w,/A=1, the band gap has widened and the position
of the band gap has become higher.

[0359] FIG. 78 shows the band structure of a hexagonal air
hole extended triangular lattice structure related to the present
invention shown in FIG. 77, wherein the silica portion 420 has
been made smaller. The present example shows the hexagonal
air hole extended triangular lattice structure with w,/A=0.8,
and ®,=0.06. In this case, the first wave guide region is
present in a range of I'/A. between 0.89 and 1.33. Compared to
the band structure of the hexagonal air hole extended trian-
gular lattice structure wherein m,/A=1, the fiber of the present
example has a wider band gap, and moreover, the position of
the band gap is higher.

[0360] FIG. 80 shows the band structure of the hexagonal
air hole extended triangular lattice structure related to the
present invention shown in FIG. 79, wherein the silica portion
420 has been made smaller. The present example shows the
hexagonal air hole extended triangular lattice structure with
®,/A=0.7, and »,=0.06. In this case, the first wave guide
region is present in a range of I'/A between 0.97 and 1.46 and
the second wave guide region is present in a range of between
1.93 and 2.18. Compared to the band structure of the hexago-
nal air hole extended triangular lattice structure wherein
,/A=1, the fiber of the present example has a wider band gap,
and moreover, the position of the band gap is higher.

[0361] The PBGF of the fourth embodiment of the present
invention has an air hole periodic structure in an extended
triangular lattice configuration mentioned earlier, in the clad-
ding, and also has an air hole core at the center, and a core 424
with multiple hexagonal air holes arranged in triangular lat-
tice configuration. The material of the silica portion 420 other
than the air holes in the PBGF of the present invention can be
made the same over the entire fiber. For instance, the use of
pure silica (SiO,) may be used, but silica glass including a
dopant for adjusting the refractive index, such as fluorine or
germanium dioxide may alternately be used.

[0362] In an exemplary embodiment of the present inven-
tion, if a configuration with partition walls 425 is adopted,
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then the thickness w,, of these partition walls may be in the
range of 0.05A=w,=0.2A, or w, may further be in the range
of 0.05A=w,=0.5A.

[0363] Ifthin partition walls 425 are formed, optical char-
acteristics similar to a PBGF with no partition walls, as shown
in FIGS. 69 and 71 can be obtained, the band gap is widened
and wider transmission bandwidths can be ensured.

[0364] Onthe other hand, if comparatively thicker partition
walls 425 are formed, an extremely wide transmission band-
width can be ensured, and the transmission bandwidth can
also be shifted to the short wavelength side. If comparatively
thicker partition walls 425 are formed, the advantage is that
the PBGF production becomes easier.

[0365] In an exemplary embodiment of the present inven-
tion, the length o, between the two sides facing each other of
the silica portions 420 may be in the range 0.4A=wm, =A. If
the length , is less than the range mentioned above, the band
gap becomes narrower, and the operating range of the fiber is
reduced; thus, this length is not preferable.

[0366] In an exemplary embodiment of the present inven-
tion, the diameter D of the core 424 may be set so that it lies
in the ranges (A) to (C) below.

[0367] (A)Range of 0.7A=D=3.3A

[0368] (B)Range of 47A=D=7.3A

[0369] (C)Range of 8. 7A=D=11.3A

[0370] By setting the diameter D of core 324 within any of

the ranges mentioned above, a PBGF with no surface mode
can be offered. By making the diameter D of the core smaller,
the core mode can be made a single mode. On the other hand,
by increasing the diameter D ofthe core 424, multiple modes
can be achieved.

[0371] The air hole periodic structure of the extended tri-
angular lattice configuration provided in the cladding may be
provided in three or more layers outside the core 424. If the
number of layers of extended triangular lattice provided in the
cladding is 2 or less, the confinement of light may become
inadequate and the loss may increase.

[0372] The PBGF of the fourth embodiment of the present
invention may have a core mode in which 60% or more, 70%
or more or 80% or more of the transmitting power is concen-
trated in the core region, and may have optical characteristics
wherein the surface mode is absent substantially. If the per-
centage of the transmitting power of the core mode mentioned
above is less than 60%, light will be transmitted into the silica,
which is not preferable.

[0373] The PBGF of the fourth embodiment of the present
invention may have optical characteristics wherein the core
mode is present within a range in which a wavelength A,
transmitted in the fiber, satisfies of 0.6=I7/A=1.7. If I/\ is
less than 0.6, band gap will be no longer present, and light will
not be transmitted. Moreover, if /A exceeds 1.7, the band gap
will be no longer present, and light will not be transmitted.
[0374] Ifa PBGF operates in high level band gaps, the I'/A
mentioned above, may be in a range of 1.5=I/A=2.4. If the
ratio I'/A is less than 1.5, the PBGF is outside the high order
band gap and does not operate. Also, if I'/A exceeds 2.4, the
PBGF is again outside the high order band gap, and it does not
operate.

[0375] Moreover, the PBGF may have optical characteris-
tics wherein the core mode is present when the wavelength A,
transmitted in the fiber, satisfies a range of 2.1=I/A=3.5.
Also, the PBGF may have optical characteristics wherein the
core mode is present when the wavelength A, transmitted in
the fiber, satisfies a range of 0.7=I7A=2.4.
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[0376] Next, an example of the production method of a
PBGF of the fourth embodiment of the present invention is
described here. In this example, the PBGF shown in FIG. 81
provided with the core 324 (capillary core) wherein the cen-
tral silica portion 420 has been replaced by the air hole 421,
and wherein the cladding has the hexagonal air hole extended
triangular lattice structure shown in FIG. 66A, is described.
[0377] In this production method, first, silica capillary
tubes, silica rods and hollow silica tubes thicker than the
capillary tubes and rods are kept ready. First rows of air holes
and second rows of air holes are arranged. In each first row
multiple capillary tubes are arranged, and in each second row
capillary tubes and hollow silica tubes are alternately
arranged. Thus, the capillary tube arrangement of the cross
section forms an extended triangular lattice. A capillary tube
bundle is made with a capillary core region having central
hollow silica tubes replaced by capillary tubes. The capillary
tubes used in the production method of the present invention
may be of annular cross section and the hollow silica tubes
may be of annular cross section with thicknesses equal to the
diameter of other capillary tubes. This central silica tube is
taken as the silica portion through the hollow part, and its
thickness can be appropriately selected according to the w,/A
value in the PBGF to be produced.

