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ABSTRACT

This invention relates to an optical fiber having a

_structure that effectively reduces transmission loss and

bending loss. Anoptical fiber according to this invention
is anoptical fiber mainly comprised of silica and including
acore region and a cladding region covering the core region.

The core region is doped with chlorine so as to have a

" refractive index higher than that of pure silica. The

cladding region is doped with fluorine so as to have a
refractive index lower thanthat of puresilica. Theoptical

fiber, in particular, is characterized in that a peak value

~of arelativerefractive index difference of the core region

with respect to a refractive index of pure silica is 0.05%

Or more.:
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OPTICAL FIBER AND METHOD OF MANUFACTURING THE SAME
Technical Field

The present invention relates to an optical fiber
suitable for an optical transmission line in a long-haul
optical communication systbem.
Béckground Art

As optical transmission lines for transmitting light
signals in an optical communication system, several types
of optical fibers have been used or studied. For example,
as thé first prior art, a silica glass based fiber having
a core region doped with germanium (to be referred to as
a Ge-doped core optical fiber hereiﬁafter) has been used.
As the second prior art, a silica glasé based fiber having
a core region doped with no germanium and a cladding region
formed around the core region and>doped with fluorine (to
be referred to as a pure silica core optical fiber
hereinafter) hasbeenused. Asthethirdpriorart, asilica
glass based optical fiber is disclosed in Tanaka, et al.,
"High Silica Core Single-Mode Fibers for 1.55 uh
Transmission”, Fujikura Technical Review, 1990, in which
the core region is doped with chlorine to reduce residual
stress (to be referred to as a chlorine-doped core optical
fiber hereinafter) soastoeffectively suppressdeformation

of therefractive indexprofileof theoptical fiber obtained

after drawing.
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Disclosure of Invention

The inventors have found the following problems upon
examining the above prior arts. An optical fiber for
communication is required to have a small transmission loss.
In consideration of the use of an optical fiber for a cable,
it isalsorequired that the bending loss be small. Inorder
to reduce bending loss, the relative refractive index
difference of a core region with respect to the refractive
index of a cladding region must be increased to increase
light confinement efficiency.

In the above Ge-doped core optical fiber as the first
prior art, a reduction in bending loss can be attained by
increasing the contents of germanium in the core region and
increasing therelative refractive index difference between
the core region and the cladding region. If, however, a
large amount of germanium is added in the core region on
which the optical power of incident light concentrates, the
transmission loss increases because the Rayleigh scattering
coefficient caused by the germanium is larger than that
caused by pure silica. For this reason, in the Ge-doped
core optical fiber as the first prior art, it is difficult
to effectively reduce both the transmission loss and the
bending loss. )

In the pure silica core optical fiber as the second
prior art, a reduction in bending loss can be attained by

increasing the contents of fluorine in the cladding region
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and increasing the relative refractive index difference
between the core' region composed of pure silica and the
cladding region. In the second prior arct, howevér, even
if thecontentsof flucrine in thecladdingregion increases,
the transmission loss due to Rayleigh scattering is small
because thacoreregionisconposedofpuresilica. Howevef,
it is difficult from a production viewpoint to add a large
amount of fluworine in the cladding region. In addition,
since the differences in physical property value (e.g.,
viscosity upon heating) between the core region and the
cladding region increase, the transmission loss due to

structural mismatching at the interface between the core
regiomandthecladdingreqionincreagses. Inthepuresilica
core optical fiber as well, therefore, it is difficult to
effectivelyreduceboththetransmissionlossandthebending
loss.

In the chlorine-doped core optical fiber as the third
prior art, according to Tanaka, in laying the a submarine
cable,thelevelufﬁendinglossuponbendingﬁithadimwmer
of 20 mm needs tobe 3 to 1 dB/mor lesg. Such a description,
however, states only a required value of bending loss.
However, there is no description in this raference about
howtorealizeanopticalfiberthatcansatisfythisrequired
value of bending loss. Inaddition, there is nodescription
aboutaspecificleveltownicnbendinglosscanbeactually

reduced.
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Furthermore, it is desirable to obtain an optical fiber
with improved reduction of transmission loss or at least
provide a useful alternative.

According to one aspect of the present invention, there
is provided an optical fiber comprising a core whose part is
doped with at least chlorine, said optical fiber having:

a transmission loss of 0.175 dB/km or less at a
wavelength of 1.55 um; and

an increase in transmission loss due to an OH-radical
of 0.5 dB/km or less at a wavelength of 1.38 um,

wherein, in said part of said core doped with the
chlorine, a peak value of a relative refractive index
difference with respect to a pure silica is of 0.05% or
more.

According to a further aspect of the present invention,
there is provided an optical fiber comprising a core whose
part is doped with at least chlorine, said optical fiber
having:

a transmission loss of 0.175 dB/km or 1less at a
wavelength of 1.55 pum;

an increase in transmission loss due to an OH-radical
of 0.5 dB/km or less at a wavelength of 1.38 um; and

a cutoff wavelength of 1.10 um or more at a length of

2m.
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Such a reduction in transmission loss can be attained
by sufficiently performing dehydration using a halogen gas
in the process of manufacturing the optical fiber. Chlorine
to be contained in the core region is also introduced in
this dehydration step. In the case shown in Fig. 8 in the
reference by Tanaka, an increase in transmission loss due to
an OH-radical at a wavelength of 1.38 pm exceeds 0.6 dB/km.

