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the core of the optical fiber, the fiber Bragg grating including
a plurality of periodically spaced grating portions situated
with respect to the propagation axis so that light associated
with Raman scattering 1s directed out of the core so as to
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SLANTED FBG FOR SRS SUPPRESSION

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

[CROSS REFERENCE] CROSS-REFERENCE TO
RELATED [APPLICATION] APPLICATIONS

This application is a reissue application of U.S. Pat. No.
9,634,462, issued Apr. 25, 2017, which claims the benefit of

U.S. Provisional Patent Application No. 62/064,371, entitled
SLANTED FBG FOR SRS SUPPRESSION, filed on Oct.
15, 2014, both of which [is] are incorporated by reference
herein.

FIELD

The field of the disclosed technology 1s generally fiber
lasers and fiber amplifiers that can generate Stimulated
Raman Scattering.

BACKGROUND

The maximum power of a CW or pulsed fiber source 1s
ultimately limited by the onset of nonlinear processes 1n the
optical fiber, such as Stimulated Raman Scattering (SRS),
Stimulated Brillouin Scattering (SBS), self-phase modula-
tion (SPM), four-wave mixing (4 WM), etc. Such non-linear
processes generally set a power ceiling for conventional
continuous-wave lasers producing multiple kW of output
power and pulsed laser sources in beams having high beam
quality (e.g., single-mode, few-mode). As optical powers
increase, Stimulated Raman scattering (SRS) 1s one of the
most significant nonlinear processes establishing this ceil-
ing. Suppression of SRS 1s thus desirable for power scaling
of fiber lasers and amplifiers.

SUMMARY

In some examples of the disclosed technology, appara-
tuses can comprise an optical fiber that includes a core and
cladding, the core being situated to propagate an optical
beam along a propagation axis associated with the core; and
at least one fiber Bragg grating (FBG) situated 1n the core of
the optical fiber, the fiber Bragg grating including a plurality
of periodically spaced grating portions situated with respect
to the propagation axis so that light associated with Raman
scattering 1s directed out of the core so as to reduce the
generation of optical gain associated with stimulated Raman
scattering (SRS).

In additional examples of the disclosed technology, appa-
ratuses can comprise a gain fiber that includes an actively
doped core defining a propagation axis and a pump cladding
surrounding the actively doped core, the gain fiber being
situated to generate a signal beam; one or more pump
sources optically coupled to the gain fiber to provide pump
light for generation of the signal beam; a high reflector fiber
Bragg grating (FBG) optically coupled to an end of the gain
fiber active core and situated to reflect the signal beam
propagating in the active core of the gain fiber; a partial
reflector FBG optically coupled to an opposite end of the
gain fiber active core and situated to partially retlect the
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signal beam and to transmit an output beam; and at least one
slanted stimulated Raman scattering (SRS) FBG situated 1n
the gain fiber so as to direct light associated with Raman
scattering out of the gain fiber so as to reduce the generation
of optical gain associated with SRS 1n the gain fiber.

In further examples of the disclosed technology, appara-
tuses can comprise an optical fiber that includes a core and
cladding, the core being situated to propagate an optical
beam along a propagation axis associated with the core; and
at least one spectrally selective component optically coupled
to the core of the optical fiber, the spectrally selective
component including at least one optical redirecting portion
situated at a non-perpendicular angle with respect to the
propagation axis so that light associated with Raman scat-
tering 1s directed out of the core so as to reduce the
generation of optical gain associated with stimulated Raman
scattering (SRS).

The foregoing and other objects, features, and advantages
of the mvention will become more apparent from the fol-
lowing detailed description, which proceeds with reference
to the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic of an embodiment of a fiber laser.

FIGS. 1A-D are exploded cross-sectional views of
selected portions of fiber lengths of the fiber laser 1n FIG. 1.

FIG. 2 1s a schematic of another embodiment of a fiber
laser.

FIGS. 3-5 are schematics of portions of different fiber
laser embodiments.

FIG. 6 15 a chart of SRS beam power versus output beam
power.

FIG. 7 1s a chart of FBG reflectivity versus wavelength.

DETAILED DESCRIPTION

As used 1n this application and in the claims, the singular
forms “a,” “an,” and “the” include the plural forms unless
the context clearly dictates otherwise. Additionally, the term
“includes™ means “comprises.” Further, the term “coupled”
does not exclude the presence of intermediate elements
between the coupled items.

