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Image Guide Fiber

TECHNICAL FIELD
[0001] The present disclosure relates to an image guide fiber suitably used for
image transmission in, for example, an endoscope for medical or industrial applications.

BACKGROUND

[0002] Generally, in an image guide fiber including a plurality of cores and a clad
which is common to the plurality of cores, higher pixel density equates to greater image
resolution, and higher core occupancy area ratio equates to greater brightness. Reducing
core diameter for higher pixel density decreases core occupancy area ratio. Accordingly,
to increase both pixel density and core occupancy area ratio for improving image
quality, it is effective to reduce the thickness of the clad between adjacent cores (the
distance between adjacent cores). However, too small a thickness of the clad between
adjacent cores tends to cause crosstalk of transmitted light, possibly hindering the
sufficient improvement of image quality. The minimum thickness of the clad between
adjacent cores that is sufficient to fully prevent crosstalk depends on the numerical
aperture NA of the image guide fiber. A higher numerical aperture NA makes it possible
to reduce the minimum thickness the clad between adjacent cores that is sufficient to
fully prevent crosstalk.

One conventionally proposed method for increasing the numerical aperture NA is
to make the image guide fiber of multi-component glass (as described in, for example,
Patent Literature 1). ‘

CITATION LIST

'Patent Literature

[0003]
PTL 1: JP 2005222087A

SUMMARY

(Technical Problem)

[0004] However, in cases where the numerical aperture NA is increased by making
the image guide fiber of multi-component glass, there needs to be a significant
difference in refractive index between glass (which may also be called the "core glass"
below) constituting the cores and glass (which may also be called the "clad glass"
below) constituting the clad, and accordingly, the composition of the core glass needs to
be significantly different from the composition of the clad glass. The significant
difference in composition between the core glass and the clad glass may also result in a
significant difference in various physical properties between the core glass and the clad
glass, and this might pose a manufacturing problem of the image guide fiber.

[0005] Thus, the present disclosure has been conceived in view of the above
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respect, and the present disclosure is to provide an image guide fiber that improves
image quality while preventing the manufacturing problem.

(Solution to Problem)

[0006] One of aspects of the present disclosure resides in an image guide fiber
including a plurality of cores and a clad which is common to the plurality of cores,
wherein

the cores and the clad are each made of multi-component glass,

the image guide fiber has a numerical aperture NA in the range of 0.70 to 0.90,

a linear thermal expansion coefficient difference Aa, which is a value obtained by
subtracting a linear thermal expansion coefficient a, at from 100 °C to 300 °C of a clad
glass of the clad, from a linear thermal expansion coefficient a; at from 100 °C to 300
°C of a core glass of the core, is in the range of — 3 x 107/°Cto 15 x 107/ °C,

a glass-transition temperature Tg; of the core glass is higher than a glass-
transition temperature Tg, of the clad glass,

in a section of the image guide fiber, a core occupancy area ratio is 25 % or more,
where the core occupancy area ratio is a ratio of a total area of the plurality of cores to
an area of a screen portion defined by an outer circumferential edge of the clad, and

in the section of the image guide fiber, a pixel density is 0.1 pixel / pum? or more,
where the pixel density is the number of pixels per unit area of the screen portion.

The image guide fiber according to the present disclosure improves image quality
while preventing the manufacturing problem.

[0007] In a preferred embodiment of the image guide fiber according to the present
disclosure,

the core glass has

a refractive index nd, in the range of 1.690 to 1.745,

the glass-transition temperature Tg; of 605 °C or more, and

the linear thermal expansion coefficient o at from 100 °C to 300 °C of 86 x 107
/ °C or more.

With the above configuration, it is further ensured that image quality is improved
while the manufacturing problem is prevented.

[0008] In another preferred embodiment of the image guide fiber according to the
present disclosure,

the core glass has a composition,

expressed in mol %, containing

Si0;: 36 % to 48 %,

B203: 7 % to 19 %,

Al 03: 0 % to 3.5 %,

Zn0: 0% to 4 %,

Ca0: 0 % to 4.5 %,

Sr0: 0 % to 4.5 %,

BaO: 20 % to 33 %,

LayO03:4 % to 8 %,
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Tay0s5: 0.5 % to 3.5 %,

Zr0,: 0.5 % to 7 %,

Li;O: 0 % to 8 %,

Na;0: 0 % to 5 %, and

K»,0: 0 % to 5 %, wherein

a total] percentage of Li,O, NayO, and K,O is from 0 % to 8 %.

With the above configuration, it is further ensured that image quality is improved
while the manufacturing problem is prevented.
[0009] In yet another preferred embodiment of the image guide fiber according to
the present disclosure,

the clad glass has

a refractive index nd; in the range of 1.490 to 1.530,

the glass-transition temperature Tg, of 570 °C or less, and

the linear thermal expansion coefficient o, at from 100 °C to 300 °C of 95 x 107
/ °C or less.

With the above configuration, it is further ensured that image quality is improved
while the manufacturing problem is prevented.
[0010] In yet another preferred embodiment of the image guide fiber according to
the present di’sclosure,

the clad glass has a composition,

expressed in mol %, containing

S10;: 46 % to 67 %,

B,03: 7 % to 20 %,

AlOs3: 1 % to 15 %,

MgO: 0 % to 12 %,

Ca0: 0 % to 10 %,

Zn0: 0 % to 11 %,

Li»O: 0 % to 6 %,

Na,O0: 2 % to 20 %, and

K,0: 0 % to 9 %, wherein

a total percentage of MgO, CaO, and ZnO is from 3 % to 14 %, and

a total percentage of Li»O, Na;O, and K;,O is from 6 % to 24 %.

With the above configuration, it is further ensured that image quality is improved
while the manufacturing problem is prevented.
(Advantageous Effect)
[0011] According to the present disclosure, an image guide fiber that improves
image quality while preventing the manufacturing problem is provided.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] In the accompanying drawings:
FIG. 1 is a schematic view illustrating an example of a scope of a medical
endoscope in which an image guide fiber according to the present disclosure may be
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used;
FIG. 2 is a sectional view illustrating an image guide fiber according to one of

embodiments of the present disclosure; and
FIGS. 3A and 3B illustrate an example of a method of manufacturing an image
guide fiber according to the one of embodiments of the present disclosure.

DETAILED DESCRIPTION
[0013] One of embodiments of the present disclosure will be described below for
illustration with reference to the drawings.
[0014] [Endoscope Using Image Guide Fiber]

An image guide fiber (which may also be simply called the "fiber" below)
according to the present disclosure may be used for image transmission in, for example,
an endoscope for medical or industrial applications.

