12 United States Patent

US012407144B2

(10) Patent No.: US 12,407,144 B2

Boivin 45) Date of Patent: Sep. 2, 2025

(54) OPTICAL FIBER ASSEMBLY FOR 8,731,358 B2 5/2014 Pare et al.
MITIGATING STIMULATED BRILLOUIN 10,254,481 B2* 4/2019 Puckett ................. GO2B 6/136
SCATTERING 2010/0238538 Al* 9/2010 Rice ... CO03B 37/02763
65/435
S ; 2011/0280584 Al* 11/2011 Tankala ............ G02B 6/03694
(71) Applicant: INSTITUT NATIONAL D’OPTIQUE, 308/141

Quebec (CA)

(72) Inventor: Mathieu Boivin, Quebec (CA)

(73) Assignee: INSTITUT NATIONAL D’OPTIQUE,
Quebec (CA)
( *) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by 735 days.

(21) Appl. No.: 17/837,124

(22) Filed: Jun. 10, 2022

(65) Prior Publication Data
US 2023/0402809 Al Dec. 14, 2023

(51) Int. CL
HO1S 3/00

HOLS 3/067

(52) U.S. CL
CPC ... HO1S 3/06716 (2013.01); HOIS 3/06733
(2013.01); HOIS 2301/03 (2013.01)

(58) Field of Classification Search
CPC ............. HO1S 3/06716; HO1S 3/06733; HO1S
2301/03

See application file for complete search history.

(2006.01)
(2006.01)

(56) References Cited
U.S. PATENT DOCUMENTS

6,587,623 Bl 7/2003 Papen et al.
7,486,852 B2*  2/2009 Rothenberg ........... G02B 6/022
385/27
100~

FOREIGN PATENT DOCUMENTS

EP 1674901 Al * 2/2006 ... G02B 6/03644
JP 2008158227 A * 7/2008 ... GO02B 6/02
WO 2010085605 Al 7/2010

* cited by examiner

Primary Examiner — Mark Hellner

(74) Attorney, Agent, or Firm — Lempia Summerfield
Katz LLC

(57) ABSTRACT

An optical fiber assembly for mitigating stimulated Brillouin
scattering (SBS) 1s disclosed that includes an optical fiber
and a winding support configured to hold the fiber 1 a
winding arrangement. The fiber includes a core and one or
more claddings surrounding the core. The one or more
claddings includes an inner doped region contiguous to the
core and having a composition including a glass material
doped with an acoustic-velocity-lowering and refractive-
index-raising dopant and an acoustic-velocity-lowering and
refractive-index-lowering dopant. The composition 1s
selected to provide the fiber with an acoustic velocity profile
in which the velocity within the mnner doped region 1s equal
to or less by at most 0.5% than that within the core. The
acoustic velocity profile and the winding arrangement pro-
vide SBS mitigation by reducing a mode overlap between an
optical mode guided 1n the core and acoustic modes includ-
ing guided and leaky acoustic modes.

18 Claims, 8 Drawing Sheets
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OPTICAL FIBER ASSEMBLY FOR
MITIGATING STIMULATED BRILLOUIN
SCATTERING

TECHNICAL FIELD

The technical field generally relates to optical fibers and,
more particularly, to optical fibers having reduced perior-
mance limitations due to stimulated Brillouin scattering.

BACKGROUND

Fiber laser and amplifier systems are widely used in
high-power applications in fields such as materials process-
ing, medicine, scientific nstrumentation, semiconductor
device manufacturing, and military technology. One of the
limitations 1n scaling the output power of these systems to
higher levels 1s the onset of nonlinear optical eflects such as
stimulated Brllouin scattering (SBS), stimulated Raman
scattering (SRS), and the optical Kerr effect (OKE). For
narrow-linewidth fiber laser and amplifier systems, SBS 1s
generally the first nonlinear effect to appear as the optical
power increases. SBS results from the interaction between
optical and acoustic waves through electrostriction. SBS
manifests itsell by the amplification of spontancous emis-
sion of backscattered light that i1s spectrally shifted with
respect to the mcident light. Once the power of the input
light reaches some critical value, referred to as the SBS
threshold, a significant portion of this power 1s transierred to
the backscattered light, which 1s undesirable or unacceptable
in many applications.

Various techmiques have been developed for SBS mitiga-
tion 1n optical fibers. These techniques generally attempt to
raise the SBS threshold to higher levels. Certain approaches
involve moditying the phase-matching condition along the
fiber to provide an inhomogeneous broadening of the SBS
gain spectrum. This can be achieved by applying a tempera-
ture or stress gradient along the length of the fiber, or by
concatenating a number of fiber segments having different
core compositions. Other approaches mvolve reducing the
spatial overlap between the optical and acoustic modes
propagating in the fiber. This can be accomplished through
tailoring of the acoustic velocity profile by adjustment of the
composition of the different layers making up the fiber.
While existing SBS muitigation techmques have worked to
varying degrees, challenges remain and there 1s still a need
for further improvement.

SUMMARY

The present description generally relates to techniques for
managing SBS 1n optical fibers.

In accordance with an aspect, there 1s provided an optical
fiber assembly for mitigating stimulated Brillowin scattering
(SBS), the optical fiber assembly including:

an optical fiber including:

a core extending along a longitudinal fiber axis; and

one or more claddings surrounding the core and extend-
ing along the longitudinal fiber axis, an mmnermost
one of the one or more claddings having a refractive
index that 1s lower than a refractive index of the core,
the one or more claddings including an mnner doped
region contiguous to the core, the inner doped region
having a composition including a cladding glass
material doped with at least one acoustic-velocity-
lowering and refractive-index-raising dopant and at
least one acoustic-velocity-lowering and refractive-
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index-lowering dopant, the composition of the inner
doped region being selected to provide the optical
fiber with a radial acoustic velocity profile 1n which
a longitudinal acoustic velocity within the inner
doped region 1s equal to or less by at most 0.5% than
a longitudinal acoustic velocity within the core; and
a winding support configured to hold the optical fiber 1n
a winding arrangement,
wherein the radial acoustic velocity profile and the wind-
ing arrangement of the optical fiber provide SBS muiti-
gation by reducing a mode overlap between an optical
mode guided 1n the core and acoustic modes including
a guided acoustic mode and a leaky acoustic mode.

In some embodiments, the cladding glass material 1s silica
glass, the at least one acoustic-velocity-lowering and refrac-
tive-index-raising dopant includes germamum oxide, phos-
phorus oxide, or any combination thereof, and the at least
one acoustic-velocity-lowering and refractive-index-lower-
ing dopant includes boron oxide, fluorine, or any combina-
tion thereof.

In some embodiments, the at least one acoustic-velocity-
lowering and refractive-index-raising dopant includes ger-
mamum oxide with a concentration ranging from about 0.1
mol % to about 15 mol %, and the at least one acoustic-
velocity-lowering and refractive-index-lowering dopant
includes fluorine with a concentration ranging from about
0.1 mol % to about 5.0 mol %.

