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NANOSTRUCTURED OPTICAL FIBER ILLUMINATION SYSTEMS
AND METHODS FOR BIOLOGICAL APPLICATIONS

BACKGROUND OF THE INVENTION

FIELD OF THE INVENTION

[0001] The present invention relates generally to nanostructured optical fibers, and in
particular to illumination systems and methods that employ nanostructured fibers for

biological applications.

TECHNICAL BACKGROUND

[0002] Optical fibers are used for a variety of applications where light needs to be delivered
from a light source to a remote location. Optical telecommunication systems, for example,
rely on a network of optical fibers to transmit light from a central office to system end-users,
e.g., in so-called “fiber-to-the-X” or “FTTX” systems, where “X” stands for the end-location
of the fiber (e.g., “H” for “home,” “C” for “curb,” etc.).

[0003] Telecommunication optical fibers are designed to operate at near-inﬁaied
wavelengths in the range from 800 nm to 1675 nm where there are only relatively low levels
of attenuation due to absorption and scattering. This allows most of the light inputted into
one end of the fiber to exit the opposite end of the fiber with only insubstantial amounts
exiting peripherally through the sides of the fiber. |
[0004]) More recently, there has been a growing need to have optical fibers that are less
sensitive to bending than conventional fibers. This is because more and more
telecommunication systems are being deployed in configurations that require the optical fiber
to have strong bends. This need has lead to the development of so-called “nanostructured™
optical fibers that utilize a ring of small non-periodically disposed voids that surround the
core region. The air line ring serves to increase the bend insensitivity—that is to say, the fiber
can have a smaller bend radius without suffering a significant change in the attenuation of the
optical signal passing therethrough. '

[0005] Because optical fibers are typically designed to efficiently deliver light from one end
to the other over long distances, they are not typically considered well-suited for use in

forming an extended illumination source because very little light escapes from the sides of the
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typical fiber. Yet; there are a number of applications such as biological applications,
including bacteria growth and the production of photobionergy and biomass fuels, where
select amounts of light needs to be provided in an efficient manner to remote growth areas
such as photobioreactors. In particular, there is an urgent need to develop processes that
convert light energy into hjgh-value-biomass-based fuels that are high-density and that can
“bumn clean so that they can be used in internal combustion engines. Large scale production of
biofuels will require increasingly more efficient reactors and light delivery methods. These
needs can be fulfilled only if there are efficient light sources to deliver the light to the
biological material.
[0006] Thus, it would be beneficial to have illumination systems and methods that exploit
the ability of optical fibers to efficiently deliver light to remote locations if the fibers could

also be adapted to form an extended light source.

SUMMARY OF THE INVENTION

[0007] A first aspect of the invention is an illumination system for a biological growth system
having a biological chamber with an interior configured to contain biological material. The
system includes a light source that generates light having a wavelength to which the |
biological material is sensitive. The system also includes at least one nanostructured optical
fiber having a central axis, an outer surface and an end optically coupled to the light source.
The fiber is configured to have a plurality of bends formed therein so as to scatter guided light
away from tile central axis and through the outer surface to form a light-source fiber portion
having a length that emits substantially uniform radiation over its length.

[0008] A second aspect of the invention is a biological growth system. The system
includes a biological chamber with an interior configured to contain biological material. The
system also includes a light source that generates light having a wavelength to which the
biological material is sensitive. The system further includes at least one nanostructured
optical fiber having a central axis, an outer surface and an end optically coupled to the light
source. The fiber is configured to have a plurality of bends formed therein so as to scatter
guided light away from the central axis and through the outer surface to form a light-source
fiber portion having a length that emits substantially uniform radiation over its length.

[0009] A third aspect of the invention is a method of providing substantially uniform

illumination to a biological chamber having an interior configured to support biological
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material. The method includes forming, in at least one nanostructured optical fiber having a
central axis and an outer surface, a plurality of bends configured to substantially increase
Rayleigh scattering in the at least one fiber, the plurality of bends forming a light-source fiber
portion of the at least one fiber. The method also includes disposing the light-source fiber
portion in the biological chamber interior and inputting light into the at least one fiber and
Rayleigh-scattering a portion of the light away from the central axis and through the outer
surface, thereby emitting substantially uniform radiation from the light-source fiber portion.
The substantially uniform radiation includes a wavelength to which the biological material is
sensitive.

[0010] Additional features and advantages of the invention will be set forth in the detailed
description which follows, and in part will be readily apparent to those skilled in the art from
that description or recognized by practicing the invention as described herein, including the
detailed description which follows, the claims, as well as the appended drawings.

[0011] It is to be understood that both the foregoing general description and the following
detailed description present embodiments of the invention, and are intended to provide an
overview or framework for understanding the nature and character of the invention as it is
claimed. The accompanying drawings are included to provide a further understanding of the
invention, and are incorporated into and constitute a part of this specification. The drawings
illustrate various embodiments of the invention and together with the description serve to

explain the principles and operations of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 is a schematic side view of a section of an example embodiment of a bend-

insensitive optical fiber in the form of a nanostructure optical fiber;

[0013] FIG. 2 is a schematic cross-section of the optical fiber of FIG. 1 as viewed along
the direction 2-2;

[0014] FIG. 3A is a relative refractive index plot versus fiber radius for an example
multimode nanostructured fiber as shown in FIG. 2 and that includes an inner annular

cladding region between the core and the nanostructured region;

[0015] FIG. 3B is a plot similar to FIG. 3A but for an example multimode nanostructured

fiber wherein the nanostructured region immediately surrounds the core;
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[0016] FIG. 4 is a schematic diagram of an example embodiment of a biological growth

system that includes an illumination system in combination with a biological chamber;

[0017] FIG. 5 is a close-up view of the multimode nanostructured fiber used in the
illumination system of FIG. 4, wherein the input fiber portion (12A) is coupled to another
section of nanostructure optical fiber optical coupling device;

[0018] FIG. 6 is close-up view of similar to FIG. 5, illustrating an example embodiment
wherein the input fiber portion is formed by a different type of optical fiber (e.g., a non-
nanostructure optical fiber) and is optically coupled to a multimode nanostructured fiber
making up the light-source fiber portion;

[0019] FIG. 7 is a plot of the loss (dB/km) versus wavelength (nm) for a typical
telecommunications optical fiber, illustreiting the very large losses in the visible wavelength
range as compared to the near-IR wavelengths of 800 nm and above;

[0020] FIG. 8isa close-up view of a bend in the multimode nanostructured fiber as
formed in the light-source fiber portion of the fiber, illustrating the bend radius Rg and the
radiated light caused by the bend;

[0021] FIG. 9 is a plot of intensity I (normalized units) as a function of distance D (meters)
along a fiber 12 of length L illustrating how the amount (intensity) of radiated hght
diminishes as function of distance along the fiber and how counter-wrapping the fiber creates
substantially uniform radiated light over the distance L;

[0022] FIG. 10 is a plot of the relative Intensity vs. Distance D (meters) for an example
embodiment of the light-source fiber portion of the fiber illumination system that includes
four counter-wound layers of multimode nanostructured fiber to create substantially uniform
radiated light; | - '
[0023] FIG. 11A is a close-up-view of a portion of the illumination system of FIG. 4,
illustrating an example embodiment of the light-source fiber portion of the fiber that includes
two counter-wound fibers;

[0024] FIG. 11B is similar to FIG. 114, illustrating an example embodiment of the light-
source fiber portion of the fiber wherein the same fiber is counter-wound;

[0025] FIG. 11C is similar to FIG. 11B, illustrating an example embodiment of the light-
source fiber portion of the fiber with multiple counter-windings that are relatively tight and

angled in opposite directions;
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[0026] FIG. 11D is similar to FIG. 11C, and illustrates an example embodiment of the
light-source fiber portion of the fiber with even more counter-windings;

[0027] FIG. 12 illustrates an example embodiment of a portion of the illumination system
of FIG. 4 wherein multiple fibers are arranged in a sequence of looped sections to form an
extended light source; .