[0378] The production method of a PBGF of the fourth
embodiment of the present invention is not restricted to the
example of method of formation of core region mentioned
above, and the core structure of the PBGF to be produced may
be changed appropriately. For instance, during production of
the PBGF shown in FIG. 95, the hollow silica tube at the
center of the hexagonal air hole extended triangular lattice
structure and six hollow silica tubes surrounding this silica
tube are replaced by capillary tubes to form the capillary core
region. Also, when forming the air hole core, either the hollow
silica tube at the center of the hexagonal air hole extended
triangular lattice structure can be eliminated, or the central
hollow silica tube, and the capillary tubes and hollow silica
tubes in no less than one layer and no more than five layers
surrounding the central hollow silica tube may be eliminated
to form the air hole core.

[0379] Next, the capillary tube bundle mentioned above is
heated and integrated to produce the preform for fiber spin-
ning. This heating and integrating process may be one
wherein the capillary tube bundle mentioned above is inte-
grated in the inserted condition in the silica tube to produce
the preform for fiber spinning. When the capillary tube bundle
containing silica rods is integrated with the bundle inserted in
the air hole of the silica tube as-is, the pressure and gas
composition within the capillary tubes’ spaces and in the
spaces surrounding the capillary tubes, including the internal
parts of the hollow silica tubes, can be separately adjusted.
[0380] When the capillary tube bundle is integrated with
the capillary tube bundle inserted in air hole of the silica tube,
only the spaces within the capillary tubes of the inserted
capillary tube bundle is maintained at or above the atmo-
spheric pressure. On the other hand, the clearance between
the hollow parts of the hollow silica tubes and the capillary
tubes may be maintained in a reduced pressure condition and
heated; integration may be attained by eliminating the clear-
ance between the capillary tubes while penetrating the hollow
part of the hollow silica tubes.

[0381] By spinning the preform for fiber spinning produced
as mentioned above, the PBGF shown in FIG. 81 can be
obtained. This spinning process may be implemented after
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maintaining the pressure within the capillary tubes at a higher
level than the pressure in the spaces surrounding the capillary
tubes, and with a balanced pressure maintained in the spaces
of capillary tube air holes. With this pressure adjustment, the
capillary tube air holes become hexagonal in cross section,
and the cross section of the silica portions become hexagonal.
[0382] The PBGF according to this example has a hexago-
nal air hole extended triangular lattice structure in the clad-
ding. Thus, if an air hole core or a capillary core is formed at
its center, an air hole core or a capillary core can be configured
without the core edge cutting across the bulk mode, and
optical characteristics can be obtained wherein only the core
mode is present and no surface mode is generated; moreover,
a wide wave guide bandwidth can be obtained, and the trans-
mission loss can be reduced.

[0383] In the structure above, the hexagonally-shaped
silica portion was made smaller than the pitch A of the hex-
agonal air holes. Compared to the periodic structure wherein
the pitch A of the silica portions was equal to the pitch A of the
air holes, the band gap widens, the position of the band gap
becomes higher, the size of the fiber required to realize the
same wavelength pass band increases, and production
becomes easier.

[0384] The production method of a PBGF according to the
present example can be made the same as the conventional
method of using capillary tubes, except for replacing some of
the capillary tubes with thicker hollow silica tubes and com-
bining them, and a PBGF with air hole periodic structure in an
extended triangular lattice configuration can be easily pro-
duced. Thus, a PBGF with better optical characteristics than
the conventional PBGF can be produced more easily and
more economically by using methods similar to the conven-
tional PBGF.

Example 4-1

[0385] As shown in FIG. 81, a PBGF was produced with a
cladding containing a hexagonal air hole extended triangular
lattice structure wherein the ratio of length w, between the
two sides of the silica portions 420 with respect to the pitch A
was 0.9 (w,/A=0.9, the ratio of thickness w, of the partition
walls 425 was 0.06 (w,/A=0.06) with respect to the pitch A,
and having a core 424 (capillary core) wherein the central
silica portion 420 was replaced by the air hole 421, and the
dispersion of the core mode was studied.

[0386] FIG. 82 is a graph showing the dispersion in the first
band gap ofthis PBGF. In FIG. 82, 3 is the wave number of the
transmission direction (direction perpendicular to the peri-
odic structure), I'=2A is the lattice constant of the extended
triangular lattice, w is the angular frequency, and ¢ is the
velocity of light. The light line expresses the dispersion curve
when light is transmitted through a vacuum medium. The
region enveloped by bands is the region wherein light cannot
be transmitted in any direction in the cross section of the
periodic structure, that is, it expresses the band gap. As shown
in FIG. 82, only the core mode is present and the surface mode
is absent in the band gap of /A (=w1/27¢)=0.89 to 1.30. Also,
the core mode in this case is a single mode (including a
degraded mode).