In some embodiments, a ratio of an outer diameter of the
iner doped region to an iner diameter of the inner doped
region ranges from about 1.1 to about 20.

In some embodiments, the inner doped region extends
within the innermost cladding between the core and an outer
undoped region of the mnermost cladding, and the compo-
sition of the iner doped region is selected to provide the
inner doped region with a refractive index that matches a
refractive mdex of the outer undoped region.

In some embodiments, the outer undoped region 1s made
of silica glass.

In some embodiments, the one or more claddings include
an additional doped region contiguously surrounding the
inner doped region, and a composition of the additional
doped region 1s selected to make a longitudinal acoustic
velocity within the additional doped region lower than the
longitudinal acoustic velocity within the inner doped region.
In some embodiments, the additional doped region extends
within the mnermost cladding.

In some embodiments, the one or more claddings include
a plurality of claddings having different refractive indices,
and the mner doped region extends through the entirety of
the innermost cladding.

In some embodiments, the one or more claddings include
an outer cladding contiguously surrounding the innermost
cladding, the outer cladding having a refractive index that 1s
lower than the refractive mndex of the innermost cladding for
guiding pump light 1nside the mnermost cladding.

In some embodiments, the core 1s composed of a core
glass material doped with at least one core dopant. In some
embodiments, the core glass material 1s silica glass, and the
at least one core dopant includes germanium oxide, alumi-
num oxide, phosphorus oxide, fluorine, a rare-earth oxide, or
any combination thereof.

In some embodiments, the core includes a central region
having a central core composition and a peripheral region
surrounding the central region and having a peripheral core
composition, and the central core composition and the
peripheral core composition are selected to make the longi-
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tudinal acoustic velocity within the core higher in the central
region than in the peripheral region.

In some embodiments, the core has an outer diameter
ranging from about 10 um to about 60 um.
In some embodiments, the winding arrangement has an
average winding radius ranging from about 3 ¢cm to about 40
Cm.
In some embodiments, the optical fiber 1s a polarization-
maintaining fiber and includes at least one stress-applying
part disposed within the one or more claddings and extend-
ing along the longitudinal fiber axis.
In some embodiments, the at least one stress-applying
part extends at least partly within the imner doped region.
In accordance with another aspect, there 1s provided an
optical fiber having reduced stimulated Brillouin scattering
(SBS), the optical fiber including;
a core extending along a longitudinal fiber axis; and
one or more claddings surrounding the core and extending
along the longitudinal fiber axis, an mmnermost one of
the one or more claddings having a refractive index that
1s lower than a refractive index of the core, the one or
more claddings including an inner doped region con-
tiguous to the core, the mner doped region having a
composition including a cladding glass material doped
with at least one acoustic-velocity-lowering and retrac-
tive-index-raising dopant and at least one acoustic-
velocity-lowering and refractive-index-lowering dop-
ant, the composition of the mmner doped region being
selected to provide the optical fiber with a radial
acoustic velocity profile in which a longitudinal acous-
tic velocity within the mnner doped region 1s equal to or
less by at most 0.5% than a longitudinal acoustic
velocity within the core, wherein the optical fiber 1s
configured to be wound 1n a winding arrangement onto
a winding support, and

wherein the radial acoustic velocity profile and the wind-
ing arrangement of the optical fiber provide SBS muti-
gation by reducing a mode overlap between an optical
mode guided 1n the core and acoustic modes including
a guided acoustic mode and a leaky acoustic mode.

Other features and advantages of the present description
will become more apparent upon reading of the following
non-restrictive description of specific embodiments thereot,
given by way ol example only with reference to the
appended drawings. Although specific features described 1n
the above summary and the foregoing detailed description
may be described with respect to specific embodiments or
aspects, 1t should be noted that these specific features can be
combined with one another, unless stated otherwise.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic perspective representation of an
optical fiber assembly including an optical fiber and a
winding support, 1n accordance with an embodiment.

FIG. 2A 1s a transverse cross-sectional view of the optical
fiber of the optical fiber assembly of FIG. 1. FIGS. 2B to 2D
illustrate the radial profiles of the refractive index (FIG. 2B,
straight configuration) and longitudinal acoustic velocity
(FIG. 2C, straight configuration; FIG. 2D, wound configu-
ration) of the optical fiber.

FIG. 3 1s a schematic perspective representation of an
optical fiber assembly including an optical fiber and a
winding support, in accordance with another embodiment.

FIGS. 4A to 4H illustrate results of a numerical modal
analysis of an optical fiber wound onto a winding support to
provide SBS mitigation: radial profile of the refractive index
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4

(FIG. 4A) and the longitudinal acoustic velocity (FIG. 4B)
of the optical fiber 1n a straight configuration; cross-sectional

views of the mode-field intensity profile of the fundamental
optical mode for the optical fiber 1n a straight (FI1G. 4C) and
wound configuration (FIG. 4D); cross-sectional views of the
mode-field intensity profile of the fundamental guided
acoustic mode for the optical fiber 1n a straight (FI1G. 4E) and
wound configuration (FIG. 4F); and cross-sectional views of
the mode-field intensity profile of the fundamental leaky
acoustic mode for the optical fiber 1n a straight (FIG. 4G)
and wound configuration (FIG. 4H).

FIG. 5A 1s a transverse cross-sectional view of an optical
fiber, 1n accordance with another embodiment. FIGS. 5B to
5D 1llustrate the radial profiles of the refractive index (FIG.
5B, straight configuration) and longitudinal acoustic veloc-
ity (FIG. 5C, straight configuration; FIG. 5D, wound con-
figuration) of the optical fiber.

FIG. 6A 1s a transverse cross-sectional view of an optical
fiber, 1n accordance with another embodiment. FIGS. 6B to
6D 1illustrate the radial profiles of the refractive index (FIG.
6B, straight configuration) and the longitudinal acoustic
velocity (FIG. 6C, straight configuration; FIG. 6D, wound
configuration) of the optical fiber.

FIG. 7A 1s a transverse cross-sectional view of an optical
fiber, 1n accordance with another embodiment. FIGS. 7B to
7D 1llustrate the radial profiles of the refractive index (FIG.
7B, straight configuration) and the longitudinal acoustic
velocity (FIG. 7C, straight configuration; FIG. 7D, wound
coniiguration) of the optical fiber.

DETAILED DESCRIPTION

In the present description, similar features in the drawings
have been given similar reference numerals. To avoid clut-
tering certain figures, some elements may not be indicated 1t
they were already identified in a preceding figure. The
clements of the drawings are not necessarily depicted to
scale, since emphasis 1s placed on clearly illustrating the
clements and structures of the present embodiments. Fur-
thermore, positional descriptors indicating the location and/
or orientation of one element with respect to another element
are used herein for ease and clarity of description. Unless
otherwise indicated, these positional descriptors should be
taken 1n the context of the figures and should not be
considered limiting. Such spatially relative terms are
intended to encompass different orientations 1n the use or
operation of the present embodiments, in addition to the

orientations exemplified in the figures. Furthermore, when a

first element 1s referred to as being “on”, “above”, “below”,
“over”, or “under” a second element, the first element can be
either directly or indirectly on, above, below, over, or under
the second element, respectively, such that one or multiple
intervening elements may be disposed between the first
element and the second element.