[0028] FIG. 13 illustrates an example embodiment of the front portion of the illumination
system wherein the light source and optical coupling system are configured to couple light
into the respective input ends of multiple fibers;

[0029] FIG. 14 illustrates an example embodiment of illumination system as used in
combination with a biological chamber in the form of a flask;

[0030] FIG. 15 illustrates an example embodiment (top-down view) wherein thé light-
source fiber portioh of illumination system is configured for use in rectangular-cross-section
biological chamber; _

[0031] FIG. 16 illustrates an example embodiment (top-down view) wherein the light-
source fiber portion of illumination system is configured for use in rectangular-cross-séction
biological chamber;

[0032] FIG. 17A is a plot of biomass (expressed as cell density) vs. days of inoculation
growth for cyanobacteria that includes a test group illuminated with the illumination system
of the present invention of FIG. 4 and FIG. 14, a control group illuminated with a fluorescent
lamp of equal photosynthetic photon flux (PPF);

[0033] FIG. 17B is a plot of biomass (expressed as cell density) vs. days of inoculation
growth for cyanobacteria that includes a test group illuminated with the illumination system
of FIG. 4 and FIG. 14, a control group illuminated through the tip if the fiber with same
light power; and

[0034] FIG. 18 is a plot of fiber loss vs. bending diameter, for the exemplary fiber
diameters.

[0035] Additional features and advantages of the invention will be set forth in the detailed
description which follows and will be apparent to those skilled in the art from the description
or recognized by practicing the invention as described in the following description together

with the claims and appended drawings.



WO 2010/011299 PCT/US2009/004240

DETAILED DESCRIPTION

[0036] Reference is now made in detail to the present preferred embodiments of the
invention, examples of which are illustrated in the accompanying drawings. Whenever
possible, like or similar reference numerals are used throughout the drawings to refer to like
or similar parts. It should be understood that the embodiments disclosed herein are merely

examples, each incorporating certain benefits of the present invention.

[0037] Various modifications and alterations may be made to the following examples
within the scope of the present invention, and aspects of the different examples may be mixed
in different ways to achieve yet further examples. Accordingly, the true scope of the
invention is to be understood from the entirety of the present disclosure, in view of but not

limited to the embodiments described herein.

Definitions
[0038] Terms such as “horizontal,” “vertical,” “front,” “back,” etc., and the use of Cartesian
Coordinates are for the sake of reference in the drawings and for ease of description and are
not intended to be strictly limiting either in the description or in the claims as to an absolute
orientation and/or direction.
[0039] In the description of the invention below, the following terms and phrases are used
in connection nanostructure optical fibers.
[0040] The “refractive index profile” is the relationship between the refractive index or the
relative refractive index and the waveguide (fiber) radius.
[0041] The “relative refractive index percent” is defined as

A% =100 x [n(r)? —ngrer>))/2n(1)>,
where n(r) is the refractive index at radius r, unless otherwise specified. The relative -
refractive index percent is measured at 850 nm unless otherwise specified.
In one aspect, the reference index nggr is the refractive index at the core/clad interface. In
another aspect, nger is the average refractive index of the outer annular portion of the
cladding, which can be calculated, for example, by taking “N” index measurements (ncj, nca,
... ncN) in the outer annular portion of the cladding, and calculating the average refractive
index by:

N
nc=(I/N) ¥ nci.
i=1



WO 2010/011299 PCT/US2009/004240

[0042] As used herein, the relative refractive index is represented by A and its values are
given in units of “%”, unless otherwise specified. In cases where the refractive index of a
region is less than the reference index nggp, the relative index percent is negative and is
referred to as having a depressed region or depressed-index, and the minimum relative
refractive index is calculated at the point at which the relative index is most negative unless
otherwise specified. In cases where the refractive index of a region is greater than the
reference index nrgr, the relative index percent is positive and the region can be said to be
raised or to have a positive index.
[0043] An “updopant” is herein considered to be a dopant which has a propensity to raise
the refractive index relative to pure undoped SiO,. A “downdopant” is herein considered to
be a dopant which has a propensity to lower the refractive index relative to pure undoped
SiO,. An updopant may be present in a region of an optical fiber having a negative relative
refractive index when accompanied by one or more other dopants which are not updopants.
Likewise, one or more other dopants which are not updopants may be present in a region of
an optical fiber ha\_/ing a positive relative refractive index. A downdopant may be present in a
region of an optical fiber having a positive relative refractive index when accompanied by one
or more other dopants which are not downdopants.
[0044] Likewise, one or more other dopants which are not downdopants may be present in a
region of an optical fiber having a negative relative refractive index.
[0045] The term “a-profile” or “alpha profile” refers to a relative refractive index profile,
expressed in terms of A(r) which is in units of “%”, where r is radius, which follows the
equation,

A®) = Alto)(1 [ 110 |/ (r1-16)]%),
where 1, is the point at which A(r) is maximum, r, is the point at which A(r)% is zero, and r is
in the range r; <r <rr, where A is defined above, r; is the initial point of the a-profile, r¢is the
final point of the a-profile, and a is an exponent which is a real number.
[0046] As used herein, the term “parabolic” therefore includes substantially parabolically
shaped refractive index profiles which may vary slightly from an a value of 2.0 at one or
more points in the core, as well as profiles with minor variations and/or a centerline dip.
[0047] Macrobend performance of the nanostructure fiber considered herein was
determined according to TIA/EIA-455-62-A FOTP-62 (IEC-60793-1-47) by wrapping 1 turn

around a either a 10 mm or 20 mm diameter mandrel (the “1x10 mm diameter macrobend
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loss” or the “1x20 mm diameter macrobend loss”) and measuring the increase in attenuation
due to the bending using an overfilled launch condition. Bandwidth was measured according

to TIA/EIA-455-204 FOTP-204 with overfilled launch.

Bend-insensitive optical fibers

[0048] A desirable attribute of the embodiments of present invention described herein is
uniform illumination along length of the fiber fixture. Because the optical fiber is flexible, it
allows a wide variety of the shapes to be deployed. However, it is preferable to have no bright
spots (due to elevated bend losses) at the bending points of the fiber. The intrinsic
attenuation due to Rayleigh scattering in a silica-based waveguide increases from
approximately 2 to 3x10™ dB/cm as the wavelength decreases from 700 to 400 nm.. In some
embodiments, the 1x40.mm (1 turn around 40 mm diameter loop) bending lo.ss at the
operating wavelength is less than the intrinsic attenuation of the fiber at the operating
wavelength. In other preferred embodiments, the 1x45 mm (1 turn around 45 mm diameter
loop) bending loss at the operating wavelength is less than the intrinsic scattering losses from
the fiber at the operating wavelength. In other preferred embodiments, the 1x50 mm (1 turn
around 50 mm diameter loop) bending loss at the operating wavelength is less than the
intrinsic scattering losses from the fiber at the operating wavelength. The operating
wavelength is preferably less than 700 nm, more preferably less than 600 nm, for example
between 400 nm and 700 nm. That is, preferably, bending loss is equal to or is lower-than
intrinsic scattering loss from the core of the straight fiber. The intrinsic scattering is due to
Rayleigh scattering and/or scattering losses on fiber imperfections (e.g., at a core/clad
interface). Thus, according to at least the bend insensitive embodiments of optical fiber the
bens loss doesn’t not exceed intrinsic scattering for the fiber. Example embodiments of the
present invention make use of bend-insensitive or bend-resistant fibers such as those in the
form of so-called “nanostructured” or “holey” optical fibers. Other embodiments of the
present invention make use of bend-insensitive or bend-resistant fibers wherein all or a
portion of the cladding is comprised of fluorine-doped silica.

