
(19) United States 
US 2002O181911A1 

(12) Patent Application Publication (10) Pub. No.: US 2002/0181911A1 
Wadsworth et al. (43) Pub. Date: Dec. 5, 2002 

(54) OPTICAL MATERIAL AND A METHOD FOR 
ITS PRODUCTION 

(76) Inventors: William John Wadsworth, Lower 
Weston (GB); Brian Joseph Mangan, 
Lower Weston (GB); Timothy Birks, 
Combe Down (GB); Jonathan Cave 
Knight, Wellow (GB); Philip St. John 
Russell, Southstroke (GB) 

Correspondence Address: 
MERCHANT & GOULD PC 
P.O. BOX 2903 
MINNEAPOLIS, MN 55402-0903 (US) 

(21) Appl. No.: 09/845,528 

(22) Filed: Apr. 30, 2001 

4 OO 

Publication Classification 

(51) Int. Cl." ............................... G02B 6/20; GO2B 6/16 
(52) U.S. Cl. ....................... 385/125; 385/123; 35.9/341.1 

(57) ABSTRACT 

A composite material for Supporting propagation of light of 
a wavelength ), comprising a plurality of cylinders each 
having a longitudinal axis, the cylinders being Separated 
from each other by regions of a matrix material and the 
cylinders having their longitudinal axes Substantially paral 
lel to each other, and each cylinder having a diameter, in the 
plane perpendicular to the longitudinal axis, that is Small 
enough for the composite material to be Substantially opti 
cally homogeneous in respect of light of wavelength ). 
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OPTICAL MATERIAL AND A METHOD FOR ITS 
PRODUCTION 

0001. This invention relates to the field of optical mate 
rials. 

0002 U.S. Pat. No. 5,155,792 teaches an optical fibre 
having a low index of refraction. In one embodiment 
described in the Patent, the cladding of the fibre comprises 
a uniform array of tube Structures each being of a diameter 
less than the shortest wavelength of light guided by the fibre. 
The core may be formed from a rod or from several rods of 
uniform refractive index. In another embodiment, the core of 
the fibre also comprises a uniform array of tube Structures 
each being of a diameter less than the Shortest wavelength of 
light guided by the fibre, the core having a higher refractive 
indeX than the cladding but nevertheless a uniform and low 
refractive index. 

0003. However, that U.S. Patent does not contemplate the 
possibility of engineering the optical properties of a material 
other than by providing a uniform and low refractive index. 
0004. An object of the invention is to provide an optical 
material having optical properties that can readily be engi 
neered. An object of the invention is to provide a method of 
engineering Such properties. 

0005 According to the invention there is provided a 
composite material for Supporting propagation of light of a 
wavelength ), comprising a plurality of cylinders each 
having a longitudinal axis, the cylinders being Separated 
from each other by regions of a matrix material and the 
cylinders having their longitudinal axes Substantially paral 
lel to each other, and each cylinder having a diameter, in the 
plane perpendicular to the longitudinal axis, that is Small 
enough for the composite material to be Substantially opti 
cally homogeneous in respect of light of wavelength ). 

0006 Such an arrangement of cylinders is referred to 
below as "nanostructure', although the cylinderS may, in 
Some circumstances, be of dimensions and/or separations of 
a larger Scale than nanometers. 
0007 Substantially optically homogeneous material 
causes no significant perturbation of the transverse optical 
field profile of light propagating in the composite material. 
Of course, whether or not the cylinders cause significant 
perturbation of the transverse optical field profile of propa 
gating light is a question that may be determined experi 
mentally. However, one way to quantify the effect of the 
cylinders is to calculate a modified version of the well 
known V-parameter (also known as the V-value or norma 
lised frequency). In a simple case of cylinders of cross 
Sectional area A and of a material of refractive index in cylinder 
embedded in a matrix material of refractive index ns, the 
modified V-value V is given by 

v2 - A Initial -n (1) cylinder matrix - 

0008. The modified V-value gives a measure of how 
confined to the cylinders is the transverse optical field. If the 
V-value is Small (less than 1, for example) then the optical 
field is not well confined and the cylinders will not cause a 
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Significant perturbation. Ever Smaller values of V are in 
general preferable, for example V-0.6 or even V-0.4. 
0009. In more complicated embodiments of the inven 
tion, Such as, for example, when each cylinder comprises an 
inner region of refractive index n and area A, Surrounded 
by an annular outer region of refractive index n and area A, 
one may calculate a “collective V-value' V. For p regions 
embedded, directly or indirectly, in a matrix material, each 
region being of refractive index n and area A, we define 

47tA (2) 
V. = X V, where V In -niani, Wp 

0010 Again, if the v-value is small, then the optical field 
is not well confined and the embedded regions will not cause 
a significant perturbation of the transverse profile of an 
optical field of wavelength ). 
0011. In Some circumstances, such as when a waveguide 
is defined in the material, another indication of the effect the 
cylinders would have on an optical field can be obtained by 
evaluating a transverse component k Sin 0 of the wavevector 
k for light propagating at an angle 0 to the longitudinal axis 
of the cylinders. That component gives an effective trans 
verse wavelength 

