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DESCRIPTION

[0001] The present invention relates to anti-resonant hollow-core optical fibers.

[0002] Hollow-core optical fibers have been studied and developed for nearly eighty years. In
principle, by guiding light in air rather than in a solid material, these fibers could allow ultra-low
propagation loss and non-linearity, as well as providing significantly higher propagation speeds
(l.e. reduced latency) and laser-induced damage thresholds than all-solid fibers. In practice,
however, It has not yet been possible to reduce the loss to levels comparable to the ~0.15
dB/km possible with all-glass fibers, and this has prevented widespread application of the
hollow-core technology:.

[0003] There are two main types of single-material hollow core fibers, these being based on
either photonic bandgap guidance (photonic bandgap fibers - PBGFs) or on anti-resonant
guidance (anti-resonant fibers - ARFs, such as Kagome fibers, 'negative curvature' fibers,
simplified anti-resonant fibers and hexagram fibers).

[0004] PBGFs offer the lowest loss (with attenuation as low as 1.2 dB/km at a wavelength of
1.62 um - Roberts et al, "Ultimate Low Loss of Hollow-Core Photonic Crystal Fibres"”, Optics
Express, No 13, pages 236 to 244, 2005), but over a narrow bandwidth (10-30% of the central
wavelength), while ARFs offer a bandwidth enlargement factor of 2 to 10 times that of PBGFs,
but with a higher straight loss and a more pronounced bend sensitivity.

[0005] In PBGFs, guidance i1s achieved by anti-resonance from an array of ordered and
suitably-sized rods In the cladding. As the number of rods In the radial direction can be
Increased at will, the leakage or confinement loss can be made arbitrarily small. However, the
rods need to be Iinterconnected by thin glass struts which do not operate with optimum anti-
resonance. Accordingly, electromagnetic field is not efficiently repelled by the glass boundaries,
which are inherently 'rough’ (at least at the atomic/molecular scale), and this creates surface
scattering, which is the dominant source of loss in PBGFs.

[0006] In ARFs, In contrast, it iIs the anti-resonance from uniformly-sized glass struts which
surround the core that confines the light in air. Since the struts are very efficient at expelling
light, scattering loss Is typically negligible in ARFs. However, no arrangement has been devised
which allows multiple layers to reflect coherently the light that tends to leak out from the core.
Accordingly, leakage loss typically dominates in ARFs. Another issue with ARFs Is the presence
of nodes that form at the Intersections between glass struts, especially as these nodes have
different and variable thicknesses and introduce spurious and spectrally-dense resonances
within the anti-resonant region, thus increasing the loss.

[0007] Fibers have been developed to address this problem by forming a core surround with a
'negative curvature’, such that the nodes are pushed further away from the air-guided mode.
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[0008] In addition, a fiber has been developed which eliminates unwanted nodes entirely, by
producing a lattice of non-touching tubes (Kolyadin et al, Optics Express, Vol 21, pages 9514
to 9519, 2013). The nodeless tube lattice of this fiber comprises a silica ring including eight
anti-resonant elements at the cladding surface, each being In non-touching relation, and
represents the current state of the art in terms of fabricated ARFs, exhibiting transmission
bands In the spectral range of from 2.5 um to 5 um with a minimum loss level of 4 to 5 dB/m
and average losses In the spectral bands at 5.8 ym and 7.7 um of 30 dB/m and 50 dB/m,
respectively.

[0009] However, the confinement loss In this fiber iIs still considerably higher than the
scattering loss. This i1s because light confinement is effectively caused by only one glass strut

azimuthally oriented via two Fresnel reflections at the glass-air boundaries.

[0010] More recently, a noded ARF has been proposed (Belardi et al, Optics Letters, Vol 39,
pages 1853 to 1856, 2014), which comprises a silica ring including eight primary anti-resonant
elements at the cladding surface, each being in touching relation, and at least one further anti-
resonant element nested within each of the primary anti-resonant elements.

[0011] The present invention aims to provide an improved fiber structure, in particular a novel
fiber structure which offers an attenuation loss which Is comparable to or lower than PBGFs

and a bandwidth as wide as in ARFs.

[0012] In one aspect the present invention provides an anti-resonant hollow-core optical fiber
according to claim 1.

[0013] In one embodiment the second tubular elements are arranged in symmetrical relation
at the cladding surface.

[0014] In one embodiment the first tubular element is circular in section.
[0015] In one embodiment the second tubular elements are circular in section.

[0016] In another embodiment the second tubular elements have a longer dimension In a
radial direction than a tangential direction, optionally elliptical or oval in section.

[0017] In one embodiment one or more of the tubular elements have different sectional shape.
[0018] In one embodiment the tubular elements are formed of glass, optionally silica.

[0019] In one embodiment the tubular elements are formed of glass having a refractive index
of at least 1.4, optionally 1.4 to 3, optionally 1.4 to 2.8.

[0020] In one embodiment the second tubular elements are attached to the first tubular
element each only at a single location on the cladding surface.
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[0021] In one embodiment the third tubular elements are attached to the respective second
tubular elements at the locations at which the second tubular elements are attached to the
cladding surface.

[0022] According to the Invention a ratio of the spacing of the adjacent second tubular
elements and a wall thickness of the second tubular elements Is greater than 0.5, wherein In
one embodiment the ratio 1s optionally greater than 0.8, optionally greater than 1, and
optionally greater than 2.

[0023] According to the Iinvention the ratio of the spacing of the adjacent second tubular
elements and a wall thickness of the second tubular elements is less than 12, wherein in one
embodiment the ratio is optionally less than 10, optionally less than 8, and optionally less than

6.

[0024] In one embodiment the second and third tubular elements have substantially the same
wall thickness.

[0025] According to the Invention a ratio of a radial spacing between radially-inner walls of the
second and third tubular elements to the core radius is between 0.35 and 0.95.

[0026] In one embodiment the fiber has a fundamental loss of less than 0.15 dB/km at
wavelengths of between 1.0 yum and 2.5 um.

[0027] In a yet further embodiment the fiber has a fundamental loss of less than 1 dB/km at
wavelengths of down to 0.8 um.

[0028] In one embodiment the core radius is optionally less than 50 um, optionally less than 40
um, optionally less than 30 um, optionally less than 25 um, optionally less than 20 um,
optionally less than 15 um, optionally less than 13 pm.

[0029] In one embodiment the fiber includes six nested arrangements of tubular elements.

[0030] In another embodiment the fiber includes three, four or five nested arrangements of
tubular elements.

[0031] In one embodiment the fiber exhibits a single mode.

