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Figure 3C 
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Figure 4 
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Figure 5 
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UNIFORM WHITE COLOR LIGHT phosphor layer surrounding and in direct contact with the 
DIFFUSING FIBER scattering layer , wherein the color of the light emitted , as 

measured by the CIE 1931 x , y chromacity space , comprises 
Matter enclosed in heavy brackets [ ] appears in the 5 about 0.35 . In some embodiments , x is from about 0.23 to x from about 0.20 to about 0.30 and y from about 0.25 to 
original patent but forms no part of this reissue specifica about 0.28 and y is from about 0.28 to about 0.33 . In some tion ; matter printed in italics indicates the additions embodiments , the color of the light emitted falls within the made by reissue ; a claim printed with strikethrough claimed CIE 1931 x , y values for all viewing angles from indicates that the claim was canceled , disclaimed , or held about 15 ° to about 170 ° relative to the direction of the light invalid by a prior post - patent action or proceeding . diffusing optical fiber . In some embodiments , the light 

diffusing optical fiber emits light having an intensity along 
[ This application claims the benefit of priority under 35 the fiber that does not vary by more than about 20 % . In some 

embodiments , the scattering induced attenuation loss com USC $ 119 of U.S. Provisional Application Ser . No. 61/577 , 156 filed Dec. 19 , 2011 the content of which is relied upon 15 prises from about 0.1 dB / m to about 50 dB / m at a wave length of 550 nm . and incorporated herein by reference in its entirety . ] Notice : In some embodiments , the core of the light diffusing fiber More than one reissue application has been filed for the comprises a plurality of randomly distributed voids . In some reissue of U.S. Pat . No. 9,025,923 . The reissue applications embodiments , the cladding comprises a polymer . In some are the present application and U.S. Reissue application Ser . 
No. 15 / 588,031 . 20 embodiments , the polymer comprises CDC6 . In some 

The present application is a reissue continuation appli embodiments , the scattering layer comprises a polymer . In 
cation of U.S. Reissue application Ser . No. 15 / 588,031 , filed some embodiments , the polymer comprises CDC6 . In some 
May 5 , 2017 , which was a reissue application of U.S. patent embodiments , the scattering layer comprises a plurality of 
application Ser . No. 13 / 713,224 , filed Dec. 13 , 2012 , which randomly distributed voids or microparticles or nanopar 
claims the benefit of priority under 35 U.S.C. 119 ( e ) of U.S. 25 ticles of a scattering material . In some embodiments , the 
Provisional Application Ser . No. 61 / 577,156 , filed Dec. 19 , microparticles or nanoparticles comprise Tio , or SiO2 . In 
2011 , the contents of each of these applications being some embodiments , the phosphor layer comprises micropar 
incorporated herein by reference in their entireties . ticles or nanoparticles of an inorganic phosphorescent or 

fluorescent material . In some embodiments , the inorganic 
FIELD 30 phosphorescent or fluorescent material comprises CeYAG , 

NDYAG , quantum dots , or nanoparticles . 
The present specification generally related to light diffus- In some embodiments , the light diffusing fiber further 

ing optical fibers for use in illumination applications , and , comprises a light emitting device that emits light with a 
more specifically , to light diffusing optical fibers which have wavelength from about 300 nm to about 450 nm into the 
a uniform color gradient that is angularly independent . 35 core of the light diffusing fiber . In some embodiments , the 
Methods for making such fibers are also disclosed herein . light diffusing fiber further comprises a secondary layer in 

between the cladding and scattering layer . 
BACKGROUND In another embodiment , the light diffusing fiber may be 

produced by a method comprising : forming an optical fiber 
It has been found that optical fibers that allow for propa- 40 preform comprising a preform core ; drawing the optical 

gation of light radially outwards along the length of the fiber , fiber preform into an optical fiber ; coating the optical fiber 
thereby illuminating the fiber , are particularly useful for a with at least one cladding layer , coating the optical fiber with 
number of applications , such as special lighting , photochem- at least one scattering layer ; and coating the optical fiber 
istry , and for use in electronics and display devices . How- with at least one phosphor layer . 
ever , there are a number of issues with the current design of 45 
light diffusing fibers ( “ LDF ” ) . One of the issues with the BRIEF DESCRIPTION OF THE DRAWINGS 
current design is that the angular distribution of different 
light colors from the fiber may vary depending on the FIGS . 1A and 1B describe a LDF embodiment ( 100 ) with 
viewing angle , especially for high lm / W cases , such as white a modified coating for uniform scattering ( 130 ) along with 
LED , when blue light from the light source is mixed with a 50 a phosphor layer ( 140 ) for white color generation in both 
down converting phosphor . Another issue with light diffus- cross - section ( FIG . 1A ) and parallel section ( FIG . 1B ) . 
ing fibers is the difficulty with using fibers in the ultraviolet FIGS . 2A and 2B describe a LDF embodiment ( 200 ) with 
wavelength region , where the core of the fiber is transparent , a coating modified for uniform scattering of UV light using 
but the coating ( a necessary requirement for glass - based a scattering layer ( 230 ) in combination with a core ( 210 ) and 
fibers ) has strong absorptions . The trapping of UV light in 55 cladding ( 220 ) case when coating is high absorbance at 
the coating means that light extraction from light diffusing wavelength of the source . 
fibers is inefficient and moreover , the coating could degrade FIG . 3A - D are spectra of different embodiments as a 
due to higher UV light exposure . Accordingly , there is a function of angle . FIG . 3A shows the output from a 160 um 
need for alternative light diffusing fiber designs that cure thick polymer coating comprising 35 % by weight CeYAG 
these deficiencies . 60 ( no scattering layer ) ; FIG . 3B shows the output from a 800 

um thick polymer coating comprising 35 % by weight 
SUMMARY CeYAG with no scattering layer ; FIG . 3C shows the output 

from a 160 um thick polymer coating comprising 20 % by 
A first embodiment comprises a light diffusing fiber for weight CeYAG with no scattering layer ; and FIG . 3D shows 

emitting white light comprising : a core formed from a 65 the output from TiO2 scattering layer ( 5 um thick ) and a 160 
silica - based glass ; a cladding in direct contact with the core ; um thick polymer coating comprising 35 % by weight 
a scattering layer in direct contact with the cladding ; and a CeYAG layer . 
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FIG . 4 shows the angular dependence of color coordinates plated and should be considered disclosed from disclosure of 
( based on CIE 1931 x , y chromaticity space ) for a white LDF A , B , and / or C ; D , E , and / or F ; and the example combination 
embodiment ( shown in FIG . 3D ) as compared to data for a A - D . Likewise , any subset or combination of these is also 
white LED and CCFL . specifically contemplated and disclosed . Thus , for example , 
FIG . 5 describes the luminance per area comparison for a 5 the sub - group of A - E , B - F , and C - E are specifically con 

white LED strip ( backlight for LG display ) , a CCFL for LG templated and should be considered disclosed from disclo 
backlight illumination , and a white LDF embodiment ( as in sure of A , B , and / or C ; D , E , and / or F ; and the example 
FIG . 3D and FIG . 4 ) with a 200 mW source , and the white combination A - D . This concept applies to all aspects of this 
LDF ( as in FIG . 3D and FIG . 4 ) embodiment output using disclosure including , but not limited to any components of 
2x1.5 W 445 laser diodes . The LDF was illuminated from 10 the compositions and steps in methods of making and using 
both sides using 50 % MM coupler . Use of two compact 445 the disclosed compositions . Thus , if there are a variety of 
nm laser sources places the current approximately 1 m long additional steps that can be performed it is understood that 
white LDF on the same luminance level as a standard CCFL . each of these additional steps can be performed with any 
FIG . 6 is comparison of spectra of white LED , CCFL and specific embodiment or combination of embodiments of the 

white LDF embodiment . 15 disclosed methods , and that each such combination is spe 
FIG . 7 is a diagram of the CIE 1931 x , y chromaticity cifically contemplated and should be considered disclosed . 

