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DESCRIPTION

Technical Field

[0001] The present invention relates to a multicore optical fiber of an uncoupled type (referred
to as MCF below).

Background Art

[0002] Patent Document 1 discloses a technique for reducing a transmission loss of a MCF of
which a plurality of cores is made of pure silica glass, and Patent Document 2 discloses a
technique for reducing the transmission loss by adding alkali metal to the core. In addition, in
Patent Document 3 discloses a structure in which each single core fiber is easily separated by
employing glass in which alkali metal that is easily melted by an acid or the like is doped in
glass for covering the outermost peripheral face of a plurality of single core fibers constituting a
bunch fiber. A transmission loss of the MCF manufactured by the Stack and Draw process is
described in Non-Patent Document 1, and a transmission loss of the MCF manufactured by the
rod-in-collapse method is described in Non-Patent Document 2.

Citation List

Patent Literature

[0003]

Patent Document 1: Japanese Patent Application Laid-Open No. 2011-209702
Patent Document 2: Japanese Patent No. 5545236

Patent Document 3: Japanese Patent Application Laid-Open No. S60-176004

Jiajing et al. : "Design and analysis of large-effective-area heterogeneous trench-assisted
multi-core fiber" Optics Express, vol. 20, no. 4, pages 15157-15170 (2012), relates to a
calculating method for obtaining a coupling coefficient between two adjacent trench-assisted
non-identical cores based on the overlap integral of electromagnetic fields in neighboring
cores. And a kind of heterogeneous trench-assisted multi-core fiber (Hetero-TA-MCF) with 12
cores is proposed to achieve effective area Agg and high density of cores. As bending radius

becomes larger than 50 mm, the crosstalk value at 1550-nm wavelength of the Hetero-TA-
MCF is about -42 dB after 100-km propagation and the Agx of this Hetero-TA-MCF can reach
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100 umZ.

Non-Patent Literature

[0004]

Non-Patent Document 1: I. Ishida, et al., "Possibility of Stack and Draw process as Fabrication
Technology for Multi-Core Fiber", OFC2013, OTu2G.1

Non-Patent Document 2: Katsunori Imamura, et al., "Trench Assisted Multi-Core Fiber with
Large Aeff over 100 pm2 and Low Attitude Loss", ECOC2011, Mo. 1 .LeCervin. 1

Non-Patent Document 3: Tetsuya Hayashi, et al., "Multi-Core Fibers and Their Crosstalk
Characteristics", OFC2012, TuC4.1

Summary of Invention

Technical Problem

[0005] As a result of examining a conventional MCF, the inventors have found the following
problems.

[0006] That is, it has been known that addition of alkali metal elements to a core is effective for
reducing a loss. However, the alkali metal elements tend to be more easily diffused than the
other elements, and an alkali metal concentration in the core in the optical fiber decreases than
the concentration at the preform stage during drawing of from the preform to the optical fiber.
Therefore, there is a certain restriction on the alkali metal concentration that can contribute to
structural relaxation of core glass during drawing. Especially, in a case of the related art in
which the alkali metal is doped in only one core, high concentration alkali metal cannot be
doped to prevent crystallization of a glass region corresponding to the core. In addition, in a
case of an MCF having a plurality of cores, since the cores are arranged close to each other, it
is necessary to suppress a transmission loss caused by a crosstalk (hereinafter referred to as
XT) between the adjacent cores.

[0007] The present invention has been made to solve the above problems. An object of the
present invention to provide an uncoupled MCF having a structure for reducing a transmission
loss and effectively suppressing an inter-core XT.
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Solution to Problem

[0008] The object of the invention is achieved by the subject-matter of the independent claim.
Advantageous embodiments are defined in the dependent claims. Further examples are
provided for facilitating the understanding of the invention. The MCF according to an example
useful for understanding the present invention is an uncoupled MCF that enables single mode
transmission in individual cores, and includes a plurality of cores respectively extending in
predetermined directions and a cladding for covering the plurality of cores. In particular, each
of the plurality of cores includes alkali metal having a concentration sufficient for reducing the
loss. In a cross section of the MCF orthogonal to a predetermined direction, a core pitch
defined by

the shortest distance between the centers of the adjacent cores of the plurality of cores is set
so that the sum h_yy5 of power coupling coefficients of a specific core and the remaining all

cores of the plurality of cores is 2.3 x 104 /km or less.