[0387] FIG. 83 shows the typical power distribution of the
core mode at this stage. FIG. 84 is the permittivity of the fiber
shown inthe same scale as FIG. 81. As shown in the figure, the
power of the core mode is distributed only slightly over the
silica portion 420 just near the core, while most of it is
distributed within the core 424.
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[0388] FIG. 85 shows the dispersion of the second band gap
in the PBGF of the present embodiment. As shown in the
figure, the core mode is present but the surface mode is absent
inI/A=1.83 t0 1.96. The core mode in this case is also a single
mode (including a degraded mode).

[0389] FIG. 86 shows the typical power distribution of the
core mode at this stage. As shown in the figure, substantially
the entire power of the core mode is distributed within the
core 424.

Example 4-2

[0390] As shown in FIG. 87, a PBGF was produced with
cladding containing a hexagonal air hole extended triangular
lattice structure wherein w,/A=0.8, w,/A=0.06, and having a
core 424 (capillary core) wherein the central silica portion
420 was replaced by the air hole 421, and the dispersion of the
core mode was studied. FIG. 88 is a graph showing the dis-
persion in the first band gap of this PBGF. As shown in the
figure, only the core mode is present in the band gap when
I'/A=0.96 to 1.40, and the surface mode is absent. Also, the
core mode in this case is a single mode (including a degraded
mode).

[0391] FIG. 89 shows the typical power distribution of the
core mode at this stage. FIG. 90 is the permittivity of the fiber
shown in the same scale as FIG. 87. As shown in the figure,
substantially the entire power of the core mode is distributed
within the core 424.

Example 4-3

[0392] As shown in FIG. 91, a PBGF was produced with
cladding containing a hexagonal air hole extended triangular
lattice structure wherein w,/A=0.7, »,/A=0.06, and having a
core 424 (capillary core) wherein the central silica portion
420 was replaced by the air hole 421, and the dispersion of the
core mode was studied. FIG. 92 is a graph showing the dis-
persion in the first band gap of this PBGF. As shown in the
figure, only the core mode is present in the band gap when
I'/A=1.05 to 1.57, and the surface mode is absent. Also, the
core mode in this case is a single mode (including a degraded
mode).

[0393] FIG. 93 shows the typical power distribution of the
core mode at this stage. FIG. 94 is the permittivity of the fiber
shown in the same scale as FIG. 91. As shown in the figure,
substantially the entire power of the core mode is distributed
within the core 424.

Example 4-4

[0394] As shown in FIG. 95, a PBGF was produced with
cladding containing a hexagonal air hole extended triangular
lattice structure wherein ®,/A=0.9, 0,/A=0.06, and having a
core 424 (capillary core) wherein the central silica portion
420, and six silica portions 420 in one layer on the outside of
it, were replaced by the air hole 421, and the dispersion of the
core mode was studied. FIG. 96 is a graph showing the dis-
persion in the first band gap of this PBGF. As shown in the
figure, the core mode 1 is present when I'/A=0.96 10 1.26, the
core mode 2 is present when I/A=0.92 to 1.27, and the surface
mode is absent. However, the degraded mode is included in
each core mode.

[0395] FIG. 97 shows the typical power distribution of the
core mode 1 at this stage. FIG. 98 is the permittivity of the
fiber shown in the same scale as FIG. 95. As shown in the
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figure, substantially the entire power of the core mode is
distributed within the core 424.

[0396] Also, FIG. 99 shows the typical power distribution
of the core mode 2 in the first band gap in the PBGF of the
present embodiment.

[0397] FIG. 100 shows the dispersion of the second band
gap in the PBGF of the present embodiment. As shown in the
figure, the core mode 1 is present when I'/A=1.85 to 2.00, the
core mode 2is present when I'/A=1.83 to 1.97, and the surface
mode is absent. However, the degraded mode is included in
each core mode. The dispersion of the core mode is present in
the region below the light line also because a small amount of
silica remains as partition wall in the core 424.

[0398] FIG. 101 shows the typical power distribution of the
core mode 1 at this stage. FIG. 102 shows the typical power
distribution of the core mode 2 in this case.

Example 4-5

[0399] FIG. 104 shows the band structure of hexagonal air
hole extended triangular lattice wherein ®,/A=0.7, and
,/A=0.1, as shown in FIG. 103. Here, the refractive index of
silica was taken as n=1.45. In FIG. 103, the black hexagonal
parts are the silica portions 420, the white hexagonal parts are
the air holes 421, and the bold lines that divide the air holes
421 are the partition walls 425. The band structure was cal-
culated by the Plane wave decomposition method described
in “Block-iterative frequency-domain methods for Max-
well’s equations in plane wave basis,” Opt. Express, vol. 8,
no. 3, pp. 173-190, 2001 by S. G. Johnson and J. D. Joan-
nopoulos. In FIG. 104, {§ is the wave number of the transmis-
sion direction (direction perpendicular to the periodic struc-
ture), I'=2A is the lattice constant of the extended triangular
lattice, w is the angular frequency, and c is the velocity of
light. The light line (n=1) expresses the dispersion curve
when light is transmitted through a vacuum medium. The
region enveloped by bands is the region wherein light cannot
be transmitted in any direction in the cross section of the
periodic structure, that is, it expresses the band gap.

[0400] When this periodic structure is used in the fiber
cladding, and air hole used in the core, the band wherein light
in the fiber core becomes the wave guide is adjacent to the n=1
light line above which the band gap is present. In this case, the
wave guide region is present in a range of I/A (w1'/27¢)=0.93
to 1.16. Here, A is the wavelength of light transmitted in the
fiber. However, if a capillary core is used, the permittivity
refractive index of the core increases; therefore, light line that
transmits within the dielectric is used instead of the light line
that transmits within the vacuum medium mentioned above.
In this case, the average refractive index of the core can be
approximated by equation (1).

