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GLOSSARY OF SYMBOLS AND ACRONYMS 

(x, y, z) Cartesian coordinate system with an origin at the centre of the entry face of a flat-to-
round converter 

( , , l)  Spherical coordinates 
 

Roman Symbols and Acronyms 
a Aspect ratio of a sheet [m] 
a Axial particle number (the number of particles intercepted by a straight line drawn 

through a TRIMM-doped system parallel to the optic axis) [m-1] 
A Cross sectional area of the optical system [m2] 
A Absorbance of an optical system 
A Area of a source [m2] 
A  Mean absorption fraction of light entering an LSC 
dA An infinitesimal area [m2] 
dA Vector associated with an infinitesimal area, dA [m2] 
A( ) Absorption spectrum  
Aeff Effective collection area of an LSC [m2] 
Aextractor Area of the exit face of a hybrid LSC-LED light extractor [m2] 
ALED  Area of individual LED chips in hybrid LSC-LED light extractor [m2] 
B Fraction of total lumens from hybrid LSC-LED light extractor provide by the LED’s 
BRDF Bidirectional Reflectance Distribution Function [sr-1] 
co(z) Transverse curvature of the outer surface of a flat-to-round converter at distance z 

from the entry face [m-1] 
C Contrast ratio between specular and diffuse light 
C’o(z) Position of the centre of the transverse curvature of the outer surface of a flat-to-

round converter which has been adjusted so that the intersection of the outer 
surface with the y-z plane is a straight line [m] 

Ci(z) Position of the centre of the transverse curvature of the inner surface of a flat-to-
round converter at distance z from the entry face [m] 

Co(z) Position of the centre of the transverse curvature of the outer surface of a flat-to-
round converter at distance z from the entry face [m] 

d Diameter of an inflated tube [m] 
D( ) Divergence of a TRIMM microsphere i.e. the ratio of the intensity of light scattered 

by a TRIMM particle at angle  to the illuminating beam with the intensity of 
light scattered in the same direction as the illuminating beam 

DABCO  1,4-diazabicyclo-[2.2.2] octane, a useful antioxidant 
EC( )  Measured spectrometer signal from the end surface of a clear sheet [counts] 
ED( ) Measured spectrometer signal from the end surface of a dyed sheet [counts] 
Ee Total power emitted by dye molecules [W] 
EPO European Patent Office 
Ex( )  Spectral intensity at the side of an LSC at lateral distance x [counts.sec-1] 
f Matrix loss factor (the fraction of the light lost in the clear reference sheet due to 

matrix extinction and Fresnel reflection at the far end). 
f( ) Probability density distribution of the ray’s angular deviation [rad-1] 
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fcone Fraction of fluorescently emitted light in each escape cone 
fdiffuse Fraction of light in a hybrid LSC-LED light extractor that is diffuse rather than 

specular 
fedge Fractional loss of light in a flat-to-round converter due to scattering from rounded 

sidewall edges 
fend Fraction of fluorescently emitted light that is endlight (includes the correction for 

reflection at  a LSC sheet’s end mirror) 
fescape Fraction of fluorescently emitted light in combined escape cones 
fgeom Fraction of rays striking a TRIMM microsphere that are within the geometric limit  

i.e. the fraction of rays that are well approximated by geometric optics 
fscat Fractional loss of light in a flat-to-round converter due to scattering off rough 

sidewalls 
ftrapped Fraction of fluorescent emission that reaches the a LSC’s exit surface in the form of 

F Output luminous flux from an LSC [lm] 
F Output luminous flux from an LSC [lm] 
Fall The ratio of the total amount of light reaching a LSC’s exit surface (i.e. the sum of 

endlight and trapped light) to the endlight 
Fin Flux of a collimated light beam illuminating an annulus on a TRIMM 

microsphere [W] 
Fl  Luminous flux at the collection edge when LSC is illuminated at a plane of constant 

distance, l, from the collection edge [lm] 
FL Luminous flux at collection edge when LSC of length L is illuminated 

uniformly [lm] 
Fo Luminous flux of the fluorescent test lamp [lm] 
FSL Fluorosolar Systems Ltd 
gmax Maximum possible étendue per unit area [sr.m2] 
G Étendue [sr.m2] 
Ggap Étendue of light at an air gap [sr.m2] 
Glimit Smallest value of the limiting étendue in an optical system [sr.m2] 
Gx

max  Maximum possible étendue at cross section x [sr.m2] 

h Impact ratio, h = h/r. h is independent of the microsphere’s radius, r 
hgeom Impact ratio for the geometric limit, i.e. the impact ratio beyond which Mie theory is 

required to calculate the scattering pattern 
H Perpendicular separation distance of a ray impacting on a microsphere from the 

parallel ray passing through a sphere’s centre. [m] 
HDPE High Density Polyethylene 
i( ,l) Intensity of the light scattered by a single TRIMM microsphere measured at distance 

l from the sphere and a deviation angle of  from the illuminating light  
beam [W.m-2] 

I Average number of interactions of light with the sidewalls of a flat-to-round 
converter 

I  The point on the inner sidewall edge of a flat-to-round converter corresponding to 
point P on the outer surface [m] 

I( )  The intensity light scattered by a TRIMM microparticle at a deviation angle of  to 
the illuminating beam, measured inside the host material [W.m-2] 

Iin Intensity of a collimated light beam illuminating a TRIMM microsphere [W.m-2] 
I0  The intensity light scattered by a TRIMM microparticle in the direction of the 

illuminating beam, measured inside the host material [W.m-2] 
INPADOC  International Patent Documentation Center 



 
xiii

Isol  Solar luminous intensity incident on the top surface of the collector [lux] 
k A proportionality constant for the fitted variation of the mean half-cone angular 

spread, ,  with the axial particle number, a  
l Length of a sheet [m] 
l Linear distance between point of illumination and collection edge [m] 
l Path length of a ray inside a light guide [m] 
L  Length of a light guide [m] 
L Length of a clear reference sheet or collector sheet [m] 
L Radiance of a source [W.m-2.sr-1] 
L½ Half-length i.e. the path length over which 50% of the fluorescently emitted light is 

lost due to extinction [m] 
Lcrit Critical length of a TRIMM doped mixer rod i.e. the length where the mean half-

cone angular spread of the light is equal to the material’s critical angle [m]  
Ld½ Half-length contribution from the collector sheet’s dye [m] 
Ldiffuse Diffuse radiance of a skylight or LED-hybrid luminaire interpolated to the angle of 

maximum radiance [W.m-2.sr-1] 
LDPE Low Density Polyethylene 
LED Light Emitting Diode 
Lextractor  Mean radiance from a hybrid LSC-LED light extractor [W.m-2.sr-1] 
Lg½  Half-length contribution from collector sheet’s geometry [m] 
LLED Radiance of the LED’s in a hybrid LSC-LED light extractor [W.m-2.sr-1] 
Llocal  Radiance of the diffuse component of a system’s output measured near the specular 

component [W.m-2.sr-1] 
Lm½  Half-length contribution from collector sheet’s matrix [m] 
Lmax Maximum radiance of the specular component of a system’s output [W.m-2.sr-1] 
Lproj image  Radiance of the a mixer in a LED projector near the specular beam [W.m-2.sr-1] 
Lproj specular  Radiance of the specular beam from a mixer in a LED projector [W.m-2.sr-1] 
LSC Luminescent Solar Collector 
Lspecular Maximum specular radiance of a skylight or LED-hybrid luminaire [W.m-2.sr-1] 
Lv image  Luminance of the image from a LED projector near the specular spot [lm.m-2.sr-1] 
Lv specular  Luminance of the specular spot from a LED [lm.m-2.sr-1] 
m Ratio of the refractive index of a fibre’s core to its cladding 
m Relative refractive index (usually the ratio of the ratio of the particle’s refractive 

index to the matrix containing it) 
n Refractive index 
nhost Refractive index of the host matrix containing a TRIMM microsphere 
ni Refractive index of component i, such as a TRIMM microsphere or a light guide 

matrix 
nparticle Refractive index of a TRIMM microsphere 
npix Number of pixels that specular transmission is focused onto 
N  Number of measurement positions along a the side of a LSC 
NLED  Number of LED chips in hybrid LSC-LED light extractor  
Npix Number of pixels in a display 
p A power index for the fitted variation of the mean half-cone angular spread, ,  with 

the axial particle number, a  
p Pressure of an inflated tube [Pa] 
p( i). Path length inside a LSC for light with an angle of incidence of i [m] 



 
xiv

P A chosen point at the intersection of the outer surface of a flat-to-round converter a 
the sidewall [m] 

P(h) The cumulative probability density distribution at impact ratio h  
Pa(x) Probability of a ray encountering exactly x microparticles in a light guide with an 

axial particle number of a  
PCT Patent Cooperation Treaty  
PMMA Poly methyl methacrylate, colloquially called “acrylic plastic” or Perspex® 
Po( ) Spectral power of light immediately inside the entry surface of the clear reference 

sample [counts.sec-1.nm-1] 
Ps( ) Total spectral power scattered from the top, bottom and sides of a  

sheet [counts.sec-1.nm-1] 
PT( ) Spectral power transmitted by a LSC [counts.sec-1.nm-1] 
Q Heat [J] 
Q1, Q3 Auxiliary points at the intersection of the outer surface of a flat-to-round converter 

with a sidewall, chosen to be on either side of P  [m] 
Q2 Auxiliary point on the outer surface of a flat-to-round converter with the same z 

value as P [m] 
QD Quantum Dot 
r Particle radius (e.g. of a TRIMM microsphere) 
r Reflectivity of an end mirror 
ri Radius of the inner surface of the exit ring of a flat-to-round converter [m] 
ri(z) Radius of transverse curvature of the inner surface of a flat-to-round converter at 

distance z from the entry face [m] 
rn Radius of the neutral surface of the exit ring of a flat-to-round converter [m] 
ro Radius of the outer surface of the exit ring of a flat-to-round converter [m] 
ro(z) Radius of transverse curvature of the outer surface of a flat-to-round converter at 

distance z from the entry face [m] 
rside Nominal radius of the sidewalls’ edges in a flat-to-round converter [m] 
R Fresnel reflectance of a surface 
R Reflectance of an optical system 
R1 Reflectance from a single TRIMM microsphere 
R1  Mean reflectance from a single TRIMM microsphere 
R1 TE Reflectance coefficient from a TRIMM microsphere for light with transverse electric 

polarisation 
R1 TM Reflectance coefficient from a TRIMM microsphere for light with transverse 

magnetic polarisation 
Rc  Reflectivity of one surface of the collector  
Rend Fresnel reflection loss at the far end surface of the LSC 
RI  Refractive Index 
Rparticles Mean total back reflectance from a mixer with a microparticles 
RTE  Reflectance coefficient for light with transverse electric polarisation 
RTM Reflectance coefficient for light with transverse magnetic polarisation 
s Circumferential stress of an inflated tube [N.m-2] 
S  Mean scattered fraction of light entering an LSC 
S  The vector normal to the surface of a flat-to-round converter at point P and having a 

magnitude equal to the sheet thickness, t [m] 
S( ) Scattering spectrum [W.m-2.nm-1] 



 
xv

S( ) Spectral intensity of sunlight of wavelength  [W.m-2.nm-1] 
S( ) Spectral intensity of sunlight of wavelength  [W.m-2.nm-1] 
SCATS Sunlight Collecting And Transmission System 
ST Side-loss of an optical system i.e. the fraction of light that is transported laterally for 

a sufficient distance so that it does not enter the entry port of the detector 
t Thickness of a sheet measured perpendicular to the surface [m] 
t Wall thickness of an inflated tube [m] 
T Transmittance of an optical system 
T  Mean tails transmission for light entering an LSC 
T( ) Transmission spectrum a LSC sheet 
T(z) Distance between the inner and outer surfaces of a flat-to-round converter in the y-z 

plane at distance z from the entry face [m] 
Tdiffuse Hemispheric forward transmittance diffuse transmittance of a skylight or other 

diffuser sheet 
TIR  Total Internal Reflection 
TRIMM  Transparent Refractive Index Matched Microparticle 
Tspecular Specular transmittance; for a TRIMM system the fraction of rays completely 

undeviated scattering  
U Symbol for étendue used by some workers. This thesis uses G [sr.m2] 

UTS University of Technology, Sydney 
w Width of the collector sheet [m] 
wC Width of clear reference sheet [m] 
wD  Width of a dyed LSC [m] 
wdet Width of detector port on integrating sphere [m] 
wi(z) Arc length of the inner surface of a transverse cross section of a flat-to-round 

converter at distance z from the entry face [m] 
wo(z) Arc length of the outer surface of a transverse cross section of a flat-to-round 

converter at distance z from the entry face [m] 
W Work [J] 
x Lateral distance on an LSC measured from the entry surface [m] 
x Number of microparticles encountered by a ray 
x  Mean number of microparticles encountered by a ray over a specified distance 
dx Length interval represented by each measurement [m] 
y( ) Standard photopic response of human eye 
yo(z) y value of the exterior surface of a flat-to-round converter in the y-z plane [m] 
zi z coordinate of the bottom of the exit ring in a flat-to-round converter [m] 
zo z coordinate of a sidewall at the exit ring in a flat-to-round converter [m] 
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Greek Symbols 

  Linear particle density i.e. the number of particles per metre intercepted by a straight 
line drawn through a TRIMM-doped light guide [m-1] 

 Attenuation coefficient at wavelength m  
d(  Dye-related attenuation coefficient (including the effects of dye photodegradation, if 

applicable) m
g( , l) Attenuation coefficient for losses due to light guide geometry m  
m Matrix attenuation coefficient, assumed independent of wavelength m  

Exponential loss coefficient averaged over all rays m  
  Semi-cone angular component of a ray's deviation, relative to the previous direction 

of the ray [rad] 
 Mean deviation angle of the rays interacting with a single TRIMM microsphere [rad] 

(h)  General expression for deviation angle of a ray impacting a TRIMM sphere, in terms 
of the impact ratio h [rad] 

geom  Deviation angle at the geometric limit [rad] 
median  Median deviation angle of the probability density distribution of the deviation 

f( ) [rad] 
median Median deviation angle of the rays interacting with a single TRIMM 

microsphere [rad] 
L Spectral intensity at the collection edge of an illuminated LSC sheet [W.m-2.nm-1] 
 Emission power spectrum of fluorescent dye [W.m-2 nm-1] 

abs Fraction of light incident on an LSC collector stack that is absorbed by the dye 
molecules 

conduit Transport efficiency of an LSC system’s optical conduit(s) 
coupler Fraction of the light reaching a LSC sheet’s collection edge that is coupled into the 

optical conduit(s) 
cover Fraction of light transmitted by the protective cover 
direct Fraction of light from a light extractor that is directed to usefully illuminate a room 
e( )  Energy-to-energy conversion efficiency of fluorescent dye (average emitted photon 

energy/incident photon energy) 
extract Extraction efficiency of a light extractor 
geom Geometric efficiency of a LSC sheet (i.e. losses due to the sheet not being a perfect 

rectangular prism) 
l-l  Lumens-to-lumens efficiency of a LSC system (output lumens/input lumens) 
lum-lum Ratio of the luminous efficacy for a dye molecule of the emitted light to that of the 

absorbed light. Note that lum-lum can exceed 100% 
material Efficiency of a LSC sheet due to material properties including: dye self-absorption, 

absorption by the matrix, scattering by dye particles, scattering by the matrix 
and absorption at the sheet’s end mirror 

quant Photon-to-photon quantum efficiency (photons out/photons in) 
sheet Fraction of the fluorescently emitted light that reaches a LSC sheet’s collection edge 
TIR Fraction of the fluorescent emission is trapped inside a LSC sheet by total internal 

reflection at the top and side surfaces 
 Altitude angle between ray and normal to collector surface [rad] 
crit Critical angle [rad] 
diffuse Half-width of diffuse radiation form a skylight or other diffuser [rad] 
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i Angle of incidence of external light entering a collector sheet [rad] 
sun Half-width of specular solar radiation [rad] 
 Lumens per watt conversion factor (683 lm W-1) [lm W-1] 

Wavelength of light [nm] 
The average wavelength of photons emitted by the dye molecule [nm] 

 Wavelength interval [nm] 
 Wavelength of light incident on a LSC [nm] 

μ  Difference of the relative refractive index, m, from 1 
  Spectrometer integration time [s] 
 Azimuthal angle on x-y plane between ray and positive x-axis (long axis) [rad] 
 Angle between the geometric cross section surface and the effective cross section 

surface [rad] 
 Inclination of the end surface of a light guide [rad] 
 Misalignment angle between two components [rad] 

 Radiant flux of a source [W] 
  Critical angle at the collector-air interface (chapter 7 only – the rest of the thesis  

uses crit) [rad] 
 Mean half-cone angular spread of light in the cross-sectional plane of a light 

guide [rad] 
 Emission solid angle of a source [sr] 
 Solid angle [sr] 
 Solid angle of a light field at a given point [sr] 
 Solid angle subtended by a source [sr] 
 Vector of magnitude  in the central direction of a light field that has a solid angle 

of  [sr]  
escape Solid angle of the escape cone [sr] 
extractor Solid angle subtended by the LSC component of light from hybrid LSC-LED light 

extractor [sr] 

LED Solid angle subtended by light from an LED [sr] 

max Maximum possible solid angle of light confined in the system at a specified cross 
section [sr] 

max mer Maximum solid angle of meridional light trapped inside an optical fibre [sr] 
max rect Maximum solid angle of light trapped inside a rectangular light guide [sr] 
max sheet Maximum solid angle of light trapped inside a sheet [sr] 
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Abstract 

The difficulty of directing daylight deep into the heart of buildings means that much artificial 

lighting is required during the day, which substantially increases energy costs for lighting and 

air conditioning. This thesis explores the feasibility of daylighting with luminescent solar 

collectors. 

An LSC is a stack of thin sheets of polymer doped with fluorescent dyes. Sunlight 

entering the sheets is absorbed and emitted isotropically at longer wavelengths. 75% of this 

emission is trapped by total internal reflection and propagates towards the sheets’ edges. A 

special coupler channels some of this light into a flexible optical fibre that guides it to a remote 

luminaire. High quality white light with zero excess heat is produced by appropriate dye use. 

LSC’s collect both diffuse and specular sunlight, so their luminous output is only weakly 

affected by light clouds. 

The best previous LSC’s for daylighting gave an outdoor-to-indoor lumens-to-lumens 

efficiency of only 0.2%. This project achieved an efficiency of 5%. 

The basic tool for optical design was étendue analysis. Key results are: i) the system’s 

cross sectional area must not decrease along the optical path, ii) the collector sheets need a high 

aspect ratio, and iii) an often neglected requirement for a solid optical system with no air gaps. 

Other optical design problems solved include high-efficiency flat-collector-sheet to 

cylindrical-optical-fibre couplers and high-efficiency light extractors (which boost output by 

approximately 50%). 

Major advances in mechanical design resulted in several new practical solutions 

including: strong, enduring optical joints; mass produced collector-sheet to optical-fibre 

couplers using injection moulding with demonstrated efficiencies of 96%; affordable flexible 

light guides; high-performance cover materials; roof and façade mounting; and reduced mass. 

Required system performance is impossible without high quality LSC sheets. Maximising 

fluorescence yield involves detailed understanding of the roles of: dye quantum efficiency, 

Stokes shift, long wavelength absorption “tails”, dye dispersion, light transport inside a sheet 

and long term sheet stability. A substantial improvement in the performance of collector sheets 

was achieved. 

Solutions to all the key problems for daylighting with practical LSC systems have been 

demonstrated using outdoor mounted collectors channeling light to indoor spaces, with one key 

exception: the increase in absorption tails over the long term. Techniques were developed for 

measuring this weak tails absorption, which significantly reduces light output from the required 

long collector sheets. Suggestions are made as to its cause, and possible methods of its 

reduction.  
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1 INTRODUCTION  

1.1 MOTIVATION FOR THIS WORK 

Daylight is an underused resource that has the potential to improve the quality of indoor 

lighting, as well as substantially reducing energy costs. Artificial lighting is one of the major 

sources of electrical energy costs in office buildings, both directly through lighting energy 

consumption and indirectly by production of significant heat gain, which increases cooling 

loads (Lam & Li 1999). A number of studies have shown that effective use of daylighting in 

conjunction with artificial lighting can produce significant energy savings in office buildings 

(Balaras et al. 2002; Ne'eman 1984; Rutten 1994). The excellent colour rendering properties of 

daylight and its close match to the photopic response of the human eye make it an ergonomic 

light source that is generally preferred for pleasant working conditions (Robbins 1986). Thus 

the use of daylight to supplement artificial lighting has proven beneficial for minimizing energy 

usage and improving lighting quality. 

Daylighting in perimeter zones of buildings is readily achievable through careful window 

design (Inoue 2003; Li & Lam 2001), although relatively little work has been done investigating 

mechanisms to transport daylight to remote rooms. For regions further away from the window 

façade reasonable daylighting is possible with light shelves (Compagnon, Scartezzini & Paule 

1993; Page, Kaempf & Scartezzini 2003), or laser-cut light deflecting panels (Edmonds 1993). 

However, these systems are only capable of transporting daylight over relatively small distances 

and can be very difficult to retrofit to existing buildings. 

Various mirror light pipe systems have been proposed for daylighting of deeper interior 

spaces with light pipes (Chirarattananon, Chedsiri & Renshen 2000; Pohl & Anslem 2002; 

Rosemann & Kaase 2005; Zastrow & Wittwer 1986a), but these systems can be fairly complex, 

and to date they are all still at a prototype stage. There are a number of fundamental problems. 

First, attenuation per metre is high unless the light pipes have a large diameter or use ultra-high 

reflectivity materials (such as multi-layer polymeric films similar to 3M® VM2000®), which are 

very expensive. Second, it is difficult to bend the light pipes so installations require an 

unobstructed path from the roof to the luminaire, which is often impractical in existing 

buildings. Third, the reflection off the cylindrical mirror surfaces leads to the formation of 

caustics and very uneven illumination (Swift, Smith & Franklin 2006) that many consumers 

find objectionable (Bonello 2003; Lynch 2000). Our experiments show that this can be 

overcome with negligible losses (Swift, Smith & Franklin 2006) by using a diffuser doped with 
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special materials such as Transparent Refractive Index Matched Microparticles, also called 

TRIMM (this material is the subject of chapter 5). 

An alternative approach is to use a computer controlled sun-tracker with a Fresnel lens or 

parabolic mirror that focuses concentrated sunlight onto a bundle of optical fibres, such as those 

shown in Figure 1.1. The flexibility and low attenuation of the optical fibres means that the 

sunlight collector can be retrofitted to existing buildings on a roof or wall a considerable 

distance from the luminaire. The first stage of this daylighting project investigated computer 

controlled sun-trackers that focus light into a solid cored optical fibres. However, focusing 

systems inherently can only concentrate the specular portion of sunlight. Even thin clouds can 

reduce the specular component of sunlight to almost zero, despite the fact that their effect on 

total lux levels is small. Measurements made as part of this project showed that for Sydney the 

specular component of sunlight frequently dropped to almost zero within a few seconds as light 

clouds moved across the sun. Further, even in summer there were relatively few long periods of 

cloudless sky. This problem is inherent to any focusing system. Luminescent solar collectors 

promised superior performance with their ability to fully utilise diffuse light. Accordingly, the 

focusing sun-tracking approach was discontinued without building any prototypes. 

This appears to have been the correct decision. It is noteworthy that despite a 

considerable drop in the cost of computer controls, there is still no commercially successful sun 

tracking system that focuses light onto an optical fibre. Available systems, such the Parans® SP3 

(Parans Solar Lighting AB) shown in Figure 1.1(b), remain expensive niche products with 

negligible market penetration. 

 

 

(a) 

 

(b) 

Figure 1.1  (a) A two axis sun tracker that uses a single large Fresnel lens to focus the specular component 
of sunlight onto an optical fibre for remote illumination (Solar Magazine 2002). (b) A Parans® two-axis 
sun tracking system that uses multiple small lenses to focus sunlight onto individual small optical fibres 
(Parans 2011). 
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Another possible approach is to use photovoltaic panels on the roof or façade of a 

building to generate electricity and to deliver the power via wires to a remote lamp. Electrical 

wiring is cheap and would permit optimal locations of the PV panels and lamp. The high cost 

and low efficiency of existing photovoltaic panels and the relatively low luminous efficiency of 

current electric lights (including LEDs) mean that this option is not currently viable. However, 

PV cost and efficiency is constantly improving and the luminous efficacy of lamps is rising. So 

this method may become cost competitive. 

1.2 LUMINESCENT SOLAR COLLECTORS 

What is needed is a way of collecting the diffuse component of sunlight as well as the specular 

component as the sum of these components is much more stable than the specular light. This 

light then needs to be coupled into optical fibres so that it can be easily distributed deep inside 

existing buildings as shown in Figure 1.2 after (DayRay 2009). This thesis explores the 

scientific and commercial feasibility of using a luminescent solar collector to collect solar 

radiation and ways of coupling that light into large diameter solid core optical fibres to 

illuminate rooms throughout an existing building. 

 

Figure 1.2  Schematic of a luminescent solar collector capturing sunlight and coupling the light into 
optical fibres that distribute the light throughout a building. 

A luminescent solar collector is a thin sheet of a transparent matrix doped with a 

fluorescent luminophore. Sunlight entering the sheet is absorbed and emitted isotropically at a 

longer wavelength. Total internal reflection traps most of the emission inside the light guide. 

This thesis will concentrate on LSC’s made from a polymer doped uniformly with a fluorescent 

dye, as illustrated in Figure 1.3. Alternative designs are considered in section 8.1. 
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Figure 1.3  Schematic cross section of a luminescent solar collector sheet. 

Approximately 75% of the fluorescently emitted light is trapped inside the sheet by total 

internal reflection and propagates towards the sheet’s edges. The Stokes shift between the 

absorbed and emitted light means that the tendency for re-absorption is minimized and a 

considerable fraction of the fluorescently emitted light reaches the sheets edges, as shown in 

Figure 1.4 from (Acrylite 2012). Since the surface area of the edges is much smaller than the 

surface area of the entry surface, the light at the edges is highly concentrated compared to the 

received light. It is important to note that this concentration works equally well for diffuse light 

and specular light. Another important feature is that the edge light has no infrared component. 

Thus a LSC can potentially provide light without excess heat. 

 

Figure 1.4  The edges of fluorescent sheets are bright because light is collected over the large flat surfaces 
and transported by total internal reflection to the much smaller edges. 

LSC’s have been extensively studied since the mid-1970’s, primarily as concentrators for 

photovoltaic applications with solar cells bonded to the edges of LSC collector sheets (Debije & 

Verbunt 2012; Hermann 1982; Reisfeld & Jorgensen 1982; Soti et al. 1996; Weber  & Lambe 
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1976). Another key application of LSC’s is outdoor signage with particular benefits for 

maintaining contrast ratios in daylight due to increased luminescent output at high solar 

illuminance (Element Displays Dr Wiemer GmbH 2012). This contrasts to conventional 

electronic signage that is often unreadable in bright sunlight. There is also intriguing recent 

experimental work on a LSC based “smart window” that uses a fluorescent dye-doped 

liquid-crystal solution between electrically conductive plates for adjustable window opacity and 

solar cells around the window’s periphery for power generation (Debije 2010).  

The small amount of experimental work done prior to this project’s beginnings on 

daylighting with LSC’s by workers such as (Zastrow & Wittwer 1986b) showed considerable 

potential, and provided some of the motivation for this study. 

A single collector sheet gives light of one colour. As shown in Figure 1.5 after (Earp et al. 

2004b; Smith & Franklin 1996; Smith & Franklin 2000), the output from a three-layer stack of 

violet, green and pink collector sheets can be coupled to thin flexible light guides and combined 

to make white light for useful remote illumination. 

QuickTime™ and a
 decompressor

are needed to see this picture.

 
Figure 1.5  Schematic of a three colour LSC stack connected to light guides and a luminare. 

In this design each coloured LSC sheet consists of a clear poly(methyl methacrylate) 

(PMMA) matrix that is as thin as possible, and much longer than it is wide. Typical collector 

sheet dimensions are 1200 mm x 250 mm x 2.0 mm. Each LSC sheet is doped with a coloured 

fluorescent dye with the sheet absorbing the shortest wavelengths on the top of the stack and the 

longest wavelength absorber on the bottom. For the purpose of light transport, these collectors 

are coupled with optically clear glue to thin clear PMMA light guides up to 5m in length. Thus 

daylight can be transported to underground rooms or windowless rooms in the centre of a 

building. By appropriate selection of dyes, white light output can be produced, giving a good 

match with the colour of daylight. 

Ideally the topmost sheet of the collector stack would emit blue light. However, there are 

no known stable high quantum efficiency dyes emitting only blue light and there are good 
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theoretical reasons for believing that there are unlikely to be any available in the foreseeable 

future (Böhm 1997, 2004). Accordingly, this project used a violet dye (BASF Lumogen® 570), 

although this is sometimes referred to as a blue dye. 

Optical transport of daylight using an LSC stack operates by the following process. Solar 

energy enters the stack where it may be absorbed and randomly re-emitted by the violet dye in 

the top sheet. If the emitted photon travels below the critical angle with respect to the top or side 

surface of the sheet (42o for PMMA), it will leave the collector. Otherwise it will be totally 

internally reflected to the end of the collector, then through the light guide to the luminaire. 

Photons that are not absorbed by the violet dye may be transmitted through to the next sheet, 

where they may be absorbed and re-emitted by a fluorescent green dye. Highly reflective 

mirrors are fixed to the back edge of each sheet to reflect photons that are originally directed 

away from the light guides. Some emitted photons may also leave each sheet at its base, and 

enter the pink sheet at the bottom of the stack, where they may be subsequently re-absorbed and 

re-emitted. A white base plate is placed underneath the pink sheet to reflect any light reaching 

the base of the stack, thus increasing the absorption efficiency of the stack. 

Although total internal reflection effectively transports light to the end of the light guides, 

a large quantity of this may be trapped, as shown in Figure 1.6. Assuming the dye molecules 

emit isotropically, approximately 1/8 of the emitted light will be lost at each of the six surfaces 

of the sheet. In an ideal system with no self-absorption or matrix scattering, the remaining 

1 6 1 / 8 2 / 8 of the total emitted light falls within an angular range such that it is totally 

internally reflected at every surface and is totally trapped within the system. A mirror at the 

back edge reflects light that would ordinarily leave through the back edge, and most of this light 

is transported through the light guides to the luminaire. In summary, with no losses 2/8 of the 

total emitted light will leave the system at the collection edge, 2/8 is lost through the sides, 2/8 

is lost through the top and bottom surfaces and the remaining 2/8 is trapped, and will at some 

stage reach the collection edge. Provided no air gaps exist between the collector and the light 

guides, 4/8 of the light can travel to the collection edge. That is to say that approximately half of 

the light reaching the collection edge will naturally leave through this edge and the other half is 

trapped inside the light guide. 

 

Figure 1.6  Trapped light is totally internally reflected at all surfaces. 



 
7

Most of the trapped light can be extracted by installation of an appropriate light extractor 

in the luminaire. Light extractors are (patented) devices added to the end of a light guide that 

convert otherwise useless trapped light into useful end light (Franklin 2001a). Chapter 6 

discusses the theory of light extractors and designs for practical high-efficiency light extractors. 

This thesis will explore the problems in designing and manufacturing a practical LSC. To 

assist the discussion, it is useful to consider the fundamental components of a luminescent solar 

collector system, as illustrated in Figure 1.7.  

It is obvious that a LSC has at a minimum a collector stack (usually made from flat sheets 

doped with a fluorescent dye, but other shapes are possible), an optical conduit (made from 

various types of light guide) and a luminaire (to direct the light in a useful direction). In 

addition, there must be some way of coupling the collector stack to the light guide that we will 

call the sheet coupler. For some designs, this is just the region where the collector sheets butt up 

against the light conduit with a thin air gap in between, but many workers have designed 

elaborate optical devices for sheet coupling. The design in Figure 1.5 uses thin rectangular strips 

of polymer as light guides. However, there is considerable interest in using round optical fibres 

as these are much more flexible and so much easier to install. In order to achieve this, the sheet 

coupler must somehow bridge the different form factors of the collector sheets and round light 

guides while leaking a minimum of light. This difficult problem will be discussed briefly in 

section 2.3.5 and at length in chapter 4. 

Absorbs sunlight and 
emitts fluorescnet light 
that is trapped by TIR

Collector stack
Transfers light from 
the  collector sheets 
to the light guides,  
making necessary 
changes in form factor

Sheet coupler
Uses TIR in one or 
more light guides to 
transfer the light 
several metres

Optical conduit

Low loss 
connection from the 
optical conduit to 
the luminaire

Luminare 
coupler Directs the light in the 

required direction into 
the room while 
minimizing glare

Luminaire

Sunlight in

Usefull illumination out

 
Figure 1.7  Schematic of a generic LSC system. 

There must also be some kind of coupling from the light conduits to the luminaire. Again, 

the luminaire coupler may be just an air gap or it may be an elaborate optical component. It is 

noteworthy that most workers do not explicitly consider the sheet coupler or the luminaire 

coupler, which usually has profoundly deleterious consequences for system performance.  

It is also useful to bear in mind some fundamental dimensions. First, there is no point in 

installing a LSC where a cheap window or skylight can do the same job: LSC’s only make sense 

where they can get light into a room where conventional means cannot. This means that the 

light guides will have to be several metres long. In practice, as discussed in section 4.4, this 
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means that the cost of the light guides dominates the cost of the LSC system. Second, it is 

obvious that the thinner the collector sheets the smaller the required cross section of the light 

guides (and hence the lower the cost of this very expensive component). Thus there are great 

incentives to make the collector sheets as thin as possible. 

The problem of making good LSC sheets is of such critical importance to the question of 

mass-producing LSC’s that the whole of chapter 8 and Appendix A will be devoted to this topic. 

We have had extensive discussions and on-site visits to manufacturers of fluorescent sheets in 

Spain, Germany, Japan and Australia, about the minimum practical thickness for collector 

sheets. There was a unanimous view that the minimum practical thickness of an individual sheet 

is 2.0 mm. See section 8.4 for details. 

Trials with LSC’s can only be conducted by using full-sized collector sheets. This sheet 

size is far beyond the production capabilities of any Australian laboratory or factory (Australia 

has closed down all cell-casting factories). Accordingly, custom manufactured fluorescent 

sheets were commissioned from manufactures using extrusion in Australia and Germany and 

cell casting in Spain, Germany, Japan, China and Indonesia. The optical quality of the extruded 

sheets was not acceptable because of problems with dye dissolution and the molecular weight of 

the masterbatch granules (see section 8.4.1 and appendix A.1 for details). Every cast sheet 

manufacturer experienced great difficulty in reliably meeting a thickness specification of 

2.0 mm. There are no obvious prospects for decreasing collector sheet thickness below this 

value. 

1.3 THESIS STRUCTURE 

Creating a practical LSC system for daylighting is a difficult task that requires the simultaneous 

solution of many complex problems including: optical design (a lack of understanding of the 

key role of étendue has reduced the efficiency of many prior LSC systems), mechanical design 

suitable for mass production and, most important of all, the mass production of high 

performance collector sheets. The first half of the thesis explores the physics of LSC’s from 

light generation, to light transport, to light extraction. We then consider the practicalities of 

making high performance collector sheets, with a particular emphasis on the key issues of 

extinction mechanisms and photodegradation. 

 

 Chapter 2 introduces the fundamental concepts for practical LSC’s and describes the 

advantages and problems of LSC’s as light collection systems. This chapter summarizes 

key concepts from later chapters, so there is some overlap with later sections. 
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 Chapter 3 explores the basic physics of LSC’s in more depth with particular reference to 

the role of étendue and trapped light. It will be shown that in many designs most of the 

fluorescent emission is trapped inside the system and cannot be used for illumination. 

 Chapter 4 examines ways of coupling light from the rectangular edge of collector sheets 

to round optical fibres. 

 Chapter 5 discusses light propagation in systems doped with microparticles that have a 

refractive index close to their host matrix. 

 Chapter 6 describes the nature of trapped light and how it may be extracted as useful 

illumination. 

 Chapter 7 examines the physics of light transport in LSC sheets including the problems 

of self-absorption. 

 Chapter 8 describes ways of making and testing high performance LSC sheets by mass 

production. 

 Chapter 9 examines extinction mechanisms in LSC sheets. This is a key issue as system 

performance is dominated by sheet extinction. 

 Chapter 10 describes experimental studies of the photodegradation of LSC sheets. 

 Chapter 11 contains the study’s conclusions and suggestions for further work. 
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2 FUNDAMENTAL CONCEPTS  

2.1 INTRODUCTION  

The purpose of a luminescent solar collector system is to capture and transport sunlight to 

illuminate an interior room. A key parameter for characterizing an LSC system in daylighting is 

the light-to-light efficiency, l-l. This is defined as the ratio of the output luminous flux, FL, to 

the incident luminous flux (i.e. lumens out/lumens in). From an LSC that has an effective area 

of, Aeff, illuminated by sunlight with an illuminance, Isol, the light-to-light efficiency is (Earp et 

al. 2004c) 

 l l
FL

Isol Aeff

 (2.1) 

LSC lighting systems built prior to this project had an efficiency of at most 0.2% 

(Zastrow & Wittwer 1986a) while this project achieved light-to-light efficiencies of better than 

5%. Achieving a useful output of say, 1,200 lumens at a solar illuminance of 100 Klux requires 

that the collectors have an effective area of 0.24 m2. It will be shown in section 3.1.5 that there 

are fundamental reasons for making the collectors sheets long and narrow. For a sheet length of 

1.2 m, the required width is 0.20 m. 

Equation (2.1) is deceptively simple and conceals a great deal of physics and some very 

challenging engineering. For a more detailed analysis we need to consider the action and 

interaction of every component of a LSC system shown in figures 1.5 and 1.7.  

The luminous flux incident on the collector stack is IsolAeff. The LSC collector sheets need 

to be protected by a suitable weatherproof cover so only some fraction, cover, of the luminous 

flux will reach the collector sheets. The cover sheet is doped with a UV absorbing compound to 

protect the collector sheets (the violet dyes being particularly prone to UV bleaching). 

Significant work was done in this project to find a material that completely blocked short 

wavelength UV (which damages violet dyes) while letting though a maximum amount of long 

wavelength UV (which that dye converts into violet/blue light). For these cover sheets the main 

loss is Fresnel reflection and cover = 90%. 

The dye molecules then absorb fraction abs of the light reaching the collector sheets. The 

dye molecules emit with a quantum efficiency of quant (for the dyes used in this project 

dissolved by the techniques described in section 8.3, quant > 0.95). The emitted light has a 

longer wavelength than the absorbed light. Because of this Stokes shift, the ratio of the 

luminous efficacy of the emitted light to that of the absorbed light, lum-lum, can exceed 100% (in 

other words, if the spectrum of the emitted light is a better match to the sensitivity of the human 
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eye than that of the absorbed light, the lumens emitted can exceed lumens absorbed) (Swift & 

Smith 2003).  

We then have to calculate the fraction of the fluorescently emitted light that reaches the 

sheets’ collection edges, sheet. There are several factors to consider. Only fraction, TIR, of the 

fluorescent emission is trapped by total internal reflection at the top and side surfaces. (For 

PMMA TIR = 48.4%, see section 3.1.8 for details). An ideal LSC sheet is a rectangular prism 

with constant thickness and perfectly smooth top and bottom surfaces that meet perfectly 

smooth side surfaces at infinitely sharp right angle edges. Deviations from this geometric ideal 

(e.g. surface roughness, thin spots in the sheet, rounded edges, etc) mean the geometric 

efficiency is, geom. Finally, there are losses due to material properties including: self-absorption 

by the dye, absorption by the matrix, scattering by dye particles, scattering by the matrix and 

absorption at the sheets’ end mirrors. These factors mean that in the absence of geometric 

losses, only fraction material of the trapped fluorescent radiation would reach the sheet’s 

collection edge.  

The sheet’s efficiency parameters are related by 

 sheet TIR geom material  (2.2) 

Referring to Figure 1.7, we see that fraction coupler of the light reaching the collection 

edges is then coupled into the optical conduits that transport the light to the luminaire with an 

efficiency of, conduit. The luminaire extracts the light reaching the end of the conduit with an 

efficiency of, extract. Some fraction, direct, is then directed to usefully illuminate the room (note 

that many luminaires for electric lamps have direct, < 50%). 

So we may rewrite equation (2.1) as  

 FL Isol Aeff cover abs quant lum lum TIR geom material coupler conduit extract direct  (2.3) 

where the term in brackets is equal to the light-to-light efficiency , l-l. 

Equation (2.3) is something of a simplification because, as shown in Figure 1.5, a real 

LSC system uses a multilayer stack of collector sheets (at least one for each colour) and there is 

substantial coupling between the sheets in the collector stack (Earp et al. 2004b; Earp et al. 

2004c; Smith & Franklin 1996; Smith & Franklin 1998; Swift & Smith 2003). However, this 

expression does capture the chain-like nature of the overall efficiency and makes it clear that the 

chain will be no stronger than the weakest link. The poor light-to-light efficiencies of prior work 

are due largely to the neglect of (and indeed lack of knowledge of the existence of) some of 

these efficiency factors. 

Note that equation (2.3) is the product of 11 efficiency factors. The protective cover 

developed for this project has a transmission of approximately 90%. The dyes have an average 
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quantum efficiency of about 93% and a lumens-to-lumens efficiency of approximately 100%. 

The PMMA matrix has a TIR capture efficiency of 48.4%. This means that in order to achieve a 

light-to-light efficiency of 5%, the (geometric) mean efficiency of the other seven terms must 

exceed 74%, which is quite challenging. 

One problem with equation (2.3) is that it implies that the various efficiency factors are 

all independent parameters. However, it is important to realize that this is not so and there can 

be a high degree of linkage between the various efficiency parameters. The principle mode of 

interaction is through changes in the amount of high-angle light i.e. rays that make a large angle 

to the system’s local optic axis. This topic will be explored in more detail in chapters 3, 4 and 6. 

Another problem with equation (2.3) is that it also implies that each individual efficiency factor 

is constant. However, this is definitely not so and has a profound impact on the commercial 

feasibility of LSC systems for daylighting. The key problem is photodegradation of the collector 

sheets which causes material to decrease with time. This topic is briefly explored in section 2.4 

and some length in chapters 9 and 10. 

2.2 SPECTRA OF FLUORESCENT EMISSION 

The collector sheets are the heart of any LSC and the system’s luminous output is proportional 

to their efficiency. In an LSC sheet the fluorescent dyes absorb and re-emit light isotropically, 

and due to total internal reflection the re-emitted light is highly concentrated on the small edges 

of the collector. If the design parameters are optimised, this concentrated light can provide 

sufficient illumination for natural room lighting. LSC systems appear to be the most compatible 

solar collectors for use with flexible solid light guides since they collect and deliver sunlight 

very simply without requiring any tracking, and their output is easily and efficiently coupled to 

a flexible optical fibre by using a flat-to-round converter (Franklin & Smith 2004b). These 

essential components are described briefly in section 2.3.5 and in more depth in chapter 4. 

Good transport efficiency of light within the collector sheets is essential because much of 

the fluorescent emission has to travel a considerable distance to the collection edge (the average 

path length inside the collector sheet is over a metre). Now transport efficiency always depends 

on sample dimensions. This means that the output of LSC system does not scale linearly with 

collection area (unlike most solar collector systems). In fact, it will be shown in chapter 7 that 

increasing the length of a collector sheet beyond a certain size gives very little extra luminous 

output (see Figure 7.9). 

In order to model the performance of an LSC, it is important to know a number of key 

parameters. In photovoltaic applications of LSC’s the most commonly used parameters for 

performance evaluation are collection efficiency or transport loss - the fraction of absorbed 

photons lost during transport; flux gain - increase in photon flux incident on solar cell produced 
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by using an LSC; and electrical efficiency - electrical energy output divided by solar energy 

input (Batchelder, Zewail & Cole 1979a). These performance parameters can be theoretically 

modelled using conventional mathematical techniques (Batchelder, Zewail & Cole 1981), or 

Monte Carlo simulations (Carrascosa, Unamuno & Agullo-Lopez 1983; Wittwer, Goetzberger 

& Heidler 1982). For lighting applications of LSC’s the performance parameters are similar, but 

the final focus is on light-to-light efficiency rather than solar-to-electrical efficiency. Light-to-

light efficiency is governed by the spectral sensitivity of the eye, while solar-to-electrical 

efficiency depends on the spectral sensitivity of solar cell output. In this thesis, LSC 

performance is described mainly in terms of light-to-light efficiency (lumens at collection edge 

divided by incident solar lumens) and total lumen transport loss within the LSC. Modelling that 

takes account of individual photon processes is presented in section 7.2, while the efficiency 

and transport parameters describing total visible spectral performance are discussed in section 

7.4 

If the light output of an LSC is to be successfully optimised it is important to distinguish 

between dye-related losses (scattering and absorption) and losses due to the material properties 

of the matrix. Ways of measuring the relative contributions of these various processes will be 

discussed in chapters 7, 8 and 9. 

Discovering the optimum dye concentration plays a major part in the optimisation of the 

light output. Chapter 8 describes the patented procedure (Franklin & Smith 2004a) that was 

developed for finding the optimum dye concentration. The main influence of dye concentration 

on loss is due to self-absorption loss (see section 2.4 and chapter 9 for measurements of the 

relative contributions of dye related absorption and scattering). Self-absorption occurs when the 

dye’s extinction and emission bands overlap. This is illustrated in Figure 2.1 which shows the 

absorption and emission spectra for the red fluorescent dye Lumogen® F300. If a photon is 

self-absorbed, the combined loss rate due to non-emission (the absorbed photon is degraded to 

heat) and immediate escape (the fluorescently emitted photon is not trapped by total internal 

reflection) is (1 quant TIR ) (1 0.95 0.48) 54%. This high loss rate, combined with the 

long path length for trapped light (averaging over a metre), means that very little of the light 

emitted in the overlap bands will reach the LSC’s collection edge. 

Figure 2.1 also shows the measured emission spectrum from a 1.2 m long LSC sheet 

doped with 40 ppm of Lumogen® F300 red dye. It is clear that almost no photons from the 

overlap region of the absorption and emission bands reach the LSC’s exit surface. This 

wavelength selective loss causes a considerable shift in the colour of the LSC’s output spectrum 

as compared to that of the dye. For the red collector sheet this spectral shift to longer 

wavelengths decreases the luminous efficacy of the light. However, in the cases of the violet 

and green sheets, the self-absorption leads to the spectrum being shifted toward the peak 
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sensitivity of the eye, so that there is an increase in the luminous efficacy of those spectra. In a 

LSC system the green sheet typically provides the bulk of the lumens with the relatively small 

amount of light from the violet and red light collector sheets being used for colour balance to 

achieve good colour rendering. This means that the increase in the luminous efficacy of the 

green and violet sheets significantly outweighs the decrease in the red sheet (Swift, Smith & 

Franklin 1999b). 

Section 7.2 uses the measured spectral absorption and emission spectra of the dyes to 

construct a model of luminous output of an LSC. The theory and the experiments described in 

that section formed the basis for a patent on methods for optimising the dye concentration of an 

LSC sheet (Franklin & Smith 2004a). A theoretical output spectrum calculated using the 

methods of section 7.2 is also plotted in Figure 2.1. The agreement between the calculated and 

measured spectra for the LSC sheets is very close. 

 

QuickTime™ and a
 decompressor

are needed to see this picture.

 

Figure 2.1  Measured spectra of dye absorption (- - -) and dye emission (…… ) along with the associated 
measured (–– ) and calculated ( — ) emission spectra for a 1.2 m LSC doped with Lumogen® F300 (red). 

2.3 LIGHT TRANSPORT AND EXTRACTION IN LSC’S 

2.3.1 Light Distribution Inside a Rectangular Light Guide 

For a material with a refractive index, n, the critical angle, crit  is 

 crit sin 1 1
n

 (2.4) 

A photon of sunlight enters the sheet where it may be absorbed and another photon is 

randomly re-emitted at a longer wavelength by the fluorescent dye with a quantum efficiency of 
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quant. For all effective purposes, the emitted light is completely isotropic. As shown in Figure 

3.4, if the emitted photon travels below the critical angle with respect to the top or side surface 

of the sheet (42o for PMMA), it will leave the collector. Otherwise, it will be totally internally 

reflected and will be confined inside the sheet by TIR until it reaches one of the sheets edges or 

is absorbed by an impurity or by a dye molecule (the great majority of known fluorescent dyes 

have significant self-absorption). Light reaching an edge will escape if the angle of incidence is 

less than the critical angle, or be totally internally reflected if the angle of incidence is greater 

than the critical angle. The precise pattern of the light field is explored in some detail in section 

6. 

The key point is that because the original fluorescent emission is isotropic, the light field 

inside the collector sheet has the largest possible solid angle for light confined within the sheet. 

Critical angle, crit

TIR

Forward half of the loss cone

Isotropic 
emission 
by dye 
molecules

 

Figure 2.2  Emission inside a sheet of refractive index n showing TIR and the forward halves of the  
four side loss cones. 

2.3.2 Étendue 

The patent literature has a large number of LSC designs, many of them hopelessly impractical. 

The key problem is that very few inventors appear to understand the concept of étendue and the 

fundamental limitations it places on LSC performance. 

Étendue is a key parameter in understanding the theoretical limits of linear non-imaging 

optical systems such as LSC's. It characterizes how “spread out” a light field is in terms of area 

and angle. Suppose we have a light field in a light guide of refractive index n, cross sectional 

area A as shown in Figure 2.3. The light crossing an infinitesimal area, dA, with associated area 

vector, dA, has a solid angle of  and we form a vector, , of magnitude  in the central 

direction of the light.  
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Figure 2.3  Definition of étendue in a light guide of cross sectional area A for light with a solid angle of . 

The étendue of the light guide, G, is defined by  

 G n dA
A

 (2.5) 

 (Note that some authors use the symbol U for étendue.)  

If the light field is uniform across the light guide and we measure the cross sectional area 

perpendicular to the central direction of the light (which is usually parallel to the light guide’s 

axis of symmetry), then equation (3.1) can be simplified to 

 G n2 A  (2.6) 

There are many proofs that étendue cannot decrease as light propagates through a linear 

optical system and this will be discussed at some length in section 3.1. There are formal 

analogies between étendue and Liouville’s theorem in statistical mechanics which can be 

developed in some detail (Welford & Winston 1989, pp. 223-8). It follows from this linkage of 

étendue and entropy that it is not possible to decrease the étendue of a linear system, as doing so 

would violate the Second Law of Thermodynamics. This means that if étendue decreases along 

a linear optical system then some of the light entering the system must escape or be absorbed. If 

we calculate the étendue at various positions along an optical system then the smallest étendue 

will set the limit for the entire optical system. See section 3.1.2 and 3.1.5 for more details and a 

brief discussion of étendue in non-linear systems. 

Figure 2.4 shows the effect of a thin section in a light guide that is confining light that has 

the maximum possible solid angle for that light guide (e.g. the inside of a LSC collector sheet). 

In the entry section the étendue of the light matches that of the light guide so there are no losses. 

In the thin section the étendue of the light guide decreases so that it is smaller than that of the 

light in the entry section. However, by the Second Law of Thermodynamics, the light’s étendue 

cannot decrease. This means that some of the light must escape. (As the high-angle light is 

“squeezed” its angle increases to the point where it is no longer confined by total internal 

reflection). If the section beyond the narrow section is smooth then the light adiabatically 
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expands to fill the light guide. Individual rays that make it past the thin section end up with the 

same angle as before that section. The fraction of the light that is lost depends upon the angular 

distribution of the entering light. If that light is uniformly distributed then equation (3.2) shows 

that an x% decrease in the thickness of a light guide sheet will cause an x% decrease in cross 

sectional area and hence an x% decrease in the amount of light inside the light guide. For cell-

cast fluorescent sheets thickness variations can reach 10%. For extruded or continuously cast 

sheet the thickness variation is typically <1% over the length of a LSC collector sheet. 

High-angle light escapes

Low-angle light is unchanged

 

Figure 2.4  Effect of a thin section in a light guide. The thickness variation is exaggerated for clarity. 

Almost all designs for LSC’s have joints between components. These joints are typically 

either an air gap or an optical joint consisting of a thin layer of a polymer that has a similar 

refractive index to the components (care being taken to ensure that the polymer has no bubbles 

and is fully bonded to each component). It will be shown in section 3.2 that for prior art 

systems, the limiting étendue of the joints is considerably less than that of the other components 

in the optical train. This means that the joints can have large impacts on the theoretical 

maximum performance of the LSC system (Franklin 2001a) in ways that are not well 

understood by most workers “with ordinary skill in the art”. 

2.3.3 Trapped Light 

Before going any further, it is important to make distinctions between the different categories of 

light within a LSC system (Earp, Franklin & Smith 2005). Consider a LSC consisting of a 

rectangular block of transparent dielectric with perfectly parallel sides, doped with a fluorescent 

dye. Light is emitted isotropically from the dye molecules, so that a small fraction (referred to 

as ‘endlight’) will strike the end surface inside the critical angle cone and escape, as shown in 

Figure 2.5(a). By connecting a clear light guide to this edge, the endlight can be used as a light 

source. It can be seen from Figure 3.4 that a considerably larger fraction (referred to as ‘side 

loss’) will escape through critical angle loss cones at the top, bottom and sides of the block. 

Some of the side loss cones can be converted to endlight using suitable reflectors (Franklin 

2001a). The remainder of the light is ‘trapped light’, and does not escape at any of the surfaces 

of the LSC. When a clear light guide is attached to the end of the LSC sheet, without any air gap 
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(however small), both the endlight and the trapped light enter the light guide and will undergo 

total internal reflection and travel to the end of the light guide. Approximately 91% of the 

endlight will escape upon striking the light guide’s end surface with the remaining 9% being 

trapped by Fresnel reflectance. It has been shown elsewhere that the light reaching the end of 

the light guide is approximately half endlight and half trapped light (Earp et al. 2004b; Franklin 

2001a). Therefore approximately half of the available light remains trapped within the light 

guide (as illustrated in Figure 2.5(b)), unless the end surface of the light guide is given special 

treatment. 

 

Figure 2.5 (a)  Endlight can pass through an end surface of a light guide, whereas (b) trapped light is 
totally internally reflected at all surfaces. 

It is a fundamental principle of linear optics that no optical system in which all the light 

enters from outside the system can ever have any trapped light. This is because light trapping 

requires that once light is generated within a system, it must be totally internally reflected off all 

surfaces. However, all linear optical systems are time reversible (Pedrotti & Pedrotti 1987). So 

in these systems, if light can pass in through a surface at a particular angle, then light traveling 

in the exact opposite direction will pass out through that surface. 

If light enters a light guide system from the outside and is reflected from the far end, it 

will tend to reach the entry surface with an angle similar to that with which it started, and will 

thus be able to pass through that surface and so escape from the system. This means that any 

optical system in which the light enters from an external source can have no trapped light. 

Only light sources that generate light inside a material can produce internally trapped 

light. Examples of internal light sources are fluorescent molecules and electron–hole pairs in 

semiconductor light emitting diodes. A substantial portion of the emission from such sources is 

often completely trapped within the system by total internal reflection (Saleh & Teich 2007, pp. 

689 - 92). The key point is that some of this internally generated light can travel on a closed 

path that cannot be duplicated by light entering from the outside. 

2.3.4 Light Extractors 

Light extractors are devices added to a the end of a light guide that convert otherwise useless 

trapped light into useful end light (Franklin 2001a). They are required because the étendue of a 

light guide coupled to a LSC sheet can significantly exceed the étendue of free space (the 



 
19

étendue of various parts of a LSC system are calculated in section 3.1). This means that as 

shown in Figure 2.5, a considerable fraction of light inside a light guide will be reflected by a 

perpendicular end surface as trapped light. Étendue is proportional to cross sectional area so one 

method of extracting the trapped light is to increase the light guide’s cross sectional area in the 

terminal zone, as shown in Figure 2.6 from (Franklin 2001a). This design works but has the 

defect of requiring a large volume of plastic, which can be quite expensive. 

QuickTime™ and a
 decompressor

are needed to see this picture.

 

Figure 2.6  Expanded area light extractor (66) connected by an optical joint (67) to flexible thin 
rectangular light guides (58). 

An alternative approach is shown in Figure 2.7(b) from (Earp et al. 2004b). Here the light 

extractor has a diffusely reflecting white coating on its rear and side surfaces. When trapped 

light enters the extractor it (by definition) undergoes total internal reflection at the exit face and 

is reflected back to the diffusely reflecting white rear surface. This reflects the light with a 

random orientation so that much to this light can now pass though the exit face. The fraction 

that does not escape is reflected by TIR back to the rear-diffusing reflector and the process 

continues until (i) the light enters free space via the exit face, (ii) the light is reflected back 

down the light guide, or (iii) the light is absorbed by the matrix or the white diffuser. For a well-

made light extractor, the efficiency of converting trapped light into useful illumination is about 

90%. 

