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1
ARCHIMEDEAN-LATTICE
MICROSTRUCTURED OPTICAL FIBER

FIELD OF THE INVENTION

The present invention relates to the field of optical fibers
and more particularly concerns a microstructured optical
fiber having holes arranged in an Archimedean-like lattice
surrounding a light-guiding core.

BACKGROUND OF THE INVENTION

Optical fibers are used in a variety of applications such as
telecommunications, illumination, fiber lasers, laser machin-
ing and welding, sensors, medical diagnostics and surgery.

A typical standard optical fiber is made of transparent
material. Itis uniform along its length, and has a cross-section
of varying refractive index. For example, the transparent
material in the central region, i.e. the core, may have a higher
refractive index than the transparent material in the outer
region, i.e. the cladding. Light is confined in or near the core
and guided along the length of the optical fiber by the prin-
ciple of total internal reflection at the interface between the
core and cladding.

A microstructured optical fiber (MOF), also known as a
holey fiber, a photonic crystal fiber or a photonic bandgap
fiber, differs from a standard waveguide fiber in that it has a
cross-section microstructured from two or more materials. A
microstructured fiber has a cladding running the length of the
fiber that is microstructured from two or more materials most
commonly arranged periodically over much of the cross-
section. For example, a microstructured optical fiber may
have a cladding made of a transparent material in which a
periodic array of holes extends longitudinally, the holes being
arranged periodically over much of the cladding cross-sec-
tion and filled with material which has a lower refractive
index than the transparent material of the rest of the cladding,
and a core of transparent material consisting of a break in the
periodic array of the cladding. MOF's can guide light accord-
ing to one of two mechanisms. In a microstructured optical
fiber with a solid core, or a core with a higher average refrac-
tive index than the microstructured cladding, light may be
guided along the core by the same index-guiding mechanism
of'total internal reflection as in standard optical fibers or by a
mechanism based on photonic-band-gap effects. With total-
internal-reflection guidance, MOFs can have a much higher
effective-index contrast between core and cladding, and
therefore can have much stronger confinement for specialized
applications. With photonic-band-gap guidance, light is con-
fined by a photonic bandgap created by the microstructured
cladding. A properly designed bandgap can confine light in a
hollow core or a core of lower refractive index than the clad-
ding.

In general, an optical fiber may be multi-mode or single-
mode. A multi-mode fiber allows for more than one mode of
the light wave, each mode travelling at a different phase
velocity, to be confined to the core and guided along the fiber.
A single-mode fiber supports only one transverse spatial
mode at a frequency of interest. Given a sufficiently small
core or a sufficiently small numerical aperture, it is possible to
confine a single mode, the fundamental mode, to the core.
Single-mode fibers are preferred for many applications
because the problem of intermodal dispersion encountered by
multi-mode fibers is avoided, and the intensity distribution of
the light wave emerging from the fiber is unchanged regard-
less of launch conditions and any disturbances of the fiber.
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For some applications, it is advantageous to carry as much
optical power as possible. However, if the light intensity
within the fiber exceeds a certain threshold, the material from
which the fiber is made will suffer irreversible damage.
Increasing the diameter size of the core of the fiber reduces
the intensity of the light for a given power and allows a greater
power to be carried. Using a larger core fiber also helps to
reduce the non-linear effects that appear at high power.

For example, in the field of high-power lasers and ampli-
fiers, the onset of adverse non-linear effects can severely
degrade the spectral content and limit the power output of the
laser source. Using a single-mode large-mode-area active
fiber as the amplifying medium is a relatively easy solution to
the problem of non-linear effects which can be detrimental to
the operation of the laser.

Most microstructured optical fibers that are reported in the
prior art literature—for example, in U.S. Pat. No. 6,334,019
(Birks et al.), U.S. Pat. No. 6,603,912 (Birks et al.), and U.S.
Pat. No. 6,888,992 (Russell et al.)—consist of a cladding
which has embedded along its length a substantially periodic
array ofholes and a core defined by the absence of at least one
hole in the array, essentially, a triangular lattice of holes
surrounding a central defect constituted by the absence of at
least one of the holes in the lattice structure. One particular
implementation of this design is the case where a seven-
missing-holes defect defining a core is surrounded by a tri-
angular lattice of holes defining a microstructured cladding.
This is for example reported in Limpert et al., “Low non-
linearity single-transverse-mode ytterbium-doped photonic
crystal fiber amplifier”, Opr. Express 12(7), 1313 (2004) and
in J. Limpert et al., “High-power rod-type photonic crystal
fiber laser”, Opt. Express 13(4), 1055 (2005)]. By using such
designs, a single-transverse-mode large-mode-area fiber that
allows the transportation of high optical power while mini-
mizing the non-linearity can be devised. Core diameters of 45
um or greater may be achieved with such designs. Such large-
mode-area fiber designs are particularly important in the field
ot'high power lasers, where the core of the fiber is doped with
active ions permitting a laser effect. However one drawback
of the proposed triangular lattice structure of the cladding for
the microstructured optical fibers is the quality of the mode
profile of the light beam, more particularly the non-circular
form of the guided mode profile, which stems from a central
core having a cross-section which is more hexagonal than
circular. Such sub-optimal beam quality can be detrimental
for applications, such as precision laser surgery or microma-
chining, where light beam quality, i.e. a circular mode profile,
is critical.

There is therefore a need for a microstructured optical fiber
that enhances the circularity of the profile of the guided light
mode.