RgirSair + NsiticaSsitica (9]

Rer =
# Sair + Ssitica

Liniea Ar€ respectively the average refrac-
tive index of core, the refractive index of air, and the refractive
index of silica respectively, while S, and S, are the areas
occupied by air the core and the area occupied by silica in the
core respectively. The capillary core is shown in FIG. 105.
Since the structure is arranged in a triangular lattice configu-

However, n,4 1,;,,
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ration by almost hexagonally-shaped multiple air holes 421
through the partition walls 425, each area can be expressed by
the equations (2) and (3).

3 2
Sair = Z(A -, @

3 3
Ssitica = Z[Az - (A-wp)*] ®

[0401] Inthis example, n,, becomes 1.09. As shown by the
light line (n=1.09) in F1G. 104, a wave guide region is present
in a range of I'/A=1.11 to 2.02 for the fiber having capillary
core, and compared to the air hole core (air hole core), it has
a fairly wide wave guide band, and the wavelength band also
shifts to the short wavelength side. As a result, not only is a
wider bandwidth realized, but also the limitations of size of
micro-structure in fiber production become more relaxed;
that is, simplification of fiber production is realized.

[0402] The inventors of the present invention produced a
PBGF hexagonal air hole extended triangular lattice configu-
ration having a capillary core, as shown by the end faces in
FIGS. 106 and 107. The black parts are air holes and the white
parts are silica portions in FIG. 107. This PBGF has A=0.75
um, o,/A=0.7, w,/A=0.1. FIG. 108 shows the dispersion in
the first band gap of this PBGF. As shown in FIG. 108, a mode
1 is present in a range of I'/A=1.15 to 1.91, and a mode 2 is
present in a range of I'/A=1.06 to 1.74 in the first band gap of
this PBGF. The mode in this case includes a degraded mode,
the mode 1 is double degraded, while the mode 2 is quadruple
degraded.

[0403] FIG. 109 is a graph showing the results of measure-
ment of transmission characteristics of the PBGF (a length of
1 m) produced in this way. The bold line in F1G. 109 indicates
measured values; the shaded region indicates the band esti-
mated from calculations. The two transmission bandwidths in
the short wavelength side correspond to the high order band
gap. The transmission bandwidth greater than a wavelength
of 1550 m corresponds to the first band gap. The measured
values are restricted to about 2150 nm because of the limita-
tion of the measuring equipment. The drop in measured val-
ues observed near a wavelength of 1900 nm is due to the loss
of the remaining OH radical in the fiber (P. Kaiser, A. R.
Tynes, H. W. Astle, A. D. Pearson, W. G. French, R. E. Jaeger,
and A. H. Cherinet, “Spectral losses of unclad vitreous silica
and soda-lime-silicate fibers,” J. Opt. Soc. Amer., vol. 63, pp.
1141-1148, September 1973).

[0404] FIG. 110 and FIG. 111 show the typical power dis-
tributions of the mode 1 and the mode 2 respectively of the
PBGF.

[0405] FIG. 112 shows the permittivity distribution of the
PBGF.

Example 4-6
[0406] AsshowninFIG. 113, a PBGF was produced with a

cladding containing a hexagonal air hole extended triangular
lattice structure wherein m,/A=0.8, w,/A=0.1, and having a
core 424 (capillary core) wherein the central silica portion
420, and six silica portions 420 in one layer on the outside of
the central silica portion, were replaced by the air hole 421,
and the dispersion of the transmission mode was calculated.
FIG. 114 is a graph that shows the dispersion of the first band
gap of this PBGF.
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[0407] As shown in FIG. 114, if the core 424 is a complete
air hole core, a transmission mode can be made present in the
band gap above the light line (n=1) transmitted through air.
Compared to the presence of the transmission mode in arange
of I'/A=0.9 to 1.12, in case of a capillary core, a transmission
mode can be made present in the band gap above the light line
(n=1.09) in dielectric, therefore, a transmission mode is
present in a range of I'/A=1.00 to 1.79, the transmission
bandwidth becomes wider and shifts to the short wavelength
side. In practice, the mode 1 is present in a range of I'/A=1.05
to 1.75, and the mode 2 is present in a range of ['/A=1.00 to
1.58. However, the degraded mode is included in each core
mode.

[0408] FIG. 115 shows the typical power distribution of the
core mode 1 at this stage. FIG. 116 shows the typical power
distribution of the core mode 2 in this case.

[0409] FIG. 117 shows the permittivity distribution of the
fiber drawn to the same scale as FIG. 113.

Example 4-7

[0410] As shown in FIG. 118, a PBGF was produced with
cladding containing a hexagonal air hole extended triangular
lattice structure wherein m,/A=0.7, ®,/A=0.1, and having a
core 424 (capillary core) wherein the central silica portion
420 is replaced by the air hole 421, and the dispersion of the
transmission mode was calculated. FIG. 119 is a graph show-
ing the dispersion in the first band gap of this PBGF.

[0411] As shown in FIG. 119, if the core 424 is a complete
air hole core, a transmission mode can be made present in the
band gap above the light line (n=1) transmitted through air.
Compared to the presence of a transmission mode in a range
of I/A=0.93 t0 1.16, in case of a capillary core, a transmission
mode can be made present in the band gap above the light line
(n=1.09) in dielectric, therefore, a transmission mode is
present in a range of I/A=1.01 to 1.73. The core diameter D in
this case is small, therefore, the mode is a single mode.
However, this mode is double degraded. In this way, com-
pared to the air hole core fiber, the transmission bandwidth
becomes wider and shifts to the short wavelength side in the
capillary core fiber.

[0412] FIG. 120 shows the typical power distribution of the
mode at this stage.

[0413] FIG. 121 shows the permittivity distribution of the
fiber drawn to the same scale as FIG. 118.

