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OPTICAL FIBERS WITHOUT CLADDING
BACKGROUND

Unless otherwise indicated herein, the materials described herein are not prior art
to the claims in the present application and are not admitted to be prior art by inclusion in
this section.

Many applications for transducers, such as vertical cavity surface-emitting lasers
(VCSELs) and photodiodes, include arrays of transducers formed on a common substrate,
cach of the transducers optically aligned with a corresponding one of multiple optical
fibers in a fiber bundle. Improved technologies for aligning optical fibers to e.g.
transducer arrays would be very valuable.

SUMMARY

Technologies described herein relate, for example, to optical fibers without
cladding on at least one end of the optical fibers.

In some examples, a fiber bundle may include a first optical fiber, one or more
second optical fibers, a condensed region, and a non-condensed region. The first optical
fiber may have a first clad portion and a first exposed fiber core that extends from the first
clad portion. The one or more second optical fibers may each have a second clad portion
and a second exposed fiber core that extends from the second clad portion. Each second
clad portion may be arranged substantially parallel to the first clad portion. In the
condensed region, a first distal end of the first exposed fiber core may be arranged
substantially parallel to a second distal end of each second exposed fiber core. Adjacent
distal ends in the condensed region may have a first center-to-center spacing. The non-
condensed region may include the first clad portion and the one or more second clad
portions. Adjacent clad portions in the non-condensed region may have a second center-
to-center spacing that is greater than the first center-to-center spacing.

In some examples, a method of forming an optical fiber may include forming an
exposed fiber core. The method may also include forming an unexposed fiber core after
forming the exposed fiber core. The unexposed fiber core may be formed continuous with
the exposed fiber core. The method may also include forming a cladding layer
surrounding the unexposed fiber core. The cladding layer and the unexposed fiber core
may form a clad portion from which the exposed fiber core extends.

In some examples, a method of mechanically coupling two optical fibers may include

positioning a first distal end of a first exposed fiber core of a first optical fiber in contact
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with a second distal end of a second exposed fiber core of a second optical fiber. The
method may also include fusing the first distal end with the second distal end.

In some examples, a fiber bundle includes a first optical fiber and second optical
fibers. The first optical fiber may have a first clad portion and a first exposed fiber core
that extends from the first clad portion. The first exposed fiber core may have a first distal
end. The second optical fibers may be arranged around the first optical fiber. Each second
optical fiber may have a second clad portion and a second exposed fiber core that extends
from the second clad portion. Each of the second exposed fiber cores may have a
corresponding second exposed fiber core length. Each second exposed fiber core may
include a bend region in which the corresponding second exposed fiber core is displaced
by a corresponding displacement distance towards the first exposed fiber core. The fiber
bundle may include second optical fibers having different displacement distances. For
cach second optical fiber, the corresponding second exposed fiber core length may be
correlated with the displacement distance.

In some examples, a method of producing an optical fiber using a double crucible
is described. The double crucible may have a first crucible chamber and a second crucible
chamber surrounding the first crucible chamber. The first crucible chamber may have a
first output. The second crucible chamber may have a second output. The method may
include core feeding a core feed material into the first crucible chamber. The method may
also include cladding feeding a cladding feed material into the second crucible chamber.
The method may also include time modulating the cladding feeding to produce the optical
fiber. The optical fiber may have a core including the core feed material. The optical fiber
may have a cladding comprising the cladding feed material. The optical fiber may have a
spatially-modulated cladding structure arising from time modulating the cladding feeding.

In some examples an optical assembly includes multiple transducers and a fiber
bundle. The multiple transducers may have a transducer spacing between a first
transducer and a second transducer of the multiple transducers. The fiber bundle may
include a first optical fiber that has a first clad portion and a first exposed fiber core that
extends from the first clad portion, and a second optical fiber that has a second clad
portion and a second exposed fiber core that extends from the second clad portion. The
second clad portion may be substantially parallel to the first clad portion. The fiber
bundle may also include a condensed region in which a first distal end of the first exposed
fiber core is arranged substantially parallel to a second distal end of the second exposed

fiber core. The first distal end and the second distal end may have a first center-to-center
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spacing. The fiber bundle may also include a non-condensed region that includes the first
clad portion and the second clad portion. The first clad portion and the second clad
portion in the non-condensed region may have a second center-to-center spacing. The
second center-to-center spacing may be greater than the first center-to-center spacing. The
first center-to-center spacing may be approximately equal to the transducer spacing. The
second center-to-center spacing may be greater than the transducer spacing.

The foregoing summary is illustrative only and is not intended to be in any way
limiting. In addition to the illustrative aspects, embodiments, and features described
above, further aspects, embodiments, and features will become apparent by reference to
the drawings and the following detailed description.

BRIEF DESCRIPTION OF THE FIGURES
In the drawings:

Figures 1A-1B illustrate an example optical fiber;

Figure 2 illustrates an example fiber bundle that may include multiple optical
fibers;

Figure 3 is a diagram of an exposed fiber core;

Figure 4 illustrates an example optical assembly including an exposed fiber core
and a source emitter;

Figure 5 is a schematic diagram of an example apparatus for forming an optical
fiber with an exposed fiber core;

Figure 6A shows a flow diagram of an example method of forming an optical
fiber;

Figure 6B shows a flow diagram of an example method of producing an optical
fiber using a double crucible;

Figure 7A is an example simulation of light modes in an example optical fiber
including an exposed fiber core and a clad portion;

Figure 7B illustrates an embodiment of the optical fiber of Figure 7A including a
mode stripper layer;

Figure 8 is another example simulation of light modes in an example optical fiber
including an exposed fiber core and a clad portion;

Figure 9 illustrates an example of Lambertian light distribution for light rays
emitting from a Lambertian source on a surface of the exposed fiber core of Figure &;

Figure 10 shows a flow diagram of an example method of mechanically coupling

two optical fibers; and
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Figure 11 illustrates an example operating environment in which an optical fiber
with an exposed fiber core may be implemented,

all arranged in accordance with at least some embodiments described herein.
DETAILED DESCRIPTION

In the following detailed description, reference is made to the accompanying
drawings, which form a part hereof. In the drawings, similar symbols typically identify
similar components, unless context dictates otherwise. The illustrative embodiments
described in the detailed description, drawings, and claims are not meant to be limiting.
Other embodiments may be utilized, and other changes may be made, without departing
from the spirit or scope of the subject matter presented herein. It will be readily
understood that the aspects of the present disclosure, as generally described herein, and
illustrated in the Figures, can be arranged, substituted, combined, separated, and designed
in a wide variety of different configurations, all of which are explicitly contemplated
herein.

The minimum acceptable center-to-center spacing, or transducer pitch, for
transducers in an array that are optically aligned with optical fibers in a fiber bundle may
appear to be determined by the diameter of the optical fibers. For example, if the optical
fibers each have a diameter of about 250 micrometers (um) and the array of transducers is
a linear array, the transducer pitch may appear to be limited to not less than about 250 pm
to allow each transducer to be optically aligned with a corresponding one of the optical
fibers. Accordingly, even though at least some transducers may have a diameter that is
less than the diameter of the optical fibers such that an array of transducers with a
transducer pitch that is less than the diameter of the optical fibers is possible, it may
appear difficult to optically align the transducers of such an array with optical fibers
having a diameter greater than the transducer pitch.

Technologies described herein relate, for example, to optical fibers without
cladding on at least one end portion of appreciable length of the optical fibers, such that
cach optical fiber has an exposed fiber core that extends from a clad portion of the optical
fiber. The absence of a cladding layer and a jacket of the optical fiber from the exposed
fiber core may allow the exposed fiber core of one optical fiber to be positioned much
closer to the exposed fiber core of another optical fiber than would otherwise be possible
if both exposed fiber cores are surrounded by a cladding layer and a jacket.

Two or more optical fibers with exposed fiber cores extending from

corresponding clad portions may be included in a fiber bundle having a condensed region
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of distal ends of exposed fiber cores and a non-condensed region of clad portions. The
distal ends of the exposed fiber cores in the condensed region may be spaced at a first
center-to-center spacing and the clad portions in the non-condensed region may be spaced
at a second center-to-center spacing greater than the first center-to-center spacing. The
first center-to-center spacing may be less than a diameter of the clad portions and as little
as a core diameter of the exposed fiber cores. The second center-to-center spacing may be
as little as the diameter of the clad portions, which diameter may include a cladding layer
diameter or a jacket diameter of the optical fibers. The distal ends of the exposed fiber
cores in the condensed region may be substantially parallel to each other and the clad
portions in the non-condensed region may be substantially parallel to each other.

The optical fibers may include a first optical fiber including a first exposed fiber
core extending from a first clad portion and one or more second optical fibers each
including a second exposed fiber core extending from a second clad portion. The second
optical fibers may extend to one or both sides of the first optical fiber, may surround the
first optical fiber, or may be otherwise arranged relative to the first optical fiber. A length
of the second exposed fiber cores may depend on a lateral displacement between a center
of ecach corresponding second clad portion and a center of each corresponding second
distal end.

