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ALL SOLID HYBRID ARROW FIBER

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Patent
Application No. 62/851,798 titled “ All Solid Hybrid Arrow Fiber,” filed May 23,

2019, incorporated herein by reference.

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER
FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT

[0002] The United States Government has rights in this invention pursuant
to Contract No. DE-AC52-07NA27344 between the United States Department
of Energy and Lawrence Livermore National Security, LLC, for the operation

of Lawrence Livermore National Laboratory.

BACKGROUND

Field
[0003] The present technology relates to waveguide designs, and more
specifically, it relates to waveguide designs that increase the threshold for

transverse modal instability.

Description of Related Art

[0004] High power fiber amplifiers currently face a power limit of a few
kilowatts of output due to transverse modal instability (TMI). TMI is caused
by a dynamic coupling between the desired mode of the fiber and

neighboring higher order modes (HOMs), thought to be mediated by thermal,
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scattering and population inversion effects. The current thinking is that
suppression of the HOMs will result in suppression of TMI and that HOM
suppression of about 40 dB/m at operating temperature is sufficient; or
greater than 100 dB/m when cold.

[0005] FIG. 1A shows a prior art design for hollow optical fibers. This
design is known as the negative curvature hollow core fiber. In this
configuration, fibers 10 do not support true bound modes in the core 12; light
is (imperfectly) confined to the core by rings 14 surrounding it, which
comprise an incomplete photonic band gap (PBG) structure. Alternatively,
the core confinement has been understood as being due to glancing reflection
from the walls of the rings surrounding it, which is enhanced for certain
wavelengths by multiple reflections within the wall, via the known anti
resonant reflection optical waveguide (ARROW) effect.

[0006] While the propagation loss is non-zero, it can be low enough to
support guidance over useful distances. These fibers confine light to their cores in
multiple modes with shapes similar to true waveguide eigenmodes, except for
their intersection with the wall of the rings. Fortuitously, the desired mode has
the lowest loss. FIG. 1B shows the loss versus wavelength for the LP01-like mode
(lower series of dots) and LP02-like mode (higher series of dots) for a 50 um core
diameter hollow core fiber having the design of FIG. 1A.

[0007] Hollow core fibers are attractive for carrying high power light and/or
high intensity light because the light has only limited interaction with the glass
defining the waveguide, resulting in a high damage threshold. However, doping
hollow fibers for optical gain can only be achieved by means of a gas medium.

[0008] Various waveguide designs, including hollow core designs, have
been proposed and tested in the past, but the present inventors are not aware
that any of these have yielded sufficient HOM suppression to substantially
increase the TMI threshold.
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SUMMARY

[0009] Embodiments of the present technology include an all solid hybrid
waveguiding structure providing (i) large mode area, (ii) acceptable losses of
the desired core mode and (iii) very high losses of the undesired next higher
order mode in the core. Embodiments of the waveguide include a hybrid of
low index barriers providing confinement by total internal reflection (TIR);
and high index rings that support guided modes only at effective indices
different from that of the desired core mode, providing confinement by an
effect similar to that in all-solid photonic bandgap (PBG) fibers. The effect of
the rings differs from that of the PBG cladding in that (i) they do not fill the
entire cladding and so provide imperfect confinement and (ii) they support
poorly guided (lossy) modes that can be arranged to couple to and suppress
the undesired HOMs. The wall thickness of the rings can be conveniently
specified according to the anti-resonant reflection optical waveguide
(ARROW) mechanism, as in negative curvature hollow core fibers. The
resulting structure is compatible with rare earth doping of the core, and so is
suitable for application to high power fiber amplifiers and lasers. The high
HOM loss feature makes the present technology particularly relevant to
suppression of transverse model instability (TMI) in fiber amplifiers.

[0010] Exemplary applications for the present technology generally
include uses in large, effectively single mode fibers. It is especially useful in
high power fiber amplifiers and for suppression of TMI in high power fiber
amplifiers.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The accompanying drawings, which are incorporated into and
form a part of the present disclosure, illustrate embodiments of the

technology and, together with the description, serve to explain the principles

of the technology.
[0012] FIG. 1A shows a prior art hollow fiber structure with a core diameter of
120 pm.
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[0013] FIG. 1B shows the calculated losses vs wavelength for a representative
50 pm core diameter hollow core fiber according to the design of FIG. 1A.
[0014] FIG. 2A shows the geometry for a six-ring design of the present

technology, along with its required parameters.