Example 4-8

[0414] As shown in FIG. 122, a PBGF was produced with
cladding containing a hexagonal air hole extended triangular
lattice structure wherein w,/A=0.8, m,/A=0.1, and having a
core 424 (capillary core) wherein the central silica portion
420 is replaced by the air hole 421, and the dispersion of the
transmission mode was calculated. FIG. 123 is a graph show-
ing the dispersion in the first band gap of this PBGF.

[0415] As shown in FIG. 123, if the core 424 is a complete
air hole core, a transmission mode can be made present in the
band gap above the light line (n=1) transmitted through air.
Compared to the presence of a transmission mode in a range
of IVA=0.9010 1.12, in case of a capillary core, a transmission
mode can be made present in the band gap above the light line
(n=1.09) in dielectric, therefore, a transmission mode is
present in a range of I/A=0.97 to 1.56. The core diameter D in
this case is small, therefore, the mode is a single mode.
However, this mode is double degraded. In this way, com-
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pared to the air hole core fiber, the transmission bandwidth
becomes wider and shifts to the short wavelength side in the
capillary core fiber.

[0416] FIG. 124 shows the typical power distribution of the
mode at this stage.

[0417] FIG. 125 shows the permittivity distribution of the
fiber drawn to the same scale as FIG. 122.

[0418] While embodiments of the invention have been
described and illustrated above, it may be understood that
these are exemplary of the invention and are not to be con-
sidered as limiting. Additions, omissions, substitutions, and
other modifications can be made without departing from the
spirit or scope of the present invention. Accordingly, the
invention is not to be considered as being limited by the
foregoing description, and is only limited by the scope of the
appended claims.

1. A photonic band gap fiber comprising:

silica portions;

multiple air holes, provided in the silica portions, extend-

ing in a longitudinal direction of the fiber; and

a cladding having an air hole periodic structure in an

extended triangular lattice configuration in the cross
section of the fiber;

wherein first rows each having a number of air holes at a

first pitch, and second rows each having a plurality of air
holes at a second pitch which is twice the first pitch, are
arranged such that the air holes of the first rows are
disposed alternately with the air holes of the second
rows, and wherein the first rows and the second rows are
arranged so as to form the extended triangular lattice
configuration in the cross section of the fiber; and

the fiber further comprises an air hole core.

2. The photonic band gap fiber according to claim 1,
wherein the air hole core has a substantially circular shape in
the cross section of the fibers, and a diameter D of the air hole
core has a relationship of 0.7A=D=3.3A with respect to the
first pitch A.

3. The photonic band gap fiber according to claim 1,
wherein the air hole core has a substantially circular shape in
the cross section of the fiber and a diameter D of the air hole
core has a relationship of 4. 7A=D=7.3A with respect to the
first pitch A.

4. The photonic band gap fiber according to claim 1,
wherein the air hole core has a substantially circular shape in
the cross section of the fiber and a diameter D of the air hole
core has a relationship of 8. 7A=D=11.3A withrespect to the
first pitch A.

5. The photonic band gap fiber according to claim 1,
wherein the air holes each have a circular cross section and a
diameter d circular shape that satisfies a relationship
0.85A=d=A with respect to the first pitch A.

6. The photonic band gap fiber according to claim 1,
wherein three or more layers of the air hole periodic structure
in the extended triangular lattice configuration in the cladding
are provided outside the air hole core.

7. The photonic band gap fiber according to claim 1, having
a core mode in which 60% or more of a transmitting power is
concentrated in the air hole core region, and having optical
characteristics wherein a surface mode is substantially
absent.

8. The photonic band gap fiber according to claim 1, having
an optical characteristic wherein only a single core mode
(where the number of modes in case of all degraded modes is
taken as 1) is present.
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9. The photonic band gap fiber according to claim 1, having
an optical characteristic wherein a core mode is present when
a wavelength A, transmitted in the fiber, satisfies a range of
0.7=I/A=1.2 (where '=2A, and A is the first pitch).

10. The photonic band gap fiber according to claim 1,
having an optical characteristic wherein a core mode is
present when a wavelength A, transmitted in the fiber, satisfies
a range of 1.4=I/A=1.8 (where I'=2A, and A is the first
pitch).

11. A method of producing a photonic band gap fiber, the
method comprising:

arranging silica capillary tubes and silica rods into first

rows of air holes and into second rows of air holes,
wherein in each first row, a number of capillary tubes are
arranged at a first pitch, and in each second row capillary
tubes and silica rods are alternately arranged, such that a
capillary tube arrangement of a cross section forms an
extended triangular lattice;

forming an air hole core region with capillary tube bundles

containing silica rods by eliminating a central silica rod
or by eliminating a central silica rod together with cap-
illary tubes and silica rods surrounding the central silica
rod;

heating the capillary tube bundles containing the silica rods

and making them integrated thus forming a preform for
fiber spinning; and

spinning the preform.

12. The method of producing a photonic band gap fiber
according to claim 11, wherein

the capillary tubes have annular cross sections;

the silica rods have circular cross sections with diameters
equal to diameters of the capillary tubes.

13. The method of producing a photonic band gap fiber
according to claim 11, wherein spinning the preform com-
prises making the capillary tube bundle containing silica rods
integrated while it is inserted in a hole of a silica tube.

14. The method of producing a photonic band gap fiber
according to claim 11, wherein forming an air hole core
region comprises eliminating only one silica rod at a center of
the cross section of the capillary tube bundle containing silica
rods.

15. The method of producing a photonic band gap fiber
according to claim 11, wherein forming an air hole core
region comprises eliminating one silica rod at a center of the
cross section of the capillary tube bundle containing silica
rods, and capillary tubes and silica rods in no less than one
layer and no more than five layers surrounding the central
silica rod.