FIG. 1 illustrates an example of a scope 10 of a medical endoscope. The scope 10
includes an operation portion 11 and an insertion portion 12 that is flexible. The
insertion 12 includes, on a front end side thereof (i.e., on a side thereof that is opposite
to the operation portion 11), a front end portion 13. The insertion portion 12 also
includes, on the side of the front end portion 13, an objective lens 3. The operation
portion 11 includes an ocular lens 4. In the example of FIG. 1, an image guide fiber 1
according to the one of embodiments of the present disclosure extends over the
insertion portion 12 and the operation portion 11 between the objective lens 3 and the
ocular lens 4. Furthermore, a light guide fiber 2 extends over the insertion portion 12
and the operation portion 11. In the example of FIG. 1, the scope 10 is connected to a
monitor 30. An image of an observed object 20 is formed on an incident end surface la
of the image guide fiber 1 via the objective lens 3, and the formed image is transmitted
through the image guide fiber 1 to be emitted from an emission end surface 1b of the
image guide fiber 1, and then, outputted to the monitor 30 via the ocular lens 4.

However, the image guide fiber 1 according to the present embodiment is not
necessarily used in a medical endoscope as in the example of FIG. 1 and may also be
used for image transmission in, for example, an industrial endoscope. Furthermore, the
use of the image guide fiber according to the present embodiment is not limited to
image transmission, and the image guide fiber may also be used for power delivery
(light transmission) in a medical or an industrial device. In this case, examples of
applications include transmission of laser light or the like in photodynamic therapy, that
1s, a treatment of lesions, such as cancer and infection, that introduces a
photosensitizing agent into target tissues before the body tissues are irradiated with a
specific wavelength of light to produce active oxygen, and also include transmission of
lamp, LED, and laser light used for illumination.

[0015] <Configuration of Image Guide Fiber>
Next, with reference to FIG. 2, a description is given of a configuration of the

image guide fiber 1 according to the present embodiment. FIG. 2 illustrates an example
of a section of the fiber 1 according to the present embodiment. Additionally, the fiber I,
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on end surfaces on both ends thereof, also has the same configuration as the illustrated
section.

The fiber 1 includes a plurality of cores 51 and a clad 52 which is common to the
plurality of cores 51. The clad 52 covers an outer circumferential surface of each core
51. As described later, the cores 51 and the clad 52 are each made of multi-component
glass. In the example of FIG. 2, each core 51, in a section thereof, has a circular shape,
and the clad 52 has an outer circumferential edge 52a that, in a section thereof, has a
circular shape. Furthermore, in the example of FIG. 2, the fiber 1 includes a glass jacket
layer 70, which covers an outer circumferential surface of the clad 52, and a resin (e.g.,
polyimide) coat layer 80, which covers the jacket layer 70.

Additionally, although in FIG. 2 the cores 51 are partially omitted, the cores 51
are arranged throughout the entire region of the clad 52 that is common thereto.

However, the configuration of the fiber 1 according to the present embodiment is
not limited to the example of FIG. 2 and may be any configuration, in which the fiber 1
includes the plurality of cores 51 and the clad 52 that is common thereto.

[0016] Next, with reference to FIGS. 3A and 3B, a description is given of an
example of a method of manufacturing the fiber 1 according to the present embodiment.

To start with, the core glass and the clad glass are prepared.

After that, by primary spinning according to the double-crucible method, a single
core fiber, including the core glass and the clad glass covering the core glass that are
arranged concentrically, is obtained. The double-crucible method uses two concentric
crucibles, one for the cores and the other for the clad. The core glass and the clad glass
in the crucibles are heated, and the single core fiber is continuously drawn (spun) from
a nozzle of the two crucibles.

Subsequently, the single core fiber is cut into pieces each having a predetermined
length, and defectives in the pieces of the cut single core fiber are removed. Then, as
illustrated in FIG. 3A, approximately 10,000 to 50,000 remaining pieces of the cut
single core fiber 120 are bundled (stacked) in hexagonal close-packed arrangements in a
cylindrical-shaped glass tube 170, and thus, a single core fiber bundle 110 is obtained.
The number of stacked pieces of the single core fiber 120 corresponds to the number of
pixels of the image guide fiber 1. The glass tube 170 is made of glass constituting the
jacket layer 70 of the image guide fiber 1, and at this time, the outer diameter may be
from 3 to 5 cm, and the overall length may be 16 cm. In FIGS. 3A and 3B, reference
numerals 151 and 152 respectively denote the core glass and the clad glass of the single
core fiber 120. Additionally, although in FIGS. 3A and 3B the pieces of the single core
fiber 120 are partially omitted, the pieces of the single core fiber 120 are arranged
throughout the entire region of the glass tube 170.

Subsequently, as illustrated in FIG. 3B, the single core fiber bundle 110 is heated
for thermal fusion. At this time, a sectional shape of an outer circumferential edge of
each piece of the single core fiber 120 changes from a circular to a hexagonal shape,
and a gap between each piece of the single core fiber 120 is filled. Thus, the glass tube
170 and each piece of the single core fiber 120 are integrated. After the integration,
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slow cooling at a predetermined temperature and a predetermined temperature gradient
is performed to obtain a preform in the form of a glass bar.

Subsequently, an outer circumferential side of the preform is ground and polished
to mold the preform into a cylindrical shape.

Subsequently, the preform is heated and stretched and thinned (i.e., secondary
spinning) and then, coated with a resin constituting the coat layer 80 of the fiber 1.

Thus, the image guide fiber 1 is manufactured.

The manufactured image guide fiber 1 has an outer diameter (i.e., an outer
diameter of the coat layer 80) of, for example, from 300 to 800 um.

However, the fiber 1 according to the present embodiment may also be
manufactured by any method other than the manufacturing method described above.
[6017] Referring back to FIG. 2, a further description is given of the configuration
of the fiber 1 according to the present embodiment. The fiber 1 according to the present
embodiment that includes the cores 51 and the clad 52, which are each made of multi-
component glass, satisfies the following conditions (1) to (5).

(1) The numerical aperture NA of the fiber 1 is in the range of 0.70 to 0.90.

(2) A linear thermal expansion coefficient difference Aa (= o ~ a,), which is a
value obtained by subtracting a linear thermal expansion coefficient o, at from 100 to
300 °C of the glass constituting the clad 52, from a linear thermal expansion coefficient
o, at from 100 to 300 °C of the glass constituting the cores 51, is in the range of — 3 x
107/°Cto 15 x 107/ °C.

(3) A glass-transition temperature Tg; of the glass constituting the cores 51 is
higher than a glass-transition temperature Tg, of the glass constituting the clad 52.

(4) In a section of the fiber 1, a core occupancy area ratio is 25 % or more, where
the core occupancy area ratio is a ratio of a total area of the cores 51 to an area of the
screen portion 60 defined by an outer circumferential edge 52a of the clad 52.

(5) In the section of the fiber 1, a pixel density is 0.1 pixel / um? or more, where
the pixel density is the number of pixels per unit area of the screen portion 60.

[0018] Regarding the condition (1), provided that a refractive index of the core
glass is nd; and that a refractive index of the clad glass is nd,, the numerical aperture
NA of the fiber 1 is obtained by the following Formula I.