Diffusely 
reflecting white 
surfaces

(a) (b)

LSC light guide

 
Figure 2.7  (a) A perpendicular end surface reflects almost half of the available light. (b) Extraction of 
trapped light by a luminare with expanded area and diffusely reflecting white surfaces. 
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2.3.5 Flat-to-Round Converters 

The thin, flexible sheet type light guides described in section  1.2 were a considerable advance 

on the existing state of the art. However, they have somewhat limited flexibility and optical 

grade PMMA sheet is expensive. Solid core optical fibres have lower attenuation and are much 

more flexible. This means that it is highly desirable to somehow couple the light from a 

multicolour set of fluorescent collectors into a solid core optical fibre. At the start of this 

Daylighting project there was no known method of efficiently coupling fluorescent emission 

from (with its maximal solid angle) the rectangular side of a collector sheet to a cylindrical 

optical fibre. (The patent literature is full of attempts, but they all lack of consideration of 

étendue and have excessive fibre cost, as described in section 3.2). 

It is clear from section 2.3.2 that the local maximum étendue must not decrease between 

the rectangular entry portion and the circular exit portion. In practice, since the light typically 

fills each component and everywhere has the largest possible solid angle, this means that the 

cross sectional area must not decrease. (If the cross section does decrease then this will cause 

large light losses, similar to those in Figure 2.4.) 

The basic design is to “curl the sheet up” to a circular cross section and to then 

adiabatically collapse the hollow ring to a solid cylinder that is connected via an optical joint to 

a solid core optical fibre (Franklin & Smith 2004b). Section 4.6 describes how a version of this 

design was developed for injection moulding. The resulting flat-to-round converter, illustrated 

in Figure 2.8, has a measured transfer efficiency of 96%.  

 

 

Figure 2.8  An injection-moulded flat-to-round coupler fed by a green LSC sheet feeding light to a solid 
core optical fibre.  
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2.4 EXTINCTION IN LSC SHEETS 

One of the most significant remaining technical obstacles preventing widespread 

utilisation of LSC’s is the limited photostability of the fluorescent species (Debije & Verbunt 

2012; Deshpande & Namdas 2000; Earp et al. 2010; Mansour 1998a; Mansour 1998b). Light 

loss from an as-produced LSC sheet can be attributed to both scattering and absorption. In 

general, scattering arises from the matrix and absorption losses arise from the dye, but doping 

the matrix with dye may induce additional scattering, even if the dye appears to be fully 

dispersed. The reader should keep in mind that the normal reabsorption/reemission process of 

the dye molecules, even in the case of 100% quantum yield, behaves like an inelastic scattering 

process. Every re-emission redistributes the propagation angles of light nearly isotropically over 

the whole solid angle (assuming that the dye molecules have random orientation). A fraction of 

the light is not guided and leaves the collector (see section 3.1.2 for details). The remainder is 

trapped in the collector and may be re-absorbed and re-emitted, resulting in longer average path 

lengths.  

Dye related losses are observed chiefly via self-absorption in the overlapping region 

between the dye attenuation and emission spectra (see Figure 2.1). Losses due to scattering and 

a wavelength independent absorption component are discussed below. 

Scattering and self-absorption are greatly influenced by details of the processes used for 

manufacturing the LSC sheets. There are three methods of making dyed PMMA sheets of a size 

suitable for LSC’s: extrusion, continuous casting and cell casting. Some of the advantages and 

disadvantages of each method are compared in section 8.4. Optical quality is highest for cell 

casting and lowest for extrusion. Minimum batch sizes are lowest for cell casting and highest 

for extrusion. For mass production the most important factors are performance and 

photostability (cost per sheet is a secondary factor because this is only a modest part of system 

cost). However, for a test programme, minimum batch size is also important since a test 

programme must explore many different possibilities. 

In order to make ultra-high quality fluorescent sheets, it is essential that the dye is 

completely dissolved and dispersed at a monomolecular level. Unfortunately, most of the 

Lumogen® series of dyes have a tendency to form molecular complexes that absorb the light 

fluorescently emitted by single dye molecules (Bleasby 1995). Because of the long path lengths 

for florescent light in LSC collector sheets (typically more than 1000 mm), tiny quantities of 

these molecular complexes can greatly reduce the fluorescent emission from a large sheet of 

dyed PMMA. So an important part of the art in making fluorescent sheets for a LSC is to 

disperse the fluorescent dyes at a molecular level in a way that minimises the formation of 

molecular complexes. 
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A number of trials were undertaken in Australia and Germany to produce dyed collector 

sheets by extrusion using the standard method of mixing masterbatch granules dyed at a high 

concentration with clear granules and extruding the mixture on a commercial extrusion line. 

However, as described in section 8.4.1 and section A.1 of Appendix A, all such sheets had 

unacceptable scattering due to a mismatch between the molecular weight of the masterbatch 

granules and the clear granules. Extensive work has made it plain that the dye must be 

incorporated into the matrix at the time of polymerisation. This means that for this project the 

collector sheets had to be produced by cell casting. 

The ordinary way of dissolving sparingly soluble materials, such as the Lumogen® series 

of dyes for casting, is to make up a masterbatch at high concentration in a good solvent. 

However, extensive trials by BASF in Germany and Australia have shown that this leads to 

poor optical quality sheets (Bleasby 1995; Böhm 2000). The only suitable solvent finally 

identified by UTS is MMA or “pre-pol” (partly polymerized MMA). An additional problem is 

that the laser scattering tests (see section 8.3) show that high dye concentrations rapidly lead to 

the creation of molecular complexes. These complexes are hard to remove once they have 

formed. This problem is most acute with the green F086 dye, less serious with the pink F285 

dye and least serious with the violet 570 dye. It has been found experimentally that the 

formation of these molecular complexes can be avoided if the maximum dye concentration is 

always kept below 10x the final sheet concentrations. Note that because the photopic response 

of the human eye is peaked in the green, the green sheet supplies most of the lumens for the 

LSC with the principle roles of the violet and pink sheets being restricted to providing colour 

balance (Earp et al. 2004b; Smith & Franklin 2004; Swift & Smith 2003; Swift, Smith & 

Franklin 1999b). Thus any diminution of the output of the green sheet has a large adverse effect 

on both luminous output and colour balance. 

The best way of dissolving Lumogen® dyes is to use ultrasonic agitation (Franklin & 

Swift 1997). Unfortunately few manufactures have this capability for mass production although 

following the success of our work at UTS, BASF GmbH have built multi-million euro plants 

with this capability (Böhm 2000). However, this project showed that good results can be 

achieved with traditional high-shear mechanical agitation. Section 8.2 and 8.3 describe ways of 

making and testing fluorescently dyed sheets that have the optical quality needed for LSC 

systems. Good optical quality collector sheets were custom manufactured for this project by 

these methods in factories in Spain, Germany, Japan, Indonesia and China (Australia no longer 

has a cell casting capacity). 

As self-absorption is the major cause of dye-related losses, the emission region is the 

most important region for studying the absorption losses. For the green dye studied here, the 

emission region is approx. 470 nm <  < 600 nm, and most of the dye absorption is observed 
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between 400 nm and 500 nm. In the ‘tails’ attenuation region above 550 nm the dye does not 

significantly absorb, and transmission is very close to unity. The very small, almost wavelength 

independent attenuation may be due to dye scattering, or to the slowly varying absorption tails. 

Because this region overlaps with the dye’s emission peak, it has a large impact on output in the 

long LSC’s needed for useful architectural illumination (it may be less important for short 

LSC’s used for solar cells). This means that it must be carefully investigated. 

Figure 2.9 shows the tails region of the green dye transmission spectrum in a 2.0 mm 

thick sample. The solid line represents the measured transmittance with the Fresnel reflectance 

removed. The dashed line is the same spectrum, except that the transmission in the ‘tails region’ 

beyond 550 nm has been artificially set to 100% as a reference. Chapter 9 further investigates 

dye related scattering and evaluates the extent to which it affects the attenuation in the tails 

region, and hence overall LSC performance.  

 

Figure 2.9  Transmission tails measured through a 2.00 mm thick LSC sheet doped with 60 ppm 
Lumogen® F083. The solid line represents the measured transmission of the green dye (excluding Fresnel 
reflectance), and the dashed line is the same spectrum, except that the transmission in the ‘tails region’ 
beyond 520 nm has been artificially set to 100% as a reference. 

Section 9.2 describes a new technique developed to experimentally isolate and quantify 

the extinction losses due to scattering and absorption. The advantages of this technique are that: 

(i) it can non-destructively measure both absorption and scattering over very long path lengths, 

which greatly increases the sensitivity, (ii) all the measurements are made for the same sample 

whereas previous methods required different samples for absorption and scattering, and (iii) the 

technique is suitable for measuring the full-sized sheets used in production units. 

 Figure 2.10 shows the results for a 1200 mm long green LSC before and after exposure 

to sunlight. The luminous output of this sheet was greatly reduced by exposure and the diagram 
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shows that the loss was due almost entirely to increased tails absorption with no significant 

change in scattering.  

The green sheet was under a cover sheet that had a UV transmission that was 

approximately 0.035%  0.01%, so any effect is not due to UV degradation. Chapter 10 

explores the mechanism of this photodegradation, and what can be done to minimize it. 

 

 

Figure 2.10  Tails extinction measurements for a 1200 mm long green LSC (a) before 

exposure, (b) after exposure. A Rayleigh scattering function has been fitted for  > 600 nm. 
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3 ÉTENDUE ANALYSIS OF LSC’S  

Before we look at specific designs for luminescent solar collector systems for daylighting, we 

need to explore some of the basic physics of LSC systems. One of the most important 

parameters is étendue. The very poor performance of most prior LSC systems can be traced 

back to a lack of understanding of the role of étendue in LSC systems. 

3.1 ÉTENDUE  

3.1.1 What is Étendue? 

Étendue characterizes how “spread out” a light field is in terms of area and angle. Because it is 

very closely linked to the entropy of the light field, étendue sets fundamental limits on system 

performance.  

The definition of étendue was discussed in section 2.3.2 but is repeated here for the sake 

of convenience. Suppose we have a light field in a light guide cross sectional area A and of 

refractive index n, as shown in Figure 3.1. The light crossing an infinitesimal area, dA, with 

associated area vector, dA has a solid angle of  and we form a vector  of magnitude  in the 

central direction of the light. 

A

dA dA

Solid 
angle 

 
Figure 3.1  Definition of étendue in a light guide. 

The étendue of the light guide, G, is defined as 

 G n2 dA
A

 (3.1) 

(Note that some authors use the symbol U for étendue.)  

If the light field is uniform across the light guide and we measure the cross sectional area 

perpendicular to the central direction of the light (which is usually parallel to the light guide’s 

axis of symmetry), then equation (3.1) can be simplified to 

 G n2 A  (3.2) 
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We noted in Chapter 2 that there have been many proofs that étendue cannot decrease if 

light propagation through an optical system is to be maintained without loss, including elegant 

and rigorous proofs using Hamiltonian mechanics and Liouville’s theorem in statistical 

mechanics (Welford & Winston 1989, pp. 223-8). However, it is possible to show this more 

intuitively. Let us suppose that there existed some kind of optical system that decreased 

étendue. Then we could use this system to focus thermal radiation from one black body onto a 

smaller area on a target black body with the radiation subtending a smaller solid angle (Wilson, 

Minano & Benitez 2005). The higher radiation density at the target would mean that it was 

hotter than the source. However, as shown in Figure 3.2, this would permit a heat engine that 

accepted heat Q from the (hot) target and rejected a smaller amount, Q’ to the (colder) source, 

turning the balance, W = Q –Q’, into work.  

Etendue 
reducing 

optics

Heat 
Engine

Cold source

Net thermal 
radiation

QÕ

Hot target

Heat Q in at
 temperature Ttarget

Work W = Q - QÕ

QQÕ

Heat QÕ out at
 temperature Tsource

Q

  

Figure 3.2  A linear optical system that decreased étendue could be combined with a heat engine to 
construct a perpetual motion machine of the second kind (turning heat spontaneously into work). 

This system is a perpetual motion machine of the second type (turning heat spontaneously 

into work). As Sir Arthur Stanley Eddington observed, this is a fatal problem: 

If someone points out to you that your pet theory of the universe is in 

disagreement with Maxwell's equations — then so much the worse for Maxwell's 

equations. If it is found to be contradicted by observation — well, these 

experimentalists do bungle things sometimes. But if your theory is found to be 
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against the second law of thermodynamics I can give you no hope; there is nothing 

for it but to collapse in deepest humiliation. (Eddington 1928, p. 74). 

(It will not have escaped the reader’s attention that the above argument carefully refers only to 

linear optical systems and does not necessarily apply to non-linear optical systems, such as 

fluorescent sheets. In fact, it is possible to decrease the étendue in such systems, but they do not 

violate the Second Law (Yablonovitch 1980). The arguments are quite complex and not relevant 

to LSC design, so they will not be discussed here.) 

Of course, as Figure 3.3 illustrates, it is very easy to increase étendue in a poorly 

designed system. That diagram shows three light guides with the same exit cross sectional area. 

Guide (a) contains a diffuser that increases the solid angle of the light (without increasing the 

area) and so increases the étendue. Guide (b) has an abrupt change in cross sectional area that 

increases the area without changing the light’s solid angle. This also increases étendue. 

Forward scattering 
diffuser zone

Light guide

Collimated entry pencil

Large solid 
angle exit 
pencil

Small light guide

Large light guide

(a)

Aentry

Aguide

(b)

(c)

Aentry
Aguide

Abrupt increase
in cross section

Smooth increase in  cross section
 

Figure 3.3  Light in various light guides. (a) Étendue increases due to diffusion. (b) Étendue increases due 
to excessively rapid increase in cross sectional area. (c) Étendue conserved by an adiabatic expansion area 
that trades more area for smaller solid angle. 

It is noteworthy that both the diffusion and rapid area expansion are irreversible processes 

and the increase in étendue cannot be undone. However, as Figure 3.3(c) shows, a gradual, 

adiabatic expansion in cross sectional area can potentially preserve étendue provided there is 

sufficient length for the solid angle of the light to decrease proportionally as the cross sectional 

area increases. As Figure 3.3 (a)-(c) suggests, there is a very close link between étendue and 

entropy. For example, a gas flowing in systems (a) and (b) would increase its entropy and hence 

the process would be irreversible. On the other hand, a gas undergoing an adiabatic expansion 

such as guide (c) is a reversible process. The formal analogies between étendue and Liouville’s 
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theorem in statistical mechanics can be developed in some detail (Welford & Winston 1989, pp. 

223-8). A key result is that if the étendue increases then the process is irreversible,. 

3.1.2 Limiting Étendue 

Étendue as defined by equation (3.1) is a combined property of the light source and the light 

transmitting optical system. If the source’s light distribution changes, then so does the étendue. 

For example, if a broad angle light source is replaced with a highly collimated laser beam then 

the system’s étendue drops almost to zero. 

When analyzing LSC’s, it is useful to talk of the limiting local étendue, Gx
max , the 

maximum possible étendue at cross section x. This parameter has the virtue of being determined 

purely by the physical properties of the local components at location x and is time independent. 

Let max be the maximum possible solid angle of light that could be confined in the system at 

the region of interest (“the maximum light angle”). Then Gx
max  can be computed by using max 

rather than  in equations (3.1) or (3.2). 

There are four cases of general interest for which we wish to know the value of max so that we 

can compute the limiting local étendue: free space, a wide sheet, a rectangular light guide and a 

cylindrical light guide. The results are summarized in  

Table 3-1. 

For free space, it clear by definition that for forward propagating light max = 2 .  

We define a wide sheet as a planar block of material of refractive index, n, where the light 

is so remote from the sides, so that it essentially interacts only with the top and bottom surfaces. 

In practice this means that the width of the sheet (measured perpendicular to the optic axis) is 

much greater than its length.  
Forward half of the loss cone

Isotropic 
emission 
by dye 
molecules

Light axis

Critical angle, crit

TIR

 

Figure 3.4  Emission inside a sheet of refractive index n showing TIR and the forward halves 
of the upper and lower loss cones. 

As shown in Figure 3.4, all the light striking one of the top and bottom surfaces at less 

than the critical angle escapes. (Note that this escape may not be immediate since a ray can 
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initially be trapped by Fresnel reflection. However, the mean Fresnel reflection coefficient is 

9% (Earp, Franklin & Smith 2005). So, after just three bounces (during which the light travels 

less than three sheet thicknesses transversely, i.e. typically less than 6 mm) escape efficiency is 

better than 99.9%. Thus for almost all purposes we can ignore trapping by Fresnel reflection1.) 

If the boundary layer surrounding the block is air then the critical angle, crit  is 

 crit sin 1 1
n

 (3.3) 

Now the solid angle of a cone with a semi-angle of  is  

 2 (1 cos )  (3.4) 

and we see from Figure 3.5, equation (3.3) and Pythagoras’s theorem that 

 cos crit 1 1
n2  (3.5) 

n
1

n2 1

crit

 
Figure 3.5 Calculation of the cosine of crit . 

Thus the solid angle of the escape cone, escape, is 

 escape 2 1 1 1
n2  (3.6) 

In the wide sheet illustrated in Figure 3.4, the escaped forward traveling light fills two 

half-cones of semi-angle crit. So from (3.6) the maximum solid angle of the forward traveling 

light confined within a sheet by TIR is max sheet, where  

                                                      
1 The reflection coefficient at a PMMA air interface increases from 2.7% at normal incidence to 

100% at the critical angle. For uniformly distributed light the mean Fresnel reflection coefficient 

is 9% (assuming random polarization) (Earp, Franklin & Smith 2005). The reflection coefficient 

increases after each reflection as light close to normal incidence escapes preferentially. The 

small amount of initial light at just less than the critical angle can travel for several centimetres 

before it escapes. However, this is much less than the sheet length, so this complication can 

usually be ignored. Self-absorption also has a small effect on the fraction of emitted light that is 

lost in the escape cone (Goldschmidt et al. 2009). 



 
30

 max sheet 2 2 0.5 escape 2 1 1
n2  (3.7) 

In a rectangular light guide, the light interacts with the sidewalls so that there are four 

escape cones, as shown in Figure 3.6. In a high refractive index guide surrounded by air the loss 

cones do not overlap. However, for a low refractive index guide (or one with a low refractive 

index cladding) the cones overlap and the calculation becomes more difficult. The condition for 

the escape cones overlapping is that the critical angle is more than 45o, i.e. n 2 1.414 . The 

refractive index of PMMA is 1.49 (MatWeb-Cast 2011; MatWeb-Extruded 2011) so there no 

overlap in the escape cones in PMMA rectangular light guides that have an air boundary layer. 

 

Figure 3.6  Light inside a rectangular light guide of refractive index n showing the forward halves of the 
four loss cones. 

Using equations (3.3) and (3.4) we see that for a rectangular light guide, with n > 1.414 

the maximum solid angle of forward traveling light confined by TIR, max rect is 

 max rect 2 2 1 1
n2 1      (n 2)  (3.8) 

We are also interested in cylindrical light guides, such as solid core optical fibres. The 

limiting solid angle for skew light in a cylindrical light guide is a complex function of 

transverse position. However, as Figure 3.7 shows, it is easy to calculate the axial case. We see 

by inspection that meridional rays of light will be confined by total internal refection provided 

they make an angle smaller than 2 crit  with the fibre’s axis.  

crit

Cone of 
trapped light

 

Figure 3.7  Trapping of meridional light in an optical fibre. 
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Let m be the ratio of the refractive index of the fibre’s core to its cladding (for an air gap 

fibre n = m). Then from equations (3.3), (3.4) and Figure 3.5, we see that the maximum solid 

angle for meridional light is 

 
max mer 2 1 cos

2 crit

2 1 1
m

 (3.9) 

which is a good approximation for the average maximum solid angle for the whole fibre. 

 

Table 3-1  Maximum solid angles for forward propagating light in various geometries. 

Free space Wide Sheet Rectangular  
Light Pipe 

Cylindrical  
Optical Fibre 

2  2 1 1
n2  2 2 1 1

n2 1  2 1 1
m  

 

3.1.3 The Light Field in a Fluorescent Sheet 

A photon of sunlight enters the sheet where it may be absorbed and randomly re-emitted at a 

longer wavelength by the fluorescent dye. The resulting light distribution is quite complex 

(Patrick et al. 2011) and has to be modelled by Monte Carlo methods for detailed calculations. 

The absorption and emission patterns of an individual dye molecule are typically dipoles with 

the their axes at small angles to the long axis of the molecule. Molecules that happen to have 

their absorption dipole perpendicular to the incoming sunlight will preferentially absorb the 

incoming radiation. These molecules’ emission dipoles will be at a small angle to the absorption 

dipole so the emission “donuts” will be preferentially aligned perpendicular to the incoming ray. 

This means that even if the dye molecules are randomly orientated, the preferential alignment of 

the absorption dipoles produces an anisotropy in the average emission with enhanced emission 

parallel and antiparallel to the direction of the incoming light. However, the effect is not very 

large and is counteracted by self-absorption that is essentially isotropic. For the sake of 

simplicity we will assume that bulk emission is isotropic unless otherwise stated. 

As an aside, it is intriguing to note that the anisotropy of the emission pattern of 

individual dye molecules means that that if some method could be found to orientate the dye 

molecules with their axis perpendicular to the sheet’s surface, then the light-to-light efficiency 

of a LSC system could be significantly increased (MacQueen et al. 2010; Mulder et al. 2010; 

Patrick et al. 2011). Note that dye absorption would be decreased which would require increased 

dye, although this can be alleviated by using an external diffuser (Mulder et al. 2010). The 
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increased dye would cause increased self-absorption, with possible adverse effects on the 

sheet’s light transport properties.  

Creating and maintaining the molecular orientation in a solid sheet is difficult. The 

thermal energy from the Stoke’s Shift heats the immediate vicinity of dye molecules to several 

hundred degrees and so over time an unbound individual dye molecule may migrate several 

millimetres due to thermal diffusion. This means that it is necessary to anchor the dye molecules 

in a way that preserves their orientation. Demonstrated methods on a laboratory scale include: 

dissolving the dyes in a liquid crystal solution and applying an external voltage to align the 

liquid crystals and hence the dye molecules (Debije & Verbunt 2012); and using a suitable 

alignment layer to orientate liquid crystals containing the dye (Mulder et al. 2010) which may 

be fixed by crosslinking the liquid crystal (Verbunt et al. 2009). However, these are methods for 

the future and will not be considered further. 

 

For our purposes, we can assume that the emitted light is completely isotropic. As shown 

in Figure 3.4, if the emitted photon travels below the critical angle with respect to the top or side 

surface of the sheet (42o for PMMA), it will leave the collector. Otherwise, it will be totally 

internally reflected and will be confined inside the sheet by TIR until it reaches one of the sheets 

edges or is absorbed by an impurity or by a dye molecule (all known fluorescent dyes have 

significant self absorption.) Light reaching an edge will escape if the angle of incidence is less 

than the critical angle, or be totally internally reflected if the angle of incidence is greater than 

the critical angle. The precise pattern of the light field is explored in some detail in section 6.4.  

However, we do not at this stage need to know the details of the light field. The key point 

is that because the original fluorescent emission is essentially isotropic, the light field inside the 

collector sheet has the largest possible solid angle for light confined within the sheet. If the light 

does not interact with the sheets edges (which it will not if the collector sheet is much shorter 

than its width) then the solid angle is given by equation (3.7). If the light interacts with the 

sheet’s edges, as it will if the collector sheet is long and narrow, then the solid angle is given by 

equation (3.8). 

3.1.4  Étendue of Air Gaps and Optical Joints  

Almost all designs for LSC’s have joints between components. These joints are typically either 

an air gap or an optical joint consisting of a thin layer of a polymer that has a similar refractive 

index to the components (care being taken to ensure that the polymer is fully bonded to each 

component with no bubbles at the interfaces or inside the polymer). It turns out that these joints 

can have large impacts on the theoretical maximum performance of the LSC system (Franklin 

2001a) in ways that are not well understood by most workers. So it is useful to explicitly 

calculate the étendue of these elements. 
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Figure 3.8 shows the air gap at the end of a light guide that has its end inclined to the light 

guide axis by angle axis, . The diagram illustrates a rectangular light guide of cross sectional 

area A, but the argument is readily generalized to any shape of light guide. By the term “air gap” 

we mean any layer of air between optical components that is thick enough so that high angle 

rays inside one component could undergo total internal reflection. In practice this means a gap 

thickness of more than two wavelengths (say > 10-6 m). If the gap is thinner than this, the 

evanescent wave will bridge the gap, leading to frustrated total internal reflection (Hecht 2002, 

p. 126). The transport efficiency of the evanescent waves is an inverse exponential function of 

the gap’s thickness and is close to unity for gaps less than a tenth of a wavelength (Klein 1970, 

p. 579). 

Escape cone

¿

A

 

Figure 3.8  Calculation of the étendue of the end of a light guide inclined at angle ø. 

Let us initially suppose that the light field is uniform across the exit plane for any angle of 

incidence up to the critical angle. Now only rays up to the critical angle can cross the surface: 

rays at higher angles are totally internally reflected and so are trapped inside the light guide (this 

topic is explored in some detail in chapter 6). Moreover, the process of refraction preserves 

étendue. Therefore, the étendue of the light in the air gap is equal to the étendue of the light in 

the exit cone. Thus, from equations (3.1) and (3.6), we see that the étendue in the air gap, Ggap, 

is  

 Ggap

2 n2A 1 1 1
n2

cos
 (3.10) 

Equation (3.10) is in fact an upper bound on Ggap. This is because a key assumption in its 

derivation was that the light field is uniform across the exit plane for any angle of incidence up 

to the critical angle. However, high angle rays can escape through the light guide’s surfaces and 

so may not be reach the exit surface which would reduce  and hence G. If, as illustrated in 

Figure 3.8, one of the exit surface’s edges is perpendicular to the light guide axis, the restriction 

on  is 2 2 crit . For PMMA this is  < 5.8o. Skew orientations for the exit surface have a 

slightly larger limit on  before the étendue in the gap is reduced. 
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An optical joint has a considerably larger étendue than an air gap. In fact, if it is thin and 

has no bubbles it will be lossless. So the limiting étendue will be that of a block of polymer, 

2 n2A. However, the actual étendue of a good optical joint is the étendue of the optical conduit. 

3.1.5 Étendue – The Implications 

The conservation (at best) of étendue inside a light guide system is of fundamental importance 

to designing LSC systems. First, suppose that the étendue in one part of the system is G1 and 

this is connected by various optically lossless components to a region two which has étendue G2 

and limiting étendue of G2
max . Now G2 G2

max . So if G2
max G1  then G2 G2

max G1 , which we 

showed in section 3.1.1 is not possible as it would violate the Second Law of thermodynamics. 

This means that the connection between regions one and two cannot in fact be lossless. Enough 

light must leak from the system (or be back reflected) so that the étendue does not decrease. If 

we back propagate the light from region two to region one, we will find that the solid angle of 

these rays (and/or) the effective cross sectional area at region one is only a subset of the light 

present at position one. Everything else is lost along the way (or reflected back to region one – 

where so ever it goes, it does not get to region two). 

This gives us the following minimum condition for a high efficiency LSC: 

In a well-designed LSC system, the local maximum étendue, Gmax, does not 

decrease. R1 

This condition is rather like using the conservation of energy to analyze a complex 

mechanical system. The designer may have the most beautiful arguments to show that if you put 

one joule of work into his system you will get two joules out (a perpetual motion machine of the 

first kind). The conservation of energy tells us that he is wrong. It does not say where the 

mistake is, or why the machine does not work, it just proves beyond all doubt that it will not 

work as claimed. Of course, the fact that a design does not violate the conservation of energy 

does not mean that it will actually work (let alone be commercially viable). It just means that it 

could work and might be commercially interesting. 

The second implication the conservation of étendue is that  

In a well-designed LSC system, the local maximum étendue will remain as 

constant as possible throughout the system. R2 

We can use results R1 and R2 to determine the optimum aspect ratio for the collector 

sheets (i.e. the ratio of a sheet’s length to width). Now it follows from R1 and R2 that the light 

guides will have at least as large a cross sectional area as that of the collector sheets (measured 
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perpendicular to the mean direction of light transport). But the cost of the light guides, whether 

optical fibre or strips of polymer, is by far and away the most expensive component of a LSC 

used for daylighting, and this cost is proportionate to their cross sectional area (see section 4.4 

for more details of the costs of optical fibre).  

Now the cross sectional area of the collector sheets is their width times their thickness 

and we can assume that the sheets are as thin as possible. So to minimize system costs, we need 

to minimize the light guides’ cross-section, and hence, by R1, the width of the collector sheets. 

This means that in order to collect adequate light the collector sheets must be as long as possible 

i.e. have the largest possible aspect ratio. The useful length of the sheets will be determined by 

their internal light transport properties. Ways of measuring this are discussed in chapter 7.4.  

To summarize, 

The aspect ratio of the collector sheets must be as large as possible R3 

It is informative to calculate the limiting étendue at all the parts of a LSC system from the 

light collector sheets (where the fluorescently emitted light starts) through to the free space in 

the room being illuminated. Now étendue cannot decrease. So the smallest value of limiting 

étendue in the system will limit overall system performance. We call this parameter Glimit 

 Glimit min(G max )  (3.11) 

If  Glimit Gsheet

max  then the conservation of étendue requires that there must be inherent light losses 

(or back reflections) somewhere between the collector sheet and the illuminated room. We will 

call this the Glimit test. Note that this is a very weak condition, since (3.11) uses the theoretical 

maximum value of the étendue at every point. It is quite possible that the achieved étendue will 

be smaller than this, so a system may inherently leak light even if it passes the Glimit test. This 

leads to the following result: 

If Glimit Gsheet

max

 then there are inherent light losses along the LSC system. 

The converse is not true. R4 

3.1.6 Étendue Inside a Generic LSC 

In order to analyze the optical performance of different components of a LSC system, it is 

useful to compute the limiting étendue per unit area, gmax, for each component. From equation 

(3.1),  

 gmax
1
A

n2
max dA

A

 (3.12) 
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If the limiting solid angle is constant across a cross section measured perpendicular to the 

central direction of the light, we can simply equation (3.12) to 

 gmax n2
max  (3.13) 

We can use the results of equation (3.13), section 3.1.3 and  

Table 3-1 to calculate the limiting étendue per unit area in a LSC of the generalized form 

described in Figure 1.7. The results are summarized in Table 3-2. For the sake of simplicity, we 

have assumed that all polymer components other than cylindrical light guides are made from 

PMMA with a refractive index of 1.491. The refractive index of large diameter solid core fibres 

is taken as 1.480 (Deller et al. 2002). If these fibres are air-clad then m = n = 1.480. If the fibres 

are in optical contact with a fluoropolymer jacket such as Teflon® (refractive index 1.35) then 

m =1.096. 
 

Table 3-2  Limiting étendue per unit area in various generic LSC components. 

Component Type Limiting Étendue  
per Unit Area (sr) 

Collector stack Wide sheets 10.36 

Narrow rectangle 6.75 

Sheet coupler Air gap 3.61 

Optical joint 13.97 

Light guides 
Narrow rectangle 6.75 

Cylindrical (air gap) 4.46 

Cylindrical (Teflon® cladding) 1.21 

Luminaire 

coupler 

Air gap (normal) 3.61 

Air gap (30 deg) < 4.17 

Optical joint 13.97 
Luminaire Free space 6.28 

 

There are two key results from Table 3-2. The first is the very low étendue per unit area 

of an air gap in comparison to the values for other components. Thus, by the Glimit test, any air 

gaps in the optical train will greatly reduce system performance. This topic is explored in some 

detail in chapter 6.  

The second result is the very low étendue per unit area for optical fibre where the core is 

in optical contact with a fluoropolymer jacket. This means that there is a considerable advantage 

of using a fibre in which the core is loose enough in its fluoropolymer tube so that there is an air 

jacket at the boundary of the cylindrical core. 
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3.1.7 Étendue and Light Squeezing 

The conservation of étendue inside a light guide has profound consequences for the design of 

LSC systems. As mentioned in section 1.2, the cost of the light guides in the optical conduit 

tends to dominate the cost of the system. So the smaller the cross sectional area of the light 

guides, the cheaper the system. Thus there is a big incentive to find some way to “squeeze” the 

light from a big collector stack into a narrow optical conduit. Many, many, suggestions have 

been made and an inordinate number have been patented. The implicit designs are all similar to 

that shown in Figure 3.9. A large area collector stack is coupled to a small (cheap!) light guide 

by a sheet coupler that is promised to somehow funnel all the light from the collector stack into 

the light guide and hence turn it into useful remote intense illumination. 

LARGE collector stack

small cheap light guide system

100% 
efficient 
sheet 
coupler

LOTS of sunlight in

LARGE luminous output

 

Figure 3.9  Claimed schematic of many (impractical) LSC designs. 

Now equation (3.2) shows that the étendue is proportional to the product of cross sectional area 

and the solid angle of the light that passes through the system while we see from  

Table 3-1 that the limiting solid angle for the light guide is at best equal to that of the 

collector sheets. However, the large cross sectional area of the collector stack means that its 

local étendue will be much greater than that of the small light guide system. But it was shown in 

section 3.1.1 that the Second Law of Thermodynamics requires that étendue cannot decrease. So 

only a small fraction of the light from the collector stack can in fact pass through the sheet 

coupler into the light guide. Depending on the details of the sheet coupler, it may be that only 

the very low angle rays are transmitted through it into the light guide. Alternatively, it might be 

that only light from a very small part of the collector stack can cross the sheet coupler into the 

light guide. But whatever the details, there is no possible design of sheet coupler that can 

transmit most of the light.  The system really functions at best as shown in Figure 3.10, with the 

effective cross section of the collector stack being at most that of the light guides. (And in 

practice, few designs even reach this abysmal level of efficiency.) 
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LARGE nominal collector stack

small cheap light guide system

Very lossy 
sheet 
coupler

LOTS of sunlight in

small luminous output

Small effective collector stack

 

Figure 3.10  How the system in Figure 3.9 actually works at best (it may well actually have substantially 
lower performance). 

3.1.8 Some Limitations of Étendue Analysis 

In a flat collector sheet there are four escape cones. So from equation (3.6) the fraction of 

fluorescent emission trapped inside the collector sheet by total internal reflection, TIR, is  

 TIR

4 4 escape

4
2 1 1

n2 1     (n 2)  (3.14) 

For PMMA TIR = 48.4% with 24.2% of the light travelling forward and an equal amount 

travelling to the opposite end of the collector sheet. By adding a suitable specular end reflector, 

the direction of the light that reaches the sheet’s end can be reversed. This means that the 

forward travelling light can potentially approach 48%. (Attenuation in the sheet and absorption 

at the end reflector will restrict the attainable fraction to somewhat less than this limit.) 

Note that while adding the specular end reflector nearly doubles the amount of forward 

travelling light, and hence output lumens, it does not change the angular distribution of that light 

and so the sheet’s étendue is unchanged. Downstream étendue will also be unchanged. Thus 

adding the end reflector almost doubles system output while leaving the étendue everywhere 

unchanged. 

This illustrates the fact that while étendue analysis is a good tool for understanding some 

aspects of system performance (particularly losses due to “light squeezing” and losses due to air 

gaps) it is not sufficient by itself to calculate output lumens, which is often the key performance 

parameter.  
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3.2 PRACTICAL LSC SYSTEMS  

3.2.1 Bornstein and Friedman  

By far the best LSC design prior to the work at UTS was that of Bornstein and Friedman 

described in their US 4,539,625 patent (Bornstein & Friedman 1985). As it happens, this work 

was unknown when the UTS SCATS design (Sunlight Collection And Transmission System) 

was developed and was only discovered during the literature search for the SCATS patent 

applications. It is instructive to compare and contrast the similarities and differences in approach 

in trying to solve common problems. Copies of Figs 1 and 2 in Bornstein and Friedman’s patent 

are shown in Figure 3.11 with some labels added to Fig 1 and the numbers in Fig 2 replaced by 

labels. 

Bornstein and Friedman’s basic design has a three-layer stack of polymer sheets dyed 

with blue, green and red fluorescent dyes. There is a layer of air above and below each sheet. 

The low refractive index of the air layers confines an (unstated) portion of the fluorescently 

emitted light inside each sheet by total internal reflection. This light is transported by total 

internal reflection to one of the sheets’ long edges that are butted against rectangular light 

guides. These light guides then transport the fluorescently emitted light to a remote luminaire. 

The collector sheets’ edges opposite to the light guides have specular side reflectors to increase 

output by directing fluorescent light back towards the light guides. There is also a specular 

bottom reflector that boosts output by redirecting any daylight not absorbed during the 

downward path back up through the stack with an additional chance of absorption. Bornstein 

and Friedman’s preference is that the light guide should consist of an array of flexible square 

optical fibres. If that is too expensive, they envisage using a single block of thick plastic that is 

as wide as the full length of the collector sheets. 

While Bornstein and Friedman’s design is a substantial improvement on prior work, it has 

a considerable number of fundamental problems including the very high cost of the light guides, 

the intrinsic difficulty of installation, and great difficulties of manufacture. Let us look first at 

the light guides. Bornstein and Friedman do not suggest any dimensions for the collector sheets, 

but a reasonable luminous output would require collectors with a width of about one metre and 

a length (measured along the optic axis) of perhaps 200 mm for an aspect ratio of about 0.2 or 

less. We showed briefly in section 1.2 that the minimum practical thickness for collector sheets 

is 2.0 mm and this topic will be addressed in more detail in section 8.4. The existence of this 

minimum sheet thickness means that the minimum height of the collector stack is at least 

6.0 mm (and probably somewhat larger to allow for the all-important air gaps between the 

sheets). So with 6.0 mm square optical fibres, one would need 167 fibres. (Or fewer, but more 

expensive larger fibres if the thickness of the collector stack exceeds 6 mm). Joining these to the 
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collector sheets would present formidable production problems. More importantly, there is no 

known current manufacturer of high performance square optical fibres. At UTS we explored the 

feasibility of a different design of LSC that used square optical fibres. We worked with Poly 

Optics Australia Pty Ltd, one of the world’s leading manufactures of round solid core optical 

fibres, to try to make high quality fibres that had a rectangular cross section. However, we were 

never able to achieve satisfactory results. 

Daylight

eet

eet

heet

reflector

Sheet edges

Light guides

reflector

Collector stack Light guides

Luminaire

Air gap

Air gap

(a)

(b)

 

Figure 3.11  Key drawings from Bornstein and Friedman’s patent US 4,539,625 with some numbers 
replaced by labels. (a) Overview of their system. (b) Details of the collector stack. 

The best currently available optical fibre for a Bornstein and Friedman system would be 

solid core round optical fibres, such as those produced by Poly Optics Australia Pty Ltd (Poly 

Optics Australia Pty 2011)  or Lumenyte International Corporation (Lumenyte Optical Fiber 

2011). The geometric miss-match between the fibres’ circular profile of the rectangular sheets 

would lead to a significant coupling loss. A much more important problem is the expense. Solid 

core fibre of this size costs about US$10 per metre in bulk (see section 4.4 for more details). So 

a one metre run of light guide would cost about US$1670.  

Now there is no point in installing a LSC where a cheap window or skylight can do the 

same job: LSC’s only make sense where they can get light into a room where conventional 

means cannot. This means that the light guides will have to be several metres long. Three 
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metres of optical fibres for the Borstein & Friedman system would cost US$5,000, which is 

unaffordable. Flexible PMMA optical fibres would not be an option as they are more expensive 

per unit area and transport a smaller fraction of the high angle light. 

Borstein and Friedman implicitly recognized the impracticality and unrealistically high 

cost of using flexible optical fibres for the light guide and suggested the alternative of using a 

single thick sheet of polymer. This would have the at least the same thickness as the combined 

collector stack (i.e. at least 6 mm) and run the full width of the stack (about a metre). A PMMA 

sheet that is 1 meter wide, 6 mm thick and say three metres long would be completely rigid and 

extraordinarily hard to install. The building would have to be designed around it. I am not 

saying that it could not be done, but it would be horrendously expensive. The very high cost of 

the light guides, the great difficulties in system assembly and the severe installation problems 

probably explain why I have not been able to locate any published examples of a Bornstein and 

Friedman system ever having been built. 

While the Bornstein and Friedman system may not be a practical LSC, it does serve as 

good example for using étendue to analyze a system. The étendue of the various components are 

examined in turn below and the results summarized in Table 3-3. 

The collector stack is much wider than it is long, so the fluorescently emitted light will 

have only a little interaction with the sheet edges that are parallel to the light guide axis. This 

means that the étendue per unit area will be slightly smaller than that for perfect sheet. A limit 

of about 10 sr seems reasonable (compared to 10.36 sr if there was no interaction with the short 

edges).  

The nature of the joints between the collector stack and the light guides is not clear in the 

specification. Optical joints would transmit a lot more light than an air gap. Note that although 

the limiting étendue per unit area for a lossless optical joint is 13.97 sr, in fact the actual étendue 

per unit area cannot be more than that of the collector stack, i.e. about 10 sr. 

The inventors discuss both rectangular light guides and a massive sheet (here estimated at 

3 m x 1 m x 6 mm). However, the sheet type light guide is long enough in relation to its width 

so that all high angle light will have multiple interactions with the sidewalls. Thus its limiting 

étendue is the same as that for a standard rectangular light guide. 

The luminaire coupler is just the end surface of the light guide(s). In the basic design this 

is normal to the light guides’ axis, so from section 3.1.4 the limiting étendue per unit area is 

3.61 sr. Bornstein and Friedman also discuss an alternative design with an inclined end to the 

light guides. This is component 51 in Figure 3.12 that is taken from Fig 3 in their specification. 

It was shown in section 3.1.4 than an inclined end to the light guide can increase the limiting 

étendue of the exit surface. The increase can be at most equal to the secant of the inclination, but 

it will be limited by the absence of high-angle light.  
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Figure 3.12 Bornstein and Friedman’s design for a luminaire with an inclined end (51) to the light guide 
(50) feeding a Fresnel lens (52B) inside a prismatic light guide (56B) that disperses the light. Note the use 
of spacer sheets (40, 42, 44) between the collector sheets (12, 14, 16) that would significantly increase the 
size of the light guides. 

We see from Table 3-3 that the smallest limiting étendue per unit area for the system is 

either the air gap between the collector sheets and the light guide (3.6 sr), or the air gap at the 

end of the light guide (3.6 sr for their basic design, < 4.2 sr for an end inclined at 30o). These 

figures are substantially less than the limits for the collector stack ( 10 sr) or the light guides 

(6.7 sr). Thus only about a third of the light reaching the exit surface of the collector stack can 

be converted into useful illumination beyond the end of the light guides. Étendue analysis does 

not tell us where this light goes: it just proves that the light cannot exit the luminaire. 

 

Table 3-3  Limiting étendue per unit area of components in a Bornstein & Friedman LSC 

Component Type Limiting Étendue  
per Unit Area (sr-) 

Collector stack Wide sheets 10 

Sheet coupler 
Air gap 3.61 

Optical joint < 10 

Light guides 
Multiple rectangular 6.75 

Single sheet 6.75 

Luminaire coupler 
Air gap (normal) 3.61 

Air gap (30 deg) < 4.17 

Luminaire Free space 6.28 
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The performance degradation at the joint between the collector stack and the light guides 

could be eliminated by using an optical joint to connect these components. However, the 

performance limitation set by the limited étendue of the air gap at the end of the light pipe is 

much more fundamental and is common to all LSC daylighting systems described before the 

start of this project. Ways of overcoming this generic problem form the basis for chapter 6. 

3.2.2 Zastrow and Witter  

One interesting LSC system that was built, and that influenced the UTS Daylighting Group, is 

the test unit constructed by Zastrow and Witter to illuminate one of the kitchens in the student 

accommodation at the Universität Hohenheim in Stuttgart (Zastrow & Wittwer 1986a, 1986b). 

As shown in Figure 3.13, an inverted hollow cone of PMMA doped with a greenish-yellow 

fluorescent dye (BASF Lumogen® 241 yellow) was used as a collector assembly. The distal end 

of the cone was sliced at an angle and the cut edge polished in an attempt to direct more 

fluorescent light downwards. At the small end of the cone there was a light guide consisting of a 

300 mm diameter, 5.0 m long tube of PMMA with a wall thickness of 6.0 mm. Light emitted 

from the bottom of the light guide was directed into the kitchen by a mirror. 

Sunlight in Fluroescent 
collector - 
hollow cone

Light pipe tubes
5.0 m long
300 mm diameter

Mirror  redirects 
exit light

Yellow-green 
fluorescent output

Roof

     

Figure 3.13  Single colour fluorescent collector system of (Zastrow & Wittwer 1986a) using a hollow 
cone of  fluorescent PMMA as light collector, a 5.0 long assembly of  hollow tube of PMMA as a light 
guides and an end mirror to illuminate a kitchen two floors below the roof. 
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The system was not a great success - it had a light-to-light efficiency of only 0.2% and 

the emitted semi-monochromatic light was yellow-green (not a pleasant colour for appreciating 

food!). Further, the 300 mm diameter hollow pipe light guide was expensive to buy, difficult to 

install (the building had to be designed around the light guide which was so heavy that it had to 

be installed in three sections) and visually very intrusive. In addition, the large diameter of the 

light emitting zone and the uncollimated nature of the emitted light made directional light 

control exceedingly difficult. Nevertheless, this installation did demonstrate that luminescent 

solar collectors can emit enough lumens to provide useful lighting.  

An étendue analysis of the Zastrow and Witter system is instructive and the limiting 

étendue of the various components are summarized in Table 3-4. Let us examine the 

components in turn.  

The first component was the collector made from a hollow cone with a constant wall 

thickness. Provided the wall thickness is substantially smaller than the radius, the only form of 

direct light escape is via the loss cones perpendicular to the surface. However, the cross 

sectional area of the light guiding portion of the collector cone decreases as one moves down the 

cone’s axis towards the light tube. This is an attempt to “squeeze the light”, and as shown in 

section 3.1.7, it cannot work. The “extra” light will in fact be reflected back up the cone. One 

would get just as much light out from a collector by using a simple hollow cylinder that had the 

same cross section as the small end of the cone. Zastrow and Witter observed the losses from 

the cone and suggested that a cylindrical light collector might be just as effective. 

The final radius of the cone is approximately one half of the top radius. This means that 

the reduction in light guiding area along the cone axis a factor of two. The light everywhere has 

the largest possible solid angle for light confined by total internal reflection. So the conservation 

of étendue tells us that at least half of the fluorescently emitted light from the top of the 

collector cannot reach the bottom of the cone. As this light proceeds down the cone, reflection 

off the inclined walls causes it to move at a steeper and steeper angle to the cone’s axis until it 

reverses direction and heads back up the cone. The back reflection of the majority of trapped 

fluorescent emission is one reason for the system’s very poor light-to-light efficiency. 

Note that in principle one could increase the light output by using a cone whose wall 

thickness was inversely proportional to the radius. This would keep the cross sectional area of 

the light guiding section constant, and so permit full contributions from the whole length of the 

cone. However, such a collector cone would have to be made by custom casting and would be 

very expensive. 

Light guides in the form of thin walled hollow tubes act as infinite sheets (they have no 

side edges). This means that they have a very high limiting étendue per unit area of 10.4 sr. 

However, it needs to be remembered that the applicable area is just the light-carrying portion of 



 
45

cross section, which is only a few percent of the total cross sectional area. So the light guides 

are actually exceedingly bulky for the amount of light they transport. 

In fact, the light tubes were so bulky, heavy and awkward to handle that it was not 

possible to use a one-piece 5.0 m long tube (despite the building being designed around the LSC 

system). Instead three tubes had to be used. It was not possible to glue the tubes together (to 

form an optically continuous system) because the liquid acrylic resin would have leaked out and 

ruined the finish of the tubes. Instead, the tubes ends were given an optical polish and they were 

just placed in contact. Note that Fresnel reflection averages approximately 10% at each 

polymer/air interface in the tube assembly. So the six interfaces for the three tubes mean that 

even perfect tubes in perfect alignment would only transmit (1 – 0.1)6 = 53% of the light that 

exits the collection cone.  

Last, the end of the final light tube was a simple orthogonal surface. This surface has only one 

third of the limiting étendue of the rest of the system (unless there are air gaps along the way), 

which correspondingly reduces luminous output. 

 

Table 3-4  Limiting étendue per unit area of various components in the Zastrow and Witter system.  
Note that the area of all components is just the light-carrying portion of the cross section.  

Component Type Limiting Étendue per 
 Unit Area (sr) 

Collector 
Hollow cone 10.36 

Hollow cylinder 10.36 

Collector coupler 
Air gap 3.61 

Optical joint 10.36 

Tubular light guides Hollow cylinder 10.36 

Air gaps between 
tube sections 

Air gap 3.61 

Exit from light tubes Air gap 3.61 

Luminaire Free space 6.28 

 

One problem mentioned earlier with the Zastrow and Witter system was the large area of 

the emitting region (which has a nearly Lambertian beam pattern) and the consequent difficulty 

of directing the light in the desired direction. (The mirror they used was not very effective.) One 

solution would be to use the “hollow tube to solid cylinder converter” described in (Smith & 
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Franklin 1998) and discussed in section 3.3.3. This device adiabatically compresses the light 

from a hollow tubular light guide into a solid cylinder of the same light guiding cross sectional 

area. For example, light in a 300 mm diameter tube with a wall thickness of 6 mm can be 

losslessly compressed into a solid cylinder with a radius of 42 mm, which would be much easier 

to direct in the desired direction. 

 

3.3 THE UTS DAYLIGHTING PROJECT 

3.3.1 SCATS: A Sunlight Collection and Transmission System 

A key problem for making a practical LSC is how to achieve affordable flexible light guides. 

The cost of the light guides is essentially proportional to their combined cross sectional area, so 

it is essential to minimize this key parameter. Prior art LSC’s had used square collector sheets, 

or sheets that were short and wide (Bornstein & Friedman 1985). At the start of this project I 

suggested that instead the collector sheets should be long and thin, with an aspect ratio of at 

least five and preferably ten. This compares to the Bornstein and Friedman system discussed in 

section 3.2.1 where the aspect ratio was estimated at less than 0.2. The experiments described in 

section 8.5 showed that if the long edges of the collector sheets were diamond polished, the 

resulting surfaces were smooth enough so that there was very little light loss from scattering. 

The long thin sheets of PMMA doped with fluorescent dyes act as high quality light guides, 

with very low losses due to geometric defects. Ideally, one would like to somehow couple these 

rectangular sheets to cylindrical solid core light guides. However, at the time there was no 

known method of doing this. So we developed the idea of using light guides made from long 

strips of clear PMMA that had the same width and thickness as the collector sheets. Because the 

light guides are thin and narrow, they are surprisingly flexible. An in-plane bend radius of about 

200 mm proved feasible while the sheets could be twisted through 90o over a distance of about a 

metre. The result was the SCATS (Sunlight Collection and Transmission System) patent 

families (Franklin 2001a; Smith & Franklin 1996; Smith & Franklin 1998; Smith & Franklin 

2000) illustrated in Figure 3.14. (This drawing is a composite of diagrams in (Smith & Franklin 

1996) and (Franklin 2001a)) 

The initial name for the design was SCATS (Sunlight Collection and Transmission 

System). However, when the technology was commercialized by Fluorosolar Systems Ltd (a 

subsidiary of Skydome Skylight Systems Pty Ltd), a trademark search showed that in some 

European languages “scats” means “faeces”. So the trademarks Fluorosolar® and DayRay® were 

registered internationally by Fluorosolar Systems Ltd and used commercially for the SCATS 

system. However, the term “SCATS” is used in most of the published scientific papers and 

patents, so it will be used in this thesis. 
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Figure 3.14  Schematic of a SCATS (Sunlight Collecting And Transmitting System) with a three-layer 
stack of fluorescent sheets optically coupled to thin, flexible light guides and a light extractor. A properly 
designed system emits white light. Using long, narrow collector sheets permits the light guides to be 
narrow enough to give good flexibility to the optical conduit – essential for practical installation. 

The SCATS system has a three-layer stack of polymer sheets dyed with violet, green and 

red fluorescent dyes. There is a layer of air above and below each sheet. The low refractive 

index of the air layers confines most of the fluorescently emitted light inside each sheet by total 

internal reflection. The long, thin collector sheet acts as a light guide, confining most of the light 

by TIR off the top and bottom surfaces and the sidewalls. The confined light is transported by 

TIR to one of the sheet’s short edges that is bonded by an optical joint to a flexible thin 

transparent rectangular light guide. The optical conduit made up of these light guides then 

transports the fluorescently emitted light via an optical joint to a remote luminaire. By 

appropriate selection of dyes, white light output can be produced, giving a good match with the 

colour of daylight (Earp 2006; Earp et al. 2004b; Earp et al. 2003; Swift & Smith 2003; Swift, 

Smith & Franklin 1999b).  

The luminaire/light extractor can have such an impact on system performance that the 

whole of chapter 6 will be devoted to this poorly understood component. For the time being, we 

will just regard it as the end of the light guides where the light is emitted into the room we are 

illuminating.  

The collector sheets’ short edges opposite to the light guides have specular end reflectors 

to increase output by directing fluorescent light back towards the light guides. There is also a 

non-specular bottom reflector that boosts output by redirecting any daylight not absorbed during 

the downward path back up through the stack with an additional chance of absorption. Both 

experiment and calculations showed that a white diffuse reflector is slightly superior to even the 

best specular reflectors because on average the light reflected by the diffuse surface has a longer 

path length in the collector sheet and hence an increased probability of absorption. This more 
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than outweighs the slightly greater reflectivity of high performance reflective films. Further 

advantages are that the white plastic base is much cheaper and it can serve as a structural 

component. 

Figure 3.15 illustrates the final form of the SCATS system with a roof mounted three 

colour collector stack and an optical conduit using flexible light guides made from thin PMMA 

strips connected to a ceiling mounted luminaire/light extractor.  

The original version of the SCATS system used dyed PMMA collector sheets measuring 

1200 mm × 135 mm × 2.0 mm with an aspect ratio of 8.9. These were individually glued with 

an optical epoxy to clear PMMA two metre long light guides made from 2.00 mm thick PMMA. 

Each light guide was enclosed in an individual protective tube of thin polymer film (not shown 

in Figure 3.14). Initial prototypes used low-density polyethylene film. However, experiments 

showed that under pressure the LDPE film scratched the PMMA sheets, despite the fact that 

PMMA is usually thought to be much harder than LDPE. This was very perplexing as one does 

not normally think of soft objects scratching harder materials. Microscopic examination 

suggested that under pressure, the soft LDPE film spot-welded to the PMMA and microscopic 

chunks of PMMA were ripped out the sheet when the film was moved. These fragments then 

acted as abrasive teeth when the LDPE film moved over the PMMA. 

 

 

Figure 3.15  The final form of the SCATS LSC system with a three colour fluorescent stack on the roof 
connected by an optical conduit made from thin, flexible PMMA, connected to a luminare. 
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The solution, as suggested by Norm Booth, was to use a harder type of polymer film for 

the protective tube. Experiments showed that the right grade of high-density polyethylene did 

not scratch the PMMA, despite the HDPE film being significantly harder than the “abrasive” 

LDPE. 

One potential drawback of the SCATS type design with its long, narrow light collector 

sheets is the long path length of fluorescently emitted light inside each collector sheet (over one 

meter) and the consequent sensitivity to absorption or scattering. As discussed in chapter 8 and 

Appendix A, a great deal of time, effort and money was spent in improving the manufacture of 

high performance collector sheets to reduce attenuation. This included extensive collaboration 

and multiple factory visits to manufacturers in Australia, Spain, Germany, Japan and Australia, 

Indonesia and China. 

3.3.2 Improved Joints and Mixer/Couplers 

It was shown in sections 3.1.4 to 3.1.6 that high quality optical joints are essential to good 

system performance. (In fact, it will be shown in chapter 6 that they are actually even more 

important than has been discussed so far.) However, the butt joints shown in Figure 3.14 are 

quite weak and, if one is not careful, the forces at the joints can easily be large enough to break 

them. A broken joint creates an air gap which, because of the effect on étendue outlined in 

section 3.1.4, will greatly decrease the transfer of the light from that sheet and hence will have a 

large effect on colour balance.  

Figure 3.14 is oversimplified in that it shows the three clear light guides being in mutual 

contact for their full length. However, the path length for the upper light guide in the diagram 

(on the concave side of the bend) is shorter than the path length for the lower light guide (which 

follows the outer part to the bend). If all the guides have the same initial length, this difference 

in path length will place the upper guide under compression and it will buckle to minimize the 

stress. The central light guide will experience little force but the lower (outer) guide will be 

under considerable tension. In Figure 3.14 all of the optical joints are simple butt joints, which 

are very weak under tension (but good in compression). If the ends of the light guides are 

unrestrained, bending the optical conduit by more than a few degrees will impose tension forces 

on one of light guides that will break any feasible glued butt joint. Accordingly, there needs to 

be a clamp to remove the mechanical stress at each end of the light guide assembly, as shown in 

Figure 3.16 from (Smith & Franklin 2000). 
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Figure 3.16  Light guide clamp in a SCATS system. 

