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ANTI-RESONANT HOLLOW-CORE FIBERS FEATURING SEGMENTED
INTERIOR CAVITIES AND NESTED ANTI-RESONANT STRUCTURES

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims the banafit of U.S. Provisional Application Serial
Number §3/470,560 filed on June 2, 2023, and U.8. Non-Provisional Patent
Application Number 18/731,743 filed on June 3, 2024; both of which are incorporated

herein by reference in the entirety.

TECHNICAL FIELD

[06e02] The present disclosure relates generally to optical fiber designs and, more

particularly, to designs of anti-resonant hollow core fibers.

BACKGROUND

[8003] Anti-resonant (AR) hollow core fibers have the potential {6 replace solid-core
standard silica fibers in a wide range of applications, ncluding many
ielecommunication applications. Many of these applications require fibers that have
attenuation losses comparable {o state-of-the-art silica single-mode fibers and operate
in a broadband range {i.e. low losses for a wide range of wavelengths). There is
tharefore a need to develop systems and methods for dasigning and manulfacturing

AR hollow core fibers.

SUMMARY

[8e84] In embodiments, the fechnigues described herein relate o an oplical fiber
ncluding a cladding structure extending along a fiber length providing a hollow interior
fiber region; and a plurality of antiresonant (AR) elemenis distributed within the holiow
intarior fiber region, each of the plurality of AR elements formed as walled structures
with walls extending along the fiber length, where at least some of the pluraiity of AR
glements are nested to form one or more nasted sets of AR slements, where at igast
one of the nested sets of AR elements includes a first AR element of the plurality of

AR slaments, where an interior region of the first AR elemeant s segmented into two
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or more interior cavities by one or more segmentation walls extending along the fiber
length, where at least one of the two or more interior cavities of the first AR element
nciudes two or more second AR elements of the pluraiity of AR elemeants, where the
plurality of AR elements is configured o guide light along the fiber length at least

partiaily within the hollow intenior fiber region basead on optical antiresonance.

[0005] In embodiments, the techniques describad herain relate o an optical fiber,

where the two or more interior cavities have non-circular cross-sectional shapes.

[seos] In embodiments, the techniques describaed herein relate to an optical fiber,
where a ratio of a cross-sectional area of each of the two or more interior cavities
relative 10 a cross-sectional area of the interior region of the first AR element is greater

than or equal 10 a selected threshoid.

(00071 In embodiments, the technigues described herein relate o an oplical fiber,

where the selected threshold expressed as a percentage is 10%.

[0008] In embodiments, the techniques describad herain relate o an optical fiber,
where a relative circumferential distance associated with a ratio between a separation
distance of endpoints of any of the one or more segmentation walls along a
circumference of the first AR element {o the circumference of the first AR slement is

greater than or egual to a selected threshold.

[0009] In embodiments, the technigues described herein relate {0 an optical fiber,

where the selected threshold expressed as a percentage is 10%.

[s018] In embodiments, the techniques describaed herein relate to an optical fiber,
where at least one of the one or more segmentation walls is another AR slement that
contributes to the guiding of the light along the fiber length at least partially within the

hollow interior fiber region based on optical antiresonance.

00111 In embodiments, the technigues described herein relate o an oplical fiber,
where at least one of the plurality of AR elements includes one or more support
structures formed as at least a portion of at least one of the walls of at least one of the
plurality of AR elements, where the one or more support structures have non-uniform

thickness profiles.
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{0012 In embodiments, the techniques describaed herein relate to an optical fiber,
where the interior region of the first AR element is segmented into three or mors

interior cavities by two or more segmentation walls extending along the fiber length.

[8813] In embodiments, the techniques described herein relate 1o an optical fiber,
further including one or more third AR elements nested within an interior cavity at least

one of the two or more sacond AR slements.

(00141 In embodiments, the technigues described herein relate {0 an oplical fiber,
further including one or more third AR elements nested within an interior cavity of at

least one of the two or mora second AR slemeants.

[8015] In embodiments, the techniques described herein relate o an oplical fiber,

further including one or more additional structures connected to the cladding structure.

[pe18] In embodiments, the techniques described herein relate 1o an optical fiber,
where at least one of the one or more nested sets of AR elemeants is connected to at

least one of the one or morea additional structures.

00171 In embodiments, the techniques describad herain relate o an optical fiber,

where the cladding structure is formed from two or more layers of material.

[0018] In embodiments, the techniques describaed herein relate to an optical fiber,
further inciuding one or more perimeter structures between the cladding structure and

at least one of the plurality of AR elements.

[0018] In embodiments, the technigues described herein relate o an optical fiber,
whera the one or more nested sets of AR slements include two or more nested seats
of AR elements uniformly distributed around a perimeter of the hollow interior fiber

region.

(60281 In embodiments, the fechniques described herein relate to an optical fiber,
whare the one or more nested sets of AR slements include two or more nested sels
of AR elements non-uniformly distributed around a perimeter of the hollow interior fiber

region.
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[0021] In embodiments, the fechniques describaed herein relate to an optical fiber,
where the one or more nested sets of AR slements include two or more nested sels

of AR elements with a common design.

[pez2] In embodiments, the techniques described herein relate 1o an optical fiber,
where at least one of the one or more nested sets of AR elements includes a first set
of AR elements having a first design; and a second set of AR elements having a

second design.

{00231 In embodiments, the techniques describaed herein relate to an optical fiber,

where the cladding structure is formed from two or more lavers of material.

[8624] In embodiments, the techniques described herein relate o an oplical fiber,
where the cladding structure is formed from two or more layers of material, where the
cladding structure further includes one or more additional structures between at least

two of the two or more layers of the material.

[eo2s] In embodiments, the techniques describad herain relate o an optical fiber,

where the hollow interior fiber region is filled with a gas.

[602s8] In embodiments, the fechniques described herein relate to an optical fiber,

where the hollow interior fiber region is under vacuum.

(80271 In embodiments, the fechnigues described herein relate o an oplical fiber
ncluding a cladding structure extending along a fiber length providing a hollow interior
fiber region; and a plurality of antiresonant (AR) elemenis distributed within the holiow
intarior fiber region, each of the plurality of AR elements formed as walled structures
with walls extending along the fiber length, where at least some of the plurality of AR
glements are nested to form one or more nasted sets of AR slements, where at igast
one of the nested sets of AR elements includes a first AR element of the plurality of
AR slaments, where an interior region of the first AR elemeant s segmented into two
or more interior cavities by one or more segmentation walls exiending along the fiber
tength, whare each one of the two or more interior cavities of the first AR slement
includes one or more second AR elements of the plurality of AR elements, where the
plurality of AR elements is configured o guide light along the fiber length at least

partially within the hollow interior fiber region based on optical antiresonance.
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{00281 In embodiments, the techniques describaed herein relate to an optical fiber,

where the two or more interior cavities have non-circular cross-sectional shapes.

[6028] In embodiments, the fechniques described herein relate to an optical fiber,
whare a ratio of a cross-sectional area of each of the two or more interior cavities
relative 10 a cross-sectional area of the interior region of the first AR element is greater

than or equal 10 a selected thrashold.

[0030] In embodiments, the technigues described herein relate {0 an optical fiber,

where the selected threshold expressed as a percentage is 10%.

[0031] In embodiments, the techniques describaed herein relate to an optical fiber,
where a relative circumferential distance associated with a ratio between a separation
distance of endpoints of any of the one or more segmentation walls along a
circumference of the first AR element io the circumference of the first AR element is

greater than or equal to a selected threshold.

[0032] In embodiments, the techniques describad herein relate o an optical fiber,

where the selecled threshold expressed as a percentage is 10%.

60331 In embodiments, the fechniques described herein relate to an optical fiber,
where at least one of the one or more segmentation walls is another AR slement that
contributes to the guiding of the light along the fiber length at least partially within the

hollow interior fiber region based on optical antiresonance.

(00341 In embodiments, the technigues described herein relate {0 an optical fiber,
where at least one of the plurality of AR elements includes one or more support
structures formed as at least a portion of at least one of the walls of at least one of the
plurality of AR elements, whera the one or mora support structures have non-uniform

thickness profiles.

