(12) PATENT (11) Application No. AU 200038274 B2
(19) AUSTRALIAN PATENT OFFICE (10) Patent No. 763796

(54) Title
A photonic crystal fibre and a method for its production

(51)7 International Patent Classification(s)
GO02B 006/12

(21)  Application No: 200038274 (22)  Application Date: 2000.03.31
(87)  WIPO No: WO000/60388

(30)  Priority Data

(31)  Number (32) Date (33) Country
9907655 1999.04.01 GB
9920748 1999.09.02 GB

(43)  Publication Date : 2000.10.23

(43)  Publication Journal Date : 2001.01.04
(44)  Accepted Journal Date: 2003.07.31

(71)  Applicant(s)
QinetiQ Limited

(72) Inventor(s)
Philip St John Russell; Timothy Adam Birks; Jonathan Cave Knight; Brian
Joseph Mangan

(74)  Agent/Attorney
DAVIES COLLISON CAVE,1 Little Collins Street, MELBOURNE VIC 3000

(66) Related Art
AU 38106/99
US 5802236
WO 99/00685




. \
@ 3 Applicant (for all designated States except US):

I “ ]

PCT WORLD INTELLECTUAL PROPERTY ORGANIZATION
International Bureau

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(51) International Patent Classification 7 : (11) International Publication Number: WO 00/60388
G02B 6/12 Al

(43) International Publication Date: 12 October 2000 (12.10.00)

(21) International Application Number: PCT/GB00/01249 | (81) Designated States: AE, AG, AL, AM, AT, AU, AZ, BA, BB,

BG, BR, BY, CA, CH, CN, CR, CU, CZ, DE, DK, DM,

(22) International Filing Date: 31 March 2000 (31.03.00) DZ, EE, ES, FI, GB, GD, GE, GH, GM, HR, HU, ID, IL,

IN, IS, JP, KE, KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU,
LV, MA, MD, MG, MK, MN, MW, MX, NO, NZ, PL, PT,

(30) Priority Data: RO, RU, SD, SE, SG, S|, SK, SL, TJ, TM, TR, TT, TZ,
9907655.6 1 April 1999 (01.04.99) GB UA, UG, US, UZ, VN, YU, ZA, ZW, ARIPO patent (GH,
9920748.2 2 September 1999 (02.09.99) GB GM, KE, LS, MW, SD, SL, SZ, TZ, UG, ZW), Eurasian

patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), European
inehq bnated patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR,

IE, IT, LU, MC, NL, PT, SE), OAPI patent (BF, BJ, CF,

N 2> TAEMF—M—EGR—BEFEN@E—{GB*&B’;—\WM CG, CI, CM, GA, GN, GW, ML, MR, NE, SN, TD, TG).
' Rop ~Londen5WH (GB). K5 E)Uckiyﬁham Calz, Lemd.on

] STEEY.

7 ventors; an ublishe!

%‘0 nventors/Applicants (for US only): RUSSELL, Philip, St.John With international search report.

[GB/GB]; Shepherds Mead, Southstoke, Bath BA2 7EB
(GB). BIRKS, Timothy, Adam [GB/GB]; 14 Horsecombe
Brow, Combe Down, Bath BA2 5QY (GB). KNIGHT,
Jonathan, Cave [GB/GB]; Canteen Cottage, Canteen Lane,
Wellow, Bath BA2 8PY (GB). MANGAN, Brian, Joseph
[GB/GB]; 2 Station Road, Lower Weston, Bath BA1 3DX
(GB).

(74) Agents: BARDO, Julian, Eason et al.; Abel & Imray, 20 Red
Lion Street, London WCIR 4PQ (GB).

(54) Title: A PHOTONIC CRYSTAL FIBRE AND A METHOD FOR ITS PRODUCTION

(57) Abstract

This invention relates to an optical fibre that comprises a core (4) of lower refractive index that is surrounded by a cladding which
includes regions of a higher refractive index and is substantially periodic, where the core (4) has a longest transverse dimension that is
longer than a single, shortest period of the cladding. In a fibre of this type light is substantially confined to the core area by virtue of the
photonic band gap of the cladding material. The invention also relates to a method of manufacturing such an optical fibre, comprising the
steps of forming a stack of canes (5), the stack (5) including at least one truncated cane (6) that defines an aperture (7), and then drawing
the stack (5) into a fibre having an elongate cavity. The fibre is suitable for high power uses, but is equally suitable for other areas, e.g.
optical amplifiers, spectral filters, lasers, gas sensors and telecommunications networks.
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A photonic crystal fibre and a method for its production.

