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DESCRIPTION

Technical Field

[0001] The present invention relates to an optical fiber.

Background Art

[0002] As an optical fiber in which Rayleigh scattering is small and transmission loss is small,
an optical fiber of silica-based glass in which an alkali metal element is doped to its core is
known. If a core portion (core preform) of an optical fiber preform includes the alkali metal
element, viscosity of the core portion can be decreased when the optical fiber preform is
drawn. In this case, since a network structure of the silica glass is relaxed, a fictive temperature
in the optical fiber decreases. As a result, the alkali metal element is doped to the core, so that
reduction of the transmission loss in the optical fiber is theoretically enabled.

[0003] As a method of doping the alkali metal element to the silica glass, a diffusion method is
known (for example, refer to JP-T-2005-537210 and US-A-2006/0130530). In the diffusion
method, for diffusing and doping the alkali metal element diffuses into an inner surface of a
glass pipe, raw material vapor of the alkali metal element or alkali metal salt to be a raw
material is introduced into the glass pipe while the glass pipe is heated by an external heat
source or plasma is generated in the glass pipe.

[0004] After the alkali metal element is doped to the vicinity of the inner surface of the glass
pipe as described above, a diameter of the glass pipe is reduced by heating. After the diameter
is reduced, the inner surface of the glass pipe is etched by a certain thickness for the purpose
of removing a transition metal element such as Ni and Fe doped simultaneously in the doping
of the alkali metal element. Diffusion of the alkali metal element is faster than diffusion of the
transition metal element. For this reason, even though the glass surface is etched by the
certain thickness (the transition metal element is removed), the alkali metal element can be
caused to remain in the glass pipe. After the etching, the glass pipe is solidified by the heating,
so that an alkali metal element doped core rod is manufactured. A cladding portion having a
refractive index lower than that of the core portion including the alkali metal element doped
core rod is synthesized to the outside of the alkali metal element doped core rod, so that an
optical fiber preform is manufactured. Furthermore, the optical fiber preform is drawn, so that
an optical fiber is manufactured.

[0005] EP-A-1 720 805 describes a method of making an optical fiber preform comprising an
elongated silica-containing rod having a length (L) and an outer radius (r), and including an
alkali dopant wherein a peak concentration of alkali dopant as a function of radius is located
within an outer half of the radius (r) of the rod. The disclosed method comprising the steps of
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heating an optical fiber precursor in a furnace chamber; exposing the optical fiber precursor to
an environment comprising an alkali metal vapor of at least one of K, Na, Li, Cs and Rb, to
form an optical fiber precursor doped with an alkali metal oxide. The optical fiber precursor,.

[0006] WO 2014/178361 relates to an optical fiber preform which can be formed into a low-
loss optical fiber, the optical fiber preform being provided with a core part including a K-
containing region that has a K concentration of = 50 atomic ppm and has a diameter of d1 and
which has an outer diameter (d2) of 4xd1 to 8xd1; and a clad part which surrounds the core
part and exhibits a smaller refractive index than that of the core part.

[0007] EP-A-O0 542 476 discloses a silica-based optical fiber that is a single mode fiber at a
predetermined operating wavelength, the fiber comprising a core and a cladding surrounding
the core, the core comprising at least 0.8 mole fraction SiO», wherein (a) the core further

comprises x mole fraction MO (M is K and/or Rb) and 0 < x < 0.07; and (b) associated with

the core is an intrinsic loss at the operating wavelength that is lower than the intrinsic loss
associated with the core of an otherwise identical comparison fiber whose core is essentially
M-free

[0008] JP-A-1993-43267 relates to an optical member having laser or radiation resistance over
long time, which optical member consists of silica glass produced from lumped high-purity
transparent synthetic silica glass synthesized by an O,/H, flame hydrolysis method as a

starting base material, to obtain a high-purity transparent silica glass having an absolute
refractive index (nd) of = 1.460 and hydrogen molecules are incorporated into this silica glass

at a concentration of =2 5 x 1078 molecule/cm?3.

[0009] EP-A-3 173 388 discloses a method of manufacturing an optical fiber preform for
obtaining an optical fiber with low transmission loss. A core preform included in the optical fiber
preform comprises three or more core portions, which are each produced by a rod-in-collapse
method, and in which both their alkali metal element concentration and chlorine concentration
are independently controlled. In two or more of the steps for manufacturing each of the three
or more core portions, an alkali metal element is added. As a result, the mean alkali metal
element concentration in the whole core preform is controlled to 7-70 atomic ppm.

[0010] EP-A-2 910 533 describes an optical fiber having a central axis, comprising (i) a core
extending along the central axis and containing an alkali metal element; and (ii) a cladding
having a refractive index lower than a refractive index of the core; wherein the fictive
temperature at a radial distance rpa¢ at which rP(r), wherein r is the radial distance with

respect to the central axis and P(r) is the power of light propagating through the optical fiber at
the radial distance r, becomes maximum is > 50°C lower than the fictive temperature on the
central axis.

Summary of Invention
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Technical Problem

[0011] The inventors have examined the optical fiber according to the related art and have
found the following problems as a result thereof. That is, the alkali metal element diffuses and
is doped into the inner surface of the glass pipe, using the diffusion method. As a result, a
fictive temperature distribution (fictive temperature distribution of a radial direction) in the core
has a tendency to be minimized in an optical axis (matched with a center of a cross section of
the optical fiber), due to the diffusion of the alkali metal element into the glass. In this case, if a
power distribution of light guided in the core is considered, a fictive temperature of an outer
circumferential portion of the core in which power is large increases. For this reason, the
transmission loss of the optical fiber is not sufficiently reduced. Meanwhile, if the alkali metal
element of the high concentration is doped at one time to decrease the transmission loss of the
optical fiber, crystallization of the alkali metal element occurs and the transmission loss
increases.

[0012] The present invention has been made to resolve the problems described above and an
object thereof is to provide an optical fiber in which an alkali metal element is efficiently doped
to its core to effectively suppress transmission loss from increasing due to doping of the alkali
metal element to the core.