Each exposed fiber core may include a mode stripper layer surrounding at least a
portion of the exposed fiber core to suppress cladding-guided modes of light in the
corresponding clad portion. Alternately or additionally, each exposed fiber core may
include a mode-conversion reflector surrounding at least a portion of the exposed fiber
core to convert higher order modes of light to lower order modes of light that will not be
cladding-guided modes in the corresponding clad portion.

The optical fibers may be formed with exposed fiber cores ab initio. For example,
a double crucible may be used to form optical fibers with exposed fiber cores ab initio by,
for each optical fiber, forming an exposed fiber core; forming an unexposed fiber core
after forming the exposed fiber core, where the unexposed fiber core is formed
continuous with the exposed fiber core; and forming a cladding layer surrounding the
unexposed fiber core. The cladding layer and the unexposed fiber core may form a clad
portion from which the exposed fiber core extends. Two optical fibers with exposed fiber
cores may be mechanically coupled end to end. For example, a first distal end of a first
exposed fiber core of a first optical fiber may be positioned in contact with a second distal

end of a second exposed fiber core of a second optical fiber. The first distal end may be
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fused with the second distal end. The fusing of the first distal end and the second distal
end may form a fused region. A mode-conversion reflector may be formed at least
partially surrounding the fused region to enhance light transmission efficiency from one
exposed fiber core to the other.

Reference will now be made to the drawings.

Figures 1A-1B illustrate an example optical fiber 100, arranged in accordance
with at least some embodiments described herein. Figure 1A is a perspective view of the
optical fiber 100 and Figure 1B is a cross-sectional view of the optical fiber 100 in the
cutting plane 1B-1B of Figure 1A. The optical fiber 100 may include a fiber core 102, a
cladding layer 104, and a jacket 106.

The fiber core 102 may include a transparent material such as glass or plastic and
may have an index of refraction n;. Examples of suitable transparent materials for the
fiber core 102 may include, but are not limited to, silica, fluorozirconate, fluoroaluminate,
chalcogenide glasses, and sapphire. Alternately or additionally, the fiber core 102 may be
doped with a dopant. Examples of suitable dopants may include, but are not limited to,
titanium, germanium dioxide, and rare earth elements such as erbium.

The cladding layer 104 may surround all or most of the fiber core 102. Similar to
the fiber core 102, the cladding layer 104 may include a transparent material such as glass
or plastic and may have an index of refraction n,. When n; is larger than n,, light
propagating along the optical fiber 100 may generally be confined within the fiber core
102 by the process of total internal reflection, although some of the light may escape.
Examples of suitable transparent materials for the cladding layer 104 may include, but are
not limited to, silica, fluorozirconate, fluoroaluminate, chalcogenide glasses, and
sapphire. Alternately or additionally, the cladding layer 104 may be doped with a dopant.
Examples of suitable dopants may include, but are not limited to, titanium, germanium
dioxide, and rare carth elements such as erbium.

The jacket 106 may surround all or most of the cladding layer 104. Although not
illustrated in Figures 1A-1B, the optical fiber 100 may further include a buffer layer
between the cladding layer 104 and the jacket 106. The jacket 106, and the optional
buffer layer, may protect the fiber core 102 and the cladding layer 104 and/or may
strengthen the optical fiber 100 without contributing to its optical waveguide properties.
The jacket 106 and/or the buffer layer may include, but are not limited to, glass, plastic,

and resin.
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As illustrated in Figure 1B, the fiber core may include a core diameter D, the
cladding layer 104 may include a clad diameter D,, and the jacket 106 may include a
jacket diameter D3. The diameters D;, D,, and D; may vary depending on an application
for which the optical fiber 100 is used or is intended to be used. For instance, in
communication applications, the optical fiber 100 may include a single mode fiber or a
multimode fiber. When the optical fiber 100 is implemented as a single mode fiber, the
core diameter D; may be about 9 micrometers (um), the clad diameter D, may be about
125 pm, and the jacket diameter D3 may be about 250 pm. More generally, the core
diameter D; may be in a range from about 7 pm to about 10 pm, the clad diameter D,
may be in a range from about 123 um to about 127 um, and the jacket diameter D3 may
be in a range from about 230 pum to about 260 pm.

When the optical fiber 100 is implemented as a multimode fiber, the core diameter

D; may be about 62.5 micrometers (ium), while the clad diameter D, and the jacket
diameter D3 may be the values listed above. More generally, the core diameter D; may be
in a range from about 61 um to about 64 pum, while the clad diameter D, and the jacket
diameter D3 may be in the ranges listed above.
The fiber core 102, the cladding layer 104, and the jacket 106 may generally extend from
one end of the optical fiber 100 to the other. In some embodiments, a portion of the fiber
core 102 may extend beyond the cladding layer 104 and the jacket 106 at one or both
ends of the optical fiber 100. The portion of the fiber core 102 that extends beyond the
cladding layer 104 may be referred to as an exposed fiber core in this and other
embodiments. An exposed fiber core may be formed in an optical fiber by removing a
portion of a cladding layer from an end of the optical fiber, or by forming the optical fiber
with the exposed fiber core ab initio, as described in more detail below. The portion of
the optical fiber 102 that includes at least the cladding layer 104 and the fiber core 102
may be referred to as a clad portion in this and other embodiments.

Figure 2 illustrates an example fiber bundle 200 that may include multiple optical
fibers 202, 204A, 204B, arranged in accordance with at least some embodiments
described herein. Each of the optical fibers 202, 204A, 204B may generally be configured
similar to the optical fiber 100 of Figures 1A-1B and may include a fiber core
substantially surrounded by a cladding layer, and the cladding layer substantially
surrounded by a jacket.

The optical fibers 202, 204A, 204B may include a first optical fiber 202 and one
or more second optical fibers 204A, 204B (collectively “second optical fibers 204”). The
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first optical fiber 202 includes a first clad portion 206 and a first exposed fiber core 208
that extends from the first clad portion 206. The first clad portion 206 may generally
include at least a cladding layer of the first optical fiber 202 and an unexposed portion of
a fiber core of the first optical fiber that is continuous with the first exposed fiber core
208. The first clad portion 206 may additionally include a jacket of the first optical fiber
202. As such, a diameter of the first clad portion 206 may be a clad diameter and/or a
jacket diameter of the first optical fiber 202.

Each of the second optical fibers 204 includes a second clad portion 210A, 210B
(collectively “second clad portions 210”) and a second exposed fiber core 212A, 212B
(collectively “second exposed fiber cores 212) that extends from the corresponding
second clad portion 210. In some embodiments, each of the second clad portions 210 may
be arranged substantially parallel to the first clad portion 206. Each of the second clad
portions 210 may generally include at least a cladding layer of the corresponding second
optical fibers 204 and an unexposed portion of a fiber core of the corresponding second
optical fibers that is continuous with the corresponding second exposed fiber cores 212.
Each of the second clad portions 210 may additionally include a jacket of the
corresponding second optical fibers 204. As such, a diameter of each of the second clad
portions 210 may be a clad diameter and/or a jacket diameter of the corresponding second
optical fiber 204.

The fiber bundle 200 may further include a condensed region 214 and a non-
condensed region 216. In the condensed region 214, a first distal end 218 of the first
exposed fiber core 208 may be arranged substantially parallel to a second distal end
220A, 220B (collectively “second distal ends 220’) of each second exposed fiber core
212. Adjacent distal ends 218, 220 in the condensed region 214 may have a first center-
to-center spacing, or pitch, P;. The first center-to-center spacing P; may be in a range
between approximately 10 pm and approximately 100 pm, such as about 50 pm.
Alternately or additionally, the first center-to-center spacing P; may be less than a
diameter of the first clad portion 206 and/or of the second clad portions 210. More
particularly, the first center-to-center spacing P; may be less than the jacket diameter, or
even less than the clad diameter, of the first clad portion 206 and/or of the second clad
portions 210. Alternately or additionally, the first center-to-center spacing P; may be
approximately equal to a core diameter of the first exposed fiber core 208 and/or of the

second exposed fiber cores 212.
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The non-condensed region 216 may include the first clad portion 206 and the
second clad portions 210. The first clad portion 206 and the second clad portions 210 may
be arranged substantially parallel to each other. Adjacent clad portions 206, 210 in the
non-condensed region 216 may have a second center-to-center spacing, or pitch, P, that is
greater than the first center-to-center spacing P;. The second center-to-center spacing P»
may be in a range between approximately 150 pm and approximately 500 pm, such as
about 250 um. Alternately or additionally, the second center-to-center spacing P, may be
approximately equal to a diameter of the first clad portion 206 and/or of the second clad
portions 210. Alternately or additionally, the second center-to-center spacing P, may be at
least 50% greater than the first center-to-center spacing P;.