27t (3) 
if e ksine 

0012 which will in general be greater than 2. The mate 
rial will be Substantially optically homogeneous if the diam 
eter of the cylinderS is Small compared with 2. 
0013 AS light propagating in the material will in general 
See only an average of the optical properties of the cylinders 
and the matrix regions, the optical properties of the material 
may be engineered by appropriate choice of cylinder and 
matrix properties and by the arrangement of the cylinders in 
the matrix. A wide range of properties may be introduced, 
for example by using cylinders comprising different mate 
rials in different parts of the material or by doping the 
cylinders. 
0014 Preferably, the composite material is arranged to 
Support propagation of light in a direction Substantially 
parallel to the longitudinal axes. Preferably, the cylinders are 
Solid. The cylinderS may comprise a dielectric material. The 
cylinderS may comprise a metal. At least Some of the 
cylinders may be holes defined by the matrix regions. The 
holes may be filled with a fluid, Such an arrangement of 
holes filled with a gas, in particular a gas other than air, or 
a liquid may be used to provide a nonlinear material. 
Preferably, the material is arranged to guide light propagat 
ing in a direction not in the plane perpendicular to the 
longitudinal axis. 
0015. It will be understood that the word “cylinder” 
refers to any three-dimensional figure of uniform croSS 
Section, which cross-section is not necessarily circular. Pref 
erably, the cylinders are of circular croSS Section. 
0016 Preferably, the diameter of the cylinders is less than 
1 micron. 
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0.017. The refractive index of the cylinders may be less 
than that of the regions of a matrix material. The refractive 
index of the cylinderS may be greater than that of the regions 
of a matrix material. Alterations to the refractive indices may 
be achieved in different ways, Some of which are discussed 
below. 

0.018 Preferably, the cylinders comprise an inner region 
having a first refractive index n and an Outer region 
having a Second refractive index n and Surrounding the 
inner region So that the refractive index of the cylinder is an 
effective refractive index that is between the first and the 
second refractive indices. If the diameter of the cylinders is 
Small compared with the wavelength of propagating light, 
and if the absolute variation of refractive index is Small, the 
effective refractive index nen' will be given approximately 
by 

cyl ninner Ainner + nouter Aouter (4) 
it if : - Ainner + Aouter 

0.019 where A and A are the cross-sectional areas 
respectively of the inner and outer regions of each cylinder. 
Equation (4) is an approximation given for the purpose of 
aiding understanding of the invention; in general, expres 
sions for the effective refractive index are not so simple but 
may readily be calculated by a person skilled in the art. 
0020. The effective refractive index may be equal to the 
refractive index of the matrix regions. It is thus possible to 
use different materials in the inner region, the Outer region 
and the matrix region, each of which materials may have 
different, desirable properties, but Still present a uniform 
effective refractive indeX to propagating light. 
0021. Some parts of the material may have different 
properties from other parts of the material. The cylinders 
may be distributed in the matrix material at different den 
sities in different parts of the material. It may be that the 
regions of a matrix material are not all of the same material 
and/or that the cylinders are not all identical to each other; 
for example, it may be that the cylinders are not all of the 
Same refractive index, shape, size and/or material. 
0022 Preferably, at least some of the cylinders have been 
doped with a dopant. At least Some of the regions of a matrix 
material may have been doped with a dopant. Doping is a 
convenient way to change the optical properties of a mate 
rial; Stresses in the material may be much less than if two 
different materials are used and fused together. 
0023 Preferably, the doping results in a change in refrac 
tive index. Doping can then be used to provide a Selected 
effective refractive index of the material and, for example, to 
introduce refractive-indeX Structures into the material. 

0024 Preferably, at least some of the cylinders are doped 
with an optically active dopant. 
0.025 Preferably, the optically active dopant renders the 
material photoSensitive; examples of Suitable dopants would 
be germanium, boron, or tin. It may be that not all of the 
cylinders are doped in the Same manner, So that not all 
regions of the material are equally photoSensitive. Such a 
material could be incorporated into, for example, multicore 
fibre. 
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0026. The optically active dopant may provide optical 
gain; for example, the optically active dopant may comprise 
ytterbium or erbium. It may be that not all of the cylinders 
are doped with the same optically active dopant, So that gain 
is provided at two or more different wavelengths; thus “dual 
wavelength' operation may be provided. 
0027 Preferably, the composite material has a selected 
effective-refractive-indeX profile in the plane perpendicular 
to the longitudinal axes. Such a Selected effective-refractive 
indeX profile may be provided, for example, by altering the 
refractive index of a bulk material by any of the means 
described above. 