Solution to Problem

[0013] According to the present invention an optical fiber is provided which is an optical fiber
(100) mainly comprised of silica-based glass, comprising:

» a core (110) extending along an optical axis (AX) and including an alkali metal element;
and

¢ acladding (120) surrounding the core (110) and having a refractive index lower than that
of the core (110),

characterized in that the mean concentration of the alkali metal element in the core (110) or
the shape of the concentration distribution of the alkali metal element in the core (110) is
adjusted such that the weighted value (Ip2/lu3)weight of the distribution of the ratio /py//y3 along

the radial direction of the optical fiber is <_ 0.48,

the weighted value being expressed as

v otof 3
LI et

[24

N
(IDZ/Im3)W'cight: .l:] .[0 |b(l‘)| rarag
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lw3
is the intensity of Raman scattering light w3 by a Si-O stretching vibration in a Raman
scattering spectrum,
Ip2
is the intensity of Raman scattering light D2 by a silica three-membered ring structure,
r
is the distance from the optical axis (AX), and
E(r)

is the field intensity at the position of the distance r from the optical axis (AX),

and being obtained by weighting the distribution of the ratio /pJ//,3 with a distribution of field

intensity along a radial direction of guided light at a wavelength of 1550 nm, calculated from a
refractive index profile along the radial direction of the optical fiber (100), in a region including
the optical axis (AX) as a center and having a diameter of 20 ym in a cross section of the
optical fiber (100) orthogonal to the optical axis (AX),

and the shape of the concentration distribution includes a first concentration peak located at
the core center including the optical axis (AX) and a second concentration peak separated by a
predetermined distance from the first concentration peak.

As a result, transmission loss can be effectively suppressed from increasing due to doping of
the alkali metal element to the core.

Advantageous Effects of Invention

[0014] According to the present embodiment, an optical fiber in which an alkali metal element
is efficiently doped to its core to effectively suppress transmission loss from increasing due to
doping of an alkali metal is obtained.

Brief Description of Drawings

[0015]

Fig. 1 is a diagram illustrating an example of a Raman scattering spectrum of silica-based
glass.

Fig. 2 is a diagram illustrating an example of a drawing step to manufacture an optical fiber
according to the present embodiment.

Figs. 3A to 3C are diagrams respectively illustrating an example of a cross-sectional structure
of an optical fiber according to the present embodiment, an example of a refractive index
profile, and an example of a potassium concentration distribution.
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Fig. 4 is a graph illustrating a relation of a (Ipo/ly3)weignt @nd transmission loss with respect to

each of optical fibers of samples 1-11.

Fig. 5 is a graph illustrating a relation of a (Ipo/ly3)Pmax and transmission loss with respect to

each of optical fibers of samples 1-11.

Fig. 6 is a graph illustrating a relation of a (Ip2/l3)difference @nd transmission loss with respect

to each of optical fibers of samples 1-11.

Fig. 7 is a table illustrating specifications of optical fibers of samples 1 to 11 illustrated in Figs.
4-6.

Fig. 8 is a flowchart illustrating an optical fiber manufacturing method.

Fig. 9 is a graph illustrating an example of a potassium concentration distribution of a second
middle rod (glass rod) manufactured by a second collapse step S10.

Description of Embodiments

[0016] (1) An optical fiber of the present invention is an optical fiber (100) mainly comprised of
silica-based glass, comprising:

« a core (110) extending along an optical axis (AX) and including an alkali metal element;
and

» a cladding (120) surrounding the core (110) and having a refractive index lower than that
of the core (110),

characterized in that the mean concentration of the alkali metal element in the core (110) or
the shape of the concentration distribution of the alkali metal element in the core (110) is
adjusted such that the weighted value (Ip2/ly3)weight Of the distribution of the ratio /p,//,,3 along

the radial direction of the optical fiber is <_ 0.48,

the weighted value being expressed as

27 m/ J h
[ LU E(r) |2-]Lerrd(p
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is the intensity of Raman scattering light w3 by a Si-O stretching vibration in a Raman
scattering spectrum,

Ip2
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is the intensity of Raman scattering light D2 by a silica three-membered ring structure,

is the distance from the optical axis (AX), and
E(r)
is the field intensity at the position of the distance r from the optical axis (AX),

and being obtained by weighting the distribution of the ratio /pJ//,3 with a distribution of field

intensity along a radial direction of guided light at a wavelength of 1550 nm, calculated from a
refractive index profile along the radial direction of the optical fiber (100), in a region including
the optical axis (AX) as a center and having a diameter of 20 ym in a cross section of the
optical fiber (100) orthogonal to the optical axis (AX),

and the shape of the concentration distribution includes a first concentration peak located at
the core center including the optical axis (AX) and a second concentration peak separated by a
predetermined distance from the first concentration peak.

[0017] In addition, both the mean concentration of the alkali metal element in the core and the
shape of the concentration distribution of the alkali metal element in the core may be adjusted.

[0018] Specifically, the weighted value (Ip2/ly,3)weignt is given by the following Expression (1)

defining weighting in the region having the optical axis AX as the center and having the
diameter of 20 um. That is, where a distance from the optical axis AX is r in the cross section of
the optical fiber, Ipy/l,3 of a numerator of Expression (1) shows the distribution (ratio
Ip2(N/ly3(r) at the position of the distance r from the optical axis AX) of the ratio 1o/l 3 along
the radial direction of the optical fiber and E(r) shows the radial direction distribution of field
intensity (field intensity at the position of the distance r from the optical axis AX) of the guided
light at the wavelength of 1550 nm calculated on the basis of the refractive index profile along
the radial direction. Therefore, the weighted value (Ipo/lys)weignt given by the following

Expression (1) becomes a value standardized by a value of the following Expression (2).