The fiber bundle 200 may further include a ferrule 222 configured to secure the
first distal end 218 of the first exposed fiber core 208 and the second distal ends 220 of
the second exposed fiber cores 212 at the first center-to-center spacing P; and
substantially parallel to each other.

The fiber bundle 200 may be implemented or included in an optical assembly that
additionally includes an array of transducers 224, such as an array of source emitters, an
array of optical detectors, or an array of source emitters and optical detectors. Adjacent
transducers within the array of transducers 224 may be spaced at a nominal pitch
substantially equal to the first center-to-center spacing P;. For example, when the array of
transducers 224 includes an array of source emitters, the source emitters may be arranged
to emit optical signals into the first distal end 218 of the first exposed fiber core 208 and
the second distal end 220 of each second exposed fiber core 212, where adjacent source
emitters in the array of source emitters may be spaced at a nominal pitch substantially
equal to the first center-to-center spacing P;.

Although not illustrated in Figure 2, the first optical fiber 202 may further include
a first mode stripper layer that surrounds at least a portion of a cladding layer of the first
optical fiber 202, while each of the second optical fibers 204 may further include a second
mode stripper layer that surrounds at least a portion of a cladding layer of the
corresponding second optical fiber 204. In some embodiments, some modes of light that
enter the first distal end 218 and/or the second distal ends 220 may become cladding-
guided modes in the first clad portion 206 and/or the second clad portions 210 of the
optical fibers 202, 204. Whereas cladding-guided modes may be undesirable in at least
some applications, the first mode stripper layer and/or the second mode stripper layer may

generally be configured to suppress the cladding-guided modes. For example, the first
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mode stripper layer and/or the second mode stripper layers may have a thickness that is
greater than a thickness of the corresponding cladding layer such that cladding-guided
modes that enter the first and/or second mode stripper layers may be suppressed by being
extracted from a trailing surface of the corresponding mode stripper layer. An example
embodiment of a mode stripper layer is illustrated in and described with respect to Figure
7B.

In some embodiments, the first mode stripper layer and/or the second mode
stripper layer may include a transparent material such as glass or plastic with an index of
refraction that is higher than an index of refraction of the first exposed fiber core 208
and/or the second exposed fiber cores 212. Alternately or additionally, the index of
refraction of the first and/or second mode stripper layers may match or substantially
match an index of refraction of the corresponding cladding layer.

Alternately or additionally, the first optical fiber 202 may further include a first
mode-conversion reflector that surrounds at least a portion of the first exposed fiber core
208, while each of the second optical fibers 204 may further include a second mode-
conversion reflector that surrounds at least a portion of the corresponding second exposed
fiber core 212. An example mode-conversion reflector that may be suitable for the first
mode-conversion reflector and/or the second mode-conversion reflectors is described in
more detail with respect to Figure 8. Each of the first and second mode-conversion
reflectors may be configured to convert at least some higher order modes, such as modes
that may otherwise become cladding-guided modes in the first clad portion 206 and/or the
second clad portions 210, to lower order modes, as described in more detail below. In
some embodiments, each of the first and second mode-conversion reflectors may include
a diffuse reflector.

Each of the second exposed fiber cores 212 may include a second exposed fiber
core length S;, S; that depends on a lateral displacement between a center of each
corresponding second clad portion 210 and a center of each corresponding second distal
end 220. In some embodiments, the second exposed fiber core length S;, S, of each
second exposed fiber core 212 may be greater than or equal to a target length S(D)
determined according to:

S(D) = 4-R-asin[0.5(D/R)"?*]
where R is a minimum bend radius of the corresponding second optical fiber 204, asin is
an inverse sine function, and D is the lateral displacement between the center of each

corresponding second clad portion 210 and the center of each corresponding second distal
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end 220. More particularly, R may be a minimum bend radius of the corresponding
second exposed fiber core 212, which may be less than a minimum bend radius of the
corresponding second optical fiber 204 in, e.g., portions of the second optical fiber 204
that include a cladding layer and/or a jacket.

Figure 3 is a diagram of an exposed fiber core 300, arranged in accordance with at
least some embodiments described herein. A derivation of the example formula for S(D)
set forth above will now be provided with respect to Figure 3. The exposed fiber core 300
may include a distal end 302 and a proximal end 304. The distal end 302 may be an end
of the exposed fiber core 300 that is furthest from a clad portion of a corresponding
optical fiber from which the exposed fiber core 300 extends. The proximal end 304 may
be the opposite end of the exposed fiber core 300, e.g., the end extending from the clad
portion of the corresponding optical fiber. The two ends 302, 304 are labeled for
convenience in the discussion that follows; however, the distal end 302 and the proximal
end 304 may alternately be reversed due to the symmetry of the exposed fiber core 300 of
Figure 3.

In a fiber bundle, such as the fiber bundle 200 of Figure 2, an optical axis 306 of
the distal end 302 may be parallel to an optical axis 308 of the proximal end 304. The
optical axis 308 of the proximal end 304 may be laterally offset from the optical axis 306
of the distal end 302 by a distance D. The distance D may depend on a relative position of
a corresponding optical fiber within the fiber bundle. For example, with combined
reference to Figures 2 and 3, the second exposed fiber core 212B furthest from the first
exposed fiber core 208 may have a larger distance D than the second exposed fiber core
212A.

Returning to Figure 3, the exposed fiber core 300 may have a length S. When the
optical axes 306, 308 of the distal end 302 and the proximal end 304 are parallel, the
exposed fiber core 300 may have an S-like shape including two curved portions 310, 312
where the curved portion 310 transitions to the curved portion 312 at an inflection point C
of the exposed fiber core 300. It may be assumed that each of the two curved portions
310, 312 is an arc having a central angle o and a common radius of curvature equal to a
minimum bend radius R of the exposed fiber core 300 to prevent or reduce microbending
and/or macrobending optical losses in the exposed fiber core 300. In other embodiments,
the radius of curvature of each of the two curved portions 310, 312 may be greater than
the minimum bend radius R, in which case the length S of the exposed fiber core 300 may

be greater than the target length S(D). It may be assumed for the remaining discussion of
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Figure 3, however, that the radius of curvature of each of the two curved portions 310,
312 is equal to the minimum bend radius R such that the length S of the exposed fiber
core 300 is equal to the target length S(D). The geometry of the exposed fiber core 300
may be such that the inflection point C is located midway between the distal end 302 and
the proximal end 304 at a distance D/2 from a reference line 314 co-linear with the optical
axis 306 of the distal end 302.

Under the conditions set forth above, each of the two curved portions 310, 312
may have an arc length equal to o-R, where o and any other angles discussed herein are in
radians unless otherwise noted. As such, the length S of the exposed fiber core 300 may
be equal to 2-a-R. As explained previously, the distance D may vary, e.g., depending on a
relative position of a corresponding optical fiber within a fiber bundle, which may affect
the central angle a, and thus the length S, when R is fixed. Accordingly, the length S may
be expressed as a function of D according to S(D) = 2-a-R, where a has a relationship
with D set forth below.

Figure 3 further includes an isosceles triangle 316 and a right triangle 318, each
having one vertex at the distal end 302 and another vertex at the inflection point C. The
isosceles triangle 316 has two equal sides, each having a length equal to the minimum
bend radius R. The isosceles triangle 316 also has a base of length a, which base is a
hypotenuse of the right triangle 318. The isosceles triangle 316 and the right triangle 318
respectively define angles B and y, where B + v = /2. Because a sum of all three angles of
any given triangle equals m, the angles of the isosceles triangle 316 can be related
according to o + 2 = m, which is equivalent to /2 + = n/2. From the formulas  +y =
n/2 and o/2 + B = n/2, it can be determined that o/2 =.

Taking the sine, e.g., sin(x), of both sides of the equation o/2 = y yields sin(o/2) =
siny. Using the trigonometric identity that the sine of an angle in a right triangle is equal
to the side opposite the angle divided by the hypotenuse, it can be determined that
sin(o/2) = a/(2'R) and siny = D/(2-a), which combined with the formula sin(o/2) = siny
yields a/(2-R) = D/(2-a). Solving the equation a/(2'R) = D/(2-a) for a yields a = (D-R)"%.
Substituting a = (D-R)"? in sin(o/2) = a/(2'R) yields sin(a/2) = (D-R)"*/(2-R), which is
equivalent to sin(a/2) = 0.5(D/R)"2. Taking the inverse sine, e.g., asin(x), of both sides of
the equation sin(w?2) = 0.5(D/R)"? vyields @2 = asin[0.5(D/R)"?], or o =
2-asin[0.5(D/R)"?]. Substituting o = 2-asin[0.5(D/R)"?] in the formula for the length S of
the exposed fiber core 300, e.g., S(D) = 2-a-R, yields S(D) = 4-R-asin[0.5(D/R)"*], which
is the formula for the target length S(D) set forth previously.
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The formula S(D) = 4-R-asin[0.5(D/R)"*] may be used to determine the target
length S(D) for a fiber bundle with any geometric arrangement, including linear fiber
arrays in which distal ends of optical fibers in the fiber bundle are condensed linearly,
circular fiber arrays in which distal ends of optical fibers in the fiber bundle are
condensed within a circular region, or other geometries.