[0032] In one embodiment a differential loss between a fundamental mode and a lowest-loss
high-order mode I1s at least one order or magnitude, optionally at least two orders of
magnitude.

[0033] In one embodiment a differential in a fundamental loss between the fiber when straight
and when colled to a diameter of 10 mm is less than two orders of magnitude, optionally less
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than one order of magnitude, optionally less than half an order or magnitude.

[0034] In one embodiment the fiber further comprises a plurality of fourth tubular elements
which are each nested within respective ones of the third tubular elements.

[0035] In one embodiment the second, third and fourth tubular elements have substantially the
same wall thickness.

[0036] The present invention also extends to a method of using of the above-described fiber In
a single mode.

[0037] The present invention further extends to a method of using of the above-described fiber
with a selected mode field diameter for a given wavelength.

[0038] With the present Invention, a total propagation loss (i.e. Including scattering,
confinement, bend and material absorption loss) Is predicted which Is even lower than
conventional telecoms fibers, down to 0.05 dB/km. This low loss, combined with a low non-
inearity and a wide operational bandwidth (again, wider than current solid fibers) provides an
iIdeal high-capacity data transmission medium.

[0039] The present disclosure also aims to provide high bi-refringence (HI-Bi) hollow-core anti-
resonance fibers which either are polarizing-maintaining (PM) fibers, that is, maintain an input
polarization of a source signal, or are polarizing (P) fibers, that Is, introduce a polarization to a
source signal, for example, producing linearly-polarized light from an unpolarized input.

[0040] High bi-refringence (HI-Bi) fibres are widely used In optical communication systems,
sensing and interferometric devices, where preserving the source polarisation i1s essential. In
solid core polarization-maintaining (PM) fibres, the HI-Bi effect is achieved by applying ether

stress or anisotropy, through an elliptic core, to the fiber! but the non-linearity of the fiber
and/or the sensitivity of the fiber to external perturbations, such as temperature, can limit the
performance of fabricated devices (J Noda et al, "Polarization-maintaining fibers and their
applications,” J Lightwave Technol, Vol 4, pages 1071 to 1089, 1986). Owing to their unique
low non-linearity and high insensitivity to thermal environmental variations, hollow-core (HC)
fiores could represent an alternative for use within high-precision sensors, e.g. In gas
spectroscopy or In fiber-optic gyroscopes (FOG) (M A Terrel et al, "Resonant fiber optic
gyroscope using an air-core fiber’, J Lightwave Technol, Vol 30, pages 931 to 937, 2012).
However, high-performance, low-loss hollow-core fibers with polarisation-maintaining
properties are not readily available. Polarization-maintaining hollow-core fibers, based on
photonic band gap (PBG) guidance, have been presented recently (J M Fini et al, "Polarization
maintaining single-mode low-loss hollow-core fibres”, Nat Commun, Vol 5, page 5085, 2014).
In these fibers, which have a different guidance mechanism, the polarizing-maintaining
property is typically achieved by exploiting the anti-crossing of core-clad modes instead of the
conventional methods of solid-core fibers. However, these fibers exhibit a fairly-high
propagation loss and their operation is sensitive to external perturbations.
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[0041] The present inventors have recognized that a nested anti-resonance nodeless design
allows greater control of structural parameters than photo-bandgap fibers, and enables the
provision of hollow-core fibers with improved polarizing maintaining properties and also
polarizing properties, based for the first time on anti-resonance guidance.

[0042] The present invention also extends to use of the above-described fiber as a polarizing-
maintaining fiber, optionally maintaining an input polarization of a source signal.

[0043] The present invention further extends to use of the above-described fiber as a
polarizing fiber, optionally introducing a polarization to a source signal, optionally producing
linearly-polarized light from an unpolarized input.

[0044] The present invention has numerous application areas, which include:

Optical data communications

[0045] The fiber of the present invention should be able to guide light with propagation losses
below 0.15 dB/km, which represents a fundamental physical limit in current telecoms fibers,
and also with a broader useable bandwidth. Differently from all other hollow-core fibers
currently in existence, the fiber of the present invention iIs also able to operate with effectively
single-mode behaviour, which 1s desirable In order to avoid intermodal distortions when
transmitting data. Combining ultra-low loss with a non-linearity that is typically three orders of
magnitude lower than In a glass-guiding fiber, the present invention can offer a significant
Increase In transmission capacity over existing fibers.

Low latency data transmission

[0046] Guiding light In air provides for transmission speeds which are 30% greater than
standard fibers, a feature which has particular application to algorithmic trading companies,
which require low latency.

[0047] Low latency also has application In datacenter/supercomputer applications, where
hundreds of kilometers of optical cables are used to interconnect thousands of servers. The
ability of the fiber of the present invention to exhibit ultra-low loss at any given wavelength
allows these ultra-low latency fibers to operate at wavelengths of ~0.8 um , a wavelength often
used for Intra-datacenter interconnection as it allows the use of cheaper VCSEL transmitter
technology.

Radiation hardness
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[0048] The fiber of the present invention provides a radiation hardness which iIs of interest for
transmission of data synchronisation signals in high-energy physics experiments and in space
missions, where operation at mid-IR wavelengths would also be an additional requirement.

High power delivery

[0049] The fiber of the present invention can be configured such that less than 0.1%, and In
some configurations less than 0.01%, of the optical power is guided In the glass. The output
mode field diameter (MFD) of the fiber is easily tailorable to that of a fiber laser operating at
any wavelength, e.g. 0.8 um,1 um, 1.55 uym and 2 ym. The fibers also have a bend robustness
which Is significantly superior to that of any solid fiber with a comparable effective area, and
are effectively single moded. These features enable application as a power delivery fiber for
high-power fiber lasers in industrial manufacturing, especially for pulsed operation where the
peak powers involved induce detrimental non-linear spectral broadening and temporal pulse
distortion, or could even exceed the damage threshold of the material. The considerable
reduction In cross-sectional complexity as compared to PBGFs would also enable the stacking
of arrays of such fibers to transmit undistorted ultra-short, high peak power pulses from
multiple laser sources for subsequent coherent recombination, which would have use In laser-
driven particle acceleration applications.