This invention relates to a photonic crystal fibre,
to a method of making a photonic crystal fibre and to a
method of transmitting light along a photonic crystal
fibre.

Optical fibres are used for transmitting light from
one place to another. Normally, optical fibres are made
of more than one material. A first material is used to
form a central light-carrying part of the fibre known as
the core, while a second material surrounds the first
material and forms a part of the fibre known as the
cladding. Light can become trapped within the core by
total internal reflection at the core/cladding interface.
Total internal reflection in general causes no losses
other than the intrinsic absorptive and scattering losses
assocliated with the materials themselves. Conventional
and commercial low-loss optical fibres typically have a
total internal reflection structure; however, one
limitation of the waveguiding mechanism (which we refer to
as "index guiding") is that the refractive index of the
material forming the core must be higher than that of the
material forming the cladding, ,in order to achieve total
internal reflection. Even if the cladding is air (with a
refractive index of approximately unity) the core material
must still be a solid material for the fibre to be useful.
In practice, using air as the cladding material is
normally not advisable, because it does not offer
sufficient mechanical or optical protection of the
waveguiding core. Thus, conventional optical fibres
consist of a solid or liquid core material surrounded by a

solid cladding.
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An optical fibre waveguide having a significantly
different structure from that of conventional optical
fibres has been demonstrated, in which a single
microstructured material is used to form the fibre core
and cladding. The introduction of morphological
microstructure into the fibre - typically in the form of
an array of small holes which run down the length of the
fibre - alters the local optical properties of the fibre,
making it possible to design and fabricate intricate
waveguiding structures with most unusual properties. Such
a fibre is an example of a photénic crystal fibre.

In one type of photonic crystal fibre, a fibre with a
periodic array of air holes in its cross-section and with
a single missing air hole in the centre (a "defect" in the
crystal structure) forms a low-loss all-silica optical
waveguide which remains monomode for all wavelengths
within the transmission window of the silica. The
waveguiding mechanism in that case is closely related to
that in conventional optical fibres and is a form of total
internal reflection from a material which has a lower
apparent refractive index than that of pure silica.

Another type of waveguiding has also been
demonstrated in a photonic crystal fibre with a periodic
array of air holes. Light can become trapped in the
vicinity of an extra air hole within the photonic crystal
lattice (i.e. a "low-index" lattice defect), if the
photonic crystal is appropriately designed to exhibit a
"photonic band gap". A photonic band gap is a range of
parameters - for example, a range of frequencies or wave-
vectors - for which light would normally be expected to
propagate in the cladding material but where there are no
propagating modes due to the detail of the microstruc-

turing. In fibres of that type that have been demonstrated
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to date (see, for example, J.C. Knight, J. Broeng, T.A.
Birks and P. St. J. Russell, "Photonic Band Gap Guidance
in Optical Fibres", Science 282 1476 (1998)), light,
propagating along a fibre, is trapped in the vicinity of a
low-index defect within a fibre with a honeycomb array of
air holeé, but nonetheless is strongly confined to the
high-index phase of the microstructured material. The
light is evanescent in the air, so the observed guided
mode is concentrated in the silica surrounding the extra
air hole at the core.

Guidance of light through hollow fibres in the form of
glass capillaries has been demonstrated, but such devices
are inherently very leaky.

A long-term goal of our research has been the creation
of a band-gap guiding fibre in which light is trapped
within an air hole, or some other region of lower
refractive index and is guided, without significant
leakage, in that region of lower refractive index. Losses
resulting from the fibre cladding material could be
largely avoided in such an arrangement. That goal has
not, however, until now proved attainable.