0028 Preferably, the selected effective-refractive-index 
profile is a gradual decrease in refractive indeX radially from 
the centre of the material. Such a graded-indeX Structure may 
be a useful waveguiding Structure. 
0029 Nanostructuring according to the invention is a 
convenient means of introducing other effective-refractive 
indeX profiles into the material. For example, the Selected 
effective-refractive-indeX profile may define a regular poly 
gon. Alternatively, the Selected effective-refractive-indeX 
profile may define a non-regular figure. 
0030 Preferably, the selected effective-refractive-index 
profile defines a waveguide including a core having an 
effective refractive index that is larger than the effective 
refractive index of material Surrounding the core. Preferably, 
the core is larger than 10 microns in its Smallest transverse 
dimension and the difference between the effective refrac 
tive index of the core and the effective refractive index of the 
material Surrounding the core is Sufficiently Small for the 
waveguide to Support single-mode propagation of light (for 
example, a 25 micron diameter core with a refractive index 
of 1.5 would Support propagation of light of wavelength 1.5 
microns in a single mode if the refractive index difference is 
less than 0.0007). Ever larger cores may be preferable in 
many applications, preferably, the core is larger than 15 
microns, more preferably larger than 20 microns and Still 
more preferably larger than 25 microns in its Smallest 
transverse dimension. 

0031. The refractive-index profile may result in addi 
tional changes in the optical properties of the material; for 
example, it may define an optically dispersive material. 
0032. The composite material may exhibit birefringence 
due to mechanical Stresses between the cylinders and the 
regions of a matrix material. Birefringence will generally 
result if the material has no rotational Symmetry higher than 
two-fold rotational Symmetry, about any longitudinal axis 
Thus, the material may have two-fold rotational Symmetry 
or no rotational Symmetry about Such an axis. The rotational 
Symmetry of the material may result at least partly from the 
shape of the cylinders. The rotational symmetry of the 
material may result at least partly from the distribution of the 
cylinders. 
0033 Also according to the invention there is provided 
an optical amplifier comprising a composite material as 
described above as being according to the invention. Pref 
erably, the optical amplifier is a large-mode-area amplifier. 
Also according to the invention there is provided a laser 
including Such an optical amplifier. 
0034. Also according to the invention there is provided a 
method of providing a Selected optical property in a com 
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posite material for Supporting propagation of light of a 
wavelength a comprising: (i) providing a plurality of rods 
each having a longitudinal axis, a inner region of a first Solid 
material and an outer region of a Second Solid material and 
Surrounding the inner region; (ii) forming a bundle of the 
rods, in which the rods have their longitudinal axes Substan 
tially parallel to each other, and (iii) drawing an elongate, 
fused rod from the bundle; cutting the fused rod into a 
plurality of lengths, and (iv) repeating steps (ii) and (iii) at 
least once by forming the bundle from the lengths of fused 
rod and drawing a further, elongate fused rod from the 
bundle; wherein, the inner regions of the rods used in Step 
(i) form, in the further, elongate fused rod produced at the 
end of Step (iv), a plurality of Solid cylinders each having a 
longitudinal axis, the cylinders being Separated from each 
other by regions of a matrix material and the cylinders 
having their longitudinal axes Substantially parallel to each 
other, and each cylinder having a diameter, in the plane 
perpendicular to the longitudinal axis, that is Small enough 
for the composite material to be Substantially optically 
homogeneous in respect of light of wavelength ). 
0.035 Thus, the optical properties of the composite mate 
rial are fixed by arranging macroscopic objects and then 
drawing reduces the dimensions of the Structure until the 
material becomes Substantially optically homogeneous. 
0.036 Preferably, the bundle of rods is enclosed in a 
jacket in step (ii). An advantage of using a jacket is that the 
Spaces between the canes may be evacuated to eliminate 
unwanted air holes that would otherwise be formed in the 
drawing process. 
0037 Also according to the invention there is provided a 
method of manufacturing an optical fibre, including the Step 
of drawing an optical fibre from a preform comprising at 
least one rod manufactured by such a method. Preferably, the 
method includes the Step of enclosing the preform in a jacket 
prior to drawing the fibre. 
0.038 Preferably, in at least some of the rods the inner 
region has a first refractive indeX and the Outer region has a 
Second, different refractive index. 
0039. Also according to the invention there is provided 
an optical fibre comprising a composite material as 
described above as being according to the invention. Pref 
erably, the fibre is a photonic crystal fibre. Photonic crystal 
fibres are also known as microstructured fibres. Such fibres 
typically have a cladding comprising an array of elongate 
holes. If the effective refractive index of the cladding is 
lower than that of the core then a photonic-crystal fibre 
generally guides light by total internal reflection. Otherwise, 
a photonic-crystal fibre has its elongate holes arranged in a 
periodic lattice that eXcludes light at certain frequencies, 
forming a photonic band-gap. The core in Such a fibre acts 
as a defect that breaks the periodicity of the lattice and 
allows propagation of light at frequencies in the photonic 
band-gap, the light is thereby confined to the core. 
0040 Also according to the invention, there is provided 
a fibre amplifier comprising Such a fibre. Also according to 
the invention, there is provided a fibre laser comprising Such 
an amplifier. 