The systems, apparatus, and methods described herein
should not be construed as limiting in any way. Instead, the
present disclosure 1s directed toward all novel and non-
obvious features and aspects of the various disclosed
embodiments, alone and in various combinations and sub-
combinations with one another. The disclosed systems,
methods, and apparatus are not limited to any specific aspect
or feature or combinations thereof, nor do the disclosed
systems, methods, and apparatus require that any one or
more specific advantages be present or problems be solved.
Any theories of operation are to facilitate explanation, but
the disclosed systems, methods, and apparatus are not lim-
ited to such theories of operation.

Although the operations of some of the disclosed methods
are described 1n a particular, sequential order for convenient
presentation, 1t should be understood that this manner of
description encompasses rearrangement, unless a particular
ordering 1s required by specific language set forth below. For
example, operations described sequentially may in some
cases be rearranged or performed concurrently. Moreover,
tor the sake of simplicity, the attached figures may not show
the various ways in which the disclosed systems, methods,
and apparatus can be used 1n conjunction with other systems,

methods, and apparatus. Additionally, the description some-
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times uses terms like “produce” and “provide” to describe
the disclosed methods. These terms are high-level abstrac-
tions of the actual operations that are performed. The actual
operations that correspond to these terms will vary depend-
ing on the particular implementation and are readily dis-
cernible by one of ordimary skill 1n the art.

In some examples, values, procedures, or apparatus’ are
referred to as “lowest”, “best”, “minimum,” or the like. It
will be appreciated that such descriptions are intended to
indicate that a selection among many used functional alter-
natives can be made, and such selections need not be better,
smaller, or otherwise preferable to other selections.
Examples may be described with reference to directions
indicated as “above,” “below,” “upper,” “lower,” and the
like. These terms are used for convenient description, but do
not 1mply any particular spatial orientation unless the con-
text clearly indicates a particular orientation.

As used herein, optical radiation refers to electromagnetic
radiation at wavelengths of between about 100 nm and 10
um, and typically between about 500 nm and 2 pm.
Examples based on available laser diode sources and optical
fibers generally are associated with wavelengths of between
about 800 nm and 1700 nm. In some examples, propagating
optical radiation 1s referred to as one or more beams having
diameters, asymmetric fast and slow axes, beam cross-
sectional areas, and beam divergences that can depend on
beam wavelength and the optical systems used for beam
shaping. For convemence, optical radiation 1s referred to as
light 1n some examples, and need not be at visible wave-
lengths.

Representative embodiments are described with reference
to optical fibers, but other types of optical waveguides can
be used having square, rectangular, polygonal, oval, ellip-
tical or other cross-sections. Optical fibers are typically
tformed of silica (glass) that 1s doped (or undoped) so as to
provide predetermined refractive indices or refractive index
differences. In some, examples, fibers or other waveguides
are made of other materials such as fluorozirconates, fluo-
roaluminates, fluoride or phosphate glasses, chalcogenide
glasses, or crystalline materials such as sapphire, depending
on wavelengths of interest. Refractive indices of silica and
fluoride glasses are typically about 1.5, but refractive indices
of other materials such as chalcogenides can be 3 or more.
In still other examples, optical fibers can be formed 1n part
of plastics. In typical examples, a doped waveguide core
such as a fiber core provides optical gain in response to
pumping, and core and claddings are approximately con-
centric. In other examples, one or more of the core and
claddings are decentered, and in some examples, core and
cladding orientation and/or displacement vary along a wave-
guide length.

As used herein, numerical aperture (NA) refers to a
largest angle of incidence with respect to a propagation axis
defined by an optical waveguide for which propagating
optical radiation 1s substantially confined. In optical fibers,
fiber cores and fiber claddings can have associated NAs,
typically defined by refractive index differences between a
core and cladding layer, or adjacent cladding layers, respec-
tively. While optical radiation propagating at such NAs 1s
generally well confined, associated electromagnetic fields
such as evanescent fields typically extend into an adjacent
cladding layer. In some examples, a core NA 1s associated
with a core/inner cladding refractive index, and a cladding
NA 1s associated with an inner cladding/outer cladding
refractive index difference. For an optical fiber having a core
refractive index n__,_ and a cladding index n_,_ ., a fiber core
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NA 1s NA:\/anj—nczﬂ . For an optical fiber with an inner

core and an outer core adjacent the inner core, a cladding NA
is NA=Vn_ _>-n
tive indices of the mner cladding and the outer cladding,
respectively. Optical beams as discussed above can also be
referred to as having a beam NA which 1s associated with a
beam angular radius. While multi-core step index fibers are
described below, gradient index designs can also be used.