That is, dehydration is not performed or not
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sufficiently performed.

The optical fiber according to the present invention

preferably has a zero dispersion wavelength at 1.34 um or more. By

setting a zero dispersion wavelength to 1.34 4m or more,
chromatic dispersion at a wavelengthof 1.55 4m is reduced.
This eliminates the necessity of dispersion compensation
or allows optical transmission at a waveiength of 1.55 wu
mwithasmall amount of dispersioncompensation. By setting
azerodispersion wavelengtﬁ inthismanner, thetransmission
loss due to an OH-radical at a wavelengf.h of 1.38 um can
be suppressed to 0.5 dB/km or less. This allows the usé
of a 1.38 um band as a signal wavelength band.

In order to shift the zero dispersién wavelength to
a.long wavelength side while the relative refractive index
difference between the core region and the cladding region-
ismaintained constant, the diameter of the core region must
be decreased. If, however, the diameter of the core région
decreases, the bending loss increases. The bending loss
can effectively be reduced by increasing the relgtive
refractive index difference between the core region and the
cladding region. However, astherelative refractive index
difference is increased by increasing the contents of
germaniuminthecoreregion, thetransmissionloss increases.
Inconsideration of these points, according to this coptical
fiber, a sufficient relative refractive index difference

isobtainedbyadding fluorine in thecladding regionwithout




containing germanium in the core region.

03 May 2005

The optical fiber according to the present invention

preferably has an effective area of 100 um® or more with respect to
a wavelength band in use. If the effective area is 100 u«
m?or more, the non-linearityof theoptical fiber is reduced.

This makes it possible to effectively use this optical fiber

2003203793

in a case wherein a high-power optical input can be obtained

as in WDM (Wavelength Division Multiplexing) transmission

using an optical fiber amplifier.

10 Note that adepressed cladding structureis preferably
used to effectively suppress an increase in bending loss.
and obtain a very large effectivearea. Intheoptical fiber
according to the present invention, therefore, the cladding
region may have a structure including an innef claading

15 provided on the periphery of the core region and having an

average refractive index lower than that of the core region,

and an outer cladding provided on the periphery of the inner
cladding and having an average refractive index lower than

that of the core region but higher than that of the inner

20 cladding.

25

-10-




03 May 2005

2003203793

10

20

PAOPERSAS\an-Jun 05112194680 15pa doc-0315105

-8-

Brief Description of the Drawings

Preferred embodiments of the present invention will now
be described, by way of non-limiting example only, with
reference to the accompanying drawings, as set out below.

Figs. 1A is a view showing a cross-sectional structure
of each of the first to fourth embodiments of the optical
fiber according to the present invention, and Fig. 1B is
view showing the refractive index profile of the optical
fiber according to each of the first and fourth embodiments;

Fig. 2 1is a view showing the refractive index profile
of a pure silica core optical fiber as a comparative
example;

Fig. 3 is a graph showing the result obtained by
performing a simulation concerning the relationship between
the mode field diameter and bending loss of the optical
fiber according to each of the first to fourth embodiments
and the pure silica core optical fiber as a comparative
example (the relative refractive index difference between
the core region and the cladding region is constant) ;

Fig. 4A is a view showing a cross-sectional structure
of the fifth embodiment of the optical fiber according to
the present invention, and Fig. 4B is a view showing the
refractive index profile of the optical fiber according to

the fifth embodiment;

-11-
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Figs. 5A to 5C are views for respectively explaining
the first deposition step (Fig. 5A), the dehydration step
(Fig. 5B), and the first sintering step (Fig. 5C) in a
process of manufacturing an optical fiber;

Figs. 6A and 6B are views for respectively explaining
the second deposition step (Fig. 6A) and the dehydration
step (Fig. 6B) in the process of manufacturing the optical
fiber; and

Figs. 7A and 7B are views for respectively explaining

10 the second sintering step (Fig. 7A) and the drawing step

12-
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(Fig. 7B) in the process of 'manufacturing the optical fiber.

Best Mode of Carrying Out the Invention‘

Embodiments of the optical fiber according to the
present invention will be described in detail below with
reference to Figs. 1A, 1B, 2, 3, and 4A to 7B. Note that
the same reference numerals denote the same parts throughout
the drawings, and a repetitive description will be avoided.