16. The photonic band gap fiber according to claim 10,
wherein the capillary tube bundle containing silica rods is
provided such that the air hole periodic structure in the
extended triangular lattice configuration surrounding the air
hole core region has three or more layers of silica rods.

17. A photonic band gap fiber having multiple air holes
provided in silica portions extending in a longitudinal direc-
tion of the fiber, the fiber comprising:

a cladding having an air hole periodic structure in an
extended triangular lattice configuration in a cross sec-
tion of'the fiber wherein first rows each having a number
of air holes at a first pitch, and second rows each having
a plurality of air holes at a second pitch which is twice
the first pitch, are arranged such that the air holes of the
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first rows alternate with the air holes of the second rows
so asto form a triangular lattice in the cross section of the
fiber; and

an air hole core comprising multiple air holes arranged at a

constant pitch in a triangular lattice configuration.

18. The photonic band gap fiber according to claim 17,
wherein the core comprises an air hole at a center of the fiber
cross section and a first layer of air holes surrounding the air
hole at the center of the fiber.

19. The photonic band gap fiber according to claim 17,
wherein the core comprises an air hole at a center of the fiber
cross section and two or more layers of air holes surrounding
the air hole at the center of the fiber.

20. The photonic band gap fiber according to claim 17,
wherein a cross section of each of the air holes is circular and
a diameter d of each of the air holes satisfies a relationship
0.85A=d=A with respect to the first pitch A.

21. The photonic band gap fiber according to claim 17,
wherein three or more layers of the air hole periodic structure
in the extended triangular lattice configuration in the cladding
are provided outside the core.

22. The photonic band gap fiber according to claim 17
having a core mode in which 60% or more of a transmitting
power is concentrated in the core region, and optical charac-
teristics wherein a surface mode is substantially absent.

23. The photonic band gap fiber according to claim 17,
having an optical characteristic wherein only a single core
mode (where the number of modes in case of all degraded
modes is taken as 1) is present.

24. The photonic band gap fiber according to claim 17,
having an optical characteristic wherein a core mode is
present when a wavelength A, transmitted in the fiber, satisfies
arange of 0.7=I/A=1.2 (where ' =2A, and A is a first pitch).

25. The photonic band gap fiber according to claim 17,
having an optical characteristic wherein a core mode is
present within a range in which a wavelength A, transmitted in
the fiber, satisfies a range of 1.4=17A=1.8 (where '=2A, and
A is a first pitch).

26. A method of producing a photonic band gap fiber, the
method comprising:

arranging silica capillary tubes and silica rods into first

rows of air holes and into second rows of air holes,
wherein each first row comprises a number of capillary
tubes arranged at a first pitch, and each second row
comprises capillary tubes and silica rods alternately
arranged, such that a capillary tube arrangement of a
cross section of the fiber forms an extended triangular
lattice;

forming an air hole core region with capillary tube bundles

containing silica rods by eliminating a central silica rod,
or by eliminating the central silica rod together with
capillary tubes and silica rods surrounding the central
silica rod;

heating the capillary tube bundles containing the silica rods

and making them integrated thus forming a preform for
fiber spinning; and

spinning the preform.

27. The method of producing a photonic band gap fiber
according to claim 26, wherein

the capillary tubes each have an annular cross section;

the silica rode each have a circular cross section with a

diameter equal to diameters of the capillary tubes.

28. The method of producing a photonic band gap fiber
according to claim 26, wherein making the capillary tube

22
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bundles containing the silica rods integrated comprises mak-
ing the capillary tube bundles containing silica rods inte-
grated while they are inserted in a hole of a silica tube.

29. The method of producing a photonic band gap fiber
according to claim 26, wherein forming an air hole core
region comprises replacing only one silica rod at a center of
the capillary tube bundle containing silica rods with a capil-
lary tube.

30. The method of producing a photonic band gap fiber
according to claim 26, wherein forming an air hole core
region comprises replacing one silica rod at a center of the
capillary tube bundle containing silica rods and one layer of
silica rods surrounding the silica rod at the center of the
capillary tube bundle, with capillary tubes.

31. The method of producing a photonic band gap fiber
according to claim 26, wherein forming an air hole core
region comprises replacing one silica rod at a center of the
capillary tube bundle containing silica rods and two layers of
silica rods surrounding the silica rod at the center of the
capillary tube bundle, with capillary tubes.

32. The method of producing the photonic band gap fiber
according to claim 26, wherein the capillary tube bundle
containing silica rods is provided such that the air hole peri-
odic structure in the extended triangular lattice configuration
surrounding the air hole core region has three or more layers
of silica rods.

33. A photonic band gap fiber with multiple air holes pro-
vided in silica portions along a longitudinal direction of the
fiber, the fiber comprising:

multiple hexagonally-shaped silica portions at constant
pitch T' in a cross section of the fiber arranged in a
triangular lattice configuration;

air holes disposed between the silica portions;

a cladding having a periodic structure wherein a length w,.
between two sides facing each other of the silica portion
is equal to a length A which is half of the pitch I'; and

an air hole core or a core with multiple hexagonal air holes
arranged in triangular lattice configuration.

34. A photonic band gap fiber with multiple air holes pro-
vided in silica portions extending in a longitudinal direction
of the fiber, the fiber comprising:

a cladding having an air hole periodic structure in an
extended triangular lattice configuration wherein a
length w, between two sides facing each other of the
silica portion is substantially equal to a first pitch A,
wherein first rows of air holes each comprising multiple
hexagonal air holes at the first pitch A is arranged
through a silica partition wall in a cross section of the
fiber, and second rows of air holes each comprising
multiple hexagonal air holes at a second pitch I', which
is twice the first pitch, are arranged through hexago-
nally-shaped silica portions such that the air holes of the
first rows are disposed alternately with the air holes of
the second rows, so as to form a triangular lattice in a
cross section of the fiber; and

an air hole core or core comprising multiple hexagonal air
holes arranged in a triangular lattice configuration.