According to the inventioq, there is provided a
photonic crystal fibre comprising a region of
substantially uniform, lower refractive index which is
substantially surrounded by cladding which includes
regions of higher refractive index and which is
substantially periodic, characterised in that the region
of lower refractivé index has a longest transverse
dimension which is longer than a single, shortest, period
of the cladding, whereby light can be substantially
confined in the lower index region by virtue of a photonic
band gap of the cladding material and can be guided along

the fibre whilst it is so confined.
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We have found that use of a region of lower
refractive index which is relatively large enables
guidance to be achieved in the region of lower refractive
index and we have made a fibre in which light is guided,
substantially without leakage, in a hollow core. It will
be understood that the region of "lower" refractive index
has a refractive index which is smaller in magnitude than
the refractive index of the region of higher refractive
index.

Such a fibre has advantages over other optical
fibres; for example, performance may be much less limited
by interaction (absorptive or non-linear) between the
propagating light and material comprising the fibre. Some
light may penetrate the higher-index material to a
significant extent, but most light is confined to the
region of lower refractive index, which might be, for
example, an air hole. Fibres according to the invention
could be useful in, for example, telecommunications,
environmental sensing and monitoring, high power laser
transmission, long wavelength transmission and in other
optical devices.

The power-handling capacity of a fibre is limited by
non-linear processes in the materials from which they are
made. In a fibre where the light is concentrated in air,
and only a small proportion of its power is in glass, the
power carrying capacity is much greater than in
conventional fibres.

Ultra-high power single-mode transmission, possibly
even of light which is strongly absorbed by silica glass
such as that from a CO, laser, is a possible application
of such a fibre. High power laser light delivery 1is
another application, which also makes use of the ability

of the fibre to transmit much higher power than a
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conventional fibre; delivery of 100 W to 1 kW to a
machining head, from a large-frame laser, is, for example,
a recurrent need. High power lasers represent an area
with broad applications in, for example, high speed
printing, laser machining of materials, and possibly
surgery; fibre lasers are efficient, offering a high
power per kg. Their compactness, and the high quality of
the beams they produce, make them very attractive in all
kinds of portable laser apparatus.

Another application of the fibre of the invention is
in telecommunications. The ability of the fibre to carry
high powers would allow more light to be launched into one
section of a communications link. The link could
therefore be longer without optical attenuation making the
signal undetectably small. Such a fibre with gain (by
erbium doping) could be used as a high power amplifier to
act as a repeater for a chain of such links.

Another application might be atom guiding, in which
individual atoms are transported along the hollow core,
without hitting the walls, by being "carried along" a
powerful light beam.

Ultra-long path lengths of light through gases, with a
single transverse mode, presen£ significant opportunities
for high resolution spectroscopy and sensing applications.

Fresnel reflections, which are a problem in fibre
devices where light is extracted from a fibre and then re-
injected after modulation or amplification, can be very
small in the fibre, because the refractive index
discontinuity between the outside world and the fibre mode
can be tiny. This suggests that bulk optical devices
having near-zero insertion loss could be implemented for
the first time. 1In contrast, the index step between a

conventional fibre and air always causes some light to be



WO 00/60388 PCT/GB00/01249

10

15

20

25

30

reflected at a fibre end face. Not only does this cause
loss of light, but unwanted reflections can seriously
destabilise any laser sources that they re-enter, and
cause optical amplifiers to oscillate as lasers (a highly
undesirable event) .

Guidance in a lower-index region is possible because
the photonic band gap material of the fibre cladding can
behave in a manner similar in some respects to a totally
reflecting, perfect metal under some circumstances but,
unlike real metals, such a quasi-metal exhibits very low
losses at optical frequencies. The photonic band gap
material behaves like a metal when it exhibits a full two-
dimensional photonic band gap; that is, when light
propagating with a particular wavevector component along
the fibre and at a particular frequency sees, at all
azimuthal angles, material having a band gap. Only
certain wavelength bands are confined and guided down the
fibre, those bands corresponding to the presence of full
two-dimensional band gaps in the photonic crystal
cladding.

The wavevector component along the waveguide, known
as the propagation constant [, determines whether light 1is
propagating or evanescent in any part of the guide. If
B < kn, the light propagates at an angle 6 to the axis in

a material of refractive index n, where B= kn cos 0 and k

is the vacuum wave constant. If B > kn, 6 is imaginary
and the light is evanescent. Conventional total internal
reflection, with a core of index n, greater than the
cladding index n,, ensures the existence of a range of f
where light is propagating in the core while being

evanescent in the cladding.
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In contrast, light can be confined between two
multilayer dielectric stacks in a core of arbitrary
refractive index, if the stacks have a photonic band gap
for a range of B at a given.optical frequency. We
identified two distinct regimes of photonic band gap
guidance. In the first, light propagates (B < kn;) in the
layers of high index n; but is evanescent (B > kn;) in the
layers of low index n,. The high index layers act as
individual total internal reflection waveguides,
supporting bound modes at specific values of f = B,.