0041. Also according to the invention, there is provided 
a method of transmitting light in a composite material 
described above as being according to the invention. 
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0042. Various embodiments of the invention will now be 
described, by way of example only, with reference to the 
accompanying drawings, of which: 
0043 FIG. 1 is an optical micrograph of a preform 
produced as a Step in a method according to the invention; 
0044 FIGS. 2 and 3 are optical micrographs of the 
cleaved ends of photonic-crystal fibres according to the 
invention drawn from the preform of FIG. 1; 
004.5 FIGS. 4 and 5 are schematic cross-sections 
through optical fibres incorporating in their cores an optical 
material according to the invention, the optical material 
having a graded refractive-indeX Structure; 
0046 FIG. 6 is a schematic cross-section through a 
Single-mode waveguide laser or amplifier, which has a very 
large core incorporating an optical material according to the 
invention; 

0047 FIG. 7 is a schematic cross-section through a 
Single-mode optical fibre having unusual dispersion proper 
ties resulting from use of a core incorporating an optical 
material according to the invention; 

0048 FIG. 8 is a schematic cross-section through a 
photonic-crystal fibre, which exhibits photosensitivity 
resulting from incorporation in its core of an optical material 
according to the invention; 

0049 FIG. 9 is a schematic cross-section through a 
photonic-crystal fibre laser or amplifier, which exhibits 
dual-wavelength gain resulting from incorporation in its 
core of an optical material according to the invention; 

0050 FIGS. 10 and 11 are schematic cross-sections 
through optical fibres, which exhibit birefringence resulting 
from incorporation in their core of an optical material 
according to the invention; 

0051 FIG. 12 is a schematic cross-section through a 
further photonic-crystal fibre incorporating an optical mate 
rial according to the invention. 
0052 The schematic figures are, of course, not drawn to 
Scale. 

0053. In an embodiment of the invention, a bundle is 
formed from rods each having a core region of doped Silica 
and a Second, outer region, of undoped Silica, which Sur 
rounds the core region. A jacket, in the form of a tube of 
undoped Silica is placed around the bundle. An elongate, 
fused rod is drawn from the jacketed bundle by heating it 
and Stretching it in a manner well known in the prior art. The 
fused rod is cut into Segments of equal length and a further 
bundle is formed from those lengths of fused rod. That 
further bundle is placed inside a jacket of undoped Silica and 
further fused rod is similarly drawn from that further bundle. 
The rod resulting from three bundling steps is shown in FIG. 
1. Doped regions 10 and undoped matrix regions 20 result 
from the doped cores and the undoped outer regions (respec 
tively) of the rods provided initially. The jackets placed 
around those rods form matrix regions 30 and the jacket 
placed around the further rods forms region 40. The jacketed 
bundle has been drawn into a further rod, which has been 
bundled together with rods in the form of capillaries. That 
bundle is also jacketed and drawn. Elongate holes 50 result 
from the hollow cores of the capillaries and regions 60 result 
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from the material of the capillary walls. Interstitial holes 70 
result from the imperfect tiling of the capillary croSS 
Sections. 

0054) The rod of FIG. 1 is a preform for production of 
optical fibre. The rod is drawn, in the usual way, to produce 
photonic-crystal fibre of diameter 120 um and core diameter 
15 um between the innermost air-holes. FIG. 2 shows such 
a fibre that has a ratio of hole diameter d to hole pitch of 
d/2=0.3. FIG. 3 shows a fibre drawn from the same preform 
but drawn to have larger holes, with d/2=0.55. Different hole 
sizes are achieved by changing the drawing tension by 
controlling the temperature of the drawing furnace. 
0055. In the drawn fibres of FIG. 2 and FIG. 3, core 
region 80 is optically homogeneous even though it is formed 
from cylindrical doped regions Separated by Silica matrix 
regions (the regions in which the cylinders are embedded, 
invisible in FIGS. 2 and 3 but corresponding to doped 
regions 10 and matrix regions 20 and 30 in FIG. 1; in this 
embodiment, the regions of a matrix material are continuous 
with each other and with the silica of the photonic crystal 
cladding 82 and the fibre jacket 87). The effective refractive 
indeX Step is approximately 0.001. Optical homogeneity 
result because each of the cylindrical doped regions has a 
diameter of less than 250 nm, which is small compared with 
the effective transverse wavelength of the guided mode of 
light that the fibre is to guide (in this case 1040 nm). The area 
filling fraction of the doped glass is a few percent So the 
resulting effective-refractive-indeX Step is insufficient for 
guidance of light within the cylinders themselves to occur. 
0056 FIGS. 4 to 12 show other ways in which material 
Structured at a Scale Small enough for the material to appear 
homogeneous to light can be used to provide fibres and other 
devices having interesting properties. 