With combined reference to Figures 2 and 3, the fiber bundle 200 may include the
first optical fiber 202 having the first clad portion 206 and the first exposed fiber core 208
that extends from the first clad portion 206. The first exposed fiber core 208 may have the
first distal end 218. The fiber bundle 200 may additionally include the second optical
fibers 204 arranged around the first optical fiber 202, although illustrated in Figure 2 as
being arranged to one side of the first optical fiber 202. Each second optical fiber 204
may have the second clad portion 210 and the second exposed fiber core 212 that extends
from the second clad portion 210, each of the second exposed fiber cores 212 having the
corresponding second exposed fiber core length S;, S;. In some embodiments, each
second exposed fiber core 212 may include a bend region (e.g., made up of the two
curved portions 310, 312 of Figure 3) in which the corresponding second exposed fiber
core 212 is displaced by a corresponding displacement distance (e.g., the distance D of
Figure 3) towards the first exposed fiber core 208. The second optical fibers 204 may
have different displacement distances. For each second optical fiber 204, the
corresponding second exposed fiber core length S;, S, may be correlated with the
displacement distance. For instance, the second exposed fiber core length S;, S, may
increase with increasing displacement distance.

In some embodiments, cach second clad portion 210 may be substantially parallel
to the first clad portion 206. Each second exposed fiber core 212 may have a second distal
end 220. The first distal end 218 of the first exposed fiber core 208 may be substantially
parallel to the second distal end 220 of each second exposed fiber core 212. Alternately or
additionally, each second exposed fiber core length S;, S, may be greater than or equal to
4-R-asin[0.5(D/R)1/2], where R is a minimum bend radius of the second optical fiber 204,
asin is an inverse sine function, and D is the displacement distance or lateral displacement
as described above.

Embodiments described herein may alternately or additionally include an optical
assembly including multiple transducers and a fiber bundle. The transducers may include
the array of transducers 224 of Figure 2, for example. The multiple transducers may have

a transducer spacing between a first transducer and a second transducer of the multiple
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transducers. The fiber bundle may include the fiber bundle 200 of Figure 2, for instance,
and may include a first optical fiber that has a first clad portion and a first exposed fiber
core that extends from the first clad portion, and a second optical fiber that has a second
clad portion and a second exposed fiber core that extends from the second clad portion,
where the second clad portion is substantially parallel to the first clad portion. The fiber
bundle may further include a condensed region and a non-condensed region. In the
condensed region, a first distal end of the first exposed fiber core may be arranged
substantially parallel to a second distal end of the second exposed fiber core, where the
first distal end and the second distal end have a first center-to-center spacing. The non-
condensed region may include the first clad portion and the second clad portion, where
the first clad portion and the second clad portion in the non-condensed region have a
second center-to-center spacing. The second center-to-center spacing may be greater than
the first center-to-center spacing. The first center-to-center spacing may be approximately
equal to the transducer spacing.

In some embodiments, ecach of the multiple transducers may be optically coupled
to a selected optical fiber of the fiber bundle, where the first distal end is optically
coupled to the first transducer, and the second distal end is optically coupled to the second
transducer. The multiple transducers may include multiple source emitters, such as a
laser. Alternately or additionally, the multiple transducers may include an optical
detector.

Figure 4 illustrates an example optical assembly 400 including an exposed fiber
corec 402 and a source emitter 404, arranged in accordance with at least some
embodiments described herein. The exposed fiber core 402 may be part of an optical fiber
such as the first optical fiber 202 and/or the second optical fibers 204 of Figure 2, and/or
may be implemented in a fiber bundle such as the fiber bundle 200 of Figure 2. In an
example embodiment, each of the first exposed fiber core 208, the second exposed fiber
cores 212, and the transducers in the array of transducers 224 of Figure 2 may generally
be configured and/or arranged analogous to the exposed fiber core 402 and the source
emitter 404 of Figure 4, for example.

In an example embodiment, the source emitter 404 may have a circular light-
emitting surface 404A that uniformly, or substantially uniformly, emits light that has a
Lambertian angular distribution. The Lambertian angular distribution may be +60°, for

example.
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The exposed fiber core 402 may have a core diameter D; and the source emitter
404 may have a source diameter D4. The source diameter D4 may be a diameter of an
active region of the source emitter 404. The source emitter 404 may have a lateral
position tolerance A with respect to the exposed fiber core 402, meaning an optical
emission axis of the source emitter 404 may be nominally coaxial with an optical axis of
the exposed fiber core 402, although in reality the optical emission axis of the source
emitter 404 may deviate laterally from the optical axis of the exposed fiber core 402 by
up to +A. In some embodiments, a sum of the source diameter D4 and the lateral position
tolerance +A may be less than the core diameter D;. By way of example, the source
diameter D4 may be approximately 25 pum, the lateral position tolerance +A may be =10
um, and the core diameter D; may be approximately 50 um for a multimode optical fiber.

Alternately or additionally, a distance S; between the light-emitting surface 404A
and a light entrance surface 402A of the exposed fiber core 402 may take into account the
Lambertian angular distribution of the source emitter 404 such that a predetermined
percentage of light emitted by the source emitter 404 may be incident on the light
entrance surface 402A of the exposed fiber core 402. For example, the distance S;
between the light-emitting surface 404A and the light entrance surface 402A may be less
than or equal to a threshold distance at which 90% of light emitted by the source emitter
404 is incident on the light entrance surface 402A of the exposed fiber core 402. Where
the source diameter D4 is approximately 25 um and the core diameter D, is approximately
50 pm, the threshold distance may be approximately 10 um.

Alternately or additionally, the exposed fiber core 402 may have an index of
refraction that is greater than an index of refraction of the corresponding cladding layer of
the optical fiber that includes the exposed fiber core 402 and the cladding layer. For
instance, if the cladding layer has an index of refraction of 1.34, the exposed fiber core
402 may have an index of refraction greater than 1.34, such as 1.47. In this example, the
exposed fiber core 402 may have a numerical aperture (NA) of about 0.6, which indicates
an entrance cone of £37°. As such, all, or substantially all, light rays emitted by the source
emitter 404 may enter the exposed fiber core 402 through the light entrance surface 402A.
In particular, light rays emitted by the source emitter 404 and incident on the light
entrance surface 402A with virtually any incidence angle less than 90° may be refracted
into the exposed fiber core 402 with an angle smaller than 48.2°, such that the refracted
light rays may propagate through the exposed fiber core 402 with a propagation angle less
than 41.8° (90° - 48.2°).
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Figure 5 is a schematic diagram of an example apparatus 500 for forming an

optical fiber with an exposed fiber core, arranged in accordance with at least some
embodiments described herein. The apparatus 500 may include feed rods 502A, 502B, a
double crucible 504, heating elements 506, a thickness monitor 508, a coating applicator
510, a coating curing oven 512, and a takeup drum 514. The double crucible 504 may
include a first crucible chamber 504A and a second crucible chamber 504B. The first
crucible chamber 504A may be surrounded, or at least partially surrounded, by the second
crucible chamber 504B. Alternately or additionally, the second crucible chamber 504B
may be concentric with the first crucible chamber 504A.
In general, the apparatus 500 may be configured to form an optical fiber 516 from core
material 518A and cladding layer material 518B fed into the double crucible 504 by the
feed rods 502A, 502B. In more detail, core material 518A and cladding layer material
518B fed into the double crucible 504 may be melted to liquid form by heat generated by
the heating elements 506, and may be collected in a corresponding one of the first
crucible chamber 504A or the second crucible chamber 504B. The melted core material
518A and cladding layer material 518B is drawn through the double crucible 504 to form
the optical fiber 516.

The thickness monitor 508 may be configured to ensure the optical fiber 516 is
drawn through the double crucible 504 at a target thickness. Feedback from the thickness
monitor 508 may be provided to a controller 520 communicatively coupled to one or
more of the other components of the apparatus 500. Based on the feedback from the
thickness monitor 508, the controller 522 may adjust settings on one or more of the
components of the apparatus 500 to substantially maintain a thickness of the optical fiber
516 at the target thickness.

The coating applicator 510 may be configured to apply a coating to the optical
fiber 516. The coating may include a resin or other coating configured to, for instance,
strengthen or protect the optical fiber 516. The coating curing oven 512 may be
configured to cure the coating as the optical fiber 516 passes therethrough. The takeup
drum 514 may be configured to spool the optical fiber 516 as it is formed.