[0015] FIG. 2B shows confinement loss versus wavelength for the design of
FIG. 2A.
[0016] FIG. 2C shows the confinement loss for the fundamental mode at

various values of Dcore.

[0017] FIG. 2D shows confinement loss for various ring wall thicknesses.

[0018] FIG. 2E compares bend loss for the point design anti-resonant tube
fiber (ART) in both the x and y directions to a step fiber with equivalent core size.

[0019] FIG. 3A illustrates a low contrast design that has 5 nested rings, each
having an outer diameter (Dring) of 23 pm.

[0020] FIG. 3B shows confinement loss versus wavelength for mode 1 (lower
series of dots) and for mode 2 (upper series of dots).

[0021] FIG. 4 illustrates a low contrast design of the present technology that
utilizes an impedance matching strategy for the ring structures in an effort to
decrease the fundamental mode loss and increase mode discrimination.

[0022] FIG. 5 illustrates an exemplary low contrast variation that includes
added auxiliary elements with an index below that of the background glass.

[0023] FIG. 6A illustrates a fiber design that replaces some of the rings with
such auxiliary elements with an index #p.ier below that of the background glass.

[0024] FIG. 6B shows confinement loss for the fundamental mode and the
relevant next higher order modes, for different sizes of the rings (parameterized
by the "relgap”).

[0025] FIG. 6C shows the confinement loss vs wavelength for the fundamental
mode (‘'LP01’, mode 1) and relevant higher order modes (‘LP11’, mode 2) for the
relgap=0.13 case.

[0026] FIG. 6D shows the effective indices vs wavelength of the fundamental
mode (‘'LP01’, mode 1) and relevant higher order modes (‘LP11’, mode 2).



WO 2020/237148 PCT/US2020/034213

[0027] FIG. 6E shows effective index and confinement loss in the heated fiber

after adjustment of the ring diameter.

DETAILED DESCRIPTION OF THE TECHNOLOGY

[0028] This technology relates to a basic design for solid optical fibers with
features that are beneficial to high power rare-earth doped fiber lasers and
amplifiers. The design derives from a prior art design for hollow optical fibers,
the so-called negative curvature hollow core fiber discussed above. As noted,
these fibers do not support true bound modes in the core. The present technology
also achieves core confinement by utilizing a convenient ARROW design rule
(constraint) on the ring wall at the operating wavelength A to obtain minimum
losses in the core:

2UNA =(m+1/2)A

NA = \n;,, —1y,
Here, t is the ring wall thickness, m represents an integer, and the ring material is
specified by NA, a function of its index of refraction nyixg and that of the
background nye. For a hollow fiber, np; = 1. Note that in the context of the present
technology, the term “ring” refers to an outer ring of material of a solid strand of
glass, where the outer ring’s index is different from that of material adjacent to
the inner boundary of the ring.

[0029] The first part of the present technology is the application of the
negative curvature hollow core fiber design to solid doped amplifier fibers. In the
present technology, the core is not hollow but comprises a region of rare-earth
doped glass of index nere, while the rings are composed of a glass having an
outer ring doped with a material (typically Germanium (Ge)) that raises its index
to 1ying. All other background regions are of undoped glass having index 7. The
core may be co-doped with material (typically Fluorine (F)) to reduce its index to
that of the undoped glass, i.e., #1core = 11g.

[0030] Embodiments of the present technology provide large core fiber
designs that satisfy the ARROW condition and are consistent with a core doping

-5-
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level sufficient to be useful in high power fiber amplifiers. FIG. 2A shows the
geometry for a six-ring fiber 20 design according to the present technology, along
with the required specification parameters. For simplicity of explanation, core 22
is shown an having a boundary at the core radius Reore but the boundary is for
explanation only. Rings 24 are shown to have a doped wall thickness Twan and a
radius Rring. Core 22 and rings 24 are located within background material 26

[0031] In an original point design, the propagation loss of the desired mode is
non-zero but small enough to be acceptable. However, the propagation loss of
the higher order modes (HOMs) is significantly higher than the lowest mode,
such that the fiber can be considered to operate in a single transverse mode. In
fact, the HOM losses are high enough to be considered as a means of mitigating
transverse modal instability (TMI), currently a limiting nonlinear effect in high
power fiber amplifiers. TMI is brought on by a nonlinear coupling between the
preferred mode and the HOMs; an accepted rule of thumb is that HOM loss of
~40 dB/m at the operating temperature is enough to suppress TMI.