0057 The single-mode optical fibre (the example illus 
trated is not a photonic crystal fibre) of FIG. 4 has a 
graded-indeX Structure. The graded-indeX Structure is 
achieved by provision of doped cylinders 110, 120 in a fibre 
comprising principally of bulk, undoped silica 130. Cylin 
ders 110 are arranged to form hexagonal region 140 at the 
centre of the fibre cross-section. Region 140 is enclosed by 
six hexagonal regions 150, formed by cylinders 120. Hex 
agonal regions 140, 150 result from the bundling and 
drawing process. Cylinders 110 (and, similarly, cylinders 
120) are separated by matrix material 160, which results 
from the undoped silica Outer regions of the rods from which 
the material is drawn. Regions 140, 150 are separated by 
matrix material 170, which results from jacketing the 
bundles in the bundling and drawing proceSS and, in this 
embodiment, is also formed of undoped silica. Regions 140, 
150 are themselves Surrounded by a thick cladding region 
180, which is formed by repeated jacketing of a bundle 
comprising the preforms for regions 140, 150. 
0.058 Cylinders 110 are formed of silica doped with 
germanium ions Such doped Silica has a refractive indeX that 
is higher than that of bulk silica. The separation of the 
cylinders 110 is small compared with the wavelength of light 
that the fibre is to be used to guide and so the effective 
refractive indeX Seen by the light is an average of the 
refractive index neite of the doped silica and the refractive 
indeX net of the undoped matrix regions between cylin 
ders 110. The diameter of the cylinders is small compared 
with the wavelength of propagating light, and the absolute 
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variation of refractive indeX is Small, So the effective refrac 
tive index n of region 130 is given approximately by: 

cylinderAcylinder + matrix Amatrix (5) 
fieff Acylinder + Amatrix 

0059) where Asia and Ana are the areas taken up by 
cylinders and matrix regions in region 140. 

0060 Cylinders 120 are formed of silica that is less 
heavily doped. Each of those cylinders 120 thus has a 
refractive index that is higher than that of bulk silica but 
lower than that of the doped silica in cylinders lo. The 
effective refractive index of region 150 is thus higher than 
that of cladding 180 but lower than that of region 140. 

0061 The refractive index seen by light propagating in 
the fibre thus decreases from the centre of the fibre radially 
outwards. Light is guided by total internal reflection but the 
interface between the core region 110 and the cladding 180 
of the fibre is distributed over a portion of the fibre diameter 
rather than being a Single, abrupt Step. Thus the fibre acts as 
a graded-index fibre. The profile of the refractive-index 
variation may readily be adjusted in different fibres by 
adjusting the dopant concentrations at different sites. 

0062) The fibre of FIG. 5 embodies another approach to 
providing a graded-indeX fibre by providing nanostrucure. 
Central region 240 corresponds to region 140 in FIG. 4. 
However, regions 250 are formed from bundles in which 
rods doped to the same concentration as the rods forming 
region 240 are interspersed with undoped rods. That 
arrangement of rods results in regions 250 having a lower 
effective refractive index than region 240 and, furthermore, 
cylinders 220, which result from the doped rods, are them 
Selves arranged in region 250 to be concentrated more to the 
centre of the fibre So that the effective refractive index of 
regions 250 themselves decreases radially outward. 

0063. The single-mode waveguide laser of FIG. 6 has a 
very large core 300 formed by use of nanostructured mate 
rial to create a very Small but uniform refractive-indeX 
contrast. Core 300 comprises an approximately rectangular 
arrangement of hexagonal regions 330, which each contain 
cylinders, which are made of doped silica, Separated by 
undoped Silica matrix regions. 

0064 Core 300 is embedded in an inner cladding 340 
(which is made of bulk, undoped silica) to facilitate cladding 
pumping. Inner cladding 340 is supported in a glass tube 360 
so that an outer cladding region of air 370 results that 
surrounds inner cladding 340 within tube 360. 

0065. The cylinders forming regions 330 are of two 
types. Those of the first type, of refractive index neylinde", 
are doped with Erbium ions to provide again medium (they 
are also co-doped with aluminium to improve erbium ion 
solubility). Those of the second type, of refractive index 
neylinde', are doped with germanium to control the effec 
tive refractive index of core 300. The diameter of the 
cylinderS is Small compared with the wavelength of propa 
gating light, and the absolute variation of refractive indeX is 
Small, so the effective refractive index of the core 300 is 
given approximately by: 
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Ge. Ge. Er Er matrix Amatrix + SinderA inder + i)inder Aylinder (6) 
fieff Ali + A... + A2. matrix it cylindert Cylinder 

0.066 where A, Acylinde." and Acylinde." are the 
areas taken up by the matrix regions, germanium-doped 
cylinders and Erbium-doped cylinders in the cross-section of 
core 300. 

0067. The cylinders of several different materials are 
repeatedly mixed during bundling and drawing to increase 
the uniformity. 

0068. The effective refractive index of the core 300 is 
controlled so that the difference in refractive index between 
the core 300 and the inner cladding 340 is sufficiently small 
for the waveguide to guide light propagating in a large Single 
mode. The condition for Single-mode operation is well 
known: the normalised frequency V must be less than 2.405, 
where in this case 

47. A (7) 
2 = --(ni, - adding) 

0069 where A is the area of the core and n is the 
refractive index of the cladding. 