As previously indicated, an exposed fiber core at one or both ends of an optical fiber may
be formed by removing a portion of a cladding layer from an end of the optical fiber, or
by forming the optical fiber with the exposed fiber core ab initio. The apparatus 500 is

one example of a system or apparatus that may be used to form an optical fiber with an
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exposed fiber core ab initio, as described in more detail with respect to Figures 6A and
6B.

Figure 6A shows a flow diagram of an example method 600 of forming an optical
fiber, arranged in accordance with at least some embodiments described herein. The
method 600 may be performed in whole or in part by, e.g., the apparatus 500 of Figure 5
or other suitable system or apparatus. For convenience in the discussion that follows, the
method 600 may be discussed in the context of Figure 5. The method 600 includes
various operations, functions, or actions as illustrated by one or more of blocks 602, 604,
and/or 606. The method 600 may begin at block 602.

In block 602 (“Form An Exposed Fiber Core™), an exposed fiber core is formed.
The exposed fiber core may be formed by, for example, drawing core material 518A
through the double crucible 504 without drawing cladding layer material 518B through
the double crucible 504. Block 602 may be followed by block 604.

In block 604 (“Form An Unexposed Fiber Core After Forming The Exposed Fiber
Core”), an exposed fiber core may be formed after forming the exposed fiber core. The
unexposed fiber core may be formed continuous with the exposed fiber core. The
unexposed fiber core may be formed after forming the exposed fiber core by, for
example, drawing core material 518A through the double crucible 504 while
simultaneously drawing cladding layer material 518B through the double crucible 504.
Block 604 may be followed by block 606.

In block 606 (“Form A Cladding Layer Surrounding The Unexposed Fiber Core™),
a cladding layer may be formed surrounding the unexposed fiber core. The cladding layer
may be formed surrounding the unexposed fiber core by, for example, drawing cladding
layer material 518B through the double crucible 504 while simultaneously drawing core
material 518A through the double crucible 504. The cladding layer and the unexposed
fiber core may form a clad portion, such as the clad portions 206, 210 of Figure 2, from
which the exposed fiber core extends. In some embodiments, the unexposed fiber core
and the cladding layer may be formed substantially simultancously.

One skilled in the art will appreciate that, for this and other processes and methods
disclosed herein, the functions performed in the processes and methods may be
implemented in differing order. Furthermore, the outlined steps and operations are only
provided as examples, and some of the steps and operations may be optional, combined
into fewer steps and operations, or expanded into additional steps and operations without

detracting from the essence of the disclosed embodiments.
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For example, the method 600 may further include feeding core material into the
first crucible chamber 504A of the double crucible 504 to form the exposed fiber core and
the unexposed fiber core; feeding cladding layer material into the second crucible
chamber 504B of the double crucible 504 to form the cladding layer; and separately
controlling the feeding of core material into the first crucible chamber 504A and the
feeding of cladding layer material into the second crucible chamber 504B to form the
exposed fiber core prior to forming the cladding layer.

Alternately or additionally, the method 600 may further include determining a
target length of the exposed fiber core prior to forming the exposed fiber core, where
forming the exposed fiber core includes forming the exposed fiber core having a length
substantially equal to the target length. The determining may be based on an expected
lateral displacement between a center of the clad portion and a center of a distal end of
the exposed fiber core when the optical fiber is assembled in a fiber bundle having a
condensed region with multiple distal ends of multiple optical fibers and a non-condensed
region with multiple clad portions of the multiple optical fibers. In some embodiments,
the determining may include calculating the target length according to the formula S(D) =
4-R-asin[0.5(D/R)"?] as already described herein.

Alternately or additionally, the method 600 may further include forming a mode
stripper layer that surrounds at least a portion of the exposed fiber core, or forming a
mode-conversion reflector that surrounds at least a portion of the exposed fiber core.

Figure 6B shows a flow diagram of an example method 610 of producing an
optical fiber using a double crucible, arranged in accordance with at least some
embodiments described herein. The double crucible may have a first crucible chamber
and a second crucible chamber surrounding the first crucible, the first crucible chamber
having a first output, the second crucible chamber having a second output. Thus, the
method 610 may be performed in whole or in part by, e.g., the apparatus 500 of Figure 5
or other suitable system or apparatus. For convenience in the discussion that follows, the
method 600 may be discussed in the context of Figure 5. The method 610 includes
various operations, functions, or actions as illustrated by one or more of blocks 612, 614,
and/or 616. The method 610 may begin at block 612.

In block 612 (“Core Feed A Core Feed Material Into A First Crucible Chamber”),
a core feed material may be core fed into the first crucible chamber. Core feeding the core

feed material into the first crucible chamber may include feeding core material 518A into



10

15

20

25

30

WO 2015/108529 PCT/US2014/011987
-19-

the first crucible chamber 504A of the double crucible 504. Block 612 may be followed
by block 614.

In block 614 (“Cladding Feed A Cladding Feed Material Into A Second Crucible
Chamber”), a cladding feed material may be clad fed into the second crucible chamber.
Cladding feeding the cladding feed material into the second crucible chamber may
include feeding cladding layer material 518B into the second crucible chamber 504B of
the double crucible 504. Block 614 may be followed by block 616.

In block 616 (“Time Modulate The Cladding Feeding To Produce An Optical
Fiber”), the cladding feeding may be time modulated to produce an optical fiber. Time
modulating the cladding feeding to produce the optical fiber may include the controller
starting and/or stopping the feeding of cladding layer material 518B into the second
crucible chamber 504B of the double crucible 504.

In some embodiments, the optical fiber may have a core (or fiber core) including
the core feed material. The optical fiber may also have a cladding (or cladding layer)
including the cladding feed material. The optical fiber may have a spatially-modulated
cladding structure arising from time modulating the cladding feeding. For example, the
spatially-modulated cladding structure may include an exposed core region having no
cladding.

Time modulating the cladding feeding may include varying a composition of the
cladding feed material. Accordingly, the spatially-modulated cladding structure may
include a spatially-varying cladding composition arising from varying the composition of
the cladding feed material.

Alternately or additionally, the method 610 of Figure 6B may further include time
modulating the core feeding. Time modulating the core feeding may include varying a
core composition of the core feed material.

Figure 7A is an example simulation of light modes in an example optical fiber 700
including an exposed fiber core 702 and a clad portion 704, arranged in accordance with
at least some embodiments described herein. The optical fiber 700 may correspond to the
optical fibers 202, 204 of Figure 2, for example. In the illustrated embodiment, some
higher order modes propagating in the exposed fiber core 702 may become cladding-
guided modes 706 in the clad portion 704. To suppress the cladding-guided modes 706,
the optical fiber 700 may further include a mode stripper layer that surrounds at least a
portion of the clad portion 704, as described in more detail below with respect to Figure

7B. As indicated previously, the mode stripper layer may have a higher index of
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refraction than the exposed fiber core 702 and may be configured to couple at least some
of the higher order modes out of the exposed fiber core 702, which may suppress at least
some of the cladding-guided modes 706 in the clad portion 704.

Figure 7B illustrates an embodiment of the optical fiber 700 of Figure 7A
including a mode stripper layer 708, arranged in accordance with at least some
embodiments described herein. As illustrated in Figure 7B, the clad portion 704 may
include a cladding layer 704A and an unexposed fiber core 704B of the optical fiber 700.
The mode stripper layer 708 may have an index of refraction that is equal or substantially
equal to an index of refraction of the cladding layer 704A. Accordingly, the cladding-
guided modes 706 may enter the mode stripper layer 708 from the cladding layer 704A as
illustrated in Figure 7B. The mode stripper layer 708 may have a thickness ¢, that is
much greater than a thickness #.; of the cladding layer. For example, the thickness #,,; may
be in a range from about 3 to about 7 times the thickness #.,.. As such, the cladding-guided
modes 706 that enter the mode stripper layer 708 may exit the mode stripper layer 708,
and thus may be extracted from the optical fiber 700, through a trailing surface 708A of
the mode strip layer 708.

Figure 8 is another example simulation of light modes in an example optical fiber
800 including an exposed fiber core 802 and a clad portion 804, arranged in accordance
with at least some embodiments described herein. The optical fiber 800 may correspond
to the optical fibers 202, 204 of Figure 2, for example. Figure 8 additionally includes a
source emitter 806 configured to emit light into the exposed fiber core 802 and a mode-
conversion reflector 808 that surrounds at least a portion of the exposed fiber core 802.
The mode-conversion reflector 808 may be configured to convert at least some higher
order modes propagating in the exposed fiber core 802 to lower order modes guided
primarily within an unexposed fiber core of the optical fiber 800 within the clad portion
804, thereby at least partially suppressing cladding-guided modes 810 in the clad portion
804. The mode-conversion reflector 808 may include a diffuse reflector, a grating, a
diffractive reflector, a distributed Bragg reflector, or other reflector configured to change
propagation direction of reflected light rays.