Fig. 1A shows a sectional structure of the first

. embodiment (ditto for the second to fourth embodiments) of

the optical fiber according to the present invention.
Fig. 1B shows the refractive index profile of an optical
fiber 100 according to the first embodiment. .
As shown in Fig. 1A, the optical fiber 100 according
to the first embodiment comprises a core region 110 having
a diameter al and extending along a predetermined axis, and
a cladding region 120 provided on the periphery of the core
regionl110. Thecoreregionl110isdopedwithapredetermined
amount of chlorine to have a refractive index higher than
that of pure silica. The cl.adding region 120 is doped with
a predetermined amount of fluorine tohave a refractive index
lower than that of pure silica. In the optical fiber 100
according to the first embodiment, in particular, the
concentration of chlorine added in the core region 110 is
set such that the peak value of a relative refractive index

difference An' of the core region 110 with respective to

10

-13-
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the refractive index of pure silica becomes 0.05% or more.
Note that the cladding region 120 has a relative refractive
index difference An~ with respect to pure silica.

In the optical fiber 100 according to the first
embodiment, the concentration of chlorine added in the core
region 110 increases from a peripheral portion of the core
region 110 toward the center of the coré region 110.

The abscissa of a refractive index profile 150 in
Fig. 1B corresponds to the respective portions of a cross
section (a surface perpendicular to the traveling direction
of light signals propagating) of the optical fiber 100
according to the first embodiment (ditto for the second to
fourth embodiments) in Fig. 1A on a line L1. A region 151
of the refractive index profile 150 cdrresponds to the
refractive indexes of the respective portions of the core
region 110 on the line L1, and a region 152 of the profile
corresponds to the refractive indexes of the respective
portions of the cladding region 120 on the line Ll.

Arelative refractive index difference A" of the core
region 110 and a relative refractive index difference A
" of the cladding region 120 with reference to pure silica
are defined as follows:

A* = (n, - ng)/ng

A™ = (n; - mo)/me
where n; is the refractive index of the core region 110,

n; is the refractive index of the cladding region 120, and

11
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n, is the refractive indek of pure silica. In this
specification, a.relative refractive index difference A
is represented in percentage, and the refractive indexes
of the respective regions in the respective definition
expresslions are arranged in the fixedorder. When the \}alue
of A is negative, therefore, the refractive index of the
corresponding region is lower than that :of pure silica.
In optical fibers according to the present embodiments,
including the optical fiber 100 of the first embodiment,
chlorine iscontainedinat least partof thecladdingregion.
An increase in transmission loss due to an OH-radical at
a wavelength of 1.38 um is 0.5 dB/km or less. A zero
dispersion wavelength is set at 1.34 umor blonge‘r. Setting
a zero dispersion wavelengthA at 1.34 um or longer reduces
chromatig dispersion at a wavelength of 1.55 4m, and
eliminates the necessity of di§pérsion compensation or
allbws optical transmission at a wavelength of 1.55 #Zmwith
a small dispersion compensation amount. In addition, a
1.38~um band can be used as a signal wavelength band by
setting a zero dispersion wavelength in this manner and
suppressing transmission loss at a wavelength of 1.38 u
m due to an OH-radical to 0.5 dB/km or less. Furthermore,
the optical fiber ‘according to the present embodiment has
an effective area Bg of 100 um? or more with respect to

a wavelength band in use. If the effective area A, 1s 100

#m? or more, non-linearity of the optical fiber is reduced.

12
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This makes it possible to effectively use thisoptical fiber

in a case wherein a high-power optical input can be obtained

as in WDM transmission using an optical fiber amplifier.
As disclosed in Japanese Patent Laid-Open

No. 8-248251 (EP 0 724 171 A2), the effective area Ay is

given by
B, = 2n[ E’rdr) /([ E‘rdr) (1)
s f f

whereE istheelectric fieldaccompanyingpropagating light,
and r is the distance from the center of the core in the
radial direction.

Fig. 2 shows the refractive index profile of a pure
silica. core optical fiber as a comparative example. The
pure silica core optical fiber as the comparative example
has the same cross-sectional structure as that in the first
embodiment shown in Fig. 1A, but differs from the first
embodiment in that the core region comprised of pure silica.
This comparative example comprises a core region having a
diameter a2 and comprised of pure silica, and a cladding
region provided on the periphery of the core region. Note
that thecladding region is doped with a predetermined amount
of fluorine to have a relative refractive index difference
A7 (= (n; - no)/ng) with respect to tﬂe core region (pure
silica).

The abscissa of a refractive index profile 250

corresponds to the respective portions on the line L1 in

13
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Fig. 1A like the refractive index profile in Fig. 1B. A
region 251 correéponds to the refractive indexes of the
respective portions on the line L1 in the core region, and
a region 252 corresponds to the refractive indexes of the
respective portions on a line L2 in the cladding region.

Fig. 3 is a graph showing the result obtained by
performinga simulation concerningthe relagionship between
themode fielddiameter andbending lossof eachof theoptical
fiber 100 according to the first embodiment, which has the
above structure, and the pure silica core optical fiber as
a comparative example. White circles A plotted on Fig. 3
represent a simulation result on the optical fiber 100
according to the first embodiment, and black circles B
represent asimulationresult onthepuresilicacoreoptical
fiber.