space showing the chromacities of black - body light sources In this specification and in the claims which follow , 
of various temperatures and lines of constant correlated reference will be made to a number of terms which shall be 
color temperature . defined to have the following meanings . 
FIG . 8 shows the angular dependence of light scattering 20 “ Include , ” “ includes , ” or like terms means encompassing 

for an UV diffusing LDF embodiment with standard clad- but not limited to , that is , inclusive and not exclusive . 
ding of CPC6 . The term “ about ” references all terms in the range unless 
FIG . 9 shows the angular dependence of light scattering otherwise stated . For example , about 1 , 2 , or 3 is equivalent 

for UV diffusing LDF embodiment with a cladding of CPC6 to about 1 , about 2 , or about 3 , and further comprises from 
and a scattering layer of CPC6 ( 100 um ) doped with ~ 2 25 about 1-3 , from about 1-2 , and from about 2-3 . Specific and 
microns spherical silica particles . preferred values disclosed for compositions , components , 
FIG . 10 is an image of white color LDF ( FIG . 3D ) ingredients , additives , and like aspects , and ranges thereof , 

comprising a scattering layer and a CeYAG - doped phosphor are for illustration only ; they do not exclude other defined 
layer . values or other values within defined ranges . The composi 

30 tions and methods of the disclosure include those having any 
DETAILED DESCRIPTION value or any combination of the values , specific values , 

more specific values , and preferred values described herein . 
The present disclosure is provided as an enabling teaching The indefinite article " a " or " an " and its corresponding 

and can be understood more readily by reference to the definite article “ the ” as used herein means at least one , or 
following description , drawings , examples , and claims . To 35 one or more , unless specified otherwise . 
this end , those skilled in the relevant art will recognize and 
appreciate that many changes can be made to the various White Light Fibers 
aspects of the embodiments described herein , while still 
obtaining the beneficial results . It will also be apparent that In light diffusing fibers , the dominant component of 
some of the desired benefits of the present embodiments can 40 scattering is at low angles , close to 5-10 degrees , ( referenc 
be obtained by selecting some of the features without ing angle 170 in FIG . 1B or angle 270 in FIG . 2B ) . 
utilizing other features . Accordingly , those who work in the Therefore , when yellow light from a phosphor ( typically in 
art will recognize that many modifications and adaptations a coating ) is mixed with blue incident light , the resulting 
are possible and can even be desirable in certain circum- color depends on viewing angle . That is because yellow light 
stances and are a part of the present disclosure . Therefore , it 45 due to phosphor emission is almost uniform in angular space 
is to be understood that this disclosure is not limited to the ( independent of angle 170 ) while the blue light has a strong 
specific compositions , articles , devices , and methods dis- low angle component ( even after scattering ) . These two facts 
closed unless otherwise specified . It is also to be understood result in a color asymmetry , with low viewing angles having 
that the terminology used herein is for the purpose of a dominant blue color and angles greater than 90 degrees 
describing particular aspects only and is not intended to be 50 have mostly yellow color . Embodiments solve these prob 
limiting . lems by homogenizing the scattered light in light diffusing 

Disclosed are materials , compounds , compositions , and fibers to provide light uniform in color as a function of 
components that can be used for , can be used in conjunction viewing angle . 
with , can be used in preparation for , or are embodiments of A first aspect comprises a light diffusing fiber comprising 
the disclosed method and compositions . These and other 55 a layer of scattering particles to obtain uniform color output 
materials are disclosed herein , and it is understood that when as a function of viewing angle . The desire is to produce a 
combinations , subsets , interactions , groups , etc. of these uniform white color output from the light diffusing fiber . 
materials are disclosed that while specific reference of each Such fibers could be used as replacement for CCFL used in 
various individual and collective combinations and permu- LCD backlight units , but have the additional advantage of 
tation of these compounds may not be explicitly disclosed , 60 being much thinner and therefore could be used with thinner 
each is specifically contemplated and described herein . illuminating substrates . 
Thus , if a class of substituents A , B , and / or C are disclosed Referring now to FIGS . 1A and 1B , one embodiment of 
as well as a class of substituents D , E , and / or F , and an a light diffusing optical fiber 100 is schematically depicted . 
example of a combination embodiment , A - D is disclosed , The light diffusing optical fiber 100 generally comprises a 
then each is individually and collectively contemplated . 65 core 110 , which further comprises a scattering region . The 
Thus , in this example , each of the combinations A - E , A - F , scattering region may comprise gas filled voids , such as 
B - D , B - E , B - F , C - D , C - E , and C - F are specifically contem- shown in U.S. application Ser . Nos . 12 / 950,045 , 13 / 097,208 , 
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and 13 / 269,055 , herein incorporated by reference , or may some embodiments , the cladding has a refractive index 
comprise the inclusion of particles , such as micro- or nan- contrast ( as compared to the core ) of less than about 1.415 . 
oparticles of ceramic materials , into the fiber core . For example , the numerical aperture of the fiber may be 

The gas filled voids may occur throughout the core , may greater than about 0.3 , and in some embodiments greater 
occur near the interface of the core and cladding 120 , or may 5 than about 0.4 . In one embodiment , the cladding 120 com 
occur as an annular ring within the core . The gas filled voids prises a low index polymeric material such as UV or 
may be arranged in a random or organized pattern and may thermally curable fluoroacrylate , such as PC452 available 
run parallel to the length of the fiber or may be helical ( i.e. , from SSCP Co. Ltd 403-2 , Moknae , Ansan , Kyunggi , Korea , 
rotating along the long axis of the fiber ) . The scattering or silicone . In other embodiments , the cladding comprises a 
region may comprise a large number of gas filled voids , for 10 urethane acrylate , such as CPC6 , manufactured by DSM 
example more than 50 , more than 100 , or more than 200 Desotech , Elgin , Ill . In still other embodiments the cladding 
voids in the cross section of the fiber . The gas filled voids 120 comprises a silica glass which is down - doped with a 
may contain , for example , SO2 , Kr , Ar , CO2 , N2 , 02 , or down - dopant , such as , for example , fluorine . In some 
mixtures thereof . The cross - sectional size ( e.g. , diameter ) of embodiments , the cladding comprises a high modulus coat 
the voids may be from about 10 nm to about 10 um and the 15 ing . The cladding 120 generally has an index of refraction 
length may vary from about 1 um to about 50 m . In some which is less than the index of refraction of the core portion 
embodiments , the cross sectional size of the voids is about 110. In some embodiments , the cladding 120 is a low index 
10 nm , 20 nm , 30 nm , 40 nm , 50 nm , 60 nm , 70 nm , polymer cladding with a relative refractive index that is 
90 nm , 100 nm , 120 nm , 140 nm , 160 nm , 180 nm , 200 nm , negative relative to silica glass . For example , the relative 
250 nm , 300 nm , 400 nm , 500 nm , 600 nm , 700 nm , 800 nm , 20 refractive index of the cladding may be less than about 
1 um , 2 um , 3 um , 4 um , 5 um , 6 um , 8 um , 9 um , or -0.5 % and in some embodiments less than -1 % . 
10 um . In some embodiments , the length of the voids is The cladding 120 generally extends from the outer radius 
about 1 um , 2 um , 3 um , 4 um , 5 um , 6 um , 7 um , of the core portion 110. In some embodiments described 
um , 10 um , 20 um , 30 um , 40 um , 50 um , 60 um , 70 um , 80 herein , the radial width of the cladding is greater than about 