Advantageous Effects of Invention

[0009] According to the example, it is possible to achieve both of reduction in a transmission
loss in each core and reduction in a XT between adjacent cores.

Brief Description of Drawings

[0010]

Figs. 1A to 1C are diagrams of a sectional structure of a refractive index profile, and an alkali
metal concentration distribution of a MCF and a preform according to a first embodiment.

Fig. 2 is a graph of a relationship between h_iatg (/ km) which is a sum of power coupling

coefficients and a transmission loss increment (dB/km) caused by an inter-core XT.

Figs. 3A to 3G are diagrams of various refractive index profiles applicable to a region R1
including the core and a part of a cladding around the core.

Figs. 4A to 4C are diagrams of a refractive index profile and sectional structures of the region
R1 including the core and a part of the cladding around the core in two samples 1 and 2 of the
MCF according to the first embodiment (MCF 1 and MCF 2) and a comparative example
(SCF).

Figs. 5A to 5C are diagrams of optical characteristics of the two samples 1 and 2 of the MCF
according to the first embodiment (MCF 1 and MCF 2) and the comparative example (SCF).
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Fig. 6 is a graph of a relationship between a core pitch Acore and transmission loss reduction
(dB/km) for the two samples 1 and 2 according to the first embodiment (MCF 1 and MCF 2).

Figs. 7A to 7C are diagrams of a sectional structure of a refractive index profile, and an alkali
metal concentration distribution of a MCF and a preform according to a second embodiment.

Description of Embodiments

[Details of Embodiment of Present Invention]

[0011] Specific examples of the MCF according to the present invention are described in detail
below with reference to the drawings. In the description on the drawings, the same element is
denoted with the same reference numeral, and an overlapped description will be omitted. The
present invention is not limited to these examples, but is defined by the

(First Embodiment)

[0012] Fig. 1A is a diagram of a sectional structure of a preform 100A before drawing to
manufacture an MCF 200A according to a first embodiment. The cross section illustrated in
Fig. 1A is a cross section orthogonal to a central axis AX (coincide with a longitudinal direction
of the preform 100A) of the preform 100A, and the preform 100A includes core parts 110
extending along the central axis AX and a cladding part 120 for covering each of the core parts
110. The MCF 200A is obtained by drawing the preform 100A, and the sectional structure
thereof is similar to the sectional structure of the preform 100A. That is, the core 210 of the
MCF 200A obtained by drawing the preform 100A corresponds to the core part 110 of the
preform 100A, and the cladding 220 of the MCF 200A corresponds to the cladding part 120 of
the preform 100A.

[0013] Fig. 1B is a diagram of a refractive index profile 150A and an alkali metal concentration
distribution 160A of the preform 100A along a line L (line orthogonal to central axis AX) in Fig.
1A. As can be seen from Fig. 1B, in the present embodiment, each core part 110 of the
preform 100A is an alkali metal doped region in which alkali metal is doped.

[0014] Fig. 1C is a diagram of a refractive index profile 250A and an alkali metal concentration
distribution 260A of the MCF 200A according to the present embodiment obtained by drawing
the preform 100A, and similarly to Fig. 1B, Fig. 1C is a profile along the line L in Fig. 1A

[0015] Normally, in the preform 100A including the plurality of core parts 110 in which alkali
metal is dopped, the alkali metal in each core part 110 is mutually diffused by being heated
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during drawing. Therefore, as illustrated in Fig. 1C, the alkali metal concentration in each core
210 in the MCF 200A after drawing decreases. However, when the core pitch Acore becomes
shorter, the alkali metal diffused from a certain core flows into the adjacent core so that
reduction in the concentration of the alkali metal is eased and relaxation of a glass structure
can be promoted. Therefore, in the MCF 200A according to the present embodiment, a
transmission loss can be reduced. At this time, to efficiently diffuse the alkali metal between the
cores 210, it is preferable that the distance between the cores be short. On the other hand, in
a case where the inter-core XT is large, the transmission loss due to the inter-core XT is
increased.