SUMMARY OF THE INVENTION

In accordance with one aspect of the present invention,
there is provided a microstructured optical fiber which
includes a light-guiding core and a primary cladding sur-
rounding the core. The primary cladding has a plurality of
holes arranged in hexagonal unit cells and defining an
Archimedean-like lattice.

Preferably, the core is defined by a break in a center of the
Archimedean-like lattice, the break being characterized by an
absence of at least one of the unit cells.

Also preferably, the Archimedean-like lattice comprises at
least one complete ring of the unit cells arranged around the
core.
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In one preferred embodiment of the microstructured opti-
cal fiber, each unit cell has seven holes arranged in a centred
hexagon. Preferably, the Archimedean-like lattice includes at
least one complete ring of unit cells arranged circumferen-
tially around the core and may further optionally include at
least one outer incomplete ring of unit cells.

In accordance with another aspect of the present invention,
there is also provided a method for making a microstructured
optical fiber which includes a step of fabricating a fiber pre-
form, this fabricating including the sub-steps of:

(a) providing a rod for defining a light-guiding core;

(b) fabricating a plurality of canes, each cane having a
substantially hexagonal cross-section and having a num-
ber of holes therethrough arranged in a unit cell defining
an Archimedean-like lattice; and

(c) stacking the plurality of canes concentrically around the
rod.

The method preferably further includes a step of drawing
the fiber preform into the desired microstructured optical
fiber

Other features and advantages of the present invention will
be better understood upon reading of preferred embodiments
thereof with reference to the appended drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a schematic representation of a cross-section of
a seven-missing-holes Archimedean-like-lattice microstruc-
tured optical fiber according to a preferred embodiment of the
invention. FIG. 1B [PRIOR ART] is a schematic representa-
tion of a cross-section of a seven-missing-holes conventional
triangular-lattice microstructured optical fiber.

FIG. 2 is a schematic representation of an Archimedean-
like lattice unit cell with seven holes, the so-called A7 unit cell
according to a preferred embodiment of the invention.

FIG. 3A is a graphical representation of the calculated near
field profile of the fundamental guided mode in a microstruc-
tured optical fiber according to a preferred embodiment of the
invention. FIG. 3B [PRIOR ART] is a graphical representa-
tion of the calculated near field profile of the fundamental
guided mode in a conventional microstructured optical fiber.

FIG. 4A is a graphical representation of the calculated far
field profile of the fundamental guided mode in a microstruc-
tured optical fiber according to a preferred embodiment of the
invention. FIG. 4B [PRIOR ART] is a graphical representa-
tion of the calculated far field profile of the fundamental
guided mode in a conventional microstructured optical fiber.

FIG. 5 is a graph presenting the calculated dispersion
curves for a microstructured optical fiber according to a pre-
ferred embodiment of the invention and a conventional
microstructured optical fiber according to prior art.

FIGS. 6A and 6B are schematic representations of the
lattice structure and the resulting fiber profile, respectively,
for atrue Archimedean lattice ofholes defined by type A4 unit
cells.

FIGS. 7A and 7B are schematic representations of the
lattice structure and the resulting fiber profile, respectively,
for an Archimedean-like lattice of holes defined by type A7
unit cells.

FIGS. 8A and 8B are schematic representations of the
lattice structure and the resulting fiber profile, respectively,
for atrue Archimedean lattice ofholes defined by type A6 unit
cells.

FIG. 9A is a schematic representation of an A19 unit cell;
FIG. 9B is a schematic representation showing the tiling of
the hexagonal A19 unit cells of FIG. 9A; and
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FIG. 9C is a schematic representation of an Archimedean-
like lattice of holes defined by type A19 unit cells, showing
the resulting fiber profile.

FIG. 10A is a schematic representation of a center cell
defining a circularized core of an Archimedean-like micro-
structured optical fiber according to one embodiment of the
invention; FIG. 10B is a schematic representation of an
Archimedean-like lattice of holes defined by type A19 unit
cells and a circularized core, showing the tiling of the hex-
agonal A19 unit cells around the center cell; and FIG. 10C is
a schematic representation of an Archimedean-like lattice of
holes defined by type A19 unit cells and a circularized core,
showing the resulting fiber profile.

FIG. 11A is a schematic representation of an A18 unit cell;
FIG. 11B is a schematic representation of an Archimedean-
like lattice of holes defined by type A18 unit cells, showing
the tiling of the hexagonal A18 unit cells; and FIG. 11C is a
schematic representation of an Archimedean-like lattice of
holes defined by type A18 unit cells, showing the resulting
fiber profile.

FIG. 12A is a schematic representation of a center cell
defining a circularized core of an Archimedean-like micro-
structured optical fiber, according to one embodiment of the
invention; FIG. 12B is a schematic representation of an
Archimedean-like lattice of holes defined by type A18 unit
cells and a circularized core, showing the tiling of the hex-
agonal A18 unit cells around the center cell; FIG. 12C is a
schematic representation of an Archimedean-like lattice of
holes defined by type A18 unit cells and a circularized core,
showing the resulting fiber profile.

FIG. 13A is a schematic representation of a length ofa cane
used in the making of a microstructured optical fiber accord-
ing to a preferred embodiment of the invention.

FIG. 13B is a schematic representation of a cross-section of
an overcladded cane preform, according to one embodiment,
showing the tubes and rods inserted into the overcladding
tube.