However, a much better solution is to use lap joints rather than butt joints when the light 

guides are connected to the collector sheets. This is actually a very difficult task because it is 

essential to make sure that the (top) violet sheet is optically isolated from the (middle) green 

sheet. If this isolation is not maintained then light from the violet sheet will be absorbed by the 

dye in the green sheet. This will cause both a drop in system output and a big change in colour 

balance. (Similarly, the green sheet must be optically isolated from the red sheet.) Thus, we 

need a system that mechanically couples the various collector sheets while keeping them 

optically isolated. The design developed is shown in Figure 3.17, redrawn from (Franklin & 

Smith 2007). It uses “offset T-joints”, an innovative combination of butt joints (to couple the 

ends of the light guides) and lap joints (that transfer the mechanical stresses between sheets). By 

offsetting the butt joints, no light from the violet sheet can enter the green sheet and no light 

from the green sheet can enter the red collector sheet. A patent was applied for (Franklin & 

Smith 2007) and is at the PCT stage. Some light from the violet sheet will enter the central clear 

light guide, but it will not be lost from the system and will not affect colour balance. Note that 

all the joints are very strong except for the butt joint from the bottom red sheet to its light guide. 

However, the red sheet is at the bottom of the stack and receives no stress (all loads being taken 

by the T-joint to its right), so this butt joint is acceptable. It does, however mean that the red 

sheet must be supported at all times during the assembly process whereas the other sheets are 

very robust once glued. 

Blue sheet

Green sheet

Red sheet

T joint = butt joint + lap joint

Clear 
light 
guides

 

Figure 3.17  Glued “offset T-joints” provide mechanical strength but optical isolation. 
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In the basic SCATS design there is one light guide coupled to each (optically isolated) 

collector sheet. Thus each light guide in Figure 3.14 transports light of a single colour. These 

different colour lights are then combined in the light extractor/luminaire to make white light. 

However, this means that if there is a leakage in one light guide, the colour balance of the entire 

system will be degraded. This problem can be overcome by mixing the light before it enters the 

light guide so that each light guide transports white light as illustrated in Figure 3.18 (redrawn 

from (Franklin & Smith 2007)). In this system a three-layer stack of fluorescent sheets on the 

left that is mixed and fed as white light to two clear light guides. (Experience shows that dual 

light guides are more flexible and easier to make than the triple light guide system shown in 

Figure 3.14.) All the joints in the coupler are mechanically very strong, except for the butt joint 

to the red sheet. An additional advantage of this design is that the steps provide a mechanical 

alignment feature that greatly facilitates assembly. A drawback of using steps on the coupler is 

that assembly may be difficult (or even impossible) if some sheets are too thick. For example, if 

the thickness of the green sheet plus glue exceeds the height of its step then there will be 

interference with the violet sheet. Thus one either needs good control of sheet thickness (which 

is difficult with cell cast sheets) or excessive step heights on the coupler (to allow for the worst 

possible sheet thickness). 

Blue sheet
Green sheet
Red sheet

Coupler and light mixer Dual clear light guides

Strong glue jointsButt joint Strong glue joints  

Figure 3.18  Coupler and light mixer from that combines the light from a three layer stack of fluorescent 
collector sheets and transfers it to dual light guides. 

Light collectors need to be installed where they can capture sunlight for most of the day, 

typically on a roof. This means that, as shown in Figure 3.15 and Figure 3.16, the light conduit 

must bend through a right angle to pass though the roof surface. In order to pass between the 

roofing timbers, this bend must be as tight as possible. Bending twin light guides on such a tight 

a radius could cause problems in the long term with an increased risk of fatigue cracking, etc. 

However, the problem can be overcome by bending the coupler in Figure 3.18 to give the 

design illustrated in Figure 3.19 from (Franklin & Smith 2007). This monolithic component can 

be made by heat forming or injection molding, and hence has no internal stresses. Using a bend 

coupler/mixer greatly reduces the stresses on the light guides and facilitates the use of dual light 

guides. Provided the bend radius is more than 5 times the thickness, the optical losses are very 
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low and almost entirely restricted to light that would be lost elsewhere in the system. Ray 

tracing and measurements on heat formed components all gave net losses of less than 1%. 

QuickTime™ and a
 decompressor

are needed to see this picture.

 

Figure 3.19  Bent coupler/mixer (50) to mix light from a three-layer collector stack (glued on the left to 
surfaces 50a, 50b and 50c) and to transfer it as white light to twin light guides (glued on the right to 
surfaces 50d and 50e). 

3.3.3 Coupling to Cylindrical Optical Fibres 

The thin flexible light guides described above for the SCATS system were a considerable 

advance on the state of the art. However, they have somewhat limited flexibility and optical 

grade PMMA sheet is expensive. Solid core optical fibres have much lower attenuation and are 

much more flexible. Therefore, it would be highly desirable to somehow couple the light from a 

multicolour set of fluorescent collectors into a solid core optical fibre. At the start of the UTS 

Daylighting project there was no known method of efficiently coupling fluorescent emission 

(with its maximal solid angle) from a flat collector sheet to a cylindrical optical fibre.  

The flat-to-round coupling problem is very hard and will be discussed in detail in the next 

chapter. Section 3.2.2 described the seminal work of Zastrow and Wittwer using a hollow 

conical fluorescent collector and a hollow tubular light guide to illuminate a kitchen (Zastrow & 

Wittwer 1986a). Their 300 mm tubular light guide was not a practical solution as it was very 

expensive and so bulky that the building had to be designed around it. However, their system 

did give useful amounts of light (despite an abysmal light-to-light efficiency of 0.2%). What 

was needed was a way to compress the tubular cross section down to a solid cylinder. Figure 

3.3(c) suggests that this might be possible. The key is to change the cross section slowly enough 

so that the transition is adiabatic and étendue is preserved. 

Figure 3.20 from (Smith & Franklin 1998) shows how this can be done. Light is captured 

by concentric cylindrical fluorescent cylinders (blue 40, green 41 and red 42) with the air 
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surrounding each cylinder acting as a low refractive index layer that traps most of the 

fluorescent emission inside its cylinder by total internal reflection. The cylinders are coupled by 

an optical joint (30) to a ring-to-solid circle converter (44) that adiabatically changes the cross 

section from a hollow ring to a solid circle while keeping the cross sectional area constant, or at 

most slightly increasing. The coupler is bonded by and optical joint (46) to a solid core optical 

fibre (46) that also uses air as its low refractive index The étendue of the combined collector 

cylinders and the final optical fibre are the same. End (47) and bottom (48) reflectors boost 

performance. As discussed in section 3.1.4, high quality optical joints are essential. An air gap 

would greatly increase étendue and hence cause very large losses. 

Several ring-to-solid circle converters were constructed, measured and modelled (see 

section 4.6.1). It was found that as long as the transition sections near the optical joints were 

smooth and the coupler length was about five times the diameter of the optical fibre, there were 

very few light losses inside the coupler. 

QuickTime™ and a
 decompressor

are needed to see this picture.

 

Figure 3.20  Perspective and cross sectional views of a set of tubular fluorescent light collectors (blue 40, 
green 41 and red 42) whose output is mixed and coupled by a converter (44) to a solid cylindrical light 
guide (46). The optical joints 43 and 45 are essential for good performance. End (47) and bottom (48) 
reflectors boost performance. 

3.3.4 Hybrid LSC-LED Systems 

One of the major problems of LSC’s is the stability of the dyes. This is a particular problem 

with the violet dye as it is, of necessity, exposed to ultra-violet light. These high-energy photons 
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are much more likely to cause dye degradation than the light which reaches the green and red 

sheets. Accordingly, all known violet and blue-violet fluorescent dyes are somewhat fugitive. 

Now the violet sheet, while essential for colour balance, supplies very few lumens (Earp 

et al. 2004b; Swift & Smith 2003). This raises the intriguing possibility of a hybrid LSC-LED 

system that uses green and red collector sheets to provide most of the lumens, supplemented for 

colour balancing with a small amount of blue light from solar powered blue LED’s. Eliminating 

the violet sheet would cut down the cross sectional area of the collector stack by one third with 

a similar reduction in the required size of the light guides. Since the cost of the light guides 

dominates the system cost, and the light guides’ cost is essentially proportional to their cross 

sectional area (see section 4.4), eliminating the blue sheet can potentially reduce the system cost 

by almost one third. The thinner light guides are also much more flexible which makes the unit 

easier to install.  

Figure 3.21 illustrates a LSC-LED hybrid lighting system from the granted patent (Smith 

& Franklin 2004). A blue LED (44) powered by a solar cell (48) provides enough blue light to 

colour balance the fluorescent emission from a collector sheet stack (43). Note that both the 

electrical output of the solar cell and the fluorescent output of the collector stack respond in the 

same way to sunlight. Thus if the system is colour balanced for one solar condition, it will be 

colour balanced under almost any solar condition. The only exception is very close to sunset 

where red sunsets can somewhat shift the system’s colour balance (although by a smaller 

amount than for the red sunlight).  

QuickTime™ and a
 decompressor

are needed to see this picture.

 
Figure 3.21  A LSC- LED hybrid lighting system. A blue LED (44) powered by a solar cell (48)  
provides enough blue light to colour balance the fluorescent emission from a collector sheet stack (43). 

In Figure 3.21 the blue LED (44) is directly coupled to the light guide (42). However, as 

Figure 3.22 from (Smith & Franklin 2004) shows, it is easier to add the blue LED’s to the light 

extractor/luminaire at the end of the optical train. Here the dual light guides (64) are coupled by 
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an optical joint (65) to the luminaire/light extractor (66) that combines the fluorescent light with 

the light from the blue LED’s (67). The big advantage of this approach is that it does not 

increase the size (and hence the cost) of the light guides. Étendue considerations mean that in 

Figure 3.21, either light from the collector sheets is lost where the LED is coupled into the light 

guides, or the area of the light guides must be increased. However, making the luminaire/light 

extractor large enough to incorporate the LED’s requires only minimal extra cost. 

One problem with hybrid light extractors is that the blue LED’s are very intense sources 

while the LSC’s light is diffuse. Using tradition methods mix the light to create a uniform white 

light with constant colour would involve unacceptable losses due to backscatter. Chapter 5 

discusses TRIMM doped systems (Transparent Refractive Index Matched Microparticles) that 

combine excellent diffusion with very low backscatter.  

QuickTime™ and a
 decompressor

are needed to see this picture.

 

Figure 3.22  A hybrid LED-LSC system with the blue LED’s (67) at the luminaire/light extractor (66) 
colour balancing the fluorescent emission from the light guides (64).  

Figure 3.23(a) shows the assembly of a hybrid light extractor based on the designs 

discussed in section 6.5.3. Figure 3.23(b) shows the extractor in operation – the blue output 

from the LED’s is combined with the fluorescent emission from green and red collector sheets 

to give a high-quality white light. A thin sheet of TRIMM doped polymer is bonded to the front 

of the extractor to eliminates glare from the high intensity LED’s. See section 5.3.2 for details. 

   

Figure 3.23  (a) Assembly of a hybrid light extractor. (b) The hybrid light extractor in operation. 
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A number of hybrid SCATS systems were constructed and tested. Figure 3.24 shows the 

final laboratory testing on one system prior to field trials. The collector stack on the left has 

small solar cell arrays at each end that power blue LED’s in the luminaires. Twin flat light 

guides in an orange protective sheath connect the stack to the luminaire on the right. The 

luminaire has been inserted into an integrating sphere where the colour of the light output is 

being visually assessed. 

 

Figure 3.24  Using an integrating sphere (on the right) for the visual colour assessment of the light output 
from a hybrid SCATS system. The collector stack on the left has two small solar cell arrays that power 
blue LED’s in the luminaire. The twin light guides are protected by an orange plastic sheath. 

For preliminary field trials, a pair of hybrids SCATS collectors were installed on the 

facade of a building at Skydome Skylight Systems Pty Ltd as shown in Figure 3.25.  
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Figure 3.25  Façade mounting of two hybrid SCATS collectors to illuminate an interior room. 

The orientation of the site meant that the collector stacks were only in full sunlight for 

part of the afternoon. The awning above the collectors also created shadows that significantly 

reduced the output of the solar cell arrays. Despite these problems, as Figure 3.26 shows, when 

the collectors were in sunlight they gave excellent white light. 

 

Figure 3.26  Installation of the hybrid SCATS system. 
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Despite the good performance of the hybrid SCATS system, our commercial partner 

decided to opt for a conventional three layer red, green and blue stack. There were several 

reasons for this decision. One was that their marketing department had reservations about using 

blue LED’s to supplement the LSC’s green and red light – they felt that the fluorescently 

emitted light from the collector sheets was “more natural” and the “electrical light” from the 

LED’s would conflict psychologically with this “naturalness”. Another factor was that solar 

cells were temporarily in short supply and costs were actually increasing with time due to 

market pressures. A final key factor was reservations about installation problems with flat light 

guides. As can be seen from Figure 3.26, these guides are fairly flexible. However, they are 

definitely less flexible and have higher losses than high-quality solid-core optical fibres. 

The next chapter describes the development of flat-to-round converters that can 

efficiently couple flat LSC collector sheets to low loss, flexible solid-core light guides. Once 

this was achieved, our commercial partners decided to abandon the hybrid SCATS system, 

although is was an instructive exercise and with the rapid improvement in solar cells and 

LED’s, the design may be worth revisiting. 
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4 FLAT-TO-ROUND CONVERTERS FOR OPTICAL FIBRES 

4.1 INTRODUCTION  

The SCATS system described in section 3.3 used optical conduits made from thin, flexible 

strips of PMMA. These light guides worked well and the design has significant commercial 

potential. However, the limited flexibility of this type of light guide makes them difficult to 

install in some existing buildings. Also, extinction losses in extruded PMMA sheet limit light 

guides made from this material to lengths of less than about 3 metres, which is too short for 

many applications. Continuous cast PMMA has lower attenuation but is not readily available in 

lengths of more than 2.4 m. Solid core optical fibres have low attenuation (runs of 20 metres are 

feasible) and are also very much more flexible. The desirability of somehow coupling LSC’s to 

optical fibre was widely recognized prior to the start to the UTS Daylighting project, but at that 

time there was no known method of efficiently coupling the fluorescent emission from a 

collector sheet (with its maximal solid angle) to a cylindrical optical fibre. The main problem 

was that very few workers in the field understood the importance of étendue in the design of 

LSC daylighting systems.  

This chapter will first explore some of the important practicalities of using optical fibres 

for daylighting including: fabrication problems, difficulties in using numerous small diameter 

fibres and the critical issue of fibre cost (which tends to dominate system cost). It will be shown 

that the key step is to use a small number of large diameter fibres, the bigger better. The theory 

of making a high efficiency coupling from a flat collector sheet to a large diameter optical fibre 

is developed, tested experimentally and demonstrated in a design suitable for mass production. 

However, before we examine flat-to-round converters, it is useful to explore alternative 

designs. A typical multi-fibre approach is that of Bornstein and Friedman as discussed in section 

3.2.1 and illustrated in figure 3.11. This LSC system uses multiple small optical fibres that are 

connected at one end to a collector stack and at the other end to a luminaire. It is simple to say, 

“connected at one end to a collector stack”, but in practice, this is very challenging. It was 

shown in sections 3.1.4-6 that if the fibres are simply butted up against the end of the collector 

stack then the high étendue of the air gap means that most of the fluorescent emission inside the 

collector sheets is reflected at the gap and can not enter the light guides. However, it is very 

difficult to make good optical joints from the collector stack to the optical fibres. The problem is 

that in order to minimize cross sectional area (and hence the cost) of the light guides, the space 

between the collector sheets must be kept to an absolute minimum. But if the collector sheets 

are closely spaced, then even a small amount of glue can bridge the space between the blue 

sheet and the green sheet (or the green sheet and the red sheet). This would allow the short 
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wavelength to be absorbed by a dye in another sheet where most of it would be lost, upsetting 

the colour balance and decreasing total lumens. This problem is particularly serious when the 

space between the collector sheets is small (essential for low light guide cost) because in this 

situation capillary action tends to pull the glue into the space between the sheets where it may 

be impractical to remove. Even a tiny amount of  glue between the collector sheets can ruin the 

colour balance and cause major reductions in system output. Using a precise amount of high 

viscosity glue can minimize this problem, but making large numbers of small optical joints 

directly onto collector sheets is a very challenging problem. 

The glue joints have such a critical impact on the practicality, cost and durability of a 

LSC system that it is worth considering this subject in some detail. 

4.2 CUTTING AND GLUING SOLID CORE OPTICAL FIBRE 

In order to make a high quality optical joint with solid core optical, it is essential that the end of 

the optical fibre is smooth and flat. (It is usually also desirable that the end surface is at right 

angles to the fibre’s axis as a sharp change in the direction of the optic axis at an inclined fibre 

joint can cause large losses). Proper cutting tools and procedures are more important for large 

diameter fibres (such as those used for this project) than for small diameter fibres. As discussed 

in section 4.4, the material used for large diameter fibres is much softer than that used for small 

diameter fibres. This makes it much more prone to distortion or damage during cutting. Solid 

core optical fibre must be cut with fibre shears such as a Poly CutterTM (Poly Optics Australia 

Pty 2011). These are essentially secateurs with a highly polished chisel edged blade. In order to 

get a good quality cut surface, it essential that the blade is very sharp and that the blade’s side 

surfaces are as smooth as possible. The cutting must be done with a single smooth motion, 

without any hesitation, jerks or second cuts. If there is any kind of interruption to the smooth 

cutting motion, it is very difficult to avoid a jump in the cut surface. It is simply not practical to 

get a good surface with a knife or scalpel.  

As Figure 4.1 shows, the two surfaces of the cut are not of equal quality. The highly 

polished triangular blade moves at right angles to the anvil. The primary surface of the blade is 

parallel to this motion while the secondary surface is inclined by a few degrees. The inclination 

of the secondary surface forces the cut fibre away from the blade. Consequently, when the blade 

moves, the freshly cut fibre rubs with considerable force against the secondary surface with a 

somewhat discontinuous motion as it sticks and releases. This erratic motion gives a poor 

surface finish. On the other hand, the highly polished primary surface does not have to force the 

fibre sideways and so it tends to glide over the cut surface, giving a much better finish. Poly 

CuttersTM and similar fibre shears have a simple chisel edge blade with a flat primary surface. 

The Japanese are world leaders in cutting difficult materials. A literature search suggests that a 
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slightly concave primary cutting surface (what the Japanese call urasuki) would help to a reduce 

the drag during cutting and hence give a better quality cut surface (Jakhua 2011). However, no 

experiments have been conducted to test this idea. 

Note that the chisel edge of the fibre shears means that they are a handed tool (usually 

right handed). This means that if it is necessary for the offcut to have a good finish, the fibre 

shears should be twisted by 180 degrees (so that in Figure 4.1 the anvil would be at the top and 

the blade at the bottom). A second cut can then be made to give a good surface. Alternatively, 

the second cut can be made with the fibre shears in the original position (i.e. that shown in 

Figure 4.1 with the anvil down) by reversing the fibre end-for-end. 

The end surface of the fibre should be carefully inspected before gluing. If the end is not 

perfectly flat and smooth, a new cut must be made, preferably at least one fibre radius down the 

fibre. There is no point in trying to make joints with poorly cut fibre. The glue has almost no 

filling power, so any deviation from flatness in the end of the fibre will cause a weak joint at 

best. Worse, it may cause bubbles, with corresponding major loss of light transmission. Also, a 

bubble is essentially a crack in the joint, so any joint with a bubble is inherently weak. 

Trigangular blade

Highly polished primary face

Best surface of the cut

PVC jacket Anvil

Direction of the 
bladeÕs motion

Inclined secondary surface

Transparent core

Fluropolymer tube

 

Figure 4.1  Cutting a solid core optical fibre with optical shears such as a Poly CutterTM. The surface cut 
by the highly polished primary face of the chisel-ground blade has a much higher quality than that at the 
inclined secondary face. 

In order to glue the fibre, a measured amount of UV curing epoxy is applied to the centre 

of the prepared end and smeared over its surface. This end is then pushed gently against the 

coupler and moved around slightly to make sure that the glue coats the whole of the rough end 

surface of the coupler. Care should be taken to make sure there are no bubbles in the joint. 

Moderate pressure is then applied so that the joint is compressed and the fibre is forced into 

intimate contact with the coupler. The assembly is then clamped in position with a suitable jig 
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(or by hand if no jig is available – this requires two operators). Excess glue is wiped off (where 

practical) and then the glue is cured by a suitable UV lamp. (Two-part epoxy glue can also be 

used, and under optimum conditions can lead to a slightly stronger joint. However, the relatively 

long cure time requires a high quality jig to align and hold the parts under compression with the 

correct alignment. UV curing epoxy is much quicker and easier to use.) With a little practice, it 

is possible for a two-person crew to rapidly make high quality joints without using a jig. One 

operative holds the fibre in position while the other wipes off the excess glue and illuminates 

the joint with UV light. However, using a simple jig to control the alignment speeds things up 

and makes the assembly process more reproducible and less dependent on operator skill. 

It is noteworthy that simple butt joints from the fibre to a PMMA block are very strong 

under tension, often exceeding the tensile strength of the fibre core, while PMMA to PMMA 

butt joints are very fragile. This appears to be due to the compliance of the core material. The 

softness of the core relative to the PMMA ensures that the fibre core is in intimate contact with 

the coupler over the whole surface, with only the thinnest of glue layers between them. Using a 

thin glue layer leads to a high bond strength. This contrasts with a PMMA to PMMA butt joint 

where the hardness of each object means that the contact is much less intimate than for a well-

made fibre/PMMA bond.  

As a practical matter, it is very difficult to avoid using an excess of glue. If the initial 

amount applied were exactly the same as the final volume of the butt joint, it would be 

exceedingly difficult to avoid bubbles (which are a potentially major problem). If the fibre is 

isolated, it is a simple matter to wipe the excess glue from the surrounding surface. However, if 

the fibre is part of a bundle, it is usually not be feasible to remove the excess glue. This means 

that it is essential to retain the fibre’s fluoropolymer tube, despite the fact that doing so means 

that the spacing of the fibre cores must be increased accordingly. If one tries to glue naked cores 

to the collector, excess glue at the circumference of the joint causes very large light losses. 

4.3 FIBRE COUPLER/MIXERS 

Section 4.1 described the many problems of trying to glue multiple fibres to a stack of thin 

collector sheets. A better solution is to use a coupler/mixer block, similar to that described in 

(Franklin & Smith 2007) but with a slightly rough vertical face at the light conduit end, as 

shown in Figure 4.2. The collector sheets are glued to the stepped surfaces on the 

collector/mixer and one end of the optical fibres is bonded to the coupler’s vertical exit. The exit 

surface of the optical fibres is bonded to a luminaire. As described in section 3.3.2, the couplers’ 

stepped entry surfaces provide mechanical locators for the collector sheets and makes it simple 

to construct high strength, low loss optically isolating joints. The bond from the solid core fibre 

is just a simple butt joint with UV curing epoxy. However, if it is well made, the core will 
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usually tear before the joint fails under tension. These butt joints are quite weak under sheer 

loads and are easy to peel off, so adequate stress relief is essential. 

Blue sheet
Green sheet
Red 

Coupler and light mixer

Strong, optically 
isolating glue joints

Butt joint

Core

Fluoropolymer 
tube

PVC jacketButt joint

Solid core optical fibre
Excess glue

 

Figure 4.2  A fibre coupler/mixer that provides a good optical and mechanical coupling from a three-layer 
collector stack to solid core optical fibres (only one fibre is shown in this cross section). 

An LSC system using the coupler/mixer of Figure 4.2 was made at FSL by Fabian Bettiol 

and is illustrated in Figure 4.3. It used twenty-one 6.0 mm diameter optical fibres bonded with 

UV curing epoxy to a light/mixer coupler at one end, and a luminaire at the other end. 
 

(a)
 

(b)  

(c)
 

Figure 4.3  (a) Three-layer stack of fluorescent sheets connected via a coupler/mixer to 21 optical fibres. 
(b) The ends of the fibres are bonded to a luminare. (c) Overview of the system. 
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There was considerable light loss at the joint between the coupler and the optical fibres. 

The collector stack has three 2.0 mm sheets so the coupler/mixer required a thickness of 

3 x 2.0 mm = 6.0 mm. The fibre diameter was 6.0 mm, but this included the clear outer 

fluoropolymer jacket (the black outer PVC cladding was stripped away for the last 30 mm of the 

fibres so that they could be packed more closely). The diameter of the light carrying core was 

approximately 5.5 mm. Assuming that the fluoropolymer jackets touched, each 

6.0 mm x 6.0 mm square at the end of the coupler has a 5.5 mm circular core attached to it. 

Therefore, the geometric losses are (6.02 5.52 / 4) / 6.02 34% . There are also significant 

losses from the glue joints and it is unlikely that transmission reached 50%. To achieve even 

this figure, it was essential that the outer fluoropolymer jackets touched and this made the 

assembly a time consuming and delicate task. Note in Figure 4.3(a) how the fibres bulge out 

from the collector which greatly complicated gluing. In fact, the fibre bundle bulged so much 

that it was not possible to confine it within the two aluminum clamps that provided strain relief 

for most of the fibres – strain relief for the three outermost fibres had to be provided with 

auxiliary green cable ties. 

The end of each fibre was bonded to a rectangular block of PMMA that served as a 

simple luminaire. For ease of assembly, the block was considerably thicker and wider than the 

collector stack (compare the squeeze of the fibres at the collector in Figure 4.3 (a) with the 

relaxed layout at the block in Figure 4.3 (c)). This discontinuous increase in optical cross 

sectional area from the fibres to the block meant that the light from the optical fibres underwent 

an irreversible increase in étendue, similar to that illustrated in Figure 3.3(b). This increase of 

étendue made it impractical to include a light extractor of the type outlined in chapter 6. This 

meant that, as discussed in section 2.3.3, almost half the light reaching the luminaire’s exit 

surface was trapped inside the system by total internal reflection. 

4.4 THE COST OF SOLID CORE OPTICAL FIBRE 

The main problems with this simple many-fibre approach are the difficulty of manufacture and 

the cost of the fibre. Figure 4.4 shows the cost of solid core optical fibre from the world’s 

largest fibre optics dealer (Fiber Optics Products Inc 2011), normalized to the cost of 10 mm 

fibre. This graph shows retail prices (OEM discounts tend to be a uniform percentage of the 

price, so they don’t change the curve). All the manufacturers keep their bulk wholesale prices 

confidential. However, based on more than two decades of experience in the area, I believe that 

this cost curve is highly representative of typical wholesale prices for bulk purchases. 

The cost curve can be divided into two parts. For small diameter fibre, the cost per unit 

length is almost independent of fibre diameter and may actually be lower for some larger sized 



 
65

fibres than for the smallest fibres. For larger diameter fibres, the cost is essentially proportional 

to diameter. The break between the two regimes varies from manufacturer to manufacturer, but 

is typically at about 5 to 6 mm. 
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Figure 4.4  Typical cost curve for solid core optical fibre, normalized to prices for 10 mm diameter fibre. 

Solid core optical fibres are manufactured by the pressurized casting of a highly 

transparent polymer core inside a low refractive index fluoropolymer tube. The pressure ensures 

that the fluropolymer tube is highly circular (provided that the wall thickness is constant). The 

outer surface of the core is a replicate of the inner surface of the fluoropolymer tube. For a good 

fibre, this must be smooth on an optical scale. For example, in a long fibre many rays will have 

more than 5,000 reflections off the core wall. If sidewall losses are to be kept below 10%, this 

requires a loss per reflection of less than 0.002%. Another way of looking at this problem is to 

note that after 5,000 deviations we do not want the average accumulated angular deviation to be 

more than about 5o. The Central Limit Theorem indicates that the angular deviation around the 

specular will be approximately Gaussian. Consequently, the mean deviation will be proportional 

to square root of the number of reflections. Thus to achieve a mean deviation of less than 5o 

after 5000 reflections, the mean scattering per reflection must be less than 5o 5000 0.07o . 

All fluoropolymer tubing is made by extrusion. This is such a critical, but difficult to 

produce item, that all major fibre companies now manufacture their own fluoropolymer tubing. 

Different manufactures use somewhat different chemistries for their cores (which are trade 

secrets) and their individual patented methods to control the cores’ polymerization (Joseph & 

Molitoris 1999; Zarian & Robbins 1989). Many of the important details are closely held trade 

secrets and the manufacturing process is very much a “black art”. There is very little published 
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material outside the patent literature. In my experience, the latter can at times be quite 

misleading (although not, to my knowledge, actually untruthful). 

The cost of small fibres is almost independent of their diameter because there are certain 

fixed costs that have to be met, and these fixed costs greatly exceed marginal costs for small 

fibres. In addition, some aspects of the manufacturing process mean that it is hard to make good 

quality fibres in the smallest sizes and there is often quite a lot of expensive wastage for these 

sizes. For various reasons, smaller fibres require very thin walls. This tubing is hard to extrude 

and is prone to bursting when the fluoropolymer tube is pressurized during the curing process. 

This means that there is a “sweet spot” for the production process, typically at a diameter of 

about 5 mm. This is one reason why 5 mm fibre is often cheaper than 3 mm fibre. Another 

reason is that there is a much larger demand for 5 mm fibre than for 3 mm fibre and this leads to 

significant economies of scale. 

For larger diameters, the cost of finished fibre is almost proportional to its diameter. For 

larger diameter fibres, by far the greatest expense is the cost of the fluoropolymer tube. For a 

tube of diameter d, and wall thickness t, inflated at gauge pressure p, the circumferential stress, 

s, is given by (Gordon 1978, pp. 119-23) 

 s
pd
2t

 (4.1) 

For various reasons the pressure required for making large diameter fibres is somewhat less than 

for small ones, so the wall thickness increases a little more slowly than the diameter implied by 

equation (4.1). 

Good quality fluoropolymer tube costs about US$150 per kilogram. (The quantity of 

chemicals used in the core is proportional to diameter squared, but chemicals are a minor 

expense, although the purity of the chemicals can have a profound effect on optical quality.) 

The fluoropolymers are very difficult to extrude with a significant wastage rate during 

manufacture. Amongst other problems, the molten fluoropolymer excretes a small amount of 

highly toxic HF gas that rapidly corrodes most steels. So all the hot parts of the extrusion line 

have to be made from special, very expensive, alloys and the entire area requires special 

ventilation. Another problem is that the range of working temperatures for the fluoropolymer is 

very small despite its high melting point (about 305oC). Extruding the special thin walled 

fluoropolymer tubing needed for solid core fibre is right at the edge of existing extrusion 

technology. The quality of the fluoropolymer tubing is critical to the production process and any 

hiccups in supply can shut down production. Accordingly, all major fibre manufactures run their 

own dedicated extrusion lines to keep in-house control of the production of this critical 

component. 
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The fine details of the extrusion properties of the fluoropolymers are poorly understood 

by anyone, including the makers of the resin (although they do provide an invaluable source of 

advice). Consequently, there can be sudden, major unexpected problems due to variations in the 

batch-to-batch properties of the resin or small changes in the setup of the extruders. Tuning an 

extrusion line can be an expensive, time consuming and very frustrating process. So once an 

extrusion line is working properly, there is a very strong incentive to run it continuously 

24 hours per day until the job is finished. 

It turns out that while large diameter fibres require thicker walls (which increases material 

costs), the thicker walled tubes are easier to extrude (which decreases wastage) and these two 

effects more or less cancel out. The net result is that cost of the fluoropolymer tube is essentially 

proportional to its diameter and so the cost of large fibre is also approximately proportional to 

diameter.  

We saw from section 3.1.5 that conservation of étendue requires that the combined cross 

sectional area of the optical fibres must be approximately the same as the cross sectional area of 

the LSC collector stack. Thus the relevant cost metric is the cost per unit area of the fibres and 

this is graphed in Figure 4.5 using the data in Figure 4.4. From the discussion above we see that 

for diameters less than about 5 mm, cost per unit area is inversely proportional to the square of 

the fibre diameter. For larger fibres the cost is inversely proportional to the fibre diameter. 

(Production and handling problems mean that the curve rises for diameters >> 20 mm.) Since 

the cost of the optical conduit dominates system cost, in order to have an economically viable 

LSC it is essential to use the largest possible diameter of optical fibres. 
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Figure 4.5  Typical cost per unit area of solid core optical fibre, normalized to prices for 10 mm fibre.  
For small diameters cost ~ 1/d2. For large diameters cost ~ 1/d. The break point is at about 5 mm. 
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Increasing a fibre’s diameter requires adjustments to the starting chemistry and 

polymerization regime. By adjusting the chemistry and polymerization regime, it is possible to 

modify the Young’s modulus (stiffness) of the core and this is essential for making large 

diameter fibres. A solid core fibre consists of three components: an inner solid cylindrical core, 

a fluoropolymer tube and an (optional) outer PVC jacket. The outer jacket is usually thin and 

flexible enough so that it contributes little to the fibre’s stiffness. The stiffness of a solid 

cylinder is proportional to the fourth power of its diameter (Gordon 1978, p. 379). Therefore, 

the stiffness of the fibre’s core is proportional to the fourth power of its diameter. The stiffness 

of a thin-walled tube is proportional to the product of its wall thickness and the cube of its 

diameter (Gordon 1978, pp. 379-80). For a solid core fibre, the wall thickness of the 

fluoropolymer tube is essentially proportional to diameter. Thus the tube’s stiffness is 

proportional to diameter to the fourth power. This means that the stiffness of both the core and 

the tube are proportional to the fourth power of the diameter and hence the fibre’s overall 

stiffness also scales as the fourth power of the diameter. 

This means that for an unmodified core material, the fibre becomes impractically stiff for 

large diameters. For example, an unmodified 15 mm fibre would be 81 times as stiff as a 5 mm 

fibre. And an unmodified 40 mm fibre would be a completely impractical 4100 times as stiff as 

a 5 mm fibre and 50 times stiffer than a 15 mm fibre. 

However, serious problems can also arise if the core material is too soft (i.e. it has too 

small a Young’s modulus). Installers often want to use the smallest possible radius when 

bending the fibre as this simplifies installation and reduces the amount of expensive fibre, hence 

decreasing their costs. But when the optical fibre is bent on a tight radius, the fluoropolymer 

tube has a tendency to buckle and kink, which causes a very large, irreversible loss of optical 

transmission. The fibre’s solid core resists the tendency of the fluoropolymer tube to kink and 

this sets a lower bound on the core material’s softness and hence on the fibre’s stiffness. Note 

that simply specifying a minimum bend radius for the fibre is not a viable solution as tradesmen 

and builder’s laborers are renowned for ignoring written installation instructions and using force 

to make things fit. Any viable optical fibre must be as “builder proof” as possible. 

Another problem with an excessively soft fibre core is that a small diameter fibre may be 

so flexible that it is not self-supporting. This would require the use of rigid conduits with all the 

added expense and installation problems. (This problem could be overcome by increasing the 

thickness of the PVC jacket so that it was stiff enough to support the fibre.) 

There are often difficulties in reducing the core’s Young’s modulus for large diameter 

fibres. Some manufactures do this by reducing the degree of polymerization. The partly cured 

fibre smells pungently (actually, a better description would be to say that “it stinks”). Joints in 

this type of fibre tend to age poorly as the abundant residual monomer can attack the glue. In 
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addition, while the fibre is initially pliable, it becomes rock hard when the polymerization 

finally occurs. This can take from months to one or two years, depending on the details of the 

fibre chemistry and the temperature in the field. 

A better solution is to add a low molecular weight plasticizer that acts as a lubricant 

between the polymer chains. By adjusting the amount of plasticizer, it is possible to tailor the 

material’s Young’s modulus. One suitable plasticizer is diethyleneglycol bis allylcarbonate 

(ADC), also widely known by its trade name of CR-39® (PPG Industries). It is interesting that 

this thermoset homopolymer is commonly used to make lens for eyeglasses as it has the highest 

hardness and scratch resistance of any low-cost optical plastic. However, full polymerization of 

ADC takes approximately 20 hours with a maximum temperature of 95oC. This is much longer 

and hotter than the polymerization schedule for making solid core optical fibre so an 

acrylate/ADC mixture forms a soft, flexible cross-linked polymer that is very stable under field 

conditions. I have seen many 15 year old samples of solid core fibre made with this technique 

that are almost as flexible today as the day they were received. Note, however, that if the fibre is 

exposed to prolonged high temperatures (say several hundred hours at 80oC) it will become 

rigid. 

The cost and manufacturing problems in making solid core fibre are dominated by two 

problems: the purity of the chemical and issues with the fluoropolymer tubing. The very long 

optical path lengths mean that contaminants with a concentration of parts per billion can greatly 

increase attenuation. This is a particular problem if the attenuation is wavelength dependent, as 

most applications (including LSC’s) require uniform transmission across the visible. Excess 

attenuation of blue light is a problem for all manufactures and the cause is not known. Problems 

with chemical purity tend to determine whether or not the finished fibre is of adequate quality. 

Problems with the fluoropolymer tubing often determine whether it can be made at all. 

 

The high cost of optical fibres means that it is worth considering the addition of a light 

concentrator to the LSC system. If a concentration of say two could be achieved then one would 

only need half as much fibre to achieve a given luminous output. This could potentially lead to a 

significant cost saving. This option was explored by constructing a number of LSC’s with 

compound parabolic concentrator troughs and designs with and array of flat reflector mirrors. 

These concentrators where of necessity very bulky compared to the collector sheets with at least 

20 times the volume of a slim housing for the LSC sheets. Focus groups and the sales 

department of our commercial partner objected very strongly to the bulky “horse troughs” and 

were unanimous and vociferous in rejecting this approach. The concentrators also lead to high 

temperatures at the LSC sheets, which raised concerns about sheet stability. Accordingly, the 

option of external concentrators was rejected. 
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4.5 FLAT-TO-ROUND CONVERTERS 

Experience has shown that the largest practical fibre diameter is 20 mm and 15 mm is much 

easier to handle. Solid core optical fibres can be made to special order with diameters as large as 

40 mm. However, flexibility greatly reduces above 20 mm and the risk of kinking, with a 

consequent major, irreversible reduction in light transport, also greatly increases for fibres 

above this limit. The corresponding area on a 6.0 mm thick collector stack has a width of 

52 mm. Thus we need a device that will efficiently couple the light from a 52 mm x 6 mm 

rectangle into a 20 mm diameter cylinder. 

It is clear from results R1 to R4 in section 3.1.5 that the local maximum étendue must not 

decrease between the rectangular entry portion and the circular exit portion. In practice, since 

the light typically fills the component and everywhere has the largest possible solid angle, this 

means that the cross sectional area must not decrease. As will be discussed below, some care 

has to be exercised in how this apparently simple condition is interpreted. What counts is the 

cross section seen by the light, which is not necessarily the same as the geometric cross section. 

Failure to allow for this subtlety can lead to zones that attempt to “squeeze the light” and hence 

cause large light losses. 

The basic design is shown as an exploded view in Figure 4.6, redrawn from (Franklin & 

Smith 2004b) with added labels and a coordinate system centered on the entry face. Light from 

a flat collector stack enters via an optical joint (not shown) to the entry surface which folds in a 

flat-to-ring converter to form a hollow tubular section. This is joined to a ring-to-solid circle 

converter which is in turn is connected via an optical joint (not shown) to a solid core optical 

fibre. It is absolutely essential that the optical train is a solid optical system with no air gaps. 
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 Figure 4.6 Exploded view of a “curled-sheet” flat-to-round converter that couples light from a 
rectangular entry section to a cylindrical optical fibre.  
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The ring-to-solid circle converter was described in section 3.3.3 and (Smith & Franklin 

1998). The innovation here is the “curled-sheet” flat-to-ring converter and its combination with 

previously known components. The flat-to-ring converter looks very simple, but there are a 

number of subtleties. The first is the need to keep the effective cross sectional area constant. At 

the entry and exit zones, the surfaces are parallel to the optic axis. Therefore, the effective cross 

section in these areas, which is the light carrying area measured perpendicular to the local 

surface, is the same as the geometric cross section (the light carrying area measured 

perpendicular to the optic axis). However, at intermediate regions the surface is inclined at an 

angle, , to the optic axis. As shown in Figure 4.7, this means that effective cross section can be 

smaller than the geometric cross section by factor of cos . In some regions,  can exceed 30o. 

Thus if the geometric cross section is kept constant, the effective cross section will be reduced 

by (1 cos 30o ) 13% . The light already has the largest possible solid angle. Therefore, by the 

conservation of étendue, at least 13% of the light must leak out (or be back reflected). 

¿

¿

Effective cross section 
measured perpendicular 
to the local surface

Geometric cross section 
measured perpendicular 
to the optic axis

Optic axis

 

Figure 4.7  The geometric cross section (measured normal to the optic axis) and the effective cross 
section (measured at right angles to the local surface) differ by the cosine of the inclination, ø. 

Another subtlety is the inclination of the sidewalls that, as shown in Figure 4.6, have a 

complicated 180o twist along their length. Much of the light entering the converter has the 

maximum angle that can be confined by TIR inside a sheet. If a sidewall is not locally normal to 

both the inner and outer surfaces, then some light reflecting off a sidewall will acquire an 

increased angle with respect to the inner (or outer) surface and will escape through it. The 

complex, three-dimensional twist of the sidewalls means that the “locally normal” condition can 

be quite hard to meet along the whole of the sidewall. In particular, the skew curvature of the 

sidewall surface means that in the geometric cross sections the sidewalls are not at right angles 
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to the curves for the top and bottom surfaces. This means that a unit designed with right angles 

in the geometric cross sections can easily have sidewall inclination errors of 10o that after TIR 

would cause a 200 change in the light’s inclination with a consequent substantial light loss. 

4.5.1 Basic Design of Curled-Sheet Converters 

One way of making a flat-to-ring converter is to take a thin sheet of flexible transparent material 

of length l, width w, and thickness t, which has all of its sidewalls perpendicular to the top 

surface. The aspect ratio of the sheet, a, is given by 

 a
l
w

 (4.2) 

In order to avoid excessive bending stresses, we require a > 3 and w >> t. We start by 

constraining one end to be flat (forming the rectangular entry portion of dimension w t ) and 

bend the other end into a ring that has the same circumference as the sheet’s width. This means 

that the radius of the ring’s neutral surface, rn is 

 rn
w
2

 (4.3) 

while the radius of the outside surface, ro, is 

 ro
w
2

t
2

 (4.4) 

and the radius of the inside surface, ri, is 

 ri
w
2

t
2

 (4.5) 

The ring portion will be joined to a ring-to-solid circle converter (as shown in Figure 4.6). 

The latter’s external surfaces are almost parallel to the optic axis which means that the walls in 

the sheet’s final hollow tubular section must almost be nearly parallel to the optic axis. In order 

to achieve this, the terminal part of the sheet must be pulled inwards to give an acute “V” where 

the sheets’ opposite edges meet. In order to form a good exit section with a gentle transition to 

the ring-to-solid circle converter, the “V” should be at least one radius away from the exit ring. 

We then let the material relax to minimize internal stresses.  

The two-dimensional bending results in a “humpbacked” central portion that displaces the 

optical axis by approximately one radius. This means that the “V” is close to the original optic 

axis and the centre of the ring is approximately one radius from the original axis. If the sheet’s 

aspect ratio is four or more then the stresses are low and consequently local deformations are 

also low. This means that the sheet’s thickness is almost unchanged by the bending and its 
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width is also unchanged. Thus the effective cross sectional area is constant for the entire length 

of the device and étendue is preserved. (The steep inclinations at the entry to the “humpback 

zone” mean that the geometric cross sectional area has substantial changes. However, as pointed 

out in the previous section, this is irrelevant: from the light’s point of view all that counts is the 

effective cross sectional area). The local radius of curvature is everywhere many times the sheet 

thickness. Consequently, light losses from bending are very small.  

The stresses are small along all of the sidewalls, except in the immediate vicinity of 

the “V”. Thus, except for near the “V”, local deformations of the sidewalls are also small. In the 

original flat sheet, the sidewalls are normal to the top and bottom surfaces. The low local 

stresses in the curled up sheet means that the sidewalls in the bent sheet are also everywhere 

locally normal, except perhaps near the “V”.   

The gentle curvature of the sheet means that from the point of view of light inside it, it 

“looks” locally almost like a flat sheet with “locally normal” sidewalls. Any ray that would be 

trapped inside a flat sheet by total internal reflection will also be trapped inside the curled sheet. 

Thus this design provides an almost lossless transition from a rectangular entry to the hollow 

circular section. 

As discussed below in section 4.6, a curled-sheet flat-to-round converter was constructed 

and gave measured geometric losses of less than 5%. However, this is not a practical method of 

making a converter since creating optical grade sidewalls in a material resembling jelly was 

quite challenging. Rather, the interest is in the shape, which can be replicated by more practical 

methods such as injection moulding. Section 4.7 describes the highly successful injection 

moulding trials for shapes derived from the curled sheet design. 

We now need to turn our attention to the shape of the end zone. The flat-to-round 

converter of (Franklin & Smith 2004b) illustrated in Figure 4.6 (conceptually) uses a flat-to-ring 

converter with an optical joint to a ring-to-solid circle converter. It is critical that the axes of the 

two components are accurately aligned and that the surfaces of each component have the same 

slope at the joint. Any discontinuities will cause considerable light loss or back reflection. Note 

that the loss site or reflection zone may not be at the joint, but may be located towards the exit 

portion of the ring-to-solid circle converter. Misaligning the axis by angle ø causes an increase 

in the effective cross sectional area of 1/cos ø. This increases the étendue by a similar factor and 

it was shown in section 3.1.1 that increasing the étendue is an irreversible process. The light 

field is at the limiting angle for confinement by total internal reflection, so the loss of light will 

be at least of order (1 - 1/cos ø). However, a much more serious problem can arise when light 

first strikes the inclined surface and exceeds the critical angle. If ø is small, the loss is 

approximately 2 crit . This is potentially a serious loss, so we need to examine in some detail 

the orientation of the exit ring and the slope of the component near this surface. 
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If a physical sheet is deformed in the way described above, it will be found that the end 

ring surface is inclined to the optic axis so that it leans towards the “V”. The cause is the 

difference in the distances from the entry portion to the exit ring. Let zo be the z coordinate of 

the sidewall at the ring. The sidewall starts at (w/2, 0, 0) and finishes at approximately (0, 0, zo). 

The path taken is a complex three-dimensional curve. We can split the path into three parts: an 

initial straight segment, a middle portion that has a complex curve, and a final straight section 

from the “V” to the exit ring. Measurements of curled-sheet flat-to-ring converters showed that 

the edge remains almost parallel to the z-axis for the first third of its length. The final portion is 

of length r and is also parallel to the z-axis. Thus, the middle segment has ends at approximately 

(w/2, 0, l/3) and (0, 0, zo – rn). The path is parallel to the z-axis at the left hand end and at a small 

angle at the “V” end. However, as a first approximation we can take a straight line between its 

two ends although this will tend to overestimate zo. The total path length is l. Therefore, a slight 

overestimate of zo is 

 zo
l
3

rn
2l
3

rn

2 w
2

2

 (4.6) 

Combining (4.6) with (4.2) and (4.3) gives 

 zo w
a
3

1
2

2a
3

1
2

2 1
4

 (4.7) 

Let zi be the z be the coordinate of the bottom centre of the ring. This point is at 

approximately (0, -2rn, zi). The shortest path from the origin to this point goes through the 

“humpback” section, but this bending adds very little extra distance. Thus a good estimate for zi 

is 

 zi l2 2rn
2  (4.8) 

Combining (4.8) with (4.2) and (4.3) gives 

 zi w a2 1
2  (4.9) 

The tilt of the exit surface, , is approximately 

 tan 1 (zi zo )
w

 (4.10) 

For an aspect ratio of 4.0, equations (4.7) and (4.9) give the differences in the z 

coordinates from the top to the bottom of the exit ring as 0.038w with a corresponding tilt of the 

exit surface as 6.7o. The corresponding étendue loss (1 - 1/cos ) is 0.7% and the loss due to 
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light exceeding the critical angle ( 2 crit ) is approximately 8.0%. Increasing the aspect 

ration to 5.0 decreases the difference in the z coordinates to 0.030w and reduces the end tilt to 

5.3o. The corresponding étendue loss is 0.4% and the loss due to light exceeding the critical 

angle is approximately 6.2%. These losses can be eliminated by trimming the end of the curled 

sheet so that it is perpendicular to the original optic axis. 

4.6 DESIGNING A CURLED-SHEET FLAT-TO-ROUND CONVERTER 

4.6.1 The Basics 

Attempts to use the Strand7® finite-element analysis software (Strand7 Pty Ltd) to calculate the 

shape of a curled-sheet flat-to-ring converter were unsuccessful. While it is easy to use finite 

element packages to calculate stresses in a known shape, it is not straightforward to use these 

programs to generate the shapes described in section 4.5.1. In retrospect, part of the difficulty 

may have been that it was not understood at the time that for a rectangular sheet bent into a flat-

to-ring converter, the exit ring is inclined at angle ø to the optic axis, as described by equations 

(4.6), (4.9) and (4.10). However, the finite element models assumed that the exit ring was 

normal to the optic axis. Doing this for a rectangular sheet leads to very high stresses and 

unreasonable shapes.  

Accordingly, it was decided to construct a prototype curled-sheet flat-to-ring converter 

from a rectangular sheet of flexible transparent polymer and to use this device to test the theory 

outlined in section 4.5.1. A ring-to-solid circle converter made earlier at my direction by 

Dr Paul Swift was on hand and is shown in Figure 4.8. Dr Swift measured the efficiency of this 

device as 85% and ascribed the losses to surface defects from hand polishing and lack of 

optimal design shape (Smith & Franklin 2002).  

 

   

Figure 4.8  A ring-to-solid circle converter with constant solid cross sectional area. 
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An optimized version of this ring-to-solid circle converter was constructed as a polygon 

object and ray traced in Zemax® (Radiant Zemax LLC). Figure 4.9 shows a ray trace for light 

with the largest possible solid angle that can be confined inside a cylinder by total internal 

reflection. Losses are about 1%. 

 

Figure 4.9  Ray tracing a ring-to-solid circle converter in Zemax® for light with the maximum solid angle. 

The goal was to make a flat-to-ring converter and to couple this to the existing ring-to-

solid circle converter to make a complete flat-to-round converter, similar to that illustrated in 

Figure 4.6. The plan was that if the prototype proved satisfactory, its dimensions would be 

measured and used for a computer model in the Zemax® ray tracing program. The existing ring-

to-solid circle converter had an entry-ring with an outside diameter of 50.0 mm and a wall 

thickness of 5.0 mm. This requires a sheet width of (50.0 – 6.0) x  = 138 mm. 

4.6.2 Casting a Flexible Transparent Sheet 

The key requirements for the rectangular sheet used in a flat-to-ring converter are: 

1. The sheet must be transparent enough so that there is little attenuation over the full 

length of the model (different rays have quite different path lengths so any 

significant attenuation would considerably complicate the analysis).  

2. The sheet must be flexible enough so that it can be bent into a circular exit ring 

without kinking. This requires that the sheet is very soft. However, the sheet must be 

stiff enough so that it is self-supporting. 

3. The top and bottom surfaces must be very smooth with a high quality optical finish. 

Scattering losses of 10% after 65 interactions requires a loss per interaction of less 

than 0.15% (at 45o incidence) and a mean scattering angle of less than 0.6o. 

4. The sidewalls must be accurately perpendicular to the top surface, have sharp edges, 

and have a moderate quality optical finish. For a sheet aspect ratio of 4, rays have at 

most 4 interactions with the sidewalls. So a 10% loss requires a loss per interaction 

of less than 2.5% (at 45o incidence) and a mean scattering angle at the sidewalls of 

less than 2.5o. 
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Note that the requirements 2 and 4 are contradictory. The flexibility requirement means 

that the sheet must be very soft. However, it is difficult to create optical grade sidewalls in very 

soft materials. 

There is no commercially available sheet that meets requirements 1 to 4. So it was 

decided to cast sheets from the material used for solid core optical fibre. When properly 

polymerized, this material has a very low attenuation (approximately 3% per metre) and, with 

the appropriate amount of plasticizer, it is soft enough to meet requirement 2. Note that the 

casting liquid shrinks by about 10% during polymerization so it is essential that the mould can 

accommodate this. 

Mr. Eddy Joseph kindly provided access to his factory’s laboratory at Poly Optics Pty Ltd 

in Burleigh, Queensland. The initial mould (the “A” mould) was made by the UTS Science 

Faculty workshop. It was constructed from two 267 mm x 207 mm x 10 mm aluminum plates 

with 10 mm thick aluminum sidewalls bolted to both long sides and one short side (the top was 

left open). All interior surfaces were lined with 2 mm thick Teflon® sheet (Unasco Pty Ltd) 

bonded to the aluminum with Loctite® 770 primer and Loctite® 431 adhesive (Henkel AG & Co. 

KGaA) leaving a mould cavity 6.0 mm thick that was open at the top.  

For optical quality cast sheet, it is essential to avoid any bubbles in the liquid. This was 

achieved by taking a 5.0 mm diameter Teflon® tube and flattening one end. The mould was 

inclined at about 20o and filled through the Teflon® tube with the tube’s flattened end held close 

to the top of the mould so that the casting liquid flowed smoothly down the inside of the mould. 

The mould was filled to 30 mm from the open top, which was then covered with aluminum foil 

to exclude moisture. 

The filled mould was placed vertically in a 700 C water bath with the surface of the water 

about 10 mm above the initial surface of the casting liquid inside the mould. After 5 hours, the 

mould was removed from the water bath and allowed to air cool. The mould was then opened 

by removing the sidewalls and levering apart the top and bottom sheets. Unfortunately this 

tended to delaminate the Teflon® off the aluminum sheets. Trials with other glues were 

unsuccessful.  

The cast sheets’ flexibility was excellent and their bulk optical properties were very 

satisfactory. The bulk attenuation was too small to measure (<2%) when tested with a laser 

beam that was aligned parallel to the sheet’s top surface so that it did not strike the top or 

bottom surface. However, these surfaces were not optically smooth and gave unacceptable 

scattering when tested with a laser beam inclined through the sidewalls so that the internal angle 

of incidence was more than 5o. 

The key problems with the A mould were the smoothness and the attachment of the 

mould liner (Teflon® sheet). Attempts to use other polymer sheets as mould liners were 
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unsatisfactory. Accordingly, trials were conducted with a second mould, the B mould, made 

from 112 mm x 61 mm x18 mm glass blocks and a sidewall consisting of a Teflon® coated 

50 mm diameter O-ring. Polymerized casting material sticks tenaciously to clean glass, so 

various mould release agents were tested at UTS using casting solutions kindly donated by Poly 

Optics. Standard release agents used for the commercial cell casting of PMMA on glass did not 

work as the flexible polymer has a much stronger bond to glass than does cast PMMA. Various 

agents were trialed and Helmar H.4000® silicone spray (Helmar Australia Pty Ltd) gave 

excellent results for the small B mould. As will be discussed below, it proved to be less 

satisfactory for large moulds. 

It is important that the glass is completely covered with a very thin layer of release agent. 

(Too much release agent causes excess scattering in the cast sheet, but any uncoated glass can 

cause surface defects.) The glass blocks in the B mould were prepared by lightly spraying on the 

release agent and wiping it off. This procedure was repeated three times with a vigorous 

2-minute final polish with a very clean cloth. The B mould gave 50 mm circular discs that had 

very glossy top and bottom surfaces and bulk attenuation that was too small to measure. 

A third mould, the C mould, was made from 300 mm x 210 mm x 12 mm glass sheets 

held together with 10 “C” clamps. The mould’s side seals were a single piece of 6 mm diameter 

expanded GORE® Joint Sealant PTFE cylindrical tape that started at the mould’s top centre and 

followed the complete outer circumference of the glass sheet. “C” clamps proved much more 

reliable than spring loaded clamps as the GORE® Joint Sealant is quite resilient and required 

larger compressive forces than could readily be provided with spring clamps. Also, the screw 

action of the “C” clamps permitted a controlled and reproducible pressure on the seal.  

Helmar H.4000® silicone spray was used as a release agent. Trials showed that the 

30-fold increase in surface area and 33% reduction in thickness for the glass plates in the C 

mould compared to the B mould necessitated the use of more release agent. This was achieved 

by reducing the duration and intensity of the final polish. However, the extra release agent 

increased the attenuation of the cast sheet although it was still acceptable (approximately 10% 

loss over the sheet length). In retrospect, it would probably have been better to have used the 

same amount of release agent as for the B mould, and to have separated the casting by chilling 

the assembly in a freezer (the thermal expansion coefficient of cast sheet is many times that of 

glass). Lastly, it should be mentioned that after initially satisfactory results, subsequent cast 

sheets had unacceptable attenuation with a slightly “milky” appearance when viewed edgewise. 