[0016] Fig. 2 is a graph of a relationship between h_total (/ km) which is a sum of power
coupling coefficients of a specific core and all the remaining cores of the plurality of cores
included in the MCF and a transmission loss increment (dB/km) caused by the inter-core XT.
As described in Non-Patent Document 3, optical power Pn for moving from a core m to a core
n around the unit length can be expressed by the following formula (1).

dF,/d==h(P,~P,) (D)

[0017] Here, the reference h is the power coupling coefficient. h_total used in the present
embodiment is the total sum of an efficiency of the optical power coupling from all the other
cores to a single core.

[0018] As can be seen from Fig. 2, by setting the core pitch so that the sum h_total of the

power coupling coefficients between the cores is 2.3 x 10"4/km, a leakage loss caused by the
XT from one core to the other core can be suppressed to a value of 0.001 dB/km or less. That
is, a region R2 illustrated in Fig. 2 represents a good range of the sum h_total of the power
coupling coefficients that can effectively suppress the increase in the inter-core XT. More
preferably, by setting the core pitch Acore so that the sum h_total of the power coupling

coefficients is 1.2 x 10-4/km or less, the leakage loss caused by the inter-core XT from the core
to the other core can be suppressed to a value of 0.0005 dB/km less. In this case, the
reduction in the transmission loss due to the addition of the alkali metal depends on a drawing
condition, for example, the concentration of the alkali metal such as potassium. However,
reduction in the transmission loss of approximately 0.01 dB/km or more can be obtained.

[0019] The additive concentration of the alkali metal in the core part 110 in the preform 100A
before drawing is set so that the average concentration of alkali metal in each core 210 in the
MCF 200A after drawing is 0.2 atom ppm or more and 50 atom ppm or less. This is because
since crystallization of SiO, glass in which high concentration alkali metal has been doped is

promoted, the relaxation of the glass structure of the core 210 can be promoted during
drawing if the average value of the alkali metal included in each core 210 of the MCF 200A
after drawing is 0.2 atom ppm or more. On the other hand, when the average concentration of
the alkali metal of the core 210 in the MCF 200A after drawing becomes 50 atom ppm or more,
the transmission loss at the wavelength of 1550 nm after irradiation with radiation having a
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cumulative absorbed dose of 0.10 Gy or more is increased by 0.02 dB/km or more in
comparison with that before the irradiation of the radiation, and this causes a problem in use in
a system requiring stability of long-term transmission loss, such as a submarine system.
Therefore, this is undesirable.

[0020] In a case where a halogen element concentration in the core part 110 of the preform
100A is low, an effect to remove impurities by the halogen element in a preform manufacturing
process cannot be sufficiently obtained, and the transmission loss is increased due to
absorption of the impurities. On the other hand, in a case where the amount of the halogen
element is too large, a halogen compound of alkali metal is generated and acts as a nucleus
for crystal. Therefore, this is undesirable. By setting the concentration of the halogen element
such as Cl and F within a range of 1000 atom ppm to 3000 atom ppm, an MCF with a low
transmission loss can be obtained without the above problem.

[0021] In addition, a concentration of alkali metal on a glass surface (surface of cladding 220)
of the MCF 200A after drawing is one atom ppm or less. When the alkali metal is diffused to
the glass surface of the MCF 200A after drawing, a mechanical fatigue coefficient is greatly
decreased due to a cutting effect of a SiO, glass network of the alkali metal. Therefore, this

causes a practical problem and is undesirable. To avoid the problem, the concentration of the
alkali metal to the glass surface of the MCF 200A after drawing is preferably one atom ppm or
less, and more preferably 0.1 atom ppm or less. In a case where potassium as an alkali metal
is doped in the core part 110 of the preform 100A, potassium is diffused in a range of a radius
of 15 to 50 ym after drawing. The diffusion radius depends on a potassium concentration at
the preform stage and a temperature history during drawing. Therefore, it is desirable to
determine a potassium addition position with respect to the core part 110 or the cladding part
120 in the cross section of the preform 100A after checking a potassium arrival distance after
drawing in advance.