Higher order modes may interact with an outer surface of the exposed fiber core
802 relatively more frequently than lower order modes. Accordingly, the mode-
conversion reflector 808 may be positioned on the exposed fiber core 802 at a position
where higher order modes may be more likely to interact with the outer surface of the

exposed fiber core 802 than lower order modes. For example, the mode-conversion
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reflector 808 may be positioned on the exposed fiber core 802 a distance Ds from a light
entrance surface 802A of the exposed fiber core 802. The distance Ds may be
approximately 20 pm, or more generally between about 10 um and 25 pm, or between
about 12 pm and 23 pm. Alternately or additionally, in multi-mode fiber, the distance Ds
may be approximately equal to a diameter of the exposed fiber core 802.

For single mode fiber, the source emitter 806 may include a single mode source
emitter such that the distance Ds may be significantly larger than the diameter of the
exposed fiber core 802. In this and other embodiments, the distance Ds may be
approximately 100 pm. Alternately, the mode conversion reflector 808 may be omitted
for single mode fiber.

In these and other embodiments, the mode-conversion reflector 808 may have a
length L. The length L may depend on a diameter D of the exposed fiber core 802, a
refractive index nl of a cladding layer of the optical fiber 800, and a refractive index n2
of the exposed fiber core 802. The relationship between L, D, nl, and n2 may be

expressed by the following equation.

L =D( ! ~1)

tan (asin (22))

According to the foregoing equation, if the refractive index nl of the cladding layer is

1.42 and the refractive index n2 of the exposed fiber core 802 is 1.5, then L may be equal
to 1.93-D.

It can be determined from a comparison of the simulation of Figure 8 to the
simulation of Figure 7A that the inclusion of the mode-conversion reflector 808 may
result in fewer cladding-guided modes 810 in the optical fiber 800 than cladding-guided
modes 706 in the optical fiber 700. The difference may be due to the conversion by the
mode-conversion reflector 808 of at least some of the higher order modes in the exposed
fiber core 802 to lower order modes.

To convert at least some of the higher order modes to lower order modes, the
propagation angle of the at least some of the higher order modes within the exposed fiber
core 802 may be changed by the mode-conversion reflector 808. Such a reflector may be
a diffuse reflector that, in contrast to a specular reflector (which reflects an incident light
ray at an angle equal to the incident angle), reflects the incident light in a Lambertian
distribution. Other types of reflectors, such as gratings or diffractive reflectors, may also

be used as the mode-conversion reflector 808.
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The distribution of the reflected light from the mode-conversion reflector 808
within the exposed fiber core 802 may depend on a geometry of a surface of the exposed
fiber core 802 and/or of the mode-conversion reflector 808 instead of the incident angle
of light on the surface. A point on the surface at which light rays are reflected may be
considered a Lambertian source. A Lambertian source may be characterized by values of
the cosines of the angles relative to the perpendicular of the surface, as shown by the
Lambertian light distribution formula 1(8)=(1/x)-cos(0).

Figure 9 illustrates an example of Lambertian light distribution 900 for light rays
902 emitting from a Lambertian source 904 on a surface of the exposed fiber core 802 of
Figure 8, arranged in accordance with at least some embodiments described herein. The
Lambertian source 904 may reflect light within the exposed fiber core 802.

Part of the reflected light may be within a range of a propagation angle of the
exposed fiber core 802. An amount of light that may propagate in the exposed fiber core
802 may be a relative part of the propagation angle from a solid angle of the reflected

light. The solid angle may be calculated according to the following solid angle formula:

bl
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The relative part of the reflected light that is within the propagation angle may be
calculated according to asin(NA) = propagation angle a. If the NA of the exposed fiber
core 802 is 0.22, the propagation angle o may be calculated as asin(0.22) = 12.7° = q.
Combining the Lambertian light distribution formula with the solid angle formula
for the relative part of the reflected light that is within the propagation angle o may yield

the following mode conversion formula:
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According to the mode conversion formula, 15% of the light reflected by a given point of
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the mode-conversion reflector 808 of Figure 8 may be confined in the exposed fiber core
802. More particularly, 15% of higher order modes reflected by a given point of the
mode-conversion reflector 808 may be converted to lower order modes. When the mode-
conversion reflector 808 completely surrounds at least a portion of the exposed fiber core
802, most of the remaining 85% of the higher order modes may be reflected to another
side of the mode-conversion reflector 808 which may convert another 15% of the higher

order modes or reflected higher order modes incident thereon to lower order modes.
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When the location of the mode-conversion reflector 808 is selected to interact
substantially or exclusively with higher order modes, more than 15% of the higher order
modes may be converted to lower order modes.

Some embodiments described herein may alternately or additionally include
mechanically coupling two optical fibers having exposed fiber cores together. In this
regard, Figure 10 shows a flow diagram of an example method 1000 of mechanically
coupling two optical fibers, arranged in accordance with at least some embodiments
described herein. The method 1000 includes various operations, functions, or actions as
illustrated by one or more of blocks 1002 and/or 1004. The method 1000 may begin at
block 1002.

In block 1002 (“Position A First Distal End Of A First Exposed Fiber Core Of A
First Optical Fiber In Contact With A Second Distal End Of A Second Exposed Fiber
Core Of A Second Optical Fiber”), a first distal end of a first exposed fiber core may be
positioned in contact with a second distal end of a second exposed fiber core of a second
optical fiber. Block 1002 may be followed by block 1004.

In block 1004 (“Fuse The First Distal End With The Second Distal End”), the first distal
end may be fused with the second distal end. The first and second distal ends may be
fused by melting the first and second distal ends together in some embodiments.

In some embodiments, the method 1000 of Figure 10 may additionally include, prior to
the fusing, aligning an optical axis of the first distal end with an optical axis of the second
distal end such that the optical axis of the first distal end and the optical axis of the second
distal end are substantially coaxial.

Alternately or additionally, fusing the first distal end with the second distal end
may form a fused region. The method 1000 may further include forming a mode-
conversion reflector that surrounds at least a portion of the fused region. The mode-
conversion reflector may include the mode-conversion reflector 808 of Figure 8, for
example.

The method 1000 may be combined with either or both of the methods 600, 610 of
Figures 6A and 6B and/or variations thereof. For example, the method 1000 may further
include forming each of the first and second optical fibers with the first and second
exposed fiber cores ab initio, embodiments of which are described with respect to Figures
6A and 6B. The forming each of the first and second optical fibers with the first and
second exposed fiber cores ab initio may include, for the first optical fiber: forming the

first exposed fiber core; forming a first unexposed fiber core after forming the first
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exposed fiber core, where the first unexposed fiber core is formed continuous with the
first exposed fiber core; and forming a first cladding layer surrounding the first
unexposed fiber core, where the first cladding layer and the first unexposed fiber core
form a clad portion from which the first exposed fiber core extends. Alternately or
additionally, the method 1000 may further include determining a target length of the first
exposed fiber core prior to forming the first exposed fiber core, where forming the first
exposed fiber core includes forming the first exposed fiber core having a length
substantially equal to the target length.

Figure 11 illustrates an example operating environment 1100 in which an optical
fiber 1102 with an exposed fiber core 1104 may be implemented, arranged in accordance
with at least some embodiments described herein. The optical fiber 1102 with the exposed
fiber core 1104 may be formed according to methods described herein, such as the
methods 600 and 610 of Figures 6A and 6B.

The exposed fiber core 1104 may be coupled to a waveguide structure 1106
including a waveguide channel 1108. The waveguide channel 1108 may have a relatively
small diameter, such as a diameter on the order of a diameter of the exposed fiber core
1104. The absence of a cladding layer around the exposed fiber core 1104 may make it
relatively easier to ensure optical alignment between the exposed fiber core 1104 and the
waveguide channel 1108.

The waveguide channel 1108 may include branches 1108A and 1108B and may
be formed in a substrate 1110. An isolation layer 1112 may be formed on the substrate
1110 over the waveguide channel 1108. The isolation layer 1112 may include transparent
polytetrafluoroethylene (PTFE) or other suitable material. A window 1114 may be
formed in the isolation layer 1112. A gold film 1116 may be formed on the substrate 1110
over a portion of the branch 1108B of the waveguide channel 1108.

The optical fiber 1102 and waveguide structure 1106 may collectively form a
biosensor. In operation, a biological sample may be communicatively coupled to the gold
film 1116 and light supplied through the optical fiber 1102 may be coupled into the
waveguide channel 1108, where it is split between the branches 1108A and 1108B.

A first portion of the light may be output from the branch 1108A as a reference
signal 1118A. A second portion of the light may be output from the branch 1108B as a
sample signal 1118B. The reference signal 1118A and the sample signal 1118B may be
collectively referred to as out-coupled light 1118. The out-coupled light 1118 from ends

of the branches 1108A and 1108B may be emitted onto a screen or imaging detector, such
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as a charge-coupled device (CCD), where the out-coupled light 1118 may create an
interference pattern from the reference signal 1118A and the sample signal 1118B
interfering with each other.