0070. It is interesting to note that, if the same amount of 
doped glass were to be contained within a single doped 
region, then the guided mode of the fibre would be very 
Strongly peaked in the doped region. In order to obtain a 
large mode area, a Single doped region would have to be 
much Smaller and hence would contain fewer dopant ions, 
reducing the absorption and gain. 

0071. The single-mode optical fibre of FIG. 7 has an 
unusual dispersion characteristic, which is similar to that of 
known W-index fibres. The fibre consists of a core 400 
surrounded by a cladding 470. The core 400 contains 
hexagonal regions 430, 440, 450, each containing cylinders 
410 of Silica doped with germanium, Separated by matrix 
regions of undoped silica. Region 430 is drawn from 
bundled doped rods. Region 450 is also drawn from bundled 
doped rods but the concentration of dopant in the doped 
cores is lower than for region 430. Region 440 is drawn from 
a bundle containing rods Such as those from which region 
450 is drawn but, in region 440, the doped rods are inter 
spersed with undoped silica rods. The effective refractive 
index of the core thus decreaseS radially outwards from a 
maximum in region 430, through a local minimum in region 
440, increases to a higher figure in region 450 (but not as 
high as in region 430) and then decreases again to the index 
of the bulk silica that forms the cladding 470. 
0072 The fibre of FIG. 8 is a photonic crystal fibre into 
which a photoSensitive material has been incorporated by 
means of a nanostructured core 500. The core is Surrounded 
by a photonic-crystal cladding region 530 surrounded by a 
jacket region 570. Cladding region 530 includes a periodic 
array of cylindrical holes, arranged on a triangular lattice, 
running through bulk silica. The jacket is bulk silica Core 
500 acts as a defect in the photonic crystal and light at 

cladding 
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certain wavelengths, which are excluded from propagation 
in the photonic crystal, can propagate in the defect. Core 500 
comprises hexagonal regions 520, which in turn are made 
from cylinders 510 separated by undoped silica matrix 
regions. Cylinders 510 are made from silica doped with 
Germanium ions. Germanium-doped Silica glass is photo 
Sensitive, So that the refractive index of Germanium-doped 
Silica changes on exposure to light. Such a fibre can be used 
to make fibre Bragg gratings by exposure to light, for 
example in order to form an optical cavity within the fibre 
or to form a wavelength-Selective filter. 
0073. The fibre of FIG. 9 exhibits gain over two wave 
length bands centred on two independent transitions and 
thus has an extended gain spectrum. Such dual-wavelength 
operation is possible because the fibre has a nanostructured 
core 600 that is doped with both Ytterbium ions and Erbium 
ions. Ytterbium exhibits gain at a centre wavelength of 
around 1040 nm and Erbium exhibits gain at a centre 
wavelength of around 1550 nm. Core 600 is surrounded by 
bulk silica cladding 670 and comprises hexagonal regions 
640. Each hexagonal region 640 is drawn from a bundle of 
rods, half of which have been doped with Ytterbium ions and 
half of which have been doped with Erbium ions. The dopant 
ions thus provide uniform grain at both lasing wavelengths 
across core 600. However, because cylinders 610, drawn 
from the doped rods, are spatially Separated on a nanometer 
Scale by bulk silica matrix material (originating in the outer, 
undoped part of each doped rod), energy-transfer effects 
between the dopant ions are reduced. 
0.074 The fibres of FIGS. 10 and 11 are birefringent 
because of the Symmetries of the nanostructuring of their 
cores. The fibre of FIG. 10 has a substantially circular core 
700, made of many cylinders 710 of substantially elliptical 
croSS-Section, the ellipses being Significantly eccentric. The 
core 700 is here drawn from a bundle of rods that have been 
flattened in one direction perpendicular to their longitudinal 
axis So that they have an elliptical croSS-Section. The two 
fold rotational symmetry of each of the cylinders results in 
birefringence, because light polarised in a direction parallel 
to the major axis of each ellipse Sees a different refractive 
indeX from light polarised in a direction perpendicular to 
that direction. However, because the cylinderS have diam 
eters smaller than the wavelength of the light that the fibre 
is to Support, the birefringence produced may be regarded as 
an inherent optical property of the nanostructured material, 
rather than as a structure affecting the light at the Scale of the 
fibre cross-section. The core 700 is surrounded by a cladding 
770. 