[0022] Specifically, the average concentration of the alkali metal element (for example,
potassium) to be doped in the core part 110 of the preform 100A to reduce the transmission
loss is five atom ppm or more, and suitably, 50 atom ppm or less. The higher the potassium
concentration is, the more the loss due to the irradiation increases. Therefore, it is preferable
that the upper limit of the potassium average concentration in the core part 110 at the preform
stage be 500 atom ppm. In the drawing process from the preform 100A to the MCF 200A, the
time in which each position of the preform 100A is held at the 1500°C or higher in a drawing
furnace is 110 minutes or shorter. A drawing speed (spinning speed) is preferably 1200 m/min
or more, and more preferably 1500 to 2300 m/min. It is preferable that the diameter of the
preform 100A be 70 to 170 mm¢, and more preferably, 90 to 150 mmé.

[0023] The shorter the time at which the position of the preform 100A is held at the 1500°C or
higher is, the smaller the transmission loss of the MCF 200A after drawing at the wavelength of
1.55 uym is. The reason why this phenomenon is caused is considered as follows. That is, in a
case where potassium with an average concentration of 500 atom ppm or less is included in
the core part 110 of the preform 100A, a fictive temperature of the MCF 200A obtained from
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the preform 100A is 1400 to 1550°C, and the diffusion of potassium proceeds in the time from
a peak temperature (1500°C or higher) to 1500°C in the drawing furnace. On the other hand,
when the diffusion of potassium proceeds too much, potassium widely diffuses to the outside of
the optical power distribution in a communication wavelength band (1550 nm band). In this
case, since an effective potassium concentration is lowered, the structural relaxation of the
glass network does not proceed, and the transmission loss is not reduced. Therefore, an
optical transmission loss of the MCF 200A after drawing is reduced as the time in which the
preform is held at a glass temperature of 1500°C or higher becomes shorter.

[0024] An alkali metal concentration of 0.2 atom ppm or more can be suitably realized in each
core 210 of the MCF 200A after drawing by drawing from the preform 100A to the MCF 200A
under such conditions. In a case where the MCF has the core which is substantially pure silica
glass, to make the transmission loss fall below 0.170 dB/km, it is necessary for the time at
which each position of the preform is held at a temperature of 1500°C or higher to be 110
minutes or shorter, and it is more preferable that the time be 70 minutes or shorter.

[0025] In addition, the present embodiment can be obtained by suitably combining with
annealing drawing which can maintain the temperature of the MCF during drawing to be equal
to or more than a certain temperature and can promote the relaxation of the glass structure. In
a case where the present embodiment is combined with the annealing drawing, a further lower
transmission loss can be obtained. Regarding the method of the annealing drawing, those
skilled in the art can obtain appropriate manufacturing conditions necessary for reducing the
transmission loss.

[0026] Here, "atom ppm" indicating the alkali concentration and the halogen concentration is
the number of dopant atoms in the SiO5 glass of one million units. For example, in a case of

potassium, the ratio of the number of K atoms and the number of SiO, molecules is indicated
regardless of a bonding form in the SiO» glass. In a case of Li, Na, Rb, Cl, and F, the same can
be applied.

[0027] As illustrated in Figs. 3A to 3G, various refractive index profiles can be applied to the
region R1 (refer to Fig. 1A) including each core 210 and a part of the cladding 220 around the
core 210 of the MCF 200A having the above structure.

[0028] Regarding the refractive index profile of each core 210 and optical characteristics
associated therewith, an appropriate structure can be selected according to the application.
However, the structures of the respective cores 210 may be uniform or may be different from
each other. The number of cores in the cross section of the MCF 200A is not limited, and the
cross-sectional diameter (glass diameter) of the MCF 200A and the outer diameter of coating
resin provided on the outer circumferential surface of the cladding 220 can be appropriately set
according to the number of the stored cores.

[0029] Specifically, as a shape of the refractive index profile of the region R1 including the
cores 210, a step type (Fig. 3A), a ring type (Fig.3B), a double step type (Fig. 3C), and a
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graded type (Fig. 3D) can be applied to the region corresponding to the core 210. Any one of a
depressed type (Fig. 3E), a matched type (Fig. 3F), and trench type (Fig. 3G) can be applied
to the region corresponding to the cladding 220. In addition, each core 210 may have a
structure with a single mode operation of which the number of modes for propagating in the
core is one and a structure with a multimode operation for propagating in the core in multiple
modes.