FIG. 14 is a schematic representation of a typical stacking
of hexagonal elongated canes having an A7 unit cell profile
that are part of a preform to be drawn into an Archimedean-
like lattice microstructured optical fiber according to one
embodiment of the invention.

FIG. 15A is a schematic representation of an overcladded
fiber preform according to a preferred embodiment.

FIG. 15B is a schematic representation of the fiber preform
shown in FIG. 15A being drawn into a final microstructured
optical fiber, in accordance with one embodiment of the
invention.

FIG. 15C is a schematic representation of the fiber preform
of FIG. 15A after it has been drawn into an intermediate fiber,
in accordance with one embodiment of the invention.

FIG. 15D is a schematic representation of the intermediate
fiber of F1G. 15C (which has been overcladded) being drawn
into a final microstructured optical fiber, in accordance with
one embodiment of the invention.

FIG. 16A is a scanning electron microscope image of a
cross-section of a pure silica microstructured optical fiber
according to a preferred embodiment of the invention.

FIG. 16B is a magnification of a portion of the cross-
section shown in FIG. 16A.

FIG. 17A is a schematic representation of a cross-section
of an Archimedean-like microstructured fiber with a solid
core.

FIG. 17B is a schematic representation of a cross-section of
an Archimedean-like microstructured fiber with a core made
of the same low-refractive-index material of the holes.
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DESCRIPTION OF PREFERRED
EMBODIMENTS OF THE INVENTION

The aspects of the present invention will be described more
fully hereinafter with reference to the accompanying draw-
ings FIGS. 1 to 17 in which like numerals refer to like ele-
ments throughout.

Microstructured Optical Fiber

In accordance with one aspect of the present invention,
there is generally provided a microstructured optical fiber
(20) which includes a primary cladding (24) surrounding a
light-guiding core (22). The primary cladding (24) has a
plurality of holes (26) arranged in hexagonal unit cells (28)
and defining an Archimedean-like lattice. The light-guiding
core (22) may be defined by a break in the center of the
Archimedean-like lattice, the break being characterised by an
absence of at least one of the unit cells. Preferably, the MOF
(20) includes an overcladding which surrounds the primary
cladding (24). The overcladding, in contrast to the primary
cladding, often does not have a hole microstructure and may
be made of any suitable material, for example substantially
solid silica. In general, as with most fibers, the MOF may also
have a protective outer coating, for example a coating of
acrylate. FIG. 1A shows a microstructured optical fiber (20)
according to a preferred embodiment of the invention.

An Archimedean two-dimensional (2-D) lattice or tiling is
an isogonal edge-to-edge plane tiling by regular polygons, in
which every vertex and edge of a tile is a vertex and edge of
the tiling. In the case where all of the vertices do not have the
same immediate environment, for example in the case of
central vertices of the lattice which do not have the same
environment as the other vertices, the lattice is best referred to
as Archimedean-like or semi-regular. Archimedean-like lat-
tices, or tilings, have periodic structures similar to conven-
tional 2-D photonic crystals, but they possess a higher order
of local rotational symmetry than the traditional Bravais lat-
tice—the Bravais lattices having the highest order of rota-
tional symmetry (6) are the triangular and honeycomb lattices
[see David et al, “Isotropic Photonic structured:
Archimedean-like tilings and quasi-crystals,” IEEE J. Quan-
tum Electron. 37, 1427 (2001)]. The periodic structure of
Archimedean and Archimedean-like lattices/tilings can
mimic some properties of quasi-crystalline structures. Quasi-
crystalline structures are so-named because the pattern of
defects is only quasi-periodic, locally the defects are arranged
in a fixed regular pattern but this pattern is not periodic glo-
bally throughout the entire structure.

In general, a lattice may be described in terms of its unit
cell, the simplest repeating unit which when tiled in 2-D or
3-D space yields the lattice. Each unit cell is defined in terms
of its lattice points.

The light-guiding core (22) of the MOF (20) may be sub-
stantially solid across its entire cross-section. Even if the core
(22) is substantially solid, it may have holes (27) along its
circumferential perimeter as shown in FIGS. 10C and 12C or
it may also have one or more holes near the center. It may be
made of a substantially transparent material, doped or
undoped. Alternatively, the core (22) may be hollow consist-
ing of vacuum or air, as in the case of photonic-bandgap-
guidance in an air-guiding photonic-bandgap MOF.

The primary cladding (24) of the MOF (20) surrounding
the core (22) comprises a substantially transparent material in
which a number of holes (26) extends longitudinally. As
mentioned above, the holes (26) are arranged in hexagonal
unit cells (28) and define an Archimedean-like lattice over
much of the cross-section of the primary cladding (24).
Although the holes (26) are preferably substantially circular
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in shape and of practically the same diameter, each hole (26)
need not be perfectly circular nor have the exact same diam-
eter as the other holes (26). Preferably, the Archimedean-like
lattice has at least one complete ring (30) of the unit cells (28)
arranged circumferentially around the core, as shown in
FIGS. 7A and 8A. The Archimedean-like lattice may also
have one or more incomplete outer rings (32) of unit cells (28)
arranged circumferentially around one or more inner com-
plete rings (30). For example, in one possible implementation
of'the design shown in FIG. 16A, the fourth ring of unit cells
is incomplete—the six unit cells at the corners are missing.