[0035] In embodiments, the technigues described herein relate o an oplical fiber,
where the interior region of the first AR slement is segmentad info three or more

interior cavities by two or more segmentation walls extending along the fiber length.
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[0038] In embodiments, the techniques describaed herein relate to an optical fiber,
further including one or more third AR elements nested within an interior cavily at least

ong of the one or more sacond AR slaments.

(82377 In embodiments, the techniques described herein relate 1o an optical fiber,
further including one or more third AR elements nested within an interior cavity of at

least one of the one or mora second AR elemants.

[0038] In embodiments, the technigues described herein relate {0 an optical fiber,

further including one or more additional structures conneacted to the cladding structure.

{00391 In embodiments, the techniques describaed herein relate to an optical fiber,
where at least ona of the one or more neasted sets of AR slements is connected to at

least one of the one or more additional structures.

[0e48] In embodiments, the techniques described herein relate 1o an optical fiber,

where the cladding structure is formed from two or more layers of material

(00411 In embodiments, the technigues described herein relaie o an oplical fiber,
further inciuding one or more perimeater structures between the cladding structure and

at least one of the plurality of AR elements.

{00421 In embodiments, the techniques describaed herein relate to an optical fiber,
whare the one or more nested sets of AR slements include two or more nested sels
of AR elements uniformly distributed around a perimeter of the hollow interior fiber

region.

[0043] In embodiments, the technigues described herein relate {0 an optical fiber,
where the one or more nested sets of AR slements include two or more nested sets
of AR elements non-uniformly distributed around a perimeter of the hollow interior fiber

ragion.

[0e44] In embodiments, the techniques described herein relate 1o an optical fiber,
where the one or more nested sets of AR elements include two or more nested sets

of AR elements with a common design.



WO 2024/250008 PCT/US2024/032269

[0045] In embodiments, the techniques describaed herein relate to an optical fiber,
where at least one of the one or more nestad sets of AR elements inciudes a first set
of AR elements having a first design, and a second set of AR selements having a

second design.

[0048] In embodiments, the technigues described herein relaie o an oplical fiber,

where the cladding structure i1s formed from two or maore layers of matenal

(00471 In embodiments, the technigues described herein relate (o an optical fiber,
where the cladding structure is formed from two or more layers of material, where the
cladding structure further includes one or more additional structures between at least

two of the two or more layers of the material.

[0048] In embodiments, the technigues described herein relate o an optical fiber,

where the hollow interior fiber region is filled with 3 gas.

(00491 In embodiments, the technigues described herein relate o an oplical fiber,

where the holiow interior fiber region is under vacuum.

[00s80] i s to be understood that both the foregoing general description and the
foliowing detailed description are exemplary and explanalory only and are not
necessarily restrictive of the invention as claimed. The accompanying drawings, which
are incorporated in and constitute a part of the specification, illustrate embodiments of
the invention and {ogsther with the general description, serve to explain the principles

of the invention.

BRIEF DESCRIPTION OF DRAWINGS

[0081] The numerous advaniages of the disclosure may be better understood by those

skilled in the art by reference 1o the accompanying figures.

[oes2; FiG. 1A is a simplified cross-section of an AR-HCF | in accordance with one or

more embodiments of the present disclosure.

[oos53; FIG. 1B is a cross-sectional view of an AR-HCF with elliptical AR elements, in

accordance with one or morg embodiments of the present disclosure.
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[oes4; FiG. 10 is a cross-sectional view of one design of an AR-HCF, in accordance

with one or more embodiments of the present disclosure.

[ooss} FIG. 1D is a cross-sectional view of one design of an AR-HCF, in accordance

with one or morg embodiments of the present disclosure.

[oossl FIG. 1E is a cross-sectional view of one design of an AR-HCF, in accordance

with one or more embodiments of the present disclosure.

100571 FiG. 1F is a cross-sectional view of one design of an AR-HCF, in accordance

with one or more embodiments of the present disclosure.

[0osg] FiG. 24 is a cross-sectional view of an AR-HCF including muitiple
configurations of nested sets of AR elements, in accordance with one or more

ambodiments of the present disclosure.

[oosg] FiG. 2B is a cross-sectional view of one design of an AR-HCF including a
support structurg, in accordance with one or more embodiments of the present

disciosure.

[0080] FiG. 3A is a cross-sectional view of one configuration of an AR-HCF, in

accordance with ong or more embaodiments of the present disclosure.

[oosi} FiG. 3B is a cross-sectional view of one configuration of an AR-HCF, in

accordance with one or more embodiments of the present disclosure.

[oes2; FiG. 3C is a cross-sectional view of one configuration of an AR-HCF, in

accordance with one or more embodiments of the present disclosure.

[pos3y FIG. 3D is a cross-sectional view of one configuration of an AR-HCF, in

accordance with one or more embodiments of the present disclosure.

[0084) FiGG. 4A is a cross-sectional view of one configuration of an AR-HCF, in

accordance with one or more embodiments of the present disclosure.

[0088] FiG. 4B is a cross-sectional view of one configuration of an AR-HCF, in

accordance with ong or more embaodiments of the present disclosure.
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[ooss} FiG. 4C is a cross-sectional view of one configuration of an AR-HCF, in

accordance with one or more embodiments of the present disclosure.

[0087] FIG. 5A is a cross-sectional view of one embodiment of an AR-HCF with a two-
fayer cladding structure, in accordance with one or more embodimants of the present

disciosure.

[po8g8] Fi(z. 5B is a cross-sectional view of one embodiment of an AR-HCF with
multiple cladding structures, in accordance with one or more embodiments of the

present disclosure.

[oes9; FiG. BA is a cross-sectional view of ong embodiment of an AR-HCF with a ring
of perimeter structures around a perimeter of the hollow interior guiding region 104
shaped as tubes, in accordance with one or more embodiments of the present

disciosure.

100701 Fi. 6B is a cross-sectional view of one embodiment of an AR-HCF with a ring
of perimster structures shaped as solid rods, in accordance with one or more

embodiments of the present disclosure.

[oo74} FIG. 6C is a cross-sectional view of one embodiment of an AR-HCF with a ring
of perimeter structures shaped as solid rods with alternating compositions, in

accordance with one or more embodiments of the present disclosure.

[por2] FIG. 6D is a cross-sectional view of one embodiment of an AR-HCF with a first
pattern of perimeter structures, in accordance with one or more embodiments of the

present disclosure.

[oe73) FlG. BE is a cross-sectional view of one embodiment of an AR-HCF with a first
pattern of perimeter structures, in accordance with one or more embodiments of the

presant disclosure.

[0e74] FIG. 6F is a cross-sectional view of one embaodiment of an AR-HCF with a
second pattern of perimeter structures, in accordance with one or more embodiments

of the present disclosure.
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[oers] FlG. 686G is a cross-sectional view of one embodiment of an AR-HCF with
additional structures, each connected to a single element, in accordance with one or

more embodiments of the present discliosure.

[po7sl FIG. 7A Hlustrates a plot of confinement loss for various fiber designs, in

accordance with one or more embodiments of the present disclosure.

100771 FiGG. 7B illustrates cross-sections of the simulated designs in FiG. 7A, in

accordance with one or more embodiments of the present disclosure.

[0078] FiG. 8 is a plot of confinement losses for the fundamental mode and higher-
order modes for an AR-HCF based on the fourth design in FIG. 7, in accordance with

one or more smbodiments of the present disclosure.

(80731 FIG. QA is a cross-sectional view of one embodiment of a preform elemant
associated with the design of nested AR elements dapicted in FIG. 1F, in accordance

with one or more embodiments of the present disclosure.

[0080] FiGG. 9B is a cross-sectional view of one embodiment of the preform element
ncluding notched  alignment  structures within the segmentation structure, in

accordance with one or more embodiments of the present disclosure.

DETAILED DESCRIPTION

[0081] Reference will now be made in detail {0 the subject matter disclosed, which is
Hustrated in the accompanying drawings.  The present disclosure has been
particularly shown and described with respect to certain embodiments and specific
features thereof. The embodiments set forth herein are taken o be illustrative rather
than imiting. 1 should be readily apparent to those of ordinary skill in the art that
various changes and modifications in form and detail may be made without departing

from the spirit and scope of the disclosure.

