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Description

TECHNICAL FIELD

[0001] This disclosure is generally directed to optical
fibers used for light amplification. More specifically, this
disclosure is directed to an optical fiber for light amplifi-
cation having a core with low bend loss and end features
with high bend loss and a related method.

BACKGROUND

[0002] Laser systems that output high-quality beams
can be used in a number of applications. For example,
low-noise, high-power amplifiers could be used in tele-
communication systems to support the transport of infor-
mation over very long distances. Some laser systems
use fiber amplifiers to amplify light, meaning the light is
amplified within optical fibers that are transporting the
light. A fiber amplifier generally includes a core and a
cladding around the core, where light travels through the
core and is amplified by active lasing ions within the core.
[0003] There are a number of fiber amplifiers that have
been developed over the years. One goal of fiber ampli-
fier designs has been to increase a core’s cross-sectional
area without compromising an output beam’s quality. A
larger core area increases the energy-storage capacity
of the fiber due to the larger volume of doped material in
the core. This can be particularly beneficial for pulsed
laser systems or other high-energy laser systems since
it reduces optical intensity in the core and increases
thresholds for deteriorating nonlinear effects.
[0004] Some fiber amplifiers have included large cir-
cular cores, but scaling up the size of a circular core typ-
ically decreases an output beam’s quality. As a result,
fiber amplifiers with other core shapes have been devel-
oped, such as rectangular cores. However, fiber ampli-
fiers with rectangular cores are highly multi-mode in their
larger dimension, which can lead to difficulties in main-
taining high output beam qualities.
[0005] US 2015/110452 A1 discloses high aspect ratio
core optical fiber designs, which could be semi-guiding,
that include a core region having a first refractive index
and a high aspect ratio elongated cross-section along a
slow axis direction. An internal cladding having a second
refractive index sandwiches the core and acts as a fast-
axis signal cladding. The core has an edge region at both
of its short edges that is in contact with edge-cladding
regions having a barbell shape. The refractive index of
the core regions, the refractive index of the internal clad-
dings, and the refractive index of the edge-cladding re-
gions are selected so as to maximize the optical power
of a lowest-order mode propagating in the fiber core and
to minimize the optical power of the next-order modes in
the fiber core.
[0006] US 7 983 312 B2 discloses a planar laser gain
medium that includes an active core having a high aspect
ratio cross-section with a fast-axis dimension and a slow-

axis dimension, signal claddings adapted to form reflec-
tive boundaries at fast-axis boundaries of the core, and
a material adapted to minimize reflections at slow-axis
boundaries of the core. In an illustrative embodiment, the
laser gain medium is an optical fiber. The core and clad-
dings form a waveguide adapted to control modes prop-
agating in the fast-axis direction.
[0007] EP 1 059 707 A2 discloses a single-mode fiber
laser that includes a fiber ribbon having a plurality of par-
allel waveguides. Each waveguide includes a rectangu-
lar shaped core that has a relatively thin dimension in
one direction and a relatively wide dimension in an or-
thogonal direction. A step-index cladding is provided in
the thin direction to limit the propagation of light in the
core to a single mode in that direction. Mode filters are
provided adjacent the ends of the core in the thickness
direction and the various propagation modes in the core
enter the mode filters. The mode filters guide the desir-
able single-mode back into the core and reject the other
modes away from the core. Light absorbing layers are
provided adjacent the mode filters and opposite the core
to absorb the undesirable propagation modes of light.
Therefore, the main propagation mode in the core is a
single low order mode, but the cross-sectional area of
the core is increased to provide more power.

SUMMARY

[0008] This disclosure provides an optical fiber for light
amplification having a core with low bend loss and end
features with high bend loss and a related method.
[0009] In a first aspect, the present disclosure provides
an apparatus comprising: an optical fiber configured to
transport an optical signal, the optical fiber comprising:
a core configured to receive and amplify the optical sig-
nal; end features optically coupled to opposite ends of
the core, wherein the core has a lower bend loss than
the end features; and a cladding surrounding the core
and the end features; wherein the optical fiber is config-
ured to confine optical power of a fundamental mode in
the core; wherein the optical fiber is also configured to
allow optical power of one or more higher-order modes
to leak from the core into the end features; and wherein
the optical fiber is bent to allow the optical power in the
end features to leak from the end features into the clad-
ding, wherein a bend radius of the optical fiber is selected
in order to strip the optical power from the end features
into the cladding while allowing the optical fiber to guide
the optical power of the fundamental mode in the core.
[0010] In a second aspect, the present disclosure pro-
vides a method comprising: injecting an optical signal
into an optical fiber; confining optical power of a funda-
mental mode in a core of the optical fiber, wherein the
core is configured to receive and amplify the optical sig-
nal; and allowing optical power of one or more higher-
order modes to leak from the core into end features,
wherein the end features are optically coupled to oppo-
site ends of the core, and wherein the core has a lower
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bend loss than the end features; wherein the optical fiber
is bent to allow the optical power in the end features to
leak from the end features into a cladding, wherein a
bend radius of the optical fiber is selected in order to strip
the optical power in the end features from the end fea-
tures into the cladding while allowing the optical fiber to
guide the optical power of the fundamental mode in the
core.
[0011] In a third aspect, the present disclosure pro-
vides a method comprising: obtaining an optical fiber
comprising: a core configured to receive and amplify an
optical signal; end features optically coupled to opposite
ends of the core, wherein the core has a lower bend loss
than the end features; and a cladding surrounding the
core and the end features; wherein the optical fiber is
configured to confine optical power of a fundamental
mode in the core; and wherein the optical fiber is also
configured to allow optical power of one or more higher-
order modes to leak from the core into the end features;
and selecting a bend radius of the optical fiber in order
to strip the optical power in the end features from the end
features into the cladding while allowing the optical fiber
to guide the optical power of a fundamental mode in the
core.
[0012] Other technical features may be readily appar-
ent to one skilled in the art from the following figures,
descriptions, and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] For a more complete understanding of this dis-
closure and its features, reference is now made to the
following description, taken in conjunction with the ac-
companying drawings, in which:

FIGURE 1 illustrates a cross-section of a short,
curved length of an example optical fiber having a
core with lower bend loss and end features with high-
er bend loss according to this disclosure;
FIGURE 2 illustrates example effective-index values
for different modes of light propagating through an
optical fiber having a core with lower bend loss and
end features with higher bend loss according to this
disclosure;
FIGURES 3 and 4 illustrate an example mechanism
for creating optical leakage for higher-order modes
from elongated end features into cladding of an op-
tical fiber according to this disclosure;
FIGURE 5 illustrates a cross-section of a short,
curved length of another example optical fiber having
a core with lower bend loss and end features with
higher bend loss according to this disclosure; and
FIGURE 6 illustrates an example method for using
an optical fiber having a core with lower bend loss
and end features with higher bend loss according to
this disclosure.