[0032] With reference to FIG. 2A, the design parameters for the original point
design are Reore = 15 pm (thus Deore = 30 pm), Reing = 12.47 um, Twan = 2.5 um,
Nead = 1.45, NAsing = 0.3 (Ndet = 3.07 x 10-2) and number of rings = 6 with a
relative angular gap between rings of 0.1. Note that the index of any element
other than the core or the ring wall is the background index, or Ndel = 0. FIG. 2B
shows confinement loss versus wavelength for this design. The loss at 1 pm for
the fundamental mode (LP01-like) is 0.08 db/ m. The loss at 1 um for the first
higher order mode (LP11-like) is 58 db/m. Yet higher order modes (e.g., LP21-
like and LP02-like) can also propagate, but their high losses and large effective
index difference from the ‘LP01” mode makes them of less concern with respect
to TMI. FIG. 2C shows the confinement loss for the fundamental mode at various
values of Deore. It can be seen that larger cores have lower fundamental mode
loss. FIG. 2D shows confinement loss for various ring wall thicknesses. It can be
seen that changing the wall thickness does not appreciably alter the confinement

loss. FIG. 2E compares bend loss for the point design anti-resonant tube fiber
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(ART) in both the x and y directions to a step fiber with equivalent core size. It
can be seen the loss is generally less for the ART fiber.

[0033] To accommodate various glass fabrication technologies, a design was
developed with reduced the ring contrast while adjusting the ring wall thickness
to satisfy the ARROW condition; however, this resulted in an unacceptably high
loss for the preferred mode. The design efforts were broadened to include
variations on the core size, number of rings and their spacing, multilayer ring
structures, and departures from the ARROW condition; all with the goal of
reducing the propagation loss of the preferred mode.

[0034] One low contrast design, illustrated in FIG. 3A as fiber 30, has 5 nested
rings 31-35, each having an outer diameter (Dring) of 23 um. Rings 31-35 surround
core 36. The FIG. 3B shows confinement loss versus wavelength for mode 1
(lower series of dots) and for mode 2 (upper series of dots). This design has a
reduced fundamental mode loss but has lower mode discrimination. In this
example, all nested rings are of the same material as in the non-nested case. The
other material of the nested ring elements is the same as the background
material.

[0035] Another low contrast design, shown in FIG. 4, utilizes an impedance
matching strategy for the ring structures in an effort to decrease the fundamental
mode loss and increase mode discrimination. This figure shows a geometry that
is similar to that of FIG. 2A as having a six-ring fiber 40 design, along with the
required specification parameters. For simplicity of explanation again, core 42 is
shown as having a boundary at the core radius Rcore but the boundary is for
explanation only. Rings 44 are shown to have a wall thickness Twan and a radius
Riing. The rings all include a nested ring configuration, but for explanation
purposes, only one ring shows a three-element construction comprises radiuses
Riing, Rring 2 and Rring3. The material in the center of the ring is the same as the
background. Specific values of the indices of rings 1-3 can be chosen to achieve a

desired ratio of the values of the fields inside and outside the compound ring.
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[0036] Faced with unacceptable losses in the desired mode, the confinement
due to the ARROW mechanism was augmented with the mechanism of total
internal reflection, which is the basis of the robust guidance in traditional
dielectric waveguides and fibers. As shown in FIG. 5, additional auxiliary
elements (barriers) 52 were introduced into fiber 50. The auxiliary elements have
an index nparrier below that of the background glass 54. In some embodiments, the
core 56 is rare earth doped and comprises an index that is higher than the
barriers 52. Thus, FIG. 5 illustrates a cross-sectional view of an exemplary low
contrast variation that includes such auxiliary elements. The rings 58 have a
relatively increased index compared to the smaller inner barriers (auxiliary
elements 52). The small inner barriers (solid circles) 52 have a relatively
decreased index compared to the core 56, the background 54 and the rings 58.

[0037] Another alternative is to replace one or more of the rings with low
index barrier elements. Thus, FIG. 6A illustrates a fiber 60 design that replaces
some of the rings 61 with such auxiliary elements 62 with an index nvaier below
that of the background glass 64. Rings 61 and auxiliary elements 62 surround
core 66. In the figure, the circles 62 represent the low index barriers. Such an
arrangement could substantially reduce the propagation loss of a preferred mode
to a level acceptable in a fiber amplifier.