[0049] FIG. 1 is a schematic side view of a section of an example embodiment of a bend-
insensitive fiber in the form of a multimode nanostructure optical fiber (hereinafter

“fiber””) 12 having a central axis (“centerline”) 16. FIG. 2 is a schematic cross-section of
nanostructure fiber 12 as viewed along the direction 2-2 in FIG. 1. Fiber 12 can be, for

example, any one of the various types of nanostructure optical fibers, such as any of the so-
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called “holey” fibers, or those described in the above-mentioned Corning nanostructure fiber
patents and patent applications. For the purposes of the present invention, a “bend-insensitive
fiber” includes nanostructure fibers that make use of periodic or non-periodic nanostructures
or voids. In an example embodiment, fiber 12 includes a core region (“core”) 20, an inner
annular cladding region 26, an annular nanostructure region 30 surrounding the inner annular
cladding region, and an outer annular cladding region 40 (“cladding”) surrounding the annular
nanostructure region. Inner cladding region 26, nanostructure region 30 and outer cladding
region 40 constitute a “cladding structure” 50 that has an outer surface 52.

[0050] An optional layer 44 surrounds outer cladding region 40. In an example
embodiment, layer 44 is a coating comprising a low modulus primary coating and a high
modulus secondary coating. In some embodiments, layer 44 comprises a polymer coating
such as an acrylate-based polymer. In some embodiments, the coating has a constant
diameter along the length of the fiber.

[0051] In other example embodiments described below, layer 44 is designed to enhance the
distribution and/or the nature of “radiated light” that passes from core 20 through cladding
structure 50. Outer cladding region 40 (or optional layer 44) represents the “sides™ 48 of
fiber 12 through which light traveling in the fiber is made to exit via scattering, as described
below.

[0052] A protective cover or sheath (not shown) optionally covers outer éladding 40. In
an example embodiment, nanostructure region 30 comprises a glass matrix (“glass™) 31
having formed therein non-periodically disposed holes (also called “voids” or
“nanostruétmes”) 32, such as the example voids shown in detail in the magnified inset of
FIG. 2. In another example embodiment, voids 32 may be periodically disposed, such as in a
photonic crystal optical fiber, wherein the voids typically have diameters between about
1x10°m and 1x10° m. Voids 32 may also be non-periodically or randomly disposed. In an
example embodiment, glass 31 is fluorine-doped while in another example embodiment the
glass is undoped pure silica. By “non-periodically disposed” or “non-periodic distribution,” it
is meant that when one takes a cross-section of the optical fiber (such as shown in FIG. 2),
the voids 32 are randomly or non-periodically distributed across a portion of the fiber.

Similar cross sections taken at different points along the length of the fiber will reveal
different cfoss—sectional hole patterns, i.e., various cross sections will have different hole

patterns, wherein the distributions of holes and sizes of holes do not match. That is, the holes
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or holes are non-periodic, i.e., they are not periodically disposed within the fiber structure.
These holes are stretched (elongated) along the length (i.e. parallel to the longitudinal axis) of
the optical fiber, but do not extend the entire length of the entire fiber for typical lengths of
transmission fiber. While not wishing to be bound by theory, it is believed that the holes
extend less than a few meters, and in many cases less than 1 meter along the length of the
fiber.

[0053] Fiber 12 as used herein in the illumination system discussed below can be made by
methods which utilize preform consolidation conditions which are effective to result in a
significant amount of gases being trapped in the consolidated glass blank, thereby causing the
formation of holes in the consolidated glass optical fiber preform. Rather than taking steps to
remove these holes, the resultant preform is used to form an optical fiber with airlines, or
nanostructures, therein. .

[0054] As used herein, the diameter of a hole is the longest line segment whose endpoints
are disposed on the silica internal surface defining the hole when the optical fiber is viewed in
perpendicular cross-section transverse to the longitudinal axis of the fiber. Methods of
making such optical fibers with Holes is described in U.S. Patent Application Serial No.
11/583,098, which is incorporated herein by reference.

[0055] In some embodiments of fiber 12, core 20 comprises silica doped with germanium,
i.e., germania-doped silica. Dopants other than germanium, singly or in combination, may be
employed within the core, and particularly at or near centerline 16, of the optical fiber to
obtain the desired refractive index and density. In some embodiments, the refractive index
profile of the optical fiber disclosed herein is non-negétive from the centerline to the outer
radius of the core. In some embodimcnts, the optical fiber contain'sl_'no index-deéreasing |
dopants in the core.

[0056] Fiber 12 may include a fluorinated cladding structure 50, but it is not needed if the
fibers are to be used as short-length light pipes. A pure silica core 20 is one of the desired
properties of fiber 12, but a preferred attribute of the fiber is its ability to scatter light out of
the fiber in the desired spectral range to which biological material is sensitive. The amount of
. the loss via scattering can be increased by changing properties of the glass in the fiber.

[0057] In some examples of fiber 12 as used herein, core 20 is a graded-index core, and
pfeferably, the refractive index profile of the core has a parabolic (or substantially parabolic)
shape; for example, in some embodiments, the refractive index profile of core 20 has an

a—shape with an a value of about 2, preferably between 1.8 and 2.3, as measured at 850 nm;

10
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in some embodiments, the refractive index of the core may have a centerline dip, wherein the
maximum refractive index of the core, and the maximum refractive index of the entire optical
fiber, is located a small distance away from centerline 16, but in other embodiments the
refractive index of the core has no centerline dip, and the maximum refractive index of the
core, and the maximum refractive index of the entire optical fiber, is located at the centerline.
[0058]  One or more portions of cladding structure 50 may comprise a cladding material
deposited, for example during a laydown process, or that was provided in the form of a
jacketing, such as a tube in a rod-in-tube optical preform arrangement, or a combination of
deposited material and a jacket. |

[0059] In an example embodiment, fiber 12 has a silica-based core and cladding. In
some embodiments, the cladding has an outer diameter 2 times Rmax, e.g., of about 125 um.
Preferably, the outer diameter of the cladding has a constant diameter along the length of
fiber 12. In some embodiments, the refractive index of fiber 12 has radial symmetry.
Preferably, the outer diameter (2R1) of core 20 has a constant diameter along the length of the
fiber.