27 pl0 , 1
([ (|E(r)|-.[’ﬂrdrd¢

[ [ 1 EE rardg

(D

[“[1E@ rdrdg—(2)

[0019] In one aspect of the invention, the mean concentration of the alkali metal element in the
core or a shape of a concentration distribution of the alkali metal element in the core may be
adjusted such that < 0.50 is obtained as a value (Ip2/ly3)pmax ©f a ratio Ipo/l,3 at a position

where a field intensity of guided light at a wavelength of 1550 nm calculated on the basis of a
refractive index profile of the optical fiber is maximized, in a cross section of the optical fiber
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orthogonal to the optical axis. In addition, both the mean concentration of the alkali metal
element in the core and the shape of the concentration distribution of the alkali metal element
in the core may be adjusted.

[0020] In one aspect of the invention, the mean concentration of the alkali metal element in the
core or a shape of a concentration distribution of the alkali metal element in the core may be
adjusted such that <_ 0.15 is obtained as a difference (Ipy/ly3)difierence Petween a value of a

ratio Ipo/l,,3 at a position where a field intensity of guided light at a wavelength of 1550 nm

calculated on the basis of a refractive index profile of the optical fiber is maximized and a value
of a ratio Ipy/l,;3 on the optical axis, in a cross section of the optical fiber orthogonal to the

optical axis. In addition, both the mean concentration of the alkali metal element in the core
and the shape of the concentration distribution of the alkali metal element in the core may be
adjusted.

[0021] In one aspect of the invention, the alkali metal element preferably includes potassium.

[0022] In one aspect of the invention, the concentration distribution of the alkali metal element,
in the cross section of the optical fiber orthogonal to the optical axis, preferably has a shape in
which a first concentration peak is located in an annular region surrounding the optical axis in a
state in which the annular region is separated by a predetermined distance from the optical
axis. In this case, the concentration distribution of the alkali metal element in the cross section
of the optical fiber orthogonal to the optical axis may have a shape in which a second
concentration peak of a maximum concentration lower than a maximum concentration of the
first concentration peak is located in a region surrounded by the annular region.

[0023] In one aspect of the invention, the concentration distribution of the alkali metal element,
in the cross section of the optical fiber orthogonal to the optical axis, may have a shape in
which there are a plurality of concentration peaks separated from each other along the radial
direction of the optical fiber. In this case, a maximum concentration of one concentration peak
close to the optical axis in two adjacent concentration peaks included in the plurality of
concentration peaks is preferably lower than a maximum concentration of the other
concentration peak in the two adjacent concentration peaks.

[0024] Each aspect addressed above is applicable to each of the remaining aspects or all
combinations of the remaining aspects.

[Detailed Description]

[0025] Hereinafter, a specific structure of an optical fiber of the present invention will be
described in detail with reference to the accompanying drawings. In description of the
drawings, the same elements are denoted with the same reference numerals and overlapped
explanation is omitted.
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[0026] First, a relation of a Raman scattering spectrum and a fictive temperature of silica-
based glass will be described. Generally, if light is radiated to a substance, Raman scattering
light having a wavelength different from a wavelength of the radiation light is generated by the
interaction of the light and the substance (molecular vibration). A structure of the substance
can be analyzed at a level of a molecule, using a Raman scattering spectrum obtained by
spectrally dispersing the Raman scattering light. If laser light having a wavelength of 532 nm is
radiated to the silica-based glass, a Raman scattering spectrum illustrated in Fig. 1 is obtained.

[0027] In Fig. 1, Raman scattering light w3 by a Si-O stretching vibration is recognized in a
wave number range of 750-875 cm’'. In addition, Raman scattering light D2 belonging to a

silica three-membered ring structure is recognized in a wave number range of 565-640 cm™'.
Raman scattering light D1 belonging to a silica four-membered ring structure is recognized in a

wave number range of 475-525 cm™".

[0028] In the following description, an intensity | ,3 of the Raman scattering light w3 by the Si-O

stretching vibration is represented by a mean intensity of a region sandwiched between a

baseline drawn in the wave number range of 750-875 cm! in the Raman scattering spectrum
and the Raman scattering spectrum. An intensity |p> of the Raman scattering light D2 by the

silica three-membered ring structure is represented by a mean intensity of a region

sandwiched between a baseline drawn in the wave number range of 565-640 cm™! in the
Raman scattering spectrum and the Raman scattering spectrum.

[0029] It is known that, when a ratio Ipo/l,3 is small, uniformity of the silica-based glass

advances and a fictive temperature is low (refer to Raman studies of vitreous SiO2 versus
fictive temperature, Physical Review B., 28, 3266 (1983)). In an optical fiber using the silica-
based glass as a main component, theoretically, when the ratio Ipy/l,3 is small, Rayleigh

scattering loss decreases and transmission loss decreases.

[0030] Measurement of the ratio Ipo/l,3 in the optical fiber is performed by a microscopic

Raman spectroscopic method to be described below, for example. After laser light output from
a semiconductor laser device and having a wavelength of 532 nm is caused to pass through a
slit having a width of 100 pm, the laser light is condensed by an objective lens having a
magnification of 50 times. As a result, the laser light having a spot diameter of about 2 ym is
radiated to an optical fiber end face. Exposure is performed twice at integrated time of 30
seconds. The intensity of the laser light is an oscillation output of 1 W (about 100 mW in the
optical fiber end face). In a state in which the laser light is vertically radiated to the optical fiber
end face, backscattering light is received by a detector and the Raman scattering spectrum is
measured. In addition, scanning is performed in a fiber radial direction while the laser light is
radiated, so that a Raman scattering light distribution of the fiber radial direction is measured.

[0031] To correct a difference of sensitivities between individual channels of the detector when
the Raman scattering spectrum is measured, the following calculation is performed.
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[Spectrum after correction] = [measured spectrum] x [individual

channel correction coefficient]

[Individual channel correction coefficient] = [measured spectrum of
halogen lamp for calibration] + [theoretical spectrum of halogen lamp for

calibration]

[0032] After calculation of the intensity I,3 of the Raman scattering light w3 by the Si-O
stretching vibration and calculation of the intensity Ipo> of the Raman scattering light D2

belonging to the silica three-membered ring structure, based on data of wave number
dependency of the Raman scattering spectrum after correction, an intensity ratio Ipy/l,3 of Ip2

and I3 is calculated.