Resonant tunneling between adjacent high-index layers
permits leakage of light through them, provided B lies

within the pass bands that open up around each Bn. The
widths of the pass bands depends on the strength of
coupling between the layers. Between the pass bands lie
band gaps: if a high-index core layer with a different
(maybe smaller) width supports a mode with B inside a band
gap, it is not resonant with the other layers and light
leakage by tunneling is frustrated. The mode is thus
strictly guided by the frustrated tunneling form of
photonic band gap guidance.

In the second regime of pﬁotonic band gap guidance,
light can propagate in all layers (B < kn;). Band gaps
occur at the Bragg condition as a result of multiple
scattering and interference, leading to the Bragg form of
photonic band gap guidance. ‘

In both forms of photonic band gap guidance, the
refractive index of the core can be chosen much more
freely than in total internal reflection guidance, because
the photonic band gap conditions depend only on the

properties of the cladding stacks. Guided modes can exist

with mode indices B/k that are lower than the "mean" index
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of the stacks (the frustrated tunneling guidance case) or
even lower than the lowest index of the stacks (the Bragg
guidance case), conferring extra design freedom over total
internal reflection guidance, and allowing confinement
within a hollow core.

The substantially periodic cladding may have a
triangular lattice structure. The triangular lattice may
comprise air holes in a solid matrix.

Preferably, the regions of higher refractive index
consist essentially of silica. Materials other than silica
may also be used, including other silicate glasses and
soft glasses of different compositions. The fraction of
air in this part of the fibre needs to be relatively large
to exhibit a sufficiently broad band gap. Advantageously,
the fraction of air in the cladding is at least 15%, and
may be more than 30%, by volume based on the volume of the
cladding.

Whilst it is within the scope of the invention to
provide a region of lower refractive index that is of
elongate cross-sectional shape, it will generally be
preferred for the region to be of generally round cross-
section. ‘

It should be understood that the fibre may include
more than one region of lower refractive index.

Preferably the region of lower refractive index
comprises a gas or a vacuum; the region of lower
refractive index may be at atmospheric pressure (or even a
higher pressure) but it may also be a low pressure region.
The gas is preferably air. The substantial confinement of
light to the region of lower refractive index means that
the photonic crystal fibre may be capable of transmitting
light at powers, and/or at wavelengths, at which it is not

possible to transmit light in conventional fibres.
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In an example of the invention described below the
region of lower refractive index is of substantially round
cross-section and has a diameter that is about 2% times
the shortest period of the cladding. Larger or smaller
diameters may, however, be used. Preferably the region of
lower refractive index has a longest transverse dimension
at least 1.5 times longer, and preferably at least 2 times
longer, than a single, shortest period of the cladding.

The actual cross-sectional dimensions of the region
of lower refractive index will depend upon the
wavelength(s) of light to be guided along the fibre, the
period of the cladding and, in some cases, the refractive
index of the region of lower refractive index. 1In an
example of the invention described below the region of

lower refractive index is of generally round cross-section

and has a diameter of about 15 pum. Usually it will be

preferred that the region of lower refractive index has a
longest transverse dimension of at least 9 pm, and

preferably at least 12 pm.

A strong interaction may be possible between light in
the guided mode and the fluid which may form the lower
index waveguiding core; that ihteraction could be useful,
for example, for gas sensing and monitoring. The lower
index region may comprise a material having a non-linear
optical response, whereby light may be generated or modu-
lated by non-linear processes in the lower index region.

Optical properties of the fibre can be accurately
computed once the fibre size is fixed. The photonic band
gap of the periodic fibre cladding can extend over a broad
range of frequencies; however, in general, the mode will
be guided in the lower-index region only over a relatively

narrow range of frequencies. The narrowband performance of
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the fibre suggests that it should be useful as a spectral
filtering device.