The transparent material of the primary cladding (24) may
consist of a doped or undoped polymer (e.g. polymethyl-
methacrylate (PMMA), etc.) or glass (e.g. silica, chalco-
genide glass, soft glass, etc.). It may be different or the same
as that of the core (22). The holes (26) may be empty
(vacuum) or filled with a transparent material that has a
refractive index which is different from the refractive index of
the material of the primary cladding (24). Moreover, all of the
holes (26) of the unit cell need not be filled with the same
material; some of the holes (26) may be filled with one mate-
rial while others are filled with a different material. The hole
material may be a solid (e.g. a glass such as silica, polymer,
etc.), liquid (e.g. water, dye solution, etc.) or gas (e.g. air,
nitrogen, hydrogen, etc). In the case of a MOF with total-
internal-reflection guidance, the holes may be filled with air,
the primary cladding material may be silica, and the core
material may also be silica, as shown in FIG. 17A. In the case
of photonic bandgap guidance, the effective refractive index
of'the microstructured primary cladding is greater than that of
the core. For a MOF with hollow-core photonic-bandgap
guidance, the core and the holes may be filled with air
whereas the primary cladding may be made of silica, for
example, as shown in FIG. 17B. For an “all-solid” photonic
bandgap fiber where the material of the primary cladding
material and core is the same, the refractive index of the hole
material is greater than that of the surrounding material, i.e.
that of the primary cladding and core [see Luan et al., “All-
solid photonic bandgap fiber”, Optics Letters 29 (20), 2369
(2004)].

Referring to FIGS. 7A,8A,9A and B, 10B,11A and B, and
12B, hexagonal unit cells (28) having preferably six, seven,
eighteen, or nineteen holes (26) may for example be used to
create the primary cladding (24) of the MOF (20). Such unit
cells are referred to as A6, A7, A18, and A19, respectively, in
keeping with Rattier et al., “Omnidirectional and compact
guided light extraction from Archimedean photonic lattices”,
Applied Physics Letters 83, 1283 (2003)). The A6 unit cell
(seen as part of the primary cladding in FIG. 8 A) has six holes
(26) arranged in a hexagon whereas the A7 unit cell (shown in
FIG. 2 and as part of the cladding in FIG. 7A) has seven holes
arranged in a centred hexagon. The A18 unit cell (FIG. 11A)
has six holes (26) arranged in a hexagon surrounded by
twelve additional holes (26) whereas the A19 unit cell (FIG.
9A) has seven holes (26) arranged in a centred hexagon sur-
rounded by twelve additional holes (26). FIGS. 7A, 8A, 9B,
10B, 11B, and 12B illustrate the tiling of such hexagonal unit
cells used to form the microstructured primary cladding, and
FIGS. 7B, 8B, 9C, 10C, 11C, and 12C respectively show the
resulting fiber profile. A MOF in which the holes of the
primary cladding (24) are arranged in an A6- or A7-type unit
cell (see FIGS. 8B and 7B) has a core (22) which is fairly
circular whereas a MOF whose holes of the primary cladding
(24) are arranged in a A18- or A19-type unit cell (see FIGS.
11C and 9C) has a core (22) which is less than circular. As
shown in FIGS. 6A and 6B, square unit cells (29) having four
holes (26) may be used to create an Archimedean lattice of
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holes (26) for a primary cladding (24) of a MOF (20), but the
core (22) would have a strange shape not conducive to
enhancing the circularity of the profile of the guided light
mode thereby limiting the usefulness of the design. There-
fore, a MOF whose primary cladding structure is based on the
A6 or A7 unit cell provides a core which better enhances the
circularity of the guided mode profile.

The novel cladding structure proposed here created using
A7 unit cells is particularly well suited for a seven-missing-
holes fiber design as the cladding structure is composed of
hexagonal unit cells (28) comprising seven (7) holes (26)
(FIG. 1A). FIG. 1B [PRIOR ART] provides a schematic rep-
resentation of a conventional seven-missing-holes triangular
lattice MOF (TL-MOF) whereas FIG. 1A shows a seven-
missing-holes Archimedean-like lattice MOF (AL-MOF) in
accordance with one embodiment of the present invention. By
comparing FIGS. 1A and 1B, we see that the structure of the
primary cladding of the AL-MOF (20) is substantially differ-
ent from the structure of the cladding (24A) of the conven-
tional TL-MOF (20A).

Asitcan be seen in FIGS. 1A and 1B, the AL-MOF (20) has
a central core (22) that is much more circular than the core
(22A) of the conventional seven-missing-holes TL-MOF
(20A). To demonstrate this aspect more clearly, the near-field
profile of the fundamental mode guided by the two structures,
i.e. by the AL-MOF (20) and the TL-MOF (20A) (as calcu-
lated using a Finite-Difference Frequency-Domain method
for Archimedean-like and Triangular-lattice claddings having
apitch of A=4 um and hole diameter d=2 pm at a wavelength
of 1.3 um) is shown in FIGS. 3A and 3B. From FIGS. 3A and
3B, itis quite clear that the AL.-MOF cladding leads to a much
more circular mode profile. The circularity improvement was
determined quantitatively from the following criteria:

_ MFDyax = MFDyyi
MFDayerage

where MFD refers to the Mode Field Diameter, defined as the
root-mean-square (rms) width of the fundamental guided
mode. A value of C=3% was obtained for the guided mode of
the AL-MOF shown in FIG. 3A and a value of C=10% for that
of the TL-MOF shown in FIG. 3B.