Mid-IR gas spectroscopy

[0050] The fibers of the present invention, In having a very small overlap of the optical power

with glass (typically between 10 and 1074), enable the transmission of light at wavelengths
where the glass iIs highly opaque. This feature, combined with the fact that light is guided in a
gaseous medium, allows use In spectroscopic applications in the mid-IR, where fundamental
roto-vibrational absorptions of most molecules lie. Further applications include gas sensors, for
example, In breath analysis for preventive cancer screening research. Where fabricated of
fused silica, the fibers of the present invention should enable transmission with ~dB/m loss at
wavelengths up to 6-6.5 uym. Furthermore, and differently from PBGF technology, the present
Invention can be applied to higher index glasses which are more transparent in the mid-IR,
allowing potential transmission of wavelengths of up to 10 ym or more.

Biomedical applications

[0051] The fibers of the present invention, In providing low-loss guidance of high-energy
pulses at specific mid-infrared wavelengths, allow for surgical applications. Wavelengths of
around 3 um are, for example, currently used to ablate a wide variety of biological tissues due
to the high absorption of water present in the tissues. The high fluence typically required for
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tissue ablation makes it impossible to use solid fibers, and current hollow fibers typically suffer
from high bend loss, which Iis overcome by the present invention. Furthermore, the present
iInvention allows application at shorter wavelengths, typically 0.8 um to 1 um, enabling
application In endoscopes capable of transmitting Iintense pump pulses for the non-linear

probing of molecules, for example, in the clinical assessment of cancer cell growth or In the
real-time study of in-vivo cellular processes.

Gvroscopes and temperature-insensitive fibers for delivery of precise freauency/time
Information

[0052] The fibers of the present invention, in having an optical mode which travels largely
through air, which has much smaller Kerr, Faraday and thermal constants than silica, exhibits
far lower dependencies on power, magnetic field and temperature fluctuations. These
characteristics have particular application In gyroscopes and Iin the niche application of
temperature-insensitive fibers for the delivery of ultra-precise time stamps.

[0053] Preferred embodiments of the present invention will now be described hereinbelow by
way of example only with reference to the accompanying drawings, in which:

Figure 1 illustrates a hollow-core anti-resonant fiber in accordance with a first embodiment of
the present invention;

Figure 2 Illustrates contour plots of the intensity of the fundamental air-guided mode In
accordance with a fiber of Figure 1;

Figure 3 lllustrates plots of loss associated with different arrangements of nested tubular
elements for comparative fibers and fibers in accordance with Figure 1, having overlapping,
just touching (zero spacing) and spaced configurations, with the ratios d/t of -0.5, -0.3, -0.1, O,
0.8, 1, 2 and 4, as a function of wavelength;

Figure 4 represents loss as a function of the ratio d/t for two embodied wavelengths, namely,
1.4 um and 1.6 um, for comparative fibers and fibers in accordance with Figure 1;

Figure 5 lillustrates field intensities in the azimuthal and radial directions at an intersection
between adjacent second tubular elements in accordance with a fiber of Figure 1;

Figure 6 Illlustrates loss as function of wavelength for fibers in accordance with Figure 1;

Figure 7 illustrates loss as function of wavelength for straight fibers in accordance with Figure
1, having core radiuses R of 13 um, 15 ym, 20 ym and 25 ym;

Figure 8 illustrates losses of the fundamental mode (FM) and the first high-order mode (HOM)
for a fiber in accordance with Figure 1;

Figure 9 Illustrates plots of loss for the fundamental mode HE11 and the lowest-loss higher-
order mode TEO1 for one fiber in accordance with Figure 1;
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Figure 10 illustrates plots of loss for the fundamental mode HE11 and the lowest-loss higher-
order mode TEO1 for another fiber in accordance with Figure 1;

Figure 11 illustrates plots of differential loss for the fundamental mode HE11 and the lowest-

loss higher-order mode TEO1 as a function of the ratio z/R for fibers in accordance with Figure
1;

Figure 12 illustrates plots of loss as a function of wavelength for fibers in accordance with
Figure 1, having six and eight nested tubular elements;

Figure 13 illustrates plots of loss for the fundamental mode (FM) and the first higher-order
mode (HOM) for fibers in accordance with Figure 1, having six and eight nested tubular
elements;

Figure 14 illustrates plots of loss as a function of wavelength for fibers in accordance with
Figure 1, having MFDs of (I) 9 um, (II) 13 um and (lll) 16 um;

Figure 15 illustrates plots of loss as a function of wavelength for comparative fibers and a fiber
In accordance with Figure 1, each having an MFD of 9 um;

Figure 16 illustrates a hollow-core anti-resonant fiber in accordance with a second embodiment
of the present invention;

Figure 17 Iillustrates plots of loss as a function of wavelength for fibers in accordance with
Figures 1 and 16, both when straight (solid line) and when bent (dashed line) to a radius of 2.5
cm;

Figure 18 illustrates a hollow-core anti-resonant fiber in accordance with a third embodiment of
the present invention;

Figure 19 illustrates a hollow-core anti-resonant fiber in accordance with a fourth embodiment
of the present invention;

Figure 20 illustrates a hollow-core anti-resonant fiber in accordance with a fifth embodiment of
the present invention;

Figure 21 illustrates a hollow-core anti-resonant fiber in accordance with a sixth embodiment of
the present invention;

Figure 22 Illustrates a hollow-core anti-resonant fiber In accordance with a seventh
embodiment of the present invention;

Figure 23 lllustrates a hollow-core anti-resonant fiber In accordance with an eighth
embodiment of the present invention;

Figure 24 represents the fundamental anti-crossing mode profile of the fiber of Figure 23;

Figure 25 illustrates a hollow-core anti-resonant fiber in accordance with a ninth embodiment
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of the present invention;

Figures 26(a) and (b) illustrate respectively the modal intensity profile and the electric field
direction of the high-loss (y-polarised) and low-loss (x-polarised) orthogonal polarizations of
the fundamental mode of the fiber of Figure 25; and

Figures 27(a) to (c) illustrate respectively the phase bi-refringence (PB), the loss and the loss
ratio of the fiber of Figure 25 as a function of wavelength in the range of between 1.5 um and
1.6 um.

[0054] Figure 1 Illustrates a hollow-core anti-resonant fiber In accordance with a first
embodiment of the present invention.

[0055] The fiber comprises a first tubular, cladding element 1 which defines an internal
cladding surface 3, a plurality of second tubular elements 5 which are arranged In spaced, In
this embodiment symmetrical, relation at the cladding surface 3 and together define a core 9
with a radius R, and a plurality of third tubular elements 7, each nested within a respective one
of the second tubular elements 5, whereby the nested ones of the second and third tubular
elements 5, 7 provide nested tubular arrangements 11a-f.

[0056] In this embodiment the tubular elements 1, 5, 7 are circular in section, but could have
other tubular shapes, for example, substantially square, rectangular, elliptical or oval.