[0e82] Embodiments of the present disclosure are directed o sysiems and methods
providing anti-resonant hollow-cors fibers (AR-HCF s} with nested sets of antiresonant
(AR} slements, where at least one of the AR elements is segmented {e.g., with

additional walls, segmeniation walls, or the like) into muitiple interior regions, and

10
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where additional AR elements are within any of the interior regions. In some
ambodiments, at least one of the nested sets of AR elements is segmented {0 provide
two or more interior cavities, wherea sach of the interior cavities includes one or more
additional AR elements. In some embodiments, at least one of the nested sets of AR
elemeants is segmentad {o provide two or mora interior cavities, where at least one of

the interior cavities includes two or more {e.g., multiple) additional AR elements.

00831 An AR-HCF may include one or more cladding structures providing a hollow
interior fiber region extending a length of the fiber {e.g., along a fiber length) and
multiple AR slements distributed around the interior fiber region, which forms a hollow
core surrounded by AR slements. Further, such an AR-HCF may have any suitable
size. In some embodiments, the hollow core size of an AR-HCF fiber is between 5X
and 100X the guided wavelength. For example, the hollow core size of an AR-HCF
fiber may be, but is not imited to, 5X, 10X, 20X, 30X, 50X, or 100X the guided

wavelength.

(00841 Any of the AR slements may include walled structures with walis that extend
along the fiber length. For example, the walls of the AR elemaeants and/or the distribution
of the AR elements more generally may provide guiding of light in a central hollow
interior region of the AR-HCF through anti-rescnant optical phenomena it is
contemplated herein that various aspects of the performance of an AR-HCF such as,
but not limited {o, the confinement of light within the interior fiber region may be

impacted by the placement and arrangement of the various AR elements.

[0085] In some embodiments, at least one of the AR elements is segmented to provide
two or more interior cavities. For example, the two or more interior cavities may be
distinct from a hollow interior fiber region in which light is substantialiy guided. In this
way, the two or more interior cavities may each be separalely pressurized during
and/or after fabrication. In general, an AR slement may include any number or design
of interior wails to form any number or design of interior cavities. Further, the interior
cavities may be the same size (e.g., when viewead in cross-section) or different sizes.
Additional AR elements may then be nested within any of these interior cavities and

attached o any of the walls bounding an interior cavity.

11
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[sess] 1t is contemplated herein that segmenting an interior region of an AR element
aenables substantial flexibility in the number, size, and placement of AR slements within
an AR-HCF. Additionally, walls providing the segmentation of an AR slament may
further be AR elements themselves and may thus coniribule to antiresonant guiding
of light inn an AR-HCF.

[o0o87] Referring now to FIGS. 1A-8, systems and methods providing AR-HCFs
including nested AR slements with segmented interior cavities are describead in greater

detail, in accordance with one or more embodiments of the present disclosura.

[oosa} FIG. 1A is a simplified cross-section of an AR-HCF 100, in accordance with one
or more embodiments of the present disclosure. In particular, FIG. 1A depicts a cross-
section of the AR-HCF 100 in an X-Y plane, where a length of the AR-HCF 100
extends along the Z direction {&.¢., a direction along the fiber length). It is 1o be
understood that an AR-HCF 100 may generally be flexible and/or bend such that the
fiber langth need not extend along a straight line. In this way, the cross-sectional view
depicted in FIG. 1A may correspond to a plane orthogonal to the fiber length at any

selecied location.

(0089 In some embodiments, an AR-HCF 100 includes one or more cladding
structures 102 providing a hollow interior guiding region 104 in which light is
substantially guided. For example, FIG. 1A depicts an AR-HCF 100 with a single
cladding structure 102 formed as a circuiar tube. Additional non-limiting varnations of

the cladding structures 102 are described below with respect to FIGS. 4A-4C.

(0030} In some embodiments, an AR-HCF 100 includes multiple AR elements 106
distributed in the hollow intenor guiding region 104 provided by the cladding structures
102, An AR-HCF 100 may generally have any number of AR elements 106 and the
AR-HCF 100 may be avenly or unevenly distributed around a perimeter of the hollow
interior guiding region 104, An AR element 106 may inciude any features providing
anti-resonant properties suitable for guiding light within the holiow interior guiding
region 104 based on optical anti-resonance. For example, an AR slement 108 may
include one or more walls 108 having a thickness and refractive index suitable for

providing anti-resonant properties for at least some wavelengths of interest.

12
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[0091] In some embodiments, an AR element 106 provides a bounded interior cavity
110. Such an interior cavity 110 may be separately pressurized during and/or after
fabrication. In some embadiments, an AR elemeant 1086 is nasted within another AR
glement 108 (e.g., nested within an interior cavity 110 at least partially bounded by
another AR slement 108}, Such nested AR slements 106 may be referred to as a sat
of AR elements 106, a nested set of AR elements 106, or simply as nesied AR
alements 106, Further, any of the AR elements 108 may be spatially isolated from
other AR elements 106, may be in contact with other AR elements 108, or may be

nasted within other AR alements 106,

0082} For example, FIGS. 1A-1F depict cross-sectional views of six non-limiting
configurations of an AR-HCF 100 with five nested sets of AR elements 108 uniformly
distributed around a perimeter of the hollow interior guiding region 104 formed by the
cladding structure 102, in accordance with ong or more embodiments of the present

disciosure.

[0083] In some embodiments, a set of nested AR elements 106 includes a first AR
elemeant 106a (g.q., an outer AR elemeant 1086} including walls 108 arranged to form at
least one interior cavity 110 and further includes one or more second AR slements
1060 (e.q., inner AR slements 106) within any of the interior cavities 110 of the first
AR element 10ca.

[0084] AR elements 106 may generally have any cross-sectional shape. In some
embodiments, an AR element 106 has a closed cross-sectional shape with any
combination of straight or curved sides {e.q., straight or curved walls 108) that form a
bounded interior cavity 110, A closed cross-sectional shape may include, but is not
fimitad {0, a polygon with any number of sides {e.g., a inangle, a square, a pentagon,
a hexagon, a heptagon, an octagon, or the like) or a closed cross-sectional shape with
one or more curved sides (e.9., a circle, an ellipse, or the like). As an dlustration, the
AR elements 106 in FIGS. 1A-1B are depicted with closed cross-sectional shapes

{2.q., circles and/for ellipses).

[6085] In some embodiments, an AR element 106 has an open cross-sectional shape
with any combination of straight or curved sides {e.g., straight or curved walis 108). In

this configuration, a bounded interior cavity 110 may be formed when endpoints of the
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walls 108 contact additional elements such as, but not limited to, a cladding structure
102 or another AR glement 106, For example, an open cross-sectional shape may
nciude, but is not imited {0, a truncated polygon or a truncated shape having one or
more curved sides. As an illusiration, FIGS. 1C-1E and inset 704 of FIG. 7 depict

several designs of AR slements 106 with open cross-sectional shapes.

[oo9s] Various designs of AR elements and AR-HCFs are generally described in U.S.
Patent Application No. 18/662,573 titled ANTI-RESONANT HOLLOW-CORE FIBERS
FEATURING SUPPORT STRUCTURES and filed on May 13, 2024, which is
ncorporated herein by reference in its entirety. An AR element 106 may have any
shape or design depicted in U.S. Patent Application No. 18/662,573.

00971 In some embodiments, a set of nasted AR elements 106 includes one or more
segmentation walls 108-8 that segment a bounded interior region of one of the AR
elements 108 into two or more interior cavities 110, For example, FIGS. 1A-18 depict
canfigurations in which segmentation walls 108-8 divide an interior region of first AR
glements 1062 into two interior cavities 110, where various second AR elements 106b

ara located within one or both of the two interior cavities 110,

[0088] A segmentation wall 108-8 may be straight or curved. For example, FIGS. 14,
1B, 1E, and 1F depict straight segmentation walls 108-8, while FIGS. 1C-1D depict
curved segmentation wails 108-5. A segmentation wall 108-8 may connect to other
walls 108 of an AR element 106 at any locations {0 provide interior cavities 110 of any
sizes or shapes. Further, any number of segmentation walls 108-8 may divide an
intarior region of an AR element 106 into any number of interior cavities 110, In this
way, the depictions of a single segmentation wall 108-5 within each first AR element
108a in FIGS. 1A-1F is mersly llustrative and not imiting on the scope of the present

disciosure.