NA=+nd’-nd,’ ... (Formula I)

The refractive index nd; of the core glass and the refractive index nd;, of the clad glass
refer to values obtained by measurement using the "measuring method for refractive
index of optical glass" specified by the Japan Optical Glass Manufacturers' Association.

By increasing the numerical aperture NA as in the condition (1), the thickness of
the clad 52 between adjacent cores 51 is reduced while fully preventing crosstalk of
transmitted light. Accordingly, the core occupancy area ratio and the pixel density are
increased as in the conditions (4) and (5), and this in turn improves image quality.

In cases where the numerical aperture NA is less than 0.70, the thickness of the
clad 52 between adjacent cores 51 needs to be increased to prevent crosstalk, and the
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core occupancy area ratio and the pixel density cannot be increased sufficiently. In
cases where the numerical aperture NA is more than 0.90, the refractive index nd; of the
core glass needs to be increased significantly, and this may be a cause of a decrease in
short-wavelength transmittance of the fiber 1.

From the same perspectives, the numerical aperture NA of the fiber 1 is

preferably in the range of 0.717 to 0.860 and more preferably in the range of 0.717 to
0.780.
[0019] Regarding the condition (2), the linear thermal expansion coefficient o at
from 100 to 300 °C of the core glass and the linear thermal expansion coefficient o, at
from 100 to 300 °C of the clad glass refer to values obtained by measurement according
to the "measuring method for thermal expansion of optical glass" (using a differential
thermal dilatometer [TMA] including a quartz glass standard sample support) specified
by the Japan Optical Glass Manufacturers' Association. ‘

Setting the linear thermal expansion coefficient difference Aa as defined in the
condition (2) mitigates strain occurring in the fiber and eventually, prevents breakage of
the fiber at the time of manufacturing the fiber 1.

In cases where the linear thermal expansion coefficient difference Aa is more
than 15 x 107/ °C, significant strain is applied in a cooling process, performed after the
glass tube 170 and each piece of the single core fiber 120 are integrated by the thermal
fusion of the single core fiber bundle 110 at the time of manufacturing the fiber 1. This
might lead to breakage of the fiber. In cases where the linear thermal expansion
coefficient difference Ao is less than — 3 x 1077 / °C, it is unlikely that strain can be
removed in the cooling process.

From the same perspectives, the linear thermal expansion coefficient difference

Ao is preferably in the range of — 3 x 1077/ °C to 9 x 10”7 / °C and more preferably in
the range of = 3 x 107 /°Cto 5 x 107 / °C.
[0020] Regarding the condition (3), the glass-transition temperature Tg; of the
core glass and the glass-transition temperature Tg, of the clad glass refer to values
obtained by measurement according to the "measuring method for thermal expansion of
optical glass" (using a differential thermal dilatometer [TMA] including a quartz glass
standard sample support) specified by the Japan Optical Glass Manufacturers'
Association.

By satisfying the relation between the glass-transition temperature Tg; of the core
glass and the glass-transition temperature Tg, of the clad glass as defined in the
condition (3), when the glass tube 170 and each piece of the single core fiber 120 are

-integrated by the thermal fusion of the single core fiber bundle 110 at the time of

manufacturing the fiber 1, only the clad glass 152 is deformable. This ensures that the
circular shape in the section of the core glass 151 is maintained and eventually, prevents
degradation of image quality.

In cases where the glass-transition temperature Tg; of the core glass is less than
or equal to the glass-transition temperature Tg, of the clad glass, when the glass tube
170 and each piece of the single core fiber 120 are integrated by the thermal fusion of
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the single core fiber bundle 110 at the time of manufacturing the fiber 1, the core glass
151 may be deformable prior to the clad glass 152, and when the clad glass 152 is
deformed, the core glass 151 might not be able to maintain the circular shape in the
section thereof, and this may in turn lead to degradation in image quality.

A value (Tg) — Tgy) obtained by subtracting the glass-transition temperature Tg;

of the clad glass from the glass-transition temperature Tg; of the core glass is
preferably from 120 to 170 °C and more preferably from 120 to 150 °C.
[0021] Regarding the condition (4), "in a section of the fiber 1, an area of the
screen portion 60 defined by an outer circumferential edge 52a of the clad 52" equals a
sum of the area of the clad 52 and the total area of the cores 51 in the section of the
fiber 1.

Increasing the core occupancy area ratio as defined in the condition (4) helps
enhance brightness of an image and eventually, improves image quality.

In cases where the core occupancy area ratio of the fiber 1 is less than 25 %, light
transmittance is decreased, and a darker image is obtained.

On the other hand, in cases where the core occupancy area ratio of the fiber 1 is

too high, a sufficiently high pixel density cannot be achieved. Accordingly, the core
occupancy area ratio of the fiber 1 is preferably in the range of 25 to 50 % and more
preferably in the range of 30 to 50 %. ‘
[0022] Regarding the condition (5), the number of pixels in the fiber 1 equals the
number of cores 51 in the fiber 1. The pixel density refers to a value obtained by
dividing the number of pixels in the fiber 1 by the area of the screen portion 60 in the
section of the fiber 1.

Increasing the pixel density as defined in the condition (5) helps enhance
resolution of an image and eventually, improves image quality.

In cases where the pixel density of the fiber 1 is less than 0.1 pixel / um?®, a
sufficient resolution cannot be achieved.

On the other hand, an attempt to increase the pixel density excessively may cause
an excessive decrease in the thickness of the clad 52 between adjacent cores 51 and may
also cause an excessive decrease in the core occupancy area ratio. Accordingly, the
pixel density of the fiber 1 is preferably in the range of 0.1 to 0.5 pixel / pm? and more
preferably in the range of 0.2 to 0.4 pixel / pmz.

[0023] According to the fiber 1 of the present embodiment, by increasing the
numerical aperture NA, the core occupancy area ratio, and the pixel density as defined
in the conditions (1), (4). and (5), the brightness and the resolution of an image are
increased while crosstalk is fully prevented, and thus, image quality is improved.
Furthermore, although the refractive index, and accordingly, the composition of the
multi-component glass constituting the cores 51 need to be significantly different from
those of the multi-component glass constituting the clad 52 to increase the numerical
aperture NA as defined in the condition (1), the manufacturing problem of the fiber
resulting from the differences is prevented by the conditions (2) and (3).

[0024] In the following, the physical properties and the composition of the core
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glass and those of the clad glass that are preferable for the fiber 1 to satisfy the
conditions (1) to (5) are described in this order.
[0025] [Physical Properties of Core Glass]

By increasing the refractive index nd; of the core glass, the numerical aperture
NA of the fiber 1 is increased. From the above perspective, the refractive index nd; of
the core glass is preferably 1.690 or more.