The terms “a”, “an”, and “one” are defined herein to mean
“at least one”, that 1s, these terms do not exclude a plural
number of elements, unless stated otherwise.

The term “or” 1s defined herein to mean “and/or”, unless
stated otherwise.

Terms such as “substantially”, “generally”, and “about”,
which modily a value, condition, or characteristic of a
feature of an exemplary embodiment, should be understood
to mean that the value, condition, or characteristic 1s defined
within tolerances that are acceptable for the proper operation
of this exemplary embodiment for its intended application or
that fall within an acceptable range of experimental error. In

particular, the term “about” generally refers to a range of
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numbers that one skilled in the art would consider equivalent
to the stated value (e.g., having the same or equivalent
function or result). In some instances, the term “about”
means a variation of £10% of the stated value. It 1s noted that
all numerical values used herein are assumed to be modified
by the term “about”, unless stated otherwise.

The terms “connected” and “coupled”, and derivatives
and variants thereof, are intended to refer herein to any
connection or coupling, either direct or indirect, between
two or more elements, unless stated otherwise. For example,
the connection or coupling between the elements may be
mechanical, optical, electrical, magnetic, thermal, chemical,
logical, flmidic, operational, or any combination thereof.

The terms “light” and “optical”, and variants and deriva-
tives thereot, are intended to refer herein to radiation 1n any
appropriate region ol the electromagnetic spectrum. These
terms are not limited to visible light but can also include
invisible regions of the electromagnetic spectrum including,
but not limited to, the infrared wavelength range. For
example, 1n non-limiting embodiments, the present tech-
niques can be implemented with light having a wavelength
band lying somewhere 1n the range from about 400 nano-
meters (nm) to about 2000 nm. However, this range 1s
provided for illustrative purposes only and the present
techniques may operate outside this range.

Unless stated otherwise, the term “winding”, and deriva-
tives and varnants thereof, can be used herein interchange-
ably with other similar terms, such as “coiling” and “bend-
ing”, and derivatives and variants thereof.

The present description generally relates to technmiques for
managing SBS 1n optical fibers. The disclosed techniques
generally use a combination of acoustic velocity profile
talloring and fiber coiling to achieve SBS mitigation. The
techniques can be used 1n various applications where it 1s
desirable or required to provide enhanced SBS mitigation 1n
optical fibers, for example, to allow scaling fiber laser and
amplifier systems to higher output powers. Non-limiting
examples of possible applications include, to name a few,
materials processing (e.g., laser welding, cutting, drilling,
and micromachining), and narrow-linewidth optical sources
(e.g., Tor use 1 metrology applications).

Various mitigation strategies have been developed to try
to 1ncrease the SBS threshold in optical fibers. Certain
approaches are based on the broademing of the SBS gain
spectrum. Some ol these methods have been found to
provide limited SBS reduction or be challenging to imple-
ment 1n laser and amplifier systems using large mode area
(LMA) fibers. These methods may also involve inhomoge-
neous impertections along the fiber length, which can couple
optical power from the fundamental mode to higher-order
modes, thereby degrading beam quality and modal purity.

Other approaches aim to reduce the spatial overlap
between optical and acoustic modes through the tailoring of
the acoustic velocity profile, for example, by adjusting the
fiber composition to provide acoustically guiding or anti-
guiding layers across the fiber cross-section. While many of
these approaches can provide a certain degree of SBS
reduction, they are limited in that they generally focus on
reducing the overlap between the guided optical modes and
the gmided acoustic modes, but omit to consider the impact
of the leaky acoustic modes. Leaky acoustic modes can
propagate 1n optical fibers with non-zero waveguide losses.
In contrast to their optical counterparts, leaky acoustic
modes can have lifetimes comparable to those of guided
acoustic modes due to material damping dominating propa-
gation losses 1n glass at frequencies of tens of gigahertz.
Thus, 1n many applications, the contribution of leaky acous-
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tic modes should be considered to quantitatively assess SBS
suppression i optical fibers. Furthermore, the intensity
distribution of acoustic leaky modes tend to be localized 1n
regions where guided acoustic modes are not supported. In
other words, an optical fiber provided with an acoustic
velocity profile designed to avoid propagation of acoustic
guided modes 1n the core may support leaky acoustic modes
having significant overlap with the gmded optical modes
propagating in the core. These leaky acoustic modes can
play a significant role in SBS generation and compromise
the eflectiveness ol SBS reduction schemes that rely solely
on the transverse confinement of guided acoustic modes.

The techniques disclosed herein combine acoustic veloc-
ity profile tailoring and fiber coiling to reduce the contribu-
tions of both guided and leaky acoustic modes to SBS
generation. The tailoring of the acoustic velocity profile
generally involves doping a cladding region contiguous to
the core to make the longitudinal acoustic velocity within
the cladding region equal to or slightly lower than the
longitudinal acoustic velocity within the core. The provision
of a low acoustic velocity contrast at the core-cladding
interface favors conditions of weak acoustic guidance. Such
conditions make 1t easier to use fiber coiling to move the
acoustic modes away from the optical modes to reduce the
mode overlap and, consequently, increase the SBS thresh-
old. More details regarding various aspects, features, and
implementations of the present techniques are described
below with reference to the figures.

Retferring to FIG. 1, there 1s illustrated a schematic
representation of an embodiment of an optical fiber assem-
bly 100 configured for mitigating SBS. The optical fiber
assembly 100 generally includes an optical fiber 102 and a
winding support 104 onto which the optical fiber 102 1s
wound 1n a winding arrangement. The optical fiber 102 can
be an active fiber including a gain medium for providing
optical amplification, or a passive fiber. For example, the
optical fiber 102 can be an active LMA fiber configured to
support single-mode or few-mode operation, which can be
well suited for use 1 high-power fiber laser and amplifier
systems. Depending on the application, the optical fiber
assembly 100 can be provided in an assembled state, as
illustrated 1n FIG. 1, or as a kit. In the case of a kit, the
optical fiber assembly 100 can be assembled by winding the
optical fiber 102 on the winding support 104. The structure,
configuration, composition, and operation of the optical fiber
102, the winding support 104, and other possible compo-
nents of the optical fiber assembly 100 are described in
greater detail below.