A photonic crystal fibre according to the invention may
alternatively be defined in terms of the region of lower
refractive index being large enough to support at least one
guided transverse mode. Thus according to the invention
there is provided a photonic crystal fibre comprising a
region of substantially uniform, lower refractive index
which is substantially surrounded by cladding which includes
regions of higher refractive index and which 1is
substantially periodic, characterised in that the region of
lower refractive index is large enough to support at least
one guided transverse mode, whereby light can be
substantially confined in the lower refractive index region.

Preferably, the photonic crystal fibre is a single-mode
fibre.

A wide variety of optical devices incorporating a
photonic crystal fibre according to the invention can be
envisaged. As has been described, such a device could, for
example, comprise a sensor that is capable of sensing a
property of the gas of which the region of lower refractive
index is comprised or it could comprise a spectral filtering
device. Other optical devices which could include such a
fibre include, for example, an optical amplifier or a laser.

Optical fibres are widely used in the
telecommunications industry. A telecommunications system
could include an optical fibre according to the invention
and such a telecommunications system could be included in a
telecommunications network.

Also according to the invention, there is provided a
method of making an optical fibre, comprising the following

steps:
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(a) forming a stack of canes, the stack including at
least one truncated cane which defines a cavity in the
stack;

(b) drawing the stack into a fibre having an
elongate cavity.

Such an approach represents a modification of a
fabrication process previously disclosed for photonic
crystal fibres; in the known process there are no
truncated canes in the stack. However, if canes are
removed from the middle of such a stack and, especially if
two or more canes that are adjacent to one another are
removed, the resulting preform may no longer be stable and
self-supporting. Even removing one cane may, however,
give rise to a problem. In the method according to the
invention, lengths of cane, or bundles of canes, that have
the shape and size required for the final hole are
embedded within the stack of canes at the opposite ends of
the stack. The lengths of those embedded canes are such
that they do not meet in the middle of the stack.

Instead, a length (which may be approximately 15cm)
intermediate the ends of the preform is left with the
required large air hole, supported from either end in a
stable fashion. After the (complete) preform is drawn down
into a fibre (in one or more stages), only the fibre from
the central part of the preform is retained.

The method according to the invention could be useful
for constructing a wide variety of fibre structures, which
would otherwise be difficult to manufacture. Thus the
method is not restricted only to a method of making a
photonic crystal fibre according to the invention.

It should be understood that the method may involve

forming a stack of canes that defines more than one cavity
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in the stack. 1In that way a fibre with more than one
elongate cavity may be formed.

Preferably, the cavity has a transverse dimension
greater than the corresponding transverse dimension of any
of the canes. The cavity may have a transverse dimension
greater than the sum of the corresponding dimensions of any
two of the canes.

Preferably, the stack of canes comprises canes which
are capillaries, which may form a triangular array. The
capillaries may be filled with air or with a material other
than air; they may be partially or completely evacuated.
The cavity may have a cross-sectional area substantially
equal to or greater than the cross-sectional area of a
bundle of four, and more preferably a bundle of seven, of
the canes.

Also according to the invention there is provided a
method of transmitting light comprising introducing a light
signal to a photonic crystal fibre, wherein the fibre is a
fibre as defined above.

By way of example, an embodiment of the invention will
now be described, with reference to the accompanying
drawings, of which:

Fig. 1 is a schematic cross-section of an optical fibre;

Fig. 2 shows part of a preform suitable for making the
optical fibre of Fig. 1;

Fig. 3 is a scanning electron microscope photograph of
an actual fibre of the kind illustrated
schematically in Fig. 1;

Fig. 4 shows an emission spectrum recorded from a fibre
such as that shown in Fig. 3;

Fig. 5 shows another emission spectrum recorded from a

fibre such as that shown in Fig. 3,
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the spectrum in this instance being
recorded only for the réa spectral region.

Light can be guided in an "air-mode" in a hole in a
fibre waveguide such as that shown in Fig. 1. The fibre
comprises a cladding formed by a triangular array of
fused, elongate tubes 1, which have been drawn from silica
capillaries and contain longitudinal air holes 2. The
capillaries are of circular cross-section resulting in
interstitial holes 3 between the tubes 1. The fibre also
comprises a core in the form of a large air hole 4 at its
centre. The air hole 4 is formed in this example, as
described below, by omitting a bundle of seven capillaries
from part of the fibre's preform and is therefore the size
of seven unit cells of the cladding material; the hole 4
is therefore much larger than the holes 2 in the fused
tubes 1 and also very much larger than the interstitial
holes 3. Fibres formed by omitting just a single cane
were observed not to guide modes in the air hole.