On the other hand, an excessively high refractive index nd; of the core glass
decreases transmittance at short-wavelength of the core glass. From the perspective of
maintaining color reproductivity of the fiber 1, the refractive index nd; of the core glass
is preferably 1.745 or less. '

From the same perspective, the refractive index nd; of the core glass is more

preferably from 1.695 to 1.715 and even more preferably from 1.698 to 1.710.
[0026] In cases where the glass-transition temperature Tg; of the core glass is too
low, when the glass tube 170 and each piece of the single core fiber 120 are integrated
by the thermal fusion of the single core fiber bundle 110 at the time of manufacturing
the fiber 1, the core glass 151 is easily deformed and might not be able to maintain the
circular shape in the section of the core. From the above perspective, the glass-
transition temperature Tg, of the core glass is preferably 605 °C or more.

On the other hand, in cases where the glass-transition temperature Tg; of the core
glass is too high, a spinning temperature for obtaining fiber in a spinning process is
increased at the time of manufacturing the fiber 1, and this may degrade the quality of
the image guide fiber 1 by, for example, inducing crystallization of the core glass.
Accordingly, the glass-transition temperature Tg; of the core glass is preferably 690 °C
or less.

From the same perspective, the glass-transition temperature Tg; of the core glass
is more preferably from 630 to 710 °C and even more preferably from 640 to 680 °C.
[0027] As described with respect to the condition (2), the linear thermal expansion
coefficient a; at from 100 to 300 °C of the core glass is limited by the relation with
respect to the linear thermal expansion coefficient o, at from 100 to 300 °C of the clad
glass. The linear thermal expansion coefficient a; at from 100 to 300 °C of the core
glass is preferably 86 x 1077 / °C or more.

On the other hand, in cases where the linear thermal expansion coefficient o, at
from 100 to 300 °C of the core glass is too high, strain tends to remain in the integrated
preform and is more likely to cause breakage of the preform at the time of
manufacturing the fiber 1. Accordingly, the linear thermal expansion coefficient o at
from 100 to 300 °C of the core glass is preferably 105 x 10”7 / °C or less.

From the same perspective, the linear thermal expansion coefficient o; at from
100 to 300 °C of the core glass is more preferably from 86 x 107 / °C to 100 x 10”7 / °C
and even more preferably from 86 x 107/ °C to 95 x 107 / °C.

[0028] [Composition of Core Glass]

The core glass preferably has a composition, expressed in mol %, containing

Si07: 36 to 48 %, B,03: 7to 19 %, Al,03: 0 to 3.5 %, ZnO: 0 to 4 %, CaO: 0 to 4.5 %,
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SrO: 0 to 4.5 %, BaO: 20 to 33 %, Lay03: 4 to 8 %, Tay0s: 0.5 to 3.5 %, Zr0O;: 0.5 to 7
%, LioO: 0 to 8 %, Na,O: 0 to 5 %, and K,0: 0 to 5 %, and the total percentage of Li,0,
Na;0, and KO is preferably from 0 to 8 %.

A description is given below of the reason why the preferable range of the
component composition of the core glass is defined as above. Note that, although the
unit of the contents of the components in the glass composition is "mol %", the contents
are expressed simply by "%" below unless otherwise specified.

Herein, in cases where the numerical range of the content of any component
includes zero (0), the component is to be construed as an optional component.

[0029] <Si07>

SiO, is a component that permits formation of glass and that is effective for
increasing the glass-transition temperature Tg;. When the content of SiO; is less than 36
%, it is difficult to obtain a glass-transition temperature Tg; of 605 °C or more. On the
other hand, when the glass-transition temperature Tg; is more than 48 %, it is difficult
to obtain the core glass having a glass-transition temperature Tg; of 690 °C or less.
Accordingly, the content of SiO; is preferably in the range of 36 to 48 %. The content
of Si0; is more preferably in the range of 36 to 45 % and even more preferably in the
range of 36 to 40 %.

[0030] <B203>

B,0; is a component that permits formation of glass and that is effective for
reducing the glass-transition temperature Tg;. When the content of B>O; is less than 7
%, it is difficult to obtain the core glass having a glass-transition temperature Tg; of
690 °C or less. On the other hand, when the content of B,O3 is more than 19 %, it is
difficult to obtain the core glass having a glass-transition temperature Tg; of 605 °C or
more. Accordingly, the content of B,Oj; is preferably in the range of 7 to 19 %. The
content of B,O; is more preferably in the range of 12 to 19 % and even more preferably
in the range of 15 to 19 %.

[0031] <Al,035>

Al,O3 is a component that is effective for increasing the refractive index nd; and
improving durability of the core glass. When the content of Al,O3 is high, although
durability of the core glass is improved, the refractive index nd; is decreased.
Accordingly, the content of Al,O3 is preferably in the range of 0 to 3.5 %. The content
of Al,O3 is more preferably in the range of 0 to 2.0 % and even more preferably in the
range of 0 to 1.5 %.

[0032] <ZnO>
ZnO is a component that is effective for preventing an increase in the linear

thermal expansion coefficient o; at from 100 to 300 °C. When the content of ZnO is 4
% or less, the linear thermal expansion coefficient a; at from 100 to 300 °C of the core
glass is maintained to be 86 x 107" / °C or more. Furthermore, since a highly pure ZnO
material is not easily available, as the content of ZnO increases, the content of
contaminating impurities also increases, and this results in degradation in transmittance
of the core glass. Accordingly, the content of ZnO is preferably in the range of 0 to 4 %.
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The content of ZnO is more preferably in the range of 0 to 2 % and even more

preferably in the range of 0 to 1 %.

[0033] <CaO>
CaO is a component that is effective for increasing the refractive index nd;. When

the content of CaO is more than 4.5 %, the refractive index nd; might exceed 1.745.
Accordingly, the content of CaO is preferably in the range of 0 to 4.5 %. The content of
CaO is more preferably in the range of 0 to 4 % and even more preferably in the range
of 0 to 3.5 %.

[0034] <SrO>
SrO is a component that is effective for increasing the refractive index nd;. When

the content of SrO is more than 4.5 %, the refractive index nd; might exceed 1.745.
Accordingly, the content of SrO is preferably in the range of 0 to 4.5 %. The content of
SrO is more preferably in the range of 0 to 4.2 % and even more preferably in the range
of 0 to 4 %.
[0035] <ZnO + CaO + SrO>

The total content of ZnO, CaO, and SrO is preferably from 0 to 11 %. When the
total content of ZnO, CaO, and SrO is more than 11 %, stability of glass is not favorable,
and a manufacturing yield of the image guide fiber 1 might be decreased. The total
content of Zn0, Ca0, and SrO is more preferably in the range of 3 to 9 % and even
more preferably in the range of 5 to 7 %.