In the examples disclosed herein, a waveguide core such
as an optical fiber core 1s doped with a rare earth element
such as Nd, Yb, Ho, Er, or other active dopants or combi-
nations thereof. Such actively doped cores can provide
optical gain 1n response to optical or other pumping. As
disclosed below, waveguides having such active dopants can
be used to form optical amplifiers, or, 1if provided with
suitable optical feedback such as reflective layers, mirrors,
Bragg gratings, or other feedback mechanisms, such wave-
guides can generate laser emissions. Optical pump radiation
can be arranged to co-propagate and/or counter-propagate 1n
the waveguide with respect to a propagation direction of an
emitted laser beam or an amplified beam.

The term brightness 1s used herein to refer to optical beam
power per unit area per solid angle. In some examples,
optical beam power 1s provided with one or more laser
diodes that produce beams whose solid angles are propor-
tional to beam wavelength and beam area. Selection of beam
areca and beam solid angle can produce pump beams that
couple selected pump beam powers 1nto one or more core or
cladding layers of double, triple, or other multi-clad optical
fibers.

Fiber Bragg gratings are described herein as one or more

Bragg grating that are “written” 1nto optical fibers to pro-
duce a refractive imndex variation associated with a Bragg
reflection. Fiber Bragg gratings can be written 1n optical
fibers 1n a variety of ways to produce the corresponding
refractive index variation, including during or after the
fabrication of the optical fiber 1n which the FBG 1s to be
written. The photosensitivity of an optical fiber generally
allows the refractive index to be changed by an incident
optical beam provided with suitable characteristics (wave-
length, intensity, pulse duration, etc.) provided the fiber also
has suitable composition characteristics. In typical
examples, FBGs are written 1nto lengths of active or passive
optical fiber cores with pulsed lasers, such as excimer or
femtosecond sources, situated to selectively irradiate the
core 1n a spatially periodic pattern to produce a refractive
index variation, or modulation, 1n the core corresponding to
a desired reflectivity spectrum.

Stimulated Raman scattering (SRS) typically transters
light propagating 1n a fiber core from a signal wavelength to
a longer wavelength, known as Stokes shiits, or shorter
wavelengths, known as anti-Stokes shifts. As will be dis-
cussed further herein, introducing a wavelength-dependent
distributed loss 1 a fiber allows SRS to be suppressed
without causing loss of the signal beam, thereby preventing
SRS buildup and allowing power scaling at the signal
wavelength. Such a distributed loss can be provided by one
or more fiber Bragg gratings (FBG) written at one or more
locations along the fiber. The FBG 1s angled so as to reject
light at the SRS wavelength from the fiber core. The rejected
light can be directed out of the core and 1nto the cladding or
out of the cladding. Examples discussed herein can be
implemented 1n fiber lasers or fiber amplifiers, including
broadband continuous-wave systems, short-pulsed systems
(e.g., less than 1 ns), quasi-continuous-wave systems, eftc.

°_wherein n. and n are retrac-
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In some examples, FBGs can be written with the grating
being tilted with respect to the fiber beam propagation axis.
Design parameters for the FBGs include the grating angle,
the length of the grating, the depth of the grating (e.g., the
amplitude of the index modulation), whether the FBG 1s
located along the entire fiber or at specific locations, and
whether the FBG has a uniform period or 1s made non-
uniform (e.g., to broaden 1ts spectral bandwidth or otherwise
influence 1ts reflectivity). In some examples, such as with
multimode fibers, multiple FBG patterns can be overwritten
on the same location so as to address different modes,
wavelength, polarizations, or other beam properties. FBGs
written at different locations can also have different patterns.
The one or more FBGs cause SRS light to be directed out of
the fiber through conduction, dissipation, optical processes,
or combinations thereof. In some examples, the FBG can be
written along the entire length of the active optical fiber. In
other examples, the FBG 1s written along only a portion of
the active optical fiber. Various features of the examples
herein can also be applied to other examples herein.

Referring to FIG. 1 and corresponding exploded views
FIGS. 1A-1D, a fiber laser 100 includes an active fiber 102
that includes a core 104 and cladding 106 surrounding the
core 104 (as best seen 1 FIG. 1B). The core 104 1s situated
to propagate a signal beam 108 and the cladding 106 1s
situated to propagate a pump beam 110. The core 104 of the
active fiber 102 typically includes one or more active
dopants that can be excited by the pump beam 110 as the
pump beam 110 propagates through the core 104 to allow
laser amplification of the signal beam 108.