Referring to FIGS. 2A to 2D, a transverse cross-sectional
view ol the optical fiber 102 of FIG. 1 1s illustrated (FIG.
2A), along with the radial profile of the refractive index of
the optical fiber 102 1n a straight (i.e., unwound) configu-
ration (FIG. 2B) and the radial profile of the longitudinal
acoustic velocity of the optical fiber 102 1n a straight
configuration (FIG. 2C) and 1n a wound configuration (i.e.,
with the optical fiber 102 wound onto the winding support
104; FIG. 2D). The optical fiber 102 includes a core 106 and
one or more claddings 108, 110 surrounding the core 106.
The core 106 and the claddings 108, 110 extend along a
longitudinal fiber axis 112 of the optical fiber 102. The
optical fiber 102 can also include a number of outer layers
(not shown) disposed around the outer cladding 110. Non-
limiting examples of such outer layers include a coating
layer, a strengthening layer, and a jacket layer. The optical
fiber 102 1illustrated in FIG. 2A has a double-clad structure,
so that the one or more claddings 108, 110 include an
innermost (or mner) cladding 108 contiguous to the core 106
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and an outer cladding 110 disposed around the inner clad-
ding 108. In other embodiments, the optical fiber 102 can
have a single cladding or more than two claddings. In the
illustrated embodiment, the core 106 and the claddings 108,
110 have circular transverse cross-sections and are centered
relative to the fiber axis 112. However, diflerent geometries
can be used in other embodiments, including cores and
claddings which have non-circular cross-sections, and cores
which are ofl-centered from the fiber axis.

As shown 1n the refractive index profile of FIG. 2B, the
inner cladding 108 has a refractive index that 1s lower than
a refractive index of the core 106, and the outer cladding 110
has a refractive index that 1s lower than the refractive index
of the mner cladding 108. Such a configuration can be used
to guide signal light inside the core 106 and to guide pump
light inside the inner cladding 108. In other embodiments,
the refractive index of the outer cladding 110 can be greater
than that of the mnner cladding 108. It 1s appreciated that the
optical fiber 102 can have various refractive index profiles
(c.g., graded-index and step-index profiles), and that the
refractive mndex in any one of the core 106, inner cladding,
108, and outer cladding 110 can either be uniform or vary
with the radial position.

In some embodiments, the core 106 may have an outer
diameter ranging from about micrometers (um) to about 60
um and a numerical aperture ranging from about 0.06 to
about 0.10, the mner cladding 108 may have an outer
diameter ranging from about 11 um to about 400 um, and the
outer cladding 110 may have an outer diameter ranging from
about 250 um to about 600 um, although values outside
these ranges can be used 1n other embodiments.

Various core compositions can be used. In some embodi-
ments, the core 106 1s composed of a core glass matenal, for
example, silica glass, doped with at least one core dopant.
Non-limiting examples of possible core dopants include, to
name a few, germanium oxide (GeQ,); aluminum oxide
(Al,O,); phosphorus oxide (P,0O;); fluorine (F); and rare-
carth oxides, such as erbium oxide (Er,O,), ytterbium oxide
(Yb,0O,), and thulium oxide (ITm,O,); and any combination
thereof. In other embodiments, a core glass material other
than silica glass can be employed.

Referring still to FIGS. 2A to 2D, the mner cladding 108
includes an 1nner doped region 114 contiguously surround-
ing the core 106, and an outer undoped region 116 disposed
around the i1nner doped region 114 and contiguously sur-
rounded by the outer cladding 110. In some embodiments,
the ratio of the outer diameter of the mner doped region 114
to 1ts 1nner diameter (which corresponds to the outer diam-
eter of the core 106) ranges from about 1.1 to about 20, while
the ratio of the outer diameter of the mner doped region 114
to the outer diameter of the outer undoped region 116 can
range from about 0.05 to about 0.9, although other ratio
values can be used 1n other embodiments. The mnner doped
region 114 1s composed of a cladding glass material doped
with two types of dopants, while the outer undoped region
116 1s composed of the cladding glass material without any
dopants. The first type of dopants 1s configured to reduce the
longitudinal acoustic velocity and increase the refractive
index of the inner doped region 114. These dopants are
referred to herein as acoustic-velocity-lowering and refrac-
tive-index-raising dopants. The second type of dopants 1s
configured to reduce both the longitudinal acoustic velocity
and the refractive index of the mner doped region 114. These
dopants are referred to herein as acoustic-velocity-lowering
and refractive-index-lowering dopants.

The compositions and concentrations of the two types of
dopants are selected to make the longitudinal acoustic
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velocity within the 1nner doped region 114 equal to or less
by at most 0.5% than the longitudinal acoustic velocity
within the core 106, as depicted FIG. 2C. For example, in
some embodiments, the longitudinal acoustic velocity
within the mner doped region 114 can be lower than the
longitudinal acoustic velocity within the core 106 by at most
0.01%, or by at most 0.05%, or by at most 0.1%, or by at
most 0.15%, or by at most 0.2%, or by at most 0.25%, or by
at most 0.3%, or by at most 0.35%, or by at most 0.4%, or
by at most 0.45%, or by at most 0.5%. This low acoustic
velocity contrast creates weak acoustic guidance conditions
in the core 106. As described in greater detail below, these
conditions can be leveraged to favor SBS reduction when
the optical fiber 102 1s wound onto the winding support 104,
as 1t becomes easier to move the acoustic and optical modes
away from each other to reduce their overlap. The eflect of
winding the optical fiber 102 onto the winding support 104
on acoustic wave propagation can be modeled by consider-
ing a tilted acoustic velocity profile, as depicted 1n FIG. 2D.

It 1s noted that one reason why both types of dopants are
configured to reduce the longitudinal acoustic velocity 1s
that 1n conventional LMA fibers, the longitudinal acoustic
velocity 1s typically higher within the inner cladding than 1t
1s within the core. Thus, for such fibers, acoustic-velocity-
lowering dopants should be used within the mner doped
region 114 to reduce its longitudinal acoustic velocity com-
pared to that of the outer undoped region 116 and bring 1t
closer to that of the core 106. In the acoustic velocity profile
depicted 1n FIG. 2C, the longitudinal acoustic velocity 1s
constant throughout the inner doped region 114. However, 1n
other embodiments, the longitudinal acoustic velocity within
the 1inner doped region 114 can vary as a function of radial
position, which can be achieved, for example, by using a
non-uniform radial doping profile.

The composition of the mner doped region 114 can also
be selected so that the refractive index contributions of the
two types of dopants substantially cancel each other out. In
this way, the refractive index of the mner doped region 114
1s left substantially unchanged by doping and, thus, substan-
tially equal to the refractive index of the outer undoped
region 116. It 1s appreciated that the compositions and
concentrations of the two types of dopants can be selected to
allow independent control over the refractive index and the
longitudinal acoustic velocity of the inner doped region 114.

Various compositions can be used for the cladding glass
material and the two types of dopants used in the inner
doped region 114 and the outer undoped region 116 of the
inner cladding 108. In some embodiments, the cladding
glass material can be silica glass. Other types of cladding
glass material can be used in other embodiments. Non-
limiting examples of acoustic-velocity-lowering and refrac-
tive-index-raising dopants include germanium oxide
(GeO,), phosphorus oxide (P,O:), or any combination
thereof. Non-limiting examples of acoustic-velocity-lower-
ing and refractive-index-lowering dopants include boron
oxide (B,0,), fluorine (F), or any combination thereotf. In
some embodiments, the cladding glass material 1s silica
glass, the at least one acoustic-velocity-lowering and refrac-
tive-index-raising dopant includes germanium oxide, and
the at least one acoustic-velocity-lowering and refractive-
index-lowering dopant includes fluorine. In some embodi-
ments, the concentration of germanium oxide can range

from about 0.1 mol % to about 15.0 mol %, particularly from
about 1.0 mol % to about 5.0 mol %, and the concentration

of fluorine can range from about 0.1 mol % to about 5.0 mol
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%, particularly from about 0.3 mol % to about 1.5 mol %,
although concentrations outside these ranges can be used 1n
other embodiments.