The following are simulation conditions. In eachof
the optical fibers according to the first embodiment and
the pure silica core optical fiber as a comparative example,
therelativerefractive indexdifference An”of the cladding
region with respect to the refractive index of pure silica
is -0.3%, and each measurement value of bending loss (dB/m)
is obtained at a wavelength of 1.55 #m when the fiber is
bent with a diameter of 20 mm. WNote that in the optical
fiber according to the first embodiment, the peak value of
the relative refractive index difference An” of the core

region with respect to the refractive index of pure silica

14
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is 0.05%:

As is obviéus from this graph, the bending loss of
the optical fiber 100 according to the first embodiment
decreases by one or more orders of magnitudes as compared
with the pure silica coreoptical fiber. When, for example,
the mode field diameter is 11.2 um, the bending loss of
the pure silica core optical fiber is about 20 dB/m, whereas
the bending loss of the optical fiber 100 is about 0.6 dB/m.

The results obtained by actually manufacturing two
types of samples and comparing/evaluating the samples will
be described next. Note that the first sample manufactured
is the optical fiber 100 according to the first embodiment,
and the second sample manufactured is the pure silica core
optical fiber as a comparative example.

In the first sample manufactured (the optical fiber
100 according to the first embodiment), the diameter al of
thecoreregionllOwas 11.0 um; thepeakvalueof therelative
refractive index difference An’ of the core region 110 with
respect to the refractive index of pure silica, 0.05%; the
relative refractive index difference An~ of the cladding
region 120 withrespect totherefractive indexof puresilica,
-0.3%; and the transmission loss at a wavelength of 1.55
Mm, 0.175 dB/km. In addition, the cutoff wavelength at
a length of 2 m was 1.53 um; the mode field diameter at
a wavelength of 1.55 um, 11.2 #m; and the bending loss at

a wavelength of 1.55 u#m upon bending with a diameter of

15
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20mm, 0.5dB/m. Inthecaseof the first sample, an increase
in transmission ioss due to an OH-radical at a wavelength
of 1.38 #m was 0.3 dB/km.

In the second sample manufactured (the pure silica
core optical fiber), the diameter a2 of the core regioﬁ was
9.2 um; the relative refractive index difference An~ of
the cladding region with respect to the r:efractive index
of the core region (pure silica), -0.3%; the transmission
loss at a wavelength of 1.55 um, 0.176 dB/km; the cutoff
wavelengthatalengthof2m, 1.25 #m; themode fielddiameter
at a wavelength of 1.55 4m, 11.2 u«m; and the bending loss
at a wavelength of 1.55 um upon bending with a diameter
of 20 mm, 20.3 dB/m. These evaluation results agree with
the above simulation results.

Second Embodiment

The second embodiment of the optical fiber according
to the present invention will be described next. Anoptical
fiber 100 according to the second embodiment comprises a
chlorine-dopedcoreregion1l0anda fluorine-dopedcladding
region 120 as in the first embodiment shown in Fig. 1A. The
optical fiber 100 of the second embodiment therefore has
arefractive index profile similar to that shown in Fig. 1B.

In a sample manufactured as the seéond embodiment,
the core region 110 is doped with chlo_rine such that the
peak value of a relative refractive index difference A

n' (= n; - no)/ng) of the core region 110 with respect to

16
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the refractive index of pure silica becomes 0.10%, and the
cladding region 120 is doped with fluorine such that a

relative refractive index difference An”~ (= (n, - no)/ng)
of the cladding region with respect to the refractive index
of pure silica becomes -0.25%. A diameter al of the core
region 110 was 13.0 u#m; and the transmission loss at a

wavelengthof 1.55 ¢m, 0.171dB/km. In addition, the cutoff
wavelength at a length of 2 mwas 1.60 u«m; the mode field
diameter at awavelengthof 1.55 u#m, 12.1 #m; and the bending
loss at a wavelength of 1.55 #m upon bending with a diameter
20 mm, 0.2 dB/m. In the case of this sample as well, an
increase in transmission loss due to an OH-radical at a
wavelength of 1.38 um was 0.3 dB/km.

In é sample of the pure silica core optical fiber
manufactured as a comparative example, a diameter a2 of the
core region was 9.4 um; the relative refractive index
difference An~ of the cladding region with respect to the
refractive index of the core region (pure silica); -0.25%;
and the transmission loss at a wavelength of 1.55 um, 0.170
dB/km. In addition, the cutoff wavelength at a length of
2mwas 1.16 um; the mode field diameter at a wavelength
of 1.55 u#m, 12.1 um; and the bending loss at a wavelength
of 1.55 umupon bending with a diameter of 20 mm, 77.5 dB/m.

Third Embodiment

The third embodiment of the optical fiber according

to the present inventionwill be described next. Anoptical

17
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fiber 100 according to the third embodiment comprises a
chlorine—dopedcdreregion110andafluorine—dopedcladding
region 120 as in the first embodiment shown in Fig. 1A. The
optical fiber 100 of the third embodiment therefore has a
refractive index profile similar to that shown in Fig. 1B.