[0033] Next, a specific structure of the optical fiber according to the present embodiment will
be described with reference to Figs. 2 and 3Ato 3C. Fig. 2 is a diagram illustrating an example
of a drawing step to manufacture the optical fiber according to the present embodiment. Fig.
3A is a diagram illustrating an example of a cross-sectional structure of the optical fiber
according to the present embodiment, Fig. 3B illustrates an example of a refractive index
profile along a radial direction of the optical fiber illustrated in Fig. 3A, and Fig. 3C illustrates an
example (K-concentration distribution) of a concentration distribution of an alkali metal along
the radial direction of the optical fiber illustrated in Fig. 3A.

[0034] Hereinafter, an example of the case in which potassium (K) is doped as an alkali metal
element to a core of the optical fiber will be described to simplify description. Therefore, in the
following description, an alkali metal doped region is described as a "K-doped region" and an
alkali metal undoped region is described as a "K-undoped region". Furthermore, an alkali metal
concentration is described as a "K-concentration” and a concentration distribution thereof is
described as a "K-concentration distribution".

[0035] First, as illustrated in Fig. 2, to obtain the optical fiber according to the present
embodiment, an optical fiber preform 10 having a cross-sectional structure similar to the cross-
sectional structure of the optical fiber is manufactured. The optical fiber preform 10 includes a
core portion 11 (core preform) that extends along an optical axis AX and a cladding portion 12
that is provided on an outer peripheral surface of the core portion 11. One end of the optical
fiber preform 10 is heated by a heater 20 and is softened, as illustrated in Fig. 2. A softened
portion is drawn in a direction shown by an arrow S1 of Fig. 2, so that an optical fiber 100 is
obtained. The core portion 11 is a glass region corresponding to a core 110 (refer to Fig. 3A) of
the optical fiber 100 obtained by drawing the optical fiber preform 10 and may be configured
using a plurality of glass regions having different refractive indexes. The cladding portion 12 is
a glass region corresponding to a cladding 120 (refer to Fig. 3A) of the optical fiber 100
obtained by drawing the optical fiber preform 10 and may be configured using a plurality of
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glass regions having different refractive indexes.

[0036] The optical fiber 100 drawn as illustrated in Fig. 2 has the cross-sectional structure
illustrated in Fig. 3A. That is, in the example illustrated in Fig. 3A, the optical fiber 100 includes
the core 110 that extends along the optical axis and has a radius a and the cladding 120 that is
provided on the outer peripheral surface of the core 110. The core 110 includes an inner core
that has a different refractive index and an outer core 112 that is provided on an outer
peripheral surface of the inner core. The cladding 120 includes an inner cladding 121 that is
provided on an outer peripheral surface of the outer core 112 and an outer cladding 122 that is
provided on an outer peripheral surface of the inner cladding 121. The inner core includes a K-
doped region 111a where potassium (K) is doped as an alkali metal element and a K-undoped
region 111b that is provided on an outer peripheral surface of the K-doped region 111a. In the
example illustrated in Fig. 3A, K-concentrations in both the K-undoped region 111b and the
outer core 112 are set to <_ 10 atom ppm, and the K-undoped region 111b and the outer core
112 configure a core region not including K substantially.

[0037] Fig. 3B is a diagram illustrating a refractive index profile 150 along the radial direction of
the optical fiber 100. In the refractive index profile 150 of Fig. 3B, a region 151 is a region that
corresponds to the K-doped region 111a in the inner core and has a refractive index n1, a
region 152 is a region that corresponds to the K-undoped region 111b in the inner core and
has a refractive index n1, and a region 153 is a region that corresponds to the outer core 112
and has a refractive index n2 (> n1). A region 154 is a region that corresponds to the inner
cladding 121 and has a refractive index n3 (< n1) and a region 155 is a region that
corresponds to the outer cladding 122 and has a refractive index n3. However, the refractive
index of the region 154 and the refractive index of the region 155 do not need to be matched
with each other.

[0038] In addition, calculation of a distribution of field intensity and a field intensity becoming a
calculation basis of the following (Ip2/lyw3)weignt and (Ip2/lw3s)pmax is performed on the basis of

the following structure parameters. That is, a relative refractive index difference of the inner
core with respect to pure silica glass (having a refractive index n0) is -0.15%, a relative
refractive index difference of the outer core 112 is 0%, a relative refractive index difference of
the inner cladding 121 is -0.32%, an outer diameter of the inner core is 4.2 ym, an outer
diameter of the outer core 112 is 12.6 ym, and a core radius a is 6.3 uym.

[0039] Also, Fig. 3C is a diagram illustrating a K-concentration distribution 160 along the radial
direction of the optical fiber 100. In the K-concentration distribution 160 of Fig. 3C, a region
161 is a region (corresponding to the region 151 of Fig. 3B) corresponding to the K-doped
region 111a in the inner core, a region 162 is a region (corresponding to the region 152 of Fig.
3B) corresponding to the K-undoped region 111b in the inner core, and a region 163 is a
region (corresponding to the region 153 of Fig. 3B) corresponding to the outer core 112. In at
least the optical fiber 100 according to the present embodiment, at least one of a mean
concentration of K in the core 110 and a shape of the K-concentration distribution along the
radial direction is adjusted.
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[0040] Figs. 4-7 illustrate calculation results based on values of D2 and w3 measured by a
Raman spectroscopic method, with respect to samples 1-11 of optical fibers obtained by
drawing a plurality of kinds of optical fiber preforms. In each of the plurality of kinds of optical
fiber preforms, a mean concentration of K included in a core portion is set to any one of 10, 15,
and 20 atom ppm and a region including K in a core portion changes. In each of Figs. 4-7, a
symbol "o" shows a calculation result of each of the samples 1-4 in which a mean K-
concentration in the core 110 is set to 10 atom ppm, a symbol "¢" shows a calculation result of
each of the samples 5-8 in which a mean K-concentration in the core 110 is set to 15 atom
ppm, and a symbol "o" shows a calculation result of each of the samples 9-11 in which a mean
K-concentration in the core 110 is set to 20 atom ppm. Each of the samples 1, 5, and 9 has a
K-concentration distribution in which there is a concentration peak at only a core center
including the optical axis AX. Each of the samples 2, 6, and 10 has a K-concentration
distribution in which there is only one concentration peak at a position separated from the
optical axis AX, between the optical axis AX and the outer core 112. Each of the samples 3, 4,
7, 8, and 11 has a K-concentration distribution in which there are a first concentration peak
located at the core center including the optical axis AX and a second concentration peak
separated by a predetermined distance from the first concentration peak. In the samples 3 and
4 among the samples 3, 4, 7, 8, and 11 in which there are the two concentration peaks in the
K-concentration distribution, mean K-concentrations are matched with each other, but K-
doping conditions are different from each other. Likewise, in the samples 7 and 8, mean K-
concentrations are matched with each other, but K-doping conditions are different from each
other.