[0030] In the refractive index profile as described above, in a case where the structure is
applied in which at least some of the cores 210 is made of SiO, glass in which the addition

amount of GeO2 molecules is 1 wt% or less and fluorine is doped in the cladding 220, the
transmission loss at the wavelength of 1550 nm in the core 210 is preferably 0.17 dB/km or
less. Generally, in a case where the core is formed of SiO5 glass to which GeO, molecules for

increasing the refractive index of the core are not substantially doped, it is possible to suppress
the transmission loss to be 0.17 dB/km or less since scattering caused by a concentration
fluctuation of the GeO, molecules can be suppressed. A more preferable transmission loss is

0.165 dB/km or less.

[0031] In addition, in the refractive index profile as described above, a structure in which
germanium is doped in at least some of the cores 210 may be employed. In this case, the
transmission loss of each core at the wavelength of 1550 nm is preferably 0.18 dB/km or less.
The core in which germanium has been doped generally has higher transmission loss than an
optical fiber having a pure silica core. However, the scattering can be reduced by co-doping
the alkali metal with the core. As a result, the transmission loss can be reduced. However,
when the alkali metal is doped in the core part in which germanium has been doped at the
preform stage, crystals are likely to be generated in the core after drawing. Therefore,
productivity is deteriorated. Therefore, it is desirable that, in the preform manufacturing
process, the alkali metal is not directly doped in the core part in which germanium has been
doped, and the alkali metal is doped in the cladding part of the preform, and the alkali metal is
diffused to the core according to the heating time at the time of drawing.

[0032] Next, optical characteristics of the plurality of samples and a comparative example of
the MCF 200A according to the present embodiment are described in detail below with
reference to Figs. 4A to 4C, 5A to 5C, and 6.

[0033] As the prepared samples of the MCF 200A according to the present embodiment, each
of a MCF 1 (sample 1) and a MCF 2 (sample 2) has a cross-sectional structure having two
cores as illustrated in Fig. 4C. The periphery of each core has the refractive index profile (ring
type core + trench part) illustrated in Fig. 4A. On the other hand, the comparative example is a
single core optical fiber (hereinafter referred to as SCF) having one core as illustrated in Fig.
4B, and the periphery of the core has the refractive index profile illustrated in Fig. 4A.

[0034] In each of the MCF 1 which is the sample 1, the MCF 2 which is the sample 2, and the
SCF which is the comparative example, while assuming the pure silica as a reference, a
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relative refractive index difference A1 is 0.05%, A1'is - 0.05%, A2 is - 0.5%, A3 is - 0.25%, the
core diameter 2a is 12.51 ym, and the outer diameter 2b of the trench part is 34.61 ym. The
core pitch Acore of the MCF 1 is 40.7 ym, and the core pitch Acore of the MCF 2 is 36.6 um.
Regarding each of the MCF 1, the MCF 2, and the comparative example SCF, a fiber outer
diameter is 125 ym, and a drawing speed is 1500 m/min and a drawing tension is 80 to 100 g
in drawing conditions.

[0035] Regarding each of the MCF 1 (Acore = 40.7 uym), the MCF 2 (Acore = 36.6 um) and the
SCF created as described above, an average effective area Agg of each core at a wavelength

of 1550 nm has been 110 ym2. The average potassium concentration in each core after
drawing has been one atom ppm.