In a sample manufactured as the third embodiment, the
core region 110 is doped with chlorine sich that the peak
value of a relative refractive index difference An* (= n,
~ng)/no) of thecoreregion 110 withrespect totherefractive
index of pure silica becomes 0.10%, and the cladding region
120 is doped with fluorine such that a relative refractive
index difference An” (= (n; - ng)/ng) of the cladding region
with respect to the refractive index of pure silica becomes
-0.35%. 1In addition, a diameter al of the core region is

set to 6.8 um to set a zero dispersion wavelength to 1.35

Am.
In the sample of the third embodiment manufactured

in the above manner, the characteristics at a wavelength

of 1.55 u4m were:

transmission loss (dB/km): :0.173
chromatic dispersion (ps/nm/km) :11.7
dispersion slope (ps/nm’/km) :0.052
mode field diameter (um) :9.29

bending loss at diameter of 20 mm (dB/m) :13.3

The cutoff wavelength at a length of 2 mwas 1.10 um; and

an increase in transmission loss due to an OH-radical at

18
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awavelengthof 1.38 «#m, 0.3dB/km. Inthis specification,
adispersionslopéisgivenastheslopeofaplotrepresenting
the wavelength dependence of dispersion.

In the pure silica core optical fiber sample
manufactured as a comparative example, the cladding region
is doped with fluorine such that the relative refractive
index difference An~ of the cladding region with respect
to the refractive index of the core region (pure silica)
becomes -0.35%, and a diameter a2 of the core region is set
to 7.0 u4m so as to set the zero dispersion wavelength to
1.35 gm.

In the sample manufactured as a comparative example,

the characteristics at a wavelength of 1.55 um were:

transmission loss (dB/km): :0.172
chromatic dispersion (ps/nm/km) :12.5
dispersion slope (ps/nm’/km) :0.054
mode field diameter (um) :10.3

bending loss at diameter of 20 mm (dB/m) :73.5

The cutoff wavelength at a length of 2 m was 1.00 «m.

As is obvious from the above measurement results, the
optical fiber 100 according to the third embodiment can
greatly reduce the bending loss while maintaining a zero
dispersion wavelength and transmission characteristics
such as transmission loss characteristics equivalent to

those in the conventional pure silica core optical fiber.

19
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Fourth Embodiment

The fourth embodiment of the optical fiber according
to the present invention also comprises a chlorine-doped
core region 110 and a fluorine—dopea cladding region 120
as in the first embodiment shown in Fig. 1A. An optical
fiber 100 of the fourth embodiment therefore has a refractive
index profile similar to that shown in E‘.ig. 1B.

In a sample manufactured as the fourth embodiment,
the core region 110 is doped with chlorine such that the
peak value of a relative refractive index difference A
n' (= n, - np)/ne) of the core region 110 with respect to
the refractive index of pure silica becomes 0.05%, and the
cladding region 120 is doped with fluorine such that a
relative refractive index difference An~ (= (n; - ng)/np)
of the cladding region with respect to the refractive index
of pure silica becomes -0.30%. In addition, a diameter al
of the core region is set to 11.4 um such that an effective
area A at a wavelength of 1.55 um becomes 103 um?.

In the sample of the fourth embodiment manufactured

in the above manner, the characteristics at a wavelength

of 1.55 um were:

transmission loss (dB/km): :0.172
chromatic dispersion (ps/nm/km) :20.5
dispersion slope (ps/nm’/km) :0.059
mode field diameter (4m) :11.4

bending loss at diameter of 20 mm (dB/m) :0.4

20
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The cutoff wavelength at a length of 2 m was 1.58 4m; and
an increase in transmission loss due to an OH-radical at
a wavelength of 1.38 um, 0.3 dB/km. In the sample of the
fourth embodiment, the cutoff wavelength at a length of 2
m is longer than the wavelength in use (1.58 u#m). However,
no practical problem arises because the cable cutoff
wavelength (measured at a length of 22 m')‘ defined by ITU
is 1.50 um.

In the pure silica core optical fiber sample
manufactured as a comparative example, the cladding region
is doped with fluorine such that the relative refractive
index difference An~ of the cladding region with respect
to the refractive index of the core region (pure silica)
becomes -0.30%, and a diameter a2 of the core region is set
to 10.2 #m such that the effective area Ag s at a wavelength
of 1.55 um becomes 103 wum?.

Inthesamplemanufacturedas the comparative example,

the characteristics at a wavelength of 1.55 4m were:

transmission loss (dB/km): :0.172
chromatic dispersion (ps/nm/km) :19.1
dispersion slope (ps/nm’/km) :0.057
mode field diameter (um) :11.5

bending loss at diameter of 20 mm (dB/m) :6.7

The cutoff wavelength at a length of 2 m was 1.38 um.

As is obvious from the above measurement results, the

optical fiber 100 according to the fourth embodiment can

21
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greatly reduce the bending loss while maintaining the
effective area A;“ and transmission characteristics such
as transmission loss characteristics equivalent to those
in the conventional pure silica core optical fiber.