[0036] <BaO>
BaO is a component that is effective for increasing the refractive index nd, and

increasing the linear thermal expansion coefficient a; at from 100 to 300 °C. When the
content of BaO is less than 20 %, it is difficult to obtain a refractive index nd; of 1.690
or more, or to obtain the core glass having a linear thermal expansion coefficient a, at
from 100 to 300 °C of 86 x 10”7 / °C or more. On the other hand, when the content of
BaO is more than 33 %, the refractive index nd; might exceed 1.745. Accordingly, the
content of BaO is preferably in the range of 20 to 33 %. The content of BaO is more
preferably in the range of 23 to 30 % and even more preferably in the range of 25 to 30
%.
[0037] <La,03>

La,0j is effective for increasing the refractive index nd;, improving durability of
the core glass, and increasing the glass-transition temperature Tg;. When the content of
LayOj; is less than 4 %, the refractive index nd; might be too low, or the glass-transition
temperature Tg; might be too low. On the other hand, when the content of La,0; is
more than 8 %, the refractive index nd; might exceed 1.745. Accordingly, the content of
La;Oj is preferably in the range of 4 to 8 %. The content of La,O3 is more preferably in
the range of 4 to 7 % and even more preferably in the range of 5 to 6 %.
[0038] <Tap05>

Ta,0s5 is a component that is effective for increasing the refractive index nd; and
the glass-transition temperature Tg;, improving stability of glass, and improving
weather resistance of glass. When the content of Ta,Os is less than 0.5 %, the refractive
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index nd; might be too low, or the glass-transition temperature Tg;, might be too low,
and moreover, stability of glass might be degraded, and the manufacturing yield of the
image guide fiber 1 might be decreased. On the other hand, when the content of Ta;Os
is more than 3.5 %, the refractive index nd; might be too high, and accordingly,
transmittance in short-wavelength range might be decreased, or the glass-transition
temperature Tg; might exceed 690 °C. Accordingly, the content of Ta,0Os is preferably
in the range of 0.5 to 3.5 %. The content of Ta,Os is more preferably in the range of 0.5
to 2 % and even more preferably in the range of 0.5 to 1.5 %.
[0039] <ZrO>

ZrO, is a component that is effective for increasing the refractive index nd; and
the glass-transition temperature Tg; and improving weather resistance of glass. When
the content of ZrO; is less than 0.5 %, the refractive index nd; might be too low, or the
glass-transition temperature Tg; might be too low. On the other hand, when the content
of ZrO, is more than 7 %, the refractive index nd; might exceed 1.745, and moreover,
stability of glass might be degraded, and the manufacturing yield of the image guide
fiber 1 might be decreased. Accordingly, the content of ZrO; is preferably in the range
of 0.5 to 7 %. The content of ZrO, is more preferably in the range of 2 to 3.5 % and
even more preferably in the range of 2 to 3 %.
[0040] <Li,O>

Li,O is a component that is effective for preventing an increase in the glass-
transition temperature Tg;. When the content of Li,O is more than 8 %, the glass-
transition temperature Tg; might be less than 605 °C. Accordingly, the content of Li,O
is preferably in the range of 0 to 8 %. The content of Li>O is more preferably in the
range of 0 to 5 % and even more preferably in the range of 0 to 3 %.
[0041] <Na,O>

Similarly to Li;O, Na,O is a component that is effective for preventing an
increase in the glass-transition temperature Tg;. When the content of Na,O is more than
5 %, the glass-transition temperature Tg; might be less than 605 °C. Accordingly, the
content of Na,O is preferably in the range of 0 to 5 %. The content of Na,O is more
preferably in the range of 0 to 4 % and even more preferably in the range of 0 to 3 %.
[0042] <K,0>

Similarly to Li;O and Na,O, K;O is a component that is effective for preventing
an increase in the glass-transition temperature Tg;. When the content of K,O is more
than 5 %, the glass-transition temperature Tg; might be less than 605 °C. Accordingly,
the content of K,O is preferably in the range of 0 to 5 %. The content of K,O is more
preferably in the range of 0 to 2 % and even more preferably in the range of 0 to 1 %.
[0043] <Li;O + Na,0 + K,0>

When the total content of Li,O, NaO, and K,O is more than 8 %, the glass-
transition temperature Tg; might be less than 605 °C. Accordingly, the total content of
Li; O, Na,0, and K,O is preferably in the range of 0 to 8 %. The total content of Li,0,
Na;0, and K,O is more preferably in the range of 0 to 5 % and even more preferably in
the range of 0 to 3 %.
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[0044] [Physical Properties of Clad Glass]

When the refractive index nd, of the clad glass is sufficiently lower than the
refractive index nd; of the core glass, the numerical aperture NA of the image guide
fiber 1 may be increased even when the core glass having a relatively low refractive
index nd; is used. From the above perspective, the réfractive index nd, of the clad glass
is preferably 1.530 or less.

However, an excessively low refractive index nd, of the clad glass increases the

glass-transition temperature Tg, due to the compositional nature of clad glass, possibly
resulting in an excessively low linear thermal expansion coefficient o, at from 100 to
300 °C. To appropriately maintain the relation with respect to the core glass in terms of
thermophysical properties, the refractive index nd» of the clad glass is preferably 1.490
or more.
[0045] When the glass-transition temperature Tg, of the clad glass is too high, the
spinning temperature for obtaining fiber in the spinning process is increased at the time
of manufacturing the fiber 1, and this may degrade the quality of the image guide fiber
1 by, for example, inducing crystallization of the glass. In consideration of the
aforementioned condition (3) and the aforementioned preferable range of the glass-
transition temperature Tg; of the core glass, the glass-transition temperature Tg; of the
clad glass is preferably 570 °C or less.

On the other hand, when the glass-transition Tg, of the clad glass is too low, a

difference from the glass-transition temperature Tg; of the core glass is increased
excessively. This might cause only the clad to be softened first during the spinning
process at the time of manufacturing the fiber 1. Accordingly, the glass-transition
temperaiure Tgy of the clad glass is preferably 500 °C or more.
[0046] As described with respect to the condition (2), the linear thermal expansion
coefficient o, at from 100 to 300 °C of the clad glass is limited by the difference from
the linear thermal expansion coefficient o, at from 100 to 300 °C of the core glass.
Since the preferable lower limit of the linear thermal expansion coefficient a; at from
100 to 300 °C of the core glass is 86 x 107 / °C, the linear thermal expansion
coefficient o at from 100 to 300 °C of the clad glass is preferably 71 x 107 / °C or
more. '

On the other hand, when the linear thermal expansion coefficient o, at from 100
to 300 °C of the clad glass is too high, the linear thermal expansion coefficient a; at
from 100 to 300 °C of the core glass needs to be set very high. In consideration of
thermophysical properties of the core glass, the linear thermal expansion coefficient o,
at from 100 to 300 °C of the clad glass is preferably 95 x 107/ °C or less.