[0060] FIG. 3A is a plot of the relative refractive index A versus fiber radius for an
example fiber 12 as shown in FIG. 2. Core 20 extends radially outwardly from the
centerline to a core outer radius, R1, and has a relative refractive index profile A;(r) with a
maximum relative refractive index percent Ajmax. In the first aspect, the reference index
nggr is the refractive index at the core/clad interface, i.e. at radius R1. Inner annular cladding
region 26 has a refractive index profile A2(r) with a maximum relative refractive index
A2Mmax, and a minimum relative refractive index A2y, where in some embodiments A2MAX
= A2 - Nanostructure region 30 has a refractive index profile A3(r) with a minimum
relative refractive index A3ypn. The outer annular cladding region 40 has a refractive index
profile A4(r) with a maximum relative refractive index A4pmax, and a minimum relative
refractive index A4y, where in some embodiments Adpax = Adyvan. Also, Alpmax > A2max
> A2Mmm > A3mi, and Alpax > Adpmax > Adpin > A3m.

[0061] In some embodiments, inner annular cladding region 26 has a substantially constant
refractive index profile, as shown in FIG. 3A, with a constant A2(r). In some of these
embodiments, A2(r) = 0%. In some embodiments, the outer annular cladding region 40 has a
substantially constant refractive index profile, as shown in FIG. 3A with a constant A4(r). In

some of these embodiments, A4(r) = 0%. The core 20 has an entirely positive refractive

11
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index profile, where Al(r) > 0%. In some embodiments, the inner annular cladding region 26
has a relative refractive index profile A2(r) having a maximum absolute magnitude less than
0.05%, and A2max < 0.05% and A2y > -0.05%, and nanostructure region 30 begins where
the relative refractive index of the cladding first reaches a value of less than -0.05%, going
radially outwardly from the centerline.

[0062] In some embodiments, the outer annular cladding region 40 has a relative refractive
index profile A4(r) having a maximum absolute magnitude less than 0.05%, and Adpmax <
0.05% and A4y > -0.05%, and nanostructure region 30 ends where the relative refractive
index of the cladding first reaches a value of greater than -0.05%, going radially outwardly
from the radius where A3MIN is found. In some embodiments, the inner annular portion 30
comprises pure silica.

[0063] Insome embodiments, the outer annular cladding 40 comprises pure silica. In some
embodiments, nanostructure region 30 comprises pure silica comprising a plurality of

holes 32. Preferably, the minimum relative refractive index, or average effective relative
refractive index, such as taking into account the presence of any holes, of nanostructure
region 30 is preferably less than -0.1%. Holes 32 can contain one or more gases, such as
argon, nitrogen, or oxygen, or the holes can contain a vacuum with substantially no gas;
regardless of the presence or absence of any gas, the refractive index in nanostructure

region 30 is lowered due to the presence of holes 32. Holes 32 can be randomly or non-
periodically disposed in nanostructure region 30, and in other embodiments, the holes are
disposed periodically therein.

[0064] In some embodiments, the plurality of holes 32 comprises a plurality of non-
periodically disposed holes and a plurality of pefiodically disposed holes. Alternatively, or in
addition, the depressed index in annular portion 50 can also be provided by downdoping
nanostructure region 30 (such as with fluorine) or updoping one or more portions of the
cladding and/or the core, wherein nanostructure region 30 is, for example, pure silica or silica
which is not doped as heavily as the inner annular portion 30.

[0065] In one set of embodiments, fiber 12 comprises a graded-index, preferably parabolic
(substantially parabolic), glass core 20 and glass cladding structure 50 as depicted in FIG. 2
wherein core 20 ends at a radius R1, which marks the end of the graded index core or
parabolic shape. Core 20 is surrounded by and in direct contact with the inner annular

cladding 26, which has a substantially constant refractive index profile A2(r). The inner
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annular cladding 26 is surrounded by and in direct contact with nanostructure region 30, and
this region in turn is surrounded by and in direct contact with the outer annular cladding 40,
which has a substantially constant refractive index profile A4(r).

[0066] In example embodiments, core 20 comprises germania doped silica, inner annular
region 26 comprises pure silica, and the outer annular region 40 comprises pure silica; in
some of these embodiments, nanostructure region 30 comprises a plurality of holes 32 in pure
silica; and in yet others of these embodiments, nanostructure region 30 comprises a plurality
of holes 32 in fluorine-doped silica. _

[0067] In embodiments where the inner annular cladding 26 comprises pure silica and the
nanostructure region 30 comprises pure silica with a plurality of holes 32, the nanostructure
region starts at the innermost radius of the innermost hole. In eﬁlbodirnents where the outer
anhular cladding 40 comprises pure silica, and nanostructure region 30 comprises pure silica
with a plurality of holes 32, the nanostructure region ends at the outermost radius of the
outermost hole. |

[0068] In an example embodiment, inner annular cladding 26 has a radial width W2 of
greater than 0.5 micron and less than 5 microns. In some embodiments, the minimum relative
refractive index of nanostructure region 30, A3SMIN, is less than -0.2%; in other
embodiments, A3MIN is less than -0.3%; in still other embodiments, A3MIN is less than -
0.4%; in yet other embodiments, A3SMIN is less than -0.6%.

[0069] Almax is preferably less thah or equal to 2.2%, more preferably less than or equal
to 1.2%.

[0070] The numerical aperture (NA) of fiber 12 is preferably greater than the NA of a light
source (e.g., light source 150 introduced and discussed below) directing light into the fiber.
[0071] Insome embodiments, the core outer radius R1 is preferably not less than 24 um
and not more than 50 pm, i.e. the core diameter is between about 48 and 100 pm. In other
embodiments, R1 > 24 microns; in still other embodiments, R1 > 30 microns; in yet other
embodiments, R1 > 40 microns.

[0072] In some embodiments, |Ax(r) | < 0.025% for more than 50% of the radial width of
the annular inner portion 26, and in other embodiments |A>(r) | < 0.01% for more than 50% of
the radial width of region 26. The depressed-index annular portion 30 begins where the
relative refractive index of the cladding first reaches a value of less than -0.05%, going

radially outwardly from the centerline. In some embodiments, the outer annular portion 40
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has a relative refractive index profile A4(r) having a maximum absolute magnitude less than
0.05%, and Admax < 0.05% and A4y > -0.05%, and the depressed-index annular portion 30
ends where the relative refractive index of the cladding first reaches a value of greater than -
0.05%, going radially outwardly from the radius where A3MIN is found.

[0073] The width W3 of nanostructured region 30 is R3- R2 and its midpoint R3mp is
(R2+R3)/2. In some embodiments, W3 is greater than 1 and less than 20 pm. In other
embodiments, W3 is greater than 2 um and less than 20 pm. In other embodiments, W3 is
greater than 2 um and less than 12 pm.

[0074] Cladding structure 40 extends to a radius R4, which is also the outermost periphery
of the glass part of the optical fiber. In some embodiments, R4 > 50 um; in other
embodiments, R4 > 60 pm, and m some embodiments, R4 > 70 um.

[0075] In some embodiments, A3Mm is less than (i.e. more negative thén) -0.2%. In other
embodiments, Azm is less than -0.4%. In other embodiments, Asym is less than -0.2% and
greater than -3.0%. |

[0076] FIG. 3B is a plot similar to FIG. 3A and showing an example embodiment wherein
R2 = 0 so that there is no inner cladding region 26, leaving nanostructure region 30
immediately adjacent core 20. In the second aspect, nrgr is the average refractive index of
outer annular cladding 40.