Fifth Embodiment -

Eachofthefirst tofourthembodimentsdescribedabove
has a matched type refractive index profile with a single
cladding region. A depressed cladding type refractive
index profile is effective in effectively suppressing an
increase in bending loss and obtaining a large effective
arealBqsr. Anoptical fiber accordingto the fifthembodiment
therefore has a depressed cladding structure in which the
above cladding is made up of an inner cladding provided on
the periphery of the core region and having an average
refractive index lower than that of the core region, and
an outer cladding provided on the periphery of the inner
cladding and having an average refractive index lower than
that of the core region but higher than that of the inner
cladding.

Fig. 4A shows the cross-sectional structure of the
fifth embodiment of the optical fiber according to the
present invention. Fig. 4B shows the refractive index
profile of an optical fiber 300 according to the fifth
embodiment.

As shown in Fig. 4A, the optical fiber 300 according

tothe fifthembodiment hasacoreregion310havingadiameter

22
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a3 and extending along a predetermined axis and a cladding
region.320 providéd on the periphery of the core region 310.
Note that the cladding region 320 comprises an inner cladding
321 provided on the periphery of the core region 310 and
having an average refractive index lower than that of the
core region, and an outer cladding 322 provided on the

periphery of the inner cladding 321 and Héving an average
refractive index higher than that of the inner cladding but
lower than that of the core region. The core region 310
is doped with a predetermined amount of chlorine to have
a refractive index higher than that of pure silica. In the
claddir_xg region 320, each of the inner and outer claddings
321 and 322 is doped with a predetermined amount of fluorine
to have a refractive index lower than that of pure silica.
In the optical fiber 300 according to the fifth embodiment,
in particular, the concentration of chlorine added in the
core region 310 is set such that the peak value of a relative
refractive index difference An* of the core region 310 with
respect to the refractive index of pure silica becomes 0.05%
or more. The inner and outer claddings respectively have
a relative refractive index difference An;” and a relative
refractive indexdifference An,"withrespect topuresilica.
In the optical fiber 300 according to the fifth embodiment
as well, the concentration of chlorine added in the core
region 310 increases from a peripheral portion of the 310

toward the center of the core region 310.
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" The abscissa of a refractive index profile 350 in
Fig. 4B correspoﬁds to the respective portions of a cross
section (a surface perpendicular to the traveling direction
of light signals propagating) of the optical fiber 300
according to the fifth embodiment in Fig. 4A on a line L2.
ontherefractive index profile 350, aregion 351 corresponds
to the refractive indexes of the respectivé portions of the
core region 310 on the line L2; a region 352, the refractive
indexes of the respective portions of the inner cladding
321 on the line L2; and a region 353, the refractive indexes
of the respective portions of the outer cladding 322 on the
line Lz.
Relative refractive index differences A*, A,”, and
A, of the core regions 310, inner cladding 321, and outer

cladding 322 with reference to pure silica are defined as

follows:
AT = (n, - ng)/ne
A" = (n2 - No)/ne
A" = (n3 - no)/me

where n; is the refractive index of the core region 110,
n; is the refractive index of the outer cladding 322, n;
is the refractive index of the inner cladding 321, and ne
is the refractive index of pure silica. A relative

refractive indexdifference A isrepresented inpercentage,
and the refractive indexes of the respective regions in the

respective definition expressions are arranged in the fixed
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order. If the value of A is negative, therefore, the
refractive index of the corresponding region is iower than
that of pure silica.

In a sample manufactured as the fifth embodiment, a
diameter a3 of the core region 310 is 14.8 #m, and a diameter
b of the inner cladding 321 is 59.0 um. The core region
310 is doped with chlorine such that the p';eak value of the
relative refractive index difference An" (= (n; - ng)/ng)
of the core region 310 with respect to the refractive index
of pure silica becomes 0.07%. The inner cladding 321 and

outer cladding 322 are doped with fluorine such that the

relative refractive index differences An,” (= (n; - no)/mo)
and An,” (= (n; - ng)/ny) respectively become -0.23% and
-0.16%.

The sample of the fifth embodiment manufactured in

thismanner has the followingcharacteristicsatawavelength

of 1.55 um:
effective area R (um’) 1153
transmission loss (dB/km) :0.170
chromatic dispersion (ps/nm/km) :0.063
bending loss (dB/m) at diameter 20 mm :0.2

The cutoff wavelength at a length of 2 m was 1.45 um, and

an increase in transmission loss due to an OH-radical at

a wavelength of 1.38 um was 0.3 dB/km.

As is obvious fromthe measurement resultsonthe fifth

embodiment, the use of the depressed cladding structure can
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greatly increase the effective area Ao while suppressing

an increase in Vb.ending loss.

As described above, the optical fiber according to
the present embodiments can greatly reduce bending loss as
compared with the pure silica core optical fiber while
maintaining the same transmission loss and mode field

diameter as those of the pure silica core optical fiber.

A method of manufacturing an optical fiber will be
described next with reference to Figs 5A to 7B. Note that
the detailed manufacturing steps are disclosed in Japanese
Patent Laid-Open Nos. 5-24873, 10-53423, and 10-206669.