After extensive (and frustrating) tests of the casting chemicals, cleaning chemicals and the 

release agent, it turned out that the batch of the “very clean cloth” used for the final polish of the 

mould was contaminated. 
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The C mould was assembled horizontally by laying a coated glass sheet on the centre of 

stand so that there was a 40 mm wide space around the whole of the perimeter to provide access 

for the clamps. A precut length of 6 mm diameter GORE® Joint Sealant was positioned around 

the circumference of the glass sheet so that it formed a complete loop. The final 20 mm of the 

sealant (where it approached the start of the seal) was bent outwards to provide a gap for filling 

the mould. The second glass sheet was then placed on top of the sealant and held in place with a 

“C” clamps at each corner plus two clamps on each long side and one clamp on each short side. 

The 10 clamps were then tightened to give even compression of the seal. As the clamp pressure 

was increased, a thin line was observed where the glass came into intimate contact with the 

cylindrical GORE® Joint Sealant and air was forced from the interface. The pressure of 

individual clamps was adjusted so that this line was about 1.5 mm wide along the whole of the 

seal. This procedure gave a reliable leak-proof seal and a spacing between the two glass plates 

uniform to about 0.05 mm. The final sheet thickness of 5.5 mm was slightly less than the goal of 

6.0 mm. However, achieving the latter would have required the used of thicker GORE® Joint 

Sealant tape which was not available. 

The glass mould was then filled and polymerized by the procedure described above for 

the A mould. One advantage of the glass mould over the aluminum and Teflon® A mould is that 

it was possible to observe the filling process and to make sure that there were no bubbles. After 

filling, the 20 mm gap in the seal was blocked off by repositioning the bent piece of sealing 

tape. This procedure gave a good waterproof seal along the whole of the entire mould except for 

a tiny vent where the two ends of the sealing tape met. The vent is essential as the casting liquid 

contacts by more than 10% on polymerization.  

The transparency of the mould and the presence of a good top seal enabled the mould to 

be filled to within 10 mm of the top of the glass with the meniscus only 5 mm below the surface 

of the water bath (c.f. 30 mm and 20 mm respectively for the A mould). The transparency of the 

glass also made it possible to observe the contraction of the casting liquid during the 

polymerization process. These observations assisted in optimizing the “cooking” time for the 

sheets. On the one hand, it is essential that the sheet is properly polymerized (excess residual 

monomer can cause stability problems, difficulties with handling, and OH&S issues). On the 

other hand, excessive time in the water bath decreases the sheet’s flexibility by causing 

undesired side reactions with the residual monomer. Leaving the mould in the water bath for 

one hour after the end of visible shrinkage gave good quality sheets that proved odor free and 

very durable. 

After air-cooling, the moulds were easy to open. The GORE® Joint Sealant tape pulled 

cleanly away from the cast sheet and with careful handling could be reused many times (a useful 

economy as it is quite expensive). A gentle twist with a wooden wedge separated the top half of 
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the mould. The cast sheet could then be easily peeled off the bottom half of the mould. The 

sheets were stored in HDPE bags as these proved not to mark the soft surface while Glad-Wrap® 

cling film left a residue that marred the surface. 

The cast sheets from the C mould turned out to be a little short for bending into a 

curled-sheet flat-to-ring converter. Accordingly, a fourth mould, the D mould, was constructed 

from 380 mm x 250 mm x 12 mm glass plates. Cast sheets from the D mould made with the 

procedures described above were used to make good quality curled-sheet flat-to-ring converters. 

4.6.3 Assembling a Curled-Sheet Flat-to-Ring Converter 

It was pointed out in section 4.6.2 that a key requirement for a sheet in a flat-to-ring converter is 

that the sidewalls are accurately perpendicular to the top surface, have sharp edges, and have a 

moderate quality optical finish. The scattering process is stochastic with about half the 

interactions causing the light to increase its angle with respect to the optic axis (which may 

cause loss) while about half the interactions will decrease the angle of the light with respect to 

the optical axis (which will help to confine the light). Thus the ray random walks towards the 

loss cones and the fractional loss due to scattering, fscat, will be proportional to the square root of 

the number of interactions with the sidewalls, I. For light from a LSC the average number of 

interactions with a converter’s sidewalls is approximately equal to the converter’s aspect ratio, 

a.  So 

 fscat I a  (4.11) 

For a sheet aspect ratio of 4, a 10% loss requires a loss per interaction of less than 5% and a 

mean deviation from a perfect specular reflection less than 2.2o. The mean deviation will be the 

RMS sum of scattering from a rough surface and deviation due to incorrect surface inclination. 

Since the deviation is twice the slope error, this means that the inclination of the sidewall should 

be correct to within 1o, and preferably to better than 0.5o. This combination of optical finish and 

correct slope is quite difficult to achieve in a material that resembles a stiff jelly. 

It is essential that the sidewalls’ edges are as sharp as possible. We may model each edge 

as a 90-degree arc of radius rside. Approximately half the rays that interact with an edge will be 

lost from the light guide so the loss fraction from each interaction with edge will be of order 

rside/2t. The edges form only a very small part of the sidewall (the edge radius is much smaller 

than the sheet thickness, t) so the loss fraction, fedge, will be proportional to the number of 

interactions. Each sidewall has two edges, so 

 fedge
Irside

t
arside

t
 (4.12) 
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Thus for a flat-to-round converter with a typical sheet thickness of 6 mm and an aspect 

ration of 6, achieving a sidewall edge loss of 1% requires edge radius of 10 μm.  

Hand held optical shears such as a Poly CutterTM do not give an optical quality surface 

finish. Also, it is not possible to cut a long edge with this type of tool or to achieve the required 

accuracy. However, they can be used to cut a small “window” into the side of a cast sheet for 

laser testing. For testing purposes, the window is coated with a refractive index matching 

medium (such as glycerin for a temporary window or glue for a permanent one) and covered 

with a thin sheet of PMMA that provides an optical surface. 

After a number of trials it proved possible to produce a high quality sidewalls by using a 

computer controlled router. This gave planar surfaces with accurate dimensions and a good 

quality matt finish without any visible chipping or tearing of the edges. Correct clamping is very 

important as the soft material deforms under low pressure – the final sidewall will not be planar 

if the sheet is cut when it is deformed by the clamp. Vacuum clamping gave much better results 

than mechanical clamping. Surface profile and finish degrades markedly if the cutter is more 

than half a sheet thickness from the vacuum clamp.  

Good finish requires: 

1. The use of special cutters. Single edge spiral O flute cutters gave the best results. 

2. Very sharp cutters. (Note that the material is soft so wear is low.) 

3. High angular speeds. 12,000 rpm gave the best results. 

4. A good cutting fluid. Liquid hand wash soap gave good results. 

5. The correct feed rate (too high or too low gives poor finish). 

6. The use of climb cut rather than normal cut. (Normal cut is fine for rough cutting, so 

a combined rough and finish cut can be made in one machine cycle.) 

The surface produced by the router has a matt finish. This was taken to a high gloss by using a 

fine brush to apply two coats of Showa X3TM (Showa Technocoat Co. Ltd., Tokyo, Japan) at 

33% concentration in ethoxy propyl acetate (also called propylene glycol ethyl acetate). The 

resulting sidewalls gave almost no visible scattering when tested with a laser. 

A curled-sheet flat-to-ring converter was assembled from a 330 mm x 137 mm x 5.0 mm 

flexible sheet made by the D mould with cut, but uncoated edges. One end of the sheet was 

clamped flat and the other end was curled around a 40 mm diameter plastic mandrel. The 

position of the mandrel was adjusted to minimize the stress in the sheet while holding the 

mandrel axis parallel to the sheet’s entry axis. The area of the mandrel beneath the sidewalls 

was covered with a light coat of Helmar H4000® silicone spray as a release agent. The final 

30 mm of the sidewalls was glued together with Loctite® 349 Impruv® (Henkel AG & Co. 

KGaA) optically clear UV curing adhesive. 
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As described in section 4.5.1 and equation (4.10), the tubular end of the unit was 

noticeably inclined towards the V section. The end ring was squared off normal to the optic axis 

by using a very sharp 42 mm fly cutter in a milling machine at 2,500 rpm using WD-40 as a 

cutting fluid. The resulting surface was much rougher than the sidewalls produced by the high-

speed router but this was not important as it was ultimately to be glued to a ring-to-solid 

cylinder converter. 

After assembly, the sidewalls were given two coats of Showa X3TM dissolved at 33% 

concentration in ethoxy propyl acetate. This was done after assembly to avoid the damage that 

might occur by bending a coated edge. 

Figure 4.10 shows a side view of the curled-sheet flat-to-ring converter. Note that it is 

rotated 180o about its long axis compared to the converter in Figure 4.6, which makes the 

“humpbacked section” much more obvious. 

 

Figure 4.10  Side view of a curled-sheet flat-to-ring converter. Note the distortion of the exit ring. 

The end ring in Figure 4.10 is noticeably deformed by residual stresses from the desired 

circular shape. Also, as described in section 4.2, the UV cured glue joints are very strong in 

tension but somewhat prone to peeling. Accordingly, the cylindrical end section was covered in 

HDPE (to act as an optical isolator) and tightly wrapped with PVC tape. This resulted in a much 

more circular end profile as shown in Figure 4.11  

For optical testing, a 500 mm x 125 mm x 2.0 mm green fluorescent PMMA sheet was 

glued to the converter’s entry surface as shown in Figure 4.11. This photograph indicates that 

the converter is working very well. The light from the short fluorescent sheet has the largest 

possible solid angle for light trapped by total internal reflection. The high angle light inside the 

sheet and the converter mercilessly illuminates every surface blemish. However, what is very 

noticeable is the complete absence of bright patches not due to surface blemishes. In particular, 

the sidewalls of the converter are actually darker than the diamond polished edges of the 

fluorescent sheet. In fact, there are no visible geometric losses. 
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Figure 4.11  Curled-sheet flat-to-ring coupler attached to a fluorescent sheet. The output is then fed into 
an integrating sphere and compared to that from a similar luminescent sheet without a coupler. 

The performance of the converter was measured by feeding the light from the exit ring 

into an integrating sphere. This was then compared with the light from a similar sized flat 

flexible sheet from the D mould that was glued to a 500 mm x 125 mm x 2.0 mm green 

fluorescent PMMA sheet. The converter’s output was 95% of that from the flat flexible sheet. 

This is a very satisfactory performance given the inevitable surface blemishes that accumulate 

during the bending and gluing process. 

A complete flat-to-round converter, similar to Figure 4.6, was made by gluing the flat-to-

ring converter of Figure 4.11 to the ring-to-solid circle converter of Figure 4.8. The assembled 

unit had an efficiency of approximately 80%, which agrees well with the combination of flat-to-

ring converter efficiency of 95% and a ring-to-solid circle efficiency of 85% (0.95 x 0.85 = 

0.81). Note that as discussed in section 4.6.1, ray tracing with Zemax® indicated that with 

improved design, geometric losses in a ring-to-solid circle converter can be reduced to about 

1%.  So these results indicated the prospect of a very high performance flat-to-round converter. 

4.6.4 Modelling a Curled-Sheet Flat-To-Round Converter 

The exterior surface of the physical model illustrated in Figure 4.11 was measured on a 10 mm 

grid. A smoothed 3D curve was fitted to this data.. The requirements for conservation of 

étendue discussed in sections 4.5 and 4.5.1 were then used to calculate the location of the 

interior surface and co-ordinates of the sidewalls. This mathematical model was then used to 

calculate the vertices of a polygon object that was ray traced in Zemax®. (A polygon object is a 

user-defined object in Zemax® that can be used to define a polygon volume. The polygon object 
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is based on a collection of 3D triangles or rectangles whose vertices are placed in a suitable 

ASCII file. The polygon volume may optionally be open or closed. For details see (Zemax 

2006, p. 335) and (Zemax 2006, pp. 393-5). 

Inspection of the measured coordinates of the flat-to-ring converter’s outer (exterior) 

surface showed that all the measured transverse cross sections were well approximated by arcs 

of circles. The transverse radius of curvature, ro(z), varied smoothly from infinity at the flat 

entry surface to the value given by equation (4.4) at the exit ring. Equations fitted to the 

transverse radius of curvature had poor numerical stability. However, changing the variable to 

the transverse curvature, co(z) = 1/ro(z), gave very good results. An excellent fit was obtained for 

a cubic constrained to have zero at the entrance surface (z = 0) and the value implied by 

equation (4.4) at the exit ring. 

In order to develop a mathematical model of the converter, for each value of z along the 

optic axis we need to determine: the transverse radius of curvature of the outer surface, ro(z),  

the position of that centre of curvature, C0(z), the arc length of the transverse cross section, 

wo(z), the radius of curvature of the inner surface, ri(z), the position of that centre of curvature, 

Ci(z), and the location of the sidewalls. 

The y value of the exterior surface in the y-z plane, yo(z), was also well described by a 

cubic. (Note that the converter of Figure 4.11 is inverted compared to that in Figure 4.6 so yo(z) 

is negative.) 

Fixing both the y value of the outer surface on the y-z plane and the transverse radius of 

curvature of that surface determines that the centre of curvature for the outer surface, Co(z), is at 

 Co (z) 0,1 / co (z) yo (z), z  (4.13) 

The inner, neutral and outer surfaces are concentric at the exit ring. So as a first approximation 

we will assume that the inner, neutral and outer surfaces are concentric everywhere and so 

 Ci (z) Co (z)  (4.14) 

The outer surface is inclined at some angle  to the z-axis, with  varying slightly along 

the transverse cross section. As a simplifying assumption, we may approximate the inclination 

by the value of  at the y-z midplane. From Figure 4.7, if the sheet has a constant thickness of t, 

(measured perpendicular to the surface) the distance between the outer and inner surfaces in a 

transverse plane, T(z), is 

 T (z)
t

cos (z)
 (4.15) 

The inclination angle, (z), can be found by differentiating yo(z), 

ϕϕ

ϕ

ϕ
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 (z) tan 1 dyo (z)
dz

 (4.16) 

For concentric inner and outer surfaces, relationship between the inner, neutral and outer 

surfaces are shown in Figure 4.12. We see that the radius of the inner surface, ri(z), is  

 ri (z) ro (z) T (z)  (4.17) 

while the radius of curvature of the neutral surface, rn(z), is  

 rn (z) ro (z)
1
2

T (z)  (4.18) 

Now the arc length of the neutral surface has a fixed value of w. The neutral and outer 

surfaces are concentric. So from Figure 4.12 and equations (4.15) and (4.18) the arc length of 

the outer surface, wo(z), is 

 wo (z)
wro (z)
rn (z)

wro (z)

ro (z) t
2 cos (z)

 (4.19) 

T Outer surface

Neutral surface

Inner surface

C

riro

Sidewall

 

Figure 4.12  Transverse cross section of a flat-to-round converter with the inner and outer surfaces having 
a common centre of curvature at C. The mean direction of the light is inclined to this cross section by 
(90 - ). Note that the converter’s thickness in this plane, T, has been exaggerated for the sake of 
clarity. 

It might be thought from Figure 4.12 that the arc length of the inner surface, and hence 

the position of the sidewalls, could analogously be calculated by  

ϕ
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 wi (z)
wri (z)
rn (z)

w ro (z) t
cos (z)

ro (z) t
2 cos (z)

 (4.20) 

However, doing this would create large losses in the converter because the sidewalls 

would not be perpendicular to either the outer or inner surfaces. The problem is that those 

surfaces are inclined by angle  to the transverse cross section shown in Figure 4.12. Indeed, a 

unit designed with right angles in the geometric cross sections can easily have sidewall 

inclination errors of 10o that would cause a 200 change in the light’s inclination at each 

reflection and a hence massive light loss after multiple interactions with the sidewalls. 

Instead, the procedure adopted was to use equations (4.13) and (4.19) to calculate the 

position of a point P at the intersection of the outer surface with the sidewall. Auxiliary points 

Q1, Q2 and Q3 were then chosen as shown in Figure 4.13 with Q1 and Q3 on the edge of the outer 

surface and Q2 having the same z value as P, but located away from the sidewall. Let S be a 

vector normal to the surface at P of length t. Then point I on the inner sidewall edge 

corresponding to P is given by  

 I P S  (4.21) 

A good estimate of S is 

 S t
2

(Q1P Q2P Q2P Q3P)  (4.22) 

which is formed by averaging unit vectors for the Q1, P, Q2 and Q2, P, Q3 triplets. (Numerical 

trials show that only using one triplet to form the unit vector leads to considerable errors and 

unacceptable light losses in the polygon object). Once a number of points on the inner edge of 

the sidewall have been found from equations (4.21) and (4.22), it is simple to fit a curve to these 

values to calculate wi(z). These values turn out to be significantly different to those of equation 

(4.20). 

ϕ
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P
Q1

Q2

Q3

I

Q1P x Q2P
Q

2
P x Q

3
P

S

 

Figure 4.13  Calculating the sidewall. For a point P on the upper edge of the sidewall, auxiliary points Q1, 
Q2 and Q3 are used to construct a vector S that is perpendicular to the outer surface and has a length equal 
to the sheet thickness, t. The point on the inner edge of the sidewall, I, corresponding to P is I = P + S. 

The procedure described above was used to calculate a grid of points on a mathematical 

model based on measurements of the flat-to-ring converter illustrated in Figure 4.11. A closed 

polygon object for the Zemax® program was then written in Excel® using the procedures of 

(Zemax 2006, pp. 393-5). Figure 4.14 shows a typical ray tracing. In this example, taken from 

the patent (Franklin & Smith 2004b), the source has the largest possible range of angles for light 

to be confined by total internal reflection inside a flat sheet. More than 98% of the rays reach 

the exit ring.  

 

Figure 4.14  Ray tracing in Zemax® of a curled-sheet flat-to-ring converter. The source has the largest 
possible range of angles for light to be confined by TIR inside a flat sheet. More than 98% of the rays 
reach the exit ring. 
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This polygon object model was then combined with the polygon object model of a ring-

to-solid circle converter of Figure 4.8 so that the combination formed a flat-to-round converter, 

similar to Figure 4.6. There were no significant extra losses in the flat-to-ring section. 

4.7 MASS PRODUCTION OF FLAT-TO-ROUND CONVERTERS 

The curled-sheet optical model described in section 4.6.4 was satisfactory for proof of principle, 

and for developing the basic mathematics of the design. However, this is not a practical method 

for mass-producing flat-to-round converters. Not only did the sheet matrix have relatively poor 

optical quality (which could have been improved by better casting technique), but also forming 

the sidewalls was extremely challenging (as previously mentioned, it was like machining jelly 

to an optical finish) and would be far too expensive for mass production. The only feasible 

mass-production technique is injection moulding. However, injection moulding presented a 

number of significant problems including: 

  Making a suitable tool and running injection-moulding trials was estimated to 

cost on the order of $50,000. Budgetary constraints meant that there had to be a 

very high confidence of success before committing these funds. If there were 

major problems it was unlikely that money would be available for a new design. 

 The design shown in Figure 4.6 would require significant modification if it was to 

be made by injection moulding because the “humpbacked” nature and compound 

curvature of the flat-to-ring section means that there is no unobstructed extraction 

path for the tool which would make the interior surface. 

 It would be technically challenging to achieve a homogeneous optical-grade 

matrix, optical grade surface finish, accurate surfaces and precision edges over 

such a large component. 

The relatively poor optical quality of the matrix and sidewalls in the curled-sheet optical 

model described in section 4.6 meant that measurements were necessarily limited. Accordingly, 

in the commercialization phase of this project it was decided to commission several optical 

grade flat-to-round converters from Arrk Australia and New Zealand Pty Ltd to prove the design 

of section 4.6.4. (The actual manufacture of the rapid prototypes was undertaken by Arrk’s® 

facilities in Taiwan). The plan was to first build and measure a complete flat-to-round converter. 

If that proved satisfactory, the design would be optimized for mass production by injection 

moulding. A series of rapid prototypes would be commissioned of the modified design until 

FSL were confident of both its optical performance and the feasibility of mass-production by 

injection moulding. Only then would the injection moulding tool and trials be commissioned. 
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The methods outlined in sections 4.5.1 and 4.6.4 were used as the basis of a 

SolidWorks® model (Dassault Systèmes SolidWorks Corporation) created at my direction by 

Russell Collier at Fluorosolar Systems Ltd. The humpback nature of the design meant that Arrk 

Rapid Prototyping had to make each converter in two pieces that were glued together. Despite 

concerns about losses from the glue joints, and scattering from the sidewalls (whose skew 

curves made them very hard to polish), measured transfer efficiency from a LSC sheet glued to 

the input surface exceeded 92%. As Figure 4.15 shows, geometric losses were very small. In 

this photograph, the prototype is resting on a smooth sheet of black PMMA (Plexiglas®) and 

reflection off this surface provides a partial view of the underside of the LSC and the 

flat-to-round converter. In order to facilitate comparison with Figure 4.6, Figure 4.14 and Figure 

4.16, this photo and those in Figure 4.17 and Figure 4.18 have been reflected about a vertical 

axis (interchanging left and right) so that in all figures the source is on the left. 

QuickTime™ and a
 decompressor

are needed to see this picture.

 

Figure 4.15  The Arrk® prototype glued to a red LSC and fitted with a conical light extractor. The glued 
joints between the upper and lower pieces are visible as a bright line at the exit surface.  

Although the designs of sections 4.5.1 and 4.6.4 performed well in both theory and 

practice, the “humpbacked” nature and compound curvature of the flat-to-ring section made this 

design impractical to mass produce by injection moulding because there is no unobstructed 

extraction path for the tool which would make the interior shape (see Figure 4.6). Now the 

“humpback” section arises from the stress relief of the bent sheet. However, in an injection 

moulded component there are no stresses, so we can displace cross sections in the x-y plane to 

eliminate the hump.  
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For ease of injection moulding, it is desirable that the intersection of the outer surface 

with the y-z plane is a straight line. This can be thought of as taking the design of section 4.6.4 

and displacing each transverse cross section by yo(z) so that they all lines up in the y-z plane. 

This can be achieved by replacing the centre of curvature given by equation (4.13) with a 

displaced centre, C 'o (z) , at  

 C 'o (z) C 'o (0, ro (z), z)  (4.23) 

and using all the other parameters as described in section 4.6.4.  

A flat-to-round Solidworks® model on this basis is shown in Figure 4.16. This unit is 

designed to couple a 50 mm x 6 mm stack of three LSC sheets to a 20 mm diameter solid core 

optical fibre. Note that there is an unobstructed longitudinal extraction path for a tool forming 

the central cavity. The parting lines for this tool are the edges of the sidewall that are initially at 

the bottom corner of the entry surface and twist through 180o to form the top of the V. Zemax® 

ray tracing of this model gave losses of about 1%. 

 

Figure 4.16  A Solidworks® model of a flat-to-round converter designed to couple a 50 mm x 6 mm stack 
of three LSC sheets to a 20 mm diameter solid core optical fibre.  

Two rapid prototypes of this design were fabricated by Arrk Rapid Prototyping. Figure 

4.17 shows one of these optical models glued to a green LSC sheet. The interior cavity at the 

exit end meant that it was necessary to fabricate each prototype in two pieces to provide access 

for a polishing tool. The glued joint between the upper and lower pieces is visible in the photo 

as a series of bright lines. The green triangular streak to the bottom left of the converter is a 

reflection of the sidewall by the smooth black sheet (Plexiglas®) supporting the converter. 

Geometric losses for this prototype were less than the measurement limit of about 1% i.e. all 

losses could be attributed to matrix attenuation, surface defects, scattering at the glue joints, etc. 
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QuickTime™ and a
 decompressor

are needed to see this picture.

 

Figure 4.17 An Arrk® rapid prototype of the design shown in Figure 4.16 glued on the left to a green 
LSC. The glued joints between the upper and lower pieces of the optical model are visible as bright lines. 
The green triangular streak to the bottom left of the converter is a reflection of the sidewall by the smooth 
black sheet supporting the prototype. 

The good optical performance of these prototypes led to a decision to undertake the 

considerable expense of making flat-to-round converters by injection moulding and Accura 

Engineering Pty Ltd was commissioned to make a suitable tool. One problem with mass-

producing this component by injection moulding is the cycle time for the injection-moulding 

machine. The plastic at the round end has a thickness of 18 mm which caused the predicted 

cycle time to be very long (with a correspondingly very high unit cost). Accordingly, the design 

was modified by adding a 2 mm diameter axial hole at the round exit face. This reduced the 

maximum plastic thickness to only 8 mm and very greatly decreased both the cycle time and the 

cost. Ray tracing showed that adding the axial hole reduced the light output by < 0.3%. The 

reduction in cross sectional area is 1.2% which, from étendue arguments, would lead one to 

expect a loss of 1.0%. This apparent paradox is discussed below.  

Two key issues in injection moulding a flat-to-round converter are the optical quality of 

plastic (which must be as homogeneous as possible) and the precision of the moulding, 

particularly the edges of the sidewalls. These requirements were achieved by using a side-gate 

to fill the two-part mould, and then ramming the filled mould with a hydraulic ram across the 

full face of the exit surface (the end surface of the ram included a 2 mm diameter pin that 

created the axial hole). The pressure was held at its initial value for about 30 seconds and then 

slowly decreased as the mould cooled. This procedure gave a very good optical finish over the 

whole moulding with high surface and edge precision. 

Figure 4.18 shows an injection moulded flat-to-round coupler with a green LSC sheet 

glued to the entry unit and an 18 mm solid core optical fibre glued to the exit cylinder. Note that 

the entry unit includes a series of steps for an “offset T joint” coupling to a three sheet LSC 

stack as described section 3.3.2 and the (Franklin & Smith 2007) patent application. The 
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rectangular piece of plastic near the optical fibre is the injection-moulding gate that is normally 

removed before adding LSC sheets. 

In section 3.1.7 it was shown that conservation of étendue means that it is not possible to 

“squeeze” light. This means that the cross sectional area of a light guide coupled to a LSC must 

not decrease along the optical path if losses are to be avoided. However, not all light is equally 

valuable. In particular, very high angle light is readily lost from optical fibres. Accordingly, the 

design of the flat-to-round converter was modified to maximize the amount of low angle light, 

accepting a trade-off of a slightly lower throughput of 96% rather than the better than 99% that 

can be achieved with a “non-squeezing” design. The resulting injection moulded curled-sheet 

flat-to-round converter is shown in Figure 4.18. It has a measured transfer efficiency of about 

95% percent, which is in good agreement with the calculated value of 96% from ray tracing. 

QuickTime™ and a
 decompressor

are needed to see this picture.

 

Figure 4.18  An injection moulded flat-to-round coupler fed by a green LSC sheet. The rectangular piece 
of plastic near the optical fibre is the injection-moulding gate, which is normally removed. Also seen at 
the bottom left hand corner of the photo are the stepped surfaces used to make an “offset-T joint” from 
the LSC sheets to the coupler. 

It was pointed out earlier that adding the 2.0 mm axis hole to the exit surface decreases 

the optical cross sectional area of the system by 1.2% but causes a light loss of less than 0.3%. 

At first glance this would seem to conflict with the conservation of étendue outlined in section 

3.1.1. However, detailed ray tracing showed that the “squeezing” optimisation described above 

caused most of this light to be lost before it reached the axial hole. This is a good illustration of 

the important fact that the performance of an LSC system is indeed a system parameter and 

cannot be optimized by considering individual components in isolation. 
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5 TRIMM DOPED SHEETS AND LIGHT GUIDES 

5.1 INTRODUCTION   

Controlled diffusion of light is a key part of many modern lighting systems. It is a particular 

problem with the luminaires for the hybrid-LSC system described in section 3.3.4. These light 

extractors combine red and green light from LSC’s with light from a blue LED to make a 

uniform white light. The problem is that the LED’s are high intensity sources while the LSC’s 

light is diffuse. Efficient mixing of light that has such very different distributions to create 

uniform white light with constant colour is difficult with traditional materials because high 

diffusion usually implies high backscatter, which causes unacceptable losses. This requires the 

use of new materials that combine good diffusion with a very high ratio of forward scatter to 

back scatter. 

Forward scattering translucent polymer materials are increasingly used in many areas of 

light control including skylights, diffusers for luminaires, architectural panels, side-scattering 

optical fibres and light mixers. Traditional materials for these applications use inorganic 

additives and pigments such as CaCO3, TiO2 and BaSO4. Traditional Mie scattering theory 

modified to include multiple scattering effects is able to semi-quantitatively describe their 

spectral transmittance and reflectance, and light spreading (Vargas 1999). The combined effects 

of the mismatch of these particles’ refractive index relative to the polymer host and the 

concentration required to achieve a reasonable spread of transmitted light, intrinsically results in 

a significant degree of backscattering with consequent reduction of hemispherical transmittance. 

This is also why sheets doped with these materials look quite milky or creamy when viewed in 

reflectance. Additionally, sheets doped with micron-sized particles can have objectionable tints 

because of the strong variation of scattering intensity with wavelength. 

For some applications dealing with high intensity sources, such as the sun or high power 

LED’s, a key requirement is that the specular transmittance is very low to reduce unacceptable 

glare and to provide uniform illumination. Achieving this with traditional diffuser materials 

requires doping concentrations that give a high degree of backscatter. For instance, in the opal 

PMMA sheets as used for skylights and the pigmented polycarbonate widely used in roof 

glazing, it is common to find that at usual pigment levels needed for low specular transmittance 

(which is much preferred where clear skies dominate), total transmittance of visible light can be 

down to approximately 50% (Smith, Jonsson & Franklin 2003). This means that a low 

hemispherical transmittance will often require larger roof openings and hence higher solar gain 

for a given interior illumination level. 
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For light fittings, the result of high doping levels with traditional diffuser materials is low 

Light Output Ratios (LOR’s) that then requires larger lamp powers to achieve design 

illuminance. This is a particular problem for luminaires using high intensity LED’s where 

specular transmittance of 1% may cause intolerable glare and aesthetics may require specular 

transmittance of less than 0.1% to avoid unacceptable bright spots.  

The high ratio of backscatter to forward scatter for polymers doped with traditional 

diffuser pigments causes unacceptable loss rates with distance traveled in side-scattering optical 

fibres and light mixer rods made with these materials. Additionally, mixer rods placed stringent 

demands on the constancy of scattering properties with wavelength that can be very hard to 

meet with traditional materials. Mixer rods also place very stringent requirements on specular 

transmittance since even specular transmission levels as low as 0.00002% may lead to a central 

bright spot on the projected image. 

Clearly, there is a need for a doping material for polymer sheets, rods, and side-scattering 

light guides (which leak light over an extended distance), that have a very high ratio of forward 

scatter to backscatter, low absorbance, very low specular transmittance and scattering properties 

that are as nearly wavelength independent over the visible as possible. A material approaching 

these characteristics is now available. The additive is itself a clear polymer particle and it is 

embedded in a clear polymer. 

This class of new materials has several applications for LSC systems including high 

efficiency light extractors (discussed in section 6.5), high performance luminaires, and side-

scattering light guides coupled to luminaires (section 6.5.3). Additionally, the theory for 

TRIMM doped light guides turns out to helpful in understanding some types of scattering losses 

in LSC sheets, see section 8.2.1 and section A.1 of Appendix A. 

This chapter will explore the specular and hemispherical optical properties of smooth 

surface PMMA sheets and rods for various geometries. Section 5.2 outlines the basic optical 

properties of TRIMM doped materials and explores how these properties can be calculated by 

ray tracing. Section 5.3 then examines the light diffusion pattern for multi-particle interactions. 

This leads to a formula for the required geometry and doping concentration to achieve specified 

levels of diffusion and specular transmittance. Section 5.3.1 explores the light field inside a 

heavily doped polymer and shows the need to introduce side transmittance as a component in 

addition to reflectance, transmittance and absorptance to completely define and understand the 

optical properties of these systems. It is shown that the presence of significant side 

transmittance causes the standard measurements of hemispherical spectral transmittance to 

significantly underestimate the transmittance of a uniformly illuminated sheet in a way that can 

lead to very large errors in calculated absorbance. Section 5.4.1 explores the light field inside 
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and outside light mixer rods and the requirements for achieving high performance light mixer 

systems. Finally, section 5.4.2 discusses use of these materials for side-scattering optical fibres. 

5.2 OPTICAL PROPERTIES OF TRANSPARENT MICROPARTICLES  

IN A TRANSPARENT MATRIX 

Low loss, with almost negligible backscattering, can be achieved using a new type of 

transmission diffusing element, for which we coined the acronym TRIMM (Transparent 

Refractive Index Matched Microparticle) (Deller et al. 2002). This acronym embodies the key 

physical features of the particle and matrix - namely (i) each additive particle is several microns 

in diameter (preferably over 6 μm and typically in the range of 10 μm to 50 μm), (ii) the particle 

does not absorb visible light and hence is visibly clear and transparent if smooth, and (iii) its 

refractive index is close to that of the host polymer. It is also of course desirable that the host 

polymer be highly transparent at visible wavelengths. 

In this chapter, we will first analytically calculate in section 5.2.1 the optical properties of 

individual microparticles in a TRIMM doped matrix. We will then consider how to carry out ray 

tracing for TRIMM systems using programs such as Mathematica® (Wolfram Research, Inc) or 

the Zemax® (Radiant Zemax, LLC) and compares results from simulations with the relevant 

analytic expressions. 

5.2.1 Single Particle Interactions in a TRIMM System 

Van de Hulst devotes chapters 8 and 9 of his classic “Light Scattering by Small Particles” (van 

de Hulst 1981) to a detailed treatment of the large sphere (relative to wavelength) limit of Mie 

scattering. It is shown that in this limit one can either use ray optics or equivalently take the 

asymptotic limit of the Mie scattering equations. A basic parameter in these models is the 

refractive index ratio, m, 

 m
nparticle

nhost

 (5.1) 

For our purposes, it is more convenient to use the difference in the relative refractive 

index, ,  

 μ
nparticle nhost

nhost

m 1 (5.2) 

Note that in principle  can be positive (when nparticle > nhost) or negative (nparticle < nhost). 

Currently available TRIMM systems use microparticles of cross-linked PMMA in a PMMA 

host. The act of cross-linking tends to increase the refractive index slightly, so in all these 
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Now triangle ABC is isosceles, so 2 = 3. Hence by Snell’s Law, 

 nhost sin 1 nparticle sin 2 nparticle sin 3 nhost sin 4  (5.3) 

so 1 4  (5.4) 

and 2 3  . (5.5) 

The deviation at A is  = ( 1 – 2), which is also the deviation at B. Thus the total 

deviation, , is  

 2( 1 2 )  (5.6) 

Now it is clear from Figure 5.1 that 

 h sin 1  (5.7) 

While from equations (5.2), (5.3) and (5.7) we see that 

 sin 2
nhost

nparticle

sin 1
h

1 μ
 (5.8) 

So combining equations (5.6), (5.7) and (5.8) gives the fundamental equation for TRIMM 

optical systems, 

 2 sin 1(h) sin 1 h
1 μ

 (5.9) 

It is noteworthy that  depends only on h and . This means that (in the geometric limit) the 

single-particle scattering pattern is completely independent of the particle size distribution – it 

depends only on . Accordingly, any variation in the scattering pattern that is wavelength 

dependent follows solely from changes in μ with respect to wavelength. Note that small changes 

in the absolute refractive index of either the particle or of the host can give rise to significant 

changes in , and hence in the particles’ scattering properties. This means that in order to 

achieve weak dispersion in scattering properties for a TRIMM doped system, we require a close 

match in the host’s and the particles’ dispersive indices over the wavelength region of interest.  

Currently available TRIMM systems use microparticles of cross-linked PMMA in a 

PMMA host. The refractive index of the TRIMM particles may be divided into two 

components: a dominant primary contribution from the PMMA chains and a small secondary 

positive component from the crosslinking. Now both the host and the microparticles contain 

similar PMMA chains so the primary components of the refractive index are the same at all 
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wavelengths. And the secondary component from the cross-linking is almost wavelength 

independent. Consequently, the difference in the refractive index between the particle and the 

host, and hence μ, varies much less with wavelength than does the refractive index (Deller 

2005, pp. 47-52).  

Strictly speaking, Mie theory should be used to calculate the deviation. However, 

geometric optics is a good approximation provided the ray is more than about a wavelength 

from the sphere’s edge (van de Hulst 1981, p. 209). For a sphere of radius r and light of 

wavelength , the corresponding geometric limit, geom , is  

 geom 1 r 2 sin 1 1 r sin 1
1 r
1 μ

 (5.10) 

and the fraction of rays that are within the geometric limit, fgeom, is  

 fgeom (1 r )2  (5.11) 

For a 35 μm diameter microsphere sphere with μ = 0.0114, the geometric limit at 589 nm 

is hgeom = 0.966 which corresponds to and angle of incidence of 75o. Note that 93% of the 

incident rays have h < 0.966 and so are well approximated by equation (5.9). 

Equation (5.9) may be simplified by taking a Taylor expansion in (1 + μ). Dropping 

higher order terms leads to the useful approximation for  of 

 
2μh
1 h2

 (5.12) 

For μ = 0.0114 the error in this approximation is less than 0.25% for h < 0.75, rising to 1.0% at 

the geometric limit.  

We can use Figure 5.1 and equations (5.2) to (5.8) to calculate the TRIMM sphere’s 

refection coefficient, R1. The Fresnel Equations indicate that a plane wave incident on a non-

magnetic dielectric surface with the transverse electric polarisation (i.e. the electric vector in the 

plane of the surface has a reflection coefficient, RTE, of  

 RTE
sin( i t )
sin( i t )

2

 (5.13) 

where i is the angle of incidence and t is the angle of the transmitted refracted ray (Hecht 

2002, p. 115). The reflectance coefficient for light with the transverse magnetic polarisation (i.e. 

the magnetic vector in the plane of the surface) has a reflection coefficient, RTM, of 
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 RTM
tan( i t )
tan( i t )

2

 (5.14) 

In Figure 5.1 the incidence plane at the entry point A is parallel to the incidence plane at 

the exit point B. Now μ is small so only a tiny fraction of the incident energy is reflected at A. 

Thus the reflectance coefficient is very nearly just the sum of the reflectance coefficients at A 

and B. Hence from equations (5.6), (5.13) and (5.14), 

 R1 TE 2
sin( 2)

sin(2 1 2)

2

 (5.15) 

 R1 TM 2
tan( 2)

tan(2 1 2)

2

 (5.16) 

Whether a particular ray has TE or TM polarisation depends on the orientation of the 

surface with respect to the ray’s electric vector. However, the orientation of the microsphere’s 

surfaces is random so the polarisation is also random (a given ray may strike one sphere with 

TE polarisation and another with TM). So the single particle reflectance coefficient, R1, is just 

the average of the coefficients for each polarisation and  

 R1

sin( 2)

sin(2 1 2)

2
tan( 2)

tan(2 1 2)

2

 (5.17) 

Note that some earlier work has effectively neglected to include the internal reflection at 

the particle/host surface and so underestimates the reflection coefficient by a factor of two 

(Deller 2005, p. 24; Deller & Franklin 2005; Smith, Jonsson & Franklin 2003). However, the 

very small value of the back reflection coefficient means that this is not an important error – 

twice an infinitesimal is still an infinitesimal. 

Equation (5.17) gives the reflectance in terms of . The reflectance at a given impact ratio 

can be found by using equation (5.9) to first calculate (h) then substituting this into equation 

(5.17). The result is plotted in  Figure 5.2 for μ = 0.0114. We see that for h < 0.5 (angle of 

incidence < 30o) the reflectance is essentially constant at 0.065%. The maximum back 

reflectance of 0.126% occurs for h= 0.707 (angle of incidence = 45o). Reflectance increases for 

rapidly h > 0.9, but is still less than 1% at the geometric limit of h=0.966 for 35 μm diameter 

microspheres. 
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 Figure 5.2  Reflectance from a TRIMM sphere for μ = 0.0114 for various impact ratios. Rays with 
h < 0.71 are back reflected. The geometric limit for 35 μm particles is h = 0.966. 

It is easy to show (Hecht 2002, p. 121) that at normal incidence equation (5.17) simplifies 

to 

 R1 normal 2
npaticle nhost

npaticle nhost

2

2
μ

2 μ

2
μ2

2
 (5.18) 

We see from  Figure 5.2 that the back reflectance increases with impact parameter and reaches 

twice this value for the extreme back reflected rays.  

For back reflection to occur the rays must strike the surface of the sphere at an angle of 

incidence smaller than 45° ( h 1 2 ). We note from Figure 5.3(a) that the probability of an 

incident ray having a fractional radial contact value in the interval h to h+dh is 2 hdh. Thus the 

mean back reflectance of a ray striking a single sphere is  

 R1

2 R1(h)h dh
0

1
2

2 h dh
0

1
2

4 R1(h)h dh
0

1
2

 (5.19) 

This can be evaluated numerically by using equation (5.9) to give (h) in equation (5.17) and 

then numerically integrating (5.19). For μ = 0.0114, R1 0.0087% . A good approximation for 

0.007 < μ < 0.020 is  
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 R1 0.670μ2  (5.20) 

which has a RMS error of 0.8% over this range. 

If the TRIMM particle is in a sheet then only light reflected back at less than the critical 

angle will escape the sheet. For a ray normal to the sheet’s surface this corresponds to an angle 

of incidence at the microsphere of half the critical angle or h 1 (2n) . For PMMA this is 

h = 0.34. Inspection of Figure 5.2 shows that the reflectance is almost constant up to this value. 

So after correction for Fresnel reflection at the sheet air interface of approximately 9%, equation 

(5.18) is a good estimate of external reflection from a single microsphere. 

The practical result of all of the above is that the reflectance from a TRIMM particle is so 

small that under most circumstances we can safely ignore it. For most practical purposes, 

TRIMM materials diffuse the rays with negligible back reflection. 

 

We can now investigate the details of the deviation function for single particles. As 

outlined above, in the geometric optic limit equation (5.9) calculates the deviation  of a ray 

striking a TRIMM sphere at fraction h of a radius. The corresponding probability density 

function, f( ), is derived below and is graphed in Figure 5.3(b). Note the high degree of 

asymmetry and the pronounced tail.  

 

dh

h

(a) 

Calculated 
Monte Carlo dat
MEANx

x

 

(b) 

Figure 5.3  (a) Angular deviation of a single ray striking a TRIMM sphere of unit radius. 
(b) he probability density distribution of the deviation, f( ) for μ = 0.0114. 

In order to calculate the mean deviation, , we note from Figure 5.3(a) that the 

probability of an incident ray having a fractional radial contact value in the interval h to h+dh is 

2 hdh. Thus the mean deviation of a ray striking a single sphere is  
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(h)2 h dh
0

1

2 h dh
0

1

4 h sin 1(h) sin 1 h
1 μ

dh
0

1

2
2 1 μ 2 sin 1 1

1 μ
2μ μ2

 (5.21) 

where for the final step in (5.21) we have used the fact that for a > 0 (Dwight 1961, p. 122), 

 x sin 1 x
a

dx
x2

2
a2

4
sin 1 x

a
x
4

a2 x2  (5.22) 

Equation (5.21) is rather cumbersome. However, by using equation (5.12) as an 

approximate expression for  in the first line of equation (5.21), we see that 

 
(h)2 h dh

0

1

2 h dh
0

1

4 μh2

1 h2
dh

0

1

μ  (5.23) 

Over the range of 0.010 < μ < 0.020 (the typical range for TRIMM doped PMMA sheets and 

mixer rods) the average error in ranges from 13% to 19 % with an average error of 16%. For 

μ close to our standard value of 0.0114, a better estimate is 

 2.76μ  (5.24) 

A typical TRIMM material is 35 μm diameter cross-linked PMMA spheres in a PMMA 

matrix, which has μ = 0.0114 at  = 589 nm (Deller et al. 2002). For this material, 

 = 1.80o and geom = 4.5o. 

The probability density distribution, f( ), can be calculated analytically. The cumulative 

probability density, P(h), is 

 P(h) f ( )d
0

(h )

 (5.25) 

Now from Figure 5.3(a) it is clear that P(h) is also the ratio of the projected area for rays with 

impact ratios less than h, compared to the projected area of the sphere’s extremity. So  

 P(h)
2 h dh

0

h

2 h dh
0

1 h2  (5.26) 
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Combining equations (5.25) and (5.26) with equation (5.9) leads to 

 f ( )
P P

h
h h

1
1 h2

1
(1 μ2 ) h2

 (5.27) 

Note that from equation (5.26), the median deviation (P(h) = 0.5) occurs for h 1 2 . 

Therefore, from equation (5.9) the median deviation, median, is  

 median 2
2sin 1

1
2

1 μ
2μ  (5.28) 

where the approximation comes from applying equation (5.12). The error is approximately 

0.16% for μ = 0.0114. 

Figure 5.3(b) shows f( ) as calculated using equation (5.27), and f( ) as derived using 

Monte Carlo simulations in Mathematica® for ~100,000 deviations (Deller & Franklin 2005). 

The Monte Carlo data is sorted into 0.5  bins, hence the slight inaccuracy of the fitted curve in 

the 0-1  range. There is excellent agreement between the analytic calculations and the 

simulations. 

An alternative approach for a single sphere is to work with the scattered intensity 

distribution function, I( ), in the limit of small  and a large sphere radius (van de Hulst 1981, 

pp. 203-6). The results from this approach relate directly to measurements made with a 

photogoniometer of scattering in TRIMM doped systems. 

Figure 5.4 illustrates the geometry for a sphere of radius r illuminated by collimated light 

beam of intensity Iin. The flux of energy, Fin, into the annulus of radius H and width dH, is 

 Fin Iin 2 HdH  (5.29) 

This light is refracted by the TRIMM sphere exits with deviation angles ranging from  to +d . 

At large distance l from the sphere (l >> r) the flux of energy is spread over an annulus of width 

ld  and radius lsin . So the intensity of the scattered light by a single sphere, i( ,l) is 

 i( , l)
Fin

2 l2 sin d
IinH

2 l2 sin
dH
d

Iinr
2h

2 l2 sin
dh
d

Iin
r2

2 l2 D  (5.30) 

where D( )
h

sin
dh
d

 (5.31) 

is called the particle’s divergence. 
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H
dH

d
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r

 

Figure 5.4  Geometry for a sphere of radius r illuminated by collimated light. 

Note that the final expression in equation (5.30) is the product of the intensity of the 

illuminating beam, fixed geometric factors (grouped in the round brackets) and the divergence. 

So the divergence completely describes the distribution function of the scattered light. Now h is 

dimensionless and it was shown by equation (5.9) that  is purely a function of h and μ. Hence 

equation (5.31) implies that D does not depend on the particle’s radius: in the geometric limit all 

TRIMM particles of the same μ have exactly the same scattering pattern. Thus the intensity of 

the light scattered by an optically thin array of TRIMM particles, I( ), is 

 I ( ) I0D( )  (5.32) 

where I0 is the intensity of the scattered light in the direction of the illuminating beam. Note that 

I( ) is the intensity of the light inside the host material. If the scattering pattern of thin sheet of 

TRIMM doped material is measured in air, say with a photogoniometer, it is of course necessary 

to use Snell’s Law to calculate the effect of refraction at the exit surface on the deviation angle 

and the measured external intensity. It is also important to note that I0 refers to the intensity of 

the scattered light, which is completely different to the intensity of the specular light (i.e. light 

not deviated by the TRIMM particles), even though both beams are in the same direction. The 

specular beam is the subject of section 5.3.2.  

Figure 5.5 shows the intensity distribution for single particle TRIMM scattering 

calculated from equations (5.32), (5.31) and (5.9) for μ = 0.0114. The figure also shows the 

best-fit Gaussian distribution with a standard deviation of 0.760o. To aid comparison at larger 

deviation angles, the scattering is also plotted using the right hand scale that has a displaced 

origin and 10 times the sensitivity of the left hand scale. The TRIMM distribution has 

considerably more light at large angles than the Gaussian distribution, increasing from 10x at 
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2.5o to more than 400x at 3.5o. As we will see in section 5.3.3, this large angle scattering has 

important implications for light diffusion in TRIMM doped systems. 

    
Figure 5.5  Normalised intensity distribution of light scattered by a TRIMM microsphere with μ = 0.0114 
(solid black line) and a best fit Gaussian distribution with a standard deviation of 0.760o (dashed red line). 
The large angle scattering is also plotted on the right hand scale at 10x sensitivity. 

It is clear by inspection of Figure 5.5 that the light scattered by a TRIMM microsphere is 

not well described by a single Gaussian distribution. However, as Figure 5.6 shows, a good fit 

to this distribution can found for the sum of two Gaussians that have central heights of 0.690 

and 0.305 and standard deviations 0.587o and 1.294o respectively. The difference is not visible 

on the standard scale. There is no obvious physical significance to the second Gaussian. 

 
Figure 5.6  Normalised intensity distribution of light scattered by a TRIMM microsphere with μ = 0.0114 
(solid black line). Also plotted is a best-fit sum of two Gaussian distributions (dashed red line) that have 
central heights of 0.690 and 0.305 and standard deviations 0.587o and 1.294o respectively. 
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5.3 MULTI-PARTICLE INTERACTIONS IN A TRIMM SYSTEM 

Consider a block of polymer doped with TRIMM at a linear particle density of  particles per 

metre such as Figure 5.7. We initially assume that the block is wide enough so that there is 

negligible interaction with the sidewalls. 

The light undergoes a number of processes. At the air-polymer interface there is Fresnel 

reflection as described by equations (5.13) and (5.14). For an unpolarised incident beam, the 

specular reflection coefficient is an almost constant 4% for angles of incidence up to 60o. Most 

of the light is refracted into the polymer where it undergoes multiple scattering from 

microparticles and emerges as diffusely transmitted light. However, a small fraction of the rays 

miss all the microparticles and are transmitted without deviation. This specular transmission is 

so important that it will be discussed at length in section 5.3.2. On the other hand, some of the 

light interacts with so many microparticles that when it reaches the polymer-air interface it has 

an angle of incidence greater than the critical angle and so it is trapped inside the polymer by 

total internal reflection. These rays form the subject of the next section. 

Total internal 
reflection 
  

Host polymer
  

Air

Air
  

L

Specular 
transmission
 

Diffuse 
transmission

Specular 
reflection
  

Diffuse 
reflection
  

Fresnel reflection 
  

 
Figure 5.7  Schematic of rays traversing a block of clear polymer of thickness L doped with clear spheres. 
A ray is shown that is totally internally reflected. 

5.3.1 Side-Loss in TRIMM Systems 

For most optical systems the absorbance, A, is calculated by measuring the transmission, T, the 

reflectance, R, and assuming that  

 A 1 T R  (5.33) 
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The measurements of transmission and reflectance are simple for non-diffusing samples. 

For diffusing materials it is necessary to use integrating spheres to capture the diffusely 

reflected and transmitted light. However, intrinsic limitations of conventional equipment mean 

that a simple application of equation (5.33) to measurements of TRIMM doped materials can 

give profoundly inaccurate results. 

Figure 5.8(a) is a photograph of a TRIMM doped sheet obliquely illuminated with a 

narrow HeNe laser beam. Total internal refection at the exit face traps a substantial fraction of 

the light. Part of this light is further scattered so that, as shown in Figure 5.8(b), it can escape 

though the entry face and contribute to enhanced reflection. Another part of the light is trapped 

by TIR at both surfaces and so it is transported laterally for a significant distance before it 

escapes. If the lateral transport distance exceeds the entry aperture to the detector, then as shown 

in Figure 5.8(b), this side-loss light will not be detected by the detector. Conventional analysis 

using equation (5.33) will incorrectly ascribe all this side-loss light to absorption. Instead one 

should calculate absorbance as  

 A 1 T R ST  (5.34) 

where ST is the fraction of the incident light that undergoes side-loss.  

 
No side loss

enhanced diffuse  
reflectance 

edge side loss

"effective" side loss

aperture

 

(a)        (b) 

Figure 5.8  (a) Photograph of a TRIMM doped sheet obliquely illuminated with a narrow HeNe laser 
beam. Both rays that transmit and exit after a single pass and those that make up the side-loss component 
can be seen. (b) Schematic of some different categories of ray paths in TRIMM dope systems according 
to their contribution to measured components. The black rectangles under the sheet represent the cross 
section of the spectrometer’s entrance aperture. 

It should be noted that ST depends in a complex non-linear way on a large number of 

factors including: (i) the diameter of the entry beam, (ii) the angle of incidence, (iii) the sheet 

thickness, (iv) the refractive index of the PMMA matrix, (v) the relative refractive index of the 

microparticles, (vi) the size of the entry aperture to the spectrometer’s integrating sphere, and 

(vii) the distance between the sheet’s exit surface and the spectrometer’s entry aperture. 



 
108

An illustration of how important side-loss can be in measuring absorbance is the 

measurements shown in Figure 5.9 from (Smith, Jonsson & Franklin 2003). This diagram shows 

the measured side-loss of four samples of thickness 1.00, 2.00, 3.00, and 4.00 mm that were 

prepared by Röhm Degussa GmbH in Darmstadt, Germany. The matrix was optical-grade clear 

type 7N PMMA molding beads mixed with 7% by weight 1011F Plexiglas® molding beads that 

are doped with clear transparent crosslinked PMMA spheres with an average diameter of 

15 μm.  The absorbance of this system, designated N77, is known in the visible to be <<1% for 

a 4 mm path length. (We have not been able to measure the true absorbance, but on theoretical 

grounds it is probably less than 0.1% for a path length of 4 mm.) 

The diffuse reflectance and transmission were measured with a Perkin-Elmer Lambda 

900® spectrophotometer at visible and NIR wavelengths. The spectrophotometer was equipped 

with a Labsphere® 150-mm-radius Spectralon® integrating sphere PELA-1000®. The angle of 

incidence was 8° in the reflectance mode and normal in the transmittance mode. The sphere 

entrance ports are circular with a diameter of 20 and 25 mm for transmittance and reflectance, 

respectively. The incident beam was smaller than the exit sphere’s entrance port.  

 

Figure 5.9  Side-loss ST spectra from 300 to 1000 nm at 1, 2, 3, and 4-mm thickness of N77 TRIMM 
doped PMMA plotted in curves L1 – L4 respectively. 

The side-loss was computed using equation (5.34). If the side-loss had been ignored and a 

conventional analysis had been applied using equation (5.33), all of the side-loss would have 

been attributed to absorbance and the vertical scale in Figure 5.9 would be absorbance. This 

would give an absorbance at 450 nm for the 4 mm thick L4 sample of 20%, which is an 
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overestimate by a factor of at least 20, and probably by a factor of at least 200. Clearly, side-loss 

cannot be neglected when measuring TRIMM doped systems. 

 Jonsson et al have added sideloss to the standard corrections used for measuring 

reflectance and transmittance with single integrating spheres (Jonsson et al. 2005). The revised 

theory has excellent agreement with observations of TRIMM for: scattering functions, 

hemispheric transmittance and reflectance at multiple wavelengths, and hemispheric 

transmittance and reflectance at multiple angles of incidence. 

5.3.2 Specular Transmittance of TRIMM Doped Systems 

For some applications dealing with high intensity sources such as the sun or LED’s, reducing 

glare from specular transmission is a key requirement. For example, Figure 5.10 shows the 

typical radiance from a conventional skylight under solar illumination. Specular solar radiation 

has an average half-width sun of 0.26o (Woan 2000, p. 176), so any specular transmission leads 

to a spike in the radiance. Similar radiance curves can occur for the luminaires in the hybrid 

LSC-LED system described in section 3.3.4 where specular transmission of the intense light 

from the LED’s causes the spike. Analogous curves can also occur in LED projector systems 

that mix red, green and blue LED’s to form a white light source that is projected onto a screen. 

If the light mixer has a significant specular component then the specular beam will be projected 

as a bright dot on the screen. For an LED projector the horizontal axis in Figure 5.10 would be 

labeled pixel number, the vertical axis “luminance per pixel” and the “diffuse component” 

would be the ordinary output that forms the image on the screen. 

 

Figure 5.10  Radiance of a conventional diffuser illuminated with an intense light source. Examples 
include: a skylight illuminated by the sun, a luminaire in a hybrid LSC-LED system, and a LED projector. 
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A useful parameter for characterizing all of these systems is the specular contrast ratio, C, 

defined as the ratio of the maximum radiance with the specular component, Lmax to the radiance 

of the surrounding area, Llocal 

 C
Lmax Llocal

Llocal

 (5.35) 

For a skylight or a luminaire in the hybrid LSC-LED system, we can rewrite this as 

 C
Lspecular

Ldiffuse

 (5.36) 

where the peak total radiance is split in to the maximum specular radiance, Lspecular, and the 

diffuse radiance, Ldiffuse, with the latter being interpolated to the angle of maximum radiance. 

For a LED projector, strictly speaking we need to work in terms of the luminance per 

pixel on the screen, Lv, and so 

 Cprojector

Lv  specular

Lv  image

 (5.37) 

where the Lv image is the luminance of the image near the specular spot and Lv specular is the 

additional luminance contributed by the specular beam. However, the efficiency of the 

projection optics is essentially constant over the small angular region of interest so we may 

write 

 Cprojector

Lproj  specular

Lproj  image

 (5.38) 

where the Lproj image is the radiance of the mixer at angles close to the specular beam and 

Lproj specular is the radiance of the specular beam. 