0075) The fibre of FIG. 11 achieves the same result 
creation of a birefringent nanostructured material-by draw 
ing a rectangular core 800 from a bundle of rods arranged in 
diagonal rows. AcroSS the croSS-Section of the fibre, the rows 
are alternately bulk Silica rods and rods Made from germa 
nium-doped Silica. In the fibre, the doped cores form cylin 
ders 810, which are similarly arranged in rows, and the 
undoped Silica forms matrix regions 820. Light polarised in 
a direction parallel to the rows therefore Sees a different 
refractive indeX from light polarised in a direction perpen 
dicular to that direction and so the fibre exhibits birefrin 
gence, again at the Scale of the material rather than the fibre 
core. Cladding 870 surrounds the core 800. 
0076) The photonic-crystal fibre of FIG. 12 comprises a 
core 900 Surrounded by a cladding region comprising a 
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periodic array of elongate holes 950 (not all shown), which 
is in turn surrounded by a jacket 970. Core 900 is formed of 
hexagonal regions 930, which each comprise an array of 
cylinders 910, which has been drawn from a bundle of rods. 
As is shown in the magnified portion of FIG. 12, each 
cylinder comprises an inner region 912 and an outer region 
917 and the cylinders are, as in the other illustrated embodi 
ments, separated by an undoped silica matrix 920. The inner 
regions 912 are doped with germanium So that they have a 
refractive index nine,' that is higher than the refractive 
index of Silicon n. The outer regions 917 have been 
doped with fluorine so that they have a refractive index 
note that is less than that of silicon. The cylinders are drawn 
from rods made by enclosing a germanium-doped rod in a 
fluorine-doped jacket. The doping levels are chosen So that, 
because the raised-indeX and depressed-indeX regions occur 
on a Scale that is Small compared with the wavelength of 
propagating light, and the absolute variation of refractive 
index is Small, the effective refractive index of the material 
is approximately equal to the refractive index n of bulk 
Silica: 

Ge. Ge. F F matrix Amatri + tier Ailer + rater Auter Si (4) 
nei = - = n Amatri + Ailer + Auter 

0077 where Aa, Anne, and Aue, are the areas 
occupied by the matrix regions, the germanium-doped 
regions and the fluorine-doped regions, respectively. Thus, 
by nanostructuring, dopants may be incorporated into a 
material without changing the bulk refractive index of that 
material. 

1. A composite material for Supporting propagation of 
light of a wavelength ), comprising a plurality of cylinders 
each having a longitudinal axis, the cylinders being Sepa 
rated from each other by regions of a matrix material and the 
cylinders having their longitudinal axes Substantially paral 
lel to each other, and each cylinder having a diameter, in the 
plane perpendicular to the longitudinal axis, that is Small 
enough for the composite material to be Substantially opti 
cally homogeneous in respect of light of wavelength ). 

2. A composite material as claimed in claim 1, in which 
the cylinders are Solid. 

3. A composite material as claimed in claim 1, in which 
the cylinders comprise a dielectric material. 

4. A composite material as claimed in claim 1, in which 
the cylinders comprise a metal. 

5. A composite material as claimed in claim 1, in which 
at least some of the cylinders are holes defined by the matrix 
regions. 

6. A composite material as claimed in claim 5, in which 
at least Some of the holes are filled with a fluid. 

7. A composite material as claimed in any preceding 
claim, in which the diameter of the cylinderS is less than 1 
micron. 

8. A composite material as claimed in any preceding 
claim, in which the refractive index of the cylinders is less 
than that of the regions of a matrix material. 

9. A composite material as claimed in any of claims 1 to 
7, in which the refractive index of the cylinders is greater 
than that of the regions of a matrix material. 
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10. A composite material as claimed in any preceding 
claim, in which the cylinders comprise an inner region 
having a first refractive indeX and an Outer region having a 
Second refractive indeX and Surrounding the inner region So 
that the refractive index of the cylinder is an effective 
refractive index that is between the first and the second 
refractive indices. 

11. A composite material as claimed in claim 10, in which 
the effective refractive index is equal to the refractive index 
of the matrix regions. 

12. A composite material as claimed in any preceding 
claim, in which the cylinders are distributed in the matrix 
material at different densities in different parts of the mate 
rial. 

13. A composite material as claimed in any preceding 
claim, in which the regions of a matrix material are not all 
of the Same material. 

14. A composite material as claimed in any preceding 
claim, in which the cylinders are not all identical to each 
other. 

15. A composite material as claimed in claim 14, in which 
the cylinders are not all of the same refractive index. 

16. A composite material as claimed in claim 14 or claim 
15, in which the cylinders are not all of the same shape. 

17. A composite material as claimed in any of claims 14 
to 16, in which the cylinders are not all of the same size. 

18. A composite material as claimed in any of claims 14 
to 17, in which the cylinders are not all of the same material. 

19. A composite material as claimed in any preceding 
claim, in which at least Some of the cylinderS have been 
doped with a dopant. 

20. A composite material as claimed in any preceding 
claim, in which at least Some of the regions of a matrix 
material have been doped with a dopant. 

21. A composite material as claimed in claim 19 or claim 
20, in which the doping results in a change in refractive 
index. 

22. A composite material as claimed in any of claims 19 
to 21, in which at least Some of the cylinders are doped with 
an optically active dopant. 

23. A composite material as claimed in claim 22, in which 
the optically active dopant renders the material photosensi 
tive. 

24. A composite material as claimed in claim 23, in which 
the optically active dopant is germanium, boron, or tin. 

25. A composite material as claimed in claim 23 or claim 
24, in which not all of the cylinders are doped in the same 
manner, So that not all regions of the material are equally 
photosensitive. 

26. A composite material as claimed in claim 22, in which 
the optically active dopant provides optical gain. 

27. A composite material as claimed in claim 26, in which 
not all of the cylinders are doped with the same optically 
active dopant, So that gain is provided at two or more 
different wavelengths. 