In the 1llustrated embodiment, the outer cladding 110 1s
made of a material having a refractive index that 1s lower
than that of the inner cladding 108, for example, a low-index
glass (e.g., fluorine-doped silica glass) or a low-index poly-
mer. In other embodiments, however, the outer cladding 110
can be made of a material having a refractive index that 1s
greater than that of the mner cladding 108, for example, a
high-index polymer. In FIG. 2C, the longitudinal acoustic
velocity decreases as one goes from the inner cladding 108
to the outer cladding 110, but this 1s not a requirement.

Returning to FIG. 1, the winding support 104 1s the
component of the optical fiber assembly 100 onto which the
optical fiber 102 1s wound. The winding support 104 can be
embodied by any component or combination of components
that can provide a winding surface 118 onto which the
optical fiber 102 can be wound about a winding axis 120. By
way ol example, the winding support 104 can include a
mandrel, a spool, a bobbin, a reel, a plate, or another suitable
component. In some 1implementations, the winding support
104 can have grooves, threads, or channels (not shown 1n
FIG. 1) formed 1n or upon 1ts winding surface 118 and
configured for receiving therein the optical fiber 102. The
winding support 104 may be formed of either a single or a
plurality of members, and may be configured to provide a
single or a plurality of winding axes about which the optical
fiber 102 can be wound to define the winding arrangement.

It 1s appreciated that the winding arrangement can have
various configurations and define both two-dimensional and
three-dimensional winding paths. Depending on the appli-
cation, the winding arrangement can include a portion of a
turn, a single turn, or multiple turns of the optical fiber 102
about the winding axis 120. For example, 1n some embodi-
ments, the number of turns can range from about a few turns
to a few tens of turns. The winding arrangement can be
characterized by 1ts winding radius, which may or may not
be constant along 1ts path. For example, in some embodi-
ments, the winding arrangement can have an average wind-
ing radius ranging from about 3 cm to about 40 cm, although
other values can be used 1n other embodiments. The winding
arrangement can also be characterized by its shape. Non-
limiting examples of shapes include circles, ellipses, ovals,
polygons, curved segments having different radi of curva-
ture, combinations of straight and curved segments, and the
like.

In the embodiment illustrated in FIG. 1, the winding
support 104 1s embodied by a plate-shaped body defining a
flat winding surface 118 onto which the optical fiber 102 1s
laid. The winding arrangement defines a two-dimensional,
spiral curve including a plurality of turns of increasing size
as one moves radially outwardly from the winding axis 120.
It 1s noted that the term “spiral” 1s meant to encompass both
circular and non-circular spiral-like structures.

Referring to FIG. 3, 1n an alternative embodiment, the
winding support 104 1s embodied by a rod-shaped body
defining a cylindrical winding surface 118 onto which the
optical fiber 102 1s wrapped. The winding arrangement
defines a three-dimensional, helicoidal curve about the
winding axis 120. It 1s noted that the term “helicoidal™ 1s
meant to encompass both true helices (1.e., circular helices
with a constant radius of curvature) and helix-like structures
having a non-constant radius of curvature.

Referring now to FIGS. 4A to 4H, there are provided
results of a numerical modal analysis conducted to illustrate
certain SBS reduction capabilities of the present techniques.
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It 1s appreciated that the SBS mitigation techniques dis-
closed herein can have a number of optional features,
variations, and applications. In particular, the results
described below are provided to illustrate some aspects and
capabilities of the present techniques, but should not be
construed 1n any way as limiting their scope.

The computed results shown m FIGS. 4A to 4H were
obtained from a model of an optical fiber assembly including
an optical fiber and a winding support, 1n accordance with an
embodiment. The optical fiber assembly used in the model
was similar to the one depicted in FIG. 1. Relevant model
parameters used in the calculations are provided 1n Table I
below. These parameters can correspond to a core 106 made
of 510, (e.g., 83-98 mol %) doped with Al,O, (e.g., 0-7 mol
%), P,O; (e.g., 0-mol %), and Yb,O; (e.g., 0.0-0.5 mol %),
an mner doped region 114 made of 510, (e.g., 90-98 mol %)
doped with GeO, (e.g., 0.1-5.0 mol %) and F (e.g., 0.1-5.0
mol %), and an outer undoped region 116 made of nominally
pure S10.,,.

TABLE 1

Model Parameters

Model parameters Value

Core Outer diameter (um) 36
Longitudinal acoustic velocity (m/s) 5720

Numerical aperture 0.08
Inner doped region of Outer diameter (um) 200
inner cladding Longitudinal acoustic velocity (m/s) 3700
Outer undoped region Outer diameter (um) 250
of mner cladding Longitudinal acoustic velocity (m/s) 3970
Winding radius (cm) 10

FIGS. 4A and 4B 1llustrate the computed radial profiles of
the refractive index and of the longitudinal acoustic velocity
of the optical fiber 1n a straight configuration, respectively.
These profiles are similar to those shown 1n FIGS. 2B and
2C. As discussed above, doping the inner region of the inner
cladding with both an acoustic-velocity-lowering and refrac-
tive-index-raising dopant (e.g., germanium oxide) and an
acoustic-velocity-lowering and refractive-index-lowering
dopant (e.g., fluorine), allows 1ts longitudinal acoustic veloc-
ity to be reduced to a value that 1s just slightly lower than
that of the core without significant change in 1ts refractive
index.

FIGS. 4C to 4H depict transverse cross-sectional views of
various normalized mode-field intensity profiles: fundamen-
tal optical mode for the optical fiber 1n a straight (FIG. 4C)
and wound configuration (FIG. 4D); fundamental guided
acoustic mode for the optical fiber 1n a straight (FIG. 4E) and
wound configuration (FIG. 4F); and fundamental leaky
acoustic mode for the optical fiber in a straight (FIG. 4G)
and wound configuration (FIG. 4H). FIGS. 4C and 4D
illustrate that the fundamental optical mode 1s contained
largely 1n the core 1n a straight configuration (FIG. 4C), and
that the winding of the optical fiber tends to push the optical
mode away from the winding axis (1.e., to the right side of
the core 1 FIG. 4D). FIGS. 4E and 4F 1illustrate that the
fundamental guided acoustic mode 1s largely contained
within the 1nner doped region of the inner cladding in a
straight configuration (FIG. 4F), and that the winding of the
optical fiber tends to push the guided acoustic mode toward
the interface between the inner doped region and the outer
undoped region of the mmner cladding, in an area of the
interface that 1s located away from the winding axis (i.e., to
the right side of the mnner doped region 1n FIG. 4F). FIGS.