35. The photonic band gap fiber according to claim 34,
wherein a thickness w, of the silica partitioning wall is in a
range of 0.005A=w,=0.2A.

36. The photonic band gap fiber according to claim 33 or

34, wherein a diameter D ofthe air hole core has a relationship
of 0.7A=D=3 3 A with respect to the first pitch A.



US 2008/0170830 Al

37. The photonic band gap fiber according to claim 33 or
34, wherein a diameter D of the air hole core has a relationship
of 4.7TA=D=73A with respect to the first pitch A.

38. The photonic band gap fiber according to claim 33 or
34, wherein a diameter D of the air hole core has a relationship
of 8.7A=D=11.3A with respect to the first pitch A.

39. The photonic band gap fiber according to claim 33 or
34, wherein three or more layers of the air hole periodic
structure in the extended triangular lattice configuration in the
cladding are provided outside the core.

40. The photonic band gap fiber according to claim 33 or
34, having a core mode in which 60% or more of a transmit-
ting power is concentrated in the air hole core region, and
optical characteristics wherein a surface mode is substantially
absent.

41. The photonic band gap fiber according to claim 33 or
34, having an optical characteristic wherein only a single core
mode (where the number of modes in case of all degraded
modes is taken as 1) is present.

42. The photonic band gap fiber according to claim 33 or
34, having an optical characteristic wherein a core mode is
present within a range in which a wavelength A, transmitted in
the fiber, satisfies a range of 0.6=I/A=1.5.

43. The photonic band gap fiber according to claim 33 or
34, having an optical characteristic wherein a core mode is
present within a range in which a wavelength A, transmitted in
the fiber, satisfies a range of 1.4=I/A=2.3.

44. The photonic band gap fiber according to claim 33 or
34, having an optical characteristic wherein a core mode is
present when a wavelength A, transmitted in the fiber, satisfies
arange of 2.2=I7A=3.2.

45. A method of producing a photonic band gap fiber, the
method comprising:

arranging silica capillary tubes and silica rods into first

rows of air holes and into second rows of air holes,
wherein each first row comprises multiple capillary
tubes, and each second row comprises capillary tubes
and the silica rods alternately arranged, such that the
capillary tube arrangement of a cross section of the fiber
forms an extended triangular lattice;

forming an air hole core region by

eliminating a central silica rod or

eliminating the central silica rod together with capillary
tubes and silica rods surrounding the central silica
rod, or

forming a capillary tube bundle containing silica rods
creating a capillary core region by replacing the cen-
tral silica rod with capillary tubes;

heating the arrangement of capillary tubes and silica rods

and making it integrated thus forming a preform for fiber
spinning while maintaining a pressure in the spaces in
the capillary tubes at a higher level than a pressure in
spaces surrounding the capillary tubes; and

spinning the preform.

46. The method of producing a photonic band gap fiber
according to claim 45, wherein

the capillary tubes have annular cross sections;

the silica rods have circular cross sections with diameters

equal to those of the capillary tubes.

47. The method of producing a photonic band gap fiber
according to claim 45, wherein making the arrangement of
capillary tubes and silica rods integrated comprises making
the arrangement integrated while it is inserted in a hole of a
silica tube.
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48. The method of producing a photonic band gap fiber
according to claim 47, wherein only a pressure in the spaces
in the capillary tubes in the arrangement inserted in the air
hole of the silica tube is maintained at or above the atmo-
spheric pressure, and spaces other than the spaces in the
capillary tubes are maintained in a low pressure condition
when performing the integration.

49. The method of producing a photonic band gap fiber
according to claim 45, wherein forming the air hole core
region comprises eliminating one silica rod at a center of a
cross section of the arrangement of capillary tubes and silica
rods.

50. The method of producing a photonic band gap fiber
according to claim 45, wherein forming the air hole core
region comprises eliminating one silica rod at the center of a
cross section of the arrangement of capillary tubes and silica
rods and capillary tubes and silica rods in no less than one
layer and no more than five layers surrounding the central
silica rod.

51. The method of producing a photonic band gap fiber
according to claim 45, wherein forming the air hole core
region comprises replacing one silica rod at the center of a
cross section of the arrangement of capillary tubes and silica
rods with a capillary tube.

52. The method of producing a photonic band gap fiber
according to claim 45, wherein forming the air hole core
regions comprises replacing one silica rod at the center of a
cross section of the arrangement of capillary tubes and silica
rods, and silica rods and capillary tubes surrounding the silica
rod at the center, with a capillary tube.

53. The method of producing the photonic band gap fiber
according to claim 45, wherein the arrangement of capillary
tubes and silica rods is provided such that the air hole periodic
structure in the extended triangular lattice configuration sur-
rounding the core region has three or more layers of silica
rods.

54. A photonic band gap fiber with multiple air holes in
silica portions extending in a longitudinal direction of the
fiber, the fiber comprising:

multiple hexagonally-shaped silica portions at a constant
pitch T' in a cross section of the fiber arranged in a
triangular lattice configuration;

air holes between the silica portions;

a cladding having a periodic structure wherein a length w,.
between two sides facing each other of the silica portion
is smaller than a length A which is half of the pitch I'; and

an air hole core or a core with multiple hexagonal air holes
arranged in a triangular lattice configuration.