The reference signal 1118A in the branch 1108A of the waveguide channel 1108
may be unaffected by the biological sample in contact with the gold film 1116. In
contrast, propertiecs or characteristics of the biological sample may ultimately alter
transmissivity or other properties or characteristics of the branch 1108B such that the
sample signal 1118B may have a different light propagation (e.g., phase change) than the
reference signal 1118A. For example, the branch 1108B may experience a change of a
refractive index (RI)—or An—in a region probed by an evanescent field that has been
caused by the gold film 1116. The difference can be determined from the interference
pattern created on the screen or imaging detector.

The present disclosure is not to be limited in terms of the particular embodiments
described herein, which are intended as illustrations of wvarious aspects. Many
modifications and variations can be made without departing from its spirit and scope, as
will be apparent to those skilled in the art. Functionally equivalent methods and
apparatuses within the scope of the disclosure, in addition to those enumerated herein,
will be apparent to those skilled in the art from the foregoing descriptions. Such
modifications and variations are intended to fall within the scope of the appended claims.
The present disclosure is to be limited only by the terms of the appended claims, along
with the full scope of equivalents to which such claims are entitled. It is to be understood
that the present disclosure is not limited to particular methods, reagents, compounds,
compositions, or biological systems, which can, of course, vary. It is also to be
understood that the terminology used herein is for the purpose of describing particular
embodiments only, and is not intended to be limiting.

With respect to the use of substantially any plural and/or singular terms herein,
those having skill in the art can translate from the plural to the singular and/or from the
singular to the plural as is appropriate to the context and/or application. The various
singular/plural permutations may be expressly set forth herein for sake of clarity.

It will be understood by those within the art that, in general, terms used herein,
and especially in the appended claims (e.g., bodies of the appended claims) are generally
intended as “open” terms (e.g., the term “including” should be interpreted as “including
but not limited to,” the term “having” should be interpreted as “having at least,” the term

“includes” should be interpreted as “includes but is not limited to,” etc.). It will be
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further understood by those within the art that if a specific number of an introduced claim
recitation is intended, such an intent will be explicitly recited in the claim, and in the
absence of such recitation no such intent is present. For example, as an aid to
understanding, the following appended claims may contain usage of the introductory
phrases "at least one" and "one or more" to introduce claim recitations. However, the use
of such phrases should not be construed to imply that the introduction of a claim
recitation by the indefinite articles "a" or "an" limits any particular claim containing such
introduced claim recitation to embodiments containing only one such recitation, even
when the same claim includes the introductory phrases "one or more" or "at least one”
and indefinite articles such as “a” or “an” (e.g., “a” and/or “an” should be interpreted to
mean “at least one” or “one or more”); the same holds true for the use of definite articles
used to introduce claim recitations. In addition, even if a specific number of an introduced
claim recitation is explicitly recited, those skilled in the art will recognize that such
recitation should be interpreted to mean at least the recited number (e.g., the bare
recitation of “two recitations,” without other modifiers, means at least two recitations, or
two or more recitations). Furthermore, in those instances where a convention analogous to
“at least one of A, B, and C, etc.” is used, in general such a construction is intended in the
sense one having skill in the art would understand the convention (e.g., “a system having
at least one of A, B, and C” would include but not be limited to systems that have A
alone, B alone, C alone, A and B together, A and C together, B and C together, and/or A,
B, and C together, etc.). In those instances where a convention analogous to “at least one
of A, B, or C, etc.” is used, in general such a construction is intended in the sense one
having skill in the art would understand the convention (e.g., “ a system having at least
one of A, B, or C” would include but not be limited to systems that have A alone, B
alone, C alone, A and B together, A and C together, B and C together, and/or A, B, and C
together, etc.). It will be further understood by those within the art that virtually any
disjunctive word and/or phrase presenting two or more alternative terms, whether in the
description, claims, or drawings, should be understood to contemplate the possibilities of
including one of the terms, either of the terms, or both terms. For example, the phrase “A
or B” will be understood to include the possibilities of “A” or “B” or “A and B.”

In addition, where features or aspects of the disclosure are described in terms of

Markush groups, those skilled in the art will recognize that the disclosure is also thereby

described in terms of any individual member or subgroup of members of the Markush

group.
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As will be understood by one skilled in the art, for any and all purposes, such as in
terms of providing a written description, all ranges disclosed herein also encompass any
and all possible sub ranges and combinations of sub ranges thereof. Any listed range can
be easily recognized as sufficiently describing and enabling the same range being broken
down into at least equal halves, thirds, quarters, fifths, tenths, etc. As a non-limiting
example, each range discussed herein can be readily broken down into a lower third,
middle third and upper third, etc. As will also be understood by one skilled in the art all

2% ¢

language such as “up to,” “at least,” and the like include the number recited and refer to
ranges which can be subsequently broken down into sub ranges as discussed above.
Finally, as will be understood by one skilled in the art, a range includes each individual
member. Thus, for example, a group having 1-3 cells refers to groups having 1, 2, or 3
cells. Similarly, a group having 1-5 cells refers to groups having 1, 2, 3, 4, or 5 cells, and
so forth.

From the foregoing, it will be appreciated that various embodiments of the present
disclosure have been described herein for purposes of illustration, and that various
modifications may be made without departing from the scope and spirit of the present

disclosure. Accordingly, the various embodiments disclosed herein are not intended to be

limiting, with the true scope and spirit being indicated by the following claims.
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CLAIMS
What is claimed is:

1. A fiber bundle comprising:

a first optical fiber that has a first clad portion and a first exposed fiber core that
extends from the first clad portion;

one or more second optical fibers that each have a second clad portion and a
second exposed fiber core that extends from the second clad portion, wherein each second
clad portion is arranged substantially parallel to the first clad portion;

a condensed region in which a first distal end of the first exposed fiber core is
arranged substantially parallel to a second distal end of each second exposed fiber core,
wherein adjacent distal ends in the condensed region have a first center-to-center spacing;
and

a non-condensed region that includes the first clad portion and the one or more
second clad portions, wherein adjacent clad portions in the non-condensed region have a
second center-to-center spacing that is greater than the first center-to-center spacing.

2. The fiber bundle of claim 1, wherein the first center-to-center spacing is

less than a diameter of the first clad portion of the first optical fiber.

3. The fiber bundle of claim 1, wherein the first center-to-center spacing is
approximately equal to a core diameter of the first exposed fiber core of the first optical
fiber.

4. The fiber bundle of claim 1, wherein the first center-to-center spacing is
between approximately 10 micrometers and approximately 100 micrometers, and the
second center-to-center spacing is between approximately 150 micrometers and 500
micrometers.

5. The fiber bundle of claim 4, wherein the first center-to-center spacing is
about 50 micrometers and the second center-to-center spacing is about 250 micrometers.

6. The fiber bundle of claim 1, wherein a length of each second exposed fiber
core depends on a lateral displacement between a center of each corresponding second
clad portion and a center of each corresponding second distal end.

7. The fiber bundle of claim 6, wherein the length of each second exposed

172

fiber core is greater than or equal to 4-R-asin[0.5(D/R) ], where R is a minimum bend

radius of the corresponding second optical fiber, asin is an inverse sine function, and D is
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the lateral displacement between the center of each corresponding second clad portion
and the center of each corresponding second distal end.

8. The fiber bundle of claim 1, further comprising a ferrule that secures the
adjacent distal ends in the condensed region at the first center-to-center spacing.

9. The fiber bundle of claim 1, wherein:

the first optical fiber further includes a first mode stripper layer that surrounds at
least a portion of the first exposed fiber core; and

cach of the one or more second optical fibers further includes a second mode
stripper layer that surrounds at least a portion of the corresponding second exposed fiber
core.

10. The fiber bundle of claim 1, wherein:

the first optical fiber further includes a first mode-conversion reflector that
surrounds at least a portion of the first exposed fiber core; and

cach of the one or more second optical fibers further includes a second mode-
conversion reflector that surrounds at least a portion of the corresponding second exposed
fiber core.

11. The fiber bundle of claim 10, wherein each of the first mode-conversion
reflector and the second mode-conversion reflector comprises a diffuse reflector.

12. The fiber bundle of claim 1 implemented in an optical assembly
comprising the fiber bundle and an array of source emitters arranged to emit optical
signals into the first distal end of the first exposed fiber core and the second distal end of
cach second exposed fiber core, wherein adjacent source emitters in the array of source
emitters are spaced at a nominal pitch substantially equal to the first center-to-center
spacing.