DETAILED DESCRIPTION

[0014] FIGURES 1 through 6, described below, and
the various embodiments used to describe the principles
of the present invention in this patent document are by
way of illustration only and should not be construed in
any way to limit the scope of the invention. Those skilled
in the art will understand that the principles of the present
invention may be implemented in any type of suitably
arranged device or system.
[0015] As noted above, various attempts have been
made to increase the cross-sectional area of a core in
an optical fiber, such as by increasing the size of a circular
core. However, increasing the size of a circular core in
an optical fiber leads to various problems. For example,
the larger core diameter for a constant core numerical
aperture (NA) converts a single-mode fiber into a multi-
mode waveguide structure, which results in poor output
beam quality. Also, mode mixing makes it very difficult
to provide single-transverse-mode propagation since a
typical long fiber often needs to be coiled for size, weight,
and packaging (SWaP) reasons. An alternative approach
involves keeping a relatively small core Normalized Fre-
quency Parameter (also called a V-number) by reducing
the core NA simultaneously with an increase in the core’s
diameter. This helps to reduce the number of guided
modes of the core, but the minimum tolerable bend di-
ameter that can provide single-mode output becomes
larger and larger for low-NA core fibers, which compli-
cates the packaging.
[0016] Some known low-NA structures are based on
photonic crystal fiber (PCF) technology. These fibers
need to be straight since even minor bends can induce
strong bend-induced leakage from the low-NA core. For
this reason, a PCF fiber with a very large core area (typ-
ically called a rod-like fiber) is usually packaged into a
much larger cylindrical glass-rod cladding. The large
cladding diameter mechanically constrains bending and
often leads to the use of short fiber pieces, which again
can complicate achieving low-SWaP packaging. The
thick glass cladding also makes short rod-like fibers sen-
sitive to thermal loads, and denser thermal loads per unit
length lead to thermal lensing due to relatively high tem-
perature gradients arising from poor thermal conduction
through the thick cladding.
[0017] Problems with optical fibers having enlarged cir-
cular cores have led to the development of optical fibers
with other core shapes, such as rectangular cores with
high aspect ratios. One example of this is the semi-guid-
ing high-aspect-ratio-core (SHARC) fiber architecture
developed by RAYTHEON COMPANY. A SHARC opti-
cal fiber includes a rectangular core having a very large
aspect ratio, meaning the longer dimension of the core
is much larger than the smaller dimension of the core.
The rectangular core includes a central region doped with
active lasing ions, and the central region is located be-
tween passive material inserts. Additional details of an
example SHARC fiber architecture are provided in US 7
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983 312 B2.
[0018] Among other uses, SHARC optical fibers are
attractive for designing low-noise, high-power fiber am-
plifiers for telecommunication systems because they
help to reduce Kerr nonlinearities and thermal contribu-
tions to phase noise in the optical fibers. For continuous
wave (CW) high-energy laser (HEL) fiber systems,
SHARC optical fibers can help in power scaling. Namely,
high-aspect-ratio cores can allow an increase in the pow-
er output per combinable fiber. The overall system’s com-
plexity can therefore be reduced by using a lower number
of combinable channels.
[0019] In designs such as the SHARC architecture, the
longer dimension of the core is said to extend along the
"slow-axis" of the core, while the shorter dimension of
the core is said to extend along the "fast-axis" of the core.
The high aspect ratio of the core helps to facilitate single-
mode propagation of light in at least one direction, pri-
marily along the narrower fast-axis. Single-mode propa-
gation through such a core can be obtained, since only
one mode or just a few modes are guided in the fast-axis
direction. The core is still highly multimode in the slow-
axis direction where the core is very wide, so many slow-
axis modes can be trapped in the core.
[0020] Because a fiber such as a SHARC fiber has a
highly multimode core, a mode-selection mechanism is
used to obtain a high-quality optical beam out of the fiber.
The mode-selection mechanism discriminates in favor of
the fundamental transverse mode of the core and against
the other higher-order modes. "Gain filtering" is one of
several mode-selection mechanisms that could be used.
Gain filtering facilitates a stronger gain for a fundamental
mode of the core. In a SHARC fiber, for example, a con-
centration of an active dopant near the central axis of the
core in the slow-axis direction enables gain filtering. Pro-
viding a stimulated-emission gain near a flattened core’s
center may yield the highest spatial overlap for the fun-
damental mode of the core with the gain region. This
facilitates the highest gain for that specific mode, which
carries diffraction-limited quality light along the fiber so
that it dominates at the fiber’s output.
[0021] "Loss filtering" can also or alternatively be used
for mode selection. Loss filtering facilitates stronger leak-
age of higher-order modes into the surrounding cladding
while also providing a zero or low leakage rate for the
fundamental mode. As a particular simplified example, a
cladding having the same refractive index as the core
could be situated within mode-index-matching regions
adjacent to the slow-axis edges of the core.
[0022] Note, however, that the interface between a pla-
nar guiding core and an outside "free-space" propagation
medium provides reflection at the core’s edges, even
when the index of the core material is the same as that
of the cladding material and no index step exists at the
core’s edges. The reflecting border at the edges appears
due to different spatial dispersion characteristics of the
propagation of light through the core and through the
cladding beyond the core’s edges. While reflection by

the edges persists, there is an optimal index offset be-
tween the index-matching region and the core that pro-
vides a minimal reflection back to the core and a maxi-
mum leakage rate out of the core.
[0023] Previously, the optimal index difference was
found for a simple special case of "infinite size" of the
index-matching regions. Near this optimum, all slow-axis
modes of the core experience maximum propagation loss
induced by leaking power into the surrounding cladding.
Also, the leakage rate for a slow-axis mode of order m
grows rapidly with the order, and the loss rate increases
approximately proportionally with m2. The strong mode-
order dependence results here in the "loss filtering ef-
fect." Namely, loss filtering helps to reduce the power
content carried by higher-order modes in the core. The
fundamental mode of the core experiences the least leak-
age loss, significantly lower than for any other mode.
When a fiber’s length is selected to make the total leak-
age for the fundamental mode over the entire fiber length
low and the leakage for other modes strong, good beam
quality can be readily achieved. In such conditions, the
fundamental mode is amplified efficiently to accumulate
stored inversion energy and to dominate at the fiber’s
output, while higher-order modes fail to compete for store
energy.
[0024] The cross-sectional dimensions for any real fib-
er are limited, however, and an "infinite size" for the index-
matching regions is just an approximation. The space
serving as a reservoir for sinking the optical power of
higher-order modes is actually of finite volume. With that
in mind, a SHARC or other fiber architecture can use
"end features" at the ends of the core. In this approach,
index-matching regions are specified as optically-guiding
regions that are adjacent to the core’s slow-axis edges
and that are separated from the main lower-index clad-
ding of the fiber by total internal reflection (TIR) walls.
Light of the higher-order modes can therefore leak out
of the core into the end features, and the end features
accumulate the leaked power. Ideally, just the fundamen-
tal mode remains persistently inside the fiber’s core,
while higher-order modes mostly leak out into the end
features.
[0025] Unfortunately, light that leaks from the core into
the end features is trapped by the guiding TIR walls of
the end features as the light propagates down the fiber.
If the total light power in the end features becomes strong,
the capacity of the end features to carry light can be ex-
hausted, which results in a condition called "overfill." Light
from the overfilled end features can travel back and forth
between the core and the end features as the light prop-
agates down the fiber, which is sometimes referred to as
"slosh-back." The light that returns to the core from the
end features can populate transverse modes of different
orders, resulting in modal contamination of the funda-
mental mode. Under these conditions, the output beam
quality can be degraded again.
[0026] While an absorbing dopant added to the end
features can mitigate this problem, it may be very difficult
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to find doping material for end features that can serve as
a suitable absorber in certain systems, such as in silica
glass systems of practical importance like Ytterbium (Yb)
doped or Erbium (Er) doped fibers. The dopant would
need to absorb enough energy at the signal wavelength
to efficiently attenuate the leaked light, but the end fea-
tures should be highly transparent to the pump light since
the pump and signal share the same waveguides. Oth-
erwise, the lasing efficiency of the system can be com-
promised, because the pump power would be partially
wasted due to dissipative heating of the absorber in the
end features, rather than pumping up the laser medium
inversion. Unfortunately, the spectral separation be-
tween the pump and signal bands may not be very large,
such as for Yb and Er fibers when the most efficient "in-
band" resonant pumping scheme is applied. Potentially
available absorbing ions, like Samarium (Sm) or Thulium
(Tm), that can absorb the signal light, also impose no-
ticeable losses at the pump wavelength. Moreover, the
power absorbed by the end features heats the core near
the core’s edges. This can change the refractive index
distribution along the slow-axis of the core and distort the
core’s modes. This can also change the power balance
between the core and the end features by pulling extra
light from the core into the heated end features, where
the index is increased.
[0027] This disclosure provides optical fibers having
cores with lower bend loss and end features with higher
bend loss. The core of an optical fiber can be elongated
in a first direction and may have a high aspect ratio. A
small core dimension in the fast-axis direction makes the
core resistant to bend loss if the fiber is bent in the fast-
axis direction. The end features, which are located at the
slow-axis edges of the core, are designed to experience
strong bend loss. In some embodiments, the end features
are elongated in a second direction that is transverse to
the first direction. In particular embodiments, the core
and the end features all have rectangular shapes, al-
though other shapes for the core and the end features
could also be used. The core shape allows only a single
fundamental mode or perhaps just a few modes to be
guided in the fast-axis direction. Undesired higher-order
slow-axis modes leak into the end features. If the optical
fiber is properly bent, the elongated nature of the end
features allows the optical power accumulated by the end
features to leak out into the cladding of the optical fiber,
away from the core. In this manner, bend loss in the end
features replaces absorption loss, along with all of its
associated detrimental thermal effects.
[0028] In this proposed design approach, undesirable
higher-order modes of light can travel out of the core into
the end features and then radiate directly out into the
surrounding cladding of an optical fiber. The radiative
power leakage can be induced by bending the fiber, such
as by coiling the fiber (which is often how an optical fiber
is packaged in a typical system). This approach therefore
actually uses the bending of the fiber as a way to promote
leakage of optical power from the end features. This ap-