It is useful to consider why it is that photonic
crystal fibres with similar cladding parameters but with a
defect formed by omitting just a single capillary have not
been found to support guided modes. The number of guided
modes that a conventional fibre can support is determined
by the core-cladding index difference and the size of the
core. This follows fundamentally from phase-space
arguments closely analogous to well-known density-of-
states calculations in solid-state physics, and leads to
the result that the approximate number of spatial modes in
a convention fibre 1is:

N :——————r:"kz(n'z_n‘f) (1)
4
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where r., is the core radius, n; and n; the core and
cladding refractive indices, and k the vacuum wavevector.
(There are of course two polarization states per spatial
mode.) In a hollow-core photonic crystal fibre, a similar
expression may be derived for the approximate number of
spatial modes present in the hollow core:

203 -82) _ ralk’ni-pi)

coWWH TL/ gy o\ 1 L)

NPBG = 4 4

(2)

where By and B, are the upper and lower edges of the
photonic band gap at fixed optical wavelength, and the
second expression applies if the upper photonic band gap
edge extends beyond the maximum core wavevector, i.e., if
kK’n;? < B4. Theory shows that, for a typical triangular
array of air holes in silica, the photonic band gap width
AB =By -BL is a small fraction of its average position

Bav = (Bu+PL) /2. For example, at Pa,A = 9, ABA = 0.2 and
taking re, = A/2 for a single missing stack cane (A is the
inter-hole spacing) the expected number of spatial modes
is 0.23, making it unlikely that any air-guided mode will
be seen. On the other hand, if seven stack canes are

removed, the hollow core area is increased by a factor of

7, the core radius by a factor of J7 and the expected
number of spatial modes becomes 1.61. This suggests that
a seven-cane hollow core will support at least a single
transverse mode (two polarization states) and perhaps a
second transverse mode. These predictions are consistent
with our observations that fibres made with a single-cane
air hole do not support air-guided modes, whereas those
with a seven-cane hole guide light in one or two modes.

The pitch, lattice, and filling fraction of the
cladding region are chosen so as to exhibit a 2-

dimensional photonic band gap (see, for example, T.A.
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Birks, P.J. Roberts, P. St. J. Russell, D.M. Atkin and T.J
Shepherd, "Full 2-d photonic bandgaps in silica/air
structures", Electron. Lett. 31 1941 (1995)). Light
within the hole 4 is trapped by the photonic band gap of
the surrounding material. Consequently, the light cannot
propagate away from the fibre core but is constrained to
travel along the fibre axis, substantially confined to the
core, as a guided mode.

In the fabrication process previously disclosed for
photonic crystal fibrés, several hundreds of canes, at
least some of which may be capillary tubes, are stacked
together to form the required crystal structure on a
macroscopic scale. Those canes typically have an external
diameter of the order of a millimetre. The entire stack is
then held together while being fused and drawn down into
fibre using an optical fibre drawing tower. That standard
procedure will not result in a preform which is stable or
self-supporting if it has the required large air hole in
the middle.

The preform shown in part in Fig. 2 provides a
solution to that difficulty. Two truncated lengths 6 of
stacked canes, are embedded w%thin the stack of canes 5.
The truncated canes 6 are present at both ends of the
preform but they do not meet in the middle of the stack.
Instead, they define a short cavity 7. The innermost canes
S, which would otherwise collapse into the cavity, are
thus supported from both ends in a stable fashion. A
transverse cross-section through the full preform, and
through the cavity 7, thus has a form similar in shape to
the schematic in Fig. 1. The preform is drawn down into
fibre (in one or more stages) in the usual manner. Once
the fibre has been drawn, only that fibre from the central

part of the preform is retained.
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The fibre of Fig. 3 was fabricated using this
technique. It can be seen that the structural integrity of
hole 4 has been maintained in the drawing process. 1In
general, the high quality of the lattice of the fibre of
Fig. 3 is striking and the fibre cross-section closely
resembles the schematic of Fig. 1. Some defects 9 can be
seen, but their influence is not sufficiently deleterious
to prevent air-mode guidance in the fibre.