To demonstrate further the improvement in the quality of
the guided mode profile, the far-field profiles of the modes are
presented in FIGS. 4A and 4B. The far-field profile of the
conventional TL-MOF (20A) presents some secondary lobes
(FIG. 4B) which are not present in the far field profile asso-
ciated with the AL-MOF (20) (FIG. 4A). Such secondary
lobes are associated with sub-optimal beam quality and can
be detrimental for applications where beam quality is critical,
such as precision laser micromachining.

A passive AL-MOF made of a single bulk material in which
the primary cladding consists of a plurality of low-index
regions disposed in an Archimedean-like lattice defined by
type A7 unit cells could be fabricated to have a large-mode-
area (core diameter larger than 15 pm, ideally more than 25
um) and be singlemode by a careful adjustment of the hole
diameter. In that case, the fiber could be suitable for high
power delivery.

Alternatively, the dimensions of the guiding structure of an
AL-MOF could be scaled down, which would reduce the
effective area of the guided mode as well as reduce the zero-
dispersion wavelength (ZDW) of the fiber below the material
ZDW, which would make the fiber “highly nonlinear” around
the ZDW and suitable for different nonlinear processes such

20

25

30

35

40

45

50

55

60

65

8

as supercontinuum generation. FIG. 5 presents a graphical
comparison between the calculated dispersion curves of a
seven-missing-holes AL-MOF and a similar conventional
TL-MOF having a pitch A=1.3 um and a hole diameter to
pitch ratio d/A=0.5. As it is quite clear on this graph, the
dispersion properties of the AL-MOF and the TL-MOF are
quite similar. Therefore, the benefit of the AL-MOF design
proposed here resides in the enhancement of the circularity of
the guided mode profile.

Quite possibly the most important application targeted by
the AL-MOF design is the high-power fiber laser. As men-
tioned previously, using the AL.-MOF design in a large mode
area configuration can lead to a much better beam quality,
especially in terms of beam circularity, as compared to a
similar conventional TL-MOF. By adding active dopants in
the core of an AL-MOF, it could be possible to take advantage
of the improved beam quality offered by the AL-MOF in
order to fabricate high-power fiber lasers or amplifiers as well
as rod-type lasers or amplifiers.

In the case of such active fibers, it is often desirable to have
a double-clad fiber design where this secondary cladding
could be made of a low-index polymer or an air-cladding
surrounding the Archimedean-like-lattice primary cladding.
That way, the double-clad AL-MOF would have a profile
similar to a double-clad conventional MOF, except that the
inner microstructured cladding would form an Archimedean-
like lattice.

Another possible application of the Archimedean-like lat-
tice cladding structure would be to use it instead of a trian-
gular lattice to form an air-guiding photonic bandgap fiber. In
that particular case, the solid central core is removed and
guidance is ensured by the creation of a photonic bandgap that
prevents light from escaping the core. The design of the
conventional “state-of-the-art” hollow-core photonic band-
gap fiber consists of a TL microstructured cladding, while the
AL microstructured cladding could also be used to form the
cladding disposed around the central hollow core.

Method for Manufacturing a Microstructured Optical Fiber

In accordance with another aspect of the present invention,
there is provided a method for making a microstructured
optical fiber which includes the following steps.

(D) Fabricating a Fiber Preform

A microstructured optical fiber may be made by using a
stack and draw process. The method of making the micro-
structured optical fiber is simplified by first fabricating a fiber
preform. Fabricating the fiber preform preferably includes the
following steps.

To define the light-guiding core of the microstructured
optical fiber, a rod made of a transparent material—e.g. a
polymer or glassy material such as silica—which may or may
not be doped is provided. The core rod may have a uniform or
varying refractive index. It may be solid across its entire
cross-section or it may have holes along its circumferential
perimeter, consistent with the circularized core of a micro-
structured optical fiber, as shown in FIGS. 10A and 12A. The
holes may be vacant, filled with air or filled with an appro-
priate solid material capable of being drawn. A substep of
filling any holes in the rod defining the light-guiding circu-
larized core of the MOF (shown in FIGS. 10C and 12C) may
also be included. The filling of the holes with a solid may be
accomplished by inserting rods of the solid material of the
appropriate dimension into the holes, inserting the material
into the holes in liquid form and allowing the liquid to cool
down to asolid, etc. Advantageously, if need be, unwanted air
holes may be made to collapse during a later step of drawing,
as it will be explained further below. Alternatively, for the
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case of a microstructured optical fiber with photonic-band-
gap light guidance, the rod may have a hollow center.

Preferably and advantageously, the rod has a cross-section
profile which is substantially circular or hexagonal, but of
course may have any appropriate cross-section profile con-
ducive to the fabrication of the fiber perform.

The fabrication of the fiber preform next includes fabricat-
ing a plurality of canes, each of the plurality of canes having
a substantially hexagonal cross-section and being provided
with a number of holes arranged in a unit cell defining an
Archimedean-like lattice. These canes are used to define the
primary cladding surrounding the core of the microstructured
optical fiber. A schematic representation of a length of one
such cane (34) is given in FIG. 13A. Fabricating the plurality
of canes needed may be accomplished preferably by one of
the two techniques described below. Of course, it is to be
understood that alternative cane fabrication techniques may
be used and that the techniques described herein below are
given for illustrative purposes.