[0057] In this embodiment the tubular elements 1, 5, 7 each have the same sectional shape,
but the one or more of the tubular elements 1, 5, 7 could have different sectional shape.

[0058] In this embodiment the tubular elements 1, 5, 7 are circular and have complete
rotational symmetry, but in other embodiments could be radially-elongate structures, which
may exhibit reflectional symmetry about a single plane or about two orthogonal planes.

[0059] In this embodiment the tubular elements 1, 5, 7 are formed of glass, here silica.

[0060] In this embodiment the second tubular elements 5 are attached to the first tubular
element 1 only at a single location on the cladding surface 3.

[0061] In this embodiment the second tubular elements 5 are arranged In non-touching
relation and the adjacent second tubular elements 5 have a spacing d therebetween.

[0062] In this embodiment the spacing d of the adjacent second tubular elements 5 and the
wall thickness t of the second tubular elements 5 have a ratio d/t greater than about 0.5,
optionally greater than about 0.8, optionally greater than about 1, and optionally greater than
about 2, and less than about 12, optionally less than about 10, optionally less than about 8,
and optionally less than about 6.
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[0063] In this embodiment the third tubular elements 7 are attached to the respective second
tubular elements 5 at the locations at which the second tubular elements 5 are attached to the
cladding surface 3.

[0064] In this embodiment the second and third tubular elements 5, 7 have the same or
substantially the same wall thickness ¢.

[0065] In this embodiment the difference In diameter z between the second and third tubular
elements 5, 7 Is such that the ratio z/R of the diametral difference z and the core radius R Is
between about 0.3 and about 1.0, optionally between about 0.35 and about 0.95, which
provides an optimum regime for lowest fundamental mode loss.

[0066] The present inventors have surprisingly determined that with an arrangement of nested
anti-resonant elements 5, 7, and by providing the second tubular elements 5 to be In non-
touching relation, and more particularly with a defined relationship between the spacing d of
the adjacent second tubular elements 5 and the wall thickness t of the second tubular elements
5, a fiber Is achieved which has a very significantly reduced loss as compared to existing fibers.

[0067] The fiber of the present invention provides a node-less arrangement of anti-resonant
struts at the core 9 which confine light with a broad bandwidth, and the third tubular elements 7
further provide an additional boundary layer that acts coherently in effect as a Bragg mirror,
which dramatically decreases the confinement loss of the fiber. The effect of the node-less
arrangement and the nested third tubular elements 7 i1s clearly illustrated in Figure 2, which
Includes 3 dB contour plots of the Intensity of the fundamental air guided mode. With this
arrangement, all of the inner boundaries in the fiber operate in anti-resonance, and the only
nodes In the fiber are located at the boundary with the outer cladding element 1, where the
field is typically 60-80 dB lower than at the core 9.

[0068] Figure 3 Illustrates plots of loss associated with different arrangements of nested
tubular elements 5, 7 having overlapping, just touching (zero spacing) and spaced
configurations, with the ratios d/t of -0.5, -0.3, -0.1, 0, 0.8, 1, 2 and 4 as a function of
wavelength for a fiber having a core radius R of 15 um and the second tubular elements 5
having a wall thickness t of 0.42 um, and with the ratios z/R being 0.9. The negative ratios d/t
represent arrangements where the second tubular elements 5 are in overlapping relation. As
will be seen from Figure 2, fibers with an optimized ratio d/t exhibit markedly decreased loss
over a very wide bandwidth range, especially over a range of wavelengths from about 1.2 ym
to about 1.8 um.

[0069] Figure 4 represents loss as a function of the ratio d/f for two embodied wavelengths,
namely, 1.4 ym and 1.6 um, for a fiber having a core radius R of 15 ym, the second tubular
elements 5 having a wall thickness £ of 0.42 um, and with the ratio z/R being 0.9. These plots
clearly illustrate the significant improvement in loss when utilizing the nested tubular elements
S5, 7 and where the ratio d/t has a defined range.
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[0070] As will be observed, loss Increases markedly when the second tubular elements 5 are
touching or the ratio d/t approaches zero. Figure 5 Illustrates the field intensities In the
azimuthal and radial directions at an intersection between adjacent second tubular elements 5.
When the second tubular elements 5 are touching (d/t < 0), the field 1s perturbed, but the
perturbation in the azimuthal direction does not match the perturbation in the radial direction,
owing to the presence of a thicker waveguide, causing the waveguides to be ineffective in anti-
resonance. Further, when the second tubular elements 5 are spaced, but the spacing is small
In relation to the wall thickness £, the field between the second tubular elements 5 is locally
enhanced due to the discontinuity of the normal electric field component. And, when the ratio
d/t becomes too large, the nested tubular elements 5, 7 are too far apart to act effectively as
waveguides and prevent leakage. It i1s only in the particular condition of a nested arrangement
of the tubular elements 5, 7, and with a selected ratio d/t, that the nested tubular elements 5, 7
provide waveguides which are sufficient for anti-resonance to expel the field effectively from
the inter-tube channel.

[0071] Figure © illustrates loss as function of wavelength for seven fibers having respectively
() a core radius R of 7 ym and the second tubular elements 5 having a wall thickness of 0.2
um, (ll) a core radius R of 11 um and the second tubular elements 5 having a wall thickness of
0.3 um, (lll) a core radius R of 15 um and the second tubular elements 5 having a wall
thickness of 0.42 um, (IV) a core radius R of 20 ym and the second tubular elements 5 having
a wall thickness of 0.55 um, (V) a core radius R of 27 um and the second tubular elements 5
having a wall thickness of 0.6 um, (VIl) a core radius R of 54 um and the second tubular
elements 5 having a wall thickness of 1 um, and (VIl) a core radius R of 80 um and the second
tubular elements 5 having a wall thickness of 2.25 um, all having the ratio z/R of 0.9. The solid
lines indicate confinement loss and material absorption loss, which dominate for most fibers at
wavelengths of 2 ym and longer, while the dashed lines indicate scattering loss, which is only
relevant for fibers guiding at short wavelengths.

[0072] As will be observed, loss of around 1 dB/km or lower Is predicted from UV, through
visible, up to wavelengths of about 2.5 ym. A loss of less than 1 dB/m iIs possible up to
wavelengths of about 5 uym, while fibers having a loss of about 2 dB/m to about 4 dB/m can be
utilized at wavelengths at up to 7 um. In contrast, PBGFs have a minimum transmission loss
window centered In the near IR, between 1.5 ym and 2 um.