[0036] Figs. 5A to 5C are charts of the optical characteristics of the MCF 1, the MCF 2, and
the SCF. In Fig. 5A, as the optical characteristics of each of the MCF 1, the MCF 2, and the
SCF at the wavelength of 1550 nm, the inter-core XT (dB) at a fiber length of 100 km, the sum
of power coupling coefficients h_total (/ km), and the transmission loss (dB) caused by the
inter-core XT are illustrated. In Fig. 5B, as the optical characteristics of each of the MCF 1, the
MCF 2, and the SCF at the wavelength of 1625 nm, the inter-core XT (dB) at a fiber length of
100 km, the sum of power coupling coefficients h_total (/ km), and the transmission loss (dB)
caused by the inter-core XT are illustrated. In Fig. 5C, the transmission loss (dB/km) at the
wavelength of 1550 nm of the MCF 1, the MCF 2 and the SCF and the amount of the
transmission loss reduction (dB/km) at the wavelength of 1550 nm are illustrated. Here, the
inter-core XT (dB) at the fiber length of 100 km is a measured value of the XT amount at each
wavelength after the propagation of 100 km, and the sum h total is calculated by using the
measured value. The transmission loss (dB) caused by the inter-core XT is calculated from
h_total. The amount of the transmission loss reduction (dB/km) at the wavelength of 1550 nm
indicates the amounts of the transmission loss reduction of the MCF 1 and the MCF 2 with
respect to the SCF which is the comparative example.

[0037] As can be seen from Figs. 5A to 5C, the transmission loss of the SCF at the wavelength
of 1550 nm has been 0.161 dB. On the other hand, the transmission loss of the MCF 1
manufactured under the same drawing condition at the wavelength of 1550 nm has been
0.158 dB, and the transmission loss of the MCF 2 at the wavelength of 1500 nm has been
0.157 dB. At the wavelength of 1550 nm, it is considered that the transmission losses caused

by the inter-core XT of the MCF 1 and the MCF 2 are respectively increased by 6.9 x 10

dB/km and 9.8 x 10"4 dB/km. However, the transmission losses of the MCF 1 and the MCF 2 at
the wavelength of 1550 nm are significantly decreased with respect to the SCF as described
above. It can be confirmed that an effect of the transmission loss reduction between the cores
can be obtained by arranging the plurality of cores, in which the alkali metal has been doped,
adjacent to each other.

[0038] Fig. 6 is a graph of a relationship between a core pitch Acore and the amount of the
transmission loss reduction (dB/km) of the MCF 1 (sample 1) and the MCF 2 (sample 2).
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Specifically, the amount of the transmission loss reduction (dB/km) is the amount of the
transmission loss reduction of each of the MCF 1 and the MCF 2 relative to the transmission
loss of the SCF which is the comparative example. The SCF can be obtained by drawing a
preform having a single core part in which 25 atom ppm of potassium elements have been
doped. On the other hand, each of the MCF 1 and the MCF 2 can be obtained by drawing a
preform in which potassium elements of 25 atom ppm as an average concentration have been
doped in two core parts.

[0039] Even if the preform in which the alkali metal has been doped in the core part as
described above is spun, in a case where the distance between the cores in the obtained MCF
is long, the alkali metals do not mutually diffuse between the cores during drawing, and the
transmission loss cannot be efficiently reduced. As illustrated in Fig. 6, it can be confirmed that
the transmission loss can be more reduced than the SCF when the core pitch Acore is 45 ym
or less. To reduce the transmission loss, it is preferable that the core pitch Acore be 40 um or
less, and more preferably, 35 um or less. In this way, it is preferable that the core pitch Acore
be smaller. Aregion R3 illustrated in Fig. 6 indicates a preferable range of the core pitch Acore
that can sufficiently reduce the transmission loss. On the other hand, in a case where a
substance having an atomic number equal to or less than that of potassium (K) is used as the
alkali metal, a diffusion coefficient is larger than that of K. Therefore, if the core pitch Acore is
still 45 uym or less, the alkali metal during drawing can be mutually diffused between the cores.
In a case where alkali metal having an atomic number larger than that of potassium is used,
since the diffusion speed becomes slow, it is desirable that the core pitch Acore be further
smaller. However, in this case, it is necessary to design a refractive index profile structure of
the core so that the sum h_total of the power coupling coefficients between the cores becomes

2.3 x 104 /km or less.

[0040] In a general transmission system, it is desirable that the inter-core XT be - 30 dB or less
to maintain a signal quality. On the other hand, as illustrated in Fig. 6, as the pitch between the
cores in which the alkali metal has been doped is narrowed, the transmission loss can be
efficiently reduced. As compared with a case where signals are propagated in the same
direction, in a case where the signals are counter-propagated, the effective XT becomes lower.
Therefore, an allowable value of the XT value between the adjacent cores can be relaxed.
That is, to obtain the inter-core XT of substantially - 30 dB or less from the reflectance of 4%
(about - 14 dB) of air and glass, it is preferable that the inter-core XT be - 16 dB/km in the
wavelength used in the system and in the transmission distance, and the core pitch can be
relaxed.