[0047] [Composition of Clad Glass]

The clad glass preferably has a composition, expressed in mol %, containing
Si0,: 46 to 67 %, B,03: 7 to 20 %, Al,03: 1 to 15 %, MgO: 0 to 12 %, Ca0O: 0 to 10 %,
Zn0: 0 to 11 %, Li,O: 0 to 6 %, NaO: 2 to 20 %, and K;0: 0 to 9 %. The total
percentage of MgO, CaO, and ZnO is preferably from 3 to 14 %, and the total
percentage of Li»O, NayO, and KO is preferably from 6 to 24 %.
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A description is given below of the reason why the preferable range of the
component composition of the clad glass is defined as above.
[0048] <SiOx>

SiO; is a component that is a main component essential for glass, that facilitates
glass transition, and that is effective for reducing the linear thermal expansion
coefficient o, at from 100 to 300 °C. When the content of SiO, is less than 46 %, the
linear thermal expansion coefficient o, at from 100 to 300 °C might be too high. On the
other hand, when the content of SiO, is more than 67 %, the glass-transition
temperature Tg, might be too high, and the linear thermal expansion coefficient o, at
from 100 to 300 °C might be too low. Accordingly, the content of SiO; is preferably in
the range of 46 to 67 %. The content of SiO; is more preferably in the range of 49 to 64
% and even more preferably in the range of 49 to 63 %.
[0049] <B,03>

B,0j3 is a component that permits formation of glass, that is effective for reducing
the glass-transition temperature Tg,, and that is effective for reducing the linear thermal
expansion coefficient a, at from 100 to 300 °C. When the content of B,0j3 is less than 7
%, the linear thermal expansion coefficient a, at from 100 to 300 °C might be too high,
exceeding 95 x 10”7 / °C. On the other hand, when the content of B>O; is more than 20
%, the linear thermal expansion coefficient o, at from 100 to 300 °C might be less than
71 x 1077/ °C. Accordingly, the content of B,0j3 is preferably in the range of 7 to 20 %.
The content of B,O; is more preferably in the range of 10 to 18 % and even more
preferably in the range of 10.5 to 17 %.
[0050] <Al,O3>

Al,0O3 is a component that is effective for increasing the refractive index nd,,
increasing the glass-transition temperature Tg,, and improving durability of the clad
glass. When the content of Al,Oj3 is less than 1 %, the effect of improving durability of
the clad glass is weakened, and the glass-transition temperature Tg, is decreased. In
contrast, when the content of Al,O3 is more than 15 %, the glass-transition temperature
Tg, might be too high. Accordingly, the content of Al,O3 is preferably in the range of 1
to 15 %. The content of Al,O; is more preferably in the range of 2 to 14 % and even
more preferably in the range of 3 to 12 %.
[0051] <MgO>

MgO is a component that serves to decrease a melting temperature of glass,
facilitate glass transition, and improve the refractive index. When the content of MgO is
more than 12 %, the refractive index nd, of the clad glass might exceed 1.530.
Accordingly, the content of MgO is preferably in the range of 0 to 12 %. The content of
MgO is more preferably in the range of 0 to 10 % and even more preferably in the range
of 0 to 9 %.

[0052] <CaO>
Similarly to MgO, CaO is a component that decreases a melting temperature of

glass, that facilitates glass transition, and that is effective for increasing the refractive
index ndy. When the content of CaO is more than 10 %, the refractive index nd, might
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exceed 1.530. Accordingly, the content of CaO is preferably in the range of 0 to 10 %.
The content of CaO is more preferably in the range of 0 to 8 % and even more
preferably in the range of 0 to 5 %.

[0053] <ZnO>
Similarly to MgO and CaO, ZnO is a component that decreases a melting

temperature of glass, that further facilitates glass transition, and that is effective for
preventing an increase in the linear thermal expansion coefficient o, at from 100 to 300
°C. When the content of ZnO is more than 11 %, the linear thermal expansion
coefficient a, at from 100 to 300 °C of the core glass might be less than 71 x 107/ °C,
and the glass-transition temperature Tg, might be too low. Accordingly, the content of
ZnO is preferably in the range of 0 to 11 %. The content of ZnO is more preferably in
the range of 0 to 10 % and even more preferably in the range of 0 to 8 %.
[0054] <MgO + CaO + ZnO>

When the total content of MgO, CaO, and ZnO is more than 14 %, the refractive
index nd; of the clad glass might be too high, exceeding 1.530. On the other hand, when
the total content of MgO, CaO, and ZnO is less than 3 %, the linear thermal expansion
coefficient a, at from 100 to 300 °C might be more than 95 x 107 / °C. The total
content of MgO, CaO, and ZnO is preferably in the range of 3 to 14 %. The content of
ZnO is more preferably in the range of 3 to 10 % and even more preferabiy in the range
of 6 to 10 %.
[0055] <Li,O>

Alkali metal oxide, such as Li,O, is a component that decreases a melting
temperature of glass, that further facilitates glass transition, and that is effective for
preventing an increase in the glass-transition temperature Tg>. When the content of
Li,O is more than 6 %, the glass-transition temperature Tg; might be less than 500 °C.
Accordingly, the content of Li,O is preferably in the range of 0 to 6 %. The content of
Li,O is more preferably in the range of 0 to 4.5 % and even more preferably in the
range of 0 to 4 %.

[0056] <Na,O>
Similarly to Li;O, Na,O is a component that is effective for preventing an

increase in the glass-transition temperature Tg, and increasing the linear thermal
expansion coefficient a, at from 100 to 300 °C. When the content of NayO is less than 2
%, the linear thermal expansion coefficient o, at from 100 to 300 °C might be less than
71 x 1077 / °C. In contrast, when the content of Na>O is more than 20 %, the linear
thermal expansion coefficient o, at from 100 to 300 °C might be more than 95 x 107/
°C. Accordingly, the content of Na,O is preferably in the range of 2 to 20 %. The
content of Na,O is more preferably in the range of 3 to 18 % and even more preferably
in the range of 5to 17.5 %.
[0057] <K,0>

Similarly to Li,O and Na,O, K,O is a component that is effective for preventing
an increase in the glass-transition temperature Tg; and increasing the linear thermal
expansion coefficient o, at from 100 to 300 °C. When the content of KO is more than 9
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%, the linear thermal expansion coefficient o, at from 100 to 300 °C might be more
than 95 x 1077 / °C. Accordingly, the content of K,O is preferably in the range of 0 to 9
%. The content of K,O is more preferably in the range of 0 to 7 % and even more
preferably in the range of 0 to 5 %.

[0058] <Li;O + Na,0 + K,0>

When the total content of Li,O, Na>O, and K,O is more than 24 %, the linear
thermal expansion coefficient o, at from 100 to 300 °C might be more than 95 x 107 /
°C. When the total content of Li,O, Na,O, and K,O is less than 6 %, the linear thermal
expansion coefficient o, at from 100 to 300 °C might be less than 71 x 107 / °C.
Accordingly, the total content of Li»O, Na>O, and K,O is preferably in the range of 6 to
24 %. The total content of Li,O, Na,O, and K,O is more preferably in the range of 9 to
18.5 % and even more preferably in the range of 12 to 17.5 %.