[0073] In addition, In the fibers of the present invention, the fraction of optical power guided In

the glass is extremely low (between 10° and 104, which allows light transmission at
wavelengths where the glass is strongly opaque. For example, in the case of silica glass, fibers
having loss of a few dB/m could guide at wavelengths in the region of about 5 um to about 7
um, where the glass loss 1s 60,000 dB/m. The light guiding mechanism of the present invention
also enables the use of glasses with a higher refractive index and longer IR multiphonon
edges, hence enabling hollow fibers guiding at wavelengths of up to 10 um, and longer to 12
um, even possibly to 15 um. Again, this contrasts with PBGFs where a high-index glass
severely compromises the performance to the point that no guiding PBGF made of a glass
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different from silica has been reported to date.

[0074] Figure 7 Illustrates loss as function of wavelength for straight fibers having core
radiuses R of 13 uym, 15 ym, 20 um and 25 um, each having the ratio d/t of 5, the second
tubular elements 5 having a wall thickness f of 0.55 ym, and with the ratio z/R of 0.9, as
compared to a typical ARF (Poletti et al, "Optimising the Performances of Hollow Antiresonant
Fibres,” European Conference on Optical Communication (ECOC) 2011, paper
Mo.2.LeCervin.2), a state of the art PBGF (Poletti et al, Nature Photonics, Vol 7, pages 279 to
284, 2013) and a conventional fiber with record low loss (Nagayama et al "Ultra-low-loss

(0.1484 dB/km) pure silica core fibre and extension of transmission distance”, Electronics
Letters, Vol 38, pages 1168 and 1169, 2002).

[0075] As will be observed, the loss decreases with an increase in the core radius R, and this

decrease in the loss has been modelled to scale to A’//R®, where A is the wavelength. At a core
radius R of 13 um , the fiber of the present invention has a minimum loss equivalent to a state
of the art PBGF and is operational over a much broader bandwidth. At a core radius R of 20
um, the fiber of the present invention has a minimum loss equivalent to a conventional fiber

which currently exhibits a record low loss, and again i1s operational over a broader bandwidth,
especially to longer wavelengths.

[0076] In this embodiment the fiber includes six nested tubular elements 5, 7. In other
embodiments the fiber could include three, four or five nested tubular elements 5, 7.

[0077] This arrangement I1s contrary to the adopted understanding in the art (Vincetti et al,
Optics Express, Vol 18, pages 23133 to 23146, 2010) that seven or eight tubular elements or

waveguides are required for optimal performance, especially in the extinction of higher-order
modes.

[0078] In addition to the benefits associated with loss and bandwidth, the fiber of the present
Invention iIs also effectively single moded.

[0079] Figure 8 lillustrates the losses of the fundamental mode (FM) and the first high-order
mode (HOM) for a fiber having a core radius R of 25 um, the ratio d/t of 5, the second tubular
elements 5 having a wall thickness £ of 0.55 um, and with the ratio z/R of 0.9. The two orders of
magnitude In differential loss indicate an effective single-mode behaviour over sufficiently long
fibers. This single modedness presents clear advantages for data transmission, in avoiding
data distortion from intermodal couplings and contrasts with PBGFs, which, despite having
been already successfully used for demonstration of high data capacity transmission, are
Inherently multi-moded and have a relatively-low differential mode loss of only a factor of
approximately 2, which renders use in mode-division multiplexed transmissions problematic.

[0080] Figure 9 illustrates a plot of loss for the fundamental mode HE11 and the lowest-loss
higher-order mode TEQO1 for a fiber having a core radius R of 15 ym, nested tubular elements
5, 7 with a wall thickness t of 0.42 um, the ratio d/t of 5, and the ratio z/R of 0.8.



DK/EP 3249431 T3

[0081] As will be observed, the differential loss for the fundamental mode HE11 and the lowest-
loss higher-order mode TEO1 is approximately an order of magnitude, enabling single-mode
operation. In addition, it will be noted that the fraction of optical power guided in the glass Is

very low (between 104 and 1079).

[0082] Figure 10 illustrates a plot of loss for the fundamental mode HE11 and the lowest-loss
higher-order mode TEO1 for a fiber having a core radius R of 15 ym, nested tubular elements
S5, 7 with a wall thickness f of 0.42 um, the ratio d/t of 5, and the ratio z/R of 1.

[0083] As will be observed, the differential loss for the fundamental mode HE11 and the lowest-
loss higher-order mode TEO1 i1s approximately two orders of magnitude, further enabling
single-mode operation. By increasing the ratio z/R, the differential loss is significantly increased
by enhancing the resonant coupling at the nested tubular elements 5, 7. In addition, it will

again be noted that the fraction of optical power guided in the glass is very low (between 104
and 1079)

[0084] Figure 11 illustrates a plot of differential loss for the fundamental mode HE11 and the
lowest-loss higher-order mode TEO1 as a function of the ratio z/R for a fiber having a core

radius R of 15 um, nested tubular elements 5, 7 with a wall thickness f of 0.55 uym, the ratio d/t
of 5.

[0085] As will be seen, In this embodiment the fiber provides two effective single-mode regimes
which provide improved effective single-mode operation, these being for the ratio z/R between
about 0.05 and about 0.4, optionally between about 0.1 and 0.3, more optionally between
about 0.2 and about 0.3, in which the higher-order mode LP0O1 In the core 9 iIs matched to a
mode LP11 residing inside the third tubular elements 7, and for the ratio z/R between about 0.8
and about 1.2, optionally between about 0.9 and 1.2, more optionally between about 1.0 and
about 1.2, in which the higher-order mode LPO1 In the core 9 I1s matched to a mode LP11
guided between the second and third tubular elements 5, 7. In these arrangements, the nested
elements 5, 7 support a mode having an effective index (neff) which is well matched, optionally
having a differential in the effective mode (Aneff) of less than about 0.001, to that of the higher-
order mode LPO1 in the core 9, such as to cause coupling to the supported mode due to
perturbations and consequently increase the loss associated with the supported mode, and
thereby increase the differential loss.

[0086] As will also be seen, In this embodiment the fiber provides for the lowest fundamental
loss for the ratio z/R between about 0.35 and about 0.9.

[0087] Figure 12 represents loss as a function of wavelength for a first fiber having six nested
tubular elements 5, 7 with a core radius R of 15 ym, the tubular elements 5, 7 having a wall
thickness £ of 0.42 um, the ratio d/t of 5 and the ratio z/R of 0.9, a second fiber having eight
nested tubular elements 5, 7 with the same core radius R of 15 um, the tubular elements 5, 7
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having a wall thickness f of 0.42 um, the ratio d/t of 5 and the ratio z/R of 0.7, and a third fiber
having eight nested tubular elements 5, 7 with a core radius R of 15 um, the tubular elements
5, 7 having a wall thickness t of 0.42 um, the ratio d/t of 18 and the ratio z/R of 0.5.