proach also allows the shape of the end features and the
bend radius of the optical fiber to be selected so that the
bend-induced leakage is strong for any transverse
modes of the end features but is negligibly low for the
fundamental mode in the fiber core.
[0029] FIGURE 1 illustrates a cross-section of a short,
curved length of an example optical fiber 100 having a
core 102 with lower bend loss and end features 104a-
104b with higher bend loss according to this disclosure.
The core 102 and the end features 104a-104b here com-
bine to create an I-shaped structure in this example. The
optical fiber 100 is configured to transport and amplify
light through the core 102 in a propagation direction per-
pendicular to the plane of illustration in FIGURE 1. The
end features 104a-104b are configured to receive light
of higher-order modes from the core 102, and to allow
the optical power of the higher-order modes to leak out
of the end features 104a-104b into a surrounding clad-
ding 106.
[0030] The core 102 denotes an elongated core region
of the optical fiber 100. The core 102 is elongated so that
the core 102 is substantially wider in a slow-axis direction
108 and substantially thinner in a fast-axis direction 110.
In some embodiments, the aspect ratio of the core 102
(slow-axis dimension to fast-axis dimension) is 10:1,
20:1, 40:1, or even more. While shown as being rectan-
gular in FIGURE 1, the core 102 could have other suitable
elongated shapes.
[0031] Each of the end features 104a-104b denotes
an elongated region at an end of the core 102. Each of
the end features 104a-104b is elongated so that the end
feature is substantially wider in the fast-axis direction 110
and substantially thinner in the slow-axis direction 108.
Because of this, the core 102 is elongated in one direction
(the slow-axis direction 108) and the end features 104a-
104b are elongated in a transverse direction (the fast-
axis direction 110). While shown as being rectangular in
FIGURE 1, each of the end features 104a-104b could
have other suitable elongated shapes, such as an ellipse,
half-moon, or other shapes that enable stronger bend
loss as compared to the bend loss in the core 102. The
dashed ellipses in FIGURE 1 illustrate one other example
shape for the end features 104a-104b.
[0032] The core 102 could be formed from any suitable
material(s) and in any suitable manner. For example, the
core 102 could be formed from silica glass or other ma-
terial(s) and be doped with suitable rare-earth ions or
other active lasing ions. Example lasing ions include Yt-
terbium (Yb), Neodymium (Nd), Erbium (Er), Thulium
(Tm), or Holmium (Ho). The core 102 here includes a
central portion 112 and outer portions 114a-114b on op-
posite sides of the central portion 112. The central portion
112 denotes the active portion of the core 102 that pro-
vides amplification. The outer portions 114a-114b denote
passive portions of the core 102, where there is no am-
plification. The outer portions 114a-114b have a refrac-
tive index such that there are no reflections at the inter-
faces between the central portion 112 and the outer por-
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tions 114a-114b. This allows an amplified signal to "over-
fill" the active central portion 112 of the core 102 in the
slow-axis direction 108. The refractive index of the outer
portions 114a-114b can be controlled, such as by spec-
ifying the appropriate dopant concentrations in those ar-
eas.
[0033] The end features 104a-104b could also be
formed from any suitable material(s) and in any suitable
manner. For instance, the end features 104a-104b could
be formed from silica glass or other material(s). The end
features 104a-104b are not doped with active lasing ions,
since the end features 104a-104b need not provide any
amplification of the undesired higher-order modes. In ad-
dition, the cladding 106 could be formed from any suitable
material(s) and in any suitable manner. The cladding 106
generally has an index of refraction that is smaller than
the index of refraction of the core 102 and the end fea-
tures 104a-104b.
[0034] The core 102 forms a waveguide, and the end
features 104a-104b form additional waveguides that ex-
tend from and are oriented perpendicular to the plane of
the core 102. As discussed in more detail below, this
configuration promotes the leakage of light collected by
the end features 104a-104b into the external cladding
106 away from the core 102. This denotes a radiative
leakage loss (as opposed to a dissipative loss) that can
be exploited to avoid the accumulation of optical power
in the end features 104a-104b, while also avoiding the
deteriorating effects of power dissipation and heat pro-
duced by conventional absorbing end features.
[0035] The loss provided by the end features 104a-
104b is used to dispose of higher-order core-mode light,
which helps to eliminate the higher-order modes in the
core 102 in favor of the fundamental mode. Leakage from
the end features 104a-104b into the cladding 106 also
offers protection against the higher-order mode light
reentering the core 102 from the end features 104a-104b.
The external cladding 106 is much bigger in area com-
pared to the end features 104a-104b, so this secondary
leakage from the end features 104a-104b expands in the
external cladding 106 to produce a low optical intensity
spread over the fiber cross-section, where it cannot sig-
nificantly impact the beam quality carried by the compact
core mode.
[0036] Because the end features 104a-104b extend
along the fast-axis direction 110, the end features 104a-
104b are susceptible to leakage losses into the external
cladding 106 through the left edge in the horizontal di-
rection of FIGURE 1 (assuming the bend axis of the coiled
fiber 100 is at the right side of FIGURE 1). This is shown
by the dashed arrows in FIGURE 1. However, the core
102 remains substantially leak-free in the fast-axis direc-
tion 110 through wide core-cladding interface surfaces
116. As discussed below, a few design features pertain-
ing to (i) refractive index values and waveguide dimen-
sions, (ii) the shape and aspect ratio of the end feature
waveguides, and (iii) the fast-axis curvature of a coiled
fiber can be selected to help optimize the operation of

the optical fiber 100.
[0037] Although FIGURE 1 illustrates one example of
an optical fiber 100 having a core 102 with lower bend
loss and end features 104a-104b with higher bend loss,
various changes may be made to FIGURE 1. For exam-
ple, in any specific implementation, the sizes, shapes,
relative dimensions, aspect ratios, and refractive-index
values of either or both of the core 102 and end features
104a-104b of the optical fiber 100 could vary as needed
or desired. Also, the core 102 and the optical fiber 100
could include a number of additional features that are
omitted from FIGURE 1 for simplicity, such as the fea-
tures described in US 7 983 312 B2.
[0038] FIGURE 2 illustrates example effective-index
values for different modes of light propagating through
an optical fiber having a core with lower bend loss and
end features with higher bend loss according to this dis-
closure. Note that while described with respect to the
optical fiber 100 of FIGURE 1, other optical fibers could
be used, such as optical fibers having other core or end
feature shapes, dimensions, aspect ratios, or refractive-
index values.
[0039] In some embodiments of the optical fiber 100,
the refractive index of the material forming the end fea-
tures 104a-104b can be "reasonably closely" matched
to the refractive index of the material forming the core
102. More specifically, the refractive index of the end
features 104a -104b can be selected such that the effec-
tive refractive index of one or more modes of the end
features 104a-104b can reasonably closely match the
effective refractive index of one or more higher-order
modes of the core 102. Because of this property, the
material forming the end features 104a-104b is denoted
a mode-index matching (MIM) material. This MIM condi-
tion facilitates mode clean-up via loss filtering as de-
scribed above. An optimal index matching allows the
higher-order slow-axis modes to leak into the end fea-
tures 104a-104b at a much higher rate than the funda-
mental mode of the core 102.
[0040] The degree of index matching can be driven by
the design of the end features 104a-104b and is geom-
etry-specific. The following discloses a condition for index
matching optimization in the optical fiber 100. One goal
of this process is to find a proper index offset between
the core 102 and the end features 104a-104b for the best
mode discrimination. An optimal offset is driven by the
structure of the transverse modes of the optical fiber ge-
ometry, which is defined by the shapes and dimensions
of the waveguides formed by the core 102 and the end
features 104a-104b.
[0041] In the optical fiber 100 or similar fibers, the core
102 and the end features 104a-104b represent three cou-
pled waveguides. The core 102 denotes a planar
waveguide, and the end features 104a-104b also denote
(smaller) planar waveguides. Each of these waveguides
is highly multimode, and all three waveguides (if treated
separately in isolation from one another) have separate
discrete sets of two-dimensional transverse modes.
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Each transverse mode is also characterized by an effec-
tive mode refractive index.
[0042] The effective indexes for the modes of any
waveguide lie below a value of refractive index of the
material forming that waveguide. For each waveguide,
there is a fundamental mode that has a highest mode
index and that usually has a single-lobed profile within
the waveguide. The effective indexes for families of high-
er-order modes are positioned below the fundamental
mode index. An example of this is shown in FIGURE 2,
where the refractive indexes of the material(s) forming
the core 102 and the end features 104a-104b are denoted
ncore and nMIM, respectively. The effective index for the
fundamental mode in the core 102 is denoted n1,1, and
the effective indexes for the higher-order modes in the
core 102 are denoted ni,j (where at least one of i and j is
greater than one). The effective indexes for transverse
modes in the end features 104a-104b differ, in general,
from the core-mode indexes and are denoted nef