um , 100 um , 200 um , 300 um , 400 nm , 500 um , 600 25 10 um , greater than about 20 um , greater than about 50 um 
um , 700 um , 800 um , 900 um , 1000 um , 5 mm , 10 mm , 50 or greater than about 70 um . In some embodiments , the 
mm , 100 mm , 500 mm , 1 m , 5 m , 10 m , 20 m , or 50 m . cladding has a thickness of about 10 um , 20 um , 30 um , 40 

In the embodiment shown in FIGS . 1A and 1B , the core um , 50 um , 60 um , 70 um , 80 um , 90 um , or 100 um . 
portion 110 comprises silica - based glass and has an index of The light diffusing fiber may also comprise a clear layer 
refraction , n . In some embodiments , the index of refraction 30 of secondary coating typical for all optical fibers for 
for the core is about 1.458 . The core portion 110 may have mechanical handling . The scattering layer will be on top of 
a radius of from about 10 um to about 600 um . In some the secondary coating . In some embodiments the secondary 
embodiment the radius of the core is from about 30 um to coating layer and scattering layer may be combined , depend 
about 400 um . In other embodiments , the radius of the core ing on how fiber is manufactured . For example , if the 
is about 125 um to about 300 um . In still other embodiments , 35 scattering layer is applied after initial draw of the fiber , for 
the radius of the core is about 50 um , 60 um , 70 um , 80 um , handling issues it may be necessary to apply a clear sec 
90 um , 100 um , 120 um , 140 um , 160 um , 180 um , 200 um , ondary coating with a second step being directed to appli 

240 um , or 250 um . cation of the scattering layer and phosphor . This process is 
The voids in the core 110 are utilized to scatter light similar to postdraw ink application for optical fibers . How 

propagating in the core of the light diffusing optical fiber 100 40 ever , it can be combined in one step in the draw , and in this 
such that the light is directed radially outward from the core case secondary coating is not needed and the scattering layer 
portion 110 , thereby illuminating the light diffusing optical may be applied directly on top of the cladding . 
fiber and the space surrounding the light diffusing optical Referring again to FIGS . 1A and 1B , the light diffusing 
fiber . The scatter - induced attenuation may be increased optical fiber 100 further comprises a scattering layer 130 
through increasing the concentration of voids , positioning 45 which surrounds and is in direct contact with the cladding 
voids throughout the fiber , or in cases where the voids are 120. The scattering layer may comprise a polymer coating . 
limited to an annular ring , increasing the width of the The polymer coating may comprise be any liquid polymer or 
annulus comprising the voids will also increase the scatter- prepolymer material into which the scattering agent could be 
ing - induced attenuation for the same density of voids . Addi- added and in which the blend may be applied to the fiber as 
tionally , in compositions where the voids are helical , the 50 a liquid and then converted to a solid after application to the 
scattering - induced attenuation may also be increased by fiber . In some embodiments , the scattering layer 130 com 
varying the pitch of the helical voids over the length of the prises a polymer coating such as an acrylate - based , such as 
fiber . Specifically , it has been found that helical voids with CPC6 , manufactured by DSM Desotech , Elgin , Ill . , or 
a smaller pitch scatter more light than helical voids with a silicone - based polymer further comprising a scattering 
larger pitch . Accordingly , the intensity of the illumination of 55 material . In another embodiment , the cladding 120 com 
the fiber along its axial length can be controlled ( i.e. , prises a low index polymeric material such as UV or 
predetermined ) by varying the pitch of the helical voids thermally curable fluoroacrylate , such as PC452 available 
along the axial length . The pitch of the helical voids , as used from SSCP Co. Ltd 403-2 , Moknae , Ansan , Kyunggi , Korea . 
herein , refers to the inverse of the number times the helical In some embodiments , the cladding comprises a high modu 
voids are wrapped or rotated around the long axis of the fiber 60 lus coating . In some embodiments , it was most efficient to 
per unit length . blend the scattering agents into standard UV curable acrylate 

Still referring to FIGS . 1A and 1B , the light diffusing based optical fiber coatings , such as Corning's standard 
optical fiber 100 may further comprise a cladding 120 which CPC6 secondary optical fiber coating . To make the scatter 
surrounds and is in direct contact with the core portion 110 . ing blends , a concentrate was first made by mixing 30 % by 
The cladding 120 may be formed from a material which has 65 weight of the scattering agent into DSM 950-111 secondary 
a low refractive index in order to increase the numerical CPC6 optical fiber coating and then passing the mix over a 
aperture ( NA ) of the light diffusing optical fiber 100. In 3 roll mill . These concentrates were then either applied 

220 um , 
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directly as coatings or were further diluted with DSM curable acrylate based optical fiber coatings , such as Corn 
950-111 to give the desired scattering effect . ing's standard CPC6 secondary optical fiber coating . To 

In some embodiments , the scattering layer 130 may be make the fluorescent or phosphorescent blend , a concentrate 
utilized to enhance the distribution and / or the nature of the was first made by mixing 30 % by weight of the fluorescent 
light emitted radially from the core portion 110 and passed 5 or phosphorescent agent into DSM 950-111 secondary 
through the cladding 120. The scattering material may CPC6 optical fiber coating and then passing the mix over a 
comprise nano- or microparticles with an average diameter 3 roll mill . These concentrates were then either applied 
of from about 200 nm to about 10 um . In some embodi- directly as coatings or were further diluted with DSM 
ments , the average diameter of the particles is about 200 nm , 950-111 to give the desired fluorescent or phosphorescent 
300 nm , 400 nm , 500 nm , 600 nm , 700 nm , 800 nm , 900 nm , 10 effect . 
1 um , 2 um , 3 um , 4 um , 5 um , 6 um , 7 um , 8 um , 9 um , or In some embodiments , white light can be emitted from the 
10 um . The concentration of the scattering particles may light diffusing optical fiber by coupling the light diffusing 
vary along the length of the fiber or may be constant and may optical fiber 100 with a fluorescent or phosphorescent mate 
be a weight percent sufficient to provide even scattering of rial in the phosphor layer 140 to a higher energy ( lower 
the light while limiting overall attenuation . In some embodi- 15 wavelength ) light source , such as a UV or near UV light 
ments , the weight percentage of the scattering particles in source emitting at 405 nm or 445 nm . In such an embodi 
the scattering layer comprises about 1 % , 2 % , 3 % , 4 % , 5 % , ments , the diode laser . The UV light from the light source 
6 % , 7 % , 8 % , 9 % , 10 % , 11 % , 12 % , 13 % , 14 % , 15 % , 16 % , that is scattered from the core portion 110 causes the 
17 % , 18 % , 19 % , 20 % , 25 % , 30 % , 35 % , 40 % , 45 % , or 50 % . material in the phosphor layer to fluoresce or phosphoresce 
In some embodiments , the scattering layer comprises small 20 such that the combination of UV light and emitted wave 
particles of a scattering material which comprise a metal lengths produce a white light emission from the light dif 
oxides or other high refractive index material , such as TiO2 , fusing optical fiber 100. In some embodiments , the source 
ZnO , SiO2 , or Zr . The scattering material may also comprise light is from about 300-550 nm , or about 300 , 350 , 400 , 450 , 
micro- or nano - sized particles or voids of law refractive 500 , or 550 nm . 
index , such as gas bubbles . The scattering layer generally 25 Referring to FIG . 1B , in the embodiment shown , unscat 
extends from the outer radius of the cladding 120. In some tered light propagates down the light diffusing fiber 100 
embodiments described herein , the radial width of the scat- from the source in the direction shown by arrow 150 . 
tering layer is greater than about 1 um , 2 um , 3 um , 4 um , Scattered light is shown exiting the light diffusing fiber as 