A passive fiber section 112 1s fiber-spliced to one end of
the active fiber 102 at a splice 114. As best seen 1in FIG. 1A,
the passive fiber section 112 includes passive core 116 and
a cladding 118 surrounding the passive core 116 each having
a similar diameter to the core 104 and cladding 106 of the
active fiber 102. In some examples, adjacent or adjoining
fiber sections, such as the active fiber 102 and the passive
fiber section 112, can have cores and claddings of dissimilar
diameter, geometry, or other fiber parameters.

The passive fiber section 112 also includes an HR FBG
120 written ito the passive core 116 that 1s highly reflective
at the wavelength (or range) of the signal beam 108 and that
1s transmissive at the wavelength (or range) of the pump
beam 110. A fiber-based pump combiner 122 1s spliced to the
passive liber section 112 at a splice 124 and includes a
plurality of pump sources 126 coupled to corresponding
pump liber inputs 128. The pump sources 126 produce light
at the wavelength of the pump beam 110 and are combined
with the fiber-based pump combiner 122 for coupling into
the cladding 118 of the passive fiber section 112.

Another passive fiber section 130 i1s fiber-spliced to the
other end of the active fiber 102 at a splice 132. As best seen
in FIG. 1C, the passive fiber section 130 includes a passive
core 134 and cladding 136 that are generally aligned at the
splice 132 with the core and cladding 104, 106 of the active
fiber 102 1n order to receive the signal beam 108 with
mimmal loss. The passive fiber section 130 includes a PR
FBG 138 written into the passive core 134 and that 1s
partially reflective at the wavelength of the signal beam 108
so as to allow a portion of the signal beam 108 to propagate
past the PR FBG 138 to form an output beam 140.

The passive fiber section 130 also mncludes a SRS FBG
142 written into the passive core 134 with a selected
refractive index pitch so that the SRS FBG 142 1s highly
reflective, or otherwise produces a scattering or optical
redirecting eflect, at a wavelength range of a first Stokes
shift from the signal beam 108 that 1s associated with Raman
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scattering. During laser operation, the large power density of
the signal beam 108 tends to surpass various nonlinear
thresholds and to be associated with the generation of an
SRS beam 144 that can cause various deleterious ellects,
including degradation of one or more components of the
fiber laser 100 and ultimately failure of the fiber laser 100.
The SRS FBG 142 is situated in the passive core 134 to
receive the SRS beam 144 as 1t 1s generated and to direct the
SRS beam 144 out of the passive core 134. In typical
examples, the SRS FBG 142 includes one or more refractive
index varied portions that are arranged at a non-perpendicu-
lar angle with respect to a propagation axis 146 of SRS beam
144 1n the passive core 134. In further examples, the SRS
FBG 142 can be replaced with another spectrally selective
component, such as a fused wavelength-division multiplexer
type coupler or a micro-optic based spectral filter. Spectrally
selective components can be situated 1in-line with the passive
fiber section 130 and some examples can 1include controlled
free-space propagation and in-spectral filtering of the free-
space beam.

In the architecture of the fiber laser 100 shown 1n FIG. 1,
a peak power density for the signal beam 108 typically
occurs 1n proximity to the PR FBG 138. Thus, situating the
SRS FBG 142 adjacent to the PR FBG 138 towards the
active fiber 102 allows the FBGs 138, 142 to be writte
successively 1n the same passive fiber section 130, thereby
increasing manufacturing efliciency, and to increase attenus-
ation of the SRS beam 144 as 1t 1s being generated 1n the
fiber laser 100. By inlibiting generation of the SRS beam
144 through selective attenuation in the oscillator, e.g., the
core volume situated between the HR and PR FBGs 120,
138, of the fiber laser 100, other components of the fiber
laser 100, such as the pump sources 126, the fiber-based
pump combiner 122, and the active fiber 102, can be
protected from damage associated with SRS.

A delivery fiber 148 1s spliced to the passive fiber section
130 at a splice 150 and provides a propagation path out of
the fiber laser 100 for the output beam 140. The SRS FBG
142 1s also situated to receive a residual SRS beam 152
(shown 1n FIG. 1D) that 1s emitted from the delivery fiber
148, retlected from a processing target (now shown), and
coupled back mto the delivery fiber 148 and passive core
134. The SRS FBG 142 also directs the residual SRS beam
152 out of the passive core 134 to remove the residual SRS
beam 152 from the fiber laser 100. By removing the residual
SRS beam 152, additional SRS gain in the fiber laser 100
assoclated with the SRS beam 144 1s reduced or eliminated,
turther protecting the fiber laser 100 and its components.