FIG. 18 shows the measured macrobend losses at 530 nm as a function of bend diameter of
four fiber embodiments of the present invention. The minimum bend diameter is defined as
the bend diameter at which the bend loss for one turn at that diameter is equal to the
scattering losses in the fiber at the operating wavelength. In some preferred embodiments, the
1x40 mm bending loss at the operating wavelength is less than the intrinsic scattering losses
from the fiber at the operating wavelength. In other preferred embodiments, the 1x45 mm
bending loss at the operating wavelength is less than the intrinsic scattering losses from the
fiber at the operating wavelength. In other preferred embodiments, the 1x50 mm bending loss
at the operating wavelength is less than the intrinsic scattering losses from the fiber at the
operating wavelength. The operating wavelength is preferably less than 700 nm, more
preferably less than 600 nm and even more preferably between 400 and 700 nm. Thus, we
determined a minimum bending diameter of the fiber, such that the bending loss is less or
comparable to intrinsic loss of the fiber.

Hllumination System
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[0077] FIG. 4 is a schematic diagram of an example embodiment of a biological growth
system 98 that includes an illumination system 100 in combination with a biological

chamber 110. Illumination system 100 employs at least one fiber 12 as described above. In
an example embodiment, the least one fiber 12 (referred below simply as “fiber 12” for ease
of discussion) is configured to include an optional first portion 12 A where the optical loss
(“loss™) in the fiber is not substantial. Fiber portion 12A is used to convey light and is thus
referred to as the “input fiber portion.”” Fiber 12 is also configured to have a second

portion 12B optically coupled with the input fiber portion wherein the loss in the second
portion due to guided light being scattered out of “sides™ 48 (i.e., out of cladding outer
surface 52). Fiber portion 12B thus constitutes an extended light source of length L and is
referred to as the “light-source fiber portlon

[0078] In an example embodiment, input fiber portion 12A is straight or has a straight
section, or includes gentle bends that do not induce substantially scattering. In another
example embodiment, there is no input fiber portion 12A and light is inputted directly into
light-source fiber portion 12B.

[0079] In yet another example embodiment, light-source fiber portion 12B includes a coiled
section having at least one and preferably multiple bends 130 that induce substantial amounts
of Rayleigh scattering so that light is scattered out of sides 48. In an example embodiment,
the at least one bend is a “continuous” bend such as associated with a coil. In other example
embodiments, the bends are constituted by a series of separate loops.

[0080] Fiber 12 includes an input end 121 shown in FIG. 4 as being at the end of input fiber
portion 12A. Input end 121 can also be at the end of light-source fiber portion 12B if there is
no input fiber portion 12A.

[0081] FIG. 5 is a close-up view of fiber 12 illustrating an example embodiment of
illumination system 100 wherein input fiber portion 12A constitutes a first section of
nanostructure fiber optically coupled to another section of nanostructure optical fiber making
up light-source fiber portion 12B. The coupling between the fiber sections is accomplished
via an optical coupling device 116.

[0082] FIG. 6 is a another close-up view of similar to FIG. 5, illustrating an example
embodiment of illumination system 100 wherein input fiber portion 12A is formed by a
different type of optical fiber (e.g., a non-nanostructure optical fiber) 118 optically coupled to

light-source fiber portion 12B via optical coupling device 116. Optical coupling device can
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~ be, for example, a splice (e.g., fusion or mechanical), or respective optical connectors 116A
and 116B as shown in FIG. 6.

[0083] With reference again to FIG. 4, in an example embodiment illumination system 100
includes a support structure 120 around which light-source fiber portion 12 is bent (e.g.,
coiled, as shown) to form one or more bends 130. In an example embodiment, support
structure 120 is a rod, as shown. In an example embodiment, support structure 120 comprises
multiple sections.

[0084] An example support structure 120 such as the one shown in FIG. 4 includes an
outer surface 122 and first and second ends 124 and 126. In an example embodiment, support
structure 120 is hollow to reduce weight, and in a further example embodiment is made of a
lightweight, inert material such as plastic, TYLON or PVC tubing. Hollow suppor.t'structure
120 defines an interior 127. In an example embodiment, support structure 120 is transparent
to a wavelength of light conducted by light-source fiber portion 12B so that the support
structure does not substantially interfere with or otherwise substantially reduce the amount of
light emitted by the light-source fiber portion. In another example embodiment, support
structure 120 is reflective to a wavelength of light conducted by light-source fiber portion
12B so that the support structure enhances the amount of light peripherally emitted by the
light-source fiber portion.

[0085] In an example embodiment, support structure 120 is flexible and can be bent so that
the light-source fiber portion 12B can be formed into a number of different shapes (e.g.,
curved, circular, spiral, etc.). A number of support structure elements can also be combined
as described below to form a wide range of different support structure gedmetries such as a
grid, crosses, squares, rectangles, etc. Support structure 120 is preferably configured to be
suitable for use with the particular configuration of the biological chamber 110 used.

[0086] In an example embodiment, light-source fiber portion 12B is formed by winding
(e.g., coiling) fiber 12 around support structure surface 122. However, in other example
embodiments, support structure 120 is not used or is not a part of the final illumination
system 100. Rather, bends 130 are first formed (e.g., using support structure 120) and then
fiber 12 treated so that bends 130 are maintained. For example, bends 130 may be formed by
bending light-source fiber portion 12B around support structure 120, then using and adhesive

or epoxy to fix bends 130 in place, and then removing the support structure. In another
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example embodiment, fiber 12 is wound around the inside of a hollow, transparent support
structure 120 to form light-source fiber portion 12B.

[0087] With continuing reference to FIG. 4, illumination system 100 further includes a
light source 150 optically coupled to input end 121 of fiber 12. Light source 150 emits

light 152. Light 152 from light source 150 includes at least one wavelength to which the
biological material to be illuminated is sensitive.

[0088] Inan example embodiment, the optical coupling is accomplished using an optical
coupling system 160, such as may be comprised of one or more optical elements 162 arranged
between light source 150 and fiber input end 12I. In example embodiments, light source 150
comprises a laser, one or more light-emitting diodes, light bulbs, or is the sun-- in which case
optical coupling system 160 is comprises one or more solar-collection elements (e.g., one or
more mirrors) as optical element(s) 162.

[0089] With continuing reference to FIG. 4, biological chamber 110 includes one or more
walls 170 that define an interior 172. In an example embodiment, interior 172 contains light-
sensitive biological material 180, such as algae (e.g., algae colonies, algae blooms) or bacteria
(e.g., cyandbacteria). In an example embodiment, biological material 180 may be suspended
in a support medium 184 such as water. At least a portion of light-source fiber portion 12B
is disposed within chamber interior 172 to illuminate the chamber interior and biological
material 180 contained therein. In an example embodiment, fiber 12 is feed into chamber
interior 172 via an opening 190, which in an example embodiment is configured to be
sealable to prevent the unwanted egress of biological material 180 and/or support

medium 184 from chamber 110. A

[0090] Inthe opération olf illumination system 100, light source 150 is activated so that it
generates light 152. Light 152 is coupled into fiber 12 at input end 12I via optical coupling
system 160. As discussed above, light 152 includes a wavelength to which biological
material 180 is sensitive, and in a particular example embodiment the wavelength is one that
causes the biological material to grow.

[0091] In an example embodiment, light 152 from light source 150 comprises light pulses
generated in a manner to improve efficiency of cell growth in certain types of biological
material 180 by avoiding photoinhibition.