[0041] The MCF 2 has an inter-core XT of 16.5 dB which is a relatively large inter-core XT
after the propagation of 100 km at the wavelength of 1550 nm. However, as a result of
propagating the NRZ 40-Gbps signal in a state where the transmission directions of the
adjacent cores are reversed to each other, error free transmission becomes available.
Accordingly, as compared with the SCF having a single-core structure, in the MCF having a
multicore structure, the alkali metal which has been doped in the cores adjacent to each other
during drawing diffuses to the outside of the core. Therefore, the transmission loss in the
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common cladding part can be efficiently reduced.

(Second Embodiment)

[0042] Figs. 7Ato 7C are diagrams of a sectional structure, a refractive index profile, and an
alkali metal concentration distribution of a MCF 200B and a preform 100B according to a
second embodiment. In the second embodiment illustrated in Figs. 7A to 7C, in the preform
100B for manufacturing the MCF 200B, the structure is similar to that of the first embodiment
(Figs. 1A to 1C), except for a point that an alkali metal doped region 500 is provided in a
cladding part 120 between core parts 110 in addition to the two core parts 110.

[0043] That is, in Fig. 7A, the preform 100B includes the core parts 110 respectively extending
along a central axis AX and a cladding part 120 for covering each of the core parts 110. The
MCF 200B according to the present embodiment is obtained by drawing the preform 100B,
and a sectional structure thereof is similar to that of the preform 100B. A core 210 of the MCF
200B corresponds to the core part 110 of the preform 100B, and a cladding 220 of the MCF
200B corresponds to the cladding part 120 of the preform 100A. Fig. 7B is a diagram of a
refractive index profile 150B and an alkali metal concentration distribution 160B of the preform
100B along a line L in Fig. 7A. As can be seen from Fig. 7B, in the present embodiment, the
alkali metal doped region 500 in which the alkali metal is doped is formed in the cladding part
120 of the preform 100B. In Fig. 7B, the alkali metal concentration distribution is not illustrated
in one of the core parts 110. However, naturally, the alkali metal doped regions may be formed
in all the core parts 110 in the present embodiment. Fig. 7C is a diagram of a refractive index
profile 250B and an alkali metal concentration distribution 260B of the MCF 200B according to
the present embodiment obtained by drawing the preform 100B, and similarly to Fig. 7B, Fig.
7C is a profile along the line L in Fig. 7A. Acore-cladding illustrated in Fig. 7C is a distance
between a diffusion center position of the alkali metal doped region 500 provided in the
cladding part 120 of the preform 100B and the center position of each core 210 of the MCF
200B after drawing.

[0044] According to the present embodiment, by adding the alkali metal to the cladding part
120 in addition to the core part 110 of the preform 100B, a transmission loss can be more
efficiently reduced. However, in a case where a distance between the region in which the alkali
metal has been doped and the core part 110 is long, the alkali metal does not diffuse into the
core during drawing, and an effect of reduction in the transmission loss cannot be obtained.
Therefore, in a case where a substance having an atomic number equal to or less than that of
potassium (K) is used as the alkali metal, the distance Acore-cladding between the center of
the core 210 and the diffusion center position corresponding to the center of the alkali metal
doped region 500 in the MCF 200B after drawing is required to be 45 ym or less. More
preferably, the distance Acore-cladding is 40 um or less, and more preferably 35 um or less.

[0045] In addition, when the alkali metal is doped in the core part 110 of the preform 100B,
crystals are likely to be generated in the core during drawing, and the transmission loss may
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be increased due to mixture of impurities other than the alkali metal into the core part 110 in a
process for adding the alkali metal to the core part 110. Therefore, by diffusing the alkali metal
(alkali metal doped region 500) doped in the cladding part 120 in the drawing process to the
core during drawing without directly adding the alkali metal to the core part 110 in the preform
stage, a low transmission loss can be obtained without an excessive loss caused by
crystallization and the mixture of the impurities, and reduction in a production yield.