1,1 and
nef

i,j in FIGURE 2.
[0043] Both the maximum effective index and the spac-
ing between the mode indexes depend on a multimode
waveguide’s cross-sectional dimensions and its shape
(or aspect ratio), as well as on the material index inside
the waveguide. The maximum effective index and the
spacing between the mode indexes can also be impacted
somewhat by material indexes of surrounding materials.
The transverse modes of the core 102 and of the end
features 104a-104b are based on different guide ge-
ometries, since the core 102 and the end features 104a-
104b have different sizes (and possibly shapes). There-
fore, it is clear that the "spectra" of the effective indexes
for the mode families are also different for the core 102
and for the end features 104a-104b.
[0044] The core 102 and the end features 104a-104b
are in immediate contact at the edge interfaces of the
core 102, and the contacted waveguides are optically
coupled. The transverse mode is normally localized with-
in its waveguide, but it naturally extends somewhat be-
yond that waveguide near its borders. Thus, the modes
of two adjacent waveguides in the optical fiber 100 can
spatially overlap, resulting in an interaction that leads to
mixing those modes upon propagation. The resulting
mixed modes usually become delocalized to share the
volumes of both waveguides. Moreover, the interacting
modes can distort each other so that each of the mixed
modes is not just a linear combination of the originating
modes. As the degree of spatial overlap increases, the
interactions become stronger, and more distortions are
induced into mode patterns.
[0045] The interaction strength between the propagat-
ing modes is enhanced by resonance conditions. Reso-
nances arise in coupled optical waveguides if the modes
have equal or nearly equal effective indexes. Such
modes synchronously propagate down the length of the
optical fiber, having the same phase velocity and being
in the same relative phase over almost the entire fiber
length. These conditions maximize the optical coupling

and the leakage of optical power from one waveguide to
another waveguide for the mixed modes.
[0046] The population for the index-level families be-
comes dense when all waveguides are highly multimode,
which is the case in the optical fiber 100. As a result,
apart from the discrete character of the mode patterns,
accidental resonances can become quite common. Ide-
ally, any resonances involving the fundamental mode of
the core 102 are avoided, which helps to maintain the
fundamental mode in pristine condition. In the absence
of interactions with the modes of the end features 104a-
104b, the fundamental mode of the core 102 can avoid
distortions and maintain good beam quality. Also, and as
a consequence, the fundamental mode of the core 102
experiences minimal loss propagating compactly inside
the core 102 and reduces or eliminates spills into the end
features 104a-104b.
[0047] On the other hand, it is preferred that the higher-
order core modes are optically coupled into the end fea-
tures 104a-104b. Those modes have a lower effective
index than the index n1,1 of the fundamental mode. Being
resonantly coupled to modes of the end features 104a-
104b, the resonant modes form mixed modes and be-
come delocalized, with a significant portion of the mixed-
mode power residing within the waveguides formed by
the end features 104a-104b. Under these conditions,
adding a leakage loss to the end features 104a-104b
helps to discriminate against those higher-order core
modes relative to the fundamental core mode, and good
beam quality is obtained by disposing of unwanted high-
er-order modes in the end features 104a-104b. In addi-
tion, spatial overlap of the delocalized modes with the
actively doped core region is reduced, so gain filtering
becomes more effective.
[0048] The objective of avoiding resonances for the
fundamental mode while facilitating resonances for the
higher-order modes can be well met if the effective index
nef

1,1 of the fundamental mode in the end features 104a-
104b is positioned below the effective index n1,1 of the
fundamental mode in the core 102. This relative position-
ing of the mode indexes provides suitable index matching
between the core 102 and the end features 104a-104b
for the optical fiber 100. An example of this disposition
is shown in FIGURE 2, where the index nef

1,1 of the end
features’ fundamental mode shown on the right is pushed
somewhat below the highest core mode index n1,1 shown
on the left.
[0049] A target value for the index offset between nef

1,1
and n1,1 should be large enough to cancel any resonanc-
es for the fundamental core mode. Similar to energy lev-
els in quantum systems, every "index level" for
waveguides is washed out by having a finite width δn.
Hence, the index offset n1,1 - nef

1,1 could exceed the width
δn by at least a factor of two to three. An analogy with the
energy levels of atomic systems can be illustrative here.
The characteristic decay time for excited states due to
fluorescence or an interaction with the environment de-
fines an effective spectral width for the atomic levels.

11 12 



EP 3 583 665 B1

8

5

10

15

20

25

30

35

40

45

50

55

Similarly, the width δn of the mode-index levels is con-
trolled by a length δz of unperturbed propagation on the
corresponding mode down the fiber, where δn ≈ λ/δz. For
an optically isolated waveguide, the length δz can be de-
fined by two characteristics, which are analogous to ho-
mogeneous and inhomogeneous broadening in spec-
troscopy terms. One characteristic is the length at which
the mode power drops due to material absorption or scat-
tering. Another characteristic is the length over which an
envelope phase for this mode is conserved. Variations
of the envelope phase along the z-axis (along the length
of the optical fiber) can be induced by imperfections of
the fiber draw, which result in slowly-varying waveguide
characteristics along the fiber length. These are induced
by variations of refractive index of the waveguide material
or by variations of the waveguide cross-sectional shape
and dimensions. The width δn may not be pre-determined
from general analysis, since it is often a function of the
fiber-draw quality, and better fiber quality results in nar-
rower index-level separations.
[0050] More generally, the realistic index offset be-
tween the fundamental modes can be defined by the tol-
erances of fiber manufacturing, mostly by the tolerance
for the relative material refractive index control for the
core 102 and the end features 104a-104b. Even if one
knows an optimal theoretical offset, the offset can be con-
sidered only as a target value, and index uncertainty can
be defined empirically. One example approach could be
that the offset should exceed the mode-index control tol-
erance by a factor of two.
[0051] There are several techniques to control the rel-
ative positions of the effective indexes for the two funda-
mental modes, one for the core 102 and another for the
end features 104a-104b. Any one technique or a combi-
nation of techniques could be used with the optical fiber
100.
[0052] The dimensions of the core 102 (width Wc and
height hc as shown in FIGURE 1) are typically driven by
the intended application of the optical fiber 100, often by
the maximum light power that can be tolerated by the
core 102 in a specific application. As a result, those pa-
rameters typically cannot, or should not, be varied for
index-matching purposes. The core index ncore is also
often pre-determined, such as by a glass composition or
other core material that optimizes lasing efficiency. For
this reason, a design could be developed under the as-
sumption that the properties of the core 102 are given
and fixed. The pre-determined waveguide cross-section
of the core 102 fixes the relative offsets for the "ladder"
of indexes corresponding to the families of transverse
modes with respect to the material index ncore. Hence,
the structure of the mode-index levels in the core 102
(such as those shown on the left in FIGURE 2) becomes
fixed, and one or more characteristics of the end features
104a-104b can be varied for index matching purposes.
[0053] Several approaches can be used to vary one or
more characteristics of the end features 104a-104b. One
approach is to pre-define the shape and dimensions of

the end features 104a-104b. Using this approach, the
relative positions of all mode indexes for the end features
104a-104b (such as those shown on the right in FIGURE
2) become "frozen" relative to the material index nMIM.
Changing the index of the end feature material itself will
change the indexes for all modes by approximately the
same amount. As a result, the entire "ladder" of the end
feature modes synchronously translates up or down as
a whole with the material index nMIM. Hence, a straight-
forward way of properly positioning the effective index
matching would be to vary the material refractive index
of the end features 104a-104b. For example, if the re-
fractive index nMIM. drops by an amount Δn, the indexes
nef

i,j for the transverse-mode "ladder" for the end features
104a-104b translate down by the same amount Δn. Con-
versely, if allowed to change the core material index ncore
by Δn, the indexes for all transverse modes of the core
102 are translated up or down by the same amount Δn.
Thus, offsetting the index of the end feature material can
be used to set its fundamental mode effective index as
desired to prevent a direct resonance between those two
modes.
[0054] Another approach involves recognizing that the
material indexes ncore and nMIM can be pre-determined,
such as by glass-chemistry constraints. The design
space is then available to systematically vary the shape
and dimensions of the end features 104a-104b. Gener-
ally speaking, making a waveguide thinner pushes the
indexes of the transverse modes further down below the
material index. Because of this, making the end features
104a-104b smaller in size than the core 102 helps to
avoid fundamental mode resonances, even when mate-
rial indexes of the core 102 and the end features 104a-
104b are equal or nearly equal.
[0055] Consider the example of rectangular end fea-
tures 104a-104b as shown in FIGURE 1. The set of trans-
verse modes for a rectangular, multimode, high-aspect-
ratio waveguide can be split into quite distinct families.
Two discrete parameters can be used for organizing the
core modes Msf, where the numeric index s denotes the
slow-axis direction 108 and the numeric index f denotes
the fast-axis direction 110. The effective indexes ns,f for
all guided transverse modes lie below the waveguide ma-
terial refractive index but above the cladding refractive
index. The index n1,1 of the fundamental mode M1,1 is at
the top, while higher-order modes reside below it (so n1,1
> ns,f for s > 1 and f > 1) and systematically step further
down as s or f increases. Since the height hc greatly ex-
ceeds the width wc for the core 102 in FIGURE 1, the
mode index drops differ considerably when stepping from
s to s+1 or from f to f+1. This happens because the am-
plitude of the ladder steps downward to lower effective-
index values decreases as the square of the respective
guide dimension. As a result, different slow-axis mode
indexes of the same fast-axis order f are located very
compactly in "refractive index space," being almost de-
generate. On the other hand, even a single-step increase
of the numeric index f to f+1 results in a significant effec-
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tive index step down.
[0056] This is illustrated in FIGURE 2, which shows
two families for both the core 102 and the end features
104a-104b. The family of the lowest-order fast-axis mode
ns,1 is shown using one line pattern, and the family for
the next fast-axis order ns,2 is shown using a different
line pattern. Each family starts with the lowest-order slow-
axis mode and spreads down with an increasing slow-
axis order at progressively increased steps. For large-
size waveguides, the families with different fast-axis nu-
meric orders can overlap, creating a cluster of index lev-
els looking almost irregular.
[0057] When the thickness of each rectangular
waveguide formed by the end features 104a-104b is
smaller than the core’s thickness (meaning hef < wc in
FIGURE 1), the effective index of the fundamental mode
of the end features’ waveguides drops down deeper with
respect to the material index than for the core’s funda-
mental mode. In other words, (nMIM - nef