One technique for fabricating the plurality of canes
includes the following steps:

(1) providing a rod

In order to fabricate a cane, a rod made of appropriate
cladding material is provided. The rod may be made
of a transparent polymeric or glassy material, for
example silica. The rod material may be the same as
the rod material used to define the light-guiding core
of the MOF.

(ii) drilling the required holes longitudinally through the
rod and milling the rod to give the rod the substantially
hexagonal cross-section
Holes consistent with the unit cell defining the

Archimedean-like lattice are drilled along the length
of the rod. The drilling may be performed using an
ultra-sonic drill having a diamond impregnated tip.

Preferably, the holes each have substantially the same
diameter and are separated by substantially the same
distance. In a preferred embodiment of the MOF,
seven holes arranged in a centred hexagon are drilled
in consistency with the A7-type unit cell shown in
FIG. 2. For example, the diameter of the rod may be in
the range of 20 to 40 mm (limited by the opening of
the fiber oven) and that of the drilled holes may be of
the order of a few millimeters.

Six flat sides are milled on the outer surface of the rod
giving the rod the substantially hexagonal cross-sec-
tion about the number of holes arranged according to
the unit cell defining the Archimedean-like lattice.
The milling is done using a milling machine having a
diamond-impregnated tool.

It should be noted that it is possible to first mill the rod to
give the rod its substantially hexagonal cross-section
and to then drill the required holes longitudinally
through the rod in accordance with the desired unit
cell.

In the case where the holes of the final MOF will not be
vacant or filled with a fluid, an additional step of
filling the holes drilled in the rod with a solid trans-
parent material capable of being drawn may be
included. The filling of the holes with a solid may be
accomplished by inserting rods of the solid material
of the appropriate dimension into the holes, inserting
the material into the holes in liquid form and allowing
the liquid to cool down to a solid, etc.
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(iii) drawing the rod into an elongated cane

Once the holes have been drilled and the sides milled, the
rod may then be drawn into an elongated cane by
using a fiber drawing tower.

(iv) cutting the elongated cane to obtain one of the plurality
of canes
As the rod is drawn into the elongated cane, the elon-

gated cane is cut to length to fabricate one of the
plurality of canes needed to fabricate the fiber pre-
form of the MOF. The cutting is carried out using any
number of methods (e.g., a glass scoring knife with a
tungsten carbide blade, which is commonly found ina
fiber drawing facility).

(v) repeating steps (iii) to (iv) to obtain the plurality of
canes
The rod is continuously drawn into an elongated cane

and canes are continuously and sequentially cut from
the elongated cane thus obtaining the plurality of
canes needed to fabricate the fiber preform. Of course,
itis also possibleto draw out a long piece of elongated
cane and cut it into several shorter canes of the
required length (i.e. into the plurality of canes).

If the number of canes needed to fabricate the fiber
preform of the MOF is great, it is preferable that the
cane preform be sufficiently long and large so as to be
able to obtain all of the canes from a single drawing
and thus assure that all of the canes have relatively the
same dimensions. Ifthis is not possible, then it may be
necessary to fabricate several cane preforms. Steps (i)
to (v) above may be repeated as needed to obtain the
canes required to fabricate the fiber preform of the
MOF.

Another technique for fabricating the plurality of canes,
which foregoes the need for drilling and milling, includes the
following steps:

(1) fabricating a cane preform by stacking rods to form the
number of holes arranged in a unit cell defining an
Archimedean-like lattice
Rods, substantially solid or hollow, made of appropriate

material (i.e. made of a transparent polymeric or
glassy material, for example, silica), may be used as
the basic elements of the cane. In the case where the
holes of the MOF consist of a solid material, use of
substantially solid rods may be simplest. However, in
the case where the holes of the MOF are vacant or
filled with fluid, hollow rods (38) (e.g., capillary tubes
or other appropriate hollow tubes) with walls made of
the primary cladding material may be best, as shown
in FIG. 13B. In any case, these “hole” rods are pref-
erably arranged in a stack so as to fabricate a cane
preform—the hole rods forming the required number
of holes consistent with a unit cell of the desired
Archimedean-like lattice. The actual stacking may be
done manually or through some automated process
which may be computer-guided. For ease of stacking,
a ring or tie may be used to temporarily bundle the
hole rods.

Optionally, solid filler rods may be assembled along
with the hole rods when stacking the hole rods to
fabricate the cane preform. The solid filler rods, of
various appropriate dimensions and preferably made
of the same transparent material as the primary clad-
ding, are used to fill the spaces between the stacked
hole rods. This not only helps to achieve the desired
hexagonal form of the cane preform, but also has the
benefit of increasing the mechanical strength of the
cane.
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The cane-preform fabrication method may include an
additional step of overcladding the cane preform. The
overcladding may be done by inserting the stack of
hole rods and filler rods into a tube, preferably thin-
walled, of suitable dimensions. Additional solid filler
rods may be used to partially fill the remaining space
between the stack of tubes and the overcladding of the
preform. In the preferred embodiment of the cane
preform (36) given in FIG. 13B, hollow “hole” rods
(38) have been inserted into an overcladding tube (42)
and filler rods (40) have been used to partially fill the
spaces (44) between the hollow rods (38) and the
overcladding tube (42).

(ii) drawing the cane preform into an elongated cane

The cane preform may be drawn into an elongated cane
having a hexagonal cross-section and comprising a
number of holes arranged in a unit cell defining an
Archimedean-like lattice using a fiber drawing tower.