(00881 A segmentaiton wall 108-S andfor the associated interior cavities 110 formed
by a segemenation wall 108-8 may be charactarized in multiple ways within the spirit

and scope of the present disclosure.

(1007 For example, a segmentation wail 108-8 and/or the associated interior cavities

110 may be described by a shape of the interior cavities 110, In some embodiments,
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a segmentation wall 108-8 divides an interior region of an AR element into interior

cavities 110 with non-circular and/or non-elliptical cross-sectional shapes.

(01011 For example, a segmentation wail 108-8 and/or the associated interior cavities
110 may be described by the cross-sectional areas of the interior cavities. For
instance, FIGS. 1A-1F depict configuraitons in which each segmentation wall 108-8
divides an interior region of first AR elemeant 108a into two interior cavities 110 with
equal cross-sectional area. Put ancther way, a ratio of a cross-sectional area of each
of the interior cavilies 110 relative to a cross-seclional area of all interior cavities 110
within the first AR element 106a combined is 50%. However, this is merely an
Hustration. A segmentation wall 108-8 may divide an interior region of an AR element
106 to provide an interior cavity 110 with any relative cross-sectional area. In some
embodiments, a segmentation wall 108-8 provides interior cavities that each have
relative cross-sectional areas greater than or equal 10 a selectad threshold {e.q,,
greater than or equal to 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, or the like
when expressed as a percentage). it is contemplated herein that providing relatively
large interior cavities 110 {(e.q., interior cavities 110 with relatively large relative cross-
sectional areas) may provide sufficient space for additional nested AR elements 106

within the interior cavities 110.

(01021 As ancther example, a segmentation wall 108-8 and/or the asscciated interior
cavities 110 may be described by a shortest separation distance between endpoinis
of the segmentation wall 108-8 relative to a circumference of an associaled AR
alement 106. As used herein, the term relative circumferential distance refers to a ratic
betweaen a separation of endpoints of a segmentation wall 108-8 as measured along
a circumference of an AR element 106 whose interior region is divided inlo separate
interior cavities by the segmentation wall 108-8 {o a total circumferance of this AR
element 108. For instance, FIGS. 1A-1B depict configuraitons in which each endpoints
of each segmentation wall 108-8 are separated by 50% of the circumferance of the
first AR eslement 106a. However, this is merely an illustration. Endpoints of a
segmentation wall 108-§ may provide any relative circumferential distance. In some
embodiments, endpoints of a segmentation wail 108-8 are separated by a relative

circumferential distance greater than or egual to a selected threshold {e.q., greater
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than or equal io 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, or the ke when

axpressed as a percentage).

{01031 Various designs of nested AR elementis 106 with one or more segmentation
walls 108-5 are now described in greater detaill, in accordance with one or more

embodiments of the present disclosure.

01041 In some embodiments, a set of nested AR elements 106 includes one or more
second AR elements 106b within each of the two or more interior cavities 110 of a first
AR element 106a. For example, each of the nested sels of AR slements 106 in FIG.
1A includes s first AR slement 106a having circular outer walls 108a and a
segmentation wall 108-8 segmenting an interior region of the first AR slement 108a
into two inferior cavities 110 and a single second AR element 106b within each of the

irterior cavities 110,

{1087 However, itis noted that FIG. 1A is meraly Hliusirative and that a first AR element
10G6a may have any number of second AR elements 1060 within any number of interior

cavities 110 genarated by any number of segmentation walls 108-8 with any dasign.

[0108] FIG. 1B is a cross-sactional view of an AR-HCF 100 with slliptical AR elemeants
106, in accordance with one or more embodiments of the present disclosure. In
particular, FIG. 18 is substantially similar to FIG. 14, except that the first AR slements

106a are elliptical rather than circular.

[o1o7] FIGS. 1C-1F illustrate additional non-limiting designs of AR-HCFs 100 in which
nested sets of AR elements 108 including segmentation walls 108-8 splitting an
interior region of first AR elements 106a into two interior cavities 110 and in which
gach interior cavity 110 includes at least one second AR element 106b. FIGS. 1C-1F
further illustrate different designs of segmentations walis 108-8 as well as different

cross-sectional shapes of AR elements 106.

[o108] FIG. 1C is a cross-sectional view of one design of an AR-HCF 100, in
accordance with ong or more embodiments of the present disclosura. In particular,
FIG. 1C depicis a configuration in which first AR elemenis 106a have a closed circular
cross-sectional shape as depicted in FIG. 1A, but where the segmentation walis 108-

S in each set of nested AR elements 106 is curved. Further, one of the second AR
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elements 106b of each nested set of AR elements 106 is connecled to a convex
portion of the curved segmentation wall 108-8. However, this is not a requirement. in
some ambodiments, though not explicitly shown, ong or more AR slemaeants 106 may

be connected to a concave portion of a curved segmentation wall 108-S.

04081 FiG. 1D is a cross-sectional view of one design of an AR-HCF 100, in
accordance with one or more embaodiments of the present disclosure. In particular,
FiG. 1D depicts a configuration in which each sef of nesied AR elemenis 106 includes
a first AR elements 106a have open cross-sectional shapes with endpoints 112
connected to the cladding structure 102 {o form a bounded interior region that is

divided into two interior cavities 110 by a curved segmentation wall 108-5.

[o110] FiG. 1E is a cross-sectional view of one design of an AR-HCF 100, in
accordance with one or more embaodiments of the present disclosure. In particular,
FIG. 1E depicts a configuration in which each set of nesied AR elements 1086 includes
a first AR slements 108a have open cross-sectional shapes with endpoints 112
connecied to the cladding structure 102 fo form a bounded interior region that is

divided into two interior cavities 110 by a straight segmentation wall 108-5.

01111 In some embodiments, a set of nested AR slements 106 includes two or more
second AR elements 106b within at least one of the interior cavities 110 of a first AR
element 1068b. FIG. 1F is a cross-sectional view of one design of an AR-HCF 100, in
accordance with one or more embodiments of the present disclosure. In FIG. 1F, each
of the nested sets of AR elements 106 includes afirst AR slement 106a having circular
outer walls 108a and a segmeniation wall 108-8 segmenting an interior region of the
first AR element 106a into two interior cavities 110 and two second AR elements 106b
within one of the interior cavities 110, Furthar, the other interior cavity 110 in FIG. 1F
is empty, but this is merely an illustration and not limiting on the scope of the present

disciosure,

{01127 The various components of an AR-HCF 100 including, but not limited to, the AR
elements 106 {e.¢., the walls 108} or the cladding structures 102 may be formed from
any suitable material such as, but not limited 1o, a glass or a polymer. For example,
any such components may be formed silica glass, doped silica glass, chalcogenide

glass, fluoride giass, or the like. Further, any such componeants may be undoped or
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doped with one or more dopants. Additionally, an AR-HCF 100 may be formed from a
single material or may have different components formed from different materials. For
axample, an outer wall 108a may be formed from a different malenal than a
segmentation wall 108-8. As another exampie, nested AR elements 106 may be

formed from different materials.

[0113] Additionally, any of the hollow regions of an AR-HCF 100 (s.g., the hollow
intarior fiber region 104, any of the interior cavities 110 of any of the AR elements 106,
or the like) may be under vacuum or filled with any gas at any pressure {(2.g., ambient

air, nitrogen, argon, or any selected compaosition).

[0144] Referring generally fo FIGS. 1A-1F, i is comtemplated heregin that the various
walls 108 that make up any particular AR element 106 or set of nested AR elements
106 (e.g., outer walls 108a andfor segmentation walls 108-8) may have any

combination of thicknesses and may potentially be formed from different materials.