6 um , 7 um , 8 um , 9 um , 10 um , 20 um , 30 um , 40 arrow 160 at an angle 170 , which describes angular differ 
um , 50 um , 60 um , 70 um , 80 um , 90 um , or 100 um . 30 ence between the direction of the fiber and the direction of 

In some embodiments , the scattering material may con- the scattered light when it leaves light diffusing fiber 100. In 
tain TiO2 - based particles , such as a white ink , which pro- some embodiments , the UV - visible spectrum of the light 
vides for an angle independent distribution of light scattered diffusing fiber 100 is independent of angle 170. In some 
from the core portion 110 of the light diffusing optical fiber embodiments , the intensities of the spectra when angle 170 
100. In some embodiments , the scattering particles comprise 35 is 150 and 150 ° are within + 30 % as measured at the peak 
a sublayer within the scattering layer . For example , in some wavelength . In some embodiments , the intensities of the 
embodiments , the particle sublayer may have a thickness of spectra when angle 170 is 150 and 150 ° are within 120 % , 
about 1 um to about 5 um . In other embodiments , the + 15 % , + 10 % , or 25 % as measured at the peak wavelength . 
thickness of the particle layer and / or the concentration of the In some embodiments , the output of the light diffusing 
particles in the scattering layer may be varied along the axial 40 fiber comprises a combination of the scattered incident UV 
length of the fiber so as to provide more uniform variation light and the scattered fluorescent or phosphorescent light 
in the intensity of light scattered from the light diffusing from the phosphor material to produce a combined light that 
optical fiber 100 at large angles ( i.e. , angles greater than has the optical property of appearing white . In some embodi 
about 15 degrees ) . ments , the combined light has an x coordinate from about 

Referring again to FIGS . 1A and 1B , the light diffusing 45 0.15 to about 0.25 and y coordinate of from about 0.20 to 
optical fiber 100 further comprises a phosphor layer 140 about 0.30 when measured on the x- and y - axes of the CIE 
which surrounds and is in direct contact with the scattering 1931 x , y chromacity space ( T. Smith and J. Guild , The 
layer 130. The fluorescent or phosphorescent material in the C.I.E. Colorimetric Standards and Their Use , 33 TRANS . OP . 
phosphor layer may comprise any organic or inorganic Soc . 73-134 ( 1931 ) herein incorporated by reference in its 
fluorescent or phosphorescent material , but in some embodi- 50 entirety ) ( see FIG . 7 ) . In some embodiments , the combined 
ments may be an inorganic material . For example , the light has an x coordinate from about 0.18 to about 0.23 , or 
phosphor layer may comprise CeYAG , NdYAG , quantum about 0.15 , 0.16 , 0.17 , 0.18 , 0.19 , 0.20 , 0.21 , 0.22 , 0.23 , 
dots , nanoparticles , metal - enhanced fluorescence of organic 0.24 , or 0.25 on the CIE 1931 x , y chromacity space . In some 
fluorophores , etc. embodiments , the combined light has a y coordinate from 

The phosphor layer may comprise a polymer coating . The 55 about 0.23 to about 0.27 , or about 0.20 , 0.21 , 0.22 , 0.23 , 
polymer coating may comprise be any liquid polymer or 0.24 , 0.25 , 0.26 , 0.27 , 0.28 , 0.29 , or 0.30 on the CIE 1931 
prepolymer material into which the fluorescent or phospho- x , y chromacity space . 
rescent material could be added and in which the blend may In some embodiments , the values of the x and y coordi 
be applied to the fiber as a liquid and then converted to a nates of the CIE 1931 x , y chromacity space do not vary 
solid after application to the fiber . For example , in one 60 more than 30 % with angle 170 when angle 170 is from 
embodiment , the phosphor layer 140 comprises a polymer about 10 ° to about 170 ° . In some embodiments , the values 
coating such as an acrylate - based or silicone based polymer of the x and y coordinates of the CIE 1931 x , y chromacity 
( e.g. , CPC6 secondary coating ) further comprising a fluo- space at angles 170 of 15 ° and 150 ° are within + 30 % , + 25 % , 
rescent or phosphorescent material that converts light scat- + 20 % , -15 % , + 10 % , or + 5 % of each other . 
tered from the core portion 110 to a longer wavelength of 65 In some embodiments described herein the light diffusing 
light . In some embodiments , it was most efficient to blend optical fibers will generally have a length from about 100 m 
the fluorescent or phosphorescent material into standard UV to about 0.15 m . In some embodiments , the light diffusing 
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optical fibers will generally have a length of about 100 m , 75 light extraction from LDF , which is normally trapped in the 
m , 50 m , 40 m , 30 m , 20 m , 10 m , 9 m , 8 m , 7 m , 6 m , 5 high index secondary coating . One notable use of the LDF 
m , 4 m , 3 m , 2 m , 1 m , 0.75 m , 0.5 m , 0.25 m , 0.15 m , or fiber at this wavelength would be the ability to place light in 

remote , small , and difficult to access locations for curing UV 
Further , the light diffusing optical fibers described herein 5 materials . 

have a scattering induced attenuation loss of greater than In a first aspect , scattering centers ( transparent at wave 
about 0.2 dB / m at a wavelength of 550 nm . For example , in lengths less than about 400 nm ) , such as small silica 
some embodiments , the scattering induced attenuation loss particles , are added to the fiber as a scattering layer so that 
may be greater than about 0.5 dB / m , 0.6 dB / m , 0.7 dB / m , 0.8 the light is scattered from the scattering coating without 
dB / m , 0.9 dB / m , 1 dB / m , 1.2 dB / m , 1.4 dB / m , 1.6 dB / m , 1.8 10 significant propagation . This allows for an efficient LDF 
dB / m , 2.0 dB / m , 2.5 dB / m , 3.0 dB / m , 3.5 dB / m , or 4 dB / m , even at wavelengths where the coating does absorb light . In 
5 dB / m , 6 dB / m , 7 dB / m , 8 dB / m , 9 dB / m , 10 dB / m , 20 some embodiments , the low index glass cladding may be 
dB / m , 30 dB / m , 40 dB / m , or 50 dB / m at 550 nm . replaced with low index F / B co - doped glass cladding . This 
As described herein , the light diffusing fiber can be type of cladding doesn't give as high an NA as in the case 

constructed to produce uniform illumination along the entire 15 of a low index polymer used as a cladding , but is high 
length of the fiber or uniform illumination along a segment enough for a wide range of applications . 
of the fiber which is less than the entire length of the fiber . Referring now to FIGS . 2A and 2B , one embodiment of 
The phrase “ uniform illumination , ” as used herein , means a light diffusing optical fiber 200 is schematically depicted . 
that the intensity of light emitted from the light diffusing The light diffusing optical fiber 200 generally comprises a 
fiber does not vary by more than 25 % over the specified 20 core 210 , which further comprises a scattering region . The 
length . scattering region may comprise gas filled voids , such as 