The acceptable value of the specular contrast ratio is very much a function of the 

particularities of the application. If a skylight has C = 1.0 then someone looking at the diffuser 

will see the disk of the sun as twice as bright as the surrounding area. In order to hide the sun 

(so that the diffuser appears to have a uniform radiance) we need C < 10%. A projector system 

has a more stringent requirement because a fixed spot in an image can be very objectionable. So 

a reasonable requirement is Cprojector < 2%. We will see that even this stringent requirement can 

readily be achieved by using TRIMM doped materials. 

If we neglect inclination effects, the radiance, L, of a source of area, A, emitting a radiant 

flux, , uniformly into a solid angle  is (Klein 1970, p. 123) 

 L
A

 (5.39) 

A source with a half width of  subtends a solid angle, , of   
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 2 (1 cos )  (5.40) 

Solar radiation has an average half-width sun of 0.26o (Woan 2000, p. 176). Opal PMMA and 

pigmented polycarbonate sheets used for skylights employing conventional pigments typically 

have a total transmittance of visible light of approximately 50% (Smith, Jonsson & Franklin 

2003). The diffused light from these sheets is nearly Lambertian with diffuse
 approximately 45o.  

Consider a skylight of area, A, that has a diffuse transmittance, Tdiffuse, and a specular 

transmittance, Tspecular. Now from equations (5.36) and (5.39), if the incident luminous flux is 

, then 

 

Lspecular CLdiffuse

Tspecular

A specular

CTdiffuse

A diffuse

 

and so Tspecular

CTdiffuse specular

diffuse

 (5.41) 

Thus from equations (5.40) and (5.41) 

 Tspecular

CTdiffuse(1 cos sun )
(1 cos diffuse )

 (5.42) 

Thus achieving C = 10% for a skylight requires Tspecular
 = 0.000 18%. Achieving this with 

traditional diffuser materials requires doping concentrations that give a high degree of 

backscatter and typically reduces hemispherical transmittance to just 50% (Smith, Jonsson & 

Franklin 2003). For skylights, a reduction in hemispherical transmittance requires larger roof 

openings for a given interior illumination level which in turn cause problems with heat gain in 

summer and heat loss in winter (Smith et al. 2001; Smith et al. 2000; Smith, Jonsson & Franklin 

2003). 

One of the LSC designs explored for this project is the hybrid LSC-LED system 

described in section 3.3.4. In order to reduce light guide costs, this system has only a green and 

a red LSC sheet with a set of solar powered blue LED’s providing the small amount of blue 

light required for colour balance. The light from the LSC and the LED’s is combined and mixed 

in the light extractor illustrated in Figure 3.23 and reproduced here as Figure 5.11 for the sake of 

convenience. One problem with the hybrid luminaire is that the LED’s are a very intense light 

source and hence could cause unacceptable glare. To solve this problem, a sheet of TRIMM 

diffuser is optically bonded to the front of the extractor. As can be seen in Figure 5.11(b), this 

successfully eliminates the otherwise intense glare from the LED chips. The design shown in 

Figure 5.11 uses 8 LED’s on each side of the planar light guides to distribute the blue LED light 

as evenly as possible. 
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Figure 5.11  (a) Assembly of a hybrid light extractor showing the LED’s at the back of the extractor. 
There is a TRIMM diffuser sheet optically bonded to the front surface to reduce the glare from the LED’s.  
(b) The hybrid light extractor in operation with the LED’s viewed through the front TRIMM diffuser. 
Note the absence of glare from the high intensity LED chips. 

We wish to choose a TRIMM diffuser for the front of the extractor so that specular 

radiance of each LED chip, LLED, has a specified specular contrast factor compared to the 

diffuse light from the extractor. The exit face of the light extractor has an area of Aextractor. The 

NLED LED chips each has an area of ALED and their combined output provides a small fraction, B, 

of the total lumens (typically B 5%  (Earp et al. 2004b; Smith & Franklin 2004)). It can be 

seen from Figure 5.11(b) that the radiance of the LSC derived light is not uniform across the 

face of the extractor. The detailed operation of the extractor is discussed in section 6.5.3. Here 

we simply note that the LSC light can be thought of as combination of “end-light” that forms 

the bright central stripe and uniformly distributed “trapped light”. The net result is that the 

radiance from the LSC light in the vicinity of the LED’s is some fraction fdiffuse of the mean 

radiance, Lextractor . For the design illustrated, fdiffuse 0.38 .  

Now from equations (5.36) and (5.39), for an extractor emitting a luminous flux, ,  

so 
LLED Cfdiffuse Lextractor

Tspecular B
NLED ALED LED

Cfdiffuse

Aextractor extractor

 (5.43) 

Good colour rendering requires that the ratio of blue LED light to red and green light 

from the LSC is the same at all angles. To achieve this, the emission pattern of the light 

extractor for LSC light was measured with a photogoniometer. The photogoniometer was then 

used to record the emission pattern of different types of LED’s. LED’s were then selected that 

matched the extractor’s emission pattern of the LSC light within  2o so that LED extractor . 

(Note that known large differences between LED manufacturers’ specifications for emission 

patterns and the measured patterns (Deller, Franklin & Smith 2006b) made it essential to 

measure each type of LED.) 
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Thus from equation (5.43), 

 Tspecular

CfdiffuseNLEDALED

BAextractor

 (5.44) 

For the hybrid light extractor illustrated in Figure 5.11, fdiffuse 0.38 , NLED = 16, the chips 

are 0.5 mm x 0.5 mm, B = 0.050 and the front face of the extractor is 25 mm x 130 mm. So to 

achieve a specular contrast factor of 1.1 we need Tspecular = 0.10%. 

For LED mixer systems the requirements are much more stringent. With some designs 

the optics focus the specular transmission onto a very small number of pixels, npix. If the display 

has Npix pixels then we require that 

 Tspecular

Cprojectornpix

N pix

 (5.45) 

For example, for a display with 106 pixels where the specular light is focused (as a worst case) 

onto one pixel, in order to achieve a specular contrast ratio of 2% requires Tspecular
 = 2.0 x 10-8. 

Conventional diffuser materials with such a low a specular transmission also have intrinsically 

low diffuse transmittance and hence greatly degrade system performance. It is a unique feature 

of TRIMM doped materials that they can give exceedingly low specular transmittance while 

still having a diffuse transmittance that is close to 100%. 

A ray’s path through a TRIMM doped material, as it deviates with every sphere 

interaction, can be described as a random walk. Multiple interactions will tend to randomly 

deviate the ray. If, x, is the number of interactions in a path of length, l, a light ray will on 

average encounter x l  particles with a mean deviation of . Now  is small so the path 

length of rays traversing the bock, l, is very close to the block’s thickness, L. We call 

 a L  (5.46) 

the axial particle number of the TRIMM doped volume. Note that since l L , a x .  

To a good approximation, the particles are randomly distributed throughout the sheet (this 

approximation is not quite true near the sheet’s surfaces). So the actual number of particles 

encountered will have a Poisson distribution with a mean of a. The probability of a ray striking 

exactly x particles, Pa(x), is  

 Pa (x)
axe a

x!
      x 0,1,2, ...  (5.47) 

A specular ray is, by definition, one that encounters precisely zero particles. The 

probability of this happening, which is the same as the specular transmission coefficient, 

Tspecular, is 

 Tspecular Pa (0) e a e L  (5.48) 



 
114

and so the required axial particle number, a, is 

 a ln(Tspecular )  (5.49) 

The calculated axial particle numbers for a skylight, hybrid LSC-LED light extractor and a LED 

projector system are shown in Table 5-1. 

The next section discusses how to calculate the mean deviation angle. Applying equation 

(5.58) from that section with μ = 0.0114 gives the mean deviation angles shown in Table 5-1.  

The mean reflectance per particle as given by equation (5.18) is small enough so that 

back reflection has only a negligible effect on forward energy transfer. Thus the mean total back 

reflectance from the a microparticles, Rparticles, is 

 Rparticles aR1
a 2

2
 (5.50) 

The calculated back reflectances are given in Table 5-1. All are negligible compared to the 

Fresnel reflection of 3.9% at both the front and back surfaces.  

Table 5-1  Optical properties of various TRIMM based diffuser systems with specified 
specular contrast ratios. 

System Skylight Hybrid  
LSC-LED 

LED 
Projector 

Required contrast ratio, C 10% 10% 2% 

 Specular transmission limit 0.000 020% 0.104% 2.0 x 10-8 

 Axial particle number, a 13.1 6.9 17.7 

 Mean diffusion angle 8.3o 6.0o 9.7o 

 Back reflectance 0.085% 0.045% 0.12% 

 

It is interesting to contrast the linear dependence of the back reflectance upon axial 

particle number (equation (5.50)) with relationship for the contrast ratio. If we substitute the 

expression for Tspecular into equations (5.42), (5.44) or (5.45) we see that for all these systems 

 a ln(C) K  (5.51) 

where K is a constant that depends only on the physical parameters of the particular system. 

Thus,  

 C e a  (5.52) 
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This relationship is in fact quite general because if C << 1 then Tspecular ~ C and so from equation 

(5.48), 

 C Tspecular e a  (5.53) 

This exponential dependence of contrast ratio means that we can achieve almost any 

required contrast ratio without significant back reflectance. Table 5-1 shows the parameters for 

systems with contrast ratios of 0.1% - a level that would be hard to detect with even high quality 

instruments. 

Table 5-2  Optical properties of various TRIMM based diffuser systems that have  
specular contrast ratios of 0.10%. 

System  Skylight 
Hybrid  

LSC-LED 
LED 

Projector 

Required contrast ratio, C 0.10% 0.10% 0.10% 

 Specular transmission limit 1.8 x 10-8 9.4 x 10-6 1.0 x 10-9 

 Axial particle number, a 17.9 11.6 20.7 

 Mean diffusion angle 9.7o 7.8o 10.5o 

 Back reflectance 0.12% 0.075% 0.13% 

 

5.3.3 Light Diffusion Inside TRIMM Doped Systems 

The distribution of light inside the block shown in Figure 5.7 will be the convolution of the 

source emission function with the point-spread function of the propagating light. As a 

preliminary estimate of the total angular spread of rays reaching the end of a TRIMM system, 

one may consider the propagation of rays entering the sheet at normal incidence.  

To optimize design parameters to obtain uniform light output, we wish to determine the 

angular distribution of light at a certain propagation distance along the optic axis. A ray’s path 

through a TRIMM doped material, as it deviates with every sphere interaction, can be described 

as a random walk. Multiple interactions will tend to randomly deviate the ray. In a path of 

length l a light ray will on average encounter x l  particles. The Central Limit Theorem 

suggests that the mean half-cone angular spread, , of light in the cross-sectional plane when it 

reaches the end of a TRIMM doped block can be approximated by 

 x  (5.54) 
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Now  is small so the path length of rays traversing the bock, l, is very close to the block’s 

thickness, L. Thus, from (5.46),  

 a L l x  (5.55) 

So by using equation (5.23) as an approximation for  and equation (5.55) as an approximation 

for x , we see from equation (5.54) that 

 μ a μ L  (5.56) 

There are several approximations in the derivation of equation (5.56), so it is interesting 

to model a best fit for a independent additions of deviations given by equation (5.9) with 

 kμap  (5.57) 

There are a number of reasons for expecting that the constant k will be a significantly 

larger than , the estimate in equation (5.56), and that the power p will be slightly larger than 

equation (5.56)’s prediction of 0.5. Firstly, the random walk of the rays’ paths means that the 

actual number of particles encountered will on average be slightly larger than the axial particle 

number, a. This error will grow with increasing axial particle number which will tend to slightly 

increase p. Secondly, it can be seen from Figure 5.5 that the scattering from TRIMM particles 

has significantly more light at large scattering angles than an equivalent Gaussian distribution. 

Consequently, equation (5.56) will tend to somewhat underestimate the mean angular spread. 

This effect increases k but does not greatly impact on p. Finally, and more fundamentally, the 

Central Limit Theorem implicitly assumes a plane in a Cartesian coordinate system. However,  

is measured in spherical coordinates. The difference does not matter for small . However, for 

large spread angles, the curvature of the coordinate surface becomes important. This means that 

in angle space, points with equal  are significantly closer together (and hence more probable) 

than is predicted by the Central Limit Theorem. This effect tends to increase both k and p above 

the values predicted by equation (5.56). 

The optimized fit of equation (5.57) to Monte Carlo simulations of TRIMM doped 

systems in Mathematica® was calculated (Deller & Franklin 2005) for 0.01 <   < 0.02, and 

50 < a < 130, the typical experimental range of these parameters for light mixer rods. A good fit 

is  

 3.39μa0.514  (5.58) 

where the error in the sum of the squares of the residuals varies from 1.1% to 6.2% over the 

optimized range of and a. We note that the difference in the values of k and p in equation 

(5.58) from the estimates in equation (5.56) are both of the predicted sign and are 7.3% and 

2.7% respectively, with the difference in p being comparable to the fitting error. Examination of 



 
117

the ray paths in the previously described simulations and detailed simulations carried out with 

Alan Earp at my direction (Earp 2001) strongly suggest that the primary source of error is the 

curvature of the coordinate surface at large spread angles. 

5.4 APPLICATIONS OF TRIMM DOPED SYSTEMS 

5.4.1 Mixing in TRIMM Doped Light Guides  

For a high performance LSC system it is not enough to just supply adequate lumens – the red, 

green and blue light from the collector sheets must also be combined and mixed to give white 

light that has a high colour rendering index. For aesthetic reasons, it is important that there is no 

perceptible colour shift across the illuminated region. One way of achieving this is to use the 

TRIMM doped light mixers described below. 

A similar mixing problem occurs when using red, green and blue LED’s for illumination. 

Light sources using fully mixed red, green and blue LED’s have been judged superior to 

halogen, incandescent and phosphor white LED sources as reading and task lights (Narendran & 

Deng 2002). The problem is to come up with a compact design that can completely mix the 

light without causing excessive losses. Attempts to use TIR inside clear acrylic rods gave no 

significant improvement in illuminance, color, or beam uniformity compared to a bare LED 

array (Zhao, Narendran & Van Derlofske 2002) while, as discussed in the preceding section,  

conventional diffusers have very high losses. It will be shown below that TRIMM doped rods 

can provide very good colour mixing in a short rod with very low losses. A patent has been 

granted for this design (Franklin, Smith & Joseph 2007). 

As part of another project, we arranged for the manufacture by a commercial extruder of 

12.7 mm diameter PMMA rods doped with the TRIMM particles described section 5.2.1. The 

average diameter of the particles was 35 m with a relative refractive index at 589 nm of 

μ = 1.0114. Rods were prepared with a linear particle density of 0.25 ± 0.03 mm-1 and 

1.33 ± 0.08 mm-1. A clear PMMA rod from the same extruder was used as a control. Rods were 

cut to a length of 100 mm and the ends were optically polished. 

The experimental set up shown in Figure  5.12 was jointly designed with Chris Deller 

who carried out most of the measurements described below and in (Deller, Smith & Franklin 

2004a). A triad of red, green and blue 3 mm LED’s were mounted as close together as possible 

at one end of the mixing rod.  The centre point of the LED array was aligned with the rod’s axis. 

A frosted glass screen was positioned 100 mm from the exit end of the light guide. Photographs 

of the output light distributions transmitted through the screen were taken with an Olympus® C-

4000 ZOOM digital camera. For quantitative observations, the screen was removed and replaced 

with a translational stage, carrying the detector of a Hagner S3® universal photometer 

(B.Hagner SB). The detector size was reduced to ~1 mm diameter with a cover. The illuminance 
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of each LED was measured every millimetre in a horizontal direction through the centre axis of 

the guide, to form a strip 80 mm long. Each measurement corresponds to one pixel. The source 

luminous flux of each of the LED’s was measured using the Hagner® photometer coupled to an 

Oriel 70491® integrating sphere.  

 

Figure  5.12  Experimental set-up, showing (from the left): alignment laser, LED array, PMMA mixing 
rod, frosted glass screen and the translational stage with a photometric detector. 

The clear and TRIMM doped cylindrical light guides were ray traced with Mathematica® 

using the TRIMM scattering theory from section 5.2.1 (Deller, Franklin & Smith 2006a; Deller 

et al. 2002). Figure  5.13 shows the photographed (a) & (b) and modelled (c) colour 

distributions at a distance of 100 mm from the exit end of the clear rod. Notice the excellent 

qualitative agreement between modelled data Figure  5.13(c) and the photograph Figure  

5.13(a), although some colour in the white, slightly overexposed parts of the photograph was 

visible to the naked eye. It is interesting to note that the visual pattern is strongly dependant on 

the viewing angle: Figure  5.13(a) and (b) are the same set-up photographed from slightly 

different angles (photograph (b) also has a slightly shorter exposure to show the colour variation 

in the central region that is overexposed in (a)). This considerable colour variation with viewing 

angle shows that undoped PMMA light guides are not suitable as LED mixers. Similar problems 

occur when LSC sheets are coupled to clear light guides. 
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 (a) (b) (c) 

Figure  5.13 (a) & (b) Photographed output from a clear 100 mm long PMMA rod observed on a screen 
100 mm from the end of the rod, viewed from different viewing angles. (c) Modelled output. 

Figure 5.14 shows the photographed, modelled and measured colour distributions of the 

TRIMM doped rod projected onto a ground glass screen 100 mm from the exit end of the rod. 

There was a no perceptible colour variation in the light across the ground glass screen and no 

visible localized changes with observing angle. The slight colour variations in the photograph 

were not detected in the photometric measurements and appear to be due to due to imperfect 

white calibration of the camera. 

 

QuickTime™ and a
 decompressor

are needed to see this picture.

 
 (a) (b) (c) 

Figure 5.14  (a) Photographed output from a 88 mm TRIMM doped PMMA rod observed on a screen 
100 mm from the end of the rod. (b) Modelled output from the TRIMM doped rod. (c) Measured CIE 
coordinates for a 1 mm central strip of (a) and (b). 

A convenient parameter for TRIMM mixer design is the critical length, Lcrit. This is 

defined as the length, for a given  and , where  is equal to crit, the ray angle with respect to 

the rod axis where rays will escape out of the walls due to the critical condition. For meridional 

rays in a circular light guide, or for a guide with square walls, crit 2 sin 1( 1
n) , assuming 

the medium outside the mixer is air. From equations (5.56) and (5.58) it can be seen that a 

preliminary estimate of the critical length, assuming a Gaussian distribution of , is 
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 Lcrit
crit
1.946

10.8 1.946  (5.59) 

However, numerical studies suggest that this is an overestimate by a factor of about two (Deller 

& Franklin 2005) for μ = 0.0114 and the error increases as μ increases. 

 

It is not necessary for the TRIMM to be uniformly distributed along the entire mixer rod. 

Excellent results have been achieved with a TRIMM doped sheet at the end of a clear PMMA 

rod (Deller, Smith & Franklin 2004b). For the experiment described in that paper, a 2.94 mm 

sheet of TRIMM doped PMMA was glued with Loctite® IMPRUV 34931® glue to the end of a 

clear PMMA rod that had a diameter of 25.5 mm and a length of 58.9 mm. No air bubbles or 

defects were visible at the interface, which is indicative of a good optical joint. 

The rod was measured with the set-up described in Figure  5.12. It was illuminated with a 

triad of red, green and blue 5 mm LED’s that had been measured with a photogoniometer and 

selected to have similar emission patterns. For this experiment the ground glass screen was 

positioned 150 mm from the TRIMM sheet’s exit surface.  

A clear PMMA rod without the TRIMM diffuser was used as a control with the modelled 

and photographed colour distribution shown in Figure 5.15. The visual pattern was strongly 

dependant on the viewing angle. 

QuickTime™ and a
 decompressor

are needed to see this picture.

 

Figure 5.15  (a) Modelled and (b) measured output from a clear 25.5 mm diameter, 58.9 mm long rod 
viewed 150 mm from the output surface. 

Figure 5.16 shows the modelled and photographed output of the rod with a thin TRIMM 

diffuser sheet bonded to one end. An important feature is that the visual pattern was 

independent of the viewing angle.  

An artifact of the photographs is the inability to display colour over a large brightness 

range. This means that the blue halo in Figure 5.16(b), although slightly visible in the 

experimental system, appears much less prominent to the eye. In addition, it was difficult to 

generate a sufficiently high intensity from the green LED to achieve a desirable colour balance, 
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as is evident in both the modelled and photographed results. Overall, the results are not quite as 

good as for a uniformly doped rod, but they are acceptable for many purposes. 

The system illustrated in Figure 5.16 had a measured transmittance of 83%, which 

compares well with the measured transmittance of the clear control rods of 87%. The mixer’s 

measured side-escape loss was 6.0%. Thus by using antireflection coatings, the mixer’s 

transmittance could potentially be boosted to 94%. 

The cost and mass of the clear light guide is restrictive for large diameter applications. 

One possible alternative design is to replace the PMMA rod with a hollow cylinder lined with a 

highly efficiency specular reflector (such as 3M® Silverlux®) and have a TRIMM doped sheet at 

the output end. Very good results have been achieved with a similar design for mirror skylights 

where the sun acts as intense narrow angle source (Swift, Smith & Franklin 2006). However, 

the design has not been test with LED’s. 

QuickTime™ and a
 decompressor

are needed to see this picture.

 

Figure 5.16  Output colour distribution transmitted through the frosted glass screen 150 mm from the end 
of the TRIMM sheet. (a) Modelled. (b) Photographed. 

5.4.2 TRIMM Based Side-scattering Optical Fibres  

The primary goal of this project was to find a way to couple light from a luminescent solar 

concentrator into a solid core optical fibre and to use that fibre to distribute light over long 

distances inside a building. At the start of the project available solid core optical fibres suffered 

from significant wavelength dependant losses that often varied from batch to batch. 

Accordingly, considerable time was spent working with Australia’s leading manufacturer, Poly 

Optics Australia Pty Ltd, on ways of improving fibre performance. This work was very 

successful and lead to numerous applications for end-light fibre including: chandeliers, lighting 

for swimming pools, and decorative architectural lighting. 

There has long been a demand for high efficiency side-scattering optical fibres to 

compliment endlight fibres. However, despite the effort of many workers, previous designs of 

side-scattering fibres suffer from high backscatter and low transport efficiency.  
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United States Patent No. 5,067,831 (Robbins, Zarian & Willford 1989) describes the 

general concept of side scattering light guides. Robbins discloses a polymer core that is encased 

within a transparent fluoropolymer cladding. Robbins relies on the leakage of light from the 

cladding with passage of light through the core.  

United States Patent No. 4,422,719 (Orcutt 1981) discloses a transparent semi-solid core 

that is encased within a tubular cladding. Orcutt discloses a number of ways of providing side 

scattering capabilities including:  

• Scoring the surface of the cylindrical core with angular cuts or discontinuities. The cuts 

and discontinuities deflect light beams circumferentially outwardly of the tubular core. 

The inside of the tubular cladding is etched or otherwise treated chemically or 

mechanically to cause light striking the inner surface of the tubular cladding to diffuse.  

• Introducing bubbles or foreign materials into the cylindrical core material while the 

cylindrical core is still molten.  

• Introducing a high refractive index scattering powder into the tubular cladding material 

such as titanium dioxide.  

In order to achieve sufficient side scattering, prior additives to the core all had excessive 

opacity so that light could not be transmitted for more than a small distance from the light 

source and light output and hence brightness would vary very strongly with distance. To achieve 

sufficient length of light transport, conventional additives would have to be added at such low 

concentrations that little scattered sidelight would emerge. In addition bubbles and other foreign 

materials are often very difficult to add uniformly into the core because the difference in their 

density compared to the liquid polymer. 

United States Patent No. 6,091,878 (Abramowicz, Daecher & Hallden-Abberton 1997) 

from Rohm & Haas Company limits the concentration of additives that are added to the tubular 

cladding to increase the effectiveness with which light is transmitted circumferentially out of a 

cylindrical light guide. While the Rohm & Haas design addresses some of the deficiencies of 

Orcutt, the light guides of Rohm & Haas suffer from a lack of efficiency due to the large angles 

at which light is scattered by their additive and the uncontrolled nature of the primary light 

extraction from the fibre’s core.  

It was shown in section 5.2.1 that TRIMM systems have controlled forward scattering 

with almost no backscatter, which is ideal for a side-scattering optical fibre. In addition, the 

density of the cross-linked PMMA microparticles is similar to that of the casting liquor used to 

make solid core optical fibres. This suggested that a superior side-scattering optical fibre could 

be made by doping conventional optical fibre with cross-linked PMMA microparticles. Trial 
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batches made at Poly Optics Australia Pty Ltd had excellent performance and led to a number of 

patents. (Franklin, Smith & Joseph 2003) describes the basic design and methods of 

manufacturing the side-scattering optical fibre. It was found that the appearance of the fibre 

could be improved by adding an appropriate diffusing jacket (Franklin, Joseph & Smith 2004). 

The side-scattering fibre has been in continuous production since it was patented and has a wide 

range of applications, including stair lights illustrated in Figure 5.17 and illumination strips for 

bicycle helmets shown in Figure 5.18. Another proposed application is to simplify the tracing of 

telecommunications cables by adding a side-scattering fibre to the cable’s jacket. By 

illuminating the cable at one end, the cable can be caused to glow along its length, greatly 

simplifying circuit tracing without having to disrupt the circuit (Henderson, Franklin & Smith 

2005). 

The intensity of the side scattered light falls off exponentially with distance along the 

fibre. However, as Figure 5.17 and Figure 5.18 show, by illuminating the fibre from both ends it 

is possible to achieve a uniform output. Another method is to position a high reflectivity mirror 

at the remote end of the fibre. If the concentration of TRIMM is chosen so that the optical fibre 

is one half-length long, then the combination of forward and reflected light gives uniform side 

scattered emission along the whole length of the fibre. 

 

 

Figure 5.17 Stair lights at UTS using TRIMM doped side-scattering optical fibre. 

 



 
124

 

Figure 5.18 Bicycle helmet using LED’s and TRIMM doped side-scattering optical fibre. Note the even 
brightness achieved by using a LED at each end of the fibre. 

The theory of scattering from TRIMM systems described in 5.2.1 and 5.3.1 has been 

applied to TRIMM doped side-scattering optical fibres with excellent agreement between the 

modeled and measured optical properties (Deller 2005; Deller, Franklin & Smith 2006a; Deller 

et al. 2002). 

TRIMM doped side-scattering optical fibre has several applications for LSC systems. The 

simplest is as a high efficiency light extractor at the end of an optical fibre coupled to LSC’s 

(see section 6.5 for details). A more sophisticated application is in a luminaire that combines 

light from a LSC with electrically generated light.  

When a dense cloud obscures the sun the light from a LSC will drop. It is desirable to be 

able to supplement the light from the LSC with additional electrically generated light to keep 

the room lighting constant. However, it is not enough to keep the total lumens constant. 

Experience has shown that people are very sensitive to rapid changes in the directional 

properties of light. One case where this problem often occurs is where the primary source of 

room lighting is from windows and the electrical lights are automatically adjusted to keep lux 

levels constant. The very different directions of the window light and electrical light mean that 

switching between the two sources changes the directional properties of the illumination, even 

though the total amount of light remains fixed. Many users find this directional change highly 
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objectionable and it is not uncommon to find that they either switch off the automatic light 

tracking or disable the system. 

One unique feature of side-scattering optical fibres is that they are transparent to external 

light incident from any direction. This means that, as shown in Figure 5.19 they can be placed 

inside a luminaire that also has electrically generated light. As described in (Smith & Franklin 

2007), the control system can adjust the output of the electrically generated light to keep total 

lumens constant without changing the angular distribution of light from the luminaire or 

illumination pattern of the room. 

Light 
sensor

Control
unit

Fluorescent 
tube

Sidescattering optical 
fibre with light from LSC 

is transparent to light 
from the fluorescent tube

Reflector

 
Figure 5.19  Diagram of a luminare with a side-scattering optical fibre (delivering light from a LSC) 
integrated with an electrically driven fluorescent tube in a common housing. The control system senses 
the light level in the room and can adjust the output of the fluorescent tube to keep the light level constant 
without changing the illumination pattern. The side-scattering fibre is transparent to light from the 
fluorescent tube, which makes it easier to integrate the two light sources to give constant illumination 
pattern. 
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6 LIGHT EXTRACTION FROM SOLID OPTICAL SYSTEMS  

6.1 INTRODUCTION   

In many modern light sources such as LSC’s and light emitting diodes, light is emitted within a 

high refractive index light-guiding structure. Some of this light is trapped, and will not be able 

to escape (Saleh & Teich 2007, pp. 689 - 90). Similar problems are observed when collecting 

fluorescent radiation in waveguides (Ratner 1994) and scintillation detectors (Smith 1971). For 

lighting applications, this trapped light should be able to escape the light-guiding structure. In 

LED’s this is commonly achieved with a special profile in the active zone or with special 

surface nanostructures (Saleh & Teich 2007, pp. 690 - 2). However, in LSC lighting systems, 

the small light-emitting zone is coupled to the large light collector by an extended light guide, 

so a different approach must be taken. This chapter will focus on the extraction of emitted light 

from rectangular LSC coupled to extended light guides and explores ways of extracting a large 

fraction of the trapped light at the end of the light guide and directing it as useful illumination. 

6.2  WHAT IS TRAPPED LIGHT?  

It is a fundamental principle of linear optics that no optical system in which all the light enters 

from outside the system can ever have any trapped light. This is because light trapping requires 

that once light is generated within a system, it must be totally internally reflected off all 

surfaces. However, all linear optical systems are time reversible (Pedrotti & Pedrotti 1987). So 

in these systems, if light can pass in through a surface at a particular angle, then light traveling 

in the exact opposite direction will pass out through that surface. 

If light enters a light guide system from the outside and is reflected from the far end, it 

will tend to reach the entry surface with an angle similar to that with which it started, and will 

thus be able to pass through that surface and so escape from the system. This means that any 

optical system in which the light enters from an external source can have no trapped light. 

Only light sources that generate light inside a material can produce internally trapped 

light. Examples of internal light sources are fluorescent molecules and electron–hole pairs in 

semiconductor light emitting diodes. A substantial portion of the emission from such sources is 

often completely trapped within the system by total internal reflection (Saleh & Teich 2007, pp. 

689 - 92). The key point is that this internally generated light can travel on a closed path that 

cannot be duplicated by light entering from the outside. 

Another simple argument based on fundamental thermodynamics can be used to show 

that no type of linear optical system can have trapped light enter from the outside. For if it were 
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possible for a linear system to losslessly accumulate light produced externally, then the light 

would be continuously accumulated without limit and so the energy density inside would also 

increase without limit. Such a system could be used to generate temperatures that were 

arbitrarily larger than the source temperature—a clear violation of the Second Law of 

Thermodynamics. Internal source systems do not suffer from this problem because the 

accumulation of trapped light changes the properties of the system in a way that prevents the 

endless accumulation of light. For example, fluorescent dyes become opaque to their own 

emissions at large enough photon densities due to non-linear effects and so a system using these 

dyes will eventually cease to accumulate trapped light.  

However, it is possible in such systems to achieve high internal flux densities, possibly 

even super-generation (Reisfeld et al. 1989; Reisfeld, Yariv & Minti 1997). To achieve and 

utilize such enhanced fluxes special light extraction procedures are need in which the amount of 

trapped light escaping is controlled to low enough fraction to ensure gain, but not so high that 

gain is not possible. Output optical switching analogous to Q-switching lasers might also be 

possible to achieve gain. 

6.3 ENDLIGHT VS. TRAPPED LIGHT 

Before going any further, it is important to make distinctions between the different categories of 

light within the light guide of a LSC system (Earp, Franklin & Smith 2005). Consider a LSC 

consisting of a rectangular block of transparent dielectric with perfectly parallel sides, doped 

with a fluorescent dye. The fluorescently emitted light is essentially isotropic2, so a small 

fraction (referred to as ‘endlight’) will strike the end surface inside the critical angle cone and 

escape, as shown in Figure 2.5(a), previously introduced as Figure 2.5 and reproduced here for 

convenience. By connecting a clear light guide to this surface, the endlight can be used as a 

lighting source. As shown in Figure 3.6, a considerably larger fraction (referred to as ‘side loss’) 

will escape through critical angle loss cones at the top, bottom and sides of the block. Some of 

the side loss cones can be converted to endlight using suitable reflectors (Franklin 2001b). The 

remainder of the light is ‘trapped light’, and does not escape at any of the surfaces of the LSC. 

When a clear light guide is attached to the end of the LSC sheet, without any air gap (however 

small), both the endlight and the trapped light enter the light guide and will undergo total 

internal reflection and travel to the end of the light guide. Approximately 91% of the endlight 

will escape upon striking the end surface with the remaining 9% being trapped by Fresnel 

reflectance. It has been shown elsewhere that the light reaching the end of the light guide is 

approximately half endlight and half trapped light (Earp et al. 2004b; Franklin 2001b). 

                                                      
2 See section 3.1.3 for a discussion angular distribution of the fluorescently emitted light. 
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Therefore approximately half of the available light remains trapped within the light guide (as 

illustrated in Figure 2.5(b)), unless the end surface of the LSC is given special treatment. 

 

Figure 6.1  (a) Endlight can pass through an end surface, whereas (b) trapped light is totally internally 
reflected at all surfaces. 

6.4 CALCULATION OF AMOUNT OF EACH FORM OF TRAPPED LIGHT 

Figure 6.2 illustrates the distribution of the light emitted by dye molecules in a rectangular LSC 

sheet of relative refractive index, n with a mirror with a reflectivity of, r, at one end. There are 

six escape cones aligned along the sheet’s three principal axes (the two sideloss cones along 

axes 5 and 6 have been omitted for the sake of clarity). We saw in equation 3.6 that the solid 

angle of each escape cone, escape, is  

 escape 2 (1 cos crit ) 2 1 1 1
n2  (6.1) 

Now the fluorescently emitted light is isotropic. So the fraction of the emission in each escape 

cone, fcone, is the ratio of the solid angle of the escape cone to 4  steradians. Thus, 

 fcone
escape

4
1

2 1 1 1
n2  (6.2) 

Immediate losses occur through the top and bottom surfaces and the two sides. The 

fraction of emission that escapes in this way, fescape, is the ratio of combined solid angle of the 

four escape cones to 4  steradians. So from equation (6.2) and (6.2), 

 fescape 4 fcone 2 1 1 1
n2  (6.3) 

If we ignore absorption and scattering inside the LSC sheet, the fraction of the emission 

that reaches the light guide as end light, fend, is the ratio of the total solid angle of the two 

endlight cones (corrected for reflection at the mirror) to 4  steradians. So, from equation (6.1),  

 fend

(1 r) escape

4
(1 r)

2
1 1 1

n2  (6.4) 
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Figure 6.2  Distribution of the light emitted by dye molecules in an LSC sheet. The sideloss cones (cones 
5 and 6) have been omitted for clarity. 

Now trapped light is, by definition, that fraction of the emitted light that is not in an 

escape cone and is not absorbed at the mirror. In the forward direction there is one full cone of 

end light and four half cones of sideloss light (see figure 3.6). There is a similar amount of light 

emitted in the backwards direction that it reflected forward with an efficiency of r. Thus from 

equation (6.1), the fraction of emission that reaches the light guide in the form of trapped light, 

ftrapped, is 

 
ftrapped

(1 r)[2 (1 4 0.5) escape ]
2

1
2

(1 r) 3 1 1
n2 2

 (6.5) 

From equations (6.4) and (6.5), the ratio of the total amount of light reaching the light 

guide (i.e. the sum of endlight and trapped light) to the endlight, Fall, is 
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 Fall

ftrapped fend

fend

2 1 1
n2 1

1 1 1
n2

 (6.6) 

Table 6-1 summarizes the results for PMMA light guide that has a refractive index of 1.49 

(MatWeb-Cast 2011; MatWeb-Extruded 2011) and a mirror with a reflectivity of 0.90. We see 

that the amount of trapped light is slightly less than the amount of endlight. Thus if the LSC is 

coupled to a rectangular light guide, as illustrated in Figure 6.2, the end surface of the light 

guide will reflect all the trapped light and so will waste nearly half of the available light. What 

is required is a way of extracting the trapped light at the end of the light guide. This is the job of 

the light extractor, and will form the basis for the rest of this chapter. 

Table 6-1  Light fractions for a non-absorbing, non- scattering PMMA LSC 
 that has a refractive index of 1.49 and a mirror reflectivity of 90%. 

Quantity Fraction of light 

fcone 12.9% 

fescape 51.6% 

fend 24.6% 

ftrapped 21.3% 

Mirror absorption 2.2% 

Fall 1.86   
 

However, before we consider the details of light extractors, we need to explore how 

realistic equations (6.1) to (6.6) are. Important simplifying assumptions in deriving these 

expressions were that:  

i) The cones do not overlap, 

ii) The mirror is a perfectly specular reflector with a high reflectivity, 

iii) There is no absorption in the LSC, and  

iv) There is no scattering in the LSC.  

We will look at each of these assumptions in turn. 

The condition for the cones not to overlap is that the critical angle is less than 45o, which 

is true when n 2 . This is satisfied for all practical polymer LSC’s surrounded by air (only 

fluoropolymers have refractive indices less than 1.41 and all known fluoropolymers are both far 

too expensive and scatter excessively for practical LSC’s). Overlap of the cones will occur for 

LSC sheets in water, and LSC’s with low refractive index surface layers (such as sol-gel or 

fluoropolymer). However, for the rest of this chapter we will assume that the LSC sheet is 

surrounded by air, which means that the escape cones do not overlap. 
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Good end mirrors can almost double the amount of light exiting the LSC (and hence 

double useful light output). However, to do this they must have a high specular reflectivity as 

scattering will cause losses by converting low-angle light to high-angle light that is not trapped 

by total internal reflection. Achieving specular end mirrors is technically quite demanding. The 

main problem is the thinness of the LSC sheets, typically about 2.0 mm. Two techniques have 

proved satisfactory. The first is to coat a high reflectivity 3M® Silverlux® film with a transparent 

self-adhesive film, die cut the film into 6.0 mm wide strips, bond the reflective strips to the 

diamond polished end of the LSC, and then use a scalpel to trim off excess reflector film. 

Specular reflectivity at normal incidence measured with HeNe laser exceeds 95%. The second 

method is to vacuum coat the diamond-polished end of the LSC with aluminum. Specular 

reflectivity at normal incidence measured with HeNe laser was about 85%. The main problem 

with vacuum coating is ensuring that the coating is restricted to the end of the LSC sheet. Trials 

at my direction by a vacuum coating firm in Sydney showed that this could be achieved by 

tightly packing a stack of LSC sheets in the vacuum coater so that other sheets shielded all but 

the top and bottom surfaces of the stack while the side surfaces were protected by a mask. 

The self-adhesive reflective film method is a labour intensive process. This means that it 

is best suited to prototypes and small-scale production. Evaporative aluminum coatings (with a 

suitable protective over-coating) requires expensive specialized equipment and has a slightly 

lower performance. However, it is much more suited to mass production. 

Absorption in an LSC reduces the amount of light that reaches the light guide. Trapped 

light has a larger angle to the sheet axis than endlight, which means that on average it travels 

further and hence experiences somewhat more absorption. Thus the effect of absorption is to 

slightly reduce the ratio of total exiting light to endlight below the value of equation (6.6).  

The effect of scattering is quite complex. Briefly, scattering causes diffusion in a ray’s 

angular coordinates. When a ray reaches one of the escape cones (i.e. its angle with respect to 

any side surface is less than the critical angle) it will be very rapidly lost. Trapped light is closer 

to the escape cones so it experiences a higher loss rate than endlight. Thus scattering also 

reduces the ratio of total exiting light to endlight below the value of equation (6.6), which 

assumes no scattering. For a high quality PMMA LSC, measured values of Fall are typically 

about 1.7 rather than the 1.86 predicted by equation (6.6). 

Light trapping and refraction at interfaces mean that it is not possible to measure the 

angular distribution of light inside a LSC sheet by observations from a planar end surface. This 

problem was largely overcome with the experimental set-up shown in Figure 6.3 and Figure 6.4, 

similar to that of (Zastrow 1981). The apparatus used a 100 mm diameter hemispherical lens 

bonded to a mask with an aperture at the lenses centre of curvature. The mask was in turn 

bonded to a LSC sheet so that the LSC sheet and lens formed a solid optical system. The curved 
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surface of the lens allowed all LSC light that passed through the aperture to enter the 

surrounding air without significant deviation. 

 

Figure 6.3  A hemispherical lens is coupled to the end of a LSC to observe and measure the light field 
inside a LSC. There is a 2.0 mm x 2.0 mm emission window from the LSC at the centre of the 
hemisphere. The LSC and lens form a solid optical system. The black cloth that usually covers the LSC 
and the hemispherical diffuser screen that usually covers the lens been removed for the sake of clarity. 

Fluorescent lamps

Luminescent Solar Collector sheet

Removable 
hemispherical 
diffuser screen

Hemispherical 
lens

Opaque mask

Aperture
End mirror

 

Figure 6.4  Schematic of the experimental set-up for observing and measuring the light field inside a LSC. 

The LSC sheet was a 1200 mm x 150 mm x 2.0 mm PMMA sheet doped with 60 ppm 

Lumogen® F083. The sheet was illuminated with two 900 mm long fluorescent lamps orientated 

parallel to the sheet’s axis. In order to increase the light intensity and to reduce stray light, the 

lamps were housed under a 99% reflective housing (not shown) that was extend to the edges of 

the LSC. The reflector and the entire sheet were covered with a black cloth (not shown) so that 

there was no visible stray light. The sheet had a specular end mirror so that the light field was 

representative of a full-sized collector sheet. 
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The planar surface of the 100 mm diameter clear PMMA hemispherical lens was covered 

with an opaque mask of thin black self-adhesive film that contained a 2.0 mm x 2.0 mm 

aperture concentric with the lenses centre of curvature. The LSC sheet was glued to the mask 

with Dymax OP-29® UV-curing adhesive and a Dymax Blue Wave 50® UV Lamp. Care was 

taken to ensure that there was a good optical joint at the aperture between the sheet and the 

hemispherical lens. Auxiliary support blocks (not shown) provided mechanical support for the 

lens so that there were no stresses on the glue that filled the aperture.  

The radius of the lens is so large compared to the size of the aperture that all light passing 

though the aperture reaches the lenses hemispherical exit surface at essentially normal incidence 

and so is not deviated by refraction upon entering the surrounding air. Also, all rays experience 

the same Fresnel reflection losses of 3.9% at the hemispherical surface. 

In order to visualize the light field, the hemispherical lens was covered with a removable 

hemispherical diffuser shell, as shown in Figure 6.4 and Figure 6.5. In Figure 6.5(b) the four 

sideloss cones (top, bottom, left and right) are clearly visible. The endlight cone has been 

marked as the central white circle. Light between that circle and the sideloss cones is trapped 

light. To help clarify the photograph, the hemispherical diffuser shell in Figure 6.5 is partially 

illuminated with white light from the top right, with the brightest illumination occurring in 

Figure 6.5(a). 

 

Endlight
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light

Sideloss cone

Sideloss 
cone

Sideloss cone

Trapped 
light

Sideloss 
cone

 

Figure 6.5  Left: a Hemispherical diffuser screen that is placed over the hemispherical lens to help 
visualise the light pattern inside a LSC. Right: Projected light distribution inside a LSC. The white circle 
shows the endlight cone. The four sideloss cones are clearly visible. Light between the endlight circle and 
the sideloss cones is trapped light. 

The emission pattern was measured quantitatively with the UTS photogoniometer, 

described in (Earp, Smith & Franklin 2007; Smith, Jonsson & Franklin 2003), by removing the 

diffuser screen and positioning the apparatus so that the aperture in the mask was at the 
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photogoniometer’s centre of rotation. Scans with a detector 580 mm from the centre of rotation 

were made in the plane of the horizontal LSC sheet, at right angles to that plane, and at ±45o to 

the plane of the sheet. The results are shown in Figure 6.6. 

If  is the angle from the normal to the aperture’s surface, then areal projection means that 

the aperture will reduce the illuminance at the detector by a factor of cos . Thus the field 

luminance of the light inside the sheet is proportional to detector signal divided by cos . For an 

ideal system, the field luminance should be constant up to the escape cones and zero in the 

escape cones. Note that  is also the angle of a ray with respect to the sheet’s longitudinal axis. 

As can be seen from Figure 6.6, the measured field luminance for the in-plane scan is 

close to this ideal, being constant to within about 3% up to the escape cones, and then falling to 

zero within 4o. For the perpendicular-to-plane scan, the field luminance is almost constant to 20o 

but then falls increasingly rapidly to 60% of the central value at 40o. The reason for the loss of 

the high angle light is almost certainly scattering from the sheet’s upper and lower surface: light 

with  = 30o averages over 350 interactions with the sheet’s top and bottom surfaces. The 

measured luminance in the ±45o planes is intermediate between that of the in-plane and 

perpendicular-to-plane up to the critical angle. It then decreases linearly with , falling to 15% 

of the central value at 80o, the highest angle measured. 

 
Figure 6.6  Measured internal field luminance for a LSC in various scan directions. 
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6.5 TYPES OF LIGHT EXTRACTORS 

6.5.1 The Importance of Étendue 

Étendue is a fundamental tool for analyzing LSC’s systems for daylighting. To briefly 

summarize from section 3.1, we saw in equation 3.1 that the étendue, G, for a homogeneous 

light guide of refractive index, n, is 

 G n2 dA
A

 (6.7) 

where the light crossing an infinitesimal area, dA, with associated area vector, dA has a solid 

angle of . The vector  of magnitude  is in the central direction of the light. (In analyzing 

light extractors the light field is not uniform and the integration surface for equation (6.7) is 

often not normal to the optic axis, so it is not possible to simply our expression for étendue to 

equation 3.2.) 

It was shown in table 3.2 that the limiting étendue per unit area of a rectangular PMMA 

light guide is 6.75 sr while the value for an end surface perpendicular to the sheet’s axis is only 

3.61 sr. Now étendue is conserved by transmission across a boundary. So this means that for 

light inside a light guide with that maximum solid angle, only about half of the internal light can 

cross a perpendicular end surface, with the rest being reflected as trapped light. Section 3.1.4 

shows that inclining the end surface gives only a small improvement. 

6.5.2 Increasing the Cross Sectional Area 

Equation (6.7) suggests a number of approaches to of extracting the trapped light from the light 

guide. First we note that, as Figure 6.7(a) shows, simply increasing the area does not work 

because the light strikes the exit surface with unchanged angle and so the fraction of trapped 

light is unchanged. See Figure 4.3 for an illustration of this type of system.  

Small light guide

Large light guide

(a)

Abrupt increase
in cross section

(b)

Smooth increase in  cross section

 

Figure 6.7  Light extractors. (a) A simple increase in area does not work. (b) A smooth increase in area 
can give good light extraction.  

A better approach is an adiabatic expansion of cross sectional area that trades increased 

area for decreased solid angle, illustrated in Figure 6.7(b). For a cylindrical optical fibre this can 

reduce the angle of incidence at the exit surface below the critical angle, allowing good 
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extraction of trapped light. However, the great thickness of the extractor means it is hard to 

make by injection moulding or other mass production techniques. 

A better solution is shown is Figure 6.8 copied from the granted patent (Franklin 2001a) 

and briefly mentioned earlier as figure 2.6. This light extractor expands the area but also curves 

the exit surface. The curvature reduces the angle of incidence at this surface, which increases 

.dA in equation (6.7). The curvature also increases the integrated area in equation (6.7). Both 

of these effects raise the étendue at the end surface. However, the component of the solid angle 

in the plane of the light guides is unchanged. So unless the light extractor is broadened sideways 

(which is not usually practical) about half the trapped light cannot be extracted. 

QuickTime™ and a
 decompressor

are needed to see this picture.

 

Figure 6.8  Expanded area light extractor (66) with a cylindrically curved exit face. 

6.5.3 Light Extractors Using Multiple Interactions 

An alternative approach is to use multiple interactions, each of which extracts some portion of 

the light. To put it colloquially, if the étendue is too big, we take lots of small bites. In terms of 

equation (6.7), we are changing the surface over which the light escapes, and hence the area 

integrated, from the light guide’s small transverse cross section to the light extractor’s much 

larger longitudinal areas. For this approach to work there has to be some part of the system that 

changes the angle of the light as it moves along the light path. Otherwise total internal reflection 

would not permit the light to exit through the longitudinal surfaces. 

The first light extractor built on this principle is shown in Figure 6.9, copied from the 

granted patent (Franklin 2001a). The main aim of the experiments describe below was to 

demonstrate that is was possible to convert trapped light in LSC’s to useful illumination. A 

270 mm x 20 mm x 2.0 mm concentrator sheet 40 dyed with 70 ppm BASF Lumogen® F083 dye 

was exposed to a fluorescent lamp in a reflective housing 41 at one end, with the middle portion 

44 of the sheet serving as an optical conduit 42 as it did not have any light exposure. The total 

light output from the optical conduit was measured with an integrating sphere 43.  

The final 50 mm of the optical conduit was treated in various ways so that the totally 

internally reflected light 45 could be scattered and released. Treatments tested included: 
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(a) roughening one or more surfaces with 1200 grade, 600 grade, 400 grade, 240 grade and 120 

grade "wet and dry" abrasive papers; (b) attaching "diffuse" sticky tape to the top and bottom 

side surfaces; (c) gluing various diffuser sheets to the surfaces; and (d) dipping the final 50 mm 

into acetone for various intervals, which roughens the surfaces. The grooves made with abrasive 

papers were mostly perpendicular to the long axis of the conduit and their direction seemed not 

to be important. 

QuickTime™ and a
 decompressor

are needed to see this picture.

 

Figure 6.9  System used to measure the gain in output from a treated end (46) of a LSC (42) illuminated 
with a lamp (41). Light output is measured with an integrating sphere (43). From (Franklin 2001a). 

All of the above treatments gave more light output than no treatment, where the only light 

output was through the conduit’s end surface as end light. The best results of 63% more light 

were obtained when 1200 grade paper was used to roughen the topside surface only. However, 

even 120-grade paper on all side surfaces gave 43% more light than no treatment. In the conduit 

treated with 1200 grade paper, the sidelight leaked out over the first 30 or 40 millimetres of the 

50 mm treated length. This corresponds to an emission area about 18 times that of the untreated 

sheet with about 10 interactions of light with the rough surface. 

In the more roughly treated conduits, the side light leaked out within the first 10 mm of 

the 50 mm treated length of conduit. However, in all of the conduits treated with abrasive paper, 

about one quarter of the light came out the end surface 46. This is probably because even rough 

surfaces become specular reflectors at grazing incidence. 

The above experiments were primarily useful as a proof-of-principle (and for convincing 

patent examiners of the reality and usefulness of trapped light). However, sheet roughening is 

not a commercially viable method of light extraction. 

A better solution is to use a block of highly diffusing polymer to randomize the light, as 

shown in Figure 6.10 from (Franklin 2001a). The diagram is schematic in that étendue 

considerations require that the diffuser block must be several times as long as it is high. 

Traditional diffuser materials have high back scatter which would greatly reduce the output. 

However, the TRIMM doped materials discussed in chapter 5 combine excellent diffusion with 

little backscatter. Good results were obtained with TRIMM blocks that had a length 10 times the 



 
138

height of the light guide stack. Several light extractors were constructed and used with tri-colour 

LSC systems and hybrid-LSC systems. Measured extraction efficiency was better than 90%, 

and there was no visually detectable change in colour with angle. The visual appearance was 

judged to be very superior. 

QuickTime™ and a
 decompressor

are needed to see this picture.

 
Figure 6.10  A TRIMM based light extractor at the end of a light guide stack. 

The analogous design for a cylindrical optical fibre is a short rod of highly doped 

TRIMM polymer. This was not tested directly, as the available TRIMM doped PMMA rods had 

too small a diameter. However, excellent results were obtained with ordinary TRIMM doped 

sidescattering optical fibre Poly Optics Australia Pty Ltd. 

An alternative approach is shown in Figure 2.7(b), briefly introduced earlier as 

Figure 2.7, and reproduced here for the sake of convenience. This light extractor utilises a 

diffusely reflecting white coating on its rear and side surfaces. Trapped light entering the 

extractor undergoes total internal reflection at the exit face and is reflected back to the diffusely 

reflecting white back surface. This reflects the light with a random orientation so that much of it 

now pass though the exit face. The fraction that does not escape returns to the rear-diffusing 

reflector and the process continues until (i) the light enters free space via the exit face, (ii) the 

light is reflected back down the light guide, or (iii) the light is absorbed by the matrix or the 

white diffuser. 

This design uses an extraction surface with about 8 times the cross sectional area of the 

light guide and much of the light also has multiple interactions with the extraction face. So there 

are no problems in satisfying the étendue requirements of equation (6.7) for near total light 

extraction. The main loss mechanism is reflection of trapped light back down the light guide, 

which can be minimised by a careful choice of the extractor’s thickness (measured along the 

light guide axis) and height (measured perpendicular to the light guide axis). 

Design of these light extractors requires a detailed knowledge of the BRDF of the 

diffusely reflecting white back surface. This was measured with the UTS photogoniometer 

(Earp, Smith & Franklin 2007) and incorporated into numerical models in Mathematica®. A 

number of prototypes were constructed. Measured extraction efficiencies were  86%. 
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Figure 6.11  (a) A perpendicular end surface reflects almost half of the available light. (b) Extraction of 
trapped light by a luminare with expanded area and diffusely reflecting white surfaces. 

Up until now the light extractors have used diffusion at a surface (Figure 6.9 and Figure 

2.7) or in the matrix (Figure 6.10) to change the angle of the light as it strikes successive 

surfaces. An alternative approach is to use the geometry of the light guide. 

Figure 6.12 illustrates a wedge type light extractor for planar light guides. Light reflected 

off the inclined surfaces increases its angle with respect to the optic axis. The angle of incidence 

with the surfaces keeps increasing until the light is no longer contained by total internal 

reflection. Extraction efficiency is very close to 100%. However, a serious drawback of a simple 

wedge as a luminaire is that most of the light is strongly forward peaked in quite narrow beams 

either side of the wedge axis. This directionality of emission is not a problem if the light 

extractor is just to be used to measure system efficiency. 

 

Figure 6.12  A wedge-type light extractor. Light moving down the extractor strikes the surfaces at 
increasing angles until it is no longer confined by total internal reflection. 

The analogous design for a cylindrical optical fibre is a cone, although some 

modifications are required to take into account the difference in the light field and the geometry, 

as the latter causes total internal reflection of some rays in the cylindrical system that are not 

reflected in the planar system. 

The light from the curled-sheet flat-to-round converters discussed in sections 4.5 and 4.6 

has a significant amount of skew rays that are at more than 50o to the fibre’s axis. Much of this 

light is back reflected by a simple cone. However, close to 100% extraction efficiencies can be 

achieved with the design illustrated in Figure 6.13. This light extractor has a cylindrical entry 

portion with a diameter about twice that of the fibre and a length of about one fibre diameter. 
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This section is followed by a conical element that has a length of about five fibre diameters. A 

substantial fraction of the light is emitted close to the cone’s tip so it important that the tip has 

as small a radius as possible. The flat surface of the cylindrical portion acts as a mirror for any 

skew rays that are initially back reflected by the conical element, redirecting them into the cone. 

This design is not practical as a light extractor for fibre optic LSC systems because (i) the 

light is strongly concentrated in an annulus about the cone’s axis, (ii) the sharp tip is fragile, and 

(iii) the device’s considerable thickness (40 mm for a 20 mm fibre) means that it is not suitable 

for injection moulding and would be expensive to make by machining and polishing. However, 

the measured and modeled efficiencies are close to 100%. So it is suitable for measuring the 

efficiency of an LSC system. 

A conical light extractor along these lines was illustrated in Figure 4.15 being used to 

measure the output of a flat-to-round converter. Conical light extractors without the cylindrical 

element have been used with LED’s to boost output light (Saleh & Teich 2007, p. 691). 

Optical Fribre
Conical extractor

Cylindrical entry section  

Figure 6.13  A conical light extractor for an optical fibre. 

The problem of the non-uniform distribution of the emitted light from the wedge-type 

light extractor for sheet light guides can be overcome by using the more complicated geometry 

of the “Scimitar” light extractors, here illustrated in Figure 6.14. These rapid prototypes were 

made by Arrk Australia and New Zealand Pty Ltd from SolidWorks® models (Dassault Systèmes 

SolidWorks Corporation) created at my direction by Fluorosolar Systems Ltd. Ray tracing with 

Zemax® gave a theoretical extraction efficiency of 99.2% and a light pattern uniformity factor 

(defined as the ratio of the standard deviation of the output signals detected in the forward 

direction, above, below, to the left and to the right of the light extractor) of 95.7%. Dr Alan Earp 

at FSL measured the extraction efficiency of the light extractor for the green LSC as 

approximately 99%. His photograph of the output of an extractor coupled to a green LSC 

illuminating a white screen is shown in Figure 6.14. The measured light distribution was 

significantly more uneven than for the ray tracing calculations, with the difference believed to 

be due to inaccuracies in the rapid prototype. 
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QuickTime™ and a
 decompressor

are needed to see this picture.