1,1) > (ncore -
n1,1). As a result, making narrower planar waveguides
for the end features 104a-104b facilitates elimination of
the core fundamental mode resonances when nMIM. ≈
ncore.
[0058] Note that the approaches discussed above can
be used even if the end features 104a-104b have a cross-
sectional shape that is not rectangular, such as for ellip-
tical, half-moon, or other shapes. Both approaches of
tuning the relative positions for the fundamental mode
indexes (material index variations and waveguide size
and shape changes) are effective for placing mode in-
dexes for multimode end feature waveguides safely be-
low the core fundamental mode index.
[0059] Although FIGURE 2 illustrates examples of ef-
fective-index values for different modes of light propa-
gating through an optical fiber having a core with lower
bend loss and end features with higher bend loss, various
changes may be made to FIGURE 2. For example, the
effective-index values and the shifts in the effective-index
values are for illustration only, and other effective-index
values and shifts (such as due to the aspect ratio) could
be used in an optical fiber.
[0060] FIGURES 3 and 4 illustrate an example mech-
anism for creating optical leakage for higher-order modes
from elongated end features into cladding of an optical
fiber according to this disclosure. Note that while de-
scribed with respect to the optical fiber 100 of FIGURE
1, other optical fibers could be used, such as optical fibers
having other core or end feature shapes or dimensions.
[0061] Once the parameters of the optical fiber’s core
102 and end features 104a-104b are established (such
as described above), the optical fiber 100 can be fabri-
cated having those parameters. How the optical fiber 100
is then coiled or otherwise used can be managed to pro-
duce a controllable leakage path so that optical power
within the end features 104a-104b can propagate out into
the external cladding 106 of the fiber 100. Light accumu-
lation in the end features 104a-104b is undesired, since
such light can leak back into the core 102 where it can

degrade the core mode quality. The presence of optical
power within the end features 104a-104b is one conse-
quence of the mode control achieved by exploiting the
mutual resonances between the modes of the coupled
waveguides (the core 102 and the end features 104a-
104b) to draw the higher-order core modes out into the
end features 104a-104b. Another source of optical power
within the end features 104a-104b is spill-over of the cou-
pled light at an input facet of the optical fiber 100. Ideally,
this power is stripped out of the end features 104a-104b
into the external cladding 106, regardless of its origin,
while avoiding absorption or other heat-generating dis-
sipation mechanisms that might accompany other ap-
proaches for eliminating the light in the end features
104a-104b.
[0062] In some embodiments, this can be achieved by
bending the optical fiber 100 in the fast-axis direction
110. This is particularly attractive because the most de-
sirable packaging for the optical fiber 100 is often as a
compact coil produced by bending the fiber 100 in that
direction. This approach therefore allows the same bend-
ing used for compact packaging to be exploited for the
desired mode stripping by the end features 104a-104b.
The bending described below can strip out light from the
end features 104a-104b while maintaining lossless prop-
agation for the fundamental core mode.
[0063] The impact of a bend on an optical beam prop-
agating through a waveguide or fiber can be understood
by referring to FIGURE 3. On the left, if a bend 302 in an
optical fiber had no impact on optical propagation, an
optical beam would leak out of the fiber at the curved
fiber boundary. However, this is the perspective of an
observer outside of the waveguide. For present purpos-
es, envision the situation from a perspective that is inside
the waveguide. Detailed propagation studies show that
a fiber bend produces an effective gradient of refractive
index 304 (an index "wedge") in the plane of the bent
fiber, where the higher index is located on the outside of
the bend. More precisely, it has been shown that the bent
fiber can be treated as a straight fiber with an additional
linear index gradient in the transverse dimension. The
effective index gradient is known to be proportional to
the bending rate. A simple representation of this behavior
is shown in a graph 306 in FIGURE 3, which denotes a
schematic representation of the index gradient. Accord-
ing to this model, an optical beam propagating in the
waveguide will be deviated out of the core by the cumu-
lative influence of the effective index gradient. From the
perspectives of both the fiber and the optical beam, the
optical beam propagations represented on both sides of
FIGURE 3 are equivalent.
[0064] The following explains how such a simple bend
can accomplish the objective of increased propagation
losses for the end features 104a-104b with little or no
loss for the core 102. FIGURE 4 schematically shows
refractive index profiles 402 and 404 of the core 102 and
end features 104a-104b for cuts across the fast-axis di-
rection of straight and bent optical fibers, respectively.
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The profiles 402 on the left side of FIGURE 4 show the
situation with a straight fiber. The upper portion of the
profiles 402 shows a cut 406 passing through the core
102. Within a narrow spatial interval specified by the
thickness wc of the core 102, the core index is stepwise
elevated higher than the cladding index by an amount
ncore. The effective index level for the fundamental mode
of the core 102 is shown as a line 408. In the lower portion
of the profiles 402, a cut 410 passes through the end
feature 104a or 104b, and the index is elevated to nMIM.
higher than the same cladding index within the extended
width wef of the end feature 104a or 104b. The effective
index level for the fundamental mode of the end feature
104a or 104b is also indicated as a line 412. As indicated
in the profiles 402, the spatial extent of the end features
104a-104b is greater than for the core 102 in the fast-
axis direction 110 since wef > wc.
[0065] The profiles 404 show fast-axis cuts 406’ and
410’ with corresponding lines 408’ and 412’ representing
the effective index level for the fundamental mode of the
core 102 and the effective index level for the fundamental
mode of the end features 104a-104b, respectively, for a
bent fiber. As discussed above, the mechanical bending
of a waveguide generates an effective linear slope of the
relative effective index, and the effect of this linear index
gradient is evident in the profiles 404. The index gradient
is along the direction of the local bend radius, from the
location of the bend axis out, and the slope is proportional
to the bending curvature. As was discussed above with
reference to FIGURE 3, the optical equivalence of the
index slope to bend radius means that light propagates
along a bent fiber the same way it would propagate along
a straight fiber but with an added transverse refractive
index gradient.
[0066] It is also known that bending a fiber can result
in mode-dependent leakage of some modes from a
waveguide. Higher-order modes are stripped out of the
core 102 more easily, while the fundamental core mode
is more bend-tolerant. This effect is used in fiber-laser
practice for cleaning up a laser beam, meaning the fiber
is bent at a radius that results in the stripping of the higher-
order modes but still efficiently guiding the fundamental
mode. The physics of bend-induced loss is visualized in
FIGURE 4. When the bend-induced linear gradient of
refractive index is applied, it elevates the effective clad-
ding index on the outer boundary of the bent waveguide
while reducing it at the inner boundary. If the outer bound-
ary’s cladding index rises above the effective index of
the mode (as shown for line 412’), total internal reflection
is lost for this mode at that boundary, and the mode starts
leaking through this boundary to the cladding 106. For
the same coiling diameter (meaning for the same index
gradient), larger waveguide sizes in the bending direction
translate into larger index offset rises at the end of the
end features 104a-104b. This designed-in leakage oc-
curs for the end feature modes, where the index offset
is large. It does not occur in the thin fast-axis core dimen-
sion, where the index offset is insufficient as discussed