In FIG. 2 a fiber laser 200 1s shown 1n a master-oscillator
power-amplifier architecture. The fiber laser 200 1includes an
active oscillator fiber 202 optically coupled with an optical
splice 204 at a first end to a passive fiber section 206 and
optically coupled with an optical splice 208 at a second end
to another passive fiber section 210. The active oscillator
fiber 202 1ncludes a core and cladding and generates a signal
beam 1n the core. One or more fiber-coupled pump sources
212 1s optically coupled to the passive fiber section 206 with
an optical splice 214. The fiber-coupled pump source 212
delivers a pump beam to the active oscillator fiber 202 so
that the signal beam can be generated in the core of the
active oscillator fiber 202. The passive fiber section 206
includes an FBG 216 1n the core of the passive fiber section
206 that 1s highly reflective at the wavelength of the signal
beam so that the signal beam generated in the core of the
active oscillator fiber 202 and propagating towards the FBG
216 1s substantially reflected by the FBG 216. The passive
fiber section 210 includes an FBG 218 that 1s partially
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reflective at the wavelength of the signal beam to allow a
portion of the signal beam to propagate past the FBG 218.
The passive fiber section 210 also includes an FBG 220 that
includes refractive index vanation features that generally
form a non-perpendicular angle with respect to a propaga-
tion axis of the signal beam 1n the core of the passive fiber
section 206. The FBG 220 1s situated to couple out an SRS
beam that propagates 1n the core of the active oscillator fiber
202 and the passive fiber sections 206, 210 as the SRS beam
1s being generated so as to reduce the destructive eflects
associated with Raman gain or other nonlinear eflects.

A passive fiber section 222 1s spliced at a splice 224 to an
emitting end of the passive fiber section 210 and receives the
portion of the signal beam allowed to propagate past the
FBG 218. The passive fiber section 222 includes an optical
1solator 2235 that 1s situated to extract amplified spontaneous
emission (ASE) or other optical noise associated with the
signal beam. The passive fiber section 222 1s fiber spliced via
splice 226 to a passive {iber mput 228 of a pump combiner
230 that 1s all-glass. One or more fiber-coupled pump
sources 232 are also coupled to the pump combiner 230 via
fiber 1inputs 234. A passive fiber section output 236 of the
pump combiner 230 delivers the signal beam from the
passive fiber section 222 and the pump beam from the pump
source 232 to an active amplifier fiber 238 via an optical
splice 240. As the signal beam propagates in the core of the
active amplifier fiber 238, 1t increases in power to form an
output beam 242 that 1s emitted from the fiber laser 200. A
passive fiber section 244 1s optically coupled with an optical
splice 246 to the active amplifier fiber 238 and includes an
FBG 248 situated 1n the core of the passive fiber section 244
at a non-perpendicular angle with respect to the propagating
signal beam. The FBG 248 couples out SRS light propagat-
ing 1n the core so as to mhibit the generation of SRS and to
reduce the damaging eflects associated with SRS. The
passive fiber section 244 1s also spliced at a splice 250 to a
delivery fiber 252 that 1s situated to receive the output beam
242 with a reduced amount of SRS light.

FIG. 3 shows an example of a fiber laser 300 that includes
a plurality of SRS FBGs 302 written 1nto a core of an active
gain fiber 304 at selected positions along the length of the
active gain fiber 304. The fiber laser 300 can include
components similar to fiber laser 100, including an HR FBG
306 situated 1 a core of a passive fiber length 308 spliced
to the active gain fiber 304 at a splice 305, a PR FBG 310
situated 1n a core of a passive fiber length 312 spliced to the
active gain fiber 304 at a splice 307, a pump source 314
coupled to a pump fiber 315 that is coupled to the passive
fiber length 308 with a splice 316, and a delivery fiber 318
coupled to the passive fiber length 312 at a splice 319. The
HR and PR FBGs 306, 310 form an oscillator with the gain
medium provided by the core of the active gain fiber 304. An
output beam 320 1s emitted from an end of a delivery fiber
318 that can be used for various material processes as well
as for other lasers (such as for pumping another laser or
combining into a more poweriul beam).