[0038] While investigating this hybrid structure, attention was placed on
decreasing the propagation loss of the preferred mode. But as an exceptionally
important side benefit, the fundamental mechanism underlying the enhanced
losses of the HOM was discovered (recall that this enhanced loss is crucial for
mitigation of TMI). That mechanism is the coupling of the unwanted HOM in the
core to a mode supported within the solid material interior to the rings. These
ring modes are analogous to those of the core, but are bounded by a concentric
circle instead of the “Negative Curvature” boundary of the core. That difference
in boundaries leads to drastically higher propagation losses for the ring modes,

and therefore any core mode that couples to the ring.
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[0039] This coupling requires that the mode(s) involved be resonant, making
it sensitive to the size of the rings. It was calculated that by judicious design of
the rings, HOM losses can be made high enough, > ~150 dB/m, before
considering the heat load present in active fiber amplifiers, to suppress TMI.
Thus, replacing some rings with down-doped “barrier” features reduced loss of
the desired mode; while tuning of the “ring modes” can lead to high loss for the
HOM, i.e., high mode discrimination.

[0040] FIG. 6B shows confinement loss for the fundamental mode and the
relevant next higher order modes, for different sizes of the rings (parameterized
by the "relgap’). Depending on relgap, some subset of the higher order modes has
undesirably low loss; while for relgap=0.13, all of these modes have desirably
high loss. The term “relgap” refers to the relevant next higher order mode.

[0041] FIG. 6C shows the confinement loss vs wavelength for the fundamental
mode (‘'LP01’, mode 1) and relevant higher order modes (‘LP11’, mode 2) for the
relgap=0.13 case. Losses vary with wavelength, but in the region of interest the
‘LP01"'mode has a loss of ~0.1 db/m and the “‘LP11" mode has a loss of ~150
db/m. The two branches of the ‘LP11” mode loss are due to the two parities with
which those modes can couple to the rings (see also Fig. 6D).

[0042] FIG. 6D shows the effective indices vs wavelength of the fundamental
mode (‘'LP01’, mode 1) and relevant higher order modes (‘LP11’, mode 2). The
two branches of the ‘LP11" mode index are due to the two parities with which
those modes can couple to the rings (see also Fig. 6B).

[0043] Simulations concerning a heat loaded (25 W /m) fiber utilizing low
contrast rings with barriers were performed, consistent with quantum defect
heating in a 20 m fiber at 5 kW. Heating induces a change in the material index,
increasing guidance and shifting the effective indices of the modes. In particular,
these shifts separate the core ‘LP11” and ring “LP01” modes in the optimized cold
design, resulting in a reduced core “‘LP11" loss of ~30 dB/m. Adjusting the ring
diameter ONLY, via adjustment of relative gap from 0.13 to 0.115, results in a

core ‘LP11" loss of > ~140 dB/m.
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[0044] FIG. 6E shows effective index and confinement loss in the heated fiber
after adjustment of the ring diameter. The heat induced index change results in
yet higher order modes (‘LP21” and ‘LP02’) to propagate. However, their losses
and especially their large effective index difference with respect to the ‘LP01’
mode make them less of a concern with respect to TMI.

[0045] The following design parameters and specifications are provided for
an embodiment having low contrast rings with barriers:

* Design parameters
— Barriers replace rings, Roarrier = Rring
* For cold fiber case
—  Ndad = 1.45, Reore = 15 um
— Number of rings = 6, relative gap = 0.13
—  Ruing = 11.783 pm, Twan = 1.25 pm
— NAuing = 0.2 (Ndel = 1.37 x 10-?)
—  NAvarrier = 0.14 (Ndel = -6.77 x 103)
* For hot fiber case, 25W/m heatload
—  Ndad = 1.45, Reore = 15 um
— Number of rings = 6, relative gap = 0.115
—  Ruing = 11.783 pm, Twan = 1.25 pm
— NAuing = 0.2 (Ndel = 1.37 x 102
—  NAvarrier = 0.14 (Ndel = -6.77 x 103)

[0046] Broadly, this writing discloses at least the following.

[0047] An all solid hybrid waveguiding structure provides large mode area,
acceptable losses of the desired core mode and very high losses of the undesired
next higher order mode in the core. Embodiments of the waveguide include a
hybrid of low index barriers providing confinement by total internal reflection,
and further include high index rings that support guided modes only at effective

indices different from that of the desired core mode.