[0092] Light 152 travels down input fiber portion 12A and is substantially contained therein

so that most of the input light is transmitted to light-source fiber portion 12B. Scattering of
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light away from central axis 16 and out of outer surface 52 in light-source fiber portion 12B
generates substantially uniform illumination over the length of the light-source fiber portion, -
i.e., the light-source fiber portion serves as an extended light source that provides
substantially uniform illumination in the form of emitted radiation 152°. In an exafnple
embodiment, the predominant light-scattering mechanism in light-source fiber portion 12B is
Rayleigh scattering. In an example embodiment, a portion of emitted radiation 152’ is from

bending loss, as described below.

Forming substantially uniform radiation

[0093] While fiber 12 typically has relatively low attenuation from scattering at its
intended near-IR wavelength range for telecommunication applications, the atten_uatjon from
scettering is rhuch higher at the shorter Qisible Wavelengths to which biological material 180
is most sensitive.

[0094] FIG. 7 is a plot of the attenuation (loss) in dB/km versus wavelength (nm) for a
typical telecommunications optical fiber, which illustrates the very large losses in the visible
wavelength range as compared to the near-IR wavelengths of 800 nm and above.

[0095] It is worth noting that even at the shorter visible wavelengths, fiber 12 remains
substantialiy bend insensitive so that “hot spots” do not occur due to bending loss from

bends 130. In an example embodiment, the “bend insensitivity” manifests itself as a uniform
loss at visible wavelengths, as opposed to fiber 12 having small bending loss at such
wavelengths. Thus, in some cases a portion of emitted radiation 152’ is from bending loss
while another portion (e.g., the remaining portion) of the emitted radiation is due to scattering
loss. The important point here is that the bending loss, while not necessarily small, remains
substantially uniform. Such uniform bending loss mitigates the creating of “hot-spots” that
otherwise occur if the fiber is bend-sensitive, which leads to bend;dependent losses in the
fiber that create substantial non-uniformity in emitted radiation 152°.

[0096] With reference also to FIG. 8, bends 130 in light-source fiber portion 12B have a
bend radius Rp such that the scattering of light 152 is substantially enhanced, and is on the
order of about 10 to 20 dB/km at the visible wavelengths. Thus, when light 152 reaches light-
source fiber portion 12B and bends 130 therein, scattering causes a portion of the light to be

. scattered out of the fiber along the length of the fiber as radiated light 152°. A portion of
radiated light 152’ is then absorbed by biological material 180, thereby enhancing the growth

rate of the biological material.
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[0097] As discussed above, in an example embodiment, nanostructure region 30 of fiber 12
has holes 32 on the order of 200 nm to 500 nm in diameter. The diameter of holes 32 can be
controlled in the consolidation and draw processes when forming fiber 12. The
aforementioned dimensions of holes 32 are comparable to the desired wavelength range for
photo biosynthesis, so that the bending-induced Rayleigh scattering will efficiently radiated
light 152°.

[0098] FIG. 9 is a plot of intensity I as a function of distance D (meters) along fiber 12 of
length Lg. The plot illustrates hbw the amount (intensity) of radiated light 152° diminishes as -
function of distance along the fiber for each length Ly. The plot of FIG. 9 indicates that the
intensity I drops linearly by 5% over each pass of length Ly through the fiber.

[0099] Note, however, that by looping fiber 12 back on itself (i.e.,“‘counter-winding” the
fiber ) six times (thereby forming six fiber layers or “windings™) to form light-source fiber
portion 12B of length L. Now, the light 152 effectively makes six passes over the same
(folded) length L while emitting radiated light 152°.

[00100] Consider, for example, the case for fiber 12 having two counter-winding so that
there are two passes of the fiber over length L. The total intensity is the sum of the two
intensity curves for each pass. At the input end (D=0), the sum of the intensities is 100 + 90
=190. At the opposite end D = L, the sum of the intensities is 95 + 95 = 190. In the middle
at D = L/2, the sum of the intensities is 92.5 + 07.5 = 190. Thus, counter-winding fiber 12
compensates for the diminished amounts of radiated light 152° generated along the length of
the fiber for each pass and creates a relatively uniform (i.e., a substantially constant intensity)
extended illumination source from light-source fiber portion 12B.

[00101] FIG. 10 is a plot of the relative intensity I vs. distance D for an example
embodiment of light-source fiber portion 12B of length L that includes a total of four
counter-wound layers of fibers 12 in light-source fiber portion 12B that create substantially
uniform radiated light 152° along the length of the light-source fiber portion. Note that over
the length L = 250 meters, the intensity I of emitted radiation 152 drops by less than 0.5%.
[00102] Because fiber 12 is bend-insensitive even in the visible wavelength band, forming
relatively strong bends 130 that enhance scattering will not disturb the uniformity of the
radiation along the length because of bending loss.

[00103] In order to create a uniform extended illumination from illumination system 100B,

example embodiments of the system include forming high-loss section 12B by counter-
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winding 12 in opposite directions. Depending on attenuation and dimensions of bends 130,
the required length of the fiber can be determined.

[00104] In an example embodiment, light-source fiber portion 12B emits radiated light 152’
having an intensity that preferably varies by no more that +/- 10%, more preferably by +/-5 %,
even more preferably by +/- 2.5%, and even more preferably by +/- 1% along the length of the
light source fiber portion.

[00105] FIG. 11A is a close-up view of light-source fiber portion 12 of illumination

system 100 illustrating an example embodiment that includes two counter-wound fibers 12
(identified as 12-1 and 12-2) wound around support structure 120. This embodiment serves
to uniformize radiated light 152 by countering the effect of decreased amounts of radiated
light along the length of each fiber 12. In other example embodiment, multiple fibers 12 are
wound around support structure in a number of configurations such as shown in FIG. 11A to
uniformize radiated light 152°.

[00106] FIG. 11B is similar to FIG. 11A, except that the same fiber 12 is counter-wound in
the +X and —X directions. Fiber 12 can be counter-wound a number of times, with the exact
number limited mainly by the overall length of the fiber and the size of biological chamber
interior 172. Counter-winding fiber 12 serves to uniformize radiated light 152’ by making up
for the reduction in the amount of radiated light along the length L of the fiber, such as
illustrated in FIG. 10.

[00107} FIG. 11C is similar to FIG. 11B, illustrating an example embodiment of light-
source fiber portion 12B of fiber 12, showing multiple counter-windings, wherein the
counter-windings are relatively tight and wherein the counter-windings “cross-wound,” i.e.,
the windings in the +X direction are angled in a direction opposite' to that of the counter-
windings in the —X direction. Such “cross-winding” serves to further improve the uniformity
of radiated light 152°.

[00108] FIG. 11D is similar to FIG. 11C, and illustrates an example embodiment of the
light-source fiber portion 12B of the fiber 12 with even more counter-windings. Note that the
radiation pattern of radiation 152’ is radially symmetric for the geometry of the light-source
fiber portions 12B illustrated in FIGS. 11A-11D.

[00109] In an example embodiment, light-source fiber portion 12B of illumination

system 100 according to FIG. 11B is formed using fiber 12 in the form of a multi-mode

125 um (radius) nanostructure fiber having an overall length of about 100 m wound around a
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support structure 120 in the form of a 1 cm diameter TYLON tube. The bend loss for this
type of fiber is relatively moderate and slightly higher than the Rayleigh scattering loss, but
the uniform counter-windings produce substantially uniform illumination.