[0059] Additionally, to improve melting properties and enhance stability of glass,
the core glass and the clad glass may each also contain other components that are used
in normal glass and are not described herein within the range by which the other
components make up a total content of less than mol %, as long as the objective of the
present disclosure is met. In this case, the content of each component is determined to
achieve the total content of all the components, including the other components, of 100
mol / %. '

[0060] [Method of Manufacturing Core Glass and Clad Glass]

Next, a description is given of an example of a method of manufacturing the core
glass and the clad glass. Note that the method of manufacturing the core glass may be
the same as the method of manufacturing the clad glass, and the core glass and the clad
glass are simply called "glass" herein without distinction.

As formulation materials of glass, oxides, hydroxides, carbonates, nitrates, and
the like corresponding to materials of the components of glass are weighed according to
predetermined percentages and are mixed fully. Additionally, for preventing coloration
of glass and for defoaming, an additive (such as Sb,03) having a reduction effect may
be added within the range of 1 mol% or less, which does not affect the advantageous
effect of the present disclosure.

In manufacturing of glass, firstly, the glass formulation materials are put into a
platinum crucible and melted in a glass melting furnace heated to from 1300 to 1500 °C.
Then, the glass melt melted at a high temperature is stirred with a stirring bar for
clarification and homogenization and subsequently, poured into a mold preheated to an
appropriate temperature. After that, gradual cooling is performed according to an
appropriate temperature schedule, and thus, a glass block is obtained.

However, the core glass and the clad glass that are used for the fiber 1 according
to the present embodiment may also be manufactured by any method other than the
above manufacturing method.

EXAMPLES
[0061] Examples 1 to 7 of an image guide fiber according to the present disclosure
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and Comparative Examples 1 to 8 were prepared for assessment. Results of the
assessment are described with reference to Tables 1 to 5. Table 1 shows details of
Examples 1 to 7 and Comparative Examples 1 to 8. '

Names listed in the row titled "core" in Table 1 correspond to names of cores 1 to
16 listed in Table 2 and to names of cores 17 to 33 listed in Table 3. Names listed in the
row titled "clad" in Table 1 correspond to names of clads 1 to 16 listed in Table 4 and to
names of clads 17 to 31 listed in Table 5. For example, Comparative Example Fiber 1 in
Table 1 includes the core 1 in Table 2 and the clad 19 in Table 5.

Tables 2 and 3 show, for the cores 1 to 33, compositions, physical properties, and
results of assessment of stability that is described later. Tables 4 and 5 show, for the
clads 1 to 31, compositions, physical properties, and results of assessment of stability
that are described later.

Comparative Example Fibers and Example Fibers were each manufactured with
use of the corresponding core glass and clad glass as shown in Table 1 by the
manufacturing method described above with reference to FIGS. 3A and 3B.

The screen portions 60 of Example Fibers had the same diameter (screen

diameter). On the other hand, Comparative Example Fibers 2 and 4 to 8 had the same
screen diameter, and Comparative Example Fibers 1 and 3 had different screen
diameters from each other and also from those of Comparative Example Fibers 2 and 4
to 8.
[0062] The contents of "numerical aperture NA", "linear thermal expansion
coefficient difference Ao (x 107 / °C)", "core glass-transition temperature Tg; — clad
glass-transition temperature Tgy (°C)", "core occupancy area ratio (%)", and "pixel
density (pixel / pum?)" listed in Table 1 are as described above with respect to the
conditions (1) to (5). Additionally, the core occupancy area ratio and the pixel density
were calculated by observing and measuring the configurations of Comparative
Example Fibers and Example Fibers.

In Table 1, "occurrence of cracks" indicates whether cracks occurred in a single
core fiber bundle or a preform at the time of manufacturing a fiber. Any fiber in which
cracks occurred was not subject to USAF chart test that is described below.

In Table 1, "result of USAF chart test" indicates a result of image quality
assessment and test using 1951 USAF test patterns. In USAF chart test, a piece of paper
on one side of which 1951 USAF test patterns were printed was prepared, and with the
incident end surface of the fiber being in direct contact with the one side of the paper
and with the other side of the paper being illuminated, an image of the 1951 USAF test
patterns, emitted from the emission end surface of the fiber, was outputted to a monitor
for observation. The same range of field of view (observation) of the 1951 USAF test
patterns was adopted for Comparative Example Fibers and Example Fibers. Then,
results of the observation of the 1951 USAF test patterns were assessed relatively. Table
1 shows, as results of the assessment, "excellent", "good", "fair", and "poor", which
have the relation "excellent" > "good" > "fair" > "poor" in a descending order from
"good image quality" to "bad image quality".
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[0063] The cores 1 to 33 shown in Tables 2 and 3 were each obtained through glass
transition of the corresponding composition by a normal melt quenching method. In
detail, as material compounds of each core, SiO,, H;BO3, AI(OH)3;, ZnO, CaCOj3;, SrCOs3,
BaCO;, Ba(NO3)2, La203, Ta205, szOs, ZI'Oz, LizCOg, N32CO3, and K2C03 were
weighed according to predetermined percentages. At this time, 0.05 mol% of Sb,03; was
added as a defoaming agent. These components were mixed and subsequently, melted
for approximately 2 hours in a glass melting furnace at 1300 °C by using a platinum

crucible. During the melting, the melt was homogenized by stirring timely.

Subsequently, the melt was poured into a mold and gradually cooled to a room
temperature, and thus, the core glass was obtained.

To check thermal properties and optical properties of the obtained core glass, the
refractive index nd,;, the glass-transition temperature Tg;, and the linear thermal
expansion coefficient a, at from 100 to 300 °C were measured. Tables 2 and 3 show the
results.

In Tables 2 and 3, "stability" indicates a result of assessment of core glass

stability. While the aforementioned stirring was performed for 2 minutes, when
crystallization of glass was confirmed visually, the core glass was assessed as "bad",
and when crystallization of glass was not confirmed visually, the core glass was
assessed as "good".
[0064] The clads 1 to 31 shown in Tables 4 and 5 were each obtained through glass
transition of the corresponding composition by the normal melt quenching method. In
detail, as material compounds of each clad, SiO,, H;BOj3, AI(OH)3;, MgO, CaCOs, ZnO,
Li»CO3, NayCO3, and K2CO3 were weighed according to predetermined percentages. At
this time, 0.1% mol% of Sb,O; was added as a defoaming agent. These components
were mixed and subsequently, melted for approximately 2 hours in a glass melting
furnace at 1450 °C by using a platinum crucible. During the melting, the melt was
homogenized by stirring timely. Subéequently, the melt was poured into a mold and
gradually cooled to a room temperature, and thus, the clad glass was obtained.

To check thermal properties and optical properties of the obtained clad glass, the
refractive index nd;, the glass-transition temperature Tg,, and the linear thermal
expansion coefficient a, at from 100 to 300 °C were measured. Tables 4 and 5 show the
results.

In Tables 4 and 5, "stability" indicates a result of assessment of clad glass
stability. While the aforementioned stirring was performed for 2 minutes, when
crystallization of glass was confirmed visually, the clad glass was assessed as "bad",
and when crystallization of glass was not confirmed visually, the clad glass was

assessed as "good".
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[0066]

[Table 2]
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[0070] As can be seen from Table 1, in Example Fibers, occurrence of cracks was
not observed at the time of manufacturing fibers, and the image qualities were better
than those of Comparative Example Fibers.