The fibers described herein may be formed utilizing shown in U.S. application Ser . Nos . 12 / 950,045 , 13 / 097,208 , 
various techniques . For example , the core 110 can be made and 13 / 269,055 , herein incorporated by reference , or may 
by any number of methods which incorporate voids or comprise the inclusion of particles , such as micro- or nan 
particles into the glass fiber . For example , methods for 25 oparticles , into the fiber core . 
forming an optical fiber preform with voids are described in , filled voids may occur throughout the core , may 
for example , U.S. patent application Ser . No. 11 / 583,098 , occur near the interface of the core and cladding 220 , or may 
which is incorporated herein by reference . Additional meth- occur as an annular ring within the core . The gas filled voids 
ods of forming voids may be found in , for example , U.S. may be arranged in a random or organized pattern and may 
application Ser . Nos . 12 / 950,045 , 13 / 097,208 , and 13/269 , 30 run parallel to the length of the fiber or may be helical ( i.e. , 
055 , herein incorporated by reference . Generally , the optical rotating along the long axis of the fiber ) . The scattering 
fiber is drawn from an optical fiber preform with a fiber region may comprise a large number of gas filled voids , for 
take - up system and exits the draw furnace along a substan- example more than 50 , more than 100 , or more than 200 
tially vertical pathway . In some embodiments , the fiber is voids in the cross section of the fiber . The gas filled voids 
rotated as it drawn to produce helical voids along the long 35 may contain , for example , SO2 , Kr , Ar , CO2 , N2 , 02 , or 
axis of the fiber . As the optical fiber exits the draw furnace , mixtures thereof . The cross - sectional size ( e.g. , diameter ) of 
a non - contact flaw detector may be used to examine the the voids may be from about 10 nm to about 10 um and the 
optical fiber for damage and / or flaws that may have occurred length may vary from about 1 um to about 50 m . In some 
during the manufacture of the optical fiber . Thereafter , the embodiments , the cross sectional size of the voids is about 
diameter of the optical fiber may be measured with non- 40 10 nm , 20 nm , 30 nm , 40 nm , 50 nm , 60 nm , 70 nm , 80 nm , 
contact sensor . As the optical fiber is drawn along the 90 nm , 100 nm , 120 nm , 140 nm , 160 nm , 180 nm , 200 nm , 
vertical pathway , the optical fiber may optionally be drawn 250 nm , 300 nm , 400 nm , 500 nm , 600 nm , 700 nm , 800 nm , 
through a cooling system which cools the optical fiber prior 1 um , 2 um , 3 um , 4 um , 5 um , 6 um , 7 um , 8 um , 9 um , or 
to the coatings being applied to the optical fiber . 10 um . In some embodiments , the length of the voids is 

After the optical fiber exits the draw furnace or optional 45 about 1 um , 2 um , 3 um , 4 um , 5 um , 6 um , 7 um , 8 um , 9 
cooling system , the optical fiber enters at least one coating um , 10 um , 20 um , 30 um , 40 um , 50 um , 60 um , 70 um , 80 
system where one or more polymer layers ( i.e. , the poly- um , 90 um , 100 um , 200 um , 300 um , 400 um , 500 um , 600 
meric cladding material , the scattering layer , and / or the um , 700 um , 800 um , 900 um , 1000 um , 5 mm , 10 mm , 50 
phosphor layer ) are applied to the optical fiber . As the optical mm , 100 mm , 500 mm , 1 m , 5 m , 10 m , 20 m , or 50 m . 
fiber exits the coating system , the diameter of the optical 50 In the embodiment shown in FIGS . 2A and 2B , the core 
fiber may be measured with non - contact sensor . Thereafter , portion 210 comprises silica - based glass and has an index of 
a non - contact flaw detector is used to examine the optical refraction , n . In some embodiments , the index of refraction 
fiber for damage and / or flaws in the coating that may have for the core is about 1.458 . The core portion 210 may have 
occurred during the manufacture of the optical fiber . a radius of from about 10 um to about 600 um . In some 

55 embodiment the radius of the core is from about 30 um to 
UV Fibers about 400 um . In other embodiments , the radius of the core 

is from about 125 um to about 300 um . In still other 
Another aspect comprises a light diffusing fiber with high embodiments , the radius of the core is about 50 um , 60 um , 

efficiencies of light extraction at wavelengths where the fiber 70 um , 80 um , 90 um , 100 um , 120 um , 140 um , 160 um , 
cladding has high absorptions , such as below 450 nm . Using 60 180 um , 200 um , 220 um , 240 um , or 250 um . 
LDF for UV wavelengths helps to extend the range of The voids in the core 210 are utilized to scatter light 
applications for photoreactors , water / air purification , acry- propagating in the core of the light diffusing optical fiber 200 
late polymerizations and related . Popular desired wave- such that the light is directed radially outward from the core 
lengths that are used for photoreactions ( i.e. less than about portion 210 , thereby illuminating the light diffusing optical 
400 nm ) and typical UV curable polymers have strong 65 fiber and the space surrounding the light diffusing optical 
absorptions at this wavelength due to the need for photo- fiber . The scatter - induced attenuation may be increased 
initiators . Embodiments herein improve the efficiency of the through increasing the concentration of voids , positioning 
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voids through out the fiber , or in cases where the voids are secondary coating is not needed and the scattering layer may 
limited to an annular ring , increasing the width of the be applied directly on top of the cladding . 
annulus comprising the voids will also increase the scatter- Referring again to FIGS . 2A and 2B , the light diffusing 
ing - induced attenuation for the same density of voids . Addi- optical fiber 200 further comprises a scattering layer 230 
tionally , in compositions where the voids are helical , the 5 which surrounds and is in direct contact with the cladding 
scattering - induced attenuation may also be increased by 220. For example , in one embodiment , the scattering layer 
varying the pitch of the helical voids over the length of the 230 comprises a polymer coating such as an acrylate - based 
fiber . Specifically , it has been found that helical voids with or silicone based polymer further comprising a scattering 
a smaller pitch scatter more light than helical voids with a material . In at least some embodiments , the coating layer 
larger pitch . Accordingly , the intensity of the illumination of 210 has a constant diameter along the length of the light 
the fiber along its axial length can be controlled ( i.e. , diffusing optical fiber . 
predetermined ) by varying the pitch of the helical voids In some embodiments , the scattering layer 230 may be 
along the axial length . The pitch of the helical voids , as used utilized to enhance the distribution and / or the nature of the 
herein , refers to the inverse of the number times the helical light emitted radially from the core portion 210 and passed 
voids are wrapped or rotated around the long axis of the fiber through the cladding 220. The scattering layer may comprise 
per unit length . a polymer coating . The polymer coating may comprise be 