   

 

Figure 6.14  “Scimitar” light extractors made by Arrk® (left) with the observed output for the green LSC 
illuminating a white screen (right). 

For optical fibres an excellent design is the hollow cone extractor illustrated in Figure 

6.15. By including an axial hole in the initial cylindrical section the maximum wall thickness is 

reduced to less than one quarter of the diameter of the optical fibre. For an 18 mm fibre with a 

2 mm axial hole the maximum thickness is 4 mm. This is small enough to permit low cost 

production by injection moulding. Including the axial hole reduces the measure and modelled 

extraction efficiency to about 95%, but this is an excellent trade off. By adjusting the 

dimensions of the cone it is possible to achieve a very uniform light distribution over a wide 

range of angles. 

Opical 
fibre

Hollow cone light 
extractor

Axial 
hole

 

Figure 6.15  Hollow cone light extractor. 
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The strengths, weaknesses and extraction efficiency for the various types of light extractor are 

summarized in Table 6-2. 

 

Table 6-2  Comparison of Different Types of Light Extractor 

Type Strengths Weaknesses Extraction 
Efficiency  

Simple increase in 
cross sectional area 

 Bulky and hard to mass 
produce 

< 50% 

Roughened light 
guide 

Simple to 
manufacture 

Does not extract low 
angle light 

43% 

TRIMM block or 
cylinder 

Excellent visual 
appearance 

Angular distribution set 
by RI of microparticles 

90% 

Diffuse white light 
trap 

Simple to 
manufacture 

No control over light’s 
angular distribution 

86% 

Wedge • Simple to make 

• Very high efficiency 

Light distribution is 
strongly forward peaked 
in twin beams 

Almost 100% 

Cone with cylindrical 
entry 

• Simple to make in 
small quantities 

• Useful for system 
testing 

Light distribution is 
strongly forward peaked  

Almost 100% 

“Scimitar” for flat 
light guides 

Good angular 
distribution 

Bulky and hard to mass 
produce 

99%  

Hollow cone Excellent angular 
distribution that can 
be readily tailored 

Somewhat delicate edge 95% 
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7 LIGHT TRANSPORT IN LSC SHEETS  

7.1 INTRODUCTION 

In earlier chapters we have explored the physics of luminescent solar collector systems 

including: the fundamental limitations of étendue that require the use of high aspect ratio 

collector sheets (sections 3.1 and 3.2), methods for coupling rectangular cross-section collector 

stacks to optical fibres for long distance light distribution into buildings (chapter 4), and 

methods for extracting trapped light to increase useful luminous output (chapter 6). Up until this 

point, we have essentially treated LSC sheets as a “black box” that absorbs sunlight and emits 

concentrated fluorescent emission along one edge. However, the collector sheets are the heart of 

any LSC and the system’s luminous output is proportional to their efficiency. Accordingly, the 

next four chapters will explore the physics and some the chemistry of LSC sheets. This chapter 

will discuss the details of light transport in LSC sheets. Chapter 8 then describes how collector 

sheets are made and testing methods for ensuring their high optical performance. Chapter 9 

explores extinction mechanisms in LSC sheets and chapter 10 then goes on to describe the 

problem of long-term photodegradation in LSC sheets and its impact on system performance. 

Maximising transport efficiency of light within the collector sheets is essential because on 

average useful fluorescent emission has to travel a considerable distance to the collection edge. 

Transport efficiency always involves dependence on sample dimensions, in our case length 

being the main factor. A noteworthy feature of LSC systems is that their output (unlike most 

solar collector systems) does not scale linearly with collection area. In other words, net LSC 

output is not a linear function of area or length. However, the higher the transport efficiency, the 

larger the useful area, and hence the higher the luminous output. Furthermore we often find that 

output usually stabilises if length is increased too much. Hence actual transport efficiency 

determines the optimum length for maximum output. 

For lighting applications of LSC’s, the key performance parameter for the collection 

sheets is their lumens-to-lumens efficiency (lumens at collection edge divided by incident solar 

lumens). In this chapter, LSC performance is here described mainly in terms of lumens-to-

lumens efficiency and total lumen transport loss within the LSC (see section 2.2 for a discussion 

of LSC’s used for photovoltaic applications). Modelling that takes account of individual photon 

processes is presented in section 7.2, while the efficiency and transport parameters describing 

total visible spectral performance are discussed in section 7.4. 

In order to optimise the luminous output of an LSC, it is important to distinguish between 

dye-related losses and losses intrinsic to the as-produced undoped matrix. In this chapter, the 
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emphasis is on the characterisation of dye-related loss processes and their effect on 

performance. Because the luminous output from an LSC depends both on the absorption and 

emission spectra of the dye, finding the optimum dye concentration is a central aspect of the 

maximisation of the light output. 

As noted in chapter 2, the main impact of dye concentration on loss is due to 

self-absorption. Self-absorption occurs when the dye’s extinction and emission bands overlap 

(see Figure 2.1 which shows the absorption and emission spectra for the green fluorescent dye 

Lumogen® F083). Hence if some emitted photons are re-absorbed, two factors must be 

considered: (a) the resulting shift in the output spectrum, and (b) the resulting loss from those 

output photons no longer trapped by TIR. Self-absorption is the main component of dye related 

extinction before outdoor exposure, but the possibility of scattering linked to the addition of the 

dye cannot be ignored. Clustering of dye molecules may induce weak scattering losses. Total 

extinction as a function of wavelength can be determined by measuring the specular 

transmittance, which is reduced by absorption and any scattering. The relative importance of 

absorption vs scattering will be explored in chapter 9. 

Dye related photodegradation can also cause additional absorption and this will be 

discussed in chapters 9 and 10. For this chapter, we will largely restrict our attention to 

extinction processes in as-prepared LSC sheets. 

 

Figure 7.1  Absorption and emission spectra of the green fluorescent dye Lumogen® F083 at 60 ppm. 

Attenuation that is independent of the dye concentration may arise from scattering losses 

due to impurities in the matrix, surface and edge roughness, or variations in the flatness of the 

LSC sheet. Because scattering should vary slowly with wavelength over the emission band, the 
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effect on output spectra will be small, but it does reduce the number of output photons. These 

matrix losses can quite significantly limit the light output of an LSC (Thomas, Drake & 

Lesiecki 1983a). If the dye is mono-molecularly dispersed, scattering sources are expected to be 

confined to those in the clear polymer matrix. The most likely source of attenuation in the 

emission band largely clear of the transition zone (  > 520 nm in Figure 2.1) is from the very 

weak tails of the absorption band, which vary slowly with wavelength. In most early work, data 

similar to Figure 2.1 was collected from samples a few millimetres thick. While these tails may 

appear to be very small in such data, our models using transmittance data on much thicker 

samples indicate that they are in fact very important. 

In an earlier paper (Swift, Smith & Franklin 1999a) we underestimated the potential 

practical output for the collector because the non dye-related losses were over-estimated. 

Treating the measured fall off in output for long collectors as due to scattering, this light loss 

was attributed predominantly to matrix losses. However, the analysis presented in this chapter 

and chapter 9 shows that this loss is in fact mainly due to previously neglected impacts of dye-

related loss. Assuming non dye-related losses are constant for a given matrix, dye-related losses 

can be minimised by careful selection of dye concentration. One of the primary aims of this 

work is to find the optimum dye concentration to promote a high level of light output by 

minimising dye-related attenuation while maintaining satisfactory absorption. The light 

collected from a stack of coloured LSC’s can then be coupled to a flexible light guide and 

transported over several metres, giving effective natural room lighting in areas where natural 

sunlight is not readily available (Earp et al. 2004b). 

7.2 MODELLING OF LSC OUTPUT 

The luminous output of an LSC can be theoretically modelled, using the spectral absorption and 

emission spectra of the dye (Swift, Smith & Franklin 1999a). This section builds upon that work 

and takes the opportunity to recast the mathematics into standard coordinates and to include a 

number of small effects that were neglected in the original study. The improved theory and the 

experiments described below formed the basis for a patent on methods for optimising the dye 

concentration of an LSC sheet (Franklin & Smith 2004a). 

We start by considering the emission of a single dye molecule in a rectangular light guide 

of refractive index, n, length, L, width, w and thickness, t, with the dye molecule distance, l, 

from the collection edge (as shown in Figure 7.2). We will use standard spherical coordinates 

with angular co-ordinates  and  as illustrated. This is a different coordinate system to earlier 

chapters. So for the sake of clarity, for this chapter we denote the critical angle of the matrix by 

rather than crit. 
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Figure 7.2  Luminescent Solar Concentrator of length L, illuminated by source S( ), produces end 
emission ( ,L) at collection edge. 

For a ray of trapped light, reflection off the top and bottom surfaces changes the sign of 

 but leaves the magnitude of unchanged. Similarly, reflection off the side surfaces changes 

the sign of   but leaves the magnitude of  unchanged. Thus the distance travelled by a 

particular ray emitted from the dye molecule before it reaches the collection edge is l/sin cos . 

This ray will be attenuated by the combined effects of the matrix, the light guide geometry and 

the dye which have attenuation constants of m( , g( , l) and d  respectively. The 

attenuation of the polymer matrix is here assumed here to be independent of wavelength (this 

assumption is relaxed in chapter 9).  

Deviations of the light guide from the ideal geometry (perfectly smooth surfaces, constant 

thickness, parallel sides, sides normal to the top surface, etc) cause attenuation g( , l) (the l 

dependence arises primarily from local variations in surface quality and sheet thickness). In a 

properly manufactured sheet with diamond polished edges, g is almost constant and is of the 

order of 1% m-1, and so can be neglected. However, as discussed in section 2.3.2, deviations in 

thickness in poorly cast sheets can cause geometric losses of a few percent. It will also be 

shown in section 8.5 and section A.4 of Appendix A that using flame polishing or mechanical 

polishing for the edges rather than diamond polishing leads to large geometric losses (see also 

(Earp et al. 2004c)). 

The dye-related loss coefficient at the nominal dye concentration, d  also includes 

any effects of dye-photodegradation. The variation of d  with dye concentration is discussed 

in section 7.5.1 while the effects of photodegradation on the dye-related losses form the basis 

for chapters 9 and 10. However, for a given sheet at a particular time we can treat d  as a 

quantity that varies only with wavelength. 
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Let the fluorescent dye have an emission power spectrum o( ) (with SI units W m-2 nm-1, 

at wavelength  where the subscript “o” denotes the “original” spectrum of emitted radiation 

prior to encountering other dye molecules). The spectral intensity at the collection edge of the 

collector resulting from the illumination of the sheet by an external source is, 

( , L) o ( )

o ( ' )d '

2Ee

wt
1
L

dl
0

L

sin d
2

exp
[ d ( ) m ( ) g ( , , l)]l

sin cos0

sin 1 cos
sin

d (7.1) 

where Ee is the total power emitted by the dye molecules. With the simplifying assumptions for 

the matrix and geometric attenuation constants described above, for most purposes we can 

simplify equation (7.1) to 

 ( , L) o ( )

o ( ' )d '

2Ee

wt
1
L

dl
0

L

sin d
2

exp
( d ( ) m )l
sin cos0

sin 1 cos
sin

d  (7.2) 

For the case in which sunlight at normal incidence with spectral intensity S( ) is 

distributed uniformly over the top surface of the collector (with area wL and front surface 

reflectance Rc), the total power emitted by the dye molecules Ee is given by 

 Ee wL(1 Rc ) (1 e ( )t )S( ) e ( )d  (7.3) 

which is the sum of the absorbed energy at each incident wavelength  multiplied by the 

energy-to-energy conversion efficiency of the dye e( ), 

 e ( ) quant  (7.4) 

where quant is the ratio of emitted photons to absorbed photons,  is the wavelength of the 

incident photon and  is the average wavelength of photons emitted by the dye molecule, 

defined as 

 o ( )d

o ( )d
 (7.5) 

If the incident light is not normal but has an angle of incidence of i, then equation (7.3) 

must be modified by replacing the sheet thickness, t, with the path length of the incident light in 

the LSC sheet, p( i). From Snell’s Law, 
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 p( i )
t

cos sin 1 sin i

n

 (7.6) 

However, this added complexity is seldom necessary because: (i) the sheet is optically thick 

enough at most of the wavelengths of interest so an increase in path length adds little to the 

fluorescent emission; and (ii) the operation of Snell’s Law means that p( i ) / t sec  For 

PMMA (n = 1.49) this means that 1 p( i ) / t 1.35 . 

 In equation (7.3) there is also a dependence of the front surface reflectance, Rc, with the 

angle of incidence. However, for PMMA Rc is only 3.9% at normal incidence and is almost 

constant up to angles of incidence of 60o. Thus for most purposes equation (7.3) is an adequate 

approximation for non-normal incidence. 

In the experiments described in section 7.3, the LSC has the dimensions L = 1200 mm, 

w = 135 mm and t = 2.0 mm. Sunlight is collected on the largest face, absorbed by the dye and 

emitted isotropically. The emitted light either undergoes total internal reflection, leaves the 

collector through one of the surfaces or it is absorbed by another dye particle and re-emitted. 

Without total internal reflection, the random emission angle from the dye would give the same 

amount of fluorescent emission per unit area exiting each surface. However, as discussed in 

section 3.1.2, due to total internal reflection a large fraction of rays are directed towards the 

smaller surfaces, such that the surface with the smallest area has the largest concentration of 

light rays. Hence the luminous output is measured at one of the small edges 

(135 mm  2.0 mm), which is called the collection edge. In principle, all light reaching the 

collection edge can be extracted. Chapter 6 showed that practical light extractors can have a 

very high efficiency and only a weak dependence on  and  Accordingly, the theoretical 

model of this chapter assumes that the light extraction efficiency has a constant value of 100%. 

LSC light output and hence performance can be improved by increasing the amount of 

light absorbed by the dye. This can be achieved by having the large bottom face over a highly 

reflective surface, or by increasing the dye concentration. However, the use of a reflector allows 

a higher total absorption with less dye, which in turn improves transport properties (Franklin & 

Smith 2004a; Smith & Franklin 1996; Smith & Franklin 1998; Smith & Franklin 2000). Thus 

overall output is higher using the reflector, which can be either a separate specular mirror or a 

diffuse white reflector. Specular mirrors can be metal based, but recently special all-dielectric 

structures with exceptionally high reflectance have been used with LSC’s (Slooff, Burgers & 

Debije 2008).  

The reflective surface must not be in direct intimate contact with the collector sheet as 

this would greatly reduce total internal reflection transport efficiency. The typical ray averages 
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over 150 reflections from the bottom surface. So a specular reflectivity of 90% for a reflector in 

intimate contact with the bottom surface would lead to a forward transfer coefficient of less than 

0.90150 = 1.4x 10-7, i.e. a catastrophic loss of light. Even with a specular reflectivity of 99%, the 

output is reduced by least 78%. Thus it is essential with most mirrors to have an air gap between 

the reflector and the LSC sheet.  

For simplicity in modelling, we have neglected the losses at this reflector. Reflectance 

from the mirror is taken to be specular, so t in equation (7.3) becomes 2t, increasing the 

absorbed energy. The total error in Ee in this approximation is typically below 1.0%, since for a 

typical LSC it is a small error in a contribution that is of order 10% for violet and green sheets 

and less than 30% for a pink or red sheet. For a diffuse reflector one should apply equation (7.6) 

to equation (7.3).  

The fraction of emitted rays collected can also be significantly increased by attaching a 

specular reflector in intimate contact with the small edge opposite the collection edge. This 

mirror enables the collection of some of the rays originally travelling away from the collection 

edge. If there was no attenuation in the LSC sheet, a perfect mirror would double the systems 

luminous output. Gains approaching the mirror reflectivity can be achieved with short LSC’s. 

However, the long LSC’s required for practical daylighting have significant extinction for 

internal light and the practical boost for these systems is about 45%. 

7.3 SPECTRAL SHIFT DUE TO SELF-ABSORPTION 

Self-absorption by the dye molecules has a considerable impact on both the spectrum and total 

luminous flux output from a LSC sheet. In this section the spectral output of LSC sheets are 

measured experimentally and compared with spectra using the theory outlined above. Section 

7.4 then examines the luminous flux from LSC’s. 

7.3.1 Experimental 

The dyes investigated in this work were Lumogen® F300 (red) at a concentration of 40 ppm, 

Lumogen® F083 (green) at 70 ppm, and Lumogen® F570 (violet) at 140 ppm. These well-known 

dyes are commercially available from BASF, and have good photostability. Their quantum 

efficiencies are respectively 0.96, 0.91, and 0.92 (Seybold & Wagenblast 1989). 

For this study, LSC’s were produced from 2.0 mm thick cast PMMA sheets. Since we 

required the collector sheet’s long axis to be at least one metre in length, the sample had to be 

obtained from a commercial supplier in Spain. Their casting solution involves pure pre-polymer 

and fully dispersed dye. Initial polymerisation takes place in a temperature controlled water 

bath, followed by an extended air anneal to ensure residual monomer levels are below 0.5%. 

LSC samples with dimensions of 1200 mm x 150  mm x 2.0 mm were produced by cutting 
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sections from the master sheets and diamond polishing the four thin edges with a diamond 

polisher (C.R. Clarke 1550). Samples for emission measurements were produced with all edges 

diamond polished and dimensions of 40 x 20 x 2.0 mm. 

The emission spectra were measured using a Perkin Elmer LS 50 fluorescent 

spectrophotometer. The diamond polished edge of the sample was placed so that its normal was 

normal to the excitation beam and in a position such that approximately half the width of the 

excitation beam did not pass through the sheets. This arrangement allowed the measured spectra 

to be not affected by self-absorption — this was confirmed by observation that the spectrum did 

not vary with the dye concentration. The absorption spectra were measured using a Cary 5E 

UV-Vis-NIR spectrophotometer. 

The spectral output of the 1200 mm long LSC sheets was measured using the Perkin 

Elmer LS 50 fluorescent spectrophotometer. The sheets were illuminated in room light and light 

from the collection edge of the FPC fed into the fluorescent spectrophotometer via an optical 

fiber.  

7.3.2 Results and Discussion 

The measured dye emission spectra, dye absorption spectra and the measured output spectra for 

1.2 m long LSC sheets doped with the three Lumogen® dyes are shown in Figure 7.3. 

Theoretical output spectra calculated using equations (7.2) to (7.5) are also plotted. The 

agreement between the calculated and measured spectra for each of the LSC sheets is very 

close. The noisy nature of the calculated spectra is due to the noise in the measured absorption 

spectra — small variations in the measured transmission in a 2.0 mm thick sample give rise to 

large variations of the calculated spectral output since light travels through an average distances 

of approximately 700 mm. It is noteworthy that there are considerable shifts in the colour of the 

output spectrum as compared to that of the dye for each of the LSC sheets. In the cases of the 

violet and green sheets, the self-absorption leads the spectrum being shifted toward the peak 

sensitivity of the eye, so that there is an increase in the luminous efficacy of the spectra. 
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Figure 7.3  Measured spectra of dye absorption (- - -) and dye emission (…… ) along with the associated 
measured (–– ) and calculated ( — ) emission spectra for a 1.2 m LSC for: (a) Lumogen® F300 (red), 
(b) Lumogen® F083 (green), and (c) Lumogen® F570 (violet). The measured spectra are normalized and 
the calculated spectra are fitted by eye. 

7.4 LIGHT TRANSPORT PERFORMANCE  

7.4.1 Assessing Sheet Quality for Lighting  

Up to this point, we have been using radiometric quantities (which is the appropriate tool for 

LSC’s used for solar cells). In order to calculate the illumination performance of the LSC, we 

now need to introduce photometric quantities. In ordinary operation, the top surface of the LSC 

is uniformly illuminated by sunlight, producing a luminous flux FL, at the collection edge. 
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 FL ( , L)y( )d  (7.7) 

where  = 683 lumens per Watt is the standard photometric conversion factor and y( ) is the 

standard photoptic response of the human eye. 

The quality of an LSC sheet for daylighting applications is assessed via two key 

parameters: luminous output (or lumens-to-lumens efficiency) and half-length. For optimum 

performance each of these parameters should be maximised for a given size collector. A useful 

parameter for characterization of an LSC daylighting system is the lumens-to-lumens efficiency 

l-l , defined as follows: 

 l l
FL

IsolwL
 (7.8) 

where FL (as defined in equation (7.7)) is the luminous power leaving the LSC sheet at the 

collection edge, Isol is the solar luminous intensity (in lux) incident on the top surface of the 

collector. In earlier work (Earp et al. 2004b; Earp et al. 2004c; Swift, Smith & Franklin 1999b) 

we called this term “light-to-light efficiency”. However, that term is more appropriate for the 

radiometric quantities used in photovoltaic LSC theory, rather than for LSC systems used for 

daylighting. 

Lumens-to-lumens efficiencies ranging from 5-10% are predicted in our computations for 

the material geometry described and practically achievable material properties. This translates to 

around 1100-1200 lumens in clear sky conditions, which is sufficient for indoor lighting. From 

equations (7.1), (7.3) and (7.7) it is seen that FL is proportional to the collector area, w × L, 

however it also depends on L via the integral in equation (7.1), resulting in a strong dependence 

of l-l on L.  

If dye absorption is high, the transport efficiency of the fluorescent sheet makes the most 

significant impact on LSC performance. While measurement of total output under solar 

illumination is the central performance parameter, it is useful to have a light transport efficiency 

parameter that can be measured in a simple experiment under fixed conditions. Thus a simple 

measurement scheme has been devised, with an associated parameter known as the LSC sheet’s 

half-length, L½, which gives a useful guide to the light transport efficiency. L½ is the transport 

distance over which the emitted light intensity falls by 50%. This parameter can be very useful 

in quality control and for comparison of the transport efficiency of different LSC samples. Since 

it can be predicted theoretically, it provides an additional test of the basic models, as 

demonstrated in section 7.4.3. 
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7.4.2 Measurement of L½ 

Figure 7.4 shows the arrangement used to determine L½ experimentally. The LSC sheet was 

illuminated with a small fluorescent lamp orientated parallel to the collection edge at a distance 

l. In order get a well-defined value of l, and to minimise stray light, the lamp had an opaque 

housing (not shown) with a 10 mm wide slit parallel to the sheet’s collection edge. The interior 

of the lamp housing was lined with a 99% reflective film to maximise the lamp’s output. Stray 

light from the lamp was minimised by covering it with a black cloth (not shown). 

In an effort to ensure that any light leaving the bottom surface of the collector did not 

re-enter the collector, the fluorescent sheet was placed on top of a clear PMMA sheet, which in 

turn lay on top of a sheet of black cardboard. (In subsequent work, it was found that using a 

single sheet of black PMMA (Plexiglas®) gave slightly improved results.) 

Reflectance from the back edge of the fluorescent sheet was removed by placing black 

tape nearby on the top surface, as shown in the diagram. A 500 mm diameter integrating sphere 

was used to measure the luminous output of the collection edge when the LSC sheet was 

illuminated at a range of l values from 100 mm to 1100 mm. Thus luminous output could be 

recorded as a function of l, excluding the first and last 100 mm of the sheet.  

In order to minimize stray light, a small back cloth (not shown) was placed around the 

integrating sphere’s entrance slit. A baffle was used inside the integrating sphere to ensure that 

the detector only picked up light scattered inside the sphere and that all direct emission was 

excluded from the measurement (eliminating direct emission greatly reduces sensitivity to the 

angular distribution of the emitted light). It was found that LSC sheet output falls off as an 

approximately exponential function of l, so the exponential slope, , can be used directly to 

calculate L½, as described in the following section. 

 
Figure 7.4  Experimental set-up for measurement of the half-length of an LSC. 
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7.4.3 Theoretical Calculation of L½ 

By simulating the half-length experiment described above from first principles using 

transmission and emission data, we can model the behaviour of  and L½. These simulations 

help in defining L½ from experiment and also test if our direct measurements of total attenuation 

are in accord with basic models. This output model is different from the radiant flux model 

mentioned in section 7.2, which assumes the LSC is uniformly illuminated over the whole of the 

top surface. In this case, the length integral is unnecessary, as the LSC sheet is now only 

illuminated at a single line spanning the width of the collector. Therefore, the emission power 

spectrum at the collection edge in equation (7.2) can be simplified to the following form: 

 ( , l) o ( ) sin d
2

exp
( ( ) m )l
sin cos0

sin 1 cos
sin

d  (7.9) 

Thus the output lumens, Fl, at the collection edge of an LSC that is illuminated at a plane 

of constant distance l from the collection edge is given by simplifying (7.7), 

 Fl ( , l)y( )d  (7.10) 

For modelling of the luminous output, Fl may be written approximately as an exponential 

function of l (as defined in Figure 7.2 and Figure 7.4) with 

 Fl Foe
(l )l  (7.11) 

where Fo is the (constant) intensity of the fluorescent lamp and (l) is the wavelength and path 

length averaged attenuation parameter since it includes the full emission spectrum and all paths 

that would allow light to exit through the collection edge. (From section 6.4 we see that this is 

approximately 1/8 of all fluorescently emitted light in the experiment described in section 

7.4.2). Thus using equations (7.9) and (7.10), Fl (which is equivalent to the output measured in 

the half-length experiment) is calculated as a function of l, and a modelled value of (l) may be 

obtained from the slope of a plot of log (Fl) vs. l. The effects of l on  are discussed in more 

detail in section 7.4.4 where it is seen that  can be considered to be a constant over a specified 

range of l values. Finally, the loss coefficient  is standardised to a set range of l values, and 

used to calculate the half-length parameter L½. 

 L1
2

ln 2
 (7.12) 

Now the decay is actually not a simple exponential decay since many paths and 

wavelengths contribute to output in equation (7.9) via integral sums over wavelength dependent 
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attenuation and the many path lengths defined by ( ,  ,l) at a given l. Thus for collector 

modelling and design, rigorous quality control, and especially extraction of the matrix or 

scattering component of total output, a more detailed analysis of the theory behind output vs. l 

data is needed. In brief, (7.9) leads to  and half-length as a slowly changing functions of l. 

Hence if L½ is to be quoted as a quality control measure, then a fixed l range and precisely 

specified data collection and analysis must be applied. This topic is considered in more depth in 

section 7.4.4. 

In order to separate the dye-related, matrix-related and geometric attenuation of light in 

an LSC, L½ can be broken down into three components to account for the various processes. The 

matrix component Lm½ accounts for losses intrinsic to the matrix, including absorption, internal 

scattering from impurities and total internal reflection losses from rough surfaces or edges. The 

dye-related loss component Ld½, accounts for losses due solely to the dye, including self-

absorption and scattering from clustered dye molecules. The small geometric component, Lg½, 

accounts for losses due to deviation of the light guide from the ideal geometry (perfectly smooth 

surfaces, constant thickness, parallel sides, sides normal to the top surface, etc). 

From equations (7.1), (7.9) and (7.11) it is clear that the components add inversely and 

 
1

L1
2

1
Lm1

2

1
Ld1

2

1
Lg1

2

 (7.13) 

Although L½ itself is not directly substituted into the theoretical model, the subdivision of 

L½ into dye-related, matrix-related and geometric components does enable these losses to be 

addressed separately. Dye related losses vary with wavelength and are described by the 

measured extinction coefficient  in equation (7.9). The matrix related loss coefficient, m, is 

assumed to be independent of wavelength and is thus linked directly to Lm½, which can be 

calculated using (7.12) with a loss coefficient  = m = m. In high quality sheets with diamond 

polished edges, the measured geometric attenuation, g, is almost constant and is of the order of 

1% m-1 with a corresponding half-length of close to 70 m. This is so large in comparison to the 

matrix and dye-related half-lengths that geometric losses can usually be neglected and will be 

omitted from the rest of this chapter. 

Half-length data is not only useful for direct quality control but also to help refine the key 

parameter m (or m). Given the sensitivity of output to small changes in ( ) (to be discussed in 

section 7.5), the ability to estimate m from two distinct types of measurements is of 

considerable value. For the practical design of LSC’s, half-length is often the key design 

parameter. In particular, it will be shown in section 7.6 that there is little to be gained in 

luminous output by increasing the size of the collector sheets much beyond one half-length. 
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7.4.4 Experimental and Theoretical L½ Results  

For this study, LSC’s were produced from 2.0 mm thick cast PMMA sheets containing 

Lumogen® F083 fluorescent dye at a concentration of 60 ppm. The samples were custom 

manufactured by a commercial supplier in Japan who was selected after extensive negotiations 

and several on-site visits. A different supplier was used to that used for the spectral studies in 

section 7.3 as it was felt that the Spanish sheets had an inferior matrix. The Japanese 

manufacturer’s casting solution involves starting with a very pure pre-polymer and dye 

dispersed by the methods described in section 8.3. Initial polymerisation took place in a 

temperature controlled water bath, followed by an extended anneal to ensure residual monomer 

levels are below 0.5%. LSC samples with dimensions 1200 mm x 150 mm x 2.0 mm were 

produced by cutting sections from the master sheets and diamond polishing the four thin edges 

with a diamond polisher (C.R. Clarke 1550). 

The luminous output of a 1.20 metre-long green LSC was measured as a function of 

linear displacement l over the range 0.1 m < l < 1.1 m. These measurements are represented in 

Figure 7.5 by the triangular data points. Note that the graph has a logarithmic scale for luminous 

output, so an exponential function with a constant exponent would plot as a straight line.  

Using equations (7.9) and (7.10), the same luminous output was also simulated as a 

function of l, over the range 0.1 m < l < 2.0 m. The larger length range was used to simulate 

light rays with longer path lengths within the 1.2 m long collector. In an LSC sheet equipped 

with a specular end mirror, some photons emitted near the collection edge may traverse the 

length of the sheet and reflect off the end mirror before returning to the collection edge, 

experiencing a linear displacement of around 2 m. Light rays with a greater displacement than 

the length of the collector cannot be measured separately, but their related loss coefficient may 

be estimated using the theoretical model. These simulated results for a standard matrix with 

matrix half-length Lm½ = 5 m are represented by the solid curve in Figure 7.5.  

One of the chief aims of this study is to distinguish between dye-related and 

non-dye related losses in LSC sheets. This is made possible by separating the two dominant loss 

components in the model (geometric losses can usually be ignored). Hence the contribution of 

matrix losses can be extracted to theoretically predict the performance of an LSC with a perfect 

non-scattering matrix. In the model this corresponds to an infinite matrix half-length, 

approximated here by Lm½ = 10,000 m. Theoretical output for the same green LSC as above, but 

with a perfect matrix, is represented by the dashed curve in Figure 7.5. 

For this investigation, the magnitude of the luminous output was of little interest – it is 

the slope  that is required for calculation of L½. The luminous output has arbitrary units, as the 

integrating sphere measurement is proportional to lumens by an undetermined calibration factor. 

The output is only an approximately exponential function of l: the slope actually varies slightly 
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over the course of 2.0 m. However, this slow variation of slope does give the basis for a useful 

standard “test” on sample lengths that are not too unwieldy for a laboratory bench. Test 

collector lengths are fixed at 1.2 m, as this is the size, or close to the size, of commercially 

feasible designs. 

 

Figure 7.5  Luminous output as a function of length for a 1.2 m green LSC doped with 60 ppm 
Lumogen® F083. Here a perfect non-scattering matrix is compared with a standard matrix (Lm½ = 5 m). 

As in the data shown in Figure 7.5, a reasonable “constant”  fit can be obtained on 

samples 1.2 m long over the range 0.4 m to 0.9 m. A distance of about 0.3 m is required for 

light emitted in the main overlapping region between the absorption and emission spectra to be 

fully self-absorbed. Transport losses per unit length are thus high for l < 0.3 m. Hence the data 

in the region l 0.30  m are excluded from the line of best fit. At the other end of the collector, 

the black tape on the top surface may not be sufficient to absorb all reflectance from the back 

edge (note that the reflectance of this surface is 3.8% for normally incident light but 100% for 

high-angle trapped light). Thus there is a slight overestimation of output lumens at the collection 

edge due to residual end reflectance, so the end region from 1.0 m to 1.10 m in the 1.20 m 

sample (represented by the two last triangle data points in Figure 7.5) is also excluded from the 

line of best fit.  

Linear slopes have been fitted to the output curves (R2 > 0.99), giving  values for two 

separate regions. L½ is then calculated by substitution into equation (7.12) (see Table 7-1). The 

experimental curve in the region 0.40 l 0.90  m (with a slope of  = 0.58 m-1) corresponds to 

the approximately linear range from the experimental measurements for a 1.20 m sheet, and 

shows good correlation with the theoretical value of  = 0.59 m-1 in this region. In the region 

1.0 l 2.0  m, output was theoretically modelled to give an estimate of L½ for photons 
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reflected from the back edge mirror. The slope is smaller in this region (  = 0.44 m-1) and the 

simulated L½ value is longer because light remaining after these distances is confined to 

wavelengths of weak attenuation. Because of this L½ has not reached the expected asymptotic 

limit (which is the value of Lm½), due to the effect of the weak absorption tails.  

Table 7-1  Theoretical and experimental LSC half-length, L½ (in metres), for a green LSC doped with 
60 ppm Lumogen® F083. The sheet dimensions are 1200 x 135 x 2.0 mm. Results are shown for both a 
standard matrix (Lm½ = 5 m) and a simulated perfect non-scattering matrix (Lm½  using  values 
derived from the curves in Figure 7.5. 

Collector Length 
Range (m) 

LSC Half-Length, L½ 

Experiment Simulation 

Lm½ = 5 m Lm½ = 5 m Lm½   

0.40 – 0.90 1.20 1.17 1.61 

1.00 - 2.00 – 1.58 2.48 

7.5 SEPARATING DYE AND MATRIX EFFECTS 

There are a number of variables involved in the design of an LSC system - perhaps the most 

significant are the choice of matrix material, the concentration of the fluorescent dye, and the 

dimensions of the collector. To optimise these parameters, LSC output was simulated using the 

model described in section 7.2 However, to ensure that appropriate values are used for the loss 

parameters in the model, dye-related and matrix-related losses must be separated. It is important 

to know if the dye is introducing any new scattering or loss processes over the whole emission 

band not present in the undoped matrix. At the extremely high accuracy levels needed to 

reliably predict performance, it will be seen that dye-related attenuation loss is difficult to 

directly measure from standard spectral data on thin samples.  

By addressing dye and matrix related losses separately, LSC’s can be studied to 

determine which source of loss has the greater impact on the light transport performance. The 

inability to easily separate dye and matrix effects can lead to errors. This led in earlier work 

(Swift, Smith & Franklin 1999a) to an underestimation of potential output since the measured 

half-length for l > 0.30 m was attributed entirely to matrix losses . It was assumed then that self-

absorption losses vanished for the region l > 0.3 m. In section 7.6 where total output is 

examined under solar illumination, a reduction of matrix impact is thus required, since the 

measured half-length continues to be affected by the very weak tail of the dye absorption 

spectrum and possibly dye linked scattering in these good samples for l > 0.3 m.  
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7.5.1 Dye-Related Losses 

Light loss from an as-produced LSC sheet can be attributed to both scattering and absorption. In 

general, scattering arises from the matrix and absorption losses arise from the dye, but doping 

the matrix with dye may induce additional scattering, even if the dye appears to be fully 

dispersed. The reader should keep in mind that the normal reabsorption/reemission process of 

the dye molecules, even in the case of 100% quantum yield, behaves like an inelastic scattering 

process. Every re-emission redistributes the propagation angles of light nearly isotropically over 

the whole solid angle (assuming that the dye molecules have random orientation). A fraction of 

the light is not guided and leaves the collector (see section 3.1.8 for details). The remainder is 

trapped in the collector and may be re-absorbed and re-emitted, resulting in longer average path 

lengths. 

Dye-related losses are observed chiefly via self-absorption in the overlapping region 

between the dye attenuation and emission o( ) spectra (see Figure 2.1 and Figure 7.3). 

consists of the dye absorption spectrum and possibly a very small wavelength-independent 

scattering component, and is calculated from transmission measurements made with a Cary 5E 

UV-Vis-NIR spectrophotometer. The fluorescent emission spectrum of the dye o( ), was 

measured with a Perkin Elmer LS50 Luminescence Spectrometer. 

As self-absorption is the major cause of dye-related losses, the emission region is the 

most important region for studying the absorption losses. For the green dye studied here, the 

emission region is approx. 470 nm <  < 600 nm, and most of the dye absorption is observed 

between 400 nm and 500 nm. In the ‘tails’, attenuation region above 550 nm the dye does not 

significantly absorb, and transmission is very close to unity. The very small, almost wavelength 

independent attenuation may be due to dye scattering, or to the slowly varying absorption tails. 

Because this region overlaps with the dye’s emission peak, it has a large impact on output in the 

long LSC’s needed for useful architectural illumination (it may be less important for short 

LSC’s used for solar cells). This means that it must be carefully investigated. 

The tails region of the green dye transmission spectrum in a 2.0 mm thick sample is 

shown in Figure 7.6, previously introduced as Figure 2.9 and reproduced here for the sake of 

convenience. The solid line represents the measured transmittance with the Fresnel reflectance 

removed. The dashed line is the same spectrum, except that the transmission in the ‘tails region’ 

beyond 550 nm has been artificially set to 100% as a reference. The attenuation of the dye in 

PMMA (excluding reflectance loss at the top and bottom surfaces) was determined by 

comparing measurements from dyed and non-dyed samples. With this method, these 

measurements are at the upper accuracy limit of the Cary spectrophotometer. Chapter 9 further 

investigations dye related scattering and evaluates the extent to which it affects the attenuation 

in the tails region, and hence overall LSC performance.  
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The spectra in Figure 7.6 are used in our models in section 7.6 to compare the effect of 

small changes in tails attenuation to the overall performance of the LSC.  

 

Figure 7.6  Transmission tails measured through a 2.00 mm thick LSC sheet doped with 60 ppm 
Lumogen® F083. The solid line represents the measured transmission of the green dye (excluding Fresnel 
reflectance), and the dashed line is the same spectrum, except that the transmission in the ‘tails region’ 
beyond 520 nm has been artificially set to 100% as a reference. 

7.5.2 Matrix-Related Losses 

A different approach to half-length measurement is needed for a clear matrix as there is no 

internal fluorescence to provide the light. Lm½ is also more difficult to measure, as it is much 

longer than L½, so the attenuation per metre is considerably smaller. Attenuation measurements 

over different long lengths (up to several metres) of clear matrix material from the same batch 

are needed for this purpose. These accurate measurements have not been made for the samples 

discussed here, but some rough measurements indicate that Lm½ is between 5 and 10 metres, 

which is lower than expected. The clear matrix used in this study is not the best quality matrix 

available, so it should be possible to achieve much better half-length values with a better matrix. 

In Figure 7.7 theoretical half-length values for the green LSC are shown as a function of 

dye concentration, with both a perfect matrix and a typical matrix half-length of 5 m, and with 

and without the presence of dye ‘tails’ attenuation beyond 520 nm. The model predicts that the 

half-length of a typical system increases two-fold if all matrix losses are removed. Matrix 

related losses could be reduced by careful material selection and manufacture, to minimise the 

extent of chemical and physical impurities. For minimal geometric losses, it is essential that all 

surfaces of the sheet are clean, smooth, flat and parallel. Thickness variations of up to 6% have 
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been observed in some samples, leading to 6% losses in output. Edge finish quality can also 

have quite a significant effect on L½: the half-length of an LSC sheet can be doubled by 

diamond polishing the edges as opposed to mechanical polishing (Earp et al. 2004b). As a good 

clear matrix material is also used as a light guide, it should be manufactured with minimal 

scattering losses. With careful selection of chemicals and controlled production reactions, 

matrix absorption and scattering can be minimised, increasing the matrix half-length. All these 

factors must be considered for comprehensive optimisation of an LSC matrix. 

     

Figure 7.7  Theoretical half-length for a 1.2 m green LSC as a function of Lumogen® F083 dye 
concentration, for standard (Lm½ = 5 m) and perfect (non-scattering) matrices with and without tails 
attenuation. 

7.6 OPTIMISATION OF COLLECTOR PROPERTIES 

When designing an LSC system, dye concentration is important because it affects not only 

absorption but also total attenuation at each emission wavelength, which directly controls the 

light output of the LSC sheet (see Figure 7.8). Modelling using the absorption and emission data 

at various concentrations has shown that LSC luminous output is extremely sensitive to the very 

weak scattering and/or absorption in the ‘tails region’ of the attenuation spectrum. Hence L½ is 

acutely dependent on dye concentration, as demonstrated by the much slower than expected 

approach to the asymptotic values of L½ and  in Figure 7.7. The spectral region up to around 

550 nm causes the sharp fall off in  up to l = 0.30 m (see Figure 7.5). This was expected, but 

the change beyond l = 0.30 m could not be explained simply by matrix effects. Finding L½ by 

measurement is much easier than using spectral data on a thin sheet, which requires accuracy of 

better than one part in 104 to accurately predict output. The problems with the spectral 
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measurements described above lead to the development on the improved methods outlined in 

chapter 9. However, measuring half-lengths still has a place as a quick and simple technique. 

 
Figure 7.8  Theoretical luminous output as a function of dye concentration for a 1.2 m green LSC for 
standard (Lm½ = 5 m) and perfect (non-scattering) matrices with and without tails attenuation. 

In Figure 7.8 the output of a LSC sheet is plotted as a function of dye concentration for 

the measured and reference transmission spectra shown in Figure 7.6, with two values of Lm½ 

corresponding to a typical matrix (Lm½ = 5 m) and an ideal matrix with no scattering 

(Lm½ = 10,000 m, approximating an infinite half-length). From this graph, it can be seen that 

both increased matrix half-length and increased tails transmission are favourable for a high 

luminous output. The optimum dye concentration is also sensitive to the difference in tails 

transmission. With the measured tails transmission, the optimum concentration is around 

60 ppm, but when the tails transmittance is set to 100%, output continues to increase with dye 

concentration right up to 150 ppm. Therefore a high accuracy measurement of the tails 

transmittance is crucial if the ideal dye concentration is to be determined and the LSC 

performance is to be successfully optimised. Nonetheless, the current measurements have been 

used to predict the output of a single LSC sheet under direct solar illumination of 100,000 lux. 

For the 60 ppm green LSC sheet with the measured tails attenuation and a standard matrix of 

Lm½ = 5 m, the theoretical output of 1,140 lumens is in good agreement with the measured value 

of 1,122 lumens.  

Up until now we have assumed that the dye is uniformly dispersed thought the matrix. 

One possible alternative is to have the dye concentrated in a thin layer with the rest of the matrix 

acting as a clear light guide. However, in order to achieve the same absorption as an isotropic 
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sheet, the dye concentration in the layer would have to be increased in inverse proportional to 

the thickness of the dyed layer. The turnover of Figure 7.8 shows that the high concentration 

would lead to somewhat reduced system output. The high dye concentration would also increase 

the risk of forming molecular complexes with adverse impact on light transport and hence 

output lumens. 

Figure 7.9 shows the theoretical luminous output of the green LSC sheet as a function of 

collector length, using the measured transmission spectrum shown Figure 7.6, for three different 

concentrations with an ideal non-scattering matrix and a typical matrix. It is seen that for longer 

collectors the correct selection of dye concentration becomes more important. From the output 

vs. concentration plots in Figure 7.8 assuming the measured tails attenuation, the optimal 

concentration for the green LSC is 60 ppm of Lumogen® F083. If the dye concentration is below 

the optimum value (e.g. 30 ppm), the absorbed light is relatively low, but the losses are less 

significant. Alternatively, (as shown in Figure 7.9) if the dye concentration is too high (e.g. 

100 ppm), the output is good for short LSC’s, but for LSC’s longer than one metre it begins to 

level off with length as the dye loss becomes increasingly significant. Again, it is clear that the 

ideal non-scattering matrix produces a significantly higher light output than the typical matrix in 

samples with Lm½ = 5 m, reinforcing the fact that a low-scattering matrix is as important as 

selection of dye concentration. Overall, it can be seen that optimum dye concentration thus 

depends on both thickness and length of the collector, and is a balance between increasing 

absorption and reducing losses. 
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Figure 7.9  Theoretical luminous output vs. collector length for a green LSC doped with Lumogen® F083 
fluorescent dye at concentrations of 30 ppm, 60 ppm and 100 ppm in (a) a standard matrix of half-length 
Lm½ = 5 m, and (b) a perfect non-scattering matrix.  

Collector parameters are studied further in Figure 7.10, where theoretical luminous 

efficiency is plotted as a function of dye concentration and collector length. High lumens-to-

lumens efficiencies between 10-16% are observed for short collectors under 0.6 m in length, and 

efficiency decreases with collector length, at varying rates depending on the dye concentration 

and matrix quality. The fall-off in efficiency with length is slowest for collectors with the 

optimum dye concentration of 60 ppm, and for collectors with a perfect matrix. Thus with the 

correct selection of dye concentration and matrix quality, the sensitivity of collector efficiency 

to length can be minimised. Crossovers of curves in Figure 7.10(a) and Figure 7.10(b) indicate 

that optimum dye concentration decreases with collector length L. 
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Figure 7.10  Theoretical lumens-to-lumens efficiency vs. collector length for a green LSC doped with 
Lumogen® F083 fluorescent dye at concentrations of 30 ppm, 60 ppm and 100 ppm in (a) a standard 
matrix of half-length Lm½ = 5 m, and (b) a perfect non-scattering matrix. 

7.7 CONCLUSION 

The optimum combination of dye concentration and collector length requires very accurate 

assessment of the transport losses in the emission region for a fixed matrix optical quality and 

collector thickness. A model has been developed that can predict performance accurately, 

provided the attenuation parameters are known with sufficient accuracy. Simulations and 

measurements show that when exposed to sunlight a green LSC is capable of producing 

sufficient illumination levels for natural indoor lighting. The model and data also indicate that 
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without improvement in the matrix, extension of the collector length beyond 1.2 m is of little 

value. 

Three different coloured LSC collector sheets, such as pink, green and violet, are required 

if white light is desired for room illumination. Near-white light output of over 1500 lumens is 

achievable for a small system around 1 metre long in carefully manufactured sheets (Earp et al. 

2004b). This multi-colour LSC analysis is made possible by the extension of the current model. 

Ongoing studies of LSC scattering in a photogoniometer and in an integrating sphere 

spectrometer in the region  > 550 nm will promote a better understanding of the subtle changes 

in transmission in this region, which are very significant for collector performance. Since green 

dominates output lumens in a three-layer stack, its optimisation is crucial. The addition of two 

other colours for white output should raise the total lumens-to-lumens efficiency well above that 

for the individual green LSC reported here. 
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8 MAKING LSC SHEETS  

The quality of the collector sheets in a LSC dominates system performance: if the collector 

sheets are unsatisfactory then there is no possibility of producing a high performance LSC 

system. At the start of this project no commercially available fluorescent sheets had the half-

lengths required for a LSC daylighting system. So much work throughout this project was 

devoted to developing methods to manufacture and test suitable fluorescent sheets. 

Such was the breadth of commercial interest in this project that we were able either to be 

present at and direct actual dyed LSC sheet production trials, or to set specific guidelines that 

the various companies involved were to follow. Companies in six countries participated in these 

studies and we were present for and directed multiple full-scale production line trials in 

Australia, Spain and Japan. Initial trials involved integrating our UTS based scientific 

developments with existing company capabilities. 

Lessons learned led to several later production refinements, better understanding of the 

relevant optical and materials science, and to major improvements in performance of LSC 

sheets made with commercial faculties. These developments embody many useful guidelines 

and important details for anyone attempting similar activities. The full details are in 

Appendix A: Mass Production of High Performance LSC Sheets. The core lessons and science 

from these studies are summarized in this chapter. 

8.1 CHOICE OF LUMINOPHORE  

The key requirements for the wavelength shifting luminophore are that it must have: a high 

quantum efficiency (luminous output is proportional to quantum efficiency), a large Stokes shift 

(to minimise self-absorption), emission at wavelengths that can be readily combined to make 

good quality white light that has a high colour rendering index, good compatibility with the 

matrix (so that light transport is not degraded), and good photostability. Photostability is so 

important for the commercial viability of a LSC that it will be discussed at length in chapters 9 

and 10. 

Quantum dots (QDs) have considerable long-term potential as wavelength shifting 

elements for LSC’s. However, at present they are very expensive (currently US$3,000 to 

$10,000 per gram, but this is expected to decline (Sanderson 2009)), have high re-absorption 

losses and low quantum yields (typically < 0.8) (Debije & Verbunt 2012; Earp et al. 2004b; 

Earp et al. 2004c). They are also difficult to disperse in polymer matrices (van Sark et al. 

2008b). Another possible long-term solution is the new rare earth doped inorganic fluorescent 

nanoparticle pigments that are sufficiently small (< 50 nm) to not significantly scatter light (de 
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Boer et al. 2011). Laser dyes are not a viable solution because of their small Stokes shifts 

(Cahill 1993) and poor quantum yields (Reda 2007). Some organic dyes have near unity 

quantum efficiencies, and moderate to good dye molecule photostability (Cahill 1993; Seybold 

& Wagenblast 1989), making them one of the most suitable fluorescent species currently 

available for use in LSC’s. The best available organic dyes at the start of the project were the 

Lumogen® series from BASF and they form the basis of this chapter, although most of the 

comments are applicable to any organic dye and to most inorganic wavelength shifting systems. 

There are a number of basic and somewhat conflicting requirements that all must be 

satisfied for the production of high quality LSC collector sheets: 

• The undoped matrix must have good optical properties with a half-length of at least 

5 m, and preferably more than 10 m. It was shown in section 7.6 that using a matrix 

with a half-length less than 5 m materially reduces the collector’s luminous output. 

• Strips cut from the master sheets must have low geometric losses. This requires: (i) 

smooth top and bottom surfaces, (ii) constant thickness for the sheets, and (iii) good 

machining properties so that one can form low-loss sides, say by diamond polishing. 

• The sheets need to be as thin as possible. The basic geometry of the LSC sheets is 

determined by the conservation of étendue. It follows from section 3.1 that for a three-

layer collector stack, conservation of étendue requires that the cross sectional area of 

each collector sheet must not exceed one third of the cross sectional area of the light 

guides. It was also shown in section 4.4 that the cost of the light guides dominates 

system cost, and that the cost of a light guide is a linear function of its cross sectional 

area. This means that system cost is almost inversely proportional to sheet thickness, 

so there is a big premium on making the collector sheets as thin as possible. However, 

there are several problems if the sheets are too thin. First, edge forming can be 

difficult in thin sheets due to chipping at the corners. The effect is aggravated by the 

fact that for a given size of chip, side geometric losses are inversely proportional to 

sheet thickness. Second, it was shown in section 2.3.2 that light loss from thin spots is 

proportional to the fractional change in thickness. Now for most sheet production 

processes the absolute error in thickness is at best independent of sheet thickness and 

may actually increase as thickness declines. So the fractional error is at least inversely 

proportional to thickness and hence this geometric loss scales similarly. Finally, we 

saw in section 3.3.2 that practical LSC designs require at least one high-efficiency butt 

joint (to a light guide or flat-to-round converter), which are hard to make reliably with 

very thin sheets. The standard minimum thickness for extruded sheet on a full sized 

extrusion line is two millimetres. However, somewhat thinner sheet can be produced 
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on small “laboratory” extrusion lines. The minimum thickness for continuous casting 

is 2.00 mm and there are no prospects for reducing this. The practical limit for cell 

casting is a thickness of about two millimetres3. 

• The fluorescent dye needs to have good quantum efficiency, a large Stokes shift (to 

minimize self-absorption), and good photostability. The best dyes at this time are the 

Lumogen® series from BASF. 

• The dye needs to absorb incident light over a path length of 2 mm but not attenuate 

fluorescently emitted light over a path length of over 1000 mm. No known organic 

dye completely satisfies this requirement. However, it was shown in section 7.3 that 

the Lumogen® series of dyes come reasonably close at longer wavelengths. 

• Low attenuation of fluorescently emitted light transported inside a collector sheet 

requires that the dye is completely dispersed at a monomolecular level since dye 

aggregates absorb and scatter light (Meseguer et al. 1981) and have adverse effects on 

photostability (Wilson et al. 2010b). Unfortunately, the Lumogen® dyes have a very 

low solubility within bulk MMA and a strong tendency to form molecular complexes 

(Bleasby 1995). Once formed, these complexes can be very hard to remove. 

• Photostability requires low levels of residual monomer (Kinderman et al. 2007a). 

Photoquenching in Lumogen® dyes is greatly reduced if the residual monomer level 

is less than 0.5% (Bleasby 1995; Böhm 2000). 

                                                      
3 One Japanese company I visited has a specialist cell casting line that produces sheets with a 

thickness of < 1.0 mm with a tolerance of about ± 0.05 mm. However, it is restricted to sheet 

sizes of less than 150 mm x 150 mm and the cost per unit area is more than 10 times that for 

standard cell cast sheet. They said that it would not be possible to scale the process to make full 

sized sheets. 
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8.2 DISPERSING THE DYE 

In order to make ultra-high quality fluorescent sheets, it is essential that the dye is completely 

dissolved and dispersed at a monomolecular level. Unfortunately, most of the Lumogen® series 

of dyes have a tendency to form molecular complexes that absorb the light fluorescently emitted 

by single dye molecules (Bleasby 1995). Tiny quantities of these molecular complexes can 

greatly reduce the fluorescent emission from a large sheet of dyed PMMA. So part of the art in 

making fluorescent sheets for a LSC is to dissolve the fluorescent dyes at a molecular level in a 

way that minimises the formation of molecular complexes. This section will describe proven 

methods for making and testing the dye solutions. 

The ordinary way of dissolving sparingly soluble materials, such as the Lumogen® series 

of dyes, is to make up a masterbatch at high concentration in a good solvent. However, 

extensive trials by BASF in Germany and Australia have shown that this leads to poor optical 

quality sheets (Bleasby 1995; Böhm 2000). The only suitable solvent finally identified by UTS 

and BASF is MMA or “pre-pol” (partly polymerized MMA). An additional problem is that the 

laser scattering tests (described below in section 8.3) show that high dye concentrations rapidly 

lead to the creation of molecular complexes. These complexes are hard to remove once they 

have formed. This problem is most acute with the green F086 dye, less serious with the pink 

F285 dye and least serious with the violet 570 dye. It has been found that the formation of these 

molecular complexes can be avoided if the maximum concentration is always kept below 10x 

the final sheet concentrations. Note that because of photopic response of the human eye is 

peaked in the green, the green sheet supplies most of the lumens for the LSC with the principle 

roles of the violet and pink sheets being restricted to providing colour balance (Earp et al. 

2004b; Swift & Smith 2003; Swift, Smith & Franklin 1999b). Thus any diminution of the output 

of the green sheet has a large adverse effect on both luminous output and colour balance. 

The best way of dissolving Lumogen® dyes is to use ultrasonic agitation (Franklin & 

Swift 1997). Unfortunately few manufactures have this capability for mass production although 

following the success of our work at UTS, BASF GmbH have built multi-million euro plants 

with this capability (Böhm 2000). However, good results can be achieved with traditional high-

shear mechanical agitation. The rest of this section assumes that mechanical agitation is used for 

mass production. All reference dye solutions must be made by ultrasonic agitation as this gives 

almost perfect dye dissolution. A small, cheap ultrasonic agitator of the type used for cleaning 

tools is suitable for this purpose and was used in our work in Australia and demonstrated to 

factory staff in Spain, Germany and Japan. 

Clear control sheets should always be made simultaneously with the fluorescent collector 

sheets using an identical process (except for the addition of the dye). The clear control sheets 

are very helpful in diagnosing whether problems are due to dye dissolution, sheet 
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polymerisation, contamination, packaging problems, handling errors, or to some other process. 

All stirring cycles and agitation cycles must be identical for dyed and control sheets. The 

importance of the clear control sheets for de-bugging the sheet production process cannot be 

over emphasized. 

LSC sheets doped with fluorescent dyes are extremely sensitive to cross-contamination 

with other fluorescent dyes whose absorption spectra overlap their emission spectrum. For 

example, the long path length inside a sheet mean that a contamination level of a few parts per 

billion of pink dye in a green sheet will lead to a loss of almost all the green output light 

(whereas 1000 ppb of green dye in a pink sheet would have little effect). Accordingly, extreme 

care must be taken to ensure that all equipment is cleaned before it is used with a different dye.  

In order to reduce any likelihood of cross-contamination and to simplify contamination 

tests, batches of fluorescent collector sheets should be made in the same order as the wavelength 

of their mean absorption wavelengths. For Lumogen® dyes this means that sheets should be 

made in the following sequence: (i) clear control sheet (essential for every production run in the 

development phase), (ii) violet Lumogen® F570 dye,  (iii) green Lumogen® F083 dye, and 

finally (iv) pink Lumogen® F285 dye. 

Additionally, if possible one should minimise the possibility of cross-contamination by 

using separate, dedicated containers for mixing each type of fluorescent dye and for making up 

final batches prior to casting. While this is feasible for small-scale tests, it may not be practical 

for mass production. 