55. A photonic band gap fiber with multiple air holes in
silica portions extending in a longitudinal direction of the
fiber, the fiber comprising:

a cladding having an air hole periodic structure in an

extended triangular lattice configuration with a length
o between two sides facing each other of the silica
pénions is smaller than a first pitch A, first rows of air
holes, each first row comprising multiple hexagonal air
holes at the first pitch A in a cross section of the fiber
arranged through a silica partition wall, and second rows
of air holes, each second row comprising multiple hex-
agonal air holes at a second pitch I" which is twice the
first pitch arranged through hexagonally-shaped silica
portions; and

an air hole core or a core with multiple hexagonal air holes
arranged in a triangular lattice configuration.
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56. The photonic band gap fiber according to claim 55,
wherein a thickness w, of the silica partitioning wall is in a
range of 0005A=wm,=0.2A.

57. The photonic band gap fiber according to claim 55,
wherein a thickness w, of the silica partitioning wall is in a
range of 0.05A=w,=0.5A.

58. The photonic band gap fiber according to claim 55,
wherein w,, the length between two sides facing each other of
the silica portions is in a range 0.4A=m, =A.

59. The photonic band gap fiber according to claim 54 or
55, wherein a diameter D of the air hole core has a relationship
of 0.7A=D=3 3 A with respect to the first pitch A.

60. The photonic band gap fiber according to claim 54 or
55, wherein a diameter D of the air hole core has a relationship
of 4.7TA=D=73A with respect to the first pitch A.

61. The photonic band gap fiber according to claim 54 or
55, wherein a diameter D of the air hole core has a relationship
of 8.7A=D=11.3A with respect to the first pitch A.

62. The photonic band gap fiber according to claim 54 or
55, wherein three or more layers of the air hole periodic
structure in the extended triangular lattice configuration in the
cladding are provided outside the core.

63. The photonic band gap fiber according to claim 54 or
55, having a core mode in which 60% or more of a transmit-
ting power is concentrated in the air hole core region, and
optical characteristics wherein a surface mode is substantially
absent.

64. The photonic band gap fiber according to claim 54 or
55, having an optical characteristic wherein only a single core
mode (where the number of modes in case of all degraded
modes is taken as 1) is present.

65. The photonic band gap fiber according to claim 54 or
55, having an optical characteristic wherein a core mode is
present within a range in which a wavelength A, transmitted in
the fiber, satisfies a range of 0.6=I/A=1.7.

66. The photonic band gap fiber according to claim 54 or
55, having an optical characteristic wherein a core mode is
present within a range in which a wavelength A, transmitted in
the fiber, satisfies a range of 1.5=I7A=2.4.

67. The photonic band gap fiber according to claim 54 or
55, having an optical characteristic wherein a core mode is
present when a wavelength A, transmitted in the fiber, satisfies
arange of 2.1=I7A=3.5.

68. The photonic band gap fiber according to claim 54 or
55, having an optical characteristic wherein a core mode is
present when a wavelength A, transmitted in the fiber, satisfies
arange of 0.7=I/A=2.4.

69. A method of producing a photonic band gap fiber to
obtain the photonic band gap fiber, the method comprising:

arranging a silica capillary tubes and hollow silica tubes,

having wall thicknesses greater than that of the capillary
tubes, into first rows of air holes and second rows of air
holes, wherein each first row comprises multiple capil-
lary tubes and each second row comprises capillary
tubes and hollow silica tubes alternately arranged and
disposed such that a capillary arrangement of a cross
section of the fiber forms an extended triangular lattice;
forming an air hole core region by
eliminating a central hollow silica tubes or
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eliminating the central hollow silica tube together with
capillary tubes and hollow silica tubes surrounding
the central silica tube, or

forming a capillary tube bundle in the capillary core
region by replacing the central silica tube with capil-
lary tubes;

forming a preform for fiber spinning by heating the

arrangement of capillary tubes and hollow silica tubes
and integrating the arrangement while maintaining a
pressure in spaces in the capillary tubes at a high level
and pressure in spaces within the hollow silica tubes at a
low level, such that the spaces within the hollow capil-
lary tubes collapse, and air holes in the capillary tubes
are converted to hexagonal shapes; and

spinning the preform.

70. The method of producing a photonic band gap fiber
according to claim 69, wherein

the capillary tubes have annular cross sections;

the hollow silica tubes have annular cross sections and

thick walls having a thickness equal to a diameter of the
capillary tubes.

71. The method of producing a photonic band gap fiber
according to claim 69, wherein forming the preform for fiber
spinning comprises integrating the arrangement of capillary
tubes and silica rods while it is inserted in a hole of a silica
tube.

72. The method of producing a photonic band gap fiber
according to claim 71, wherein only the spaces in the capil-
lary tubes in the arrangement inserted in the air hole of the
silica tube is maintained at or above the atmospheric pressure,
and the spaces other than the spaces in the capillary tubes,
including the spaces in the hollow silica tubes, are maintained
in a low pressure condition when performing the integration.

73. The method of producing a photonic band gap fiber
according to claim 69, wherein forming the air hole core
region comprises eliminating the central hollow silica tube.

74. The method of producing a photonic band gap fiber
according to claim 69, wherein forming the air hole core
region comprises eliminating the central hollow silica tube
together with the capillary tubes and hollow silica tubes sur-
rounding the central silica tube in no less than one layer and
no more than five layers.

75. The method of producing a photonic band gap fiber
according to claim 69, wherein forming the air hole core
region comprises replacing the central hollow silica tube with
capillary tubes.

76. The method of producing a photonic band gap fiber
according to claim 69, wherein forming the air hole core
comprises replacing the central hollow silica tube together
with hollow silica tubes surrounding the central hollow silica
tube with capillary tubes.

77. The method of producing the photonic band gap fiber
according to claim 69, wherein the arrangement of capillary
tubes and hollow silica tubes is provided such that the air hole
periodic structure in an extended triangular lattice configura-
tion surrounding the core region has three or more layers of
hollow silica tubes.