Still referring to FIGS . 2A and 2B , the light diffusing any liquid polymer or prepolymer material into which the 
optical fiber 200 may further comprise a cladding 220 which scattering agent could be added and in which the blend may 
surrounds and is in direct contact with the core portion 210. 20 be applied to the fiber as a liquid and then converted to a 
In some embodiments , the cladding comprises a fluorine and solid after application to the fiber . In some embodiments , the 
boron co - doped glass . In some embodiments , the cladding scattering layer 230 comprises a polymer coating such as an 
comprises a polymer . The cladding 220 may be formed from acrylate - based , such as CPC6 , manufactured by DSM Deso 
a material which has a low refractive index in order to tech , Elgin , Ill . , or silicone - based polymer further compris 
increase the numerical aperture ( NA ) of the light diffusing 25 ing a scattering material . In another embodiment , the clad 
optical fiber 200. In some embodiments , the cladding has a ding 220 comprises a low index polymeric material such as 
refractive index contrast ( as compared to the core ) of less UV or thermally curable fluoroacrylate , such as PC452 than about 1.415 . For example , the numerical aperture of the available from SSCP Co. Ltd 403-2 , Moknae , Ansan , fiber may be greater than about 0.3 , and in some embodi Kyunggi , Korea . In some embodiments , the cladding com ments , greater than about 0.4 . In one embodiment , the 30 prises a high modulus coating . In some embodiments , it was cladding 220 comprises a low index polymeric material such 
as UV or thermally curable fluoroacrylate , such as PC452 most efficient to blend the scattering agents into standard UV 
available from SSCP Co. Ltd 403-2 , Moknae , Ansan , curable acrylate based optical fiber coatings , such as Corn 
Kyunggi , Korea , or silicone . In other embodiments , the ing's standard CPC6 secondary optical fiber coating . To 
cladding comprises a urethane acrylate , such as CPC6 , 35 make the scattering blends , a concentrate was first made by 
manufactured by DSM Desotech , Elgin , Ill . In other mixing 30 % by weight of the scattering agent into DSM 
embodiments the cladding 220 may be formed from silica 950-111 secondary CPC6 optical fiber coating and then 
glass which is down - doped with a down - dopant , such as , for passing the mix over a 3 roll mill . These concentrates were 
example , fluorine and boron . The cladding 220 generally has then either applied directly as coatings or were further 
an index of refraction which is less than the index of 40 diluted with DSM 950-111 to give the desired scattering 
refraction of the core portion 210. In some embodiments , the effect . 
cladding 220 is a low index polymer cladding with a relative In some embodiments , the scattering layer 230 may be 
refractive index that is negative relative to silica glass . For utilized to enhance the distribution and / or the nature of the 
example , the relative refractive index of the cladding may be light emitted radially from the core portion 210 and passed 
less than about -0.5 % and in some embodiments less than 45 through the cladding 220. The scattering material may 
-1 % . comprise nano- or microparticles with an average diameter 

The cladding 220 generally extends from the outer radius of from about 200 nm to about 10 um . In some embodi 
of the core portion 210. In some embodiments described ments , the average diameter of the particles is about 200 nm , 
herein , the radial width of the cladding is greater than about 300 nm , 400 nm , 500 nm , 600 nm , 700 nm , 800 nm , 900 nm , 
10 um , greater than about 20 um , greater than about 50 um 50 1 um , 2 um , 3 um , 4 um , 5 um , 6 um , 7 um , 8 um , 9 um , or 
or greater than about 70 um . In some embodiments , the 10 um . The concentration of the scattering particles may 
cladding has a thickness of about 10 um , 20 um , 30 um , 40 vary along the length of the fiber or may be constant and may 
um , 50 um , 60 um , 70 um , 80 um , 90 um , or 100 um . be a weight percent sufficient to provide even scattering of 

The light diffusing fiber may also comprise a clear layer the light while limiting overall attenuation . In some embodi 
of secondary coating typical for mechanical handling . In the 55 ments , the weight percentage of the scattering particles 
case of UV scattering fibers , it is possible to minimize the comprises about 1 % , 2 % , 3 % , 4 % , 5 % , 6 % , 7 % , 8 % , 9 % , 
thickness of any secondary coatings that may absorb UV 10 % , 11 % , 12 % , 13 % , 14 % , 15 % , 16 % , 17 % , 18 % , 19 % , 
radiation . The scattering layer will be on top of the second- 20 % , 25 % , 30 % , 35 % , 40 % , 45 % , or 50 % . In some embodi 
ary coating . In some embodiments the secondary coating ments , the scattering layer comprises a scattering material 
layer and scattering layer may be combined , depending on 60 that is not significantly absorbent in the UV region of 
how fiber is manufactured . For example , if the scattering incident beam . In some embodiments the scattering material 
layer is applied after initial draw of the fiber , for handling comprises metal oxides or other materials with low absor 
issues it may be necessary to apply a clear secondary coating bance in the region from about 350 nm to about 420 nm , 
with a second step being directed to application of the such as SiO2 or Zr , or may comprise nano- to microscale 
scattering layer and phosphor . This process is similar to 65 voids comprising a gas , such as oxygen , nitrogen , or a noble 
postdraw ink application for optical fibers . However , it can gas . The scattering layer generally extends from the outer 
be combined in one step in the draw , and in this case radius of the cladding 220. In some embodiments described 
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herein , the radial width of the scattering layer is greater than tially vertical pathway . In some embodiments , the fiber is 
about 10 um , 20 um , 30 um , 40 um , 50 um , 60 um , 70 um , rotated as it drawn to produce helical voids along the long 
80 um , 90 um , or 100 um . axis of the fiber . As the optical fiber exits the draw furnace , 

In some embodiments , the scattering material may con- a non - contact flaw detector may be used to examine the 
tain SiO2 - based particles , which provides for an angle 5 optical fiber for damage and / or flaws that may have occurred 
independent distribution of light scattered from the core during the manufacture of the optical fiber . Thereafter , the 
portion 210 of the light diffusing optical fiber 200. In some diameter of the optical fiber may be measured with non 
embodiments , the particles comprise a layer within the contact sensor . As the optical fiber is drawn along the 
scattering layer . For example , in some embodiments , the vertical pathway , the optical fiber may optionally be drawn 
particle layer may have a thickness of about 1 um to about 10 through a cooling system which cools the optical fiber prior 
5 um . In other embodiments , the thickness of the scattering to the coatings being applied to the optical fiber . 
layer may be varied along the axial length of the fiber so as After the optical fiber exits the draw furnace or optional 
to provide more uniform variation in the intensity of light cooling system , the optical fiber enters at least one coating 
scattered from the light diffusing optical fiber 200 at large system where one or more polymer layers ( i.e. , the poly 
angles ( i.e. , angles greater than about 15 degrees ) . 15 meric cladding material and / or the scattering layer ) are 