One interesting feature of the Lumogen® green F086 dye is that a sonicated 600 ppm 

solution (i.e. x 10 standard concentration) stored for 3 months at a temperature of 4 oC has the 

same laser scattering properties (as measured by the methods of section 8.3) as a freshly 

sonicated solution. However, a sonicated solution with twice this concentration (i.e. x 20 

standard concentration) stored at 4 oC has increased scattering after two days and forms particles 

visible to the naked eye after a fortnight. One possible explanation is that the sonicated x 10 

solution has no nucleation centres, the dye being perfectly dispersed to a monomolecular level, 

whereas the x 20 solution has significant numbers of nucleation centres despite the ultrasonic 

agitation. 

The procedure described below for dissolving the dye stresses the importance of always 

keeping the dye concentration at not more than 10 times the final concentration. Small scale 

casting experiments at Poly Optics Pty Ltd yielded bad results for x 20 concentration, poor 

results at x 15 concentration (with the green dye showing the worst results) and excellent results 

for x 10 concentrations for all dyes. So x 10 concentration was adopted for this project.  
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8.2.1 Procedure for Dissolving the Dye 

Check the purity of the MMA and “pre-pol” by the laser testing procedure described in section 

8.3 using ultra-pure distilled MMA as a standard. 

Use pure MMA at a temperature of 60 - 65 oC as a solvent. Do not use any other solvent to 

dissolve the dye. 

Add the dye to the warm MMA while stirring constantly. 

Make sure that the dye concentration never exceeds 10 times final concentration (e.g. for the 

green dye the concentration must never exceed 600 ppm; for the pink dye the concentration 

must always be less than 500 ppm). Higher dye concentrations rapidly lead to the creation 

of molecular complexes. These complexes are hard to remove once they have formed. This 

problem is most acute with the green dye. 

Take a 50 ml sample of the dye concentrate solution and ultrasonically agitate it for 5 minutes to 

completely dissolve the dye. This A sample (with perfectly dissolved dye) will serve as the 

standard for the mechanically agitated solution. 

Check the quality of the A sample from step 5 by the laser testing procedure described in section 

8.3. The sample should have very little scattering. Significant scattering suggests 

contamination. 

Mechanically agitate the bulk MMA mixture to completely dissolve the dye. 30 minutes in a 

high-shear stirring machine is usually enough. Note that excessive agitation can cause 

problems. 

Take a B sample of the mechanically agitated dye solution. Use the laser testing procedure 

described in section 8.3 to compare the B solution with the sonicated A solution from step 5. 

If the mechanical agitation process has worked properly then the two solutions will have 

identical scattering. The time and intensity of mechanical agitation should be adjusted to 

minimise the difference between the solutions. Also compare the solutions to reference 

solutions of ultra-pure distilled MMA. Visual comparisons between solutions are much 

easier and more informative than tests of a solution by itself. 

Dilute the dyed MMA to the final concentration. This final dilution may be with pure MMA, 

"pre-pol", or any convenient mixture of the two. 

Add initiator if this is not already in the “pre-pol”. 

Mechanically agitate the casting solution to thoroughly mix the casting liquor. This is typically 

for a minimum of 5 minutes. 

Vacuum degasses the casting solution. 

Take two samples of the dyed casting solution, the C and D samples. Ultrasonically agitate the 

C sample for 5 minutes. Use the laser testing procedure described in section 8.3 to compare 
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the D solution with the sonicated C sample. If everything is satisfactory, then the two 

solutions should have identical scattering. 

Polymerise the sheet. 

Heat-treat the sheets to reduce residual monomer levels to at most 0.5 %. (This step may be 

omitted for laboratory test sheets.) 

8.3 LASER TESTING DYED MMA AND PMMA 

A good way to test both the purity of the monomer and the quality of dye dissolution is to 

visually observe the scattering of a linearly polarized laser beam. A red laser is used for the 

green or violet dyed solutions so that there is no fluorescence. A 2 mW HeNe laser is ideal, but 

a well-collimated red diode laser can be used. It is essential that the laser is 100% polarized with 

a known plane of polarization. Note that some HeNe lasers are unpolarised while in others the 

plane of polarization is not fixed, but varies randomly. 

In this method, a sample is illuminated with a polarised laser beam and observed from a 

point that is at right angles to the laser beam and in a plane orthogonal to that of the laser’s 

polarisation. Figure 8.1 illustrates a vertically polarised horizontal laser beam, which is the best 

setup for observing fluids. However, for sheets it is often more convenient to use a horizontally 

polarised horizontal laser beam and to view the sheet from above. 

When viewed with either setup, light scattered by micron-sized particles is essentially 

unpolarised. Light scattered by nanoscale particles (i.e. with a size <100 nm) is 100% polarised 

with the same polarisation orientation as the laser beam (Hecht 2002, pp. 346-7). 

Total scattering can be estimated by observing the laser beam in a dark place against a 

dark background. These observations should be compared to the scattering from a sample of 

known properties such as vacuum distilled monomer. In good quality MMA and “pre-pol” the 

laser beam should be almost invisible. Any undissolved dye particles, dust particles, etc in dye 

solutions or cast sheet stand out very clearly. 

Reference dye solutions should be made by ultrasonic agitation as this gives almost 

perfect dye dissolution. A small, ultrasonic agitator of the type used for cleaning tools is 

suitable. 
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Polarised 
laser beam

Polarising 
analyser

Sample

Set up for laser testing using a polarised laser beam  
Figure 8.1  Set-up for laser testing using a polarized laser beam. The observer is located so that the 
scattering angle is a right angle and the laser is polarized perpendicular to the line of sight. By rotating the 
polarizing analyser the observer can estimate the degree of polarisation in the scattered light. Scattering 
from nanoscale particles is 100% polarised. Scattering from micron-sized is almost unpolarised. 

The nature of the scattering centres can be found by measuring the scattered light’s 

degree of polarisation (Hecht 2002, pp. 346-7). If the scattered light is 100% polarised then the 

scattering is due purely to particles with a size <100 nm. However, if the scattered light is 

completely unpolarised then the scattering is due purely to micron-sized with a diameter 

typically > 5 μm. Partial polarisation can be caused by the simultaneous presence of both 

nanoscale and micron-sized particles, or by particles of intermediate size. 

With practice one can estimate the degree of polarisation by viewing the laser beam 

through a polarising filter and rotating the filter to find the maximum and minimum beam 

brightness. Alternatively, one can rotate the laser beam along its axis and look for changes of 

scattered light. Visual observations are usually satisfactory for comparative purposes. 

The object of the exercise is to make dyed PMMA sheets that have very little scattering. 

An essential requirement for this is that the MMA and dyed solutions have very low levels of 

scattering since the final sheet is seldom better than the casting solution. Significant scattering 

in the MMA or dyed solutions invariably leads to poor quality polymer sheets. 

In properly made dyed PMMA there is very little scattering. The small amount of 

scattering that does occur is almost purely from nanoscale defects. If a dyed sheet has 

measurable non-nanoscale scattering then there is probably something wrong with the 

manufacturing process, even if the overall level of scattering is acceptable. Clear control sheets 

that are made by exactly the same polymerisation process as the dyed sheets (except for the 

addition of the dye) are invaluable for diagnosing problems, particularly whether the problem is 

primarily with the matrix or with dye dissolution. 
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8.4 MANUFACTURING METHODS FOR DYED PMMA SHEETS 

There are currently three methods of making dyed PMMA sheets of a size suitable for LSC’s: 

extrusion, continuous casting and cell casting. Some of the advantages and disadvantages of 

each method are compared in Table 8-1 in section 8.4.4. Optical quality is highest for cell 

casting and lowest for extrusion. Minimum batch sizes are lowest for cell casting and highest 

for extrusion. For mass production the most important factors are performance and 

photostability (cost per sheet is a secondary factor because this is only a modest part of system 

cost). However, for a test programme, minimum batch size is also important since a test 

programme must explore many different possibilities. 

8.4.1 Extruded Sheet 

Extruded PMMA is manufactured on a multi-million dollar, highly automated production lines 

consisting of: a screw extruder, a sheet die, a calendaring roller stack, a cooling unit, a coating 

line and a packing unit. In standard operation, the screw extruder mixes and melts pellets of 

very dry clear matrix with pellets of dyed masterbatch. The mix is dispensed through a sheet 

dye block that extrudes a two millimetres thick strip of high viscosity molten plastic in a ribbon 

that is up to three metres wide. The ribbon enters the calendaring roller stack that cools it and 

imparts a high quality finish due to the differential motion of the rollers. In a good production 

line, the surface finish of the final sheet is dominated by the performance of the calendaring 

rollers with many complex interacting factors including: the rollers’ surface finish, the 

uniformity of the temperature along each roller, the smoothness of the mechanical drives, 

alignment tolerances, operator skill and the quality of the integration with the rest of the line. A 

good calendaring roller stack typically costs well over one million dollars. 

The warm sheet is peeled off the final calendaring roller and air cooled to room 

temperature as it runs along a series of small rollers. The warm sheet then passes from the 

cooling unit to a coating line that applies protective films to the sheet’s top and bottom surfaces. 

Some manufactures ordinarily use coated paper. However, this tends to leave residual adhesive 

and much better optical quality is achieved by using special (but more expensive) low-tack 

polymer films. Saws at the end of the line cut the material "on the fly" to it's final size. 

Extruded dyed LSC sheet has considerable promise for low-cost LSC’s. Because of the 

method’s high degree of automation, extrusion is the lowest cost way of mass-producing sheets. 

It can readily achieve matrix half-lengths of more than 5 metres. Good surface finishes for the 

top and bottom surfaces are readily achieved and thickness control for a 2.00 mm thick sheet of 

± 0.01 mm is routine. Mechanical properties are acceptable although somewhat inferior to 

continuous cast or cell cast sheets, although chipped edges in the diamond polisher can 

sometimes be an issue. However, the key problem is its light transport properties. 
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The standard method of making dyed extruded sheet is to use a masterbatch of pellets that 

have a high dye concentration (typically x100). The masterbatch pellets are mixed with an 

appropriate fraction of clear pellets and the combination is extruded, relying on the screw in the 

extruder to homogenize the mixture. This method works well for ordinary sheets so 

masterbatches were made at UTS and were also commissioned from three Australian and three 

German companies. Unfortunately, all masterbatches gave sheets that had very high levels of 

scattering. The problem is the tendency of the Lumogen® dyes at high concentration to form 

scattering complexes. The only solution appears to be to incorporate the dyes into the polymer 

at the time of polymerization. 

A more fundamental problem is that it is extraordinarily difficult to produce masterbatch 

pellets that have the same molecular weight distribution as the virgin clear pellets. If the 

molecular weights are slightly different then the refractive indices will also differ which causes 

scattering losses. This is because although the extruder’s screw melts and stretches each 

masterbatch pellet, the high viscosity of the melt means that the mixing is incomplete at a micro 

scale. Thus the final sheet has micro-regions that are masterbatch pellet, and micro-regions that 

are standard pellet. The small differences in refractive index cause scattering similar to the 

TRIMM microparticles discussed in chapter 5. 

Multiple attempts by various Australian and German companies to produce suitable dyed 

masterbatch were all unsuccessful. The only apparent solution is to dope the matrix pellets with 

the final dye concentration at the time of polymerisation. This is technically straightforward, but 

is relatively expensive. Unfortunately, it is not feasible on a small scale. Section A.1 of 

Appendix A describes an unsuccessful attempt at producing extruded sheets using custom 

manufactured pellets doped with the final dye concentration. This section also discusses a 

number of practical issues for making LSC sheets by extrusion including: moisture levels in the 

pellets, residual monomer in the final sheets, design requirements for the extruder barrel, the 

harmful effects of trace quantities of “re-grind”, and contamination issues with masterbatch.  

8.4.2 Continuous Casting 

Continuous casting of dyed sheets starts with the batch preparation of dyed partially 

polymerised MMA, often called “pre-pol”. The reduction in volume from MMA to PMMA is 

about 17%. However, by partially polymerising the casting liquor before casting, the volume 

reduction in the mould is minimized. It is difficult to seal the edges of the moving moulds used 

for continuous casting, so the “pre-pol” for this process is made with a relatively high degree of 

polymerisation and a viscosity similar to that of honey, say 2,500 centipoise. This high viscosity 

makes the “pre-pol” hard to handle and bubbles can be a serious problem, but it greatly reduces 
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leakage and shrinkage in the mould. Cell casting moulds have much better edge sealing, so that 

process uses “pre-pol” with a lower degree of polymerisation and hence a lower viscosity. 

In continuous casting, large batches of dyed viscous “pre-pol” are poured between pairs 

of horizontal mirror-polished stainless steel belts about three metres wide and over 200 m long. 

The pairs of belts are separated by gaskets to form a space equal to the thickness of the material 

desired, plus an allowance for shrinkage (Graf 2000; Rustin 2000). These twin belts 

continuously convey the material through a series of cooling and heating units that regulate the 

polymerisation of the PMMA and perform the heat treatment to reduce residual MMA. Saws at 

the end of the line cut the material "on the fly" to it's final size. 

The cost comparison with other methods can be a little complex. On the one hand, the 

cost per kilogram of the MMA used to make continuous cast sheet is considerably less that the 

cost per kilogram of optical-grade extrusion pellets. On the other hand, there is a very large 

capital investment to build a continuous cast sheet line (the highly polished stainless steel belts 

are very expensive). The cost of capital tends to outweigh the low material costs and cell cast 

sheet typically costs more than extruded sheet, although the differences reduce as sheet quality 

is increased. The high capital costs of continuous casting lines mean that in 2000 there were 

only two continuous casting plants in the USA, but dozens of major extruders (Graf 2000). 

Continuous casting is highly automated, so it is cheaper than cell casting. 

Clear continuous cast sheets usually have good optical quality with a half-length 

significantly superior to that for extruded sheets. The thickness tolerance for most 

manufacturers for 2.00 mm sheet is ± 0.02 mm, although the best Japanese sheets typically have 

their thickness constant to a remarkable ± 0.01 mm. Mechanical properties are excellent, almost 

as good as cell cast sheets. 

The minimum batch size is about 400 kg so it was not possible in this project to make 

LSC sheets by continuous casting for experimental trials. However, just as with cell casting, the 

dye is dissolved in MMA or “pre-pol”. Thus by using the techniques described in sections 8.2 

and 8.3, it should be possible to achieve the same half-lengths for continuous casting as for cell 

casting while achieving much better thickness control. 

One possible concern is residual monomer. Cell casting can readily increase the final 

anneal time to reduce residual monomer to the lowest possible level, but this is not feasible on 

the inflexible continuous cast line However, many lines use higher anneal temperatures than for 

most cell cast lines, so this may not be a problem. 

The good optical quality and excellent thickness control make continuous casting a strong 

contender for volume production of LSC sheets provided one can overcome the residual 

monomer level mentioned above, the photostability issues described in chapters 9 and 10, and 

the problems of industrial culture described in section A.3 of Appendix A. 



 
178

8.4.3 Cell Casting 

Cell cast sheets are produced by assembling a mould for each individual sheet, and then pouring 

the casting solution into the mould. Factories typically use 3 m x 1.5 m tempered glass sheets 

for moulds. The glass is only 6.0 mm thick and hence is somewhat flexible because of the large 

sheet size. Edge sealing is achieved with a continuous sacrificial PVC gasket held in place with 

numerous strong spring clamps. For filling, the mould is placed in a vertical position on a 

weighbridge. The sheets are wedged a few millimeters apart at the top centre of the mould and 

the mould cavity is filled with a measured mass of dyed “pre-pol” casting liquid. The viscosity 

of the “pre-pol” ensures that there is no leakage from the side gaskets. The wedge is removed 

and the sheets snap back to give a good seal. In the “as filled condition”, the sheets bulge 

noticeably. However, the volume of the casting liquid reduces by about 7% on polymerisation 

and this causes the final sheet to have parallel surfaces (this compares to a reduction in volume 

from MMA to PMMA of about 17%). The moulds are polymerized in a water bath and are then 

heat treated to reduce the level of residual monomer. The newer method is to use an oven with 

tightly controlled airflows. This method of annealing  (also called “post-cure”) is relatively 

expensive but it permits high temperatures and hence very low residual monomer. Levels as low 

as 0.2% can be achieved in routine production (Acrylics USA 2011). The older and cheaper 

method of annealing is to use an unpressurised water bath, which limits temperatures to just 

below 100 oC and so gives a somewhat higher level of residual monomer. 

The cast sheets are then given a protective film. Some manufactures ordinary use coated 

paper. However, as was mentioned in section 8.4.1, this tends to leave residual adhesive and 

much better optical quality is achieved by using special (but more expensive) low-tack polymer 

films. Choosing the correct protective film is also important for achieving high-quality diamond 

polished edges for the LSC collector strips and this topic is discussed in section A.4 of 

Appendix A. 

Cell cast sheets have the highest optical quality and best mechanical properties of all the 

production processes discussed. By using the procedures described in section 8.2, it is possible 

to disperse Lumogen® dyes to a monomolecular level. The cell casting process requires 

significant skilled labour and this makes it relatively expensive. However, the batch size can be 

as small as a few sheets and some manufacturers will even cast a single custom sheet for a small 

premium (Acrylics USA 2011). This means that it is the best process for experimental work or 

small-scale LSC production. 

A major problem with cell cast sheets is the variation in sheet thickness. The standard 

specification for premium quality 2.0 mm thick sheet is ± 0.2 mm. For some manufactures the 

specification may be -0.2/+0.3 mm. Actual sheets may be significantly thicker than 

specification, although seldom thinner. However, when a collector stack is glued to a flat-to-
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round converter, what counts is the worst-case sum of tolerances for all the components and 

parts thereof. With three sheets at + 0.2 mm and allowance for each step on the injection 

moulded converter of +0.02 mm, the midpoint of the converter must be at least 0.66 mm more 

than the mean stack thickness. This increases the light guides’ cross sectional area by 11% with 

a similar increase in the system cost. 

Even more important, if a sheet is too thick it will prevent proper assembly of the flat-to-

round converter. The tight tolerances mean that the end thickness of every LSC collector strip 

should be measured before it is glued to a flat-to-round converter. 

The better LSC manufacturers routinely measure the thickness of every cast sheet at a 

large number of points to help improve their manufacturing process. This thickness data can be 

used to select sheets that meet the tolerance. It may also permit the cutting of in-spec strips from 

parts of full sized sheets that would otherwise have to be rejected. Most rejected sheets have 

superior visual appearance, so they may be suitable for other applications. 

Uniformly thin sheets do not cause difficulties with assembly. However, a thickness 

reduction gives a corresponding reduction in the areal density of the dye molecules and hence 

reduces light absorption in that sheet. This can upset the system’s colour balance. Also, as 

discussed in section 2.3.2, thin spots in a sheet reduce light output from that sheet which can 

also upset the system’s colour balance. 

By negotiating hard with the sheet manufacturer we managed to achieve a tolerance of 

± 0.1 mm, i.e. about 10 times the standard for extruded or continuous cast sheets. Maintaining 

this tolerance was a constant battle and could prove burdensome with mass production. 

Section A.2 of Appendix A has describes some of the problems encountered in making 

sheets by cell casting and the lessons learnt. 

8.4.4 Comparison of Sheet Production Methods 

Table 8-1 compares some of the advantages and disadvantages of making PMMA LSC’s by 

extrusion, continuous casting and cell casting. Note that for a test programme, minimum batch 

size is very important, as a test programme must explore many different possibilities. For mass 

production the key parameters are luminous output and photostability – cost is not a key issue as 

the sheets are a relatively small part to the total cost of a LSC system. 

To summarize: cell casting looks like the best option for initial small-scale production, 

although some waste sheets (or re-use for other applications) may need to be tolerated. 

Continuous casting is probably the best short-term option for mass production, with extrusion 

offering good prospects for low-cost mass production of LSC collector sheets. 
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Table 8-1  Key parameters for various manufacturing methods for PMMA sheet. 

 Method of Sheet Manufacture 

Parameter Extruded Continuous Cast Cell Cast 

Optical quality of matrix Worst Good Best 

Ease of dye dissolution Hard Straightforward Straightforward 

Residual monomer concentration Highest Medium Lowest 

Molecular weight Lowest Medium Highest 

Hardness Lowest Medium Highest 

Machinability Lowest Medium Highest 

Cost of sheet Lowest Medium Highest 

Capital cost of plant Medium Very high Lowest 

Cost of raw materials Highest Lowest Medium/Low 

Minimum batch size Large Large Small 

Thickness variation (standard) ± 0.03 mm ± 0.02 mm ± 0.20 mm 

Thickness variation (possible) ± 0.01 mm ± 0.01 mm ± 0.10 mm 
 

8.5 MASS PRODUCTION OF OPTICAL-GRADE EDGES FOR LSC’S 

The half-length of a LSC sheet is greatly affected by the surface finish of its sides (Earp et al. 

2004b). The standard industrial method for achieving a good side finish is flame polishing. 

However, the half-length of flame polished sheets is usually quite low and after considerable 

experiment in the early parts of the project we found that diamond polishing gave low-loss side 

surfaces. The preferred tool is a C.R. Clarke 1550® (CR Clarke & Co. (UK) Ltd), which gave 

the best results of all the machines tested. Measured edge losses for LSC sheets polished with 

this machine are << 1% per metre, which is small enough to be neglected. 

Section A.4 in Appendix A describes the C.R. Clarke 1550® diamond polishing machine, 

its application to making optical grade edges for LSC collector sheets, problems with protective 

sheet films, and the tolerances on strips that are to be diamond polished. 

It was mentioned earlier that flame polishing is the standard industrial technique for 

giving a good edge finish. In the hands of a skilled operator this technique can produce a very 

attractive finish that looks better to the eye than most “as produced” diamond polishing. 
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However, appearances are deceptive and with flame polishing there is significant loss from the 

corners that are inherently rounded, and a lack of surface flatness. The eye is also deceived by 

the fine striations left by diamond polishing. Our measurements show that the striations cause 

very little light loss. However, the human eye is exceedingly sensitive to fine lines and so 

people greatly overestimate the importance of the fine striations.  

For commercial decorative work, the fine lines from diamond polishing are often 

removed by giving the edges a light hand polish that can take the surfaces to an attractive high 

gloss. However, this is unnecessary for LSC’s, as experience has shown that it adds negligibly 

to the half-length and can sometimes materially decrease the half-length by rounding the sheets’ 

corners. The human eye is not very sensitive to the losses caused by rounded corners, so this is 

another case where appearances are deceptive. For LSC’s, “as-produced” diamond polishing is 

best. 
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9 EXTINCTION MECHANISMS IN LSC’S  

9.1 INTRODUCTION  

One of the most significant remaining technical obstacles preventing widespread utilisation of 

LSC’s is the limited photostability of the fluorescent species (Deshpande & Namdas 2000; Earp 

et al. 2010; Mansour 1998a; Mansour 1998b). Quantum dots (QDs) are advantageous in that 

they are inherently more stable than organic dyes, and provide broader and more easily tunable 

absorption bands (Hyldahl, Bailey & Wittmershaus 2009; Klampaftis et al. 2009; van Sark et al. 

2008b). However, QDs are presently very expensive (currently US$3,000 to $10,000 per gram, 

but this is expected to decline when QD’s achieve mass production (Sanderson 2009)), have 

high re-absorption losses and low quantum yields (typically < 0.8) (Debije & Verbunt 2012; 

Earp et al. 2004a; Earp et al. 2004c), and can be difficult to disperse in polymer matrices (van 

Sark et al. 2008b). Another possible solution is inorganic fluorescent nanoparticle pigments that 

are sufficiently small (say < 50 nm) to not significantly scatter light. Until recently most of these 

candidates did not have high enough quantum yields, but the latest developments (de Boer et al. 

2011) with select rare earth doped nanoparticles may have overcome this limitation. Laser dyes 

also show good photostability, but generally exhibit small Stokes shifts (Cahill 1993) and poor 

quantum yields (Reda 2007). Some organic dyes have near unity quantum efficiencies, and 

moderate to good dye molecule photostability (Cahill 1993; Seybold & Wagenblast 1989), 

making them one of the most suitable fluorescent species currently available for use in LSC’s. 

Organic dye doped LSC’s are thus the focus of this extinction study. 

Photostability is the key issue holding back the use of LSC’s in real applications as most 

other issues impacting on initial performance can now be managed. It requires not only dye 

molecule stability, but also the maintenance of low-loss light transport within the dye-doped 

polymer. Photodegradation of LSC’s and the associated reductions in LSC efficiency can 

therefore be broken down into two main processes:  

1) Fluorescence quenching – photoexcited dye molecules gradually break down due to 

interactions with impurities in the matrix or with ultraviolet (UV) radiation (if present) 

resulting in reduced absorption and fluorescence intensities with exposure.  

2) The formation of photoproducts – photodegradation can lead to the formation of 

byproducts or aggregates, causing increased ‘tails’ absorption at longer wavelengths 

than the main dye absorption edge and hence a reduction in internal transport 

efficiency of fluorescently emitted light (Goetzberger & Wittwer 1981; Seybold & 

Wagenblast 1989; Wittwer, Stahl & Goetzberger 1984).  
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From earlier work in section 7.5 on LSC’s it is evident that low levels of extinction in the 

‘tails region’ (defined as wavelengths longer than the main dye absorption peak) reduces the net 

transport within a dyed sheet of fluorescently emitted light. The result is a significant reduction 

in LSC luminous output (Earp et al. 2004a; Earp et al. 2004c) and overall optical efficiency 

(Wilson et al. 2010a). Hence measuring changes in the tails extinction in exposed LSC’s and 

identifying the origins of such changes is an important exercise that can highlight significant 

sources of loss and provide valuable information about the degradation mechanism.  

This chapter focuses on the analysis of the additional extinction caused by photoproducts, 

in particular its break up into scattering and absorption components. If photoproducts form in an 

LSC during exposure, an important step in the remedial process is to identify the light loss 

mechanism. The next chapter will explore in more detail potential sources of degradation 

including ultraviolet radiation, UV additives, antioxidants, heat, and visible illumination. Until 

this work, most efforts, including our own, had focused on limiting initial loss of output due to 

scattering and ongoing degradation loss resulting from UV degradation of dye molecules. We 

had learnt to satisfactorily manage these impacts, but found after long-term outdoor exposure 

that other unknown loss processes were arising over time. The first step is to better understand 

their source and relative impact. 

Depending on the nature of the dye degradation mechanism, photoproducts may cause 

extinction losses either by increased non-fluorescing absorption or by increased scattering. 

Matrix scattering losses in an LSC can be experimentally measured (Thomas, Drake & Lesiecki 

1983b), as can total extinction losses via measurements of transmission along the LSC long axis 

(Wittwer, Stahl & Goetzberger 1984). However, experimental measurements of absorption and 

scattering generally require two different sets of equipment and two differently sized samples. 

The advantage of the experimental method presented below is that it enables the subdivision of 

light traveling longitudinally inside an LSC into transmitted, absorbed and scattered 

components, using the same LSC sample with a single set of equipment. This analysis technique 

enables the identification of the primary light loss mechanism in an exposed LSC, which can 

help determine the particular degradation mechanism at work. The theory and some example 

experimental results are presented below. 

9.2 EXPERIMENTAL METHOD AND THEORY 

9.2.1 Sample Preparation 

For this study, LSC’s were produced from 2.0 mm thick cast PMMA sheets containing 

Lumogen® F083 fluorescent dye (BASF) at a concentration of 60 ppm. Since we required the 

collector long axis to be at least one metre in length, the sample had to be obtained from a 
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commercial supplier. Their casting solution involves very pure pre-polymer (inorganic 

impurities at parts per billion level, organic molecule impurities such as ketones under 1 ppm), 

peroxide initiator and fully dispersed dye. Initial polymerisation took place in a temperature 

controlled water bath, followed by an extended air anneal to ensure that residual monomer 

levels were below 0.5%. The Lumogen® F083 green dye has absorption and emission maxima at 

472 nm and 518 nm respectively. Clear reference sheets were also produced with exactly the 

same process and ingredients, but omitting the dye. The clear sheets have very high optical 

quality in terms of measured light transmittance over a 1.2 meter path length. Clear and dyed 

LSC samples with dimensions 1200 mm x 150 mm x 2.0 mm were produced by cutting sections 

from the master sheets and diamond polishing the four thin edges with a diamond polisher (C.R. 

Clarke 1550®).  

9.2.2 Test Equipment 

The following equipment was used to experimentally isolate the extinction losses due to 

scattering and absorption. As schematically represented in Figure 9.1, LSC samples of length L 

were illuminated with an optic fibre illuminator containing a 50 W tungsten halide lamp, 

connected to a 1.0 m long, 18 mm diameter polymer optic fibre (Lumenyte®) and a 

1.0 mm x 20 mm slit. Output spectra were measured with a fibre optic integrating sphere 

(Ocean Optics®, FOIS-1®), consisting of a 38 mm diameter integrating sphere with a 9.5 mm 

diameter sample port, connected via a 50 m diameter optic fibre to an Ocean Optics® 

USB2000® UV-Visible spectrometer.  Spectra were recorded with a PC using Spectrasuite® 

software (Ocean Optics®). Stray light was excluded from the measurement by placing a black 

cloth over the top surface of the LSC adjacent to the integrating sphere port, and by using a 

black PMMA base sheet (Plexiglas®). 

 

QuickTime™ and a
 decompressor

are needed to see this picture.

 

Figure 9.1  Experimental set-up for transmission measurements. 

9.2.3 Transmission Measurements 

The tails transmission of the LSC was measured as follows. Initially, the light source was 

coupled into the clear reference sheet, and the output signal at its end surface, EC( ), was 
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measured with the integrating sphere and spectrometer according to the setup shown in Figure 

9.1. The spectral power entering the sample is not easily measured directly due to geometrical 

coupling losses at the entry surface. Hence the spectral power Po( ) entering the sample, which 

is the power immediately inside the entry surface of the clear reference sample, was calculated 

from the output signal as follows: 

 Po ( )
EC ( )wC

wdet (1 f )
    (counts.sec 1.nm 1)  (9.1) 

where EC( ) is the measured spectrometer signal from clear reference sheet (counts); wC is the 

width of clear reference sheet (m); wdet is the width of detector port on integrating sphere (m);  

is the spectrometer integration time (sec) (a value of 50 msec was used for the transmission 

measurements);  is the wavelength interval (nm) and f is the matrix loss factor (the fraction of 

the light source lost in the clear reference sheet due to matrix extinction and Fresnel reflection at 

the far end).   

The matrix loss factor, f, was calculated as follows: 

 f Rend 1 e L m  (9.2) 

Where Rend is the Fresnel reflection loss at the far end surface of the LSC (for this study, 

nPMMA = 1.492 and nair = 1.000, so Rend = 0.039); L is the length of clear reference sheet (m) and 

m is the extinction coefficient of clear matrix (measured with a monochromatic laser).  

For the LSC sample in this study, a representative value of m = 0.098 m-1 was measured 

with a green laser at  = 532 nm, which is near the two primary emission peak wavelengths of 

Lumogen® F083 (492 nm and 516 nm respectively). (From equation 7.12, the corresponding 

half-length is 7.1 m.) Calculation of equation (9.2) for a 1.2 m long LSC yielded a matrix loss 

factor of f = 0.151 for the clear reference sample. 

The light source was then coupled into the dyed LSC using the same setup shown in 

Figure 9.1, and the output signal from its end surface, ED( ), was recorded. The spectral power 

transmitted by the LSC, PT( ), was calculated as follows: 

 PT ( )
ED ( )wD

wdet (1 Rend )
   (counts.s-1.nm-1)  (9.3) 

where ED( ) is the measured spectrometer signal at the far end of the dyed LSC (counts); wD is 

the width of dyed LSC (m) and Rend is the Fresnel reflection losses at end surface of LSC 

(Rend = 0.039). Note that unlike equation (9.1), the correction factor in brackets in equation (9.3) 

does not include intrinsic matrix losses, so that the LSC matrix losses are included in the 

transmission measurement. 
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The transmission spectrum of the LSC, T( ), was calculated by dividing the transmitted 

spectral power, PT( ), by the input spectral power, Po( ),: 

 T ( )
PT ( )
PO ( )

 (9.4) 

The mean tails transmission,T , was calculated by averaging T( ) over the tails 

wavelength region for the particular dye. For the Lumogen® F083 dye used in this study, the full 

tails region is 550 nm    750 nm, which includes a significant part of the emission spectrum 

but also extends beyond it. As described below in sections 9.2.5 and 9.3.1, calculations were 

restricted to the wavelength range 600 nm    750 nm in order to avoid contributions from 

excess emission below 600 nm. 

9.2.4 Scattering Measurements 

One of the advantages of the experimental method presented in this chapter is that the same 

equipment can be used to measure both the transmitted light at tails wavelengths that reaches 

the end of the LSC and the scattering intensity from the side of the LSC. As illustrated in Figure 

9.2, the scattering intensity, Ex( ), was recorded at a various lateral distances, x, from the LSC 

entry surface, with the integrating sphere positioned at the side of the LSC. Ex( ) was measured 

at N different positions, spaced evenly along the side of the LSC, with an integration time of 

1.2 seconds. For this study, the collector length was L = 1200 mm, and Ex( ) was measured at 

100 mm intervals between x = 100 mm and x = 1100 mm (N = 11). To ensure that the scattering 

measurements only contain light traveling in the forward direction, back-reflected light from the 

LSC end surface was excluded by placing black absorbing tape across the entire width of the 

LSC, on the top surface near the output end.  

QuickTime™ and a
 decompressor

are needed to see this picture.

 
 Figure 9.2  Side view of the experimental set-up for scattering measurements. 

The total spectral power scattered from the top, bottom and sides of the sheet, Ps( ), was 

calculated by summing the measured values of Ex( ) over all x positions, and multiplying by 

four, 
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 PS ( ) 4
Ex ( )dx
wdetx1

xN

   (counts.s-1.nm-1)  (9.5) 

 
where Ex( ) is the spectral intensity at the LSC side surface (counts); x the distance from its 

entry surface(m);   is the spectrometer integration time used for measurement of Ex( ) (sec) and 

dx is the length interval represented by each measurement (m). Note that the sum in equation 

(9.5) is multiplied by four because isotropic scattering leads to equal amounts of scattered light 

escaping from the top, bottom, left and right hand sides of the LSC.  

The scattering spectrum, S( ), was calculated by dividing the scattered spectral power 

PS( ) by the input spectral power Po( ): 

 S( )
PS ( )
PO ( )

 (9.6) 

The mean scattered fraction, S , was calculated by averaging S( ) over the effective tails 

region of the dye.  

9.2.5 Absorption 

After measuring the transmission and scattering spectra, calculation of the absorption spectrum, 

A( ), was straightforward. Photons traveling lengthwise through an LSC must be either 

transmitted, scattered or absorbed. Therefore, to uphold the conservation of energy principle, the 

three components must sum to unity at each wavelength: 

 T ( ) S( ) A( ) 1  (9.7) 

Note that equations (9.3) to (9.7) do not hold for wavelengths where dye emission is 

present, as some photons at these wavelengths have been converted by fluorescence from lower 

wavelength photons. So this type of analysis is best applied to the tails region where dye 

emission is negligible. Methods of extending the analysis to wavelengths where there is dye 

emission are discussed in section 9.3.1. 

It follows from equation (9.7) that the mean values of the three components must also 

sum to unity: 

 T S A 1  (9.8) 

Therefore, the absorption spectrum, A( ), and the mean tails absorption A are calculated 

by substitution of the measured tails transmission and scattering values into equations (9.7) and 

(9.8) respectively. 
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When properly dissolved, most suitable dyes for LSC’s appear to have negligible 

absorption in the tails region for transmission across standard sheet thicknesses of a few 

millimetres. However, for typical transport distances inside a useful LSC (often > 1000 mm), 

we show below that tails absorption in as-prepared LSC sheets extends across the whole 

emission spectrum. This tails absorption, though small, is important and such tails absorption 

was also recently found by Wilson et al (Wilson et al. 2010b) at shorter LSC lengths. This 

absorption tail is slowly varying with wavelength and thus does not affect the output spectrum 

that largely attains its asymptotic value after a few centimetres of travel due to re-absorption 

from overlap of the main absorption peak with the emission spectrum. However, though weak, 

we show below that initial tails absorption is strong enough to significantly reduce edge output 

approximately in proportion to length. A key feature in this chapter is the significant growth in 

tails absorption and hence loss of output resulting from visible light induced photoproducts. 

9.2.6 Stability Testing 

Before and after various periods of outdoor exposure, the overall performance of the LSC’s was 

tested by measuring the dye absorption, output luminous flux, half-length and mean tails 

transmission. Photometric quantities are of primary interest in this study rather than radiometric 

quantities, as the LSC’s under test were being used for a lighting system. Therefore, during 

outdoor exposure, the solar illuminance was monitored with a lux meter, tuned to the spectral 

response of the human eye (Li-Cor® LI-210®). Dye absorption was monitored in  

50 mm x 65 mm x 2.0 mm samples by measuring the attenuation coefficient,  (m-1), over a 

2.0 mm path length, at the dye’s peak absorption wavelength of 472 nm, with a Cary 5E® UV-

VIS-NIR spectrometer. The output luminous flux, F, and half-length, L½, were measured using 

the same LSC sample analyzed in section 9.3.1 below, with dimensions 

1200 mm x 150 mm x 2.0 mm. L½ was defined in section 7.4.1 as the path length over which 

50% of the fluorescently emitted light is lost due to extinction. Half-lengths were measured 

using the experimental method described in section 7.4.2 and (Earp et al. 2004a). F was 

measured from one of the narrow end surfaces using a Minolta® CL-200® lux meter and a 

500 mm diameter integrating sphere, by illuminating the sample with two 1.2 m long 

fluorescent tubes (one UV tube and one ‘Daylight’ tube). The performance results for a green 

LSC are discussed in section 9.3.2. 

 

9.3 RESULTS AND DISCUSSION 

9.3.1 Tails Extinction 

Experimental results are presented below for the green LSC described in section 9.2.1. The LSC 

was initially tested before exposure, then again after six days’ exposure to sunlight underneath a 
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UV cover, which blocks all UV radiation below 340 nm. The total illuminance was 2.4 Mlux.h. 

The measured spectra are presented in Figure 9.3 that was earlier presented as Figure 2.10 and is 

repeated here for the sake of convenience. In the region from 500 nm    600 nm, the 

measured scattering component contains excess signal above a Rayleigh scattering curve 

( S( ) 4 ) fitted to the scattering data for  > 600 nm (dotted line). The scattered light 

spectrum has two peaks at 525 nm and 555 nm, which correspond to the characteristic 

secondary and tertiary emission peaks of the Lumogen® F083 dye. Therefore, this portion of the 

side-scattered spectrum above a Rayleigh plot can be attributed to dye emission, and was 

consequently excluded from the energy balance sum to conform with the assumptions 

underlying equations (9.7) and (9.8). Hence for this sample, for the sake of simplicity, 

calculations of T , S  and A have been restricted to the region 600 nm    750 nm to avoid 

interference from dye emission. The apparatus could be improved to allow a study of extinction 

over the complete tails zone by reducing or eliminating the emitted radiation component. This 

could be done by adding a long pass filter, or by adding a small piece of the same LSC material 

orthogonal to the input light source optic fibre, between the fibre and the LSC. This filter would 

absorb a large portion of the photons within the absorption region of the dye, eliminating or 

significantly reducing fluorescent emission from the sample. 

 

 

Figure 9.3  Tails extinction measurements for a 1.2 m long green LSC (a) before exposure, (b) after 
6 days outdoor exposure. A Rayleigh scattering function has been fitted for  > 600 nm. 

Table 9-1 shows the mean tails transmission, absorption and scattering components for 

the LSC before and after outdoor exposure. Before exposure, the 1.2 metre long LSC’s showed 

high transmission in the tails region (T = 81.6  0.5%), with 2.6  0.5% extinction due to 

scattering and 15.8  0.5% due to absorption. After outdoor exposure, the tails transmission 

dropped considerably (T = 63.5  0.5%), while the scattering component remained small ( S = 
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1.6  0.5%). The initial mean scattering value of S = 2.6  0.5% would be expected to drop to 

S = 2.0  0.5% due to the measured reduction in LSC transmission (if more light is absorbed, 

less is available for scattering so the amount of light scattered will decrease, even if the 

scattering probability is unchanged). This expected scattering value is not significantly different 

from the observed scattering component after exposure, S = 1.6  0.5%. In other words, the 

scattering component after outdoor exposure was not significantly different from the initial 

value. Therefore, by deduction, the marked decrease in transmission observed for this LSC 

sample after exposure is wholly due to increased tails absorption (from A = 15.8  0.5% to 

A = 34.9  0.5%). Hence though the fluorescently active dye loss was small at only a few %, the 

severe loss of ability of this 1.2 metre long LSC sample to transport light after solar exposure 

renders it unsuitable for applications in which the LSC is more than about 20 cm long. The tails 

absorption, which is approximately constant across the emission band, more than doubled after 

only 6 days outdoors despite the LSC being underneath a UV blocking cover.  

 

Table 9-1  Mean transmission and extinction components in the wavelength range 600 nm – 750 nm 
for a green LSC containing Lumogen® F083 fluorescent dye, before and after outdoor exposure. 

Treatment Exposure 
(Mlux.h) 

T  S  A  

Initial 0 81.6  0.5% 2.6  0.5% 15.8  0.7% 

Exposed 6 
days 

2.43 63.5  0.5% 1.6  0.5% 34.9  0.7% 

 

The observed degradation does not appear to be specific to the dye colour, as similar 

degradation was observed for three different Lumogen® dyes (F083 yellow, F285 pink and F570 

violet, all made by BASF) in the same PMMA matrix with the same preparation method. Nor 

does the photodegradation appear to be due to UV radiation, as all radiation below 340 nm in 

wavelength was blocked, with a series of thicker UV cover sheets also having no effect. Similar 

bleaching of organic dyes under visible light exposure has been observed in the absence of UV 

light (Kinderman et al. 2007a; van Sark et al. 2008a). 

One possibility is that the poor photostability to light transport in this LSC is due to 

products resulting from photooxidation of dye molecules from interactions with impurities in 

the matrix during photoexcitation. Another possible source of absorbing photoproducts is 

residual monomer, which is the largest contaminant even though present at under 0.3% by 

weight. LSC stability is known to be strongly sensitive to minor ingredients in the matrix 

including additives and residual monomer (Kinderman et al. 2007a). Thermal gravimetric 
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analysis (TGA) of these LSC samples indicated the presence of nontrivial levels of residual 

monomer. Thus further annealing of LSC samples prior to exposure may help reduce residual 

monomer levels and thus improve their stability 

Ketone impurities in the matrix are one possibility though only very low levels are 

present. Some of our published experimental results show that ketones can cause significant 

photodegradation in Lumogen® F083 dye solutions, and also that photostability may be 

improved by adding an anti-oxidant such as DABCO (1,4-diazabicyclo-[2.2.2] octane) (Earp et 

al. 2010). The presence of oxygen has been linked to increased degradation rates for both 

organic dyes (Seybold & Wagenblast 1989) and quantum dots (van Sark et al. 2002). Thus 

antioxidants are commonly used to improve stability in solar energy applications, such as 

polymer encapsulants for photovoltaic modules, particularly in combination with UV stabilisers 

(Pern 1996a). Further work is required to confirm the benefit of using antioxidants in solid 

PMMA LSC samples and to clearly identify the origins of the tails absorption 

Nonetheless, the data in Figure 9.3 and Table 9-1 confirm that the photoproducts formed 

in this LSC during outdoor exposure are predominantly absorbing in nature, rather than 

scattering. What is intriguing is that this absorption band is broad and flat (which also tends to 

rule out scattering). This is also indicative of formation of a range of absorbing species, or of 

large molecules or molecular clusters forming, rather than the molecular break up expected with 

normal photoquenching. As shown below, these absorbing photoproducts cause a significant 

reduction in LSC luminous output at the desired end. This is accompanied by a relatively small 

decrease in fluorescent absorption. Further work is required to confirm the cause of the 

instability, its link if any to the small drop in dye absorption, and hence to identify potential 

means of improving photostability in PMMA LSC’s. 

 

9.3.2 Overall Performance 

Four performance parameters (dye absorption, luminous output, half-length and mean tails 

transmission) were measured for the LSC tested above, using different sized LSC samples 

before exposure and after exposure outdoors underneath a UV blocking cover. Each 

measurement was repeated three times at each exposure condition, and average values were 

calculated. All samples were cut from the same master sheet, and exposed simultaneously with 

the same conditions, so the photodegradation curves are directly comparable. The mean tails 

transmission (T ) was measured over a 300 mm path length using a 300 mm x 100 mm x 2.0 

mm sample, and the measured attenuation losses were scaled to the same path length as the full-

sized LSC (1200 mm), for comparison to L½ and F. Each parameter was divided by its initial 
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value to give relative performance after exposure, and the degradation curves are plotted in 

Figure 9.4.  

 

Figure 9.4  Relative performance of green LSC after outdoor exposure for dye absorption, output 
luminous flux, mean tails transmission and half-length. 

From Figure 9.4 it is evident that the Lumogen F 083 dye in PMMA experienced some 

fluorescence quenching, as the dye absorption dropped by 9% after two weeks exposure with 

UV blocking (averaging 4.5% loss per week). For the same dye in a PMMA/ HEMA matrix, 

Kinderman et al. (Kinderman et al. 2007a) measured a 31% reduction in relative absorption 

after the equivalent of 8 months outdoor exposure, (averaging <1% loss per week). However, 

when the same dye was cast in a commercially available Plexit 55® PMMA matrix (which was 

believed to contain additives such as UV stabilisers), an 80% reduction in absorption was 

observed after only 2 months ( > 10% loss per week). The above results highlight the sensitivity 

of organic dye stability to minor components in the matrix. van Sark et al. (van Sark et al. 

2008a) found that the absorbance of Lumogen® Red F305 dye in PMMA only dropped by 3% 

after 85 weeks outdoor exposure, when the monomer was distilled to remove minor impurities 

prior to casting. However, for the same dye in Plexit 55®, the absorbance reduced by 15% over 

the same time period. Thus distillation of the monomer prior to casting is promising as a means 

of increasing matrix purity and improving dye stability in a LSC. Some alternative organic dyes 

have been shown to have poor stability in PMMA, such as CRS040® blue dye in distilled 

PMMA and Pyrromethen 580® dye in Plexit 55® (van Sark et al. 2008a) and Fluorescence Red 

G® and S13® by Macrolex® (Kinderman et al. 2007a). Thus purifying the matrix should 

improve LSC stability, but only if the dye itself exhibits good inherent stability. 
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However, the best indicator of overall LSC performance for daylighting applications is 

not the dye absorbance, but the output luminous flux, F, which dropped by approximately 50% 

over the same time period. These measurements indicate that the reduced dye photostability of 

this dye/PMMA combination and the increasing tails absorption may be linked. Furthermore, 

L½ and T are both strongly correlated with the output luminous flux, showing similar 

reductions of about 50% after 14 days — approximately five times the corresponding reduction 

observed in dye absorption. Hence for large area LSC’s, the output luminous flux is around five 

times more sensitive to changes in tails absorption than it is to fluorescence quenching. 

This is an important result with strong implications for the way LSC’s are tested for 

photostability. As indicators of overall LSC performance, F, L½ and T  are more informative 

than dye absorption, as they are each sensitive to small changes in the light transport properties 

within the LSC, whereas dye absorption measurements only give information about 

fluorescence quenching. The products of fluorescence quenching may be the source of the 

observed enhanced tails absorption, but other photoproducts cannot be ruled out. It is 

noteworthy that, as seen in Figure 9.3, these tails (although less intense) exist in as prepared 

samples but were not found in un-doped PMMA. So it is possible that a sub-set of dye 

molecules which are not fully dispersed but aggregated from the outset is involved, as proposed 

by (Wilson et al. 2010b), and that the energy provided by illumination allows more such clusters 

to form. Given we have taken great care to monitor dye dispersion in solution prior to casting it 

is quite possible that some dye aggregates are forming during polymerisation with mobility 

provided by the heat involved during polymerisation and subsequent thermal annealing, and 

either mobility or dye aggregation could be aided by trace impurities, given the benefits noted 

above of ultra high purity. Heat is also generated under solar illumination from both the dye 

Stokes shift and from various NIR absorption peaks in PMMA. If this is the case limiting dye 

molecule mobility should enhance stability. The influence of details of the internal crystal 

structure of the PMMA, possibly including trace impurities and residual monomer, are worth 

investigating in this regard. 

 For photovoltaic applications of LSC’s, the wavelength range of interest is not limited to 

visible light, so the ultimate performance parameter is the power generated by the solar cells, 

rather than the luminous flux. In this case, the wavelength range for measurement of L½ and T , 

may be chosen to suit a particular dye or solar cell response and smaller LSC lengths may 

suffice. Nonetheless, whatever the wavelength range, L½ and T  are valuable parameters for 

describing overall LSC efficiency, particularly for larger area LSC’s, due to their high 

sensitivity to tails extinction and direct impact on lumens produced. 
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9.4 CONCLUSIONS 

An experimental method is described above for measuring the extinction tails that extend across 

the whole emission band in LSC’s, and mathematically subdividing this extinction into 

scattering and absorption components. The scattering component has classic Rayleigh spectral 

dispersion while the absorption component is almost spectrally flat. Measurements on a green 

PMMA LSC containing Lumogen® F083 dye indicated a sharp rise in tails absorption after only 

6 days exposure outdoors underneath a UV blocking cover. However, the scattering component 

remained essentially constant after exposure, indicating that the main source of photoinduced 

extinction losses for this LSC was an absorbing photoproduct. 

By comparing the dye absorption, light transport properties and output luminous flux of 

the same LSC after exposure, it was found that the overall LSC performance was approximately 

five times more sensitive to growth in tails absorption than to fluorescence quenching. Hence 

maintaining low tails absorption levels is crucial for maintaining high collector output. These 

results highlight the importance of monitoring tails absorption in LSC’s after outdoor exposure, 

as a sensitive test for the onset of degradation and the presence of absorbing photoproducts. 

Simply checking for dye quenching, as is often done, is clearly from this work a misleading 

indicator of long-term stability. Identification of the species responsible for this growth in tails 

absorption and their formation mechanism is a difficult task but would greatly aid in developing 

LSC’s that are sufficiently stable for various long term outdoors applications. The absence of 

these absorption tails in as prepared PMMA and their presence at significant but much weaker 

levels in as prepared dye doped samples indicates one strong possibility is dye molecule 

aggregation induced by heat or illumination. Given the enhanced stability found in some 

reported PMMA made from ultra pure monomer this dye molecule aggregation may be aided by 

trace impurities with the heat from solar illumination by itself insufficient to form the problem 

photoproducts. If dye aggregation is not the main problem, either heat or visible light could be 

facilitating dye reactions with impurities by enhancing impurity mobility and dye-impurity 

reaction kinetics. 
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10 PHOTODEGRADATION OF FLUORESCENT SHEETS 

10.1 INTRODUCTION     

Chapter 9 showed that the dominant extinction mechanism in LSC’s is spectrally flat absorption 

extending across the emission band. This chapter explores in detail the photostability of PMMA 

LSC’s containing organic dyes in order to identify the most significant factors resulting in the 

photodegradation of dye absorption and the ensuing growth of tails absorption with increased 

exposure. The effects of ultraviolet radiation, UV additives, antioxidants, heat and illumination 

are all assessed for their impact on LSC photostability.  

10.2 EXPERIMENTAL METHOD AND THEORY 

10.2.1 Sample Preparation 

For this study, two batches of LSC’s were produced from 2.0 mm thick cast PMMA sheets, 

each containing one of the following Lumogen® fluorescent dyes (by BASF), violet F570 (at a 

concentration of 120 ppm), green F083 (at 60 ppm), pink F285 (at 50 ppm). The peak 

wavelengths of the absorption and emission spectra and the tails regions of the three dyes are 

shown in Table 10-1 below. Clear cast sheets were also made with the same protocol but no 

dye, to serve as controls. 

Table 10-1  Fluorescence peak wavelengths and tails absorption regions for the  
dyes used in this study 

Lumogen® Dye Absorption maximum
(nm) 

Emission Maximum 
(nm) 

Tails region  
(nm) 

Violet F570 377 415 500 – 800 

Green F083 472 504 590 – 800 

Pink F285 549 579 650 – 800 

 

Since using LSC’s for lighting requires the collector long axis to be at least one metre in 

length, the sample had to be obtained from a commercial supplier in Japan. The production 

process is described Chapter 8 and sections A.1 and A.4 of Appendix A. The dye was first 

completely dissolved in pure MMA at about 10 times the sheet concentration. The methods and 

test procedures outlined in sections 8.2 and 8.3 were used to ensure that the dye was completely 
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dissolved. The dyed MMA was then added to pure pre-polymer and an initiator. Initial 

polymerisation took place in a temperature controlled water bath, followed by an air anneal to 

reduce the concentration of residual monomer. 

The experiments described in section 9.3.1 and (Earp et al. 2009) suggested that ketones 

and/or excess residual monomer could be contributors to the photodegradation and that the 

antioxidant DABCO (1,4-diazabicyclo-[2.2.2] octane) could be added to improve photostability. 

Accordingly, the sheets were made from a casting solution of very pure pre-polymer (inorganic 

impurities at parts per billion level, organic molecule impurities such as ketones under 1 ppm), 

peroxide initiator and fully dispersed dye. (Peroxide initiator was used as earlier work showed 

that this gave superior half-lengths (Franklin & Swift 1997).) Two batches of LSC’s were made 

for this study, both containing a UV stabiliser, the nature of which was not disclosed by the LSC 

manufacturer. The second batch also contains the antioxidant DABCO with an approximately 

equimolar concentration to the F083 dye (0.2 mM). Initial polymerisation takes place in a 

temperature controlled water bath, followed by an extended air anneal to ensure residual 

monomer levels were below 0.5%.  

Clear and dyed LSC samples were produced by cutting sections from the master sheets 

and diamond polishing the four thin edges with a diamond polisher (C.R. Clarke 1550®). 

Samples were prepared with dimensions of 300 mm x 100 mm x 2.0 mm. This sample size has 

the advantage of being suitable for measuring dye absorption over the thickness of the sheets (a 

2.0 mm path length) as well as tails transmission over the 300 mm longitudinal path length, and 

it is also large enough to use for luminous output measurements. Thus all three performance 

parameters could be readily monitored as a function of exposure time with these samples. 

10.2.2 Spectral Measurements 

The tails transmission of the LSC samples was measured using an experimental method similar 

to that described in section 9.2.2, although based on the findings of section 9.3, the additional 

tails extinction with exposure is almost entirely attributed to absorption. Thus it was not 

necessary to separate extinction into scattering and absorption components, simplifying the 

technique and analysis. As illustrated in Figure 10.1, LSC samples were illuminated with an 

optic fibre illuminator containing a 50W tungsten halide lamp, connected to a 1 m long, 18 mm 

diameter polymer optic fibre (Lumenyte®) and a 1.0 mm x 20 mm slit. The main difference of 

this setup to that of Figure 9.1 is the addition of a 500 mm diameter integrating sphere with a 

rectangular entry port that was used to collect the entire output from the small end surface of the 

LSC (100 mm x 2 mm). Output spectra were measured at a 25 mm diameter detector port using 

a 38 mm diameter FOIS-1® fibre optic integrating sphere (Ocean Optics®), with a 9.5 mm 

diameter sample port, connected via a 50 m diameter optic fibre to a USB2000® UV-visible 



 
197

spectrometer (Ocean Optics®). Spectra were recorded over the range 350 – 1000 nm with a PC 

using Spectrasuite® software (Ocean Optics®). Stray light was excluded from the measurement 

by placing a black cloth over the top surface of the LSC adjacent to the integrating sphere port, 

and by using a black PMMA base sheet (Plexiglas®).  

 

Figure 10.1  Experimental setup for tails transmission measurements. 

Initially, the light source was coupled into the clear reference sheet, and after subtracting 

the background signal, the output signal at its end surface, EC( ), was measured with the 

integrating sphere and spectrometer according to the setup shown in Figure 10.1. The clear 

sample was then replaced with a dyed LSC, and the output signal from its end surface, ED( ), 

was recorded. As the sample geometry and production method are identical for the clear and 

dyed samples, the only difference between these measurements is the presence of the dye. 

Hence the transmission spectrum of the LSC, T( ), was calculated by dividing the transmitted 

signal from the dyed LSC by that of the clear reference: 

 T ( )
ED ( )
EC ( )

 (10.1) 

T( ) was measured three times for each sample, and the average value was calculated. 