above.
[0067] Two other facts are also known. First, the effec-
tive index for higher-order modes would actually be lower
than that of the fundamental mode (the lines 408-408’,
412-412’), and this fact makes the higher-order modes
even more sensitive to bends. A smaller slope (a larger
bend radius) may be needed to reach the leakage con-
dition for the wider end features 104a-104b than for the
narrower core 102, so the higher-order modes will leak
prior to the lower-order modes as the bend diameter is
reduced. The fundamental mode of the core 102, having
the highest effective index, is the most resistant to bends.
This fact can be readily interpreted in terms of the logic
represented in FIGURE 4.
[0068] It is also known that modes in a larger-size core
are more sensitive to bend loss compared to a smaller-
size core of the same numerical aperture. Indeed, for the
same bending rate (meaning the same index slope), the
amplitude of elevation of cladding index values at an ex-
ternal boundary of a waveguide becomes larger for the
larger core sizes. Consequently, the leak condition can
be reached at a lower bending rate.
[0069] These characteristics regarding bend loss can
be used in the design of the optical fiber 100. For exam-
ple, in some embodiments, the end features’ fast-axis
dimension wef can be selected in combination with the
bend radius as follows. The bend radius is selected to
be large enough so that the fundamental mode of the
core 102 continues to be guided and, at the same time,
to be small enough that the fundamental mode of the
larger end feature dimension wef experiences leakage
loss. In this case, all end feature modes will be leaky
since they are lower in effective index.
[0070] Although FIGURES 3 and 4 illustrate one ex-
ample of a mechanism for creating optical leakage for
higher-order modes from elongated end features into
cladding of an optical fiber, various changes may be
made to FIGURES 3 and 4. For example, the transverse
refractive index gradient 304 in FIGURE 3 and the effects
of bending shown in FIGURE 4 are for illustration only,
and other index gradients and effective-index value shifts
could be used in an optical fiber.
[0071] Note that while illustrated and described above
as having a core with a high aspect ratio, the use of end
features having a higher bend loss than a core in an op-
tical fiber is not limited to use with high-aspect-ratio cores.
FIGURE 5 illustrates a cross-section of a short, curved
length of another example optical fiber 500 having a core
502 with lower bend loss and end features 504a-504b
with higher bend loss according to this disclosure. A clad-
ding 506 surrounds the core 502 and the end features
504a-504b.
[0072] As can be seen in FIGURE 5, the core 502 has
a much smaller aspect ratio compared to the core 102.
However, the end features 504a-504b can still allow op-
tical power to leak from the end features 504a-504b into
the cladding 506 away from the core 502 when the optical
fiber 500 is bent. As a result, the end features 504a-504b
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can be used as described above to help resolve various
issues that can occur in the optical fiber 500.
[0073] Although FIGURE 5 illustrates one example of
an optical fiber 500 having a core 502 with lower bend
loss and end features 504a-504b with higher bend loss,
various changes may be made to FIGURE 5. For exam-
ple, the core 502 and the end features 504a-504b could
have any other suitable shape(s). As particular exam-
ples, each of the end features 504a-504b could have a
different shape than rectangular, such as an ellipse, half-
moon, or other shapes that enable stronger bend loss as
compared to the bend loss in the core 502.
[0074] FIGURE 6 illustrates an example method 600
for using an optical fiber having a core with lower bend
loss and end features with higher bend loss according to
this disclosure. Note that while described with respect to
the optical fiber 100 of FIGURE 1, the method 600 could
involve other optical fibers, such as the optical fiber 500
or optical fibers having other core or end feature shapes
or dimensions.
[0075] As shown in FIGURE 6, an optical fiber having
desired parameters for its core and its elongated end
features is obtained at step 602. This could include, for
example, obtaining an optical fiber 100 having a desired
index offset between the core 102 and the end features
104a-104b. The optical fiber 100 could also have desired
dimensions for the end features 104a-104b. These pa-
rameters can be selected in order to eliminate propaga-
tion resonances between the core 102 and the end fea-
tures 104a-104b for the core’s fundamental mode as de-
scribed above. These parameters can also be selected
in order to facilitate easier leakage of higher-order modes
into the end features 104a-104b as described above.
[0076] The optical fiber is coiled to provide desired
bending losses in the optical fiber at step 604. This could
include, for example, identifying the desired bending ra-
dius needed to allow leakage of higher-order modes from
the wider end features 104a-104b without causing leak-
age of the fundamental mode of the core 102. This could
also include coiling the optical fiber 100 using the iden-
tified bending radius.
[0077] An optical signal is injected into the core of the
optical fiber at step 606. This could include, for example,
a laser injecting a high-power or other optical beam into
the core 102. Optical power in the fundamental mode of
the core is confined to the core at step 608, while higher-
order modes are allowed to leak from the core into the
end features at step 610. This could include, for example,
using resonances for the higher-order modes to transfer
the optical power in the higher-order modes into the end
features 104a-104b. Since propagation resonances be-
tween the core 102 and the end features 104a-104b for
the core’s fundamental mode are avoided, the fundamen-
tal mode remains confined in the core 102.
[0078] The optical power in the higher-order core
modes is transported away from the core to the end fea-
tures at step 612, and the optical power transported to
the end features is allowed to leak into the cladding of

the optical fiber at step 614. This could include, for ex-
ample, the bending of the optical fiber 100 facilitating the
leakage of the optical power from the end features 104a-
104b into the cladding 106. Because the optical power
is leaking from the end features 104a-104b into the clad-
ding 106 away from the core 102, the optical power en-
tering the cladding 106 may have little or no effect on the
operation of the core 102.
[0079] Although FIGURE 6 illustrates one example of
a method 600 for using an optical fiber having a core with
lower bend loss and end features with higher bend loss,
various changes may be made to FIGURE 6. For exam-
ple, while shown as a series of steps, various steps in
FIGURE 6 could overlap, occur in parallel, occur in a
different order, or occur multiple times. As a particular
example, steps 606-614 could generally overlap during
use of the optical fiber 100.
[0080] It may be advantageous to set forth definitions
of certain words and phrases used throughout this patent
document. The terms "include" and "comprise," as well
as derivatives thereof, mean inclusion without limitation.
The term "or" is inclusive, meaning and/or. The phrase
"associated with," as well as derivatives thereof, may
mean to include, be included within, interconnect with,
contain, be contained within, connect to or with, couple
to or with, be communicable with, cooperate with, inter-
leave, juxtapose, be proximate to, be bound to or with,
have, have a property of, have a relationship to or with,
or the like. The phrase "at least one of," when used with
a list of items, means that different combinations of one
or more of the listed items may be used, and only one
item in the list may be needed. For example, "at least
one of: A, B, and C" includes any of the following com-
binations: A, B, C, A and B, A and C, B and C, and A and
B and C.
[0081] The description in this patent document should
not be read as implying that any particular element, step,
or function is an essential or critical element that must
be included in the claim scope.
[0082] While this disclosure has described certain em-
bodiments (including embodiments with certain dimen-
sions, aspect ratios, index values, and other parameters)
and generally associated methods, it is important to rec-
ognize that alterations and permutations of these em-
bodiments and methods will be apparent to those skilled
in the art. Accordingly, the above description of example
embodiments does not define or constrain this disclo-
sure. Other changes, substitutions, and alterations are
also possible without departing from the scope of the
invention which is defined by the following claims.

Claims

1. An apparatus comprising:

an optical fiber (100, 500) configured to transport
an optical signal, the optical fiber comprising:
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a core (102, 502) configured to receive and
amplify the optical signal;
end features (104a, 104b, 504a, 504b) op-
tically coupled to opposite ends of the core,
wherein the core has a lower bend loss than
the end features; and
a cladding (106, 506) surrounding the core
and the end features;

wherein the optical fiber is configured to confine
optical power of a fundamental mode in the core;
wherein the optical fiber is also configured to
allow optical power of one or more higher-order
modes to leak from the core into the end fea-
tures; and
wherein the optical fiber is bent to allow the op-
tical power in the end features to leak from the
end features into the cladding, wherein a bend
radius of the optical fiber is selected in order to
strip the optical power from the end features into
the cladding while allowing the optical fiber to
guide the optical power of the fundamental mode
in the core.

2. The apparatus of Claim 1, wherein a refractive index
offset between material in the core and material in
the end features is selected to prevent a direct res-
onance between the fundamental mode in the core
and any mode in one or more of the end features.

3. The apparatus of Claim 1, wherein:

the optical fiber has a slow-axis direction (108)
and a fast-axis direction (110);
the optical fiber is configured to guide the optical
power of the fundamental mode in the fast-axis
direction; and
the optical fiber is configured to allow the optical
power of the one or more higher-order modes
to leak out of the core through slow-axis edges
of the core.

4. The apparatus of Claim 1, wherein:

the core is elongated;
each of the end features is elongated; and
each of the end features has a dimension (Wef)
parallel to a fast-axis dimension of the core that
is larger than the fast-axis dimension (Wc) of the
core.

5. The apparatus of Claim 4, wherein:

the core is rectangular; and
each of the end features is rectangular or ellip-
tical.

6. A method comprising:

injecting (606) an optical signal into an optical
fiber (100, 500);
confining (608) optical power of a fundamental
mode in a core (102, 502) of the optical fiber,
wherein the core is configured to receive and
amplify the optical signal; and
allowing (610) optical power of one or more high-
er-order modes to leak from the core into end
features (104a, 104b, 504a, 504b), wherein the
end features are optically coupled to opposite
ends of the core, and wherein the core has a
lower bend loss than the end features;
wherein the optical fiber is bent (604) to allow
(614) the optical power in the end features to
leak from the end features into a cladding,
wherein a bend radius of the optical fiber is se-
lected in order to strip the optical power in the
end features from the end features into the clad-
ding while allowing the optical fiber to guide the
optical power of the fundamental mode in the
core.

7. The method of Claim 6, further comprising:
selecting a refractive index offset between material
in the core and material in the end features to prevent
a direct resonance between the fundamental mode
in the core and any mode in the end features.