[0088] As will be observed, there Is a significant loss advantage in the fiber having six nested
tubular elements 5, 7.

[0089] Figure 13 Illustrates a plot of loss for the fundamental mode FM and the first higher-
order mode HOM for a fiber having six nested tubular elements 5, 7 with a core radius R of 15
um,the tubular elements 5, 7 having a wall thickness f of 0.42 uym, the ratio d/f of 5 and the
ratio z/R of 0.9, and a fiber having eight nested tubular elements 5, 7 with a core radius R of 15
um, the tubular elements 5, 7 having a wall thickness t of 0.42 um, the ratio d/t of 18 and the
ratio z/R of 0.5.

[0090] As will be observed, the fiber having eight nested tubular elements 5, 7 has a
differential loss between the fundamental mode FM and the first higher-order mode HOM of
only 2.5, whereas the fiber having six nested tubular elements 5, 7 has a differential loss
between the fundamental mode FM and the first higher-order mode HOM of 50, enabling
enhanced modality control and effectively single-mode guidance by propagating modes over a
sufficiently long distance inside the fiber.

[0091] In addition, the fiber of the present invention allows for granular control of the mode
field diameter (MFD) for any given wavelength, enabling the fabrication of a hollow-core fiber
with an MFD which is matched to that of a solid core counterpart. In contrast, in PBGFs, for a
given operational wavelength, only a set of fixed core sizes can be achieved, by removing an
Integer number of caplillaries to form the central core.

[0092] Figure 14 illustrates three fibers having MFDs of (I) 9 um, () 13 um and (lll) 16 um,
operating at an operational wavelength of 1.06 um, typical of Ytterbium-doped fiber lasers. All
of the fibers have the six nested tubular elements 5, 7 having a wall thickness t of 0.375 um,
the ratio d/t of 5 and the ratio z/R of 0.7, and differ only in terms of the core radius R, with the
first fiber () having a core radius R of 6 um, the second fiber (lI) having a core radius R of 8
um, and the third fiber (lll) having a core radius R of 10 ym.

[0093] As will be observed, even at the smallest MFD, in this embodiment the fiber has a
sufficiently-low loss for a power-delivery application. For example, tailoring the MFD to that of a
solid active/passive fiber from a fiber laser, such as an Yb fiber laser, would minimise coupling
losses and favour direct splices, while the ultra-low non-linearity would ensure very high non-
linear and damage thresholds, especially required in short pulse delivery applications.

[0094] Furthermore, the fibers can be coiled tightly, and exhibit equivalent low loss values. As
llustrated In Figure 14, the total loss of the first MFD fiber (I) when coiled around a 1 cm
diameter mandrel i1s comparable to that when straight. These loss characteristics can be
compared to those of existing hollow-core designs having an MFD of 9 uym, and operating at a
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wavelength of 1.06 um, which exhibit markedly-higher losses, as illustrated in Figure 15.

[0095] Figure 16 Illustrates a fiber in accordance with a second embodiment of the present
iInvention.

[0096] The fiber of this embodiment is similar to the fiber of the first-described embodiment
and differs in having fourth tubular elements 15 which are nested within respective ones of the
third tubular elements 7.

[0097] In this embodiment the second, third and fourth tubular elements 5, 7, 15 have the
same or substantially the same wall thickness .

[0098] Figure 17 illustrates plots of loss as a function of wavelength for the fibers of the first
and second embodiments described above, both when straight (solid line) and when bent
(dashed line), in this embodiment to a radius of 2.5 cm.

[0099] As will be observed, loss decreases markedly with the introduction of the additional
tubular element 15 In the second-described embodiment, and furthermore, this second-
described embodiment exhibits a significant reduction in differential loss when bent.

[0100] Figures 18 to 22 illustrate fibers in accordance with various further embodiments of the
present invention.

[0101] Figure 18 is a modification of the first-described embodiment, and includes second and
third tubular elements 5, 7 of different shape, In this embodiment an asymmetric shape, here
elliptical or oval. In this embodiment the tubular elements 5, 7 have a longer dimension in the
radial direction of the cladding element 1. In this embodiment the fiber has a z/R ratio of 1.

[0102] In an alternative embodiment the tubular elements 5, 7 could have different sectional
profile. For example, the second tubular elements 5 could be radially elongated, such as
elliptical or oval, and the third tubular elements 7 circular.

[0103] Figure 19 1s a further modification of the first-described embodiment, in which the
cladding element 1 has a different tubular shape, in this embodiment substantially square, to

the second and third tubular elements 5, 7, and includes four nested tubular arrangements
11a-d.

[0104] Figure 20 i1s a yet further modification of the first-described embodiment, which includes
additional tubular anti-resonant elements 17 between respective ones of the nested tubular
elements 5, 7.

[0105] Figure 21 s a still further modification of the first-described embodiment, and includes
eight nested tubular arrangements 11a-h disposed in spaced relation at the cladding surface 3
of the cladding element 1.



DK/EP 3249431 T3

[0106] Figure 22 1s a modification of the second-described embodiment, and includes third and
fourth tubular elements 7, 15 of smaller diameter In relation to the second tubular elements 5.
In this embodiment resonance occurs between the higher-order mode guided in the core 9 and
the modes supported within the fourth, smallest elements 15, which consequentially creates
high loss In the supported modes.

[0107] Figure 23 illustrates a fiber in accordance with an eighth embodiment of the present
iInvention.

[0108] The fiber of this embodiment is similar in structure to the fiber of the second-described
embodiment and differs in having four nested tubular arrangements 11a-d, each comprising
second, third and fourth tubular elements 5, 7, 15, which are arranged in orthogonal relation as

a first pair of tubular arrangements 11a, ¢ and a second pair of tubular arrangements 11b, d. In
alternative embodiments the fiber could iInclude a different number of nested tubular

arrangements 11, for example, three, five, six, seven or eight nested tubular arrangements 11.

[0109] In this embodiment the outer tubular elements 5 of one, here the second pair of the
nested tubular arrangements 11b, d have a wall thickness t; which Is different to that of the wall

thickness t> of the outer tubular elements 5 of the other, here the first pair of the nested tubular
arrangements 11a, c, with the wall thickness ¢, of the outer tubular elements 5 of the one pair

of the nested tubular arrangements 11b, d being such as to provide for operation at anti-
resonance and the wall thickness > of the outer tubular elements 5 of the other pair of the

nested tubular arrangements 11a, ¢ being such as to provide for operation at an edge of
resonance.