In the case where the hole rods used to form the cane
preform are hollow, it is preferable to ensure that the
holes formed by the hollow hole rods have a higher
internal pressure than the rest of the preform during
the drawing process so as to prevent the collapse of the
holes. A person versed in the field is familiar with the
drawing of such structures and would recognize that it
may be preferable to use a vacuum system to evacuate
the region around the hollow rods and maintain a
pressure higher in the hollow rods than that in the
evacuated region.

(iii) cutting the elongated cane to obtain one of the plurality

of canes

As the cane preform is drawn into an elongated cane, the
elongated cane is cut to length to fabricate one of the
plurality of canes needed to fabricate the fiber pre-
form of the MOF. The cutting is carried out using any
number of methods (e.g., a glass scoring knife with a
tungsten carbide blade, which is commonly found in a
fiber drawing facility).

If an outer tube is to be used as overcladding, it may be
preferable to etch the outer diameter of the resulting
elongated cane in order to obtain the Archimedean-
like lattice with a substantially constant pitch A
between all of the holes of the final MOF structure.

(iv) repeating steps (ii) to (iii) to obtain the plurality of

canes

As with the previous cane-preform method, to obtain the
plurality of canes needed to fabricate the fiber pre-
form of the MOF, the elongated cane is preferably
sequentially cut into several shorter canes of the
required length (i.e. into the plurality of canes) during
the drawing process.

Steps (i) to (iv) above may be repeated as needed to
obtain all of the canes required to fabricate the fiber
preform of the MOF.

In a preferred embodiment of the MOF, each of the canes
(34) used to fabricate the fiber preform has seven holes (26)
arranged in a centred hexagon, as shown in FIG. 13A and in
consistency with the A7-type unit cell shown in FIG. 2. Pref-
erably, the holes each have substantially the same diameter d
and are separated by a distance A, and the perpendicular
distance e from a hole along the perimeter of the hexagon to
a flat side is preferably substantially equal to 0.5(A-d).

Itis obvious from the above description that the meaning of
the term “holes” is not limited to regions of absence—the
term “holes” being used to denote specific regions having
different optical properties than the surrounding material.
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(c) Stacking the Plurality of Canes Concentrically Around the
Rod

Once the required number of canes has been fabricated, the
next step is to stack the canes concentrically around the rod
defining the light-guiding core. Preferably, at least onering of
canes is stacked around the core rod. Additional rings of canes
may be stacked, in which case one or more of the outermost
rings need not be complete. Advantageously, the hexagonal
elongated shape of the canes lends itself to the stacking. The
rod forming the core of the structure need not be hexagonal,
although a rod of similar hexagonal cross-section dimensions
as the canes would facilitate the stacking of the canes and
fabrication of the preform. The actual stacking may be done
manually or through some automated process which may be
computer-guided. For ease of stacking, a ring, tie or other
holding means may be used to temporarily bundle the tubes.
FIG. 14 illustrates the concentric stacking of three rings of
canes (34) around a solid cylindrical core rod (35) in accor-
dance with a preferred embodiment of the invention.

Following the step of stacking, it may be preferable to
include an additional step of overcladding the fiber preform
(41), as shown in FIG. 15A. The overcladding may consist of
inserting the canes (34) and core rod (35) of the fiber preform
(41) into a tube (46) of suitable dimensions and material.
Overcladding the fiber preform has the added benefit of add-
ing additional material to the fiber preform and thus increas-
ing the mechanical strength of the resulting MOF. To avoid
unwanted interstitial space in the resulting MOF, solid rods of
appropriate dimensions and material may be inserted accord-
ingly into the spaces between the fiber preform and the over-
cladding tube.

Depending on the desired dimensions of the resulting
MOYF, the fiber preform (41) may either be directly drawn into
a fiber (20) having the desired dimensions (FIG. 15B) or be
drawn into an intermediate fiber (48) of a diameter smaller
than the fiber preform but larger than the final MOF, for
example into an intermediate fiber of an external diameter of
the order of a millimeter (e.g., 1 to 6 mm depending on the
design) (FIG. 15C). This intermediate fiber is then overclad-
ded with a tube (50) to form the final fiber preform to be drawn
into the final MOF (20) (FIG. 15D). In either case, the holes
inside the canes constituting the microstructured cladding, as
well as any holes in the rod constituting the light-guiding
core, preferably have a higher internal pressure than the rest
of'the fiber preform during the drawing to avoid a collapse of
the holes and any unwanted interstitial spaces in the final
MOF. As with conventional fibers, a protective coating of
acrylate is applied on the final MOF fiber during the drawing
process.

As mentioned earlier, according to one embodiment of the
invention, the rod provided to define the core may have a
number of holes arranged in a unit cell of an Archimedean-
like lattice (e.g. the rod may be just another one of the canes
constituting the primary cladding). Some or all of the holes
within the core rod may be made to collapse during the
drawing process to thereby form a substantially solid core in
the resulting MOF by ensuring that the holes of the core rod
have a sufficiently lower internal pressure than the holes of
the surrounding canes. An example of an Archimedean-like
lattice microstructured optical fiber (20) with a solid core (22)
is shown in FIGS. 16A and 16B. In this example, the hole
diameter d is of the order of 2 um and the hole separation (i.e.
pitch) A is of the order of 4 um.