Referring to FIG . 2B , in the embodiment shown , unscat- applied to the optical fiber . As the optical fiber exits the 
tered light propagates down the light diffusing fiber 200 coating system , the diameter of the optical fiber may be 
from the source in the direction shown by arrow 250 . measured with non - contact sensor . Thereafter , a non - contact 
Scattered light is shown exiting the light diffusing fiber as flaw detector is used to examine the optical fiber for damage 
arrow 260 at an angle 270 , which describes angular differ- 20 and / or flaws in the coating that may have occurred during 
ence between the direction of the fiber and the direction of the manufacture of the optical fiber . 
the scattered light when it leaves light diffusing fiber 200. In 
some embodiments , the UV - visible spectrum of the light EXAMPLES 
diffusing fiber 200 is independent of angle 270. In some 
embodiments , the intensities of the spectra when angle 270 25 In order to efficiently make samples a mini - recoat tower 
is 150 and 150 ° are within + 30 % as measured at the peak was assembled . This small tower has the advantage that any 
wavelength . In some embodiments , the intensities of the existing fiber can be over - coated offline with a layer of UV 
spectra when angle 270 is 150 and 150 ° are within 120 % , curable coating . The cure was accomplished by the use of a 
+ 15 % , + 10 % , or 25 % as measured at the peak wavelength . 200 W Hg - lamp and draw speed of ~ 0.1 m / s . Three options 

In some embodiments described herein the light diffusing 30 were tested to provide uniform angular distribution of the 
optical fibers will generally have a length from about 100 m scattering light from the fiber : 
to about 0.15 m . In some embodiments , the light diffusing Option 1 - A fiber comprising a silica core , a polymer 
optical fibers will generally have a length of about 100 m , 75 cladding , a scattering layer , and a phosphor layer . The 
m , 50 m , 40 m , 30 m , 20 m , 10 m , 9 m , 8 m , 7 m , 6 m , 5 scattering layer comprised silica particles in a polymer and 
m , 4 m , 3 m , 2 m , 1 m , 0.75 m , 0.5 m , 0.25 m , 0.15 m , or 35 the phosphor layer comprised CeYAG in a polymer . The 

refractive index of the polymer cladding was 1.55 , and silica 
Further , the light diffusing optical fibers described herein was ~ 1.46 , so with the significant index mismatch and small 

have a scattering induced attenuation loss of greater than size of silica particles ( ~ 1 um ) , it was posited that it may be 
about 0.2 dB / m at a wavelength of 300 nm , 325 nm , 350 nm , possible to achieve uniform scattering diagram as a function 
375 nm , 400 nm , 425 nm , or 450 nm . For example , in some 40 of angle relative to incident angle . 
embodiments , the scattering induced attenuation loss may be Option 2 — A fiber comprising a silica core , a polymer 
greater than about 0.5 dB / m , 0.6 dB / m , 0.7 dB / m , 0.8 dB / m , cladding , and a single layer comprising both the phosphor 
0.9 dB / m , 1 dB / m , 1.2 dB / m , 1.4 dB / m , 1.6 dB / m , 1.8 dB / m , layer and the scattering medium . CeYAG particles have a 
2.0 dB / m , 2.5 dB / m , 3.0 dB / m , 3.5 dB / m , 4 dB / m , 5 dB / m , refractive index of about 1.8 , and as such have a significant 
6 dB / m , 7 dB / m , 8 dB / m , 9 dB / m , 10 dB / m , 20 dB / m , 30 45 mismatch with polymer cladding ( ~ 1.55 ) . But since CeYAG 
dB / m , 40 dB / m , or 50 dB / m at 300 nm , 325 nm , 350 nm , 375 the particles used were large ( ~ 3-4 um ) , it was assumed that 
nm , 400 nm , 425 nm , or 450 nm . they would not produce significant scattering . 
As described herein , the light diffusing fiber may be Option 3 — A fiber comprising a silica core , a polymer 

constructed to produce uniform illumination along the entire cladding , a scattering layer , and a phosphor layer . The 
length of the fiber or uniform illumination along a segment 50 scattering layer uses high efficient scatterers , such as white 
of the fiber which is less than the entire length of the fiber . ink ( TiO2 based filled polymer ) . TiO2 has high refractive 
The phrase “ uniform illumination , ” as used herein , means index ( ~ 2.5 ) , so it may be a more efficient scatterer than SiO2 
that the intensity of light emitted from the light diffusing particles . However , TiO2 absorbs light at wavelength < 400 
fiber does not vary by more than 25 % over the specified nm and is less suitable for UV light applications . 
length . In each case the thickness of each layer and concentration 

The fibers described herein may be formed utilizing of the dopant was modified to obtain optimum spectrum and 
various techniques . For example , the core 210 can be made angular dependence . In FIGS . 1A and 1B are shown a 
by any number of methods which incorporate voids are scattering layer and layer doped with phosphor particles . 
particles into the glass fiber . For example , methods for This design was used for white color fibers . In FIGS . 2A and 
forming an optical fiber preform with voids are described in , 60 2B are shown a fiber design for UV emission with a 
for example , U.S. patent application Ser . No. 11 / 583,098 , secondary coating doped with scattering particles for uni 
which is incorporated herein by reference . Additional meth- form angular dependence . 
ods of forming voids may be found in , for example , U.S. The scattering emission spectra of various fibers are 
application Ser . Nos . 12 / 950,045 , 13 / 097,208 , and 13/269 , shown in FIGS . 3A - 3D . The incident light had a wavelength 
055 , herein incorporated by reference . Generally , the optical 65 of 445 nm and the silica fiber used was a random airline 
fiber is drawn from an optical fiber preform with a fiber fiber . As can be seen in FIGS . 3A - 3C , a 160 um - thick single 
take - up system and exits the draw furnace along a substan- layer of 35 wt . % CeYAG with no scattering material ( FIG . 
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3A ) , a 800 um - thick single layer of 35 wt . % CeYAG with present , even in air most of the light would escape from the 
no scattering material ( FIG . 3B ) , and a 160 um - thick single secondary coating very efficiently . Therefore , doping of the 
layer of 20 wt . % CeYAG with no scattering material ( FIG . secondary coating with silica particles both 1 ) scatters the 
3C ) all failed to provide sufficient scattering to over come light from the secondary coating and 2 ) also helps to reduce 
the angular dependence of light color , i.e. , the color of the 5 the refractive index of the secondary coating thereby making 
emitted light appeared more blue as angle 170 of FIG . 1 trapping less efficient . 
approached 0 ° . Additionally , it was found that changing the 
diameter and amount of CeYAG in the phosphor layer We claim : 
showed that spectrum of scattered light changes very [ 1. A light diffusing fiber for emitting white light com 
strongly as function of viewing angle and the amount of 10 prising : 
CeYAG present . a ) a core formed from a silica - based glass ; 
FIG . 3D shows a number of spectra arising from a fiber b ) a cladding in direct contact with the core ; 

comprising a scattering layer comprising TiO2 particles ( 4 c ) a scattering layer in direct contact with the cladding ; 
um - thick layer ) plus a 160 um - thick layer of 35 wt . % and 
CeYAG as a function of angle . As can be seen from the 15 d ) a phosphor layer surrounding and in direct contact with 
spectra , the combination of a scattering layer and phosphor the scattering layer , wherein the color of the light 
layer provides light emission from the fiber that is indepen emitted , as measured by the CIE 1931 x , y chromacity 
dent of viewing angle . space , comprises x from about 0.20 to about 0.30 and 
FIG . 4 shows a color coordinated comparison using CIE y from 0.26 to about 0.35 . ] 