[0110] As with the previously-described embodiments, the structure of this embodiment
reduces the confinement loss (CL) through the provision of reflecting anti-resonance layers
from the inner tubular elements 7, 15 of the nested tubular arrangements 11a-d and the
elimination of glass nodes In the clad structure, but significantly, through the wall thickness £, of

the outer tubular elements 5 of the one pair of the nested tubular arrangements 11b, d being
different and providing for operation at an edge of resonance, introduces a strong phase bi-
refringence (PB) for the orthogonal polarizations of the fundamental mode (OPFM), through
Introducing an effective index difference in the direction of the one pair of the nested tubular
arrangements 11b, d.

[0111] Figure 24 Illustrates the fundamental mode profille of the above-described fiber,
achieved by mode anti-crossing owing to the difference Iin the wall thicknesses t1, t2 of the
outer tubular elements 5 of the respective pairs of the nested tubular arrangements 11a-d.

[0112] In one case the relationship of the wall thickness {; of the outer tubular elements 5 of
the one pair of the nested tubular arrangements 11b, d to the wall thickness {> of the outer

tubular elements 5 of the other pair of the nested tubular arrangements 11a, cis 0.5t, <ty <15
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or 1.5t > t1 > t5, optionally 0.4t, <t, <t,or 1.4t, > t1 > t5, optionally 0.3t, <t <t,or 1.3t, > t1 >
t>, and optionally t{ < 0.9t, or t1 > 1.1t5.

[0113] In this fiber the wall thickness t4 of the outer tubular elements 5 of the one pair of the
nested tubular arrangements 11b, d i1s 1.42 um, and the wall thickness ty of the outer tubular

elements 5 of the other pair of the nested tubular arrangements 11a, cis 1.172 ym.

[0114] In one Z fiber the core radius R Is at most about 15 times the signal wavelength A,

optionally at most about 7 times, optionally at most about 5 times, where preferred
wavelengths A are about 0.5, 0.8, 1.06, 1.55 and 2 uym.

[0115] In this Z fiber the core radius R is 7 um.

[0116] In this fiber the Inner tubular elements 7, 15 of the nested tubular arrangements 11a-d
have a wall thickness of 1.172 um, the spacing d of the nested tubular arrangements 11a-d is,
and the inter-tubular spacing Z between the tubular elements 5, 7, 151s 0.65R.

[0117] In this Z arrangement the fiber achieves a phase bi-refringence of 1.54 x 104, which is
comparable to that of conventional solid polarizing-maintaining fibers, and a loss of
approximately 0.01 dB/m at 1.55 ym, which i1s remarkable for a hollow-core fiber with such a
small core.

[0118] Figure 25 illustrates a fiber in accordance with a ninth embodiment of the present
iInvention.

[0119] The fiber of this embodiment is similar in structure to the fiber of the eighth-described
embodiment and differs in that the sectional size and/or shape of at least one tubular element
S5, 7, 15 of the other pair of nested tubular arrangements 11a, ¢, orthogonal to the one pair of
nested tubular arrangements 11b, d, is different to that of the counterpart at least one tubular
element 5, 7, 15 of the one pair of nested tubular arrangements 11b, d.

[0120] In this embodiment one of the inner tubular elements 7, 15 of the other pair of nested
tubular arrangements 11a, ¢, here the innermost tubular element 15, Is of different sectional
size, whereby a spacing Z1 between the one innermost tubular element 15 and the adjacent

tubular element 7 of the other pair of nested tubular arrangements 11a, ¢ is different to a
spacing Zo, between the counterpart one innermost tubular element 15 and the adjacent

tubular element 7 of the one pair of nested tubular arrangements 11b, d.

[0121] In this embodiment the innermost tubular elements 15 of the other pair of nested
tubular arrangements 11a, ¢ are sized such that the spacing Z4 between those Innermost

tubular elements 15 and the adjacent tubular elements 7 i1s 1.74R.

[0122] In this fiber the relationship of the spacing Z4 of the other pair of nested tubular
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arrangements 11a, c to the spacing Z, of the one pair of nested tubular arrangements 11b, d Is

Z1>1.2Z5, optionally Z1 > 1.52Z5, optionally Z1 > 2Z5, optionally Z4 > 2.525.

[0123] With this configuration, the one pair of nested tubular arrangements 11b, d functions, In
the one direction of those tubular arrangements 11b, d, to maintain polarization by virtue of the
differently-sized outer tubular elements 5 of those tubular arrangements 11b, d, and the other
pair of nested tubular arrangements 11a, ¢ functions, in the other, orthogonal direction of those
tubular arrangements 11a, ¢, to achieve phase matching between core and clad guided modes
and thus out couple core fields into the tubular arrangements 11a, c, thereby introducing large
losses In the other direction and introducing a single polarization to a source signal.

[0124] Figures 26(a) and (b) illustrate respectively the modal intensity profile and the electric
field direction of the high-loss (y-polarised) and low-loss (x-polarised) orthogonal polarizations
of the fundamental mode of the fiber of Figure 25.

[0125] Figures 27(a) to (c¢) Illustrate respectively the phase bi-refringence (PB), the loss and
the loss ratio of the fiber of Figure 25 as a function of wavelength in the range of between 1.5
um and 1.6 um.

[0126] As lllustrated, the fiber of this embodiment exhibits surprising and significant optical
properties, having a fairly broad spectral range, with large bi-refringence, low fundamental
mode loss and a large loss differential which extends across the entire C-band and to the first
half of the L-band.

[0127] In the fiber of this embodiment the slightly-different mode size for one polarization in the
one direction, arising from the different thickness of the outer tubular elements 5 of the one
pair of nested tubular arrangements 11a-d, prevents coupling to cladding modes and maintains
a low loss, whereas, In the perpendicular polarization, in contrast, the core-to-clad out-coupling
process Introduces a much larger loss and so Iintroduces a single polarization to a source
signal.

[0128] As will be seen, the phase bi-refringence is comparable to that of conventional, solid
polarization-maintaining fibers, with a relatively small variance between 1.4 x 104 and 1.7 x 10

4 over the wavelengths between 1.5 ym and 1.6 ym.