[0041] It is noted that among the samples 1-11 discussed above as well as in the following, the
samples 3, 4, 7, 8 and 11 represent embodiments of the claimed invention, while samples 1, 2,
5, 6, 9 and 10 represent reference samples which are not covered by the claimed invention.

[0042] Fig. 4 is a graph illustrating a relation of a (Ipo/ly3)weight @and transmission loss.
(Ip2/ly3)weignt Is an weighted value (refer to Expression (1)) obtained by weighting a distribution
of field intensity E(r) of guided light at a wavelength of 1550 nm calculated on the basis of the
refractive index profile 150 (Fig. 3B) of the optical fiber 100, with respect to a distribution
Ip2(r)/1,,3(r) of a ratio Ipy/ly,3 along the radial direction, in a region having the optical axis AX as
a center and having a diameter of 20 ym. The transmission loss is a value at the wavelength of
1530 nm. In Fig. 4, (Ip2/ly3)weight of the samples 1-4 in which the mean K-concentration in the
core is set to 10 atom ppm are 0.53, 0.50, 0.47, and 0.47, respectively (refer to Fig. 7).
(Ip2/lw3) weight of the samples 5-8 in which the mean K-concentration in the core is set to 15
atom ppm are 0.45, 0.44, 0.42, and 0.40, respectively (refer to Fig. 7). (Ip2/ly3)weignt Of the
samples 9-11 in which the mean K-concentration in the core is set to 20 atom ppm are 0.38,
0.35, and 0.34, respectively (refer to Fig. 7).

[0043] From Fig. 4, it is known that the transmission loss at the wavelength of 1550 nm is low
when the mean K-concentration of the core is high. It is known that the transmission loss at the
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wavelength of 1550 nm is low when (Ipo/ly3)weight is small. It is recognized that there is an
approximately linear relation between (Ipo/ly3)weight @and the transmission loss at the

wavelength of 1550 nm.

[0044] Specifically, the following is known from Fig. 4. To obtain transmission loss <_ 0.154
dB/km, it is necessary to satisfy (Ipo/ly3z)weignt < 0.48. To obtain transmission loss <_ 0.152

IN

IN

dB/km, it is necessary to satisfy (Ipo/lyz)weight < 0.44. To obtain transmission loss <_ 0.150
dB/km, it is necessary to satisfy (Ipo/ly3)weignt < 0.40. Furthermore, to obtain transmission loss

<_0.148 dB/km, it is necessary to satisfy (Ip2/lw3)weignt < 0.36.

[0045] Therefore, to realize transmission loss <_ 0.154 dB/km, (Ip2/lw3)weignt is < 0.48. If a

manufacturing variation is considered, (Ip2/lw3)weight is preferably < 0.44.

[0046] Fig. 5 is a graph illustrating a relation of (Ipo/ly3)pmax and transmission loss.
(Ip2/1y3)Pmax is @ value of a ratio Ipy/l,,3 at a position where a field intensity of the guided light
at the wavelength of 1550 nm calculated on the basis of the refractive index profile 150 (Fig.
3B) of the optical fiber 100 is maximized. The transmission loss is a value at the wavelength of

1550 nm. For example, when an effective cross section of the core is 130 ym?2 and a mode
field diameter is 12.2 ym, a position where a field intensity at the wavelength of 1550 nm is
maximized becomes a position of a radius of 4 um. In Fig. 5, (Ip2/1y,3)Pmax Of the samples 1-4

in which the mean K-concentration in the core is set to 10 atom ppm are 0.56, 0.54, 0.51, and
0.49, respectively (refer to Fig. 7). (Ipo/ly3)pmax ©f the samples 5-8 in which the mean K-

concentration in the core is set to 15 atom ppm are 0.48, 0.47, 0.45, and 0.43, respectively
(refer to Fig. 7). (Ip2/ly3)Pmax Of the samples 9-11 in which the mean K-concentration in the

core is set to 20 atom ppm are 0.42, 0.39, and 0.36, respectively (refer to Fig. 7).

[0047] From Fig. 5, it is known that the transmission loss at the wavelength of 1550 nm is low
when (Ipo/ly3)pmax i small. It is recognized that there is an approximately linear relation

between (Ipa/l,;3)Pmax and the transmission loss at the wavelength of 1550 nm.

[0048] Specifically, the following is known from Fig. 5. To obtain transmission loss <_ 0.154
dB/km, it is necessary to satisfy (Ip2/l3)pmax < 0.48. To obtain transmission loss <_ 0.152

IN

dB/km, it is necessary to satisfy (Ip2/lyy3)pmax < 0.45. To obtain transmission loss <_ 0.150
dB/km, it is necessary to satisfy (Ipo/l;3)Pmax < 0.40. Furthermore, to obtain transmission loss

<_0.148 dB/km, it is necessary to satisfy (Ipo/ly3)Pmax < 0.40.

[0049] Therefore, to realize transmission loss <_ 0.154 dB/km, (Ip2/ly,3)pmax 1S preferably <

0.48. If a manufacturing variation is considered, (Ip2/ly3)Pmax is more preferably < 0.45.

[0050] Fig. 6 is a graph illustrating a relation of (Ipy/ly3)difference @nd transmission loss.