8. The method of Claim 6, wherein:

the optical fiber has a slow-axis direction (108)
and a fast-axis direction (110);
the optical fiber guides the optical power of the
fundamental mode in the fast-axis direction; and
the optical fiber allows the optical power of the
one or more higher-order modes to leak out of
the core through slow-axis edges of the core.

9. The method of Claim 6, wherein:

the core is elongated;
each of the end features is elongated; and
each of the end features has a dimension (Wef)
parallel to a fast-axis dimension of the core that
is larger than the fast-axis dimension (Wc) of the
core.

10. The method of Claim 9, wherein:

the core is rectangular; and
each of the end features is rectangular or ellip-
tical.

11. A method comprising:

obtaining (602) an optical fiber (100, 500) com-
prising:
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a core (102, 502) configured to receive and
amplify an optical signal;
end features (104a, 104b, 504a, 504b) op-
tically coupled to opposite ends of the core,
wherein the core has a lower bend loss than
the end features; and
a cladding (106, 506) surrounding the core
and the end features;
wherein the optical fiber is configured to
confine (608) optical power of a fundamen-
tal mode in the core; and
wherein the optical fiber is also configured
to allow (610) optical power of one or more
higher-order modes to leak from the core
into the end features; and

selecting a bend radius of the optical fiber in or-
der to strip (614) the optical power in the end
features from the end features into the cladding
while allowing the optical fiber to guide the op-
tical power of a fundamental mode in the core.

12. The method of Claim 11, further comprising:
selecting a refractive index offset between material
in the core and material in the end features in order
to at least one of:

prevent a direct resonance between the funda-
mental mode in the core and any mode in the
end features; and
provide approximate resonance between one or
more higher-order modes in the core and the
one or more higher-order modes in the end fea-
tures.

13. The method of Claim 11, wherein:

the optical fiber has a slow-axis direction (108)
and a fast-axis direction (110);
the optical fiber is configured to guide the optical
power of the fundamental mode in the fast-axis
direction; and
the optical fiber is configured to allow the optical
power of the one or more higher-order modes
to leak out of the core through slow-axis edges
of the core.

14. The method of Claim 11, wherein:

the core is elongated;
each of the end features is elongated; and
each of the end features has a dimension (Wef)
parallel to a fast-axis dimension of the core that
is larger than the fast-axis dimension (Wc) of the
core.

15. The method of claim 14, wherein:

the core is rectangular; and
each of the end features is rectangular or ellip-
tical.

Patentansprüche

1. Vorrichtung, die Folgendes umfasst:

eine optische Faser (100, 500), die so konfigu-
riert ist, dass sie ein optisches Signal transpor-
tiert, wobei die optische Faser Folgendes um-
fasst:

einen Kern (102, 502), der so konfiguriert
ist, dass er das optische Signal empfängt
und verstärkt;
Endmerkmale (104a, 104b, 504a, 504b),
die optisch mit entgegengesetzten Enden
des Kerns gekoppelt sind, wobei der Kern
einen niedrigeren Biegungsverlust als die
Endmerkmale aufweist; und
eine Verkleidung (106, 506), die den Kern
und die Endmerkmale umgibt;

wobei die optische Faser so konfiguriert ist, dass
sie die optische Leistung eines Grundmodus im
Kern begrenzt;
wobei die optische Faser auch so konfiguriert
ist, dass sie die optische Leistung von einem
oder mehreren Modi höherer Ordnung aus dem
Kern in die Endmerkmale austreten lässt; und
wobei die optische Faser gebogen ist, damit die
optische Leistung in den Endmerkmalen aus
den Endmerkmalen in die Verkleidung austreten
kann, wobei ein Biegeradius der optischen Fa-
ser gewählt wird, um die optische Leistung von
den Endmerkmalen in die Verkleidung abzu-
streifen, während die optische Faser die opti-
sche Leistung des Grundmodus im Kern leiten
kann.

2. Vorrichtung nach Anspruch 1, wobei ein Brechungs-
indexversatz zwischen Material im Kern und Material
in den Endmerkmalen so gewählt ist, dass eine di-
rekte Resonanz zwischen dem Grundmodus im
Kern und einem beliebigen Modus in einem oder
mehreren der Endmerkmale verhindert wird.

3. Vorrichtung nach Anspruch 1, wobei:

die optische Faser eine langsame (108) und ei-
ne schnelle Richtung (110) der Achse aufweist;
die optische Faser so konfiguriert ist, dass sie
die optische Leistung des Grundmodus in Rich-
tung der schnellen Achse leitet; und
die optische Faser so konfiguriert ist, dass die
optische Leistung des einen oder mehrerer Modi
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höherer Ordnung durch die langsamen Ach-
senkanten des Kerns aus dem Kern austreten
kann.

4. Vorrichtung nach Anspruch 1, wobei:

der Kern länglich ist;
jedes der Endmerkmale länglich ist; und
jedes der Endmerkmale eine Abmessung (Wef)
parallel zu einer Schnellachsen-Abmessung
des Kerns aufweist, die größer ist als die Schnel-
lachsen-Abmessung (Wc) des Kerns.

5. Vorrichtung nach Anspruch 4, wobei:

der Kern rechteckig ist; und
jedes der Endmerkmale rechteckig oder ellip-
tisch ist.

6. Verfahren, das Folgendes umfasst:

Aufdrücken (606) eines optischen Signals in ei-
ne optische Faser (100, 500);
Begrenzen (608) der optischen Leistung eines
Grundmodus in einem Kern (102, 502) der op-
tischen Faser, wobei der Kern so konfiguriert ist,
dass er das optische Signal empfängt und ver-
stärkt; und
Zulassen (610), dass optische Leistung eines
oder mehrerer Modi höherer Ordnung aus dem
Kern in Endmerkmale (104a, 104b, 504a, 504b)
austreten kann, wobei die Endmerkmale optisch
an entgegengesetzte Enden des Kerns gekop-
pelt sind und wobei der Kern einen niedrigeren
Biegungsverlust als die Endmerkmale aufweist;
wobei die optische Faser gebogen (604) ist, um
zuzulassen (614), dass die optische Leistung in
den Endmerkmalen von den Endmerkmalen in
eine Verkleidung austreten kann, wobei ein Bie-
geradius der optischen Faser gewählt ist, um
die optische Leistung in den Endmerkmalen von
den Endmerkmalen in die Verkleidung abzu-
streifen, während die optische Faser die opti-
sche Leistung des Grundmodus im Kern leiten
kann.

7. Verfahren nach Anspruch 6, das ferner Folgendes
umfasst:
Auswählen eines Brechungsindexversatzes zwi-
schen Material im Kern und Material in den Endmerk-
malen, um eine direkte Resonanz zwischen dem
Grundmodus im Kern und einem beliebigen Modus
in den Endmerkmalen zu verhindern.

8. Verfahren nach Anspruch 6, wobei:

die optische Faser eine langsame (108) und ei-
ne schnelle Richtung (110) der Achse aufweist;

die optische Faser die optische Leistung des
Grundmodus in Richtung der schnellen Achse
leitet; und
die optische Faser die optische Leistung des ei-
nen oder mehrerer Modi höherer Ordnung durch
langsame Achsenkanten des Kerns aus dem
Kern austreten lässt.

9. Verfahren nach Anspruch 6, wobei:

der Kern länglich ist;
jedes der Endmerkmale länglich ist; und
jedes der Endmerkmale eine Abmessung (Wef)
parallel zu einer Schnellachsen-Abmessung
des Kerns aufweist, die größer ist als die Schnel-
lachsen-Abmessung (Wc) des Kerns.

10. Verfahren nach Anspruch 9, wobei:

der Kern rechteckig ist; und
jedes der Endmerkmale rechteckig oder ellip-
tisch ist.

11. Verfahren, das Folgendes umfasst:

Erhalten (602) einer optischen Faser (100, 500),
die Folgendes umfasst:

einen Kern (102, 502), der so konfiguriert
ist, dass er ein optisches Signal empfängt
und verstärkt;
Endmerkmale (104a, 104b, 504a, 504b),
die optisch mit entgegengesetzten Enden
des Kerns gekoppelt sind, wobei der Kern
einen niedrigeren Biegungsverlust als die
Endmerkmale aufweist; und
eine Verkleidung (106, 506), die den Kern
und die Endmerkmale umgibt;
wobei die optische Faser so konfiguriert ist,
dass sie die optische Leistung eines Grund-
modus im Kern begrenzt (608); und
wobei die optische Faser auch so konfigu-
riert ist, dass optische Leistung eines oder
mehrerer Modi höherer Ordnung aus dem
Kern in die Endmerkmale austreten kann
(610); und

Auswählen eines Biegeradius der optischen Fa-
ser, um die optische Leistung in den Endmerk-
malen von den Endmerkmalen in die Verklei-
dung abzustreifen (614), während die optische
Faser die optische Leistung eines Grundmodus
im Kern leiten kann.