[0129] As will also be seen, the lowest loss polarization has a loss as low as about 0.007/6
dB/m at 1.55 um. Although this loss Is greater than that of the eighth-described embodiment,
this Iincrease In loss Is counterbalanced by a much higher loss for the other polarization, being
about 70 dB/m at 1.55 um, with the loss ratio between polarizations of fundamental mode
being as high as about 1000. With this loss, the fiber would exhibit a single polarization even In
meter-scale applications.

[0130] The fiber of this embodiment represents an anti-resonance fiber structure which
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provides polarization-maintaining and polarizing function, which has hitherto not been
avallable.

[0131] Finally, it will be understood that the present invention has been described In its
preferred embodiments and can be modified in many different ways without departing from the
scope of the invention as defined by the appended claims.
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Patentkrav

1. Optisk antiresonant hulkernefiber omfattende et fgrste rgrformet
beklaedningselement (1), som definerer en indvendig beklaedningsflade (3), en
flerhed af andet rgrformede elementer (5), som er fastgjort til den indvendige
beklaedningsflade (3) og sammen definerer en kerne (9) med en effektiv radius
(R), og en flerhed af tredje rgrformede elementer (7), hver indlejret i et respektivt
ene af de andet rgrformede elementer (5), for at tilvejebringe indlejrede
rorformede anordninger (11a-f);

kendetegnet ved, at:

de andet rgrformede elementer (5) er anbragt med afstand, og tilstedende

af de andet rgrformede elementer (5) har et mellemrum (d) derimellem;

et forhold (d/t) mellem mellemrummet (d) af de tilstgdende andet
rogrformede elementer (5) og en vagtykkelse (t) af de andet rgrformede

elementer (5) er stgrre end 0,5 og mindre end 12; og

et forhold (z/R) mellem et radialt mellemrum (z) mellem radialt indvendige
vaagge af de andet og tredje rgrformede elementer (5, 7) og

kerneradiussen (R) er mellem 0,35 og 0,95.

2. Fiberen ifglge krav 1, hvor:

(i) de indlejrede rgrformede anordninger (11a-f) er anbragt i symmetrisk

forhold ved den indvendige beklaedningsflade (3);
(ii) det fgrste rgrformede element (1) er cirkulaert i tvaersnit;

(iii) de andet rgrformede elementer (5) er cirkulaere i tvaersnit eller har en
laengere dimension i en radial retning end en tangential retning, og er

eventuelt elliptiske eller ovale i tvaersnit;

(iv) et eller flere af de rgrformede elementer (1, 5, 7) har forskellig

tvaersnitsform; og/eller

(v) de rgrformede elementer (1, 5, 7) er dannet af glas, eventuelt silica, og
de rgrformede elementer (1, 5, 7) er eventuelt dannet af glas med et

brydningsindeks pa mindst 1,4, eventuelt 1,4 til 3, eventuelt 1,4 til 2,8.
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3. Fiberen ifglge krav 1 eller 2, hvor de andet rgrformede elementer (5) hver er
fastgjort til det fgrste rgrformede element (1) ved kun en enkelt placering pa den
indvendige beklaedningsflade (3), og de tredje rgrformede elementer (7) er
eventuelt fastgjort til de respektive andet rgrformede elementer (5) ved
placeringerne ved hvilke de andet rgrformede elementer (5) er fastgjort til den
indvendige beklaedningsflade (3).

4. Fiberen ifglge et hvilket som helst af kravene 1 til 3, hvor (i) et forhold (d/t)
mellem mellemrummet (d) af de tilstgdende andet rgrformede elementer (5) og
en vaegtykkelse (t) af de andet rgrformede elementer (5) er stgrre end 0,8,
eventuelt stgrre end 1, og eventuelt stgrre end 2, og/eller (ii) et forhold (d/t)
mellem mellemrummet (d) af de tilstgdende andet rgrformede elementer (5) og
en vaegtykkelse (t) af de andet rgrformede elementer (5) er mindre end 10,

eventuelt mindre end 8, og eventuelt mindre end 6.

5. Fiberen ifglge et hvilket som helst af kravene 1 til 4, hvor de andet og tredje

rgrformede elementer (5, 7) har i alt vaesentligt den samme vaagtykkelse (t).

6. Fiberen ifglge et hvilket som helst af kravene 1 til 5, hvor fiberen har:

(i) et fundamentalt tab pa mindre end 0,15 dB/km ved bglgelaengder pa

mellem 1,0 um og 2,5 um; eller

(ii) et fundamentalt tab pa mindre end 1 dB/km ved bglgelaengder pa ned
til 0,8 pm.

7. Fiberen ifglge et hvilket som helst af kravene 1 til 6, hvor kerneradiussen (R) er
mindre end 50 ym, eventuelt mindre end 40 um , eventuelt mindre end 30 um,
eventuelt mindre end 25 um, eventuelt mindre end 20 um, eventuelt mindre end

15 uym, eventuelt mindre end 13 um.

8. Fiberen ifglge et hvilket som helst af kravene 1 til 7, hvor fiberen inkluderer

tre, fire, fem eller seks indlejrede anordninger af rgrformede elementer (1, 5, 7).
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9. Fiberen ifglge et hvilket som helst af kravene 1 til 8, hvor fiberen udviser en
enkelt tilstand, og et forskelstab mellem en fundamental tilstand og en laveste-
tab hg@j orden-tilstand er eventuelt mindst en stgrrelsesorden, eventuelt mindst to

stgrrelsesordner.

10. Fiberen ifglge et hvilket som helst af kravene 1 til 9, hvor en forskel i et
fundamentalt tab mellem fiberen nar lige og nar viklet til en diameter pa 10 mm
er mindre end to stgrrelsesordner, eventuelt mindre end en stgrrelsesorden,

eventuelt mindre end en halv stgrrelsesorden.

11. Fiberen ifglge et hvilket som helst af kravene 1 til 10, yderligere omfattende
en flerhed af fjerde rgrformede elementer (15) der hver er indlejret i respektive
ene af de tredje rgrformede elementer (7), og de andet, tredje og fjerde
rorformede elementer (5, 7, 15) eventuelt har i alt vaesentligt den samme

vaegtykkelse (t).

12. Fremgangsmade til anvendelse af fiberen ifglge et hvilket som helst af
kravene 1 til 11 (i) i en enkelt tilstand, (ii) med en valgt tilstandsfeltdiameter
(MFD) for en given bglgelaengde, (iii) som en fiber til at fastholde polarisering,
eventuelt at fastholde en inputpolarisering af et kildesignal, og/eller (iv) som en
polariserende fiber, eventuelt at introducere en polarisering til et kildesignal, og

eventuelt at producere linezert polariseret lys fra et upolariseret input.
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