As Raman scattering occurs that 1s associated with the
amplification of a signal beam 1n the core of the active gain
fiber, SRS can occur and increase 1n gain competing with the
signal beam and transferring energy from the signal beam.
The SRS FBGs 302, which can generally be situated at a
non-perpendicular angle with respect to the core of the
active gain fiber 304, are distributed along the length of
active gain fiber 304 so as to introduce a distributed SRS loss
that 1inhibits the generation of SRS along the length of the
active gain fiber 304. In general, the pitch of the refractive
index variation associated with the SRS FBGs 302 situated
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8

in the active gain fiber 304 can be different from the pitch of
an SRS FBG situated 1n a passive fiber section, due to
dissimilarities in material composition between the active
and passive core. The output beam 320 thus has a reduced
SRS power content as compared with beams of conventional
lasers.

In FIG. 4, another example of a fiber laser 400 1s shown
that 1s directed to suppression of SRS. The fiber laser 400
includes an active gain fiber 402 coupled to opposite passive
fiber sections 404, 406, one or more pump sources 408
coupled to the passive fiber section 404, and a delivery fiber
410 coupled to the passive fiber section 406 for receiving
and delivering a high power output beam 412. An FBG 414
1s written 1nto the core of the passive fiber section 406 at a
chirped periodicity. For example, the period of the refractive
index variation provided in the core by the FBG 414 varies
along length of the core, such as with sequentially increasing
distances. In some examples, the periodicity 1s varied to
expand the reflectivity spectrum so as to extend over the
wavelength (or range) associated with SRS of the output
beam 412. The FBG 414 1s also angled with respect to the
propagation path of the output beam 412 in order couple the
SRS light out of the core of the fiber laser 400.

FIG. 5 shows an example of a fiber 500 with an active
core that includes FBG portions 502 substantially distrib-
uted along the length of the fiber 500. In various examples,
the FBG portions 502 can be evenly spaced from one
another as well with variable spacing. The FBG portions 502
introduce very low loss for pump light and signal light
propagating in the core but introduce significant loss at
Raman wavelengths associated with the signal light so that
SRS 1s inhibited during active laser operation. Each FBG
portion 502 can include one or more refractive index varied
portions. The cumulative effect of the FBG portions 502
distributed along the fiber 500 acts to reduce the growth of
SRS 1n a fiber laser in which the fiber 500 1s situated. The
FBG portions 502 can be similar to the plurality of FBGs
302 in the fiber laser 300, though the FBG portions 502
generally include fewer refractive index varied portions than
the FBGs 302 (e.g., a single dip and rise or rise and dip in
refractive index may suflice) or the spacing between adja-
cent FBG portions 502 is closer, or both.

FIG. 6 1s a plot 600 depicting SRS gain 1n a fiber laser as
a function of the output beam power of the fiber laser.
Referring to line 602, 1n a conventional fiber laser, SRS
generally increases as the continuous-wave power of the
fiber laser rises 1nto the kW regime, leading to detrimental
ellects within the fiber laser and to the characteristics of the
output beam of the fiber laser. Line 604 shows predicted
SRS performance 1n accordance with examples of the dis-
closed technology. As the continuous-wave output beam
power of the fiber laser increases and the threshold for SRS
generation associated with the output beam 1s passed, SRS
gain 1s maintained at a minmimum with FBG-based loss
components mtroduced into the fiber laser system nhibiting
the generation of SRS.

FIG. 7 shows a plot 700 of FBG retlectivity with respect
to optical wavelength. In typical examples herein, the reflec-
tivity characteristics of an FBG used to inhibit generation of
SRS are selected to comncide with an SRS wavelength
associated with an output beam. For example, a reflectivity
spectrum 702 generally coincides with a center wavelength
of a first Stokes shiit from an output beam wavelength (e.g.,
1080 nm) of a fiber laser. In additional examples, a retlec-
tivity spectrum 704 1s selected with a spectral oflset 706
shifting the reflectivity spectrum 704 1n relation to a desired
reflectivity spectrum 702. In different examples herein,
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SRS-related FBGs can be situated 1in proximity to heat loads
of different magnitude resulting 1n different localized tem-
peratures. For higher temperatures, one or more FBGs
situated to introduce SRS loss can have a reflectivity spec-
trum that 1s oflset so that as temperature of the FBG
increases during normal fiber laser operation, the corre-
sponding reflectivity spectrum shifts to coincide with an
SRS wavelength. For example, spectral offsets can include
between 0.01 and 0.1 nm, 0.1 nm and 1.0 nm, 1 nm and 10
nm, or greater. Separate SRS-related FBGs can be situated
in a fiber laser and have different spectral offsets to corre-
spond with the temperature associated with the region 1n
which the FBGs are situated. Moreover, a plurality of
SRS-related FBGs can have different offsets (or no oflsets)
to ensure that vanation in temperature does not aflect the
ability to maintain SRS suppression.