In a particular example of the invention, the fibre
is formed from 331 silica capillaries each of circular
cross-section and having an external diameter of 0.8 mm
and an internal diameter of about 0.7 mm. The capillaries
were arranged as described with reference to Fig. 2 with
seven capillaries in the centre of the array being omitted
over a middle part of their lengths so as to define a
cavity of length 15 cm. The preform was drawn into a

fibre as described above; the resulting fibre had an
external diameter of 90 pum and a central hole 4 of

diameter 15 pm.

Initial characterisation was carried out by holding
~3 cm long samples vertically, illuminating them from
below with white light (using a Tungsten halogen lamp),
and observing the light transmitted through them in an
optical microscope. The central air core was filled with
a single lobe of coloured light, its transverse profile
being smooth, peaked in the centre and falling off to very
low intensities at the glass-air boundary. A significant
amount of white light was present in the periodic
cladding, and it was striking how colourless it appeared
in comparison to the mode trapped in the core. Different
colours of vacuum-guided mode were seen, depending on the
overall fibre size and the drawing conditions used. The

precise colour was sometimes hard to assign by eye, and in
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fact in some cases appeared to be a mixture of different
colours, e.g., red and blue. For appropriate excitation
with the white light source, a few samples supported a
similarly coloured two-lobed mode, which we attribute to a
second guided mode falling in the same band gap as the
first. A

The transmission spectra through the air core of
lengths of fibre were measured by linking the microscope
via a conventional multimode fibre to an optical spectrum
analyser. The spectral dependence of the waveguiding in
the air hole demonstrated that several well-defined bands
of transmission were present, covering the whole visible
spectrum and extending into the infrared. Each of those
bands corresponded to a full 2-D photonic band gap, and is
related to higher order Bragg conditions in the photonic
crystal cladding. Since the pitch of the crystal was
large in comparison to the wavelength, the photonic band
gaps responsible for the guidance were of high order. By
selecting lengths of fibre which had been shown to support
a guided mode at appropriate wavelengths, we excited this
mode using laser sources. Within each transmission band,
losses were small or zero over fibre lengths of several
centimetres, whereas between tﬁose bands the losses were
much larger, as expected in the absence of photonic band
gap effects. The length was limited by fluctuations in
the fibre parameters, which caused the wavelengths of the
guided modes to vary along the length of fibre. In other
fibres, which do not support guided modes at that
wavelength, the laser light leaked entirely into the
cladding after propagating only a fraction of a
centimetre.

Laser light guided in the air formed a stable,

smoothly varying single lobed pattern in the far field.
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By incorporating a guiding length of fibre into one arm of
a Mach-Zehnder incerfe;omecer, we confirmed that the laser
light transmitted through the guiding core had a high
degree of spatial coherence,,giﬁing high visibility
fringes at the interferometer output. That would not be
the case if there were maﬁy waveguide modes excited in the
fibre core. |

The optical transmission spectra of the fibre were
examined and are shown in Figs. 4 gnd S in each of which
transmitted intensity is plotted against wavelength. The
optical transmission spectra shown in Figs. 4 and 5,
demonstrate that the fibre suppqrts ai;-modes at a number
of wavelengths; theré are strong transmission peaks aroupd
490 nm, 610 nm and 810 nm. There also appears to be, in
Fig. 4, evidence of ultra-violet transmission at around
440 nm. It may be noted that the transmission pass-bands
are narrow compared with those of conventional opticél
fibres. |

In the example of the invention described with
reference to the drawings the region of lower refractive
index is air and the fibre is made by forming a stack of
canes which includes truncated canes to define a cavity in
the stack. It is within the scope of the invention for
the cavity in the stack to be filled partly or completely
with a material other than air and/or with one or more
canes of lower refractive index than the canes used to
form the cladding.

Where reference is made in this specification.to
"light" it should be understood that the term “light"

includes electromagnetic radiation at frequencies outside

‘the visible spectrum.
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Throughout this specification and the claims which
follow, unless the context requires otherwise, the word
"comprise", and variations such as "comprises" and
"comprising", will be understood to imply the inclusion of a
stated integer or step or group of integers or steps but not
the exclusion of any other integer or step or group of
integers or steps.