(01151 Further, it is noted that although the various walls 108 depicted in FIGS. 1A-1F
have a substantially uniform thicknass, this is merely illustrative and not limiting. In
some embodiments, at least some of the walis 108 have a non-uniform thickness. i is
also contemplated herein that an AR-HCF 100 nsed not have a uniform distribution of
AR elements 106 {(or sets of AR elements 108) within the hollow interior guiding region
104. In some embodiments, an AR-HCF 100 includes AR elements 106 {or sets of AR

glements 108) with different designs or configurations.

[0148] FIG. 2A is a cross-sectional view of an AR-HCF 100 including multiple
configurations of nested sets of AR elements 106, in accordance with ong or more
embodiments of the present disclosure. In FIG. 24, sach of the nested sets of AR
elements 106 is similar (o those depicted in FIG. 1A, However, the AR-HCF 100 in
FIG. 2A includes two first nestad sets of AR elements 106 with a first design 202a and
four second nested sets of AR elements 106 with a second design 2020, both of which
are shown in a magnifiad view in inset 204, The nested sets of AR alements 106 with
the first design 202a include a first AR slement 106a with an outer wall 108a having a
first thickness {t,) and a segmentation wall 108-8 having a second thickness (¢,). The
nested sets of AR elements 106 with the second design 202b include a first AR

glement 106a with an outer wall 108a having a third thickness {¢;) and a segmentation
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wall 108-5 having the second thickness (¢.). In both casas shown hers, the second

AR eiements 1060k also have the second thickness (i), though this s merely

Hustrative and not a limitation.

[o117] FiG. 2B is a cross-seclional view of one design of an AR-HCF 100 including a
support structure, in accordance with one or more embodiments of the present
disclosure. Support structures are generally describad in U.8. Patent Application No.
18/662,572 filed May 13, 2024, which is incorporated herein by reference in its entirety.
An AR-HCF 100 may include any combination of segmentation walls 108-8 and
support structures such as, but not limited to, support structures described in U.S.
Patent Application No. 18/662,572.

[6118] In some embodiments, at least one of the AR elements 106a in an AR-HCF
100 is connected to one or more support structures, which may extend from the
cladding structure and/or another of the AR elements 106, Such support structures
may or may not provide AR properties directly. For example, a support struciure may
be relatively thick and may thus not operate as an aniiresonant element iself.
However, such a support structure may position ong or more AR elements 106, or
portions thereof, within the AR-HCF 100 to provide desired performance

characteristics.

{01191 A support structure may generally have any shape suitable for positioning an
AR element within an AR-HCF. Further, a support siructure may be located at any
location within an AR-HCF.

[8128] In some embodiments, a support structure extends from one AR element 106
to another. For example, a support structure may exiend from or otherwise be a part
of one or more AR elements 106, For instance, an AR element 106 may have walls
108 with a non-uniform thickness profile (e.49., as measured in a cross-sectional plang
orthogonal to a direction along the fiber length). In this configuration, a support
structure may be formed as a relatively thick portion of the walls 108 of an AR element
106, H is contempiated herein that such a configuration may be suitable for, but not
imited to, posittioning a nesiad AR element 106 within an interior region of ancther AR

slement 106.
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[0121] Further, various classes of support struciures are contempiated hergin. These
classes may distinguish support structures based on properties such as, but not imited
to, location within an AR-HCF 100, connections o additional elemeants with an AR-
HCF 100, structural properties, and/or optical properties (e.g., antiresonant properties,

resonant properties, a number of nodes, or the Iike).

1221 For example, numerical designations {e.q., Class 1, Class 2, or the like) may
be used herein to identify g location of a support structure within an AR-HCF 100. Put
another way, numerical designations may identify additional slements in an AR-HCF
100 that a support structure may cortact or otherwise be integrated with. As an
Hlustration, a Class 1 support structure may be located within an interior portion of an
AR element 106. As ancther iliusiration, a Class 2 support siructure may be located

between an AR element 106 and an interior wall of a cladding structure 102.

[0123] Alphabetic designations (e.g., Class A, Class B, or the like) may be used herein
to identify a degres of integration betweean a support structure {(or a portion thersof}
and another element in an AR-HCF 100 {(e.g., an AR element 106, a cladding structure
102, or the like). As an illustration, a Class A integration may include an extended
integration region (e.¢., an extended touchpoint, an extended node, or the like) region
with another element in an AR-HCF. As another illustration, a Class B integration may
include multiple integration regions (g.g., mulliple touchpoints, multiple nodes, or the
like) with ancther element in an AR-HCF. For example, a support structure may have
notches or "Y' grooves providing multiple infegration regions {e.g., multiple
touchpoints) with ancther element (a.¢., an AR slement, a cladding structure, or the
fike). The use of mulliple integration regions may provide various benefits including,
but not limited to, providing robust alignment of elements within the AR-HCF 100, and
providing high manufacturing tolerance and stability throughout the fiber-fabrication
process as well as deployment. As another illustration, a Class C integration may
nciude a single spatially-iimited integration region {e.¢., a single touchpoint, a single

node, or the like).

(01241 Numerical and alphabetic designations may be combined into alphanumeric
designations o describe support structures with particular properties. As an

Hustration, a Class 1A support structure may be located in an interior region of an AR
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element 106 and further be integrated {o the AR element 1086 along an exiended

integration ragion.

[0125] Further, a support structure may integrate with multiple additional elements with
different degrees of integration. As an illustration, a Class 1 support structure within
an interior region of a first AR element 106a {e.g., an ouier AR element) may have a
Class A integration with the first AR element 1068a and a Class B integration with a

second AR element 108b (e.q., an inner AR slement).

[o128] It is contemplated herein that nomenclature used herein to separataly describe
AR elements 106 and support structures as separate elements is merely illustrative
and should not be interpreted as imiting the scope of the present disclosure. For
example, the various elements of a fabricated AR-HCF 100 {e.g., AR elemsents 106,
cladding structures 102, support structures, and the like) may be fused together into a
continuous fiber structure with a designed cross-sectional profile. In this way, the use
of separate nomenclature herein to describe different aspects of the cross-sectional
profile is merely for convenience of description. For example, some descriptions herein
describe a support structure as extending from an AR element 106, However, such a
support structure may be indistinguishable from the AR element 106 such that it may
aiso be accurate to describe the support structure as being integrated into and forming
a part of the AR element. For example, a support structure may be integrated with an
AR element 106 in such a way that the AR glement 106 and the support structure are

one cohesive element.

01271 Referring to FIG. 2B as an illustration, FIG. 2B depicis a configuration with
Class 1 support structures 204 within the first AR elements 106a of each nested set
of AR elements, where the support strucluras provide Class A integrations with the
first AR elements 106a and Class C integrations with a second AR element 106h. For
example, the first AR glements 108a may be characterized as having walls 108 having
a non-uniform cross-sectional thickness profile to form the support structures 204 ltis
contemplated herein that such a configuration may be suitable for, but not limited to,
positioning a second AR element 106b within an interior region of the first AR element
106a. Further, as depicted in FIG. 28, the interior region of the first AR slement 106a
(here formed as an iregularly-shaped region due o the non-uniformiy thick walls 108

forming the support structure 204) is divided into two interior cavities 110 by a
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segmentation wall 108-5. In this way, FIG. 2B is one non-limiting example of how
sagmentation wails 108-5 and support structures (e.g., support structures 204) may
be incorporated into a nestad set of AR alements 106, More broadly, it is to be
undersiood that a nested set of AR slemenis may include any combination of any
number of segmentation walls 108-5 in any constifuent AR elemeants 106 and any
number of support structures of any class in any number of the constituent AR

alaments 106,

[6128] Referring now to FIGS. 3A-3D, FIGS. 3A-3D are cross-sectional views of non-
imiting configurations of an AR-HCF 100 including various designs of AR elemenis
106, in accordance with one or more embodiments of the present disclosure. Each of
the configurations of an AR-HCF 100 shown in FIGS. 3A-3D include five nested sets
of AR elements 106 of the same design {&.¢., a common design), where a first AR
glement 108a includes two interior cavities 110 formead by a single segmentation wall
108-8. However, this is merely illustrative and not limiting. In a general sense, an AR-
HCF 100 may include any combination of the AR elements 106 illustrated in FIGS. 3A-
3D, but is not limited 1o the particular AR elements 106 illustrated in FIGS. 3A-3D.
Further, any of the AR elements 106 in FIGS. 3A-3D may be nested within any
additional AR slement 106 of the same design {e.¢., & common deasign) or different

design.