In view of the many possible embodiments to which the
principles of the disclosed technology may be applied, it
should be recognized that the illustrated embodiments are
only representative examples and should not be taken as
limiting the scope of the disclosure. Alternatives specifically
addressed 1n these sections are merely exemplary and do not
constitute all possible alternatives to the embodiments
described herein. For instance, various components of sys-
tems described herein may be combined 1n function and use.
We theretfore claim all that comes within the scope and spirit
of the appended claims.

We claim:

1. An apparatus, comprising:

an optical fiber including a core and cladding, the core

being situated to propagate an optical beam along a
propagation axis associated with the core; and

at least one fiber Bragg grating (FBG) situated 1n the core

of the optical fiber, the fiber Bragg grating including a
plurality of periodically spaced grating portions situ-
ated with respect to the propagation axis so that light
associated with Raman scattering 1s directed out of the
core and cladding so as to reduce the generation of
optical gain associated with stimulated Raman scatter-
ing (SRS);

wherein the FBG defines a reflection bandwidth that 1s

oflset from a center wavelength of a first Raman Stokes
wavelength range of the optical beam[so as to com-
pensate for a shift of the reflection bandwidth associ-
ated with localized heating of the FBG from the propa-
gation of the optical beaml].

2. The apparatus of claim 1, wherein the plurality of
periodically spaced grating portions are situated at a non-
perpendicular angle with respect to the propagation axis.

3. The apparatus of claim 1, wherein the at least one FBG
1s situated within a fiber oscillator defined between a high-
reflecting FBG and a partially-reflecting FBG.

4. The apparatus of claim 3, wherein the at least one FBG
1s situated adjacent to the partially-reflecting FBG.

5. The apparatus of claim 4, wherein the at least one FBG
and the partially-reflecting FBG are situated 1n a passive
section of optical fiber that 1s spliced to an active fiber of the
fiber oscillator.

6. The apparatus of claim 1, wherein the at least one FBG
comprises a plurality of FBGs spaced apart from each other
and distributed along the length of the optical fiber.

7. The apparatus of claam 6, wherein the optical fiber
includes an active core and the plurality of FBGs are spaced
apart along the length to produce a distributed SRS loss 1n
the optical fiber.
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8. The apparatus of claim 6, wherein each FBG of the
plurality of FBGs includes a single refractive index varied
portion.

9. The apparatus of claim 1, wherein the at least one FBG
1s chirped.

10. The apparatus of claim 1, wherein the offset 1s
between about 0.01 nm and 10 nm.

11. An apparatus, comprising:

a gain fiber including an actively doped core defining a
propagation axis and a pump cladding surrounding the
actively doped core, the gain fiber being situated to
generate a signal beam:;

one or more pump sources optically coupled to the gain
fiber to provide pump light for generation of the signal
beam:;

a high reflector fiber Bragg grating (FBG) optically
coupled to an end of the gain fiber active core and
situated to reflect the signal beam propagating in the
active core of the gain fiber;

a partial reflector FBG optically coupled to an opposite
end of the gain fiber active core and situated to partially
reflect the signal beam and to transmit an output beam:;
and

at least one slanted stimulated Raman scattering (SRS)
FBG situated 1n the gain fiber so as to direct light
associated with Raman scattering out of the gain fiber
so as to reduce the generation of optical gain associated
with SRS 1n the gain fiber;

wherein the at least one slanted SRS FBG defines a
reflection bandwidth that 1s ofiset from a center wave-
length of a first Raman Stokes wavelength range of the
signal beam[so as to compensate for a shift of the
reflection bandwidth associated with localized heating
of the at least one slanted SRS FBG from the propa-
gation of the signal beaml].

12. The apparatus of claim 11, wherein the at least one
slanted SRS FBG 1includes a first SRS FBG situated 1n a
passive core of a passive fiber section of the gain fiber.

13. The apparatus of claim 12, wherein the first SRS FBG
1s situated between the actively doped core of the gain fiber
and the partial reflector FBG.