(Ip2/lysa)diference 1S @ difference between a value of a ratio Ipy/l,3 at a position where the field
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intensity of the guided light at the wavelength of 1550 nm calculated on the basis of the
refractive index profile 150 (Fig. 3B) of the optical fiber 100 is maximized and a value of a ratio
Ip2/l,3 on the optical axis AX (center of a cross section of the optical fiber). The transmission

loss is a value at the wavelength of 1550 nm. In Fig. 6, (Ipo/ly3)difference ©f the samples 1-4 in

which the mean K-concentration in the core is set to 10 atom ppm are 0.12, 0.10, 0.08, and
0.06, respectively (refer to Fig. 7). (Ip2/lw3)difierence Of the samples 5-8 in which the mean K-

concentration in the core is set to 15 atom ppm are 0.14, 0.12, 0.08, and 0.06, respectively
(refer to Fig. 7). (Ip2/l y3)difference ©f the samples 9-11 in which the mean K-concentration in the

core is set to 20 atom ppm are 0.13, 0.10, and 0.07, respectively (refer to Fig. 7).

[0051] From Fig. 6, it is known that the transmission loss at the wavelength of 1550 nm is low
when (Ipo/ly3)difrerence 1S small, at each K-concentration. Reduction of the transmission loss is

assumed as follows. When a radial direction variation of I/l ,3 of the core portion is small, a

glass structure change decreases (that is, distortion decreases) and scattering loss of glass is
reduced as a result thereof.

[0052] Specifically, the following is known from Fig. 6 when a K-concentration is 15 ppm. To
obtain transmission loss <_ 0.154 dB/km, it is necessary to satisfy (Ip2/ly3)difference < 0.14. To

obtain transmission loss <_ 0.152 dB/km, it is necessary to satisfy (Ip2/ly3)diference < 0.08. In
addition, to obtain transmission loss <_ 0.150 dB/km, it is necessary to satisfy (Ip2/l3)difference
<0.03.

[0053] Therefore, to realize transmission loss < 0.154 dB/km, (Ip2/ly3)difference iS preferably <

0.14 (when K-concentration = 15 atom ppm), more preferably < 0.03 (when K-concentration =
10 atom ppm).

[0054] Fig. 7 is a table illustrating specifications of the optical fibers of the samples 1 to 11
illustrated in Figs. 4 to 6. That is, Fig. 7 illustrates a mean K-concentration of the core 110,
transmission loss at the wavelength of 1550 nm, (Ip2/lyz)weights (ID2/lw3)Pmax. and

(Ip2/1ys3)difrerence: for each of the optical fibers of the samples 1 to 11.

[0055] As an example, a method of manufacturing the optical fiber of the sample 11 will be
described hereinafter using Fig. 8. Fig. 8 is a flowchart illustrating an optical fiber
manufacturing method. The optical fiber manufacturing method of Fig. 8 can manufacture the
optical fiber of the sample 11 by executing a preparation step S1, a first doping step S2, a first
diameter-reduction step S3, a first etching step S4, a first collapse step S5, a diameter-
downsizing step S6, a second doping step S7, a second diameter-reduction step S8, a second
etching step S9, a second collapse step S10, a first grinding step S11, a third collapse step
S12, a core-elongation step S13, a second grinding step S14, a fourth collapse step S15, an
elongation step S16, a second cladding portion adding step S17, and a drawing step S 18
sequentially.
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[0056] In the preparation step S1, a first glass pipe is prepared. The first glass pipe is
comprised of silica-based glass. In the first glass pipe, a chlorine (Cl) concentration is 150
atom ppm, a fluorine (F) concentration is 6,000 atom ppm, and other dopant and impurity
concentrations are 10 mol ppm or less. Also, an outer diameter of the first glass pipe is 35 mm
and an inner diameter thereof is 20 mm.

[0057] In the first doping step S2, an alkali metal element is doped to an inner surface of the
first glass pipe. Specifically, potassium bromide (KBr) is used as an alkali metal raw material,
the potassium bromide is heated at a temperature of 850°C by a heat source, and KBr vapor is
generated. The KBr vapor is introduced into the first glass pipe together with oxygen of 1 sim
(1 liter/minute in a standard state) as carrier gas. In the meantime, the first glass pipe is heated
by an oxygen-hydrogen burner from the outside, such that a temperature of a surface of the
first glass pipe becomes 2150°C. At this time, the oxygen-hydrogen burner is traversed at a
speed of 40 m/min along a longitudinal direction of the first glass pipe (a total of 15 turns), to
cause a potassium element (K) to diffuse into an inner surface of the first glass pipe.

[0058] In the first diameter-reduction step S3, a diameter of the first glass pipe is reduced by
heating. Specifically, while oxygen (0.5 slm) is made to flow into the first glass pipe to which K
is doped, the first glass pipe is heated by the oxygen-hydrogen burner, such that the
temperature of the external surface of the first glass pipe becomes 2250°C. The first glass pipe
is heated by traversing the oxygen-hydrogen burner multiple times and the diameter of the first
glass pipe is reduced until an inner diameter of the first glass pipe becomes 5 mm.

[0059] In the first etching step S4, an inner surface of the first glass pipe is etched to remove a
transition metal element such as Ni and Fe or an OH group doped simultaneously when the
alkali metal element is doped in the first doping step S2. Specifically, while mixed gas of SFg

(0.2 sim) and oxygen (0.5 slm) is introduced into the first glass pipe to which K is doped, the
first glass pipe is heated by the oxygen-hydrogen burner, so that vapor phase etching for the
inner surface of the first glass pipe is performed.

[0060] In the first collapse step S5, a first middle rod (glass rod) is manufactured by solidifying
the first glass pipe. Specifically, the first glass pipe is heated by the oxygen-hydrogen burner to
cause the surface temperature to become 2150°C, so that the first glass pipe is solidified. In
the meantime, the first glass pipe after the first etching step S4 is decompressed into an
absolute pressure of < 97 kPa and oxygen (2 slm) is introduced into the first glass pipe. As a
result, the first middle rod to which potassium (K) is doped and which has a diameter of 25 mm
is manufactured.