4G and 4H illustrate that the fundamental leaky acoustic
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mode 1s largely contained 1n the core in a straight configu-
ration (FI1G. 4G), and that the winding the optical fiber tends
to pull the leaky acoustic mode toward the winding axis (1.¢.,
to the left side of the core 1n FIG. 4H), and thus away from
the Tundamental optical mode. The results shown 1n FIGS.
4E to 4H 1illustrate that while adjusting the acoustic velocity
profile can be suflicient to move the guided acoustic modes
away Ifrom the fundamental optical mode, reducing the
overlap between the leaky acoustic modes and the optical
mode can involve both adjusting the acoustic velocity profile
and providing the optical fiber 1n a wound configuration.

It 1s appreciated that FIGS. 4A to 4H 1illustrate how the
combination of acoustic velocity profile tailoring and fiber
coiling according to the present techniques can provide SBS
mitigation by reducing the mode overlap between the fun-
damental optical mode and both the guided (compare FIGS.
4D and 4F) and leaky (compare FIGS. 4D and 4H) acoustic
modes.

It 1s noted that the propagation of acoustic modes in
optical fibers can be modelled theoretically by using the
Helmholtz equation. Once formulated for the elastic dis-
placement field in a waveguide having a cross-section
invariant along the axis of propagation, the Helmholtz
equation can be solved to find the acoustic eigenmodes.
Analogously to the electromagnetic case, the winding of the
optical fiber changes the intensity distribution of the acoustic
modes due to the propagation path lengthening with increas-
ing distance from the winding axis. The winding of the
optical fiber also causes volumetric strain which afiects
material density, and thus the acoustic velocity. Both con-
tributions can be modeled by adding a linear tilt to the
acoustic velocity profile (see, e.g., FIG. 2D). This tilt tends
to push the guided acoustic modes away from the winding
axis, as 1t does for guided optical modes. Conversely, due to
their anti-guiding properties, the tilt tends to pull the leaky
acoustic modes toward the winding axis, and thus away from
the guided optical modes, as can be seen from a comparison
of the mode-field intensity profiles depicted in FIGS. 4D and
4H.

It 1s appreciated that the optical fibers considered above
with reference to FIGS. 1 to 4H are provided by way of
example only. In general, the composition, cross-sectional
shape and size, refractive imndex profile, acoustic velocity
profile, passive or active operation mode, operating wave-
length range, polarization-maintaining (PM) properties, and
other core, cladding, and fiber properties and characteristics
can be varied 1 accordance with a specified application.
Other non-limiting examples of optical fibers that can be
used to implement the SBS mitigation techniques disclosed
herein are described below with reference to FIGS. 5A to
5D, 6A to 6D, and 7A to 7D.

FIG. SA 15 a transverse cross-sectional view of an optical
fiber 102 which can be wound 1n a winding arrangement
(e.g., onto a winding support 104 such as those depicted 1n
FIGS. 1 and 3) for providing SBS mitigation, in accordance
with another embodiment. FIGS. 5B to 3D illustrate the
radial profiles of the refractive imndex (FIG. 5B, straight
configuration) and longitudinal acoustic velocity (FIG. 5C,
straight configuration; FIG. 5D, wound configuration) of the
optical fiber 102. These profiles are the same as those
depicted 1n FIGS. 2B to 2D, but this need not be the case 1n
other embodiments. The optical fiber 102 of FIG. SA shares
several features with that of FIG. 2A, which will not be
described again 1n detail other than to highlight differences
between them. In FIG. 5A, the optical fiber 102 includes a
core 106, an mner cladding 108 surrounding the core 106,
and an outer cladding 110 surrounding the inner cladding
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108. The mner cladding 108 has a refractive index that 1s
lower than the refractive index of the core 106, and the outer
cladding 110 has a refractive index that 1s lower than the
refractive index of the inner cladding 108, as depicted in
FIG. SB. The optical fiber 102 of FIG. SA further includes
two stress-applying parts (SAPs) 122 disposed within the
inner cladding 108 to provide polanzation-maintaining
operation. In the illustrated embodiment, the SAPs 122
include two stress rods mnserted 1n the inner cladding 108 and
extending parallel to the fiber axis 112 along diametrically
opposed paths. The SAPs 122 can be made of a material
(e.g., boron—dopec, silica) having a coeflicient of thermal
expansion that differs from (e.g., typically exceeds) that of
the cladding material. In the illustrated embodiment, the
SAPs 122 have a circular cross-section, which 1s known as
a PANDA configuration. The number, arrangement, size,
and cross-sectional shape of the SAPs 122 may differ 1n
other embodiments.

Referring still to FIG. 5A, the inner cladding 108 includes
an mner doped region 114 contiguously surrounding the core
106, and an outer undoped region 116 disposed around the
inner doped region 114 and contiguously surrounded by the
outer cladding 110. In the 1llustrated embodiment, the SAPs
122 extend partly mnside the mnner doped region 114. How-
ever, 1n other embodiments, the SAPs 122 may extend fully
inside or fully outside the mner doped region 114. The 1nner
doped region 114 has a composition including a cladding
glass material (e.g., silica glass) doped with at least one
acoustic-velocity-lowering and refractive-index-raising
dopant and at least one acoustic-velocity-lowering and
refractive-index-lowering dopant. Non-limiting examples of
such dopants are given above. The outer undoped region 116
may be composed of the cladding glass material (e.g., silica
glass) without any dopant, while the outer cladding 110 may
be composed a low-index glass (e.g., fluorine-doped silica
glass) or a low-index polymer. As depicted in FIG. 5C, the
composition of the mner doped region 114 1s selected to
provide the optical fiber 102 with a radial acoustic velocity
profile 1n which the longitudinal acoustic velocity within the
inner doped region 114 1s equal to or less by at most 0.5%
than the longitudinal acoustic velocity within the core 106.
As discussed above with respect to FIGS. 4A to 4H, the
radial acoustic velocity profile and the winding arrangement
of the optical fiber 102 of FIGS. SA to 5D can provide SBS
mitigation by reducing a mode overlap between an optical
mode guided in the core 106 and acoustic modes that include
at least one guided acoustic mode and at least one leaky
acoustic mode. The composition of the inner doped region
114 can also be selected so that 1ts refractive mndex 1s left
substantially unchanged by doping and, thus, substantially
equal to the refractive index of the outer undoped region
116, as depicted i FIG. 5B.