[o129] FiG. 3A is a cross-sectional view of one configuration of an AR-HCF 100, in
accordance with one or more embodiments of the present disclosure. In FIG. 3A, each
nested set of AR elements 106 includes one second AR element 1080b within a first
interior cavity 110a of the first AR alement 106a and two second AR elements 108b

within a second interior cavity 110b.

104307 FiG. 3B is a cross-sectional view of one configuration of an AR-HCF 100, in
accordance with one or more embodiments of the present disclosure. In FIG. 3B, each
nested set of AR elements 106 includes two second AR elements 1060 within both a

first interior cavity 110a and a second interior cavity 110b of the first AR element 106a.

(81313 FIG. 3C is a cross-sectional view of one configuration of an AR-HCF 100, in
accordance with one or more embodiments of the present disclosure. In FIG. 30, each

nasted set of AR elements 106 includes two second AR elements 1080 within a first
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interior cavity 110a of the first AR element 1063, three second AR elements 106b
within a second interior cavity 110b, and a third AR selement 106c nested within an

interior cavity 110c¢ of one of the second AR elements 108b.

(01323 FIG. 3D is a cross-sectional view of one configuration of an AR-HCF 100, in
accordance with one or more embodiments of the present disclosure. In FiG. 3D, each
nested set of AR elements 108 includes two second AR elemeants 10680 within a first
interior cavity 110a of the first AR element 100a and three second AR slements 106b

within a second interior cavity 110b.

[6133; Further, FIGS. 3A-3D iHustrate how nested AR elements 106 may be connected
AR-HCF 100 to any wall 108 of an interior cavity 110 including, but not limited 1o, an
outer wall 108a or a segmentation wall 108-8. In some embodiments, though not
shown, multiple second AR elements 106D may be stacked within an interior cavity
110 of a first AR element 108a.

(01347 Referring now to FIGS. 4A-4C, FIGS. 4A-4C include additional configurations
of an AR-HCF 100 including nasted sets of AR elements 108 with different designs.

[0138] FIG. 4A is a cross-sectional view of one configuration of an AR-HCF 100, in
accordance with one or more embodiments of the present disclosure. The AR-HCF
100 in FIG. 4A includes two nested sets of AR elements 106 with a first design 402a
and four nested sets of AR elements 106 with a second deasign 402b. In particular, the
first design 402a is substantially similar to that shown in FIG. 1F, whereas the second

design 402b is substantially similar {o that shown in FiG. 1A

[0138] FIG. 4B is a cross-sectional view of one configuration of an AR-HCF 100, in
accordance with one or more embodiments of the present disclosure. The AR-HCF
100 in FIG. 4B includes three nested sats of AR slements 106 with a third design 402¢
and three nested sets of AR elements 106 with the second design 40Z2b in an
alternating pattern. The third design 402¢ is substantially similar to that shown in FIG.
3C.

(04371 FIG. 4C is a cross-sectional view of one configuration of an AR-HCF 100, in
accordance with one or more embodiments of the present disclosure. The AR-HCF

100 in FIG. 40 includes four nested sets of AR slements 106 with the second design
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4040, but arranged in a non-uniform distribution around a perimeter of the hollow

interior guiding region 104 defined by the cladding structure 102,

(01381 Referring now to FIGS. 5A-58, the cladding structures 102 are described in
greater detail, in accordance with ona or more embodiments of the present disciosure.
The AR-HCFs 100 in FIGS. 5A-5B include nested sets of AR elements 106 as depicted

it FIG. 1A, but this is merely illustrative and not limiting.

[0138] An AR-HCF 100 may generally have any number of cladding structures 102
that bound or otherwise define a hollow interior guiding region 104, Further, the
cladding structures 102 (e.g., outer, interior, and/or perimeter cladding structures) may
have any cross-sectional shape including, but not limited to, a circle, an sllipse, a
sqguare, a pentagon, a hexagon, a heptagon, an oclagon, or the like. In some
embodimeants, a cladding structure 102 is formed as a tube (e.¢., having an annular
cross-section). As an illustration, FIGS. 1A-4C each depict an AR-HCF 100 having a

single cladding structure 102 formed as a tube.

[8148] In some embodiments, ona or more cladding structures 102 are formed as a
multi-layer tube {e.g., a tube having multipie layers of material of the same or different
composition}. Such a structure may have any number of layers. Further, each of the
layers may be referred to as separate cladding structures 102, FIG. 5A is a cross-
sactional view of one embodiment of an AR-HCF 100 with a two-layer cladding
structure 102, in accordance with ong or more emboediments of the present disclosure.
in particular, FIG. 5A depicts a first cladding structure 102a as a first layer and a

second cladding structure 102b as a second layer.

{01411 In some embodiments, an AR-HCF 100 includes one or more additional
cladding structures 102 between tube structures {e.g., lavers of a mulli-layer tube).
FIG. 5B is a cross-sectional view of onag embodiment of an AR-HCF 100 with muitiple
cladding structures 102, in accordance with one or more embodiments of the present
disclosure. In FiG. 58, the AR-HCF 100 includes a first cladding structure 102a formed
as an outer tube, a second cladding structure 102b formed as an inner tube, and a
series of additional cladding structures 102¢ between the first cladding structure 102a
and the second cladding structure 102b. In particular, the additional cladding

structures 102c in FIG. 5B are shown as tubes. However, this is mersly illustrative and
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not imiting. The additional cladding structures 102¢ may have any cross-sectional
shape or dimensions such as, but not imited to, circles, ellipses, squares, pentagons,
hexagons, heptagons, octagons, or the ke and may further be solid, porous, or
fabricated as tubes. Further, the additional cladding structures 10Z2c may be solid,

pOrous, or may have ona or more air gaps that extend along the fiber length.

{01427 Referring now to FIGS. 8A-B6, in some embodiments, an AR-HCF 100 may
include various additional structures that extend along the fiber length. Such siructures
may have various functions such as, but not limited o, further positioning andfor
supporting one or more AR elements 106 {or sets of AR glements 106}, operating as
AR elements 106 themselves, operating as polarization-controlling slements,
operating o increase a confinement factor of guided light, operating {o increase a
mechanical stability of the fiber, operating to increase a robusiness to bending, or the
fike. Further such additional structures may be formed from any suitable malerial and
may generally have any shape, design {e.g., solid, walled, porous, or the like), and
may or may not include air gaps extending along the fiber length. it is also noted that
the AR-HCFs 100 in FIGS. 8A-6G include nested sels of AR elements 106 as depicted
in FIG. 14, but this is merely illustrative and not limiting. In some embodiments, an
AR-HCF 100 includes one or more additional structures that are connected to an AR

glement 106, but do not position the AR element 106,

[0143] FiG. BA is a cross-sectional view of one embodiment of an AR-HCF 100 with a
ring of perimeter structures 602 around a perimeter of the hollow interior guiding region
104 shaped as tubes, in accordance with one or more embodiments of the present
disclosure. FIG. 6B is a cross-sectional view of one embodiment of an AR-HCF 100
with a ring of perimeter struciures 602 shaped as solid rods, in accordance with one
or mare ambodiments of the prasent disclosure, FIG. 6C is a cross-sactional view of
one embodiment of an AR-HCF 100 with a ring of perimeter structures 602 shaped as
solid rods with alternating compositions (labeled as 6802a and 602b, respectively), in

accordance with one or more embodiments of the present disclosure.

[0144] FIGS. 8D-6G show additional non-limiting designs of an AR-HCF 100 with
perimeter structures 802 that do not fully cover the perimeter of the hollow interior

guiding region 104,
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[0145] FlG. 8D is a cross-sectional view of one embodiment of an AR-HCF 100 with a
first pattern of perimeter structures 6802, in accordance with one or more embodiments
of the present disclosure. In FIG. 6D, the AR-HCF 100 includes a perimeater structure
602 between each of the nested sels of AR elements 106 and the ciadding structures
102, Such perimeter structures 6802 may thus operate as support structures and may
position the nested sets of AR elements 106 within the hollow interior guiding region
104, modify the optical properties of the AR-HCF 100, or the like.