[0061] In the diameter-downsizing step S6, an outer peripheral portion of the first middle rod
manufactured by the first collapse step S5 is removed, so that a first core rod (first glass rod)
with a diameter reduced is manufactured. Specifically, a center portion (with a diameter of 5
mm) of the first middle rod extracted by digging out the first middle rod manufactured by the
first collapse step S5 along a longitudinal direction is used as the first core rod. An outer
peripheral portion of the first middle rod manufactured by the first collapse step S5 is ground
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along the longitudinal direction of the first middle rod and the remaining center portion of the
first middle rod is used as the first core rod. Here, a potassium concentration (K-concentration)
of a surface layer portion of the manufactured first core rod is 200 atom ppm.

[0062] In the second doping step S7, K is doped to an inner surface of a second glass pipe.
The second glass pipe is comprised of silica-based glass, similar to the first glass pipe. Doping
of K to the second glass pipe is performed in the same way as the first doping step S2.

[0063] In the second diameter-reduction step S8, the second glass pipe after the second
doping step S7 is heated, so that a diameter of the second glass pipe is reduced. Specifically,
the second glass pipe is heated by the oxygen-hydrogen burner such that an external surface
of the second glass pipe becomes 2250°C. In the meantime, oxygen (0.5 slm) is introduced
into the second glass pipe to which K is doped. While the oxygen-hydrogen burner is traversed
six times, the second glass pipe is heated, so that the diameter of the second glass pipe is
reduced. An inner diameter of the second glass pipe after the diameter-reduction is about 0.1-
1 mm larger than an outer diameter of the first glass rod manufactured by the diameter-
reduction step S6.

[0064] In the second etching step S9, an inner surface of the second glass pipe after the
second diameter-reduction step S8 is etched to remove a transition metal element such as Ni
and Fe or an OH group doped simultaneously when the alkali metal element is doped in the
second doping step S7. Specifically, the second glass pipe is heated by the oxygen-hydrogen
burner, so that vapor phase etching for the inner surface of the second glass pipe is
performed. In the meantime, mixed gas of SFg (0.2 slm) and oxygen (0.5 sIm) is introduced

into the second glass pipe to which Kis doped.

[0065] In the second collapse step S10, a second middle rod (glass rod) is manufactured by a
rod-in collapse method. That is, in a state in which the first core rod manufactured by the
diameter-downsizing step S6 is inserted into the second glass pipe after the second etching
step S9, the first core rod and the second glass pipe are integrated by heating. Specifically, a
surface temperature of the second glass pipe is caused to become 2150°C by the oxygen-
hydrogen burner, so that the rod-in collapse is performed. In the meantime, similarly to the first
collapse step S5, the second glass pipe is decompressed into an absolute pressure of < 97
kPa and oxygen (2 slm) is introduced into the second glass pipe.

[0066] In the first grinding step S11, an outer peripheral portion of the second middle rod
manufactured by the second collapse step S10 is ground, so that a second core rod is
manufactured. Here, the manufactured second core rod has a diameter of 16 mm and K is not
doped to the second core rod as a whole. That is, Kis not doped to an outer peripheral region
of the second core rod. The second core rod has a first core portion (portion becoming the K-
doped region 111a after drawing) that has a chlorine concentration (Cl-concentration) of 150
atom ppm, a fluorine concentration of 6,000 atom ppm, and includes K and a second core
portion (portion becoming the K-undoped region 111b after drawing) that is a portion
surrounding the first core portion and has a chlorine concentration of 150 atom ppm, a fluorine
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concentration (F-concentration) of 6,000 atom ppm, and has a K-concentration of < 10 atom
ppm. The second core portion does not include K substantially.

[0067] In the third collapse step S12, a third core portion (portion becoming the outer core 112
after drawing) is added to outer periphery of the second core rod. That is, in this step, a third
glass pipe having a chlorine concentration of 12,000 atom ppm, not including a dopant other
than chlorine substantially, and comprised of silica-based glass is prepared and a third middle
rod is manufactured by adding the third core portion to the outer periphery of the second core
rod by the rod-in collapse method. In the rod-in collapse method, in a state in which the second
core rod is inserted into the third glass pipe, the third glass pipe and the second core rod are
integrated by heating.

[0068] In the core-elongation step S13, to set an outer diameter of the third middle rod to 27
mm, the third middle rod manufactured by the third collapse step S12 is extended while being
heated.

[0069] In the second grinding step S14, to manufacture a third core rod (core preform) having
a diameter of 20 mm, an outer peripheral portion of the third middle rod elongated by the core-
elongation step S13 is ground. The core preform (third core rod) is a portion that finally
becomes the core portion 11 of the optical fiber preform 10 illustrated in Fig. 2 and becomes
the core 110 of the optical fiber 100 after drawing.

[0070] The core preform has a first core portion that has a chlorine concentration of 150 atom
ppm, a fluorine concentration of 6,000 atom ppm, and includes K, a second core portion that is
a portion surrounding the first core portion and has a chlorine concentration of 150 atom ppm,
a fluorine concentration of 6,000 atom ppm, and has a K-concentration of < 10 atom ppm, and
a third core portion that is a portion surrounding the second core portion and has a chlorine
concentration of 12,000 atom ppm and has a K-concentration of < 10 atom ppm. The second
core portion and the third core portion do not include a potassium element substantially. A ratio
of the diameter of the first core portion in the core preform and the diameter (20 mm) of the
core rod is 5 times.

[0071] In the fourth collapse step S15, a first cladding portion is added to outer periphery of
the third core portion. In this step, a fourth glass pipe to which fluorine is doped and which is
comprised of silica-based glass is prepared and the first cladding portion is added to the outer
periphery of the third core portion by the rod-in collapse method. In the rod-in collapse method,
in a state in which the core preform is inserted into the fourth glass pipe, the fourth glass pipe
and the core preform are integrated by heating. A relative refractive index difference A of the
core portion and the first cladding portion is a maximum of about 0.34%.