FIG. 6A 1s a transverse cross-section of an optical fiber
102 which can be wound 1n a winding arrangement (e.g.,
onto a winding support 104 such as those depicted in FIGS.
1 and 3) for providing SBS mitigation, in accordance with
a further embodiment. FIGS. 6B to 6D illustrate the radial
profiles of the refractive index (FIG. 6B, straight configu-
ration) and longitudinal acoustic velocity (FIG. 6C, straight

configuration; FIG. 6D, wound configuration) of the optical
fiber 102. The optical fiber 102 of FIG. 6A shares several

features with that of FIG. 2A, which will not be described
again 1n detail other than to highlight differences between
them. In FIG. 6 A, the optical fiber 102 includes a core 106,
an mner cladding 108 surrounding the core 106, and an outer
cladding 110 surrounding the mner cladding 108. The 1mnner
cladding 108 has a refractive index that 1s lower than the
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refractive index of the core 106, and the outer cladding 110
has a refractive index that 1s lower than the refractive index
of the inner cladding 108, as depicted 1n FIG. 6B. The mnner
cladding 108 includes an inner doped region 114 contigu-
ously surrounding the core 106, an additional, intermediate
doped region 124 contiguously surrounding the inner doped
region 114, and an outer undoped region 116 contiguously
interposed between the additional doped region 124 and the
outer cladding 110. Both the inner doped region 114 and the
additional doped region 124 have compositions including a
cladding glass material (e.g., silica glass) doped with at least
one acoustic-velocity-lowering and refractive-index-raising
dopant and at least one acoustic-velocity-lowering and
refractive-index-lowering dopant. Non-limiting examples of
such dopants are given above. The outer undoped region 116
may be composed of the cladding glass matenial (e.g., silica
glass) without any dopant, and the outer cladding 110 may
be composed a low-index glass (e.g., fluorine-doped silica
glass) or a low-index polymer.

As depicted i FIG. 6C, the composition of the inner
doped region 114 is selected to provide the optical fiber 102
with a radial acoustic velocity profile in which the longitu-
dinal acoustic velocity within the inner doped region 114 1s
equal to or less by at most 0.5% than the longitudinal
acoustic velocity within the core 106. As discussed above
with respect to FIGS. 4A to 4H, the radial acoustic velocity
profile and the winding arrangement of the optical fiber 102
of FIGS. 6A to 6D can provide SBS mitigation by reducing
a mode overlap between an optical mode guided in the core
106 and acoustic modes that include at least one guided
acoustic mode and at least one leaky acoustic mode. As also
depicted 1 FIG. 6C, the composition of the additional doped
region 124 1s selected to make the longitudinal acoustic
velocity within the additional doped region 124 lower than
the longitudinal acoustic velocity within the inner doped
region 114. The provision of the additional doped region 124
can contribute to further reduce the mode overlap within the
core 106 by extending the area of the region where the
guided acoustic modes are supported and thereby further
reducing their overlap with the fundamental optical mode. In
some embodiments, a plurality of additional doped regions
may be provided between the inner doped region 114 and the
outer undoped region 116, wherein the longitudinal acoustic
velocity decreases 1n a stepwise manner going from the
inner doped region to the outermost additional doped region.
The compositions of the mner doped region 114 and of the
additional doped region 124 can also be selected so that their
refractive indices are left substantially unchanged by doping,
and, thus, substantially equal to the refractive index of the
outer undoped region 116.

FIG. 7A 1s a transverse cross-section of an optical fiber
102 which can be wound in a winding arrangement (e.g.,
onto a winding support 104 such as those depicted 1 FIGS.
1 and 3) for providing SBS mitigation, 1n accordance with
yet another embodiment. FIGS. 7B to 7D 1llustrate the radial
profiles of the refractive index (FIG. 7B, straight configu-
ration) and longitudinal acoustic velocity (FIG. 7C, straight
configuration; FIG. 7D, wound configuration) of the optical
fiber 102. The optical fiber 102 of FIG. 7A shares several
features with that of FIG. 2A, which will not be described
again 1n detail other than to highlight differences between
them. In FIG. 7A, the optical fiber 102 includes a core 106
and four claddings 108, 126, 128, and 110 surrounding the
core 106. The four claddings 108, 126, 128, and 110 include,
as one moves radially outwardly from the core 106, an 1nner
cladding 108, a first intermediate cladding 126, a second
intermediate cladding 128, and an outer cladding 110. As
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depicted i FIG. 7B, the inner cladding 108 has a refractive
index that 1s lower than the refractive index of the core 106,
the first intermediate cladding 126 has a refractive index that
1s greater than the refractive index of the mner cladding 108
and lower than the refractive index of the core 106, the
second mtermediate cladding 128 has a refractive index that
1s lower than the refractive index of the first intermediate
cladding 126, and the outer cladding 110 has a refractive
index that 1s lower than the refractive index of the second
intermediate cladding 128. Non-limiting examples of multi-
cladding fibers having similar refractive index profiles are
disclosed 1n co-assigned U.S. Pat. No. 8,731,338, the con-
tents of which are incorporated herein by reference in their
entirety. Such fibers can improve high-order mode bending
losses without incurring significant fundamental mode bend-
ing losses, for example, to generate near-diffraction-limited
laser beams.

The optical fiber 102 includes an inner doped region 114
contiguously surrounding the core 106 and extending
through the enftirety of the imner cladding 108, and an
additional doped region 124 contiguously surrounding the
inner doped region 114 and extending through the entirety of
the first intermediate cladding 126. Both the mner doped
region 114 and the additional doped region 124 have com-
positions including a cladding glass matenial (e.g., silica
glass) doped with at least one acoustic-velocity-lowering
and refractive-index-raising dopant and at least one acous-
tic-velocity-lowering and refractive-index-lowering dopant.
Non-limiting examples of such dopants are given above. The
second additional cladding 128 may be composed of an
undoped glass material (e.g., silica glass), and the outer
cladding 110 may be composed of a low-index glass (e.g.,
fluorine-doped silica glass) or a low-index polymer. As
depicted 1n FIG. 7C, the composition of the mner doped
region 114 1s selected to provide the optical fiber 102 with
a radial acoustic velocity profile in which the longitudinal
acoustic velocity within the inner doped region 114 1s equal
to or less by at most 0.5% than the longitudinal acoustic
velocity within the core 106. As discussed above with
respect to FIGS. 4A to 4H, the radial acoustic velocity
profile and the winding arrangement of the optical fiber 102
of FIGS. 7A to 7D can provide SBS mitigation by reducing
a mode overlap between an optical mode guided 1n the core
106 and acoustic modes that include at least one guided
acoustic mode and at least one leaky acoustic mode. As also
depicted 1n FIG. 7C, the composition of the additional doped
region 124 1s selected to make the longitudinal acoustic
velocity within the additional doped region 124 lower than
the longitudinal acoustic velocity within the mner doped
region 114. In other embodiments, the longitudinal acoustic
velocities within the mner doped region 114 and in the
additional doped region 124 can be substantially equal to
cach other. The provision of the additional doped region 124
can contribute to further reduce the mode overlap within the
core 106 by extending the area of the region where the
guided acoustic modes are supported and thereby further
reducing their overlap with the fundamental optical mode.