[0148] FIG. BE is a cross-sectional view of one embodiment of an AR-HCF 100 with a
first pattern of perimeter structures 602, in accordance with one or more embodiments
of the present disclosure. In FIG. 8k, the AR-HCF 100 includes sets of three perimeter
structures 602 near each set of AR elements 108. FIG. 6F is a cross-sectional view of
one embodiment of an AR-HCF 100 with a second patiern of perimeter siructures 602
(2.qg., with different compositions), in accordance with one or more embodiments of

the present disclosure.

(01471 FlG. 60 is a cross-sectional view of one embodiment of an AR-HCF 100, in

accordance with ong or more embaodiments of the present disclosure.

[0148] Referring generally to FIGS. 1A-1E, additional aspects of the design of nasted

AR slements 108 is described in greater detail.

[0149] A set of nested AR elements 106 may generally have any type of symmetry, or
aven no symmetry. For example, the various designs of nested AR elemenis 106 in
FIGS. 1A-6E are each mirror symmetric relative to a radial line from a center of the
AR-HCF 100, However, this is merely an iliustration and not limiting on the scope of
the present disclosure. For example, a nested set of AR elements 106 may possess
any form of mirror and/or rotational symmetry along any direction or directions. As

another example, a nestad set of AR alements 106 may be asymmelric.

[015¢] Referring now to FIGS. 7A-8, the simulated performance of various designs of
an AR-HCF 100 based on the systems and methods disclosed herein are described.

For the simulations, each of the AR-HCFs 100 are formed from silica glass.

01511 FiG. 7A Hllustrates a plot 702 of confinement loss for various fiber designs, in

accordance with one or more embodiments of the present disclosure. FIG. 78
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Hustrates cross-sections of the simulated designs in FIG. 74, in accordance with one
or more embodiments ¢of the present disclosure. A first design 704 (e.g., Design 1)
nciudes a single second AR elemeant 106b in a first interior cavity 110a of a first AR
glement 106a. A second design 706 (e.g., Design 2) includes a single second AR
elemeant 106b in a second interior cavity 110b of a first AR elemeant 108a. A third design
708 {e.g., Design 3) includes second AR elements 106k in both a first interior cavity
110a and a second interior cavity 1100 of afirst AR element 106a. A fourth design 710
(e.g., Design 4) includes a second AR element 106b within the second interior cavily
11Ch and a third AR element 106c within the second AR slement 106b. In a fifth design
712 {e.g., Design 5), both a first interior cavity 110a and a second interior cavity 110b
include a second AR element 106k and a third AR element 106¢ within the second AR
glement 108b. A sixth design 714 does not include segmentation walls 108-8 for
segmentation and is referred 1o as a nested AR nodeless fiber {(NANF) design. it is

noted that all of the designs depicted in FIG. 7B include truncated AR elements 106,

(01521 As shown in plot 702, Designs 1-5 including segmentation walls 108-3 for
segmentation and nested AR elements 106 substantially cutperform the NANF design,
with Designs 4 and 5 with muitiple cascading AR elements 106 performing particularly

well in this simulation.

(01531 FIG. 8 is a plot 802 of confinement losses for the fundamental mode (LPO1)
and higher-order modes (LP11) for an AR-HCF 100 based on the fourth design
(Design 4) in inset 804, in accordance with one or more embodiments of the present
disclosure. As depicted in plot 802, the confinement loss of the fundamental mode
(LPO1) 1s approximately 2-3 orders of magnitude lower than the higher-order modes,

which may provide excellent fundamental mode performance.

[0154] Referring generally to FIGS. 1A-8, it is emphasized that any of the features of
an AR-HCOF 100 such as, but not limited to, AR slements 106 or the interior cavities
110 formed through segmentation may have any cross-sectional shape such as, but
not limited to, a circle, an ellipse, a triangle, a sguare, a pentagon, a hexagon, a
heptagon, an octagon, or the like. Any such shapes may be complete or fruncated.
Further, any of the AR elements 106 may be segmented {o provide any number of
interior cavities 110, where the interior cavities 110 may have any shape or size.

Further, the various interior cavities 110 within an AR element 106 may have the same

27



WO 2024/250008 PCT/US2024/032269

or unequal sizes and/or shapeas. In this way, the specific designs provided hergin are

merely illustrative and not limiting.

[0158] Referring now to FIGS. SA-8B, preforms for fabricating nested sets of AR

glements 106 are described in greater detail.

(0458} In some embodiments, a preform for an AR-HCF 100 includes a series of
preform elements arranged to provide a selected design of the AR-HCF 100 after a
draw process. Such preform elements may be connected to form the preform using
any technigue known in the art including, but not limited to, 8 mechanical technigue, a
chemical technigue, or an optical technique (e.q., laser welding). it is contemplated
herein that the preform need not have the same design as the selected design of the
AR-HCF 100, Rather, factors such as surface tension, pressurization of any interior
cavities 110 and/or the hollow interior guiding region 104 may distort the preform
during a draw process. Further, such distortions may be accounted for when designing
the preform such that the final AR-HCF 100 has the selected design.

181871 As an illustration, FIG. 9A is a cross-sectional view of one embodiment of a
preform element 902 associated with the design of nested AR elements 106 depicted
in FIG. 1F, in accordance with one or more embodiments of the present disclosure.
For example, the preform element 902 may include an outer section 904 that will
provide a first AR element 106a after a draw process, a segmentstion structure 206
that will form a segmentation wall 108-8 afier the draw process, and two additional
structures 908 that will form the second AR elemenis 106b after the draw process.
Notably, the segmentation structure 906 is curved in FIG. 9A, but may form a siraight
segmentation wall 108-8 (e.g., as shown in FIG. 1F) during the draw process due o

surface tension and/or pressurization during the draw process.

[0458] Further, a full preform (not shown) for forming the full AR-HCF 100 depicted in
FIG. 1F may include five instances of the preform element 902 arranged around an

additional tubuiar preform slement (also not shown).

[0189] In some embodiments, a preform includes one or more alignment structures
910 to facilitate mechanical alignment and/or stability of the preform slement 802, For
axample, alignment structures 810 may include notches, grooves, or any other

structure. As an illustration, FIG. 9B is a cross-sectional view of one embodiment of
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the preform element 902 including notched alignment structures 810 within the
segmentation structure 806, in accordance with one or more embodiments of the
presaent disclosura. For clarity, the additional structures 808 are not shown in FIG. 9B.
in some embodiments, endpoints of the additional structures 908 fit within the notched
alignment structures 810. In this way, the positions of the additional structures 808

may be precisely positionad.

[0188] The herein described subject matter somstimes illustrates different
components contained within, or connected with, other components. it is 0 be
understood that such depicted architectures are merely exemplary, and that in fact
many other archilectures can be implemented which achieve the same functionality.
in a conceptual sense, any arrangement of components to achieve the same
functionality is effectively "associated” such that the desired funclionality is achieved.
Hence, any two components herein combinad (o achiave a particular funclionality can
be seen as "associated with” each other such that the desired functionality is achieved,
rrespactive of archilectures or intermedial components.  Likewise, any two
components 8o associated can also be viewed as being "connected"” or "coupled” o
aach other {o achieve the desired funclionality, and any two components capable of
being so associated can also be viewed as being "couplable” to each other to achieve
the desired functionality. Specific examples of couplable include but are not limited to
physicaily interactable and/or physically interacting components andfor wirelessly
interactable andfor wirglessly interacting components andfor logically interactable

and/or logically interacting components.