[00110] FIG. 12 illustrates an example embodiment of light-source fiber portion 12B of
illumination system 100 formed from sequential windings of multiple fibers (e.g., fiber fibers
12-1, 12-2, 12-3, 12-4 and 12-5). Fibers 12 are arranged in a fiber bundle 212 at their
respective input ends 12I and are configured to form sequential windings sections S (S1
through S5) along the length of support structure 120 to form an extended light source. The
sequential winding configuration of fibers 12 enhances the uniformity of radiated light 152°
by each section S serving as an extended light source that provides substantially unifonn
radiated light 152°. The axial length of each section S is selected so that the amount of -
radiated light 152’ as a function of axial length does not fall below a certain fhreshold value
(e.g., ~ 95%) of the inputted light at input end 121, such as illustrated in the plot of FIG. 9.
[00111] Subsequent sections S are formed, for example, by‘switching fiber 12-n with the
next fiber 12-(n+I) that was an internal fiber.

[00112] For example, if there are 100 fibers 12 in a bundle supported by support

structure 120, and the desired length of the extended light source is 10 m, fiber 12-1 is wound
around the bundle for the first 0.1 m in section S1, fiber 12-2 for the second 0.1 m ih section
S2, and so on until fiber 12-100 is wound around the-bundle for the last 0.1 m in

section $100. In an example embodiment, the sequential winding of different fibers 12 in
light-source fiber portion 12B is accomplished using an automated process similar to those
used to strand optical fiber cables. In an example embodiment, one or more sections S
include counter-wound fibers 12 that increase the uniformity of radiated light 152 from the
one or more sections. The use of sequential windings allows for the formation of a lengthy
extended light-source fiber portion 12B.

[00113] FIG. 13 illustrates an example embodiment of the front portion (i.e., the light
generating and collecting portion) of illumination system 70 wherein light source 150 and
optical coupling system 160 are configured to couple light 152 from the light source into the
respective input ends 121 of multiple fibers 12 arranged, for example, in a fiber bundle 212 as
shown. Fiber bundle 212 is a convenient way to deliver concentrated sunlight to chamber
interior 172. Hundred of Watts of solar energy can be delivered to chamber interior 172 in

this manner. In an alternative embodiment similar to that shown in FIG. 13, the various
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fibers 12 are optically coupled to one or more light sources 150 rather than to a single light

source.

Coatings

[00114] In an example embodiment, fiber 12 in light-source fiber portion 12B may incluc!e
a layer 44 as discussed above in connection with FIG. 2. In an example embodiment,

layer 44 comprises a hydrophilic coating such as a UV- cure acrylate coating that provides
improved wet adhesion. A hydrophilic coaﬁng 44 serves as a cell growth medium as well as
a protective covering for fiber 12. As such, chemical modification or raw material
substitution may be necessary to ensure that cell death does not occur.

[00115] Examples hydrophilic coatings for layer 44 are those commonly used for improving
cell adhesion and growth to surfaces and contain carboxylic acid functionality and amine
functionality (e.g. formulations containing acrylic acid or acrylamides). In addition,
hydrophilic coatings for layer 44 may be enhanced by serving as a reservoir for nutrients
essential for the growth of biological material 180.

[00116] In an example embodiment, layer 44 includes fluorescent or ultraviolet absorbing
molecules that serve to modify radiated light 152’ to produce light similar to that obtained
with commercially available “grow lights.”

[00117] The optical fiber(s), such as the nanostructured optical fiber(s) may be enclosed
within a polymeric, metal, or glass covering (or coatings), wherein said covering has a
minimum outer dimension (e.g., diameter) greater than 250 um. If the fiber(s) has a metal
coating, the metal coating may open sections, for modification of radiation in radial space
(radially) or along the length of the fiber.

[00118] As stated above, the optica‘l’ fiber may comprising a hydrophilic coating disposed on
the optical fiber outer surface. Alternatively, a hydrophilic coating may be disposed on outer
surface of the fiber ribbon. Also, fluorescent species (e.g., ultraviolet-absorbing material)
may be disposed in the optical fiber coating. ‘

[00119] Furthermore, an additional a coating layer may be provided on the fiber outer
surface, this layer being configured to modify the radiated light. The additional coating may
have scattering particles such as TiO, to modify light distribution in radial space. The
coating may include fluorescence species to modify emitted wavelength of the light or may

have absorbing species such as ink to additionally modify emmited light spectrum.
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Example illumination system configurations

[00120] FIG. 14 illustrates an example embodiment of a biological growth system 98 and an
illumination system 100 as used in the biological growth system, wherein biological chamber
170 is in the form of a flask. In the embodiment of FIG. 14, light-source fiber portion 12B is
formed from a single counter-wound fiber similar to that shown in FIG. 11B. Illumination
system 100 of FIG. 14 was used to conduct the biological growth experiments described
below. ‘

[00121] FIG. 15 illustrates an example embodiment (top-down view) of a biological growth
system 98 and an illumination system 100 as used in the biological growth system, wherein
the light-source fiber portion 12B of illumination system 100 has a rectangular configuration
suitable for use in the rectangular-cross-section biological chamber 110 as shown.

[00122] 'FIG. 16 illustrates an example émbédiment (top down view) of a biologiéal growtﬁ
system 98 and an illumination system 100 as used in the biological growth system, wherein
illumination system 100 has a light-source fiber portion 12B configured in a circular
geometry for use in a round-cross-section biological chamber 110 as shown. An example
embodiment of illumination syétem 100 of FIG. 16 utilizes a ring-type support structure 120
as shown. FIG. 16 shows fiber 12 in the process of being wound clockwise around support
structure 120 to form the circular light-source fiber portion 12B. ‘

[00123] Other shapes and geometries for light-source fiber portion 12B of illumination

- system 100 are encompassed by the present invention and are a function of the particular
needs of the application and in particular the geometry of biological chamber 110. In an
example embodiment, light-source fiber portion 12B is defined by the geometry of biological
chamber 110. For example, the design of light-source fiber portion 12B may be defined by
the need to provide substantially uniform exposure throughout all parts of the chamber.
[00124] An additional advantage of the light diffusing fiber is the proven ability to
bundle the fibers into multi-fiber collections known as ribbons. Typical ribbon structures
range from 2-36 fibers. Another advantage derived from the ribbon structure is the need for
winding of fibers no longer is a necessity as ribbons may be made to form other bent
structures such as waves, helices, or spirals thereby allowing light to scatter. Furthermore,
the use of multi-fiber ribbons affords the possibility of having large stacks of ribbons. Such
ribbon stacks would allow not only a more concentrated mass of light delivery, but also open

the possibility to the use of different light sources, such as red lasers, sunlight, light emitting
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diodes, or guidance of point light sources. For example, according to one embodiment, a
plurality of nanostructured optical fibers may be wound around a support structure, and each
nanostructured optical fiber may be optically coupled to either the light source or a plurality
of light sources, while the nanostructured optical fibers are bundled together in at least one
of: a ribbon, ribbon stack, or a round bundle. '

Experimental Results

[00125] Experiments were conducted wherein illumination system 100 having a light-source
fiber portion 12B in the form illustrated in FIG. 14 was used to support the growth of
biological material in the form of cyanobacteria (Syrnechocystis sp. PCC 6803). The
experiment included a control group that did not use illumination system 100 and instead
used a fluorescent light source that providéd the same amount of light as illumination system
100.