INDUSTRIAL APPLICABILITY
[0071] An image guide fiber according to the present disclosure may be suitably
used for image transmission in, for example, an endoscope for medical or industrial

applications.

REFERENCE SIGNS LIST

[0072] 1 Image guide fiber
la  Incident end surface
Ib  Emission end surface
2 Light guide fiber
3 Objective lens
4 Ocular lens
10 Scope of endoscope
11 Operation portion
12 Insertion portion
13 Front end portion
20  Observed object

30 Monitor
51 Core
52 Clad

60  Screen portion

70  Jacket layer

80  Coat layer

110 Single core fiber bundle
120 Single core fiber

151 Core glass

152 Clad glass

170 Glass tube
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CLAIMS

1. An image guide fiber comprising a plurality of cores and a clad which is
common to the plurality of cores, wherein

the cores and the clad are each made of multi-component glass,

the image guide fiber has a numerical aperture NA in the range of 0.70 to 0.90,

a linear thermal expansion coefficient difference Aa, which is a value obtained
by subtracting a linear thermal expansion coefficient o, at from 100 °C to 300 °C of a
clad glass of the clad, from a linear thermal expansion coefficient o, at from 100 °C to
300 °C of a core glass of the cores, is in the range of — 3 x 10”7 /°C to 15 x 107/ °C,

a glass-transition temperature Tg; of the core glass is higher than a glass-
transition temperature Tg, of the clad glass,

in a section of the image guide fiber, a core occupancy area ratio is 25 % or
more, where the core occupancy area ratio is a ratio of a total area of the plurality of
cores to an area of a screen portion defined by an outer circumferential edge of the clad,
and

in the section of the image guide fiber, a pixel density is 0.1 pixel / pm” or more,
where the pixel density is the number of pixels per unit area of the screen portion,
wherein

the core glass has

a refractive index nd; in the range of 1.690 to 1.745,

the glass-transition temperature Tg; of 605 °C or more, and

the linear thermal expansion coefficient o, at from 100 °C to 300 °C of 86 x 107

/ °C or more.

2. An image guide fiber comprising a plurality of cores and a clad which is
common to the plurality of cores, wherein

the cores and the clad are each made of multi-component glass,

the image guide fiber has a numerical aperture NA in the range of 0.70 to 0.90,

a linear thermal expansion coefficient difference Aa, which is a value obtained
by subtracting a linear thermal expansion coefficient o, at from 100 °C to 300 °C of a

clad glass of the clad, from a linear thermal expansion coefficient a; at from 100 °C to
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300 °C of a core glass of the cores, is in the range of —3 x 10”7 /°C to 15 x 107/ °C,

a glass-transition temperature Tg; of the core glass is higher than a glass-
transition temperature Tg, of the clad glass,

in a section of the image guide fiber, a core occupancy area ratio is 25 % or
more, where the core occupancy area ratio is a ratio of a total area of the plurality of
cores to an area of a screen portion defined by an outer circumferential edge of the clad,

and

in the section of the image guide fiber, a pixel density is 0.1 pixel / pm” or more,
where the pixel density is the number of pixels per unit area of the screen portion,

wherein the core glass has a composition,

expressed in mol %, containing

Si05: 36 % to 48 %,

B,03: 7 % to 19 %,

Al,O3: 0 % to 3.5 %),

Zn0: 0% to 4 %,

Ca0: 0% to 4.5 %,

SrO: 0 % to 4.5 %,

BaO: 20 % to 33 %,

Lay03: 4 % to 8 %,

Ta,0s5: 0.5 % to 3.5 %,

Z105: 0.5 % to 7 %,

Li,O: 0 % to 8 %,

Na,O: 0% to 5 %, and

K,0: 0 % to 5 %, wherein

a total percentage of Li,O, Na,0, and K,O is from 0 % to 8 %.

3. An image guide fiber comprising a plurality of cores and a clad which is
common to the plurality of cores, wherein

the cores and the clad are each made of multi-component glass,

the image guide fiber has a numerical aperture NA in the range of 0.70 to 0.90,

a linear thermal expansion coefficient difference Aa, which is a value obtained
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by subtracting a linear thermal expansion coefficient o, at from 100 °C to 300 °C of a
clad glass of the clad, from a linear thermal expansion coefficient a; at from 100 °C to
300 °C of a core glass of the cores, is in the range of —3 x 107 / °C to 15 x 107 / °C,

a glass-transition temperature Tg; of the core glass is higher than a glass-
transition temperature Tg, of the clad glass,

in a section of the image guide fiber, a core occupancy area ratio is 25 % or
more, where the core occupancy area ratio is a ratio of a total area of the plurality of
cores to an area of a screen portion defined by an outer circumferential edge of the clad,
and

in the section of the image guide fiber, a pixel density is 0.1 pixel / um” or more,
where the pixel density is the number of pixels per unit area of the screen portion,

wherein the clad glass has

a refractive index nd, in the range of 1.490 to 1.530,

the glass-transition temperature Tg, of 570 °C or less, and

the linear thermal expansion coefficient o, at from 100 °C to 300 °C of 95 x 107

/ °C or less.

4. An image guide fiber comprising a plurality of cores and a clad which is
common to the plurality of cores, wherein

the cores and the clad are each made of multi-component glass,

the image guide fiber has a numerical aperture NA in the range of 0.70 to 0.90,

a linear thermal expansion coefficient difference Aa, which is a value obtained
by subtracting a linear thermal expansion coefficient o, at from 100 °C to 300 °C of a
clad glass of the clad, from a linear thermal expansion coefficient o, at from 100 °C to
300 °C of a core glass of the cores, is in the range of — 3 x 107 /°C to 15 x 107 / °C,

a glass-transition temperature Tg; of the core glass is higher than a glass-
transition temperature Tg, of the clad glass,

in a section of the image guide fiber, a core occupancy area ratio is 25 % or
more, where the core occupancy area ratio is a ratio of a total area of the plurality of
cores to an area of a screen portion defined by an outer circumferential edge of the clad,

and
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in the section of the image guide fiber, a pixel density is 0.1 pixel / pm” or more,
where the pixel density is the number of pixels per unit area of the screen portion,

wherein the clad glass has a composition,

expressed in mol %, containing

Si0,: 46 % to 67 %,

B,03: 7 % to 20 %,

Al,Os3: 1 % to 15 %,

MgO: 0 % to 12 %,

Ca0: 0 % to 10 %,

Zn0O: 0% to 11 %,

Li,0: 0 % to 6 %,

Na,O: 2 % to 20 %, and

K>0: 0 % to 9 %, wherein

a total percentage of MgO, CaO, and ZnO is from 3 % to 14 %, and

a total percentage of Li,O, Na,0, and K,O is from 6 % to 24 %.