12. Verfahren nach Anspruch 11, das ferner Folgendes
umfasst:
Auswählen eines Brechungsindexversatzes zwi-
schen Material in dem Kern und Material in den End-
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merkmalen, um mindestens eines von Folgendem
zu erreichen:

eine direkte Resonanz zwischen dem Grundmo-
dus im Kern und jedem Modus in den Endmerk-
malen zu verhindern; und
eine annähernde Resonanz zwischen einem
oder mehreren Modi höherer Ordnung im Kern
und dem einen oder mehreren Modi höherer
Ordnung in den Endmerkmalen bereitzustellen.

13. Verfahren nach Anspruch 11, wobei:

die optische Faser eine langsame (108) und ei-
ne schnelle Richtung (110) der Achse aufweist;
die optische Faser so konfiguriert ist, dass sie
die optische Leistung des Grundmodus in Rich-
tung der schnellen Achse leitet; und
die optische Faser so konfiguriert ist, dass die
optische Leistung des einen oder mehrerer Modi
höherer Ordnung durch die langsamen Ach-
senkanten des Kerns aus dem Kern austreten
kann.

14. Verfahren nach Anspruch 11, wobei:

der Kern länglich ist;
jedes der Endmerkmale länglich ist; und
jedes der Endmerkmale eine Abmessung (Wef)
parallel zu einer Schnellachsen-Abmessung
des Kerns aufweist, die größer ist als die Schnel-
lachsen-Abmessung (Wc) des Kerns.

15. Verfahren nach Anspruch 14, wobei:

der Kern rechteckig ist; und
jedes der Endmerkmale rechteckig oder ellip-
tisch ist.

Revendications

1. Appareil comprenant :

une fibre optique (100, 500) conçue pour trans-
porter un signal optique, la fibre optique
comprenant :

un cœur (102, 502) conçu pour recevoir et
amplifier le signal optique ;
des éléments d’extrémité (104a, 104b,
504a, 504b) couplés optiquement aux ex-
trémités opposées du cœur, le cœur pré-
sentant une perte de courbure plus faible
que les éléments d’extrémité ; et
une gaine (106, 506) entourant le cœur et
les éléments d’extrémité ;

la fibre optique étant conçue pour confiner la
puissance optique d’un mode fondamental dans
le cœur ;
la fibre optique étant également conçue pour
permettre à la puissance optique d’un ou plu-
sieurs modes d’ordre supérieur de fuir du cœur
jusque dans les éléments d’extrémité ; et
la fibre optique étant courbée de manière à per-
mettre à la puissance optique dans les éléments
d’extrémité de fuir des éléments d’extrémité jus-
que dans la gaine, un rayon de courbure de la
fibre optique étant sélectionné afin d’extraire la
puissance optique des éléments d’extrémité jus-
que dans la gaine tout en permettant à la fibre
optique de guider la puissance optique du mode
fondamental dans le cœur.

2. Appareil selon la revendication 1, un décalage d’in-
dice de réfraction entre le matériau dans le cœur et
le matériau dans les éléments d’extrémité étant sé-
lectionné pour empêcher une résonance directe en-
tre le mode fondamental dans le cœur et tout mode
dans un ou plusieurs parmi les éléments d’extrémité.

3. Appareil selon la revendication 1, dans lequel :

la fibre optique présente une direction d’axe lent
(108) et une direction d’axe rapide (110) ;
la fibre optique est conçue pour guider la puis-
sance optique du mode fondamental dans la di-
rection de l’axe rapide ; et
la fibre optique est conçue pour permettre à la
puissance optique d’un ou plusieurs modes d’or-
dre supérieur de fuir du cœur par des arêtes
d’axe lent du cœur.

4. Appareil selon la revendication 1, dans lequel :

le cœur est allongé ;
chacun des éléments d’extrémité est allongé ; et
chacun des éléments d’extrémité présente une
dimension (Wef) parallèle à une dimension d’axe
rapide du cœur qui est plus grande que la di-
mension d’axe rapide (Wc) du cœur.

5. Appareil selon la revendication 4, dans lequel :

le cœur est rectangulaire ; et
chacun des éléments d’extrémité est rectangu-
laire ou elliptique.

6. Procédé comprenant :

l’injection (606) d’un signal optique dans une fi-
bre optique (100, 500) ;
le confinement (608) de la puissance optique
d’un mode fondamental dans un cœur (102,
502) de la fibre optique, le cœur étant conçu
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pour recevoir et amplifier le signal optique ; et
la permission (610) à une puissance optique
d’un ou plusieurs modes d’ordre supérieur de
fuir du cœur jusque dans les éléments d’extré-
mité (104a, 104b, 504a, 504b), les éléments
d’extrémité étant couplés optiquement aux ex-
trémités opposées du cœur, et le cœur présen-
tant une perte de courbure inférieure à celle des
éléments d’extrémité ;
la fibre optique étant courbée (604) de manière
à permettre (614) à la puissance optique dans
les éléments d’extrémité de fuir des éléments
d’extrémité jusque dans une gaine, un rayon de
courbure de la fibre optique étant sélectionné
afin d’extraire la puissance optique dans les élé-
ments d’extrémité des éléments d’extrémité jus-
que dans la gaine tout en permettant à la fibre
optique de guider la puissance optique du mode
fondamental dans le cœur.

7. Procédé selon la revendication 6, comprenant en
outre :
la sélection d’un décalage d’indice de réfraction en-
tre le matériau dans le cœur et le matériau dans les
éléments d’extrémité pour empêcher une résonance
directe entre le mode fondamental dans le cœur et
tout mode dans les éléments d’extrémité.

8. Procédé selon la revendication 6, dans lequel :

la fibre optique présente une direction d’axe lent
(108) et une direction d’axe rapide (110) ;
la fibre optique guide la puissance optique du
mode fondamental dans la direction de l’axe
rapide ; et
la fibre optique permet à la puissance optique
d’un ou plusieurs modes d’ordre supérieur de
fuir du cœur par des arêtes d’axe lent du cœur.

9. Procédé selon la revendication 6, dans lequel :

le cœur est allongé ;
chacun des éléments d’extrémité est allongé ; et
chacun des éléments d’extrémité présente une
dimension (Wef) parallèle à une dimension d’axe
rapide du cœur qui est plus grande que la di-
mension d’axe rapide (Wc) du cœur.

10. Procédé selon la revendication 9, dans lequel :

le cœur est rectangulaire ; et
chacun des éléments d’extrémité est rectangu-
laire ou elliptique.

11. Procédé comprenant :

l’obtention (602) d’une fibre optique (100, 500)
comprenant :

un cœur (102, 502) conçu pour recevoir et
amplifier un signal optique ;
des éléments d’extrémité (104a, 104b,
504a, 504b) couplés optiquement aux ex-
trémités opposées du cœur, le cœur pré-
sentant une perte de courbure plus faible
que les éléments d’extrémité ; et
une gaine (106, 506) entourant le cœur et
les éléments d’extrémité ;
la fibre optique étant conçue pour confiner
(608) la puissance optique d’un mode fon-
damental dans le cœur ; et
la fibre optique étant également conçue
pour permettre (610) à une puissance opti-
que d’un ou plusieurs modes d’ordre supé-
rieur de fuir du cœur jusque dans les élé-
ments d’extrémité ; et

la sélection d’un rayon de courbure de la fibre
optique afin de retirer (614) la puissance optique
dans les éléments d’extrémité des éléments
d’extrémité jusque dans la gaine tout en permet-
tant à la fibre optique de guider la puissance
optique d’un mode fondamental dans le cœur.

12. Procédé selon la revendication 11, comprenant en
outre :
la sélection d’un décalage d’indice de réfraction en-
tre le matériau dans le cœur et le matériau dans les
éléments d’extrémité afin d’au moins :

empêcher une résonance directe entre le mode
fondamental dans le cœur et tout mode dans
les éléments d’extrémité ; et/ou
fournir une résonance approximative entre un
ou plusieurs modes d’ordre supérieur dans le
cœur et le ou les modes d’ordre supérieur dans
les éléments d’extrémité.

13. Procédé selon la revendication 11, dans lequel :

la fibre optique présente une direction d’axe lent
(108) et une direction d’axe rapide (110) ;
la fibre optique est conçue pour guider la puis-
sance optique du mode fondamental dans la di-
rection de l’axe rapide ; et
la fibre optique est conçue pour permettre à la
puissance optique d’un ou plusieurs modes d’or-
dre supérieur de fuir du cœur par des arêtes
d’axe lent du cœur.

14. Procédé selon la revendication 11, dans lequel :

le cœur est allongé ;
chacun des éléments d’extrémité est allongé ; et
chacun des éléments d’extrémité présente une
dimension (Wef) parallèle à une dimension d’axe
rapide du cœur qui est plus grande que la di-
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mension d’axe rapide (Wc) du cœur.

15. Procédé selon la revendication 14, dans lequel :

le cœur est rectangulaire ; et
chacun des éléments d’extrémité est rectangu-
laire ou elliptique.
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