13. The fiber bundle of claim 12, wherein:

a sum of a diameter of each source emitter in the array of source emitters and a
lateral position tolerance of each source emitter is less than a diameter of each of the first
exposed fiber core and each second exposed fiber core;

a refractive index of each of the first exposed fiber core and each second exposed
fiber core is greater than or equal to 1.34; and

a distance between a light emission surface of each source emitter and a light
entrance surface of each corresponding distal end is less than or equal to a threshold
distance at which 90% of light emitted by each source emitter is incident on each

corresponding light entrance surface of each corresponding distal end.
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14. A method of forming an optical fiber, the method comprising:

forming an exposed fiber core;

forming an unexposed fiber core after forming the exposed fiber core, wherein the
unexposed fiber core is formed continuous with the exposed fiber core; and

forming a cladding layer surrounding the unexposed fiber core,

wherein the cladding layer and the unexposed fiber core form a clad portion from
which the exposed fiber core extends.

15.  The method of claim 14, further comprising:

feeding core material into a first crucible chamber of a double crucible to form the
exposed fiber core and the unexposed fiber core;

feeding cladding layer material into a second crucible chamber of the double
crucible to form the cladding layer; and

separately controlling the feeding of core material into the first crucible chamber
and the feeding of cladding layer material into the second crucible chamber to form the
exposed fiber core prior to forming the cladding layer.

16.  The method of claim 14, further comprising determining a target length of
the exposed fiber core prior to forming the exposed fiber core, wherein forming the
exposed fiber core includes forming the exposed fiber core having a length substantially
equal to the target length.

17.  The method of claim 16, wherein the determining is based on an expected
lateral displacement between a center of the clad portion and a center of a distal end of
the exposed fiber core when the optical fiber is assembled in a fiber bundle having a
condensed region with a plurality of distal ends of a plurality of optical fibers and a non-
condensed region with a plurality of clad portions of the plurality of optical fibers.

18.  The method of claim 17, wherein the determining includes calculating the
target length according to 4-R-asin[0.5(D/R)"?], where R is a minimum bend radius of the
optical fiber, asin is an inverse sine function, and D is the expected lateral displacement
between the center of the clad portion and the center of the distal end of the exposed fiber
core.

19.  The method of claim 14, further comprising forming a mode stripper layer
that surrounds at least a portion of the exposed fiber core.

20.  The method of claim 14, further comprising forming a mode-conversion

reflector that surrounds at least a portion of the exposed fiber core.
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21. A method of mechanically coupling two optical fibers, the method
comprising:

positioning a first distal end of a first exposed fiber core of a first optical fiber in
contact with a second distal end of a second exposed fiber core of a second optical fiber;
and

fusing the first distal end with the second distal end.

22.  The method of claim 21, further comprising, prior to the fusing, aligning
an optical axis of the first distal end with an optical axis of the second distal end such that
the optical axis of the first distal end and the optical axis of the second distal end are
substantially coaxial.

23.  The method of claim 21, further comprising forming each of the first and
second optical fibers with the first and second exposed fiber cores ab initio.

24.  The method of claim 23, wherein the forming each of the first and second
optical fibers with the first and second exposed fiber cores ab initio comprises, for the
first optical fiber:

forming the first exposed fiber core;

forming a first unexposed fiber core after forming the first exposed fiber core,
wherein the first unexposed fiber core is formed continuous with the first exposed fiber
core; and

forming a first cladding layer surrounding the first unexposed fiber core,

wherein the first cladding layer and the first unexposed fiber core form a clad
portion from which the first exposed fiber core extends.

25.  The method of claim 24, further comprising determining a target length of
the first exposed fiber core prior to forming the first exposed fiber core, wherein forming
the first exposed fiber core includes forming the first exposed fiber core having a length
substantially equal to the target length.

26.  The method of claim 21, wherein fusing the first distal end with the second
distal end forms a fused region, the method further comprising forming a mode-
conversion reflector that surrounds at least a portion of the fused region.

27. A fiber bundle comprising:

a first optical fiber having a first clad portion and a first exposed fiber core that
extends from the first clad portion, the first exposed fiber core having a first distal end;

and
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second optical fibers arranged around the first optical fiber,

wherein each second optical fiber has a second clad portion and a second exposed
fiber core that extends from the second clad portion, each of the second exposed fiber
cores having a corresponding second exposed fiber core length,

and wherein:

cach second exposed fiber core includes a bend region in which the corresponding
second exposed fiber core is displaced by a corresponding displacement distance towards
the first exposed fiber core;

the fiber bundle includes second optical fibers having different displacement
distances; and

for each second optical fiber, the corresponding second exposed fiber core length
is correlated with the displacement distance.

28. The fiber bundle of claim 27, wherein:

each second clad portion is substantially parallel to the first clad portion;

cach second exposed fiber core has a second distal end; and

the first distal end of the first exposed fiber core is substantially parallel to the
second distal end of each second exposed fiber core.

29.  The fiber bundle of claim 28, further comprising a ferrule that secures
adjacent ones of the first distal end of the first exposed fiber core and second distal ends
of the second exposed fiber core at a center-to-center spacing less than a clad diameter of
the first clad portion of the first optical fiber.

30.  The fiber bundle of claim 27, wherein each second exposed fiber core

length is greater than or equal to 4-R-asin[0.5(D/R)"

], where R is a minimum bend radius
of the second optical fiber, asin is an inverse sine function, and D is the displacement
distance.

31. A method of producing an optical fiber using a double crucible, the double
crucible having a first crucible chamber and a second crucible chamber surrounding the
first crucible chamber, the first crucible chamber having a first output, the second crucible
chamber having a second output, the method comprising:

core feeding a core feed material into the first crucible chamber;

cladding feeding a cladding feed material into the second crucible chamber; and

time modulating the cladding feeding to produce the optical fiber,

wherein:

the optical fiber has a core comprising the core feed material;
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the optical fiber has a cladding comprising the cladding feed material; and

the optical fiber has a spatially-modulated cladding structure arising from time
modulating the cladding feeding.

32. The method of claim 31, wherein the spatially-modulated cladding
structure includes an exposed core region having no cladding.

33. The method of claim 31, wherein:

time modulating the cladding feeding includes varying a composition of the
cladding feed material,

wherein the spatially-modulated cladding structure includes a spatially-varying
cladding composition arising from varying the composition of the cladding feed material.

34.  The method of claim 31, further including time modulating the core
feeding, including varying a core composition of the core feed material.

35.  An optical assembly, including:

a plurality of transducers, having a transducer spacing between a first transducer
and a second transducer of the plurality of transducers; and

a fiber bundle including a first optical fiber that has a first clad portion and a first
exposed fiber core that extends from the first clad portion, and a second optical fiber that
has a second clad portion and a second exposed fiber core that extends from the second
clad portion, wherein the second clad portion is substantially parallel to the first clad
portion,

wherein the fiber bundle includes:

a condensed region in which a first distal end of the first exposed fiber core is
arranged substantially parallel to a second distal end of the second exposed fiber core,
wherein the first distal end and the second distal end have a first center-to-center spacing;
and

a non-condensed region that includes the first clad portion and the second clad
portion, wherein the first clad portion and the second clad portion in the non-condensed
region have a second center-to-center spacing,

wherein the second center-to-center spacing is greater than the first center-to-
center spacing, and

the first center-to-center spacing is approximately equal to the transducer spacing.

36.  The optical assembly of claim 35, wherein each of the plurality of

transducers is optically coupled to a selected optical fiber of the fiber bundle, wherein the
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first distal end is optically coupled to the first transducer, and the second distal end is
optically coupled to the second transducer.
37.  The optical assembly of claim 35, wherein the plurality of transducers
includes a plurality of source emitters.
5 38.  The optical assembly of claim 35, wherein the plurality of transducers
includes a laser.
39.  The optical assembly of claim 35, wherein the plurality of transducers

includes an optical detector.
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core, a condensed region, a first distal end of the first exposed fiber core, a second distal end of each second exposed fiber core, a first
center-to-center spacing, a non-condensed region, adjacent clad portions, a second center-to-center spacing that Groups |l and 1ll do
not have. Group |l has at least a forming a cladding layer around the unexposed core and continuity between the cores that Groups |
and 11l do not have. Group Ili has at least a time modulating the material, and a spatially-modulated cladding structure that Groups | and
Il do not have.

The common technical features of Groups I-1!l are at least an exposed core, an unexposed core, and cladding. These common features
are disclosed by US 6,487,349 B2 to Wach, et al. (hereinafter "Wach). Wach discloses an exposed core, an unexposed core, and
cladding (center fiber 6575 (unexposed core) is partially stripped of its casing 6350 and cladding 6330 (cladding) to create a bare
segment to expose the core 6510 (exposed core); figures 63, and 65; column 50, lines 13-55, and column 55, line 45 to column 56, line
7).

Since the common technical feature is previously disclosed by the Wach reference, these common features are not special and so
Groups -1l lack unity.
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