-10-
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[0048] This writing also presents at least the following Concepts.
[0049] Concepts:

1. An apparatus, comprising;:

a length of a background material of undoped optical material
having an index of refraction (v);

a core comprising a length of a solid core material within said
length of background material, wherein said core material comprises a rare-
earth dopant and has an index of refraction (11¢ee); and

a length of a first set of solid optical material elements located
within said length of background material and distributed around said core,
wherein each solid optical material element of said first set of solid optical
material elements comprises an outer solid ring region having an index of
refraction (11,ing) that is greater than rp,.

2. The apparatus of concepts 1 and 3-15, wherein said undoped
optical material comprises undoped glass.

3. The apparatus of concepts 1, 2 and 4-15, wherein each solid
optical material element of said first set of solid optical material elements
comprises a solid glass element.

4. The apparatus of concepts 1-3 and 5-15, wherein said first set of
solid optical material elements are distributed around said core and curve
away from said core.

5. The apparatus of concepts 1-4 and 6-15, wherein each solid
optical material element of said first set of solid optical material elements
comprises an outer wall, wherein light is partially confined to said core by
glancing reflection from at least one said wall of said solid optical material
elements.

6. The apparatus of concepts 1-5 and 7-15, wherein each solid
optical material element of said first set of solid optical material elements
comprises an outer wall, wherein light is partially confined to said core by

glancing reflection from at least one said wall of said solid optical material

-11-
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elements, wherein said glancing reflection is enhanced for certain
wavelengths by multiple reflections within said outer solid ring region of at
least one solid optical material element of said first set of solid optical
material elements.

7. The apparatus of concepts 1-6 and 8-15, wherein to obtain
minimum losses in said solid core material at an operating wavelength A,
said each outer solid ring region is set such that

2UNA=(m+1/2)2 horein

_ 2 2
NA = Jnrmg — My,
4

wherein £ is the wall thickness of said each outer solid ring region, wherein
said ring comprises a material specified by its numerical aperture NA which
is a function of its index of refraction n,ing and that of the background nye and
wherein m is an integer.

8. The apparatus of concepts 1-7 and 9-15, further comprising a
length of a second set of optical material elements located within said
background material and distributed around said core, wherein said second
set of optical material elements comprises an index of refraction (#sarrier)
below that of rp.

9. The apparatus of concepts 1-8 and 10-15, further comprising a
length of a second set of optical material elements located within said
background material and distributed around said core, wherein said second
set of optical material elements comprises an index of refraction (1arrier)
below that of nyg, wherein each optical material element of said second set of
optical material elements comprises glass.

10. The apparatus of concepts 1-9 and 11-15, further comprising a
length of a second set of optical material elements located within said
background material and distributed around said core, wherein said second
set of optical material elements comprises an index of refraction (#sarrier)

below that of nyg, wherein at least one solid optical material element of said

-12-
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first set of solid optical material elements has a diameter that tunes a mode of
said outer solid ring region such that an unwanted higher order mode
(HOM) in said core is coupled to a mode supported within the interior of
said at least one solid optical material element of said first set of solid optical
material elements.

11. The apparatus of concepts 1-10 and 12-15, further comprising a
length of a second set of optical material elements located within said
background material and distributed around said core, wherein said second
set of optical material elements comprises an index of refraction (#sarrier)
below that of n5, wherein each said outer solid ring region of said first set of
solid optical material elements comprises a diameter that brings at least one
of its interior modes into resonance with at least one higher order mode
(HOM) of said core, and thereby increases the propagation loss of said at
least one HOM.

12. The apparatus of concepts 1-11 and 13-15, wherein at least one
solid optical material element of said first set of solid optical material
elements has a diameter that tunes a mode of said outer solid ring region
such that an unwanted higher order mode (HOM) in said core is coupled to a
mode supported within the interior of at least one solid optical material
element of said first set of solid optical material elements.

13. The apparatus of concepts 1-12, 14 and 15, wherein each said
outer solid ring region of said first set of solid optical material elements
comprises a diameter that brings at least one of its interior modes into
resonance with at least one higher order mode (HOM) of said core, and
thereby increases the propagation loss of said at least one HOM.

14. The apparatus of concepts 1-13 and 15, wherein said core is co-
doped with material to reduce its index to that of said undoped optical

material.

13-
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15. The apparatus of concepts 1-14, wherein said core is co-doped
with Fluorine to reduce the index of said core to that of said undoped optical
material.

[0050] All elements, parts and steps described herein are preferably
included. It is to be understood that any of these elements, parts and steps
may be replaced by other elements, parts and steps or deleted altogether as
will be obvious to those skilled in the art.