The method of making a MOF may further include a step
after the drawing process of evacuating the holes or filling the
holes with a material of different refractive index than the
primary cladding. The holes may be filled with a fluid such as



US 8,755,658 B2

13

a gas (e.g. air, hydrogen, etc.) or a liquid (water, solutions of
dyes, etc.) or with a solid material (e.g. a polymer, a glass,
etc.). The filling of the holes with a fluid may be accomplished
using a number of methods: capillary action, suction, a pump,
injection with a syringe, etc. The filling of the holes with a
solid material may basically be carried out in the same man-
ner as the filling of the holes in the primary cladding canes.

Numerous modifications could be made to any of the
embodiments described above without departing from the

scope of the present invention as defined in the appended 10

claims.

The invention claimed is:

1. A microstructured optical fiber, comprising:

a light-guiding core; and

a primary cladding surrounding said core, wherein said
primary cladding comprises a plurality of holes
extending parallelly to said light-guiding core,
arranged in hexagonal unit cells and defining an
Archimedean-like lattice transverse to said light-
guiding core, each of said holes being fully enclosed
within one of said hexagonal unit cells.

2. The microstructured optical fiber according to claim 1,
wherein said core is defined by a break in a center of said
Archimedean-like lattice, said break being characterised by
an absence of at least one of said unit cells.

3. The microstructured optical fiber according to claim 1,
wherein said Archimedean-like lattice comprises at least one
complete ring of said unit cells arranged circumferentially
around said core.

4. The microstructured optical fiber according to claim 3,
wherein said Archimedean-like lattice comprises one incom-
plete outer ring of said unit cells arranged circumferentially
around said at least one complete ring.

5. The microstructured optical fiber according to claim 1,
wherein each of said unit cells comprise seven of said holes
arranged in a centred hexagon.

6. The microstructured optical fiber according to claim 1,
wherein each of said unit cells comprises six of said holes of
said plurality of holes arranged in a hexagon.

7. The microstructured fiber according to claim 1, wherein
each of said unit cells comprises nineteen of said holes.

8. The microstructured optical fiber according to claim 1,
wherein each of said unit cells comprises eighteen of said
holes.

9. The microstructured optical fiber according to claim 1,
wherein said core is substantially solid.

10. The microstructured optical fiber according to claim 1,
wherein said core is made of a vacuum or air.

11. The microstructured optical fiber according to claim 1,
wherein said holes are substantially circular in shape.

12. The microstructured optical fiber according to claim 1,
wherein said holes have a refractive index which is less than
a refractive index of the primary cladding.

13. The microstructured optical fiber according to claim 1,
wherein said holes are defined by vacuum or air.

14. The microstructured optical fiber according to claim 1,
wherein said optical fiber further comprises an overcladding
surrounding the primary cladding.

15. A method for making a microstructured optical fiber
comprising the step of:

(D) fabricating a fiber preform comprising the steps of:

(a) providing a rod for defining a light-guiding core;
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(b) fabricating a plurality of canes, each of said plurality
of canes having a substantially hexagonal cross-sec-
tion and comprising a number of holes arranged in a
unit cell and defining an Archimedean-like lattice,
each of said holes being fully enclosed within said
unit cell; and

(c) stacking said plurality of canes concentrically around
said rod.

16. The method according to claim 15, wherein said fabri-
cating a plurality of canes of step (I)(b) comprises the sub-
steps of:

(1) providing a rod;

(ii) drilling said number of holes longitudinally through
said rod and milling said rod to give said rod the hex-
agonal cross-section;

(ii1) drawing said rod into an elongated cane;

(iv) cutting said elongated cane to obtain one of said plu-
rality of canes; and

(v) repeating steps (iii) to (iv) to obtain said plurality of
canes.

17. The method according to claim 15, wherein said fabri-
cating a plurality of canes of step (I)(b) comprises the sub-
steps of:

(1) fabricating a cane preform by stacking rods to form said
number of holes arranged in a unit cell and defining an
Archimedean-like lattice;

(i1) drawing said cane preform into an elongated cane;

(iii) cutting said elongated cane to obtain one of said plu-
rality of canes; and

(iv) repeating steps (ii) to (iii) to obtain said plurality of
canes.

18. The method according to claim 17, wherein said stack-
ing rods of step (I)(b)(1) comprises assembling rods and solid
filler rods.

19. The method according to claim 18, comprising an
additional step before step (ii) of overcladding said cane
preform.

20. The method according to claim 19, comprising an
additional step of etching said elongated cane.

21. The method according to claim 15, wherein said fabri-
cating a plurality of canes of step (I)(b) comprises a substep of
filling said holes with a solid material capable of being drawn.

22. The method according to claim 15, wherein said fabri-
cating a fiber preform further comprises an additional step of
overcladding said fiber preform.

23. The method according to claim 22, further comprising
an additional step, after said step of overcladding, of partially
filling spaces by inserting solid filler rods.

24. The method according to claim 15, further comprising
an additional step (II) of drawing said fiber preform into said
microstructured optical fiber.

25. The method according to claim 24, wherein said rod of
step (I)(a) has a substantially hexagonal cross-section and
comprises a number of holes arranged in said unit cell and
defining said Archimedean-like lattice, each of said holes
being fully enclosed within one of said hexagonal unit cells,
and wherein step (II) comprises a substep of regulating pres-
sure in said number of holes of said rod during said drawing
to collapse said number of holes of said rod and create a solid
core in said microstructured optical fiber.
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