According to the method of manufacturing an optical
fiber, a porous glass body 50 serving as the core region 110
is formed first by a vapor phase deposition method such as
VAD (Vapor phase Axial Deposition) method or OVD (Qutside

Vapor phase Deposition) (the first deposition step) .

Figs. 5A to 5C are views showing the steps to be
executed until a glass preform serving as the core region
110 (310) is obtained by the above VAD method. Fig. S5Ashows.
the first deposition step; Fig. 5B, the dehydration step;
and Fig. 5C, the first sintering step.

In the first deposition step, the porous glass body
50 ismanufactured by a soot forming d‘evice inFig. S5A. This

soot forming device includes a vessel 500 having at least
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an exhaust port 504, and a support mechanism 503 for
supporting the qfowing porous glass body 50 (soot body).
The supportmechanism503 hasarotatablerod502. Astarting
rod 501 for growing the porous glass body 50 is attached
to the distal end of the support rod 502.

The soot forming device in Fig. SA includes a burner
551 for depositing the porous glass body E:;O serving as the
core region 110 (310). A gas supply system 600 supplies
a desired material gas (e.g., GeCly, SiCl,, or the like)
and fuel gases (H, and O;), and a carrier gas such as Ar '
or He to the burner 551.

During the manufacture of the porous glass body 50,
while the burner 551 is producing a flame, glassparticulates
are generated by a hydrolytic reaction of the material gas
supplied from the gas supply system 600. These glass
particulates are deposited on the distal end portion of the
startingrod501. Duringthisperiod, thle support mechanism
503 raises the support rod 502 mounted on the distal end
along the direction indicated by an arrow $2 (the
longitudinal direction of the porous glass body 50) whiie
rotating the support rod in the direction indicated by an
arrow S1. With this operation, a porous glass body grows
downward fromthe startingrod 501, thus obtaining the porous
glass body 50.

The porous glass body 50 obtained in the first

deposition stepdescribed above is placed inaheating vessel
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700 in Fig. 5B to undergo dehydration in an atmosphere
containing a predetermined amount of chlorine. Note that
the heating vessel 700 has an inlet port 702 for supplying
a dehydration gas and an exhaust port 701. During this
dehydration, the support mechanism 503 operates tomove the
porous glass body 50 along the direction indicated by an
arrow S4 while rotating it in the direct;_'ion indicated by
an arrow S3 (with this operaticn, the entire porous glass
body 50 is heated). Even if a halogen gas such as SiCl,,
other than chlorine gas, is used as a dehydration gas, a
similar effect can be obtained. $iCls, in particular, can
be a means of increasing the contents of chlorine and
increasing the refractive indexof thecoreregion 110 (310).

The porous glass body 50 obtained through the above
process is sintered inthe heatingvessel 700. Fig. 5Cshows
only the main part of the heating vessel in Fig. 5B. As
shown in Fig. 5C, the support mechanism 503 operates tomove
the porous glass body 50 along the direction indicated by
an arrow S6 while rotating the poréus glass body 50 in the
direction indicated by an arrow S5. With this operation,
the porous glass body 50 is transferred into a heater 750
from its leading end, and a transparent core glass preform
51 is obtained.

Note that the above manufacturing, dehydration, and
sintering processes for the porous glass body 50 can be

performed in the same vessel. Althoughthe first deposition
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step is performed by the VAD method according to the above
description, the first deposition step may be performed by
another vapor phase depositionmethod such as the OvDmethod.

Adrawncoreglass preform 52 canbeobtained by drawing
the core glass preform 51 obtained in the above manner to
a desired diameter in a drawing step. In the second
deposition step, a porous glass layer servii;g as thecladding
region 120 (320) is deposited on the outer surface of this
drawn core glass preform 52.

As shown in Fig. 6A, while a burner 900 is producing
a flame, glass particulates are generated by a hydrolytic
reactionof amaterialgassupplied fromthegas supply system
600 and deposited on the periphery of the outer surface of
the drawn core glass preform 52. Meanwhile, the drawn core
glass preform 52 moves along the direction indicated by an
arrow S17 while rotating in the direction indicated by an
arrow S16. With this operation, a porous glass layer (soot
body) is deposited on the periphery of the outer surface
of the drawn core glass preform 52 to obtain a porous
intermediate product 53 (soot preform). If the cladding
region 320 is made up of a plurality of regions 321 and 322
liketheoptical fiber 300 according to the fifth embodiment,
the second deposition step (Fig. 6A) is perforl-ned by a
required number of times while the concentration of a
supplied gas is changed.

The porous intermediate product 53 obtained through
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the above second deposition step is heated temporarily in
an atmosphere containing a halogen gas for the purpose of
dehydration to be performed before the second sintering step
(see Fig. 6B). Meanwhile, the support mechanism 503
operates to move the porous intermediate product 53 along
the direction indicated by an arrow $20 while rotating it
in the direction indicated by an arrow é19. With this
operation, the entire porous intermediate product 53 is
heated. NotethatClzorSiCl4maybeusedésthisdehydration
gas.