[0051] The foregoing description of the technology has been presented for
purposes of illustration and description and is not intended to be exhaustive
or to limit the technology to the precise form disclosed. Many modifications
and variations are possible in light of the above teaching. The embodiments
disclosed were meant only to explain the principles of the technology and its
practical application to thereby enable others skilled in the art to best use the
technology in various embodiments and with various modifications suited to
the particular use contemplated. The scope of the technology is to be defined

by the following claims.

-14-
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We claim:

1. An apparatus, comprising;:

a length of a background material of undoped optical material
having an index of refraction (v);

a core comprising a length of a solid core material within said
length of background material, wherein said core material comprises a rare-
earth dopant and has an index of refraction (11¢ee); and

a length of a first set of solid optical material elements located
within said length of background material and distributed around said core,
wherein each solid optical material element of said first set of solid optical
material elements comprises an outer solid ring region having an index of

refraction (11,ing) that is greater than rp,.

2. The apparatus of claim 1, wherein said undoped optical material

comprises undoped glass.

3. The apparatus of claim 1, wherein each solid optical material
element of said first set of solid optical material elements comprises a solid

glass element.
4. The apparatus of claim 1, wherein said first set of solid optical
material elements are distributed around said core and curve away from said

core.

5. The apparatus of claim 1, wherein each solid optical material

element of said first set of solid optical material elements comprises an outer
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wall, wherein light is partially confined to said core by glancing reflection

from at least one said wall of said solid optical material elements.

6. The apparatus of claim 1, wherein each solid optical material
element of said first set of solid optical material elements comprises an outer
wall, wherein light is partially confined to said core by glancing reflection
from at least one said wall of said solid optical material elements, wherein
said glancing reflection is enhanced for certain wavelengths by multiple
reflections within said outer solid ring region of at least one solid optical

material element of said first set of solid optical material elements.

7. The apparatus of claim 1, wherein to obtain minimum losses in
said solid core material at an operating wavelength A, said each outer solid
ring region is set such that

2UNA =(m+1/2)A

, wherein
_ 2 2
NA=\n,,, —"y,

wherein £ is the wall thickness of said each outer solid ring region, wherein
said ring comprises a material specified by its numerical aperture NA which
is a function of its index of refraction n,ing and that of the background nye and

wherein m is an integer.

8. The apparatus of claim 1, further comprising a length of a second
set of optical material elements located within said background material and
distributed around said core, wherein said second set of optical material

elements comprises an index of refraction (#earier) below that of npe.
9. The apparatus of claim 1, further comprising a length of a second

set of optical material elements located within said background material and

distributed around said core, wherein said second set of optical material
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elements comprises an index of refraction (#sarrier) below that of 1y, wherein
each optical material element of said second set of optical material elements

comprises glass.

10. The apparatus of claim 1, further comprising a length of a
second set of optical material elements located within said background
material and distributed around said core, wherein said second set of optical
material elements comprises an index of refraction (#1parrier) below that of g,
wherein at least one solid optical material element of said first set of solid
optical material elements has a diameter that tunes a mode of said outer solid
ring region such that an unwanted higher order mode (HOM) in said core is
coupled to a mode supported within the interior of said at least one solid

optical material element of said first set of solid optical material elements.

11. The apparatus of claim 1, further comprising a length of a
second set of optical material elements located within said background
material and distributed around said core, wherein said second set of optical
material elements comprises an index of refraction (#1parrier) below that of g,
wherein each said outer solid ring region of said first set of solid optical
material elements comprises a diameter that brings at least one of its interior
modes into resonance with at least one higher order mode (HOM) of said

core, and thereby increases the propagation loss of said at least one HOM.

12. The apparatus of claim 1, wherein at least one solid optical
material element of said first set of solid optical material elements has a
diameter that tunes a mode of said outer solid ring region such that an
unwanted higher order mode (HOM) in said core is coupled to a mode
supported within the interior of at least one solid optical material element of

said first set of solid optical material elements.

-17-
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13. The apparatus of claim 1, wherein each said outer solid ring
region of said first set of solid optical material elements comprises a diameter
that brings at least one of its interior modes into resonance with at least one
higher order mode (HOM) of said core, and thereby increases the
propagation loss of said at least one HOM.

14. The apparatus of claim 1, wherein said core is co-doped with

material to reduce its index to that of said undoped optical material.
15. The apparatus of claim 1, wherein said core is co-doped with

Fluorine to reduce the index of said core to that of said undoped optical

material.

18-
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