[0181] It is belisved that the present disclosura and many of s altendant advantages
will be understood by the foregoing description, and it will be apparent that various
changes may be made in the form, construction, and arrangament of the components
without departing from the disclosed subject matter or without sacrificing all of its
material advantages. The form described is meraly explanatory, and it is the intention
of the following claims (o encompass and include such changes. Furthermore, itis {0

be understood that the invention is defined by the appended claims.
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CLAIMS

What is claimed:

1. An optical fiber comprising

a cladding structure extending along a fiber length providing a hollow interior
fiber region; and

a plurality of anti-resonant (AR) elements distributed within the hollow interior
fiber region, each of the plurality of AR elements formed as wailed structures with walls
axtending along the fiber length, whearein at least some of the plurality of AR selements
are nested to form one or more nested sets of AR slements, wherein at least one of
the nasted seis of AR elemeants comprises a first AR element of the plurality of AR
elements, wherein an interior region of the first AR element is segmented into two or
more interior cavities by one or more segmentation walls extending along the fiber
length, wheresin at least one of the two or more interior cavities of the first AR element
includes two or more second AR elements of the plurality of AR elements, wherein the
plurality of AR elements is configured to guide light along the fiber length at least

partiaily within the hollow interior fiber region based on optical anliresonance.

2. The optical fiber of claim 1, wherein the two or more interior cavities have non-

circular cross-sectional shapes.

3. The optical fiber of claim 1, wherein a ratio of a cross-sectional araa of sach of the
two or more interior cavities relative {o a cross-sectional area of the interior region of

the first AR element is greater than or equal {0 a selected threshold.

4. The optical fiber of claim 3, wherein the selected threshold expressed as a

percentage is 10%.

5. The optical fiber of claim 1, whearein a relative circumferential distance associated
with a ratio between a separation distance of endpoints of any of the one or more
sagmentation walls along a circumference of the first AR element {o the circumference

of the first AR element is greater than or equal o a selected threshold,
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6. The optical fiber of claim &, wherein the selected threshold expressed as a

percentage is 10%.

7. The optical fiber of claim 1, wherein atl least one of the one or more segmentation
walls is ancther AR alement that contributes {0 the guiding of the light along the fiber
length at least partially within the hollow interior fiber region based on oplical

antirasonance.

8. The optical fiber of claim 1, wherein at least one of the plurality of AR elements
ncludes one or more support structures formed as at least a portion of at least ong of
the walls of at least one of the pluralily of AR elements, wherein the one or more

support structures have non-uniform thickness profiles.

9. The optical fiber of claim 1, wherein the interior region of the first AR slement is
segmented into three or more interior cavities by two or more segmentation walls

axtending along the fiber length.

10. The optical fiber of claim 1, further comprising:
ong or more third AR elements nested within an interior cavity at least one of

the two or more second AR elements.
11. The optical fiber of claim 1, further comprising:
ong or more third AR elements nested within an interior cavity of at least one of

the two or more second AR slements.

12. The optical fiber of claim 1, further comprising:

ong or more additional structures connectad (o the cladding structura.

13. The optical fiber of claim 12, wherein at least one of the one or more nested sels

of AR elements is connected {o at least one of the one or more additional structures.

14. The optical fiber of claim 1, whersin the cladding structure is formed from two or

more layers of material.
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15. The optical fiber of claim 1, further comprising:
one or maore penmeter structures between the cladding structure and at least

one of the plurality of AR slements.

16. The optical fiber of claim 1, wherein the one or more nested sets of AR elements
inciude two or more nested sets of AR elements uniformly distributed around a

perimeter of the hollow interior fiber region.

17. The optical fiber of claim 1, wherein the one or more nested sats of AR elements
nclude two or more nested sets of AR elements non-uniformly distributed arocund a

perimeter of the hollow interior fiber region.

18. The optical fiber of claim 1, wherein the one or more nested seis of AR elements

nclude two or more nasted sets of AR elements with a common dasign.

19. The optical fiber of claim 1, wherain at laast one of the one or more nestad setls of
AR elements comprises:
a first set of AR elements having a first design; and

a second set of AR elements having a second design.

20. The optical fiber of claim 1, wherein the ciadding structure is formed from two or

more layers of material.
21. The optical fiber of ciaim 1, wherein the cladding structure is formed from two or
more layers of material, whersin the cladding structure further includes one or more

additional structures between at least two of the two or more layers of the material.

22. The optical fiber of claim 1, wherein the hollow interior fiber region is filled with a

gas.

23. The optical fiber of clam 1, wherein the hollow interior fiber region is under

vacuum.
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24. An optical fiber comprising:

a cladding structure extending along a fiber length providing a hollow interior
fiber region, and

a plurality of anti-resonant (AR) elementis disiributed within the hollow interior
fibar region, each of the plurality of AR elemants formed as wailed structuras with walls
exiending along the fiber length, wherein at least some of the plurality of AR elements
are nested {o form one or more nasted sets of AR elements, wherein at least one of
the nested sets of AR elements comprises a first AR element of the plurality of AR
glements, wherein an interior region of the first AR element is segmented into two or
more interior cavities by one or more segmentation walls extending along the fiber
length, wherein each one of the two or more interior cavities of the first AR element
nciudes one or more second AR elements of the plurality of AR elemeants, wherein the
plurality of AR elements is configured o guide light along the fiber length at least

partiaily within the hollow intenior fiber region basead on optical antiresonance.

25, The optical fiber of claim 24, whersin the two or more interior cavities have non-

circular cross-sectional shapes.

28. The optical fiber of claim 24, wherein a ratio of a cross-sectional area of each of
the two or more interior cavilies relative {0 a cross-sectional area of the interior region

of the first AR element is greater than or equal to a selected threshold.

27. The optical fiber of claim 26, wherain the selected threshold expressed as a

percentage is 10%.

28. The optical fiber of claim 25, wherein a relative circumferential distance associated
with a ratio between a separation distance of endpoints of any of the one or more
segmentation walls along a circumference of the first AR element to the circumference

of the first AR element is greater than or equal 10 3 selected threshold.

29. The oplical fiber of claim 28, wherein the selected threshold expressed as a

parcentage is 10%.
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30. The optical fiber of claim 28, wherein at least one of the one or more segmentiation
walls is another AR element that contributes {o the guiding of the light along the fiber
length at least partigily within the hollow intenor fiber region based on optical

antiresonance.

31. The optical fiber of claim 24, wherein at least one of the plurality of AR elements
inciudes one or more support structures formed as at least a portion of at least one of
the walls of at least one of the plurality of AR elements, wherein the one or more

support structures have non-uniform thickness profiles.

32. The optical fiber of claim 24, wherein the interior region of the first AR glement is
segmented into three or more interior cavities by two or more segmentation walls

extending along the fiber length.

33. The optical fiber of claim 24, further comprising:
one or more third AR slements nasted within an interior cavity at least ong of

the one or more second AR elements.

34. The optical fiber of claim 24, further comprising:
one or maore third AR elements nested within an interior cavity of at least one of

the one or more second AR elements.

35. Tha optical fiber of claim 24, further comprising:

one or more additional structures connected {o the cladding structure.

36. The optical fiber of claim 35, wherein at least ong of the one or more nesied sels

of AR slements is connectad to at least one of the one or more additional structures.

37. The optical fiber of claim 24, wherein the cladding structure is formed from two or

maore layers of material.

38. Tha optical fiber of claim 24, further comprising:
one or more perimeter structures between the cladding structure and at least

one of the plurality of AR alements.

34



WO 2024/250008 PCT/US2024/032269

39. The optical fiber of claim 24, wherein the one or more nested sets of AR elements
nciude two or more nestad sets of AR elements uniformly distributed around a

perimeter of the hollow interior fiber region.

40. The optical fiber of claim 24, wherein the one or more nested sets of AR elements
include two or more nested sets of AR elemenis non-uniformily distributed arcund a

perimeter of the hollow interior fiber region.

41. The optical fiber of claim 24, wherein the ong or more nested sets of AR elements

inciude two or more nested sets of AR elements with a common design.

42. The optical fiber of claim 24, wherein at least one of the one or more nested sels
of AR slements comprises:
a first set of AR elemenis having a first design; and

a second set of AR slements having a second dasign.

43, The optical fiber of claim 24, wherein the cladding structure is formed from two or

more layers of material.
44 The optical fiber of claim 24, wherein the cladding structure is formed from two or
more layers of material, wherein the cladding structure further includes one or more

additional structures between at least two of the two or maore layers of the matenal.

45, The optical fiber of claim 24, wherain the hollow interior fiber region is filled with a

gas.

48, The optical fiber of claim 24, wherein the hollow interior fiber region is under

vaCuuim.
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