In the second sintering step, ;n order to obtain a
transparent optical fiber preform 54, the dehydrated porous
intermediate product 53 is sintered, as shown in Fig. 7A.
In this sintering step, chlorine in the drawn core glass
preform 52 diffuses into a peripheral glass body. As a
consequence, chlorine is contained in part of the cladding
region of the obtained optical fiber, and the concentration
of chlorine of the core region increases from a peripheral
portion of the core region to its center.

This sintering process is continuously performed in
the heating vessel 700. The support mechanism 503 operates
to move the porous intermediate product 53 along the
Airection indicated by an arrow $22 while rotating it in
thedirectionindicatedbyanarrowsS2l. Withthisoperation,
the porous intermediate product 53 is transferred into the

heater 750. As a fluorine-~-based gas to be supplied into
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the heating vessel 700, SFs, SiF,, or the like can be used.
When the porous intermediate product 53 is heated in a
fluorine-based gas atmosphere inthismanner, a porous glass
layer servingas thecladdingregion 120 (320) is impregnated
with fluorine. Theoptical fiber preform 54 can be obtained
by sintering the porous intermediate product 53 upon raising
the temperature in the vessel. Note thaf the contents of
fluorine is adjusted by adjusting the concentration of a
fluorine-based gas supplied. In addition, the
concentration of fluorine added can be adjusted to a desired
concentration by properly adjusting the concentration of
a fluorine-based gas in the process of impregnating the
porous: intermediate product 53 with fluorine and the
sintering process. To set the diameter ratio between the
core region and the cladding region to a desired value (to
form a jacket layer that makes no contribution to the
propagation of light), the deposition and sintering steps
shown in Figs. 6A and 7A may be further perfofmed. In this
case, dehydration may be omitted.

The optical fiber preform 54 obtained through the
plurality of steps described above comprises a region 540
serving as a core and a region 541 serving as a cladding
region after drawing. An end of the optical fiber preform
54 is introduced into a heater 950 and taken up while being
stretched in the direction indicated by an arrow S23 in

Fig. 7B, thusobtaining theoptical fiber 10 (300) according
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to a preferred embodiment of the present invention.
Industrial Applicability
As has been described above, according to preferred

embodiments, since the Rayleigh scattering coefficient caused
by chlorine added in the core region is small, the
transmission loss due to Rayleigh scattering is small. 1In
addition, thedifferences inphysical properi:yvalue between
the core region and the cladding region decrease as the core
region is doped with chlorine, and hence the transmission
loss due to structural mismatching or the like at the
i;ltérface between the core region and the cladding region
is small. Furthermore, since the peak valueof therelative

refractive index difference of the core region with respect

to the refractive index of pure silica is 0.05% or more,

thebending loss is gfeatly reduced. Whentheconcentration
of chlorine added in the core region increases\ from a
peripheral portion of the core region to its center, the
differences in physical property value between the core‘
region and the cladding region can be further reduced. This
further reduce the transmission loss due to structuré '
mismatching or the like at the interface between thé core
region and the cladding region.

As described above, the abov"e optical fiber is suited
foracableandcanbesuitablyusedasanopticaltransmission

line in a long-haul optical communication system.
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Throughout this specification and the claims which
follow, unless the context requires otherwise, the word
"comprise", and variations such as "comprises" and
"comprising", will be understood to imply the inclusion of a
stated integer or step or group of integers or steps but not
the exclusion of any other integer or step or group of
integers or steps.

The reference to any prior art in this specification is
not, and should not be taken as, an acknowiedgment or any
form of suggestion that that prior art forms part of the

common general knowledge in Australia.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. An optical fiber comprising a core whose part is doped
with at least chlorine, said optical fiber having:

a transmission loss of 0.175 dB/km or 1less at a
wavelength of 1.55 um; and

an increase in transmission loss due to an OH-radical
of 0.5 dB/km or less at a wavelength of 1.38 um,

wherein, in said part of said core doped with the
chlorine, a peak value of a relative refractive index
difference with respect to a pure silica is of 0.05% or

more.

2. An optical fiber comprising a core whose part is doped
with at least chlorine, said optical fiber having:

a transmission loss of 0.175 dB/km or less at a
wavelength of 1.55 pm;

an increase in transmission loss due to an OH-radical
of 0.5 dB/km or less at a wavelength of 1.38 um; and

a cutoff wavelength of 1.10 um or more at a length of

2m.

3. An optical fiber as claimed in claim 1 or claim 2,
further having a zero dispersion wavelength of 1.34 um or

longer.
4. An optical fiber as claimed in any one of claims 1 to
3, further having an effective area of 100 um® or more at the

wavelength of 1.55 um.

5. An optical fiber as claimed in any one of claims 1 to

4, further having a bending loss of 0.5 dB/m or less at the
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wavelength of 1.55 pm when said optical fiber is bent with a

diameter of 20mm.

6. An optical fiber substantially as hereinbefore

described with reference to the accompanying drawings.

Dated this 3rd day of May, 2005
Sumitomo Electric Industries, Ltd.

by DAVIES COLLISON CAVE
Patent Attorneys for the applicant(s)
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