28. A composite material as claimed in claim 26 or claim 
27 in which the optically active dopant comprises ytterbium 
or erbium. 

29. A composite material as claimed in any preceding 
claim, having a Selected effective-refractive-indeX profile in 
the plane perpendicular to the longitudinal axes. 
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30. A composite material as claimed in claim 29, in which 
the Selected effective-refractive-indeX profile is a gradual 
decrease in refractive indeX radially from the centre of the 
material. 

31. A composite material as clamed in claim 29, in which 
the Selected effective-refractive-indeX profile defines a regu 
lar polygon. 

32. A composite material as claimed in claim 29, in which 
the Selected effective-refractive-indeX profile defines a non 
regular figure. 

33. A composite material as claimed in any of claims 29 
to 32, in which the selected effective-refractive-index profile 
defines an optically dispersive material. 

34. A composite material as claimed in any of claims 29 
to 32, in which the selected effective-refractive-index profile 
defines a waveguide including a core having an effective 
refractive index that is larger than the effective refractive 
index of material Surrounding the core. 

35. A composite material as claimed in claim 34, in which 
the core is larger than 10 microns in its Smallest transverse 
dimension and the difference between the effective refrac 
tive index of the core and the effective refractive index of the 
material Surrounding the core is Sufficiently Small for the 
waveguide to Support Single-mode propagation of light. 

36. A composite material as claimed in any preceding 
claim, which exhibits birefringence due to mechanical 
Stresses between the cylinders and regions of a matrix 
material. 

37. A composite material as claimed in any preceding 
claim, in which the material has no rotational Symmetry 
higher than two-fold rotational Symmetry about any longi 
tudinal axis, So the composite material is birefringent. 

38. A composite material as claimed in claim 37, in which 
the material has no rotational Symmetry about any longitu 
dinal axis. 

39. A composite material as claimed in claim 37, in which 
the material has two-fold rotational Symmetry about a lon 
gitudinal axis. 

40. A composite material as claimed in any of claims 37 
to 39, in which the rotational symmetry of the material 
results at least partly from the distribution of the cylinders. 

41. A composite material as claimed in any of claims 37 
to 40, in which the rotational symmetry of the material 
results at least partly from the shape of the cylinders. 

42. A composite material as claimed in any of claims 1 to 
40, in which the cylinders are of circular cross-section. 

43. An optical amplifier comprising a composite material 
as claimed in any preceding claim. 

44. An optical amplifier as claimed in claim 43, which is 
a large-mode-area amplifier. 

45. A laser including an optical amplifier as claimed in 
claim 43 or claim 44. 

46. A method of providing a Selected optical property in 
a composite material for Supporting propagation of light of 
a wavelength 2 comprising: 
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providing a plurality of rods each having a longitudinal 
axis, a inner region of a first Solid material and an outer 
region of a Second Solid material and Surrounding the 
inner region; 

forming a bundle of the rods, in which the rods have their 
longitudinal axes Substantially parallel to each other, 
and drawing an elongate, fused rod from the bundle; 

cutting the fused rod into a plurality of lengths, and 
repeating steps (ii) and (iii) at least once by forming the 

bundle from the lengths of fused rod and drawing a 
further, elongate fused rod from the bundle; 
wherein, the inner regions of the rods used in Step (i) 

form, in the further, elongate fused rod produced at 
the end of Step (iv), a plurality of Solid cylinders each 
having a longitudinal axis, the cylinders being Sepa 
rated from each other by regions of a matrix material 
and the cylinderS having their longitudinal axes 
Substantially parallel to each other, and each cylinder 
having a diameter, in the plane perpendicular to the 
longitudinal axis, that is Small enough for the com 
posite material to be Substantially optically homo 
geneous in respect of light of wavelength 2. 

47. A method as claimed in claim 46, in which the bundle 
of rods is enclosed in a jacket in step (ii). 

48. A method of manufacturing an optical fibre, including 
the Step of drawing an optical fibre from a preform com 
prising at least one rod manufactured by the method accord 
ing to claim 46 or claim 47. 

49. A method as claimed in claim 48, including the step 
of enclosing the preform in a jacket prior to drawing the 
fibre. 

50. A method as claimed in any of claims 46 to 49, in 
which in at least Some of the rods the inner region has a first 
refractive indeX and the Outer region has a Second, different 
refractive index. 

51. An optical fibre comprising a composite material 
according to any of claims 1 to 42. 

52. An optical fibre as claimed in claim 51 and being a 
photonic crystal fibre. 

53. A fibre amplifier comprising a fibre according to claim 
51 or claim 52. 

54. A fibre laser comprising an amplifier according to 
claim 53. 

55. A method of transmitting light in a composite material 
according to any of claims 1 to 42. 

56. A method of manufacturing an optical material Sub 
Stantially as herein described with reference to the accom 
panying drawings. 

57. An optical material substantially as herein described 
with reference to the accompanying drawings. 
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