[0046] Regarding an arrangement of the alkali metal doped regions in the core part 110 and
the cladding part 120 in the preform 100B, the alkali metal doped regions are provided in both
core parts 110 and an intermediate region thereof and are extended along the longitudinal
direction (central axis AX) of the preform. With this structure, even if the core pitch Acore is
increased so as not to consider the problem of the inter-core XT, it is possible to reduce the
transmission loss of the obtained MCF. However, in a case where alkali metal is provided in a
region close to the outer periphery of the cladding, the concentration of the alkali metal at the
outer periphery of a fiber is increased due to the diffusion during drawing, and the mechanical
strength of the obtained MCF 200B is lowered. Therefore, this is not desirable. Therefore, it is
preferable that the concentration of the alkali metal on the surface of the cladding 220 of the
MCF 200B be one atom ppm or less.

Reference Signs List

[0047] 100A, 100B ... preform; 110 ... Core part (including alkali metal doped region); 120 ...
Cladding part; 150A, 150B, 250A ... Refractive index profile; 160A, 160B, 260A, 260B ... Alkali
metal concentration distribution; 200A, 200B ... MCF; 210 ... Core; 220 ... Cladding; and 500 ...
Alkali metal doped region.
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Patentkrav

1. Optisk flerkernefiber (200B) af en ikke-koblet type, omfattende:
en flerhed af kerner (210) som straekker sig langs en forudbestemt retning;
0g

5 en beklaedning (220) som deaekker hver af flerheden af kerner,

hvor
hver af flerheden af kerner inkluderer alkalimetal med en forudbestemt
koncentration, som bidrager til reduktion af et transmissionstab, og
bekladningen inkluderer en spredningsmidteposition svarende til en

10 midteposition af et alkalimetal-doteret omrade,
en afstand Akeme-bekizzdning Mmellem spredningsmidtepositionen og en
midteposition af kernen tilstgdende spredningsmidtepositionen i flerheden
af kerner er 45 ym eller mindre,
kendetegnet ved, at:

15 flerheden af kerner (210) og beklaedningen (220) indeholder det samme
alkalimetal med et atomnummer, som er lig med eller mindre end
atomnummeret af kalium (K); og hvor optisk lysstyrke, som udbredes
gennem en specifik kerne n af flerheden af kerner, er indstillet til Pn, optisk
lysstyrke, som udbredes gennem en hvilken som helst kerne m af alle de

20 resterende kerner, er indstillet til Pm, 0og en effektkoblingskoefficient h

mellem kernen n og kernen m er defineret af fglgende udtryk:
1 dpP,
P -P dz

en kerneafstand er indstillet sdledes, at en sum h total af effektkoblings-
koefficienterne h fra alle de resterende kerner til den specifikke kerne er
25 2,3 x 104 /km eller mindre.

2. Den optiske flerkernefiber (200B) ifglge krav 1, hvor kerneafstanden er 45 um

eller mindre.

30 3. Den optiske flerkernefiber (200B) ifglge krav 1, hvor hver af flerheden af
kerner bestar af SiO2-glas med GeOz2-molekyler, hvoraf en doteringsmaengde er
1 vaegtprocent eller mindre,
beklzedningen er doteret med fluor, og
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2

hver af flerheden af kerner har et transmissionstab pa 0,17 dB/km eller
mindre ved en bglgelangde pd 1550 nm.

4. Den optiske flerkernefiber (200B) ifglge krav 1, hvor mindst en af flerheden af
kerner er doteret med germanium med en forudbestemt koncentration, og
kernen, i hvilken germanium er doteret, har et transmissionstab pa& 0,18 dB/km
eller mindre ved en bglgelaengde p& 1550 nm.

5. Den optiske flerkernefiber (200B) ifglge et hvilket som helst af kravene 1 til 4,
hvor en gennemsnitlig koncentration af alkalimetal i hver af flerheden af kerner er

0,2 atom ppm eller mere og 50 atom ppm eller mindre.

6. Den optiske flerkernefiber (200B) ifglge krav 1, hvor en koncentration af
alkalimetallet pa en overflade af beklaedningen er et atom ppm eller mindre.
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Fig.5A
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Fig.6
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