[00126] FIG. 17A is a plot of biomass (expressed as cell density) vs. days of inoculation
growth for both the illuminated cyanobacteria (“test group™) and the control group. The plot
shows a higher growth rate for the test group as compared to the control group under the
current experimental setting. Both test and control groups were placed inside of a biological
chamber 110 in the form of a flask (shaker). Except for the illumination system 100, the
growth conditions were the same for both control and test groups, namely: 30°C, aeration
speed of 105 rpm, and about 0.03% CO; (ambient air).

[00127] For the control group, the illumination was provided by fluorescent lamps above the
growth chamber so the light intensity inside chamber was 50 pmol/m?/s. For the test group, a
laser light source that generated light at 530 nm was used.

[00128] Light-source fiber portion 12B was placed inside the culture medium (i.e., the
biological material) and the flask was covered by aluminium foil. The intensity of emitted
radiation 152’ from light-source fiber portion 12B was adjusted to have the same intensity as’
the control group. Light-source fiber portion 12B demonstrated very good biocompatibility
for supporting cyanobacteria growth, and the experiments support the position that
illumination system 100 would be well-suited for other types of biological applications and
different biological chamber geometries.

[00129] Additional experiments wére conducted wherein illumination system 100 having a
light-source fiber portion 12B in the form illustrated in FIG. 14 was used to support the
growth of biological material in the form of cyanobacteria (Synechocystis sp. PCC 6803).

The experiment included a control group that did not use illumination system 100 and instead
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used a light source delivering light through a fiber tip (point source) that provided the same
amount of light as illumination system 100. Exemplary light sources may be lasers, light-
emitting diodes, sunlight or fluorescent light sources.

[00130] FIG. 17B is a plot of biomass (expressed as cell density) vs. days of inoculation
growth for both the illuminated cyanobacteria (“test group”) and the control group. The plot
shows a higher growth rate for the test group as compared to the control group under the
current experimental setting. Both test and control groups were placed inside of a biological
chamber 110 in the form of a flask (shaker). Except for the illumination system 100, the
growth conditions were the same for both control and test groups, namely: 30°C, aeration
speed of 105 rpm, and about 0.03% CO; (ambient'air). A laser light source that generated
light at 530 nm was used for both the control and the test group. .

[00131] Light-source ﬁbér portion 12B was placed inside the culture medium (i.e., the
biological material) and the flask was covered by aluminium foil. The intensity of emitted
radiation 152° from light-source fiber portion 12B was adjustéd to have the same intensity as
the control group. Light-source fiber portion 12B demonstrated very good biocompatibility
for supporting cyanobacteria growth, and the experiments support the position that
illumination system 100 would be well-suited for other types of biological applications and
different biological chamber geometries.

[00132] Itis to be understood that the foregoing description is exemplary of the invention
only and is intended to provide an overview for the understanding of the nature and character
of the invention as it is defined by the claims. The accompanying drawings are included to
provide a further understanding of the invention and are incorporated and constitute part of
this specification. The drawings illustrate various features and embodiments of the inventiop
which, together with their description, serve to explain the principals and operation of the
invention. It will become apparent to those skilled in the art that various modifications to the
preferred embodiment of the invention as described herein can be made without departing

from the spirit or scope of the invention as defined by the appended claims.
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What is claimed is:
1. An illumination system for a biological growth system having a biological chamber
with an interior configured to contain biological material, comprising:

a light source that generates light having a wavelength to which the biological
material is sensitive; and

at least one nanostructured optical fiber having a central axis, -an outer surface and an
end optically coupled to the light source, the fiber configured to have a piurality of bends
formed therein so as to scatter guided light away from the central axis and through the outer
surface to form a light-source fiber portion having a length that emits substantially uniform
radiation over its length.
2. The illumination system of claim 1, wherein the at least one nanostructured optical fiber is
enclosed within a polymeric, metal, or glass covering, wherein said covering has a minimum
outer dimension (e.g., dameter) greater than 250 pm.
3. The illumination system of claim 1, wherein the at least one nanostructured optical
fiber is counter-wound about a support structure.
4. The illumination system of claim 3, wherein a single nanostructure optical fiber is
counter-wound about the support structure.
5. The illumination system of claim 3, wherein a plurality of nanostructured optical
fibers are wound around a support structure, and wherein each optical fiber is optically
coupled to either the light source or one or more light sources.
6.  The illumination system of claim 3, wherein: (i) a plurality of nanostructured optical
fibers are wound around a support structure, (ii) each optical fiber is optically coupled to
either the light source or a plurality of light sources, (iii) the plurality of nanostructured
optical fibers are bundled together in at least one of: a ribbon, ribbon stack, or a round

bundle.

7. The illumination system of claim 1, wherein the plurality of bends induces Rayleigh
scattering.
8. The illumination system of claim 1, wherein the substantially uniform radiation varies

by no more than +/- 10% over the light-source fiber portion.
9. The illumination system of claim 1, further including at least one optical fiber section
optically coupled at a first end to the at least one nanostructure optical fiber and at a second

end to the light source.
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10. The illumination system of claim 1, further comprising a hydrophilic coating disposed
on the optical fiber outer surface.
11 The illumination system of claim 3, further comprising a hydrophilic coating disposed
on outer surface of the ribbon.
12. The illumination system of claim 1, further compﬁsing fluorescent species disposed
in the optical fiber coating.
13. A biological growth system comprising:

a biological chamber with an interior configured to contain biological material;

a light source that generates light having a wavelength to which the biological
material is sensitive; and

at least one nanostructured optical fiber having a central axis, an outer surface and an
end optically coupled to the light source, the fiber configured to have a plurality of bends
formed therein so as to scatter guided light away from the central axis and through the oﬁter
surface to form a light-source fiber portion having a length that emits substantially uniform
radiation over its length.
14. The biological growth system of claifn 13, wherein the at least one nanostructured
fiber is supported by a support structure.
15. The biological growth system of claim 13, wherein the at least 'one nanostructured
fiber is counter-wound around the support structure one or more times so that the
substantially uniform radiation varies in uniformity by no more than +/- 10% over the light-
source fiber portion.
16. The biological growth system of claim 13, wherein a plurality of nanostructured
optical fibers are wound around a support structure in sequence along the support structure,
with each optical fiber optically coupled either to the light source or one or more light
sources.
17. A method of providing substantially uniform illumination to a biological chamber
having an interior configured to support biological material, comprising:

in at least one nanostructured optical fiber having a central axis and an outer surface,
forming a plurality of bends configured to substantially increase Rayleigh scattering in the at
least one fiber, the plurality of bends forming a light-source fiber portion of the at least one
fiber;

disposing the light-source fiber portion in the biological chamber interior;

and
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inputting light into the at least one fiber and Rayleigh-scattering a portion of said light
away from the central axis and through the outer surface, thereby emitting substantially
uniform radiation from the light-source fiber portion, wherein said substantially uniform
radiation includes a wavelength to which the biological material is sensitive.
18. The method of claim 17, including counter-winding the at least one fiber one or more
times so that the substantially uniform radiation varies in uniformity by no more than +/- 10%
over the light-source fiber portion.
19. The method of claim 18, further including counter-winding the at least one fiber
around at least one support structure.
20.  The method of claim 18, wherein the biological chamber interior has a geometry, and
forming the light-source fiber portion to correspond to said geometry.
21. The method of claim 17, further including providing a layer on the fiber outside
surface, said layer configure to modify the radiated light.

22. The method of claim 21, wherein said layer includes fluorescent species.
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