14. The apparatus of claim 11, wherein the output beam
1s single-mode or multi-mode.

15. The apparatus of claim 11, wherein the gain fiber 1s an
oscillator fiber and the apparatus further comprises:

an amplifier fiber situated to receive the output beam from
the oscillator fiber and to amplify the output beam; and

at least another slanted FBG situated 1n the amplifier fiber
so as to direct light associated with Raman scattering,
out of the amplifier fiber so as to reduce the generation
of optical gain associated with SRS 1n the amplifier
fiber.

16. An apparatus, comprising:

an optical fiber mcluding a core and cladding, the core
being situated to propagate an optical beam along a
propagation axis associated with the core; and

[at least one] rwo or more spectrally selective [compo-
nent] components optically coupled to the core of the
optical fiber, the spectrally selective [component] com-
ponents including at least Jone] rwo optical redirecting
[portion] portions situated at [a] non-perpendicular
[angle] angles with respect to the propagation axis and
including different respective spectrally selective com-
ponent pitches wherein the non-perpendicular angles
and the pitches are selected so that light associated with
Raman scattering is directed out of the core [so as to
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reduce the generation of optical gain associated with

stimulated Raman scattering (SRS)] and cladding;
wherein [the] at least one of the two or more spectrally

selective Jcomponent] components defines a reflection
bandwidth that 1s oflset from a center wavelength of a
first Raman Stokes wavelength range of the optical
beam[so as to compensate for a shift of the reflection
bandwidth associated with heating proximate the at
least one spectrally selective component from the
propagation of the optical beaml].

17. The apparatus of claim 16, wherein the two or more
spectrally selective components arve FBGs.

18. The apparatus of claim 17, wherein the two optical
redivecting portions include slanted elements of the FBG.

19. The apparatus of claim 18, wherein the FBG is
situated to rveduce the generation of optical gain associated
with stimulated Raman scattering (SRS).

20. The apparatus of claim 16, wherein the offset is
configured to compensate for a shift of the reflection band-
width associated with heating proximate the at least one
spectrally selective component from the propagation of the
optical beam, and wherein the offset is selected based on an
operating temperaturve proximate the at least one spectrally
selective component.

21. An apparatus, comprising:

an optical fiber including a corve and cladding, wherein

the core is configured to propagate an optical beam;
and

a fiber Bragg grating situated in the core, wherein the

fiber Bragg grating includes angled veflective elements
configured to divect out of the core stimulated Raman
scattering (SRS) light associated with the optical beam,
wherein the fiber Bragg grating has a first reflectivity
spectrum that is offset from and selected to shift to a
second veflectivity spectrum coincident with an SRS
wavelength rvesponsive to heat loading.

22. The apparatus of claim 21, wherein the offset includes
between 0.01 nm and 0.1 nm, between 0.1 nm and 1.0 nm,
or between 1 nm and 10 nm.

23. The apparatus of claim 21, wherein the optical fiber
is a first optical fiber and the fiber Bragg grating is a first
fiber Bragg grating, and further comprising:
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a second fiber Bragg grating situated in the core of the
first optical fiber ov in a core of a the second optical
fiber coupled to the first optical fiber, wherein the
second fiber Bragg grating is configured with a reflec-
tivity spectrum offset that is different from the offset of
the first fiber Bragg grating.

24. The apparatus of claim 23, wherein the offsets of the

first and second fiber Bragg gratings arve configured to
provide SRS suppression over a temperature range.

25. The apparatus of claim I, whevein the light directed
out of the core and cladding is divected out of the optical

fiber.

26. The apparatus of claim 17, wherein at least one of the
FBGs is situated in an active fiber portion and at least one
of the FBGs is situated in a passive fiber portion.

27. The apparatus of claim 23, wherein the offsets are

configured in rvelation to different localized temperatures
associated with the vegions in which the vespective FBGs are
situated.

28. An apparatus, comprising.

an optical fiber including a core and cladding, the core
being situated to propagate an optical beam along a
propagation axis associated with the core; and

at least one fiber Bragg grating (FBG) situated in the core
of the optical fiber, the fiber Bragg grating including a
plurality of periodically spaced grating portions situ-
ated with respect to the propagation axis so that light
associated with Raman scattering is directed out of the
cove so as to reduce the gemneration of optical gain
associated with stimulated Raman scattering (SRS);

wherein the at least one FBG comprises a plurality of
FBGs spaced apart from each other and distributed

along the length of the optical fiber, wherein each of the
FBGs of the plurality of FBG's has a single vise and dip

or dip and rise of refractive index;

wherein the at least one FBG defines a rveflection band-
width that is offset from a center wavelength of a first
Raman Stokes wavelength range of the optical beam.
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