Reterring still to FIGS. 7A to 7D, the core 106 includes
a central region 130 having a central core composition and
a peripheral region 132 surrounding the central region 130
and having a peripheral core composition different from the
central core composition. In some embodiments, the periph-
eral core composition can correspond to the core composi-
tion of an otherwise conventional optical fiber (e.g., a
rare-carth-doped silica core composition in the case of an
active LMA fiber), while the central core composition can
include additional dopants. The additional dopants can
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include at least one acoustic-velocity-lowering and refrac-
tive-index-raising dopant and at least one acoustic-velocity-
lowering and refractive-index-lowering dopant. Non-limit-
ing examples of such dopants are given above. As depicted
in FIG. 7C, the central core composition and the peripheral
core composition are selected to make the longitudinal
acoustic velocity within the core 106 higher 1n the central
region 130 than in the peripheral region 132. Tailoring the
acoustic velocity profile of the optical fiber 102 1n this
manner can be advantageous to reduce the mode overlap
within the core 106 and provide SBS mitigation because the
leaky acoustic modes are supported mainly in the central
region 130 while the optical fundamental mode extends over
the entire core 106. The central and peripheral core com-
positions can also be selected so that the refractive index of
the central region 130 remains substantially equal to the
refractive index of peripheral region 132, although this 1s not
a requirement.

Numerous modifications could be made to the embodi-
ments described above without departing from the scope of
the appended claims.

The 1nvention claimed 1s:

1. An optical fiber assembly for mitigating stimulated
Brillouin scattering (SBS), the optical fiber assembly com-
prising:

an optical fiber comprising:

a core extending along a longitudinal fiber axis; and
one or more claddings surrounding the core and extend-
ing along the longitudinal fiber axis, an nnermost
one of the one or more claddings having a refractive
index that 1s lower than a refractive index of the core,
the one or more claddings comprising an inner doped
region contiguous to the core, the inner doped region
having a composition comprising a cladding glass
material doped with at least one acoustic-velocity-
lowering and refractive-index-raising dopant and at
least one acoustic-velocity-lowering and refractive-
index-lowering dopant, the composition of the inner
doped region being selected to provide the optical
fiber with a radial acoustic velocity profile 1n which
a longitudinal acoustic velocity within the inner
doped region 1s equal to or less by at most 0.5% than
a longitudinal acoustic velocity within the core; and
a winding support configured to hold the optical fiber in
a winding arrangement,
wherein the radial acoustic velocity profile and the wind-
ing arrangement of the optical fiber provide SBS miti-
gation by reducing a mode overlap between an optical
mode guided 1n the core and acoustic modes compris-
ing a guided acoustic mode and a leaky acoustic mode.

2. The optical fiber assembly of claam 1, wherein the
cladding glass material 1s silica glass, the at least one
acoustic-velocity-lowering and refractive-index-raising
dopant comprises germanium oxide, phosphorus oxide, or
any combination thereof, and the at least one acoustic-
velocity-lowering and refractive-index-lowering dopant
comprises boron oxide, fluorine, or any combination thereof.

3. The optical fiber assembly of claim 2, wherein the at
least one acoustic-velocity-lowering and refractive-index-
raising dopant comprises germamum oxide with a concen-
tration ranging from about 0.1 mol % to about 15.0 mol %,
and the at least one acoustic-velocity-lowering and refrac-
tive-index-lowering dopant comprises fluorine with a con-
centration ranging from about 0.1 mol % to about 5.0 mol %.
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4. The optical fiber assembly of claim 1, wherein a ratio
ol an outer diameter of the mner doped region to an 1nner
diameter of the inner doped region ranges from about 1.1 to
about 20.

5. The optical fiber assembly of claim 1, wherein the inner
doped region extends within the innermost cladding between
the core and an outer undoped region of the imnermost
cladding, and wherein the composition of the mner doped
region 1s selected to provide the mner doped region with a
refractive index that matches a refractive index of the outer
undoped region.

6. The optical fiber assembly of claim 5, wherein the outer
undoped region 1s made of silica glass.

7. The optical fiber assembly of claim 1, wherein the one
or more claddings comprise an additional doped region
contiguously surrounding the inner doped region, and
wherein a composition of the additional doped region 1s
selected to make a longitudinal acoustic velocity within the
additional doped region lower than the longitudinal acoustic
velocity within the inner doped region.

8. The optical fiber assembly of claim 7, wherein the
additional doped region extends within the inermost clad-
ding.

9. The optical fiber assembly of claim 1, wherein the one
or more claddings comprise a plurality of claddings having
different refractive indices, and wherein the inner doped
region extends through the entirety of the mnermost clad-
ding.

10. The optical fiber assembly of claim 1, wherein the one
or more claddings comprise an outer cladding contiguously
surrounding the innermost cladding, the outer cladding
having a refractive index that 1s lower than the refractive
index of the mnermost cladding for guiding pump light

inside the mnermost cladding.

11. The optical fiber assembly of claim 1, wherein the core
1s composed of a core glass material doped with at least one
core dopant.

12. The optical fiber assembly of claim 11, wherein the
core glass material 1s silica glass, and the at least one core
dopant comprises germanium oxide, aluminum oxide, phos-
phorus oxide, fluorine, a rare-earth oxide, or any combina-
tion thereof.

13. The optical fiber assembly of claim 1, wherein the
core comprises a central region having a central core com-
position and a peripheral region surrounding the central
region and having a peripheral core composition, and
wherein the central core composition and the peripheral core
composition are selected to make the longitudinal acoustic
velocity within the core higher 1n the central region than in
the peripheral region.

14. The optical fiber assembly of claim 1, wherein the
core has an outer diameter ranging from about 10 um to
about 60 um.

15. The optical fiber assembly of claim 1, wherein the
winding arrangement has an average winding radius ranging
from about 3 cm to about 40 cm.

16. The optical fiber assembly of claim 1, wherein the
optical fiber 1s a polarization-maintaining fiber and com-
prises at least one stress-applying part disposed within the
one or more claddings and extending along the longitudinal
fiber axis.

17. The optical fiber assembly of claim 16, wherein the at
least one stress-applying part extends at least partly within
the 1nner doped region.

18. An optical fiber having reduced stimulated Brillouin
scattering (SBS), the optical fiber comprising:

a core extending along a longitudinal fiber axis; and
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one or more claddings surrounding the core and extending,
along the longitudinal fiber axis, an inermost one of
the one or more claddings having a refractive index that
1s lower than a refractive index of the core, the one or
more claddings comprising an mner doped region con- 5
tiguous to the core, the inner doped region having a
composition comprising a cladding glass material
doped with at least one acoustic-velocity-lowering and
refractive-index-raising dopant and at least one acous-
tic-velocity-lowering and refractive-index-lowering 10
dopant, the composition of the inner doped region
being selected to provide the optical fiber with a radial
acoustic velocity profile 1n which a longitudinal acous-
tic velocity within the mner doped region 1s equal to or
less by at most 0.5% than a longitudinal acoustic 15
velocity within the core,

wherein the optical fiber 1s configured to be wound 1n a
winding arrangement onto a winding support, and

wherein the radial acoustic velocity profile and the wind-
ing arrangement of the optical fiber provide SBS miti- 20
gation by reducing a mode overlap between an optical
mode guided 1n the core and acoustic modes compris-
ing a guided acoustic mode and a leaky acoustic mode.
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