[0072] In the elongation step S16, a fourth middle rod (glass rod) in which the core preform
and the fourth glass pipe are integrated in the fourth collapse step S15 is elongated.
Specifically, a diameter of the fourth middle rod is adjusted such that a diameter of the core
110 of the optical fiber 100 to be manufactured by the drawing step S18 becomes a desired
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value (for example, a diameter of 125 uym).

[0073] In the second cladding portion adding step S17, a second cladding portion is added to
outer periphery of the first cladding portion, so that the optical fiber preform 10 (Fig. 2) is
manufactured. That is, in this step, the second cladding portion to which fluorine is doped and
which is comprised of silica-based glass is synthesized to outer periphery of the fourth middle
rod after the elongation step S16, by a method such as an OVD method, a VAD method, and a
rod-in collapse method. In the optical fiber preform 10 manufactured for the optical fiber of the
sample 11, a mean K-concentration of the core portion 11 is 20 atom ppm.

[0074] In the drawing step S18, the optical fiber preform 10 manufactured as described above
is drawn, so that the optical fiber 100 (sample 11) is manufactured. Transmission loss at the
wavelength of 1550 nm in the optical fiber 100 is 0.148 dB/km.

[0075] Fig. 9 is a graph illustrating an example of a K-concentration distribution of the second
middle rod manufactured by the second collapse step S10. As illustrated in Fig. 9, in a rod
cross section, a K-concentration has not only a concentration peak at a center of a cross
section of the manufactured optical fiber, that is, on the optical axis AX but also a concentration
peak at a certain position of a radial direction.

[0076] The optical fiber of the sample 11 is manufactured by the method described above.
Also, the optical fibers of the samples 3, 4, 7, and 8 are manufactured by a manufacturing
method having the first doping step S2 and the second doping step S7. However, in the
samples, the temperature of an electric furnace and the number of times of traversing in each
of the first doping step S2 and the second doping step S7 are changed to have characteristics
illustrated in Fig. 7. The optical fiber of the sample 2 is manufactured by the same step as the
manufacturing method of the sample 11 from the second doping step S7, using the glass rod
(first core rod) in which the center rod does not include K. As a result, the optical fiber of the
sample 2 has a K-concentration distribution in which K is doped in a ring shape in a part
(annular region surrounding a core center region including the optical axis AX in the K-doped
region 111a, at a predetermined distance) of the core 110. The optical fibers of the samples 6
and 10 are manufactured by the same manufacturing method as the sample 2.

[0077] The samples 1, 5, and 9 are manufactured by the same step as the manufacturing
method (Fig. 8) of the optical fiber of the sample 11, except that the second doping step S7 is
not executed. Therefore, each of the samples 1, 5, and 9 is an optical fiber in which Kis doped
to only a core center region including the optical axis AX.

Reference Signs List

[0078] 10: optical fiber preform, 11: core portion (core preform), 12: cladding portion, 100:
optical fiber, 110: core, 111a: K-doped region (inner core), 111b: K-undoped region (inner
core), 112: outer core, 120: cladding, 121: inner cladding, 122: outer cladding, 150: refractive



DK/EP 3246736 T3

index profile, 160: K-concentration distribution
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Patentkrav

1. Optisk fiber (100), hovedsageligt bestdende af siliciumdioxidbaseret glas,
omfattende:

10

15

20

25

- en kerne (110) som straekker sig langs en optisk akse (AX) og inkluderer
et alkalimetalelement; og

- en indkapsling (120) som omslutter kernen (110) og har et
brydningsindeks, som er lavere end kernens (110) brydningsindeks,
kendetegnet ved, at den gennemsnitlige koncentration af alkalimetal-
elementet i kernen (110) eller formen af koncentrationsfordelingen af
alkalimetalelementet i kernen (110) er tilpasset saledes, at den vaegtede
veerdi (Inz2/Iw3)vegt af fordelingen af forholdet In2/Iws langs den radiale
retning af den optiske fiber er < 0,48, idet den vaegtede veerdi er udtrykt
som

N vaagt A |
l-; J RGP rdrde

hvor
Iw3 er intensiteten af Raman-lysspredning w3 via en Si-O-
straekvibration i et Raman-spredningsspektrum,
Ipz er intensiteten af Raman-lysspredning D2 via en treleddet
siliciumdioxid-ringstruktur,
r er afstanden fra den optiske akse (AX), og
E(r) er feltintensiteten ved positionen af afstanden r fra den optiske
akse (AX),
og er opnaet ved vaegtning af fordelingen af forholdet Inz/I»3 med en
fordeling af feltintensitet langs en radial retning af lys, som ledes ved en
bglgelaengde pd 1550 nm,
beregnet fra en brydningsindeksprofil langs den radiale retning af den
optiske fiber (100), i et omrdde som inkluderer den optiske akse (AX) som
en midte og med en diameter pa 20 pm i et tvaersnit af den optiske fiber
(100) ortogonal til den optiske akse (AX),
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2

og formen af koncentrationsfordelingen inkluderer en fgrste
koncentrationstop placeret ved kernemidten, som inkluderer den optiske
akse (AX), og en anden koncentrationstop adskilt af en forudbestemt
afstand fra den fgrste koncentrationstop.

2. Den optiske fiber (100) ifglge krav 1, hvor alkalimetalelementet inkluderer
kalium.

3. Den optiske fiber (100) ifglge krav 1 eller 2, hvor
- koncentrationsfordelingen af alkalimetalelementet, i tvaersnittet af den
optiske fiber (100) ortogonal til den optiske akse (AX), har en form, i
hvilken der er en flerhed af koncentrationstoppe, inklusiv de fgrste og de
anden koncentrationstoppe, adskilt fra hinanden langs den radiale retning
af den optiske fiber (100), og
- en maksimal koncentration af en koncentrationstop tset pa den optiske
akse (AX) i to tilstadende koncentrationstoppe inkluderet i flerheden af
koncentrationstoppe er lavere end en maksimal koncentration af den anden
koncentrationstop i de to tilstgdende koncentrationstoppe.
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Fig.2
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Fig.4
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Fig.6
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Fig.8
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