When properly dissolved, most suitable dyes for LSC’s appear to have negligible 

absorption in the tails region for transmission across standard sheet thicknesses of a few 

millimetres. However, as discussed in section 9.3, for typical transport distances inside a useful 

LSC length, tails absorption in as-prepared LSC sheets, although weak, has a significant impact 

that extends across the whole emission spectrum (Earp, Smith & Franklin 2010). Similar tails 

absorption was also found recently by Wilson et al. (Wilson et al. 2010a) at shorter LSC 

lengths. This chapter expands upon our published work as outlined in chapter 9 and (Earp, 

Smith & Franklin 2010) and shows that long wavelength dye absorption can increase 

significantly with exposure, and also addresses some of the potential factors contributing to dye 

degradation.  
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Dye attenuation coefficients  (m-1) were measured with a Cary 5E® UV-VIS-NIR 

spectrometer for 2.0 mm path lengths over the wavelength range 250 nm – 800 nm, using 

50 mm x 65 mm x 2.0 mm samples. Emission spectra were measured with an LS50® 

fluorescence spectrometer (Perkin Elmer®) using 50 mm x 10 mm x 2.0 mm samples. Each 

spectrum was measured three times and the average value was calculated. The specular 

transmission of the UV blocking cover sheet was measured in the wavelength range 250 – 800 

nm with a Cary 5E® UV-VIS-NIR spectrometer, and the total hemispherical transmittance was 

measured by Alan Earp at UNSW in the wavelength range 210 – 800 nm with a Cary 5G® UV-

VIS-NIR spectrometer, using an integrating sphere fitting. 

10.2.3 Luminous Output 

Luminous output was measured using a similar setup to the tails transmission measurement in 

Figure 10.1. However in this case, the sample was illuminated from above with two 1.2 m long 

fluorescent tubes (one UV tube and one ‘Daylight’ tube), and the fluorescent emission from one 

of the narrow end surfaces was collected with the 500 mm diameter integrating sphere and the 

illuminance was measured with a Minolta® CL-200® lux meter. A lux-to-lumens conversion 

factor was calculated for the integrating sphere using direct sunlight, by comparing the 

illuminance measured at the detector port to the luminous flux entering the rectangular slit of 

known size. Hence for each sample, the illuminance measurements (lux) at the detector port of 

the integrating sphere were converted to luminous flux (lm). As the LSC emission spectrum 

requires a path length of approximately 300 mm to stabilise due to the overlap of the dye 

absorption and emission regions, the 300 mm long samples used here are the minimum sample 

length suitable for luminous output measurements. 

10.2.4 Stability Testing 

The LSC samples were initially tested prior to exposure, then installed outdoors in Sydney, 

inside a weatherproof housing underneath a UV blocking cover, which blocks all UV radiation 

below 330 nm. The overall performance of each LSC was tested before and after various 

periods of outdoor exposure by measuring the dye absorption, output luminous flux, and tails 

transmission as described above. Photometric quantities are of primary interest in this study 

rather than radiometric quantities, as the LSC’s under test were being used for a lighting system. 

Therefore, during outdoor exposure, the solar illuminance was monitored with a Li-Cor® 

LI-210® that has a spectral response similar to the photopic response of the human eye.  

For this study, two batches of LSC’s were tested during different months with varying 

sunlight conditions. Hence in order to compare the two sets of results, the total exposure was 

quoted not in terms of calendar days, but in terms of a standard typical clear sky reference day 
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during the initial exposure period with a total illuminance of 560 klux.h. Hence the degradation 

rates (per day) resulting from these curves will be slightly overestimated, as some days were 

overcast or partly cloudy. Nonetheless, the standard reference day was used for ease of 

comparison from one set of measurements to the next. 

10.3 RESULTS AND DISCUSSION 

10.3.1 Stability of Dye and Tails Absorption 

Experimental results are presented below for 2.0 mm thick samples of the three different 

coloured PMMA LSC’s described in section 10.2.1. The measured dye attenuation spectra 

before and after outdoor exposure are presented in Figure 10.2, for three Lumogen® dyes in 

PMMA: (a) violet F570, (b) green F083, and (c) pink F285. A logarithmic scale was used to 

highlight the changes in three spectral regions: i) ultraviolet, ii) the dye absorption peak, and iii) 

the tails region. Measurements are shown for the samples before exposure (black) and after 

exposure periods of 10 ‘standard’ days (dark blue) and 71 days (light blue). For reference, the 

relative emission spectra for each dye are shown as a dotted line.  

From Figure 10.2, three distinct outcomes of photodegradation can be seen for each of the 

dyes. As exposure increases, 1) the dye peak absorption drops gradually due to fluorescence 

quenching, 2) the ultraviolet absorption at shorter wavelengths than the dye absorption peaks 

gradually increases, and 3) the tails absorption gradually increases. This combination of effects 

has been observed in other organic dye based LSC’s after exposure (Wittwer, Stahl & 

Goetzberger 1984). In the present study, after 71 days exposure the tails absorption has 

increased by a factor of 5 to 10 – the largest increase here being for the green dye F083. As 

indicated by the dotted lines in Figure 10.2, a significant portion of the dye emission region 

overlaps with the growing tails absorption. Hence as demonstrated below, this photoinduced 

tails absorption will lead to significant reductions in luminous output for these samples.  

Process 1 (fluorescence quenching) is one of the key physical observations primarily used 

to monitor dye stability. With the logarithmic scale used here, fluorescence quenching is only 

clearly visible after 71 days. Processes 1 and 2 are directly related, as the small fragments that 

form when dye molecules break down increase absorption, most noticeably at 300 to 350 nm, 

which is below the dye peak and in the UV region. Hence increases in UV absorption with 

exposure should correspond directly to decreases in dye peak absorption. It is possible that the 

products of fluorescence quenching (with high UV absorption due to smaller molecules) may 

also cluster together to form aggregates causing a weak long-wavelength tail. These absorption 

tails, though less intense, exist in as-prepared dyed samples but were not found in un-doped 

PMMA. At small optical path lengths of a few millimetres this tails absorption is not significant, 

but for path lengths >100 mm, tails absorption becomes very significant. Thus the increases in 
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both UV absorption and tails absorption with exposure may both stem from fluorescence 

quenching, but other photoproducts cannot be ruled out at this stage. The broad and flat shape of 

the tails absorption band is indicative of formation of a range of absorbing species, or of large 

molecules or molecular clusters forming, rather than the molecular break up expected with 

normal photo-quenching. As demonstrated previously in section 9.3.2 and (Earp, Smith & 

Franklin 2010; Goetzberger & Wittwer 1981), and confirmed above, these absorbing 

photoproducts cause a significant reduction in LSC output at the desired end, accompanied by a 

relatively small decrease in fluorescent absorption. 

 

 

Figure 10.2  LSC dye absorption before and after outdoor exposure underneath a UV cover sheet, for 
three Lumogen® dyes in PMMA: (a) violet F570, (b) green F083, and (c) pink F285. Attenuation spectra 
are shown on a logarithmic scale for 2.0 mm thick samples before exposure (solid black line) and after 
exposure periods of 10 days (dark blue line) and 71 days (light blue line). For reference, the relative 
emission spectra for each dye are shown as a dotted line. 

One intriguing result is that for the pink dye in Figure 10.2(c) after 10 days exposure, the 

dye absorption continues to drop due to fluorescence quenching, while the tails absorption 

stabilises, with almost no additional tails absorption after 71 days. This strongly suggests that 

there is another factor involved in the growth of tails absorption, and that it is not solely linked 

to fluorescence quenching. At this stage, the responsible mechanism is not known, although it is 

believed that the tails absorption growth is due to interaction between the photoexcited dye 

molecules and impurities in the matrix, such as residual monomer. The presence of absorption 
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tails in LSC’s that increase with exposure has been known for almost 30 years (Goetzberger & 

Wittwer 1981), although as far as the authors know, no satisfactory explanation has been offered 

for the growth of tails absorption with exposure. Further work in isolating the particular 

mechanism responsible for the growth in tails absorption would play an important part in 

improving LSC photostability. 

The noisy data in the tails region in Figure 10.2 is due to the fact that the samples have 

negligible tails absorption over a two mm path length. Longer integration times in the 

spectrometer would help increase the signal to noise ratio, but a better approach would be to 

increase the path length (as for the samples in Figure 10.3). Nonetheless, the differences 

between the tails spectra in Figure 10.2 are larger than the noise levels, so the trend of 

increasing tails absorption with exposure can be reliably discerned above the noise. Although 

the tails data in Figure 10.2 are only indicative, the observed trend of a growing absorption tail 

is confirmed in the more sensitive data in Figure 10.3 below. 

Figure 10.3 shows the tails transmission of the same PMMA LSC’s over a 300 mm path 

length, before and after outdoor exposure: (a) violet F570, (b) green F083, (c) pink F285, and 

(d) a clear reference sample. The dye emission spectra are plotted as a dotted line for reference. 

In some cases the nominal transmission exceeds unity due to a small contribution from dye 

emission. This artifact only occurs at wavelengths that overlap the dye’s emission spectrum and 

it can be attributed to dye emission. Section 9.3.1 has some suggestions for improvements to the 

apparatus that would remove this artifact and allow a study of extinction over the complete tails 

zone. 

Figure 10.3 also clearly shows that although the tails absorption over a two millimetre 

path length is very small, for all three dyes it correlates closely with the large reductions in LSC 

transmission over a 300 mm path length. This also corresponds to significant reductions in 

luminous output, as illustrated in Figure 10.4 for LSC’s containing the violet (diamonds), green 

(squares) and pink (circles) dyes, as well as a three layer LSC stack consisting of violet above 

green above pink (triangles). As the bulk of the lumens come from the green LSC, the 

photodegradation curve of the three-layer stack luminous output follows that of the green LSC 

most closely. After 71 days exposure, the luminous outputs of the various LSC’s have dropped 

to between 15% and 50% of their initial levels. This is an unacceptably high degradation rate; so 

further work must be done to improve the stability of commercially manufactured LSC’s. 

The unacceptable photodegradation of all the dyed samples is in stark contrast the 

excellent performance of the clear sheet. As Figure 10.3(d) shows, transmission in the clear 

sheets remained constant to within 1% for the whole of the experiment and any slight decrease 

can probably be attributed to minor surface damage associated with the multiple measurements 

experienced by this sheet (three removals from the weatherproof housing followed by at least 
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three independent transmission measurements at each epoch). In fact, Figure 10.3(d) strongly 

suggests that: (i) any change in transmission in the clear sheets due to photodegradation of the 

clear matrix over 71 days is << 1%, and (ii) the reduction in LSC transmission due to surface 

damage associated with the transmission measurements is < 0.3% per measurement cycle. 

 

  

  

Figure 10.3  Tails transmission of PMMA LSC’s containing Lumogen® dyes over a path length of 
300 mm, before and after outdoor illumination under a UV cover sheet: (a) violet F570, (b) green F083, 
(c) pink F285, and (d) clear reference. (Note the 20-fold change of vertical scale for (d)). Transmission 
spectra were measured before exposure (solid black line), after 4 days (dark blue), 10 days (blue) and 71 
days exposure (light blue). Relative dye emission spectra are shown for reference as a dotted line. 

For the pink LSC, although the tails absorption stabilises after approximately 10 days 

(Figure 10.3c), fluorescence quenching continues to occur (Figure 10.2c), resulting in further 

reductions in luminous output after 71 days (Figure 10.4). Hence luminous output is sensitive to 

both dye absorption and tails transmission, and both properties must be stabilised for 

satisfactory LSC photostability. From Figure 10.3(d) it is evident that the tails absorption 

growth process requires the presence of the dye, as a clear matrix sample exposed for the same 

time period (71 days) showed less than 1% reduction in transmission over the visible 

wavelength region. Hence matrix instability seems at first sight not the primary cause of the 

photodegradation observed here, in accordance with prior studies (Hermann 1982).  However 
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thermal or chemical impacts on the matrix structure due to dye related processes under 

illumination are not ruled out by studies on undoped PMMA.  

 

Figure 10.4  Luminous output degradation of PMMA LSC's after exposure under a UV cover sheet. Three 
different dyes were used: Lumogen® violet F570 (blue diamonds); Lumogen® green F083 (green squares); 
Lumogen® pink F285 (red circles); and a three layer LSC stack consisting of violet above green, above 
pink (black triangles). 

It is noteworthy that the observed photodegradation is not limited to one dye, as similar 

degradation was observed for all three Lumogen® dyes (F083 green, F285 pink and F570 violet) 

in the same PMMA matrix with the same preparation method. Earlier degradation studies via 

dye quenching linked to lack of blocking of solar UV showed in contrast that degradation 

decreased noticeably in the progression violet, green and pink/red with the latter photostable in 

small samples, even if unprotected. This means another degradation mechanism is at work here. 

The remainder of this chapter investigates a number of potential contributing factors to the 

instability of these LSC’s. 

10.3.2 Impact of an Antioxidant 

One possibility is that the poor photostability to light transport in these LSC’s is due to products 

resulting from photo-oxidation of dye molecules from interactions with impurities in the matrix 

during photoexcitation. If this were the case, then one would expect to see improvements in 

stability with the use of an antioxidant. The presence of oxygen during manufacture has been 

linked to increased degradation rates for both organic dyes (Seybold & Wagenblast 1989) and 

quantum dots (van Sark et al. 2002). Antioxidants are also commonly used to improve stability 

in solar energy applications, such as polymer encapsulants for photovoltaic modules, 

particularly in combination with UV stabilisers (Pern 1996b). Antioxidants have been used to 

improve photostability of the F083 dye in a solvent (Earp et al. 2010). However, for this benefit 

to be applicable to LSC’s, the antioxidant must improve dye stability in solid PMMA. The 

singlet oxygen quencher 1,4-diazobicyclo [2,2,2] octane (DABCO) improves the photostability 
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of a laser dye in PMMA, and the best results were achieved with a concentration of 

approximately 0.1 mM (Ahmad, Rahn & King 1999). Hence for this study, another batch of 

PMMA LSC’s was produced using the same production method as the first, but including the 

antioxidant DABCO at a concentration of approximately 0.2 mM. This second batch of LSC’s 

was tested with the same methods as outlined above, and the photodegradation curves were 

compared to the previous batch by plotting the exposure for both datasets in terms of standard 

days of 560 klux.h each. 

The photodegradation curves results are plotted in Figure 10.5 for the two batches of 

LSC’s for (a) dye absorption and (b) tails transmission, with no antioxidants (dotted lines, open 

shapes) and containing 0.2 mM DABCO (solid lines, closed shapes). Three dyes were tested: 

violet F570 (blue diamonds), green F083 (green squares), and pink F285 (red circles). After 71 

days outdoors, the dye absorption dropped to 79% of its initial value for the pink dye, 69% for 

the violet dye and 59% for the green dye. Hence the average weekly photodegradation rates 

were approximately 1.8% (pink dye), 3.2% (violet dye) and 3.8% (green dye). For the green and 

violet dyes in a PMMA/HEMA matrix, Kinderman et al measured absorption losses of 30-35% 

after the equivalent of 8 months outdoor exposure (approximately 1% loss per week) 

(Kinderman et al. 2007b). Hence this photodegradation is three to four times faster than that 

observed in a similar study. No reference stability data for the pink dye could be found in the 

literature, although as expected from past studies with red dyes, this longer wavelength dye was 

more stable than the green and violet dyes. Kinderman et al also found that when the green and 

violet dyes were cast in a commercially available Plexit 55® PMMA matrix, (which was 

believed to contain additives such as UV stabilisers), fluorescence quenching occurred much 

faster than in PMMA/HEMA, particularly for the green dye. The above results highlight the 

sensitivity of organic dye stability to minor components in the matrix. Van Sark et al. recently 

found that the absorbance of Lumogen® Red F305 dye in PMMA only dropped by 3% after 85 

weeks outdoor exposure, when the monomer was distilled to remove minor impurities prior to 

casting (van Sark et al. 2008b). However, for the same dye in Plexit 55® (Evonik Industries AG), 

the absorbance reduced by 15% over the same time period. Thus distillation of the monomer 

prior to casting is promising as a means of increasing matrix purity and improving dye stability 

in a LSC. 

Figure 10.5(a) shows that the addition of the antioxidant DABCO made no significant 

difference to the rate of fluorescence quenching for any of these dyes in PMMA. In contrast, 

Figure 10.5(b) shows that for all three dyes, the use of DABCO significantly improved the 

stability of the tails transmission. This result suggests that the tails absorbing photoproducts 

form as a result of oxidation, as the use of an antioxidant slows their formation. Moreover, 

DABCO reduces photo-quenching for the green F083 dye in a solvent (Earp et al. 2010), but 
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here in solid PMMA it had no significant effect on photo-quenching. This suggests that dye 

breakdown in these solid samples is caused by a mechanism other than photo-oxidation, or that 

there is another impurity present in solid samples, which inhibits the stabilising effect of the 

antioxidant on photo-quenching. One possibility is residual monomer, which is the largest 

contaminant even though present at under 0.3 % by weight.  

  

Figure 10.5   Photodegradation curves for (a) dye absorption and (b) tails transmission, for two batches of 
LSC’s. Batch 1 (dotted lines, open shapes) contains no antioxidant while batch 2 (solid lines, closed 
shapes) contains 0.2 mM DABCO antioxidant. Three different Lumogen® dyes were used in PMMA:  
violet F570 (diamonds), green F083 (squares), pink F285 (circles). 

As outlined above, LSC stability is known to be strongly sensitive to minor ingredients in 

the matrix including additives and residual monomer (Kinderman et al. 2007b). Thus further 

annealing of LSC samples prior to exposure may help reduce residual monomer levels and thus 

improve their stability. Further work is required to isolate the key mechanism responsible for 

dye breakdown and clearly identify the origins of the tails absorption. Nonetheless, the above 

results confirm that the growth of tails absorption is related to photo-oxidation, and that 

antioxidants can be effective in improving tails stability in PMMA LSC’s. 

10.3.3 Impact of UV Radiation 

Another possible degradation mechanism is that a small amount of UV radiation transmitted by 

the UV blocking cover sheet may be contributing to dye breakdown. Three separate tests were 

carried out to assess the effect of UV radiation on the LSC stability. Firstly, the specular and 

total hemispherical transmission spectra of the UV blocking cover sheet were measured as 

described in section 10.2.2. For wavelengths below 330 nm, the specular transmission was  

< 0.001%, while the diffuse transmission was approximately 0.035%  0.01%. Therefore, for 

every 10,000 incident UV photons with wavelength   330 nm, less than four are transmitted 

into the LSC sheets. Hence UV radiation was not expected to have a significant impact on LSC 

stability.  
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Secondly, to confirm any impact of UV photons, the photodegradation rates of dye 

absorption and tails transmission were measured for a second series of LSC samples identical to 

those containing DABCO in Figure 10.5, by exposing the samples outdoors underneath two UV 

blocking cover sheets. If one cover sheet transmits one out of every 3,300 UV photons, two UV 

cover sheets will transmit only one photon out of 11 million. Such a small transmission may be 

considered negligible. 

Figure 10.6 shows LSC degradation curves for (a) dye absorption and (b) tails 

transmission, in PMMA LSC’s containing Lumogen® dyes - F570 violet (diamonds), F083 

green (squares), and F285 pink (circles). The samples were exposed underneath either one UV 

cover (open shapes, solid line), or two UV covers (solid shapes). These measurements indicate 

that the use of a second UV cover sheet makes no significant difference to either the rate of 

fluorescence quenching (Figure 10.6(a)), or the build-up of tails absorbing byproducts (Figure 

10.6(b)). The small differences observed are not statistically significant compared to the errors  

associated with the experimental method (approximatley 2%). Accordingly, the impact of UV 

photons at wavelengths  330 nm was ruled out as a significant cause of LSC instability. This 

conclusion concurs with other observations that fluorescence quenching can occur for organic 

dyes under visible light exposure in the absence of UV light (Kinderman et al. 2007b; van Sark 

et al. 2008b), and that the photostability of PMMA LSC’s is sensitive to minor impurities or 

additives in the matrix (Kinderman et al. 2007b). Hence the most likely explanation of the data 

is that the observed dye degradation is not primarily due to UV exposure, but is due to chemical 

interactions between the photoexcited dye molecules, the polymer matrix, and any additives or 

impurities present or generated in the matrix. 

 

Figure 10.6  Degradation rates of various LSC performance parameters: (a) dye absorption, and (b) tails 
transmission. PMMA LSC’s containing three different Lumogen® dyes: F570 violet (diamonds), F083 
green (squares), and F285 pink (circles) were exposed underneath one UV cover (open shapes) or two UV 
covers (solid shapes). 
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10.3.4 The Impact of a UV Additive 

Although UV radiation was ruled out as a significant contributor to dye degradation, this does 

not necessarily rule out the potential benefit of UV additives. In the second batch of collectors 

(containing DABCO), five samples were made with each dye: three at the standard 

concentrations listed in section 10.2.1, and two at half the standard concentrations. Each sample 

also contained a UV additive, the nature of which was not disclosed by the LSC manufacturer. 

A close inspection of the dye absorption spectra for the five different formulations reveals that 

the samples vary in their short wavelength UV attenuation between 250 – 300 nm. Given that 

the dyes have minimal absorption in this region, this variation in UV attenuation was attributed 

to additives that absorb at short-wavelength. Thus the magnitude of the UV absorption peak in 

this region was taken as an indicator of the relative concentration of the UV additive used in 

each sample. There was a large variation in the amount of the additive used throughout the 

batch, as the peak UV attenuation varied by a factor of 10, from 110 m-1 to 1100 m-1. 

To relate the concentration of the UV additive to stability, all samples were exposed 

simultaneously underneath a single UV cover sheet, and photodegradation curves for dye 

absorption and tails transmission were measured for each sample. The degradation curves 

initially drop sharply as the most volatile components of the dye react, and after a few days, the 

degradation stabilises to a slower rate. Similar behaviour has been observed for these dyes 

(Kinderman et al. 2007b) and other organic dyes (Batchelder, Zewail & Cole 1979b; 

Goetzberger & Wittwer 1981), and exponential functions have been used to fit the decay curves 

(El-Shaarawy et al. 2007). However, insufficient data were recorded for these fifteen LSC 

samples to justify exponential fits. Alternatively, empirical linear fits were made to the 

photodegradation curves in the stabilised degradation period between 5 days exposure and 30 

days exposure. From each linear fit, the slope coefficient was used to represent the degradation 

rate during this time period in units of percent per day. 

Figure 10.7 shows the rate of degradation of (a) dye absorption and (b) tails transmission 

in PMMA LSC’s containing Lumogen® dyes violet F570 (diamonds), green F083 (squares) and 

pink F285 (circles), as a function of the relative concentration of the UV additive. Here the 

additive concentration has been quantified by recording for each sample the magnitude of the 

attenuation peak in the wavelength range 250 - 300 nm. From Figure 10.7(a), the rates of 

fluorescence quenching for all three dyes show good correlation with the relative concentration 

of the UV stabiliser (0.67 < R2  < 0.90). This suggests that higher concentrations of the UV 

stabiliser are beneficial in slowing dye photodegradation. Combined with the null effect of 

reducing UV radiation levels (from the previous section), it is likely that the additives in the 

collectors are not simply UV absorbers, which only absorb UV radiation, but also free radical 

scavengers, which help to chemically stabilise the system. 
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Figure 10.7  Photodegradation rates of (a) dye absorption and (b) tails transmission for PMMA LSC's 
containing Lumogen® dyes violet F570 (diamonds), green F083 (squares) and pink F285 (circles), as a 
function of relative concentration of a UV stabiliser. High UV peak attenuation relates to high 
concentration of the UV additive. Samples were exposed to sunlight under a UV cover sheet, and 
degradation rates were calculated from linear fits to the photodegradation curves between 5 days and 30 
days exposure. Linear fits to the data are shown as solid lines to highlight any trends. 

However, from Figure 10.7(b), the UV stabiliser showed no consistent effect on the tails 

transmission stability. For the violet dye, whose absorption region is primarily in the UV, the 

stabiliser appears to have a positive effect on tails transmission stability. For the green dye the 

effect is neutral, while for the pink dye, the degradation rates increase with increasing 

concentration of the UV stabiliser. However, linear fits to the data show poor correlation 

(0.002 < R2 < 0.56), so there is not sufficient evidence to provide any reliable relationship 

between the UV stabiliser and the stability of tails transmission. Further to the results from 

section 10.3.2 above, this result also suggests that fluorescence quenching (associated with 

normal dye breakdown) and the formation of tails absorbing photoproducts are independent 

processes, requiring different catalysts. Further work in this field is required to isolate the two 

degradation mechanisms and determine how to reduce photodegradation rates for the two 

processes independently.  

10.3.5 The Impact of Heat and Illumination 

Another possibility is that heating the LSC’s increases the mobility of the molecules within the 

LSC, making photodegradation more likely. Heating of organic dye-based PMMA LSC’s to 

temperatures less than 100oC causes reductions in fluorescence (El-Shaarawy et al. 2007; 

Meseguer et al. 1981), which can be attributed to the formation of dimers and trimers due to 

increased dye mobility (Meseguer et al. 1981). If this was occurring in the current study, then 

the increase in dye tails absorption could be attributed to dye aggregates formed through 

heating, and photo-excitation would not be an important factor in the primary degradation 

mechanism.  

This theory was tested systematically by subjecting 1200 x 150 x 2.0 mm LSC samples to 

four different conditions: i) light without heat – exposure with five fluorescent visible lamps and 
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two UV fluorescent lamps, but with the surrounding air cooled with a fan to keep the ambient 

temperature below 25 oC; ii) heat without light – heating samples in an oven at 100 oC for 

periods ranging from 24 – 72 hours (during heating, the LSC samples were suspended by holes 

drilled in the top corner, to maximise airflow around the LSC); iii) heat and light - sunlight 

exposure under a UV cover sheet; and iv) heat without light - outdoor exposure underneath an 

opaque cover sheet.  

Any changes in the optical efficiency of the LSC’s were identified by measuring the tails 

transmission of the LSC’s before and after treatment. The results are summarised in Table 10-2 

for the four different treatments, where the three right hand columns list the relative tails 

transmission of each sample compared to its initial value before treatment. When the LSC’s 

were illuminated at temperatures <25 oC, the tails transmission steadily reduced with increasing 

duration of illumination. The violet LSC degraded much more slowly than the green and pink. 

This is attributed to the fact that the absorption band of the F570 dye lies mostly in the UV 

region, and the majority of the light from the UV fluorescent tubes was blocked by the UV 

cover, leaving minimal UV light at appropriate wavelengths for absorption by this dye. This 

suggests that photoexcitation is a key requirement for photodegradation in these samples, and 

that increased photoexcitation leads to faster photodegradation. 

 

Table 10-2  Relative tails transmission (compared to initial values) of 1.2 m long LSC 
samples after exposure to either heat, light, or both. Dashes denote unavailable data. 

LSC 

Treatment 

Length of 
treatment 

(hrs) 

Maximum 
Temperature 

(oC) 

Total 
illuminance 

(Mlux.h) 

Relative Tails Transmission 

Violet 

(F570) 

Green 

(F083) 

Pink 

(F285) 

Light without 
heat (lamp) 

60 25 1.0 - 0.854 0.889 

100 25 1.6 0.955 0.780 0.726 

390 25 6.3 0.953 0.603 0.605 

Heat without 
light (oven) 

24 100 0 0.946 0.986 0.984 

72 100 0 0.928 0.977 0.959 

Heat and light 
(sun) 

130 70 7.2 0.732 0.519 0.562 

Heat without 
light (sun) 

130 70 0 0.934 0.979 0.687 

 

For the samples heated in a dark oven at 100oC, the tails transmission showed only 

modest reductions with increased heating time. A large part of this degradation can be attributed 
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to the experimental method of suspending the samples during heating via a hole in their top 

corner. Heating of the PMMA under these conditions lead to slight warping of the LSC’s, which 

will result in geometric light losses from the non-parallel LSC surfaces (Batchelder, Zewail & 

Cole 1979b). Nonetheless, one end of the LSC was unaffected, so the light source was fed into 

the sample through the unaffected end. As the small light losses observed for these samples are 

believed to be primarily geometrical losses, it was concluded that the ambient heat did not 

significantly increase the tails absorption in these LSC samples.  

After 130 hours exposed to sunlight (11 days outdoors) with a total illuminance of 

7.2 klux.h and maximum temperatures of up to 70 oC, the tails transmission had reduced to 

52%, 56% and 73% for the green, pink and violet LSC’s respectively. Both the violet and the 

green LSC showed significantly smaller reductions in tails transmission when subjected to 

similar temperatures, in the dark, underneath an opaque cover. Therefore, photoexcitation is 

believed to be a more important factor than heat in the observed degradation mechanism. 

The pink sample that was heated by the sun underneath the opaque cover dropped to 69% 

of its initial tails transmission, showing much larger degradation than the violet and green 

LSC’s with the same conditions. This anomaly can be explained by the fact that the pink LSC 

used for this test had a poor initial tails transmission of approximately 70%, with a substantial 

absorption peak at approximately 665 nm, while the violet and green LSC’s had high tails 

transmission of approximately 95%. Hence it is likely that the dye was poorly dissolved in this 

pink sample, but well dissolved in the green and violet samples. Therefore, in this pink sample, 

the growth of tails absorption with heating is likely to be due to aggregation of dye molecules, 

as previously proposed (Meseguer et al. 1981), with a large contribution from undissolved dye.  

Hence even without illumination, some tails transmission degradation is possible due to 

the increased mobility of heated dye molecules. However, the relative stability of the green and 

violet samples suggests that this is not a major problem if the dye is very well dissolved. Hence 

it is possible that a sub-set of dye molecules is involved, which are not fully dispersed but 

aggregated from the outset, as proposed by Wilson et al (Wilson et al. 2010a), and that the 

energy provided by illumination allows more such clusters to form. Given we have taken great 

care to monitor dye dispersion in solution prior to casting it is quite possible that some dye 

aggregates are forming during polymerisation with mobility provided by the heat involved 

during polymerisation and subsequent thermal annealing, and either mobility or dye aggregation 

could be aided by trace impurities, given the benefits of ultra high purity. Heat is also generated 

under solar illumination from both the dye Stokes shift and from various NIR absorption peaks 

in PMMA. If this is the case, then limiting dye molecule mobility should enhance stability, as 

previously demonstrated with an organic dye (Avnir, Levy & Reisfeld 1984). The influence of 
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details of the internal crystal structure of the PMMA, possibly including trace impurities and 

residual monomer, are worth investigating in this regard.  

In summary, the data in Table 10-2 suggest that the photoexcitation of dye molecules 

during illumination of LSC’s is the key underlying factor in the observed photodegradation 

mechanism, while uniform heating is not a significant factor unless undissolved dye is present. 

However, the details of the process initiated by photoexcitation is still to be resolved and LSC 

photodegradation rates are higher if heating and illumination occur simultaneously, due to the 

increased mobility of photoexcited dye molecules. 

10.4 CONCLUSIONS 

The photostability of dye peak absorption and long wavelength tails absorption were measured 

for a range of LSC’s consisting of Lumogen® organic dyes in PMMA – F570 (violet), F083 

(green) and F285 (pink). When these LSC’s were exposed to sunlight under a UV cover, the 

rates of fluorescence quenching observed were approximately 3 – 4 times faster than a similar 

study. As the dye absorption decreased, the UV absorption and tails absorption both increased 

with exposure for all three dyes, leading to significant reductions in luminous output.  

The use of an antioxidant (DABCO) in the LSC formulation lead to improved stability of 

tails absorption for all three dyes, although the fluorescence quenching rates were unaffected by 

the DABCO. This suggests that the formation of tails absorbing byproducts is related to an 

oxidative process, whereas the fluorescence quenching mechanism is not. Alternatively, the 

stabilising effect of the DABCO may have been inhibited by impurities in the matrix, such as 

residual monomer or dye aggregates. Further annealing of LSC samples may help improve 

stability by reducing monomer levels. 

Ultraviolet radiation at wavelengths < 330 nm was ruled out as major contributing factor 

in the observed degradation. Decreasing the UV radiation levels by a factor of 3300 made no 

significant difference to either fluorescence quenching or to tails absorption photodegradation 

rates. However, results suggest that the use of a free radical scavenger that absorbs in the UV 

may still help improve photostability in PMMA LSC’s. Heating of LSC’s up to 100oC did not 

cause significant photodegradation if the dye was well dissolved, although when the dye was 

not well-dissolved, faster growth of tails absorption occurred. Photoexcitation of dye molecules 

was identified as the key factor causing photodegradation in these PMMA LSC’s. 

The additional UV absorption and tails absorption may both be related to dye 

photodegradation products, although the exact mechanism linking them is unclear at this stage. 

Identification of the species responsible for this growth in tails absorption and their formation 

mechanism is a difficult task but would greatly aid in developing LSC’s that are sufficiently 

stable for various long-term outdoors applications. The absence of these absorption tails in 
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as-prepared PMMA and their presence at significant, but much weaker levels in as-prepared dye 

doped samples indicates one strong possibility is dye molecule aggregation induced by the rise 

in temperature during polymerisation or under solar illumination. Given the enhanced stability 

found in some reported PMMA made from ultra pure monomer, this dye molecule aggregation 

may be aided by trace impurities with the heat from solar illumination by itself insufficient to 

form the problem photoproducts. If dye aggregation is not the main problem then either heat or 

visible light could be facilitating dye reactions with impurities by enhancing impurity mobility 

and dye-impurity reaction kinetics.  

We have thus pinpointed the key drivers of degradation in this chapter. However, since 

these drivers are integral to the fluorescence processes they cannot easily be avoided entirely. 

However, it may be possible to reduce their impact on light transport in LSC sheets and so 

achieve the durable sheets required for practical daylighting with LSC’s.  
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11 CONCLUSIONS 

Creating a practical luminescent solar collector system for daylighting with high lumens-to- 

lumens efficiency must take account of each of three interrelated parts: 

Optical design. This is a problem in geometric optics with a focus on avoiding reductions 

in étendue. Issues include the aspect ratio of the collector sheets, designs for high 

efficiency flat-to-round couplers, and high efficiency light extractors. 

Mechanical design. This requires attention to strong and reliable optical joints, mass 

production of flat-to-round couplers, affordable flexible light guides, cover materials, 

roof and façade mounting, and total mass. 

The optical properties of the collector sheets. Maximising fluorescence yield involves 

dye quantum efficiency, Stokes shift, long wavelength absorption “tails”, dye 

dispersion, light transport inside a sheet and long term stability. 

Solutions to key problems in each of these areas have been found, with the one key exception of 

increase in absorption tails over the long term. As-prepared complete units yielded total 

outdoor-to-indoor-space lumens-to-lumens efficiency with long flexible guides of around 5% as 

expected from quantitative studies of each of the above issues applied in simulation models. 

11.1 OPTICAL AND MECHANICAL DESIGN 

The key tool for sound optical design is the application of étendue to system design as outlined 

in section 3.1. A lack of understanding of the role of étendue was a major factor in the poor 

performance of prior work on LSC based daylighting. This may have been because the impact 

of étendue on system performance can be less in some LSC applications, such as PV and 

display, depending on their system geometry. The most important result from étendue analysis 

for LSC daylighting systems is that, to first order, the cross sectional area of the system cannot 

decrease along its length. Since the optical conduits are expensive, and that expense increases 

with their cross section, it follows that the collector sheets must have the smallest possible cross 

section measured perpendicular to the mean direction of light transport. This necessitates a high 

aspect ratio for the collector sheet if one is to achieve the collection area required for adequate 

output lumens.  

A second, and equally important result from étendue analysis, is the absolute requirement 

for a solid optical system, with no air gaps anywhere along the optical path. A single air gap 

will block all trapped light and can halve system output. Prior daylighting studies neglected the 
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impact of trapped light, which is blocked by air gaps. The “offset-T-joints” of section 3.2.1 

provide a method of making strong, high-efficiency optical joints from collector sheets while 

maintaining the essential optical isolation between stacked collector sheets.  

Round optical fibres were found to have many advantages for LSC daylighting systems 

including good flexibility and low attenuation. Prior to this project there was no known practical 

method of efficiently coupling rectangular LSC sheets to round optical fibres. The 

“curled-sheet” designs of chapter 4 have a calculated efficiency of up to 99%. Production grade 

components made by injection moulding demonstrated a measured efficiency of 95% that 

agreed well with the modeled efficiency of 96% for the design used. 

The light extractor designs of chapter 6 demonstrated a very high extraction efficiency 

that boosts system output by more than 60%, mainly from better use of trapped light. Our 

hollow-cone extractors gave close to 100% extraction and would be easy to make by injection 

moulding. 

Full-sized pre-production units were made to the designs in this thesis and were assessed 

as commercial prototypes. They had sufficient light output and low enough cost to be 

commercially viable.  

11.2 OPTICAL PROPERTIES OF THE COLLECTOR SHEETS 

The key remaining problem is the durability of the collector sheets. A great deal of work has 

been done by many investigators to try to find suitable luminophores for LSC’s (Debije & 

Verbunt 2012). The commonly agreed requirements are: i) a high quantum efficiency (most 

would regard 80% as a minimum), ii) a large Stokes shift to minimize losses from self-

absorption, and iii) resistance to bleaching, as measured by fractional reduction in active 

luminophore. The BASF Lumogen® series of dyes were the best of class for all of these 

requirements when the UTS daylighting project was started and so formed the basis for this 

project. Recent progress with other luminophores such as quantum dots and doped inorganic 

nanoparticles appear as yet to not be competitive on output, although some though may have 

better durability and increased Stokes shift. 

However, it turned out that there was a fourth requirement that ultimately overrode the 

other requirements. The key problem is stability of internal light transport efficiency due to the 

growth of the absorption tails. This far outweighs all other factors effecting cost and efficiency 

as a technical limiting factor. The presence and impact of these tails was almost unknown when 

we identified them. As chapters 9 and 10 showed, when PMMA sheets doped with Lumogen® 

dyes are exposed to only visible light, a broadband though weak absorber is created that greatly 

reduces the light transport efficiency in the collector sheets. It is important to note that it was 
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shown in sections 9.2 and 9.3 that there is no measurable increase in scattering: the increased 

attenuation is purely through increased absorption. 

The origin of this tails absorption is not understood, although chapter 10 has some hints. 

It may have more than one source including initial trace chemical impurities and intrinsic 

phenomena in the fluorescent process affecting matrix or dye molecules. However the 

experiments in chapter 10 showed clearly that UV is not the source of this problem, nor is heat 

by itself. It is surprising that dyes with very different chemistries seem to give the same type of 

tails, and this hints at some kind of interaction of the excited dye with the matrix, or one of its 

components, rather than a breakdown product of the dye. It should also be noted that 

photoinduced loss of active dye molecules does not significantly impact directly on output.  

Previous studies, and our own early work with smaller samples, equated lack of dye loss 

with overall optical stability. However, eliminating active dye loss has nothing to do with light 

transport: it just maintains net emission, while the existence of “tails” is ultimately a light 

transport problem. 

The importance of tails in LSC sheets was not appreciated before this study because 

almost all previous experimental work used small samples. Unfortunately the tails are only 

apparent in samples that have a long optical path length. The minimum path length for good 

measurements is 250 mm, and 1000 mm is better. Making high quality 250 mm sheets requires 

a substantial laboratory and only full-sized commercial plants can produce 1000 mm sheets. An 

alternative technique is casting test samples in fluoropolymer tubes. A bench-top rig at UTS 

gave good as-prepared results for 250 mm samples and we routinely achieved high as-prepared 

optical quality in Lumogen® doped 2000 mm long rods using the facilities at Poly Optics Pty 

Ltd in the initial development stages of this project. 

If progress is to be made in achieving a practical LSC for daylighting, future investigators 

will have to measure the long-term optical stability of large samples and rod casting offers a 

practical route for making such samples. 

11.3 AREAS OF FUTURE WORK 

Thinner collector sheets would be highly desirable for daylighting systems (but not necessarily 

for PV work) as for this application system cost is almost inversely proportional to LSC sheet 

thickness, as is the collector concentration factor. However, required luminophore concentration 

is inversely proportional to sheet thickness and luminophore solubility becomes an increasing 

problem as concentration increases. Excessive concentration can lead to very high light losses. 

Also, there might be some difficulties in joining very thin collector sheets to flexible guides 

with flat-to-round converters. 
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A great deal of work is being done to try to increase LSC efficiency by using 

luminophores that have higher quantum efficiencies, larger Stokes shifts, and less overlap 

between the emission and absorption spectra. Anything that could be done to reduce the long 

wavelength absorption tail would give a big boost to output lumens. Approaches include those 

noted by (de Boer et al. 2011) and by (Debije & Verbunt 2012). 

However, it was argued in section 11.2 that the emphasis on efficiency is not the key 

problem for the short term, although the work may be useful for the long term. A dye that had a 

quantum efficiency of 70%, and a Stokes shift somewhat worse than the Lumogen® dyes, would 

typically be rejected as not meeting minimum criteria for either parameter. However, it would in 

fact be suitable for a commercially viable LSC daylighting system provided that it did not 

exhibit significant tails absorption upon photoexposure. On the other hand, a luminophore 

with 99% quantum efficiency and a wide Stokes shift but similar tails losses to the Lumogen® 

dyes, would be not be of use for LSC daylighting. 

The key steps to overcoming the problem of tails absorption are recognizing that it exists, 

finding ways to measure it, and identifying its origin. Chapters 9 and 10 have addressed two of 

these areas. A refocusing of current work to address this problem, which has only been 

recognised quite recently, is likely to yield good progress. 

While the performance of current LSC systems would be acceptable if collector sheet 

durability was enhanced, the potential from a basic science perspective for marked improvement 

in the overall performance of LSC’s is large. The most likely source of such gains will come 

from developments in the performance of luminophores. A long-term performance with around 

10% lumens-to-lumens efficiency seems a practical goal. This would approximately halve the 

cost of each lumen of output and would lead to a many-fold increase in commercial potential. 

However, it cannot be over stressed that even this level of performance would not be viable 

without a long-term solution to the “tails” problem. 

Future developments in alternative matrix and starting materials may also add to 

performance, or stability and to cost reductions.  Possibilities include copolymers of PMMA 

that have been shown to improve the photostability of the matrix (Mansour 2004)  and glassy 

polymers (Montarnal et al. 2011). These materials may also provide a route to solving the 

“tails” problem  

 

 

 



 
217

1  

APPENDIX 1: MASS PRODUCTION OF  

HIGH-PERFORMANCE LSC SHEETS 

This appendix records some of the guidelines and production details developed during the UTS 

daylighting project that may be of interest to anyone attempting to mass-produce high 

performance LSC sheets. The core lessons and science from these studies are summarized in 

chapter 8. 

1.1 EXTRUDED SHEET 

A sheet extruder line is large, complex and very expensive. It is only suited to producing large 

quantities of identical sheet. However, it is the lowest cost way of producing sheet in high 

volumes. Changing dies and rollers is a very time consuming and expensive operation so a 

typical production run for a given thickness of sheet would be at least 20,000 kg. Changing the 

type of plastic extruded typically requires running about 500 kg of material through the machine 

to avoid cross-contamination, which adds to costs. This is a particular problem with fluorescent 

sheet as tiny amounts of fluorescent material can ruin many types of ordinary sheet. Thus the 

required purge volume can be much larger than standard, with details depending upon the 

machine. Purge volumes (and hence cost) can be reduced by making sheets in the order clear, 

violet, green and pink, for the reasons described in section 8.2. Purge volume will also be 

minimized if the next sheet to be extruded is heavily pigmented with a dark colour as a small 

amount of fluorescence is not apparent in these materials. 

Another common problem is moisture in the pellets. The screw extruder quickly heats the 

material to about 223 oC (MatWeb-Extruded 2011) which causes any moisture to flash to steam 

with a rapid 1000-fold increase in volume. Even small amounts of moisture can lead to the 

formation of micro-bubbles that have a very adverse impact on the final sheet’s half-length. The 

cure is to: (i) handle and store the pellets in a way that keeps them as dry as possible, (ii) to 

thoroughly dry the pellets before use (this takes many hours as moisture must diffuse from the 

centre of the pellet), (iii) pre-heat the pellets in the feed hopper to reduce thermal shock when 

they enter the barrel of the extruder, and (iv) to have good venting along the whole length of the 

extruder’s barrel (some machines only vent near the feed section). In order to produce optical-

grade LSC sheets, the pellet drying and venting arrangements need to be of a much higher 

performance standard than is required for making ordinary sheets, which has a significant cost 



 
218

impact. Good venting and thorough drying also helps to remove residual monomer and other 

volatiles that can also lead to the formation of micro-bubbles. 

Clear PMMA pellets are made by specialist manufactures via the batch polymerisation of 

MMA. The extrudability of the pellets depends upon their molecular weight with the optimum 

being about 1000 monomer units. This is less than a 10th of the molecular weight of cell cast 

PMMA. The low molecular weight of extruded sheet means that it is relatively soft, which 

adversely affects its machinability and makes it more prone to edge chipping when diamond 

polished. 

For various thermodynamic reasons, the batch polymerisation of MMA to form PMMA 

pellets never goes to completion: there is always a significant amount of residual monomer. 

Cheap pellets often have residual monomer levels as high as several percent while high-grade 

pellets with expensive post processing have residual monomer levels under one percent. During 

sheet production, the extruder heats and melts the pellets with an average barrel temperature of 

about 220 oC rising to a typical 233 oC at the nozzle (MatWeb-Extruded 2011). These elevated 

temperatures vaporise the residual monomer and on a good line this monomer gas is vented 

from the barrel, which reduces the concentration of residual monomer in the final sheet to a 

level significantly less than that of the pellets. However, the elevated temperatures also break 

down some of the PMMA back to MMA, which tends to increase monomer levels and sets a 

limit on the achievable residual monomer concentration in extruded sheet. The precise level 

depends on the pellets used, the designs of the extruder and extrusion die, and the skill of the 

operator. But it is inherently significantly higher than for best quality cast sheet. The relatively 

high residual monomer levels in extruded sheet reduce its hardness (particularly the surface 

hardness), which adversely affects its machinability. 

Note that any “dead spots” or regions of poor melt flow in the extruder or extrusion die 

will cause some of the molten PMMA to experience an excessive period of high temperature. 

This will lead to thermal breakdown of the melt and the formation of excess residual monomer. 

In extreme cases this thermal breakdown leads to carbonised “black spots” in the final sheet. 

Most extrusion sets are designed so that the flow is uniform enough to not form “black spots”. 

However, minimising the formation of monomer is a much more stringent requirement and a 

production line suitable for ordinary sheets may not be suitable for making LSC sheets. 

With careful pellet preparation, good barrel venting, a high-quality (million dollar plus) 

calendaring roller stack and the use of expensive low-tack polymer protective films, the sheet’s 

surface finish is good enough so that the sheet’s half-length is determined almost entirely by 

matrix losses. With a good extrusion line and skilled operators, matrix losses are determined 

primarily by the quality of the solid PMMA pellets fed into the extruder. With virgin optical-

grade pellets, half-lengths of better than 5 m are readily achieved for clear sheets. “Virgin” is a 
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standard industry term meaning “having no admixture of recycled material”. “Virgin monomer” 

is MMA made by direct synthesis from basic feedstock in a $100 million plus integrated 

chemical plant, rather than by the destructive distillation of recycled PMMA. “Virgin pellets” 

are made purely from virgin monomer. 

The key problem with extruded sheet is its light transport properties. Manufacturers often 

like to reduce costs by adding “re-grind” pellets made by grinding up waste sheets. This is 

standard practice for most sheet production as it recycles expensive materials and has no impact 

on quality for ordinary applications. However, even tiny amount of “re-grind” have a very 

adverse effect on half-length. The high temperatures and pressures experienced inside the 

extruder slightly change the polymer’s molecular weight and hence it’s refractive index. So if 

“re-grind” is mixed with virgin pellets and extruded, the resulting sheet has micro-regions of 

slightly different refractive indices. This is because although the extruder’s screw melts and 

stretches each “re-grind” pellet, the high viscosity of the melt means that the mixing is 

incomplete at a micro scale. Thus the final sheet has micro-regions that are “re-grind” and 

micro-regions that are “virgin pellet”. However, because of thermal processing, the “re-grind” 

has a slightly different refractive index to that of the virgin material. This means that the 

“re-grind” micro-regions scatter light via a process similar to that of the TRIMM particles 

described in chapter 5. The result is considerable light loss and it is not uncommon for the 

half-length to drop well under a meter. A quick test is the laser test procedure described in 

section 8.3 – sheet with even a few percent “re-grind” gives a bright laser beam unlike sheet 

made from virgin optical-grade pellets in which the laser beam is very faint. In sheet containing 

“re-grind” the scattering at right angles to the laser’s plane of polarization is highly polarized 

which indicates that the scale of the scattering regions is small compared to the wavelength of 

light (Hecht 2002, pp. 346-7). 

It was mentioned in section 8.4.1 that the standard method of making dyed extruded sheet 

is to use a masterbatch of pellets that have a high dye concentration (typically x100). The 

masterbatch pellets are mixed with an appropriate fraction of clear pellets and the combination 

is extruded, relying on the screw in the extruder to homogenize the mixture. This method works 

well for ordinary sheets, but it will be shown below that this technique cannot be used to make 

LSC collector sheets. 

The ordinary method of making masterbatch pellets is to mix the dye (usually as a 

powder, but sometimes dissolved in a suitable solvent) with clear pellets and to use a screw 

extruder to homogenize the mixture and continuously extrude 2 mm diameter rods. The molten 

rods are water cooled in a 5-metre long water bath,  (which adds considerable moisture that 

must be removed at a later stage,) and chopped into pellets. (As an aside, the poor photostability 

of sheets made with one masterbatch was traced back to iron contamination from worn rod 
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cutters. PMMA rods are surprisingly abrasive and it is essential that the rod cutter blades are 

made from very hard materials and are properly maintained.) 

It is also possible to make masterbatch pellets by the “poor man’s method” of solvent 

casting a sheet with a high dye concentration and cutting up the sheet into pellets. Multiple 

attempts to do this in the early stages of the project by UTS and by one commercial 

masterbatcher all gave very bad results and the technique was abandoned. 

Masterbatches made by the rod extrusion method were commissioned from three 

Australian and three German companies. Unfortunately, all gave sheets that had very high levels 

of scattering. The problem is the tendency of the Lumogen® dyes at high concentration to form 

scattering complexes. The only solution appears to be to incorporate the dyes into the polymer 

at the time of polymerization. 

A more fundamental problem is that it is extraordinarily difficult to produce masterbatch 

pellets that have the same molecular weight distribution as the virgin clear pellets. If the 

molecular weights are slightly different then the refractive indices will also differ and the 

masterbatch pellets will cause the same scattering losses as “re-grind”. Multiple attempts by 

various Australian and German companies to produce suitable dyed masterbatch were all 

unsuccessful. The only apparent solution is to dope the matrix pellets with the final dye 

concentration at the time of polymerisation. This is technically straightforward, but is relatively 

expensive. Unfortunately, it is not feasible on a small scale. 

We did manage to arrange for a German company to produce some extruded sheets using 

custom manufactured pellets doped with the final dye concentration. Tests were disappointing 

with the sheets showing excessive scattering and very short half-lengths, consistent with a 

matrix half-length of approximately 0.5 m (i.e. about 10% of standard). Matrix problems were 

initially ruled out because clear control sheets made at the same time in the same polymerization 

unit had excellent half-lengths. However, further tests strongly indicated that the problem with 

the dyed sheets was due to excessive scattering, almost certainly due to a bad matrix, rather than 

any problem with dye dissolution. Lengthy investigation showed that the production staff had 

actually formulated a masterbatch at 10 times concentration and mixed it with clear pellets that 

had a closely matched molecular weight distribution. As for the clear control sheets, the 

technicians could not see the point of making a clear masterbatch, so they made the “control 

sheet” from highest quality 100% virgin optical-grade material, that is from a different batch to 

the pellets used for dyed sheet. This is why the sheet made from this material performed so 

well! Unfortunately its origin meant it was not in fact a “control sheet”.  

It is interesting that the dyed sheet’s half-length was so poor, despite the best efforts of 

the production staff to match molecular weights between the masterbatch and the clear pellets. 

This failed experiment convinced us that there was no prospect of making good extruded LSC 
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sheets by masterbatching, and the only viable solution is adding the dye at time of 

polymerisation of the extrusion pellets. 

Unfortunately we were not able to get further access to the polymerisation unit and 

extrusion line to conduct proper tests with fully formulated pellets. So the definitive test on 

whether one can make extruded dyed sheets with good light transfer properties still has to be 

conducted. If this approach eliminates the scattering arising from admixing slightly different 

materials and achieves the optical quality approaching that of its dye free counterparts, it could 

be attractive from a cost and mass production perspective. The main remaining drawback would 

be the need to make large quantities of final formulation rather than concentrated dyed 

masterbatch pellets, which would add to costs. While avoiding this non-standard step by our 

industry collaborators led to our one trial failing, production scale volumes of dyed pellets are 

possible and may not raise costs much for mass production. 

1.2 CELL CASTING 

In the cell casting process most shrinkage occurs in the thickness direction because the surfaces 

of the mould (tempered glass sheets) restrains the plastic sheet from shrinkage in the length-

width direction. Hence, the final annealing, in which the sheet is heated to its softening point, 

allows it to relax or shrink and this removes residual stress (Graf 2000). 

After the final heat treatment, the clamps are removed and the top glass sheet is manually 

detached by placing a wedge between the edges of the pair of mould sheets, and giving the 

wedge a sharp twist. The glass flexes in an alarming way and usually springs free of the cast 

sheet with a sharp cracking sound. There is a surprising amount of flexure of the glass sheet and 

this greatly contributes to the free release of the cast sheet. Manufacturers also usually add a 

small quantity of sheet release agent to the casting liquor to assist with the release of the glass 

mould sheets. The release agent’s recipe is usually a closely held trade secret. 

The goal for LSC sheets is to have the cast sheet’s thickness vary by no more than 

± 0.10 mm. As noted earlier a specified thickness variation of ± 0.20 mm is the industry 

standard but ± 0.10 mm is feasible. It is not possible to produce glass sheets that are planar to 

this tolerance over square metre areas. So the surface deviations of a large number of glass 

sheets are measured to an accuracy of < 0.01 mm. These measurements are then used to select 

pairs of mould sheets so that the surface deviations cancel out – where one glass sheet is 

slightly convex; the other has an exactly matching concavity and so on. The net result is a cast 

sheet with a good tolerance on thickness. The cast sheet’s surface may still deviate from 

perfectly planar by up to 0.30 mm. However, this happens over a distance of perhaps 500 mm 

and so has no effect on light propagation inside the sheet. Note that the paired mould sheets 
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must always be used in the same orientation – if one sheet was rotated end-to-end it is most 

unlikely that the convexities and concavities would line up. 

Sheet thickness also depends upon placing the sacrificial continuous PVC gasket in the 

correct position with straight sides and uniform corners. If this is not achieved, the mould 

volume will be incorrect and so the cast sheet will bulge out at the centre if the mould volume 

was too small, or inwards if the gasket sealed too large an area. It is also essential that the 

clamps are correctly placed and have the correct compressive force, although this is usually less 

important than the correct set up of the gasket. The gasket typically has a circumference of nine 

metres. Its accurate and rapid positioning requires a pair of highly trained operators that must 

work together as a team. Their skill and attention to detail has a major impact on the optical 

quality of the cast sheet. 

It was pointed out in section 8.4.3 that a major problem with cell cast sheets is the 

variation in sheet thickness. The tight tolerances for assembly of the LSC stack mean that thick 

sheets can cause major problems with gluing the sheets to the flat-to-round converter. This 

means that it is essential that the factory have a quality control system that can reject over 

thickness sheets. 

Other aspects of the production process can have a large impact on sheet quality, and 

these can sometime be challenging to diagnose. 

At the start of this project, Lumogen® dyed green and violet sheets were available with a 

half-length of almost 1.0 m from Critesa SA and they were selected as the cell casting 

contractor. Red sheets, involving the largest dye molecules, were initially a major problem as 

extensive tests of multiple manufacturers showed that none of the commercially available red 

sheets had half-lengths of 0.50 m. However, experiments by UTS at Poly Optics Australia Pty 

Ltd showed that the half-length of all the Lumogen® dyes could be improved by using 

ultrasound to dissolve the dyes to a monomolecular level, with a particularly large improvement 

for the red dye. This lead to the procedures and test methods described in sections 8.2 and 8.3, 

and a patent (Franklin & Swift 1997). Critesa adopted our test methods and were soon 

producing sheets for all colours with a half-length of almost a metre. 

Unfortunately the quality of the sheets then started to vary considerably from batch to 

batch. The problem seemed to be due to excessive scattering. A visit to the factory in Spain for 

several weeks and application of the techniques described in section 8.3 to test the raw MMA, 

“pre-pol” casting liquor and the as-produced sheets gave no anomalous results: all the starting 

materials and cast sheets had low scattering. However, laser testing of the factory’s “sheet 

library” of clear sheets showed very large variations in the scattering of different batches of 

sheets produced over the previous two years. The available records were limited with no 

obvious correlation of sheet quality with any set of parameters. One factor that was suspicious 
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was that sometimes the factory used MMA made by destructive distillation of PMMA, rather 

than virgin MMA. Limited records made it impossible to test whether this was the key factor, 

but it was agreed that all future sheets made for the project would use virgin MMA. 

Sheets made after our visit were initially of high quality. However, subsequent batches 

exhibited very variable quality with some half-lengths of less than 0.30 m. The inability to 

reliably procure good quality LSC sheets came close to shutting down the project. 

Dr Günter Zimmer, the research director at that time for Resart GmbH (Critesa’s parent 