The reference to any prior art in this specification is
not, and should not be taken as, an acknowledgment or any form
of suggestion that that prior art forms part of the common

general knowledge in Australia.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

A photonic crystal fibre comprising a region of
substantially uniform, lower refractive index which is
substantially surrounded by cladding which includes
regions of higher refractive index and which is
substantially periodic, wherein the region of lower
refractive index has a longest transverse dimension
which is longer than a single, shortest, period of the
cladding, whereby light can be substantially confined in
the lower index region by virtue of a photonic band gap
of the cladding material and can be guided along the
fibre whilst it is so confined.

A photonic crystal fibre, as claimed in claim 1, in
which the region of lower refractive index comprises a
gas or a vacuum. ‘

A photonic crystal fibre, as claimed in claim 1 or claim
2, in which the substantially periodic cladding material
has a triangular lattice structure.

A photonic crystal fibre, as claimed in claim 3, in
which the triangular lattice comprises air holes in a
solid matrix.

A photonic crystal fibre, as claimed in any preceding
claim, in which the regions of higher refractive index
consist essentially of silica.

A photonic crystal fibre, as claimed in any preceding
claim, in which the fraction of air in the cladding is
at least 15% by volume based on the volume of the
cladding. |

A photonic crystal fibre, as claimed in claim 6, in
which the region of the lower refractive index comprises

air.
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A photonic crystal fibre, as claimed in any preceding
claim in which the region of lower refractive index is a
low pressure region.

A photonic crystal fibre, as claimed in any preceding
claim, in which the lower index region comprises a
material having a non-linear optical response, whereby
light may be generated by non-linear processes in the
lower-index region.

A photonic crystal fibre comprising a region of
substantially uniform, lower refractive index which is
substantially surrounded by cladding which includes
regions of higher refractive index and which is
substantially periodic, wherein the region of lower
refractive index is large enough to support at least one
transverse mode, whereby light can be substantially
confined in the lower refractive index region.

A photonic crystal fibre as claimed in claim 10, which
is a single-mode fibre.

A photonic crystal fibre substantially as described
herein, with reference to the drawings.

An optical device, including photonic crystal fibre
according to any preceding claim.

An optical device, as claimed in claim 13, comprising a
spectral filtering device.

An optical device, as claimed in claim 13, comprising an
optical amplifier.

An optical device, as claimed in claim 13, comprising a
laser.

An optical device, as claimed in claim 13, comprising a
sensor that is capable of sensing a property of the gas
of which the region of lower refractive index 1is

comprised.
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A telecommunications system, including a photonic
crystal fibre according to any one of claims 1 to 12.

A telecommunications system, including an optical device
according to any one of claims 13 to 17.

A telecommunications network including a
telecommunications system according to claim 18 or 19.

A method of making a photonic crystal fibre, comprising
the following steps:

(a) forming a stack of canes, the staék including at
least one truncated cane which defines a cavity
in the stack;

(b) drawing the stack into a fibre having an elongate
cavity.

A method, as claimed in claim 21, in which the optical
fibre is a fibre according to any one of claims 1 to 8
or 10 to 11.

A method, as claimed in claim 21 or 22, in which the
cavity has a transverse dimension greater than the
corresponding transverse dimension of any of the canes.
A method, as claimed in claim 23, in which the cavity
has a transverse dimension greater than the sum of the
corresponding dimensions of any two of the canes.

A method, as claimed in any of claims 21 to 24, in which
the stack of canes comprises canes which are
capillaries.

A method, as claimed in claim 25, in which the
capillaries form a triangular array.

A method, as claimed in claim 25 or claim 26, in which
the capillaries are filled with a material other than
air.

A photonic crystal fibre made by a method as claimed in

any one of claims 21 to 27.
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29. A method of making a photonic crystal fibre
substantially as described herein, with reference to the
drawings.

30. A method of transmitting light comprising introducing a
light signal to a photonic crystal fibre, wherein the

fibre is as claimed in any one of claims 1 to 12 or 28.

DATED this 21* day of May, 2003
QinetiQ Limited

By DAVIES COLLISON CAVE
Patent Attorneys for the Applicants
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