1931 x , y chromaticity space values for an embodiment 20 [ 2. The light diffusing fiber of claim 1 , wherein x is from 
( comprising a silica core , polymer cladding , scattering layer about 0.23 to about 0.28 and y is from about 0.28 to about 
( 4 um - thick layer of TiO2 ) and phosphor layer ( 160 um - thick 0.33 . ] 
layer of 35 wt . % CeYAG ) ) is compared to a white LED [ 3. The light diffusing fiber of claim 1 , wherein the color 
( which also uses CeYAG in combination with a 460 nm blue of the light emitted falls within the claimed CIE 1931 x , y 
LED to obtain white light ) and CCFL . The color coordinates 25 values for all viewing angles from about 15 ° to about 170 ° 
of the light diffusing fiber place the color output well within relative to the direction of the light diffusing optical fiber . ] 
the region of what is considered white light ( see FIG . 7 ) . [ 4. The light diffusing fiber of claim 1 , wherein the light 
Further , as can be seen from the chart , the color is indepen- diffusing optical fiber emits light having an intensity along 
dent of viewing angle . the fiber that does not vary by more than about 20 % . ] 

Theoretical projections of the fiber brightness ( FIG . 5 ) 30 [ 5. The light diffusing fiber of claim 1 , wherein the 
show that it would be possible to reach the same brightness scattering induced attenuation loss comprises from about 0.1 
as CCFL for liquid crystal displays using two laser diodes dB / m to about 50 dB / m at a wavelength of 550 nm . ] 
with 1.5 W power , which are commercially available for [ 6. The light diffusing fiber of claim 1 , wherein the core 
very low costs . comprises a plurality of randomly distributed voids . ] 

Different amounts of scattering particles and CeYAG 35 [ 7. The light diffusing fiber of claim 1 , wherein the 
particles were used in order to provide the right combination cladding comprises a polymer . ] 
of scattering and absorption of 445 nm light , while still [ 8. The light diffusing fiber of claim 7 , wherein the 
allowing sufficient non - absorbed 445 nm light provides the polymer comprises CPC6 . ] 
necessary blue color to make white light . The best results [ 9. The light diffusing fiber of claim 1 , wherein the 
were obtained using about 35 % by weight CeYAG and 40 scattering layer comprises a polymer . ] 
thicknesses of about 160 nm . Additionally , this amount gave [ 10. The light diffusing fiber of claim 9 , wherein the 
reasonable viscosity to the secondary coating so it can be polymer comprises CPC6 . ] 
applied in a regular way to fiber in draw tower . It was also [ 11. The light diffusing fiber of claim 1 , wherein the 
found that by bringing light in from two sides of the LDF , scattering layer comprises a plurality of randomly distrib 
it was possible to obtain more even uniform illumination 45 uted voids or microparticles or nanoparticles of a scattering 
both angularly and along the length of the fiber ( FIG . 11 ) . material . ] 

For UV applications , silica micro - spheres were placed in [ 12. The light diffusing fiber of claim 11 , wherein the 
the secondary coating . The results show that the angular microparticles or nanoparticles comprise TiO , or SiO2 . ] 
distribution can change significantly ( FIGS . 8 and 9 ) . FIG . [ 13. The light diffusing fiber of claim 1 , further compris 
8 shows a light diffusing fiber comprising a random airline 50 ing a light emitting device that emits light with a wavelength 
core and a standard polymer cladding . As can be seen from from about 300 nm to about 450 nm into the core of the light 
the spectrum , the majority of the light is being emitted from diffusing fiber . ] 
the end of the fiber and very little UV light is being scattered . [ 14. The light diffusing fiber of claim 1 , wherein the 
FIG . 9 shows the spectrum of an embodiment of the light phosphor layer comprises microparticles or nanoparticles of 
diffusing fiber . The fiber in FIG . 9 comprises a random 55 an inorganic phosphorescent or fluorescent material . ] 
airline silica core , a polymer cladding and a scattering layer [ 15. The light diffusing fiber of claim 14 , wherein the 
comprising SiO2 particles with a scattering loss of ~ 3 dB / m . inorganic phosphorescent or fluorescent material comprises 
As can be seen in FIG . 9 , the light is broadly scattered and CeYAG , NDYAG , quantum dots , or nanoparticles . ] 
almost no light is being transmitted out of the end of the [ 16. The light diffusing fiber of claim 1 , further compris 
fiber . The large angle distribution shown in FIG . 9 is 60 ing a secondary layer in between the cladding and scattering 
important for maximum distance coverage from surface of layer . ] 
the fiber in application where photochemical reactions take [ 17. A method of producing the light diffusing fiber of 
place . Measurements for both FIGS . 8 and 9 were done in claim 1 comprising : 
media that matched the refraction index of the fiber core . a ) forming an optical fiber preform comprising a preform 
This means that in media with smaller refractive index , e.g. 65 core ; 
air , a lot of light from FIG . 8 would be trapped in the high b ) drawing the optical fiber preform into an optical fiber ; 
index secondary coating . However , if the scattering layer is c ) coating the optical fiber with at least one cladding layer ; 
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d ) coating the optical fiber with at least one scattering chromacity space , comprises x from about 0.15 to about 0.30 
layer ; and and y from about 0.20 to about 0.35 , and wherein the color 

e ) coating the optical fiber with at least one phosphor of the white light falls within the claimed CIE 1931 x , y 
layer . ] values for all viewing angles from about 15 ° to about 170 ° 

18. A light emitting device for emitting white light com 5 relative to the direction of the light diffusing optical fiber . 
prising : 21. The light emitting device of claim 18 , wherein the 

a light diffusing fiber , comprising : color of the white light , as measured by the CIE 1931 x , y 
a core formed from a silica - based glass ; chromacity space , comprises x from about 0.20 to about 0.30 
a cladding in direct contact with the core ; and and y from 0.26 to about 0.35 . 
a single layer comprising a phosphor layer and a 22. The light emitting device of claim 18 , wherein the light 

scattering medium in direct contact with the clad diffusing optical fiber emits light having an intensity along 
ding , and the fiber that does not vary by more than about 20 % . 

a light source that emits a high energy light with a 23. The light emitting device of claim 18 , further com 
wavelength from about 300 nm to about 550 nm into the prising a scattering induced attenuation loss from about 0.1 
core of the light diffusing fiber , 15 dB / m to about 50 dB / m at a wavelength of 550 nm . 

wherein the white light comprises a combination of a 24. The light emitting device of claim 18 , wherein the core 
scattered light and a scattered fluorescent or phospho comprises a plurality of randomly distributed voids . 
rescent light , and is uniform in color as a function of 25. The light emitting device of claim 18 , wherein either 
viewing angle ; and one of or both the cladding and the single layer comprises 

wherein the scattering medium comprises a plurality of 20 a polymer . 
randomly distributed voids or microparticles or nan 26. The light emitting device of claim 18 , wherein the 
oparticles of a scattering material . phosphor layer comprises microparticles or nanoparticles 

19. The light emitting device of claim 18 , wherein the high of an inorganic phosphorescent or fluorescent material . 
energy light source has a wavelength in a range from about 27. The light emitting device of claim 26 , wherein the 
300 nm to about 450 nm . 25 inorganic phosphorescent or fluorescent material comprises 

20. The light emitting device of claim 18 , wherein the CeYAG , NDYAG , quantum dots , or nanoparticles . 
color of the white light , as measured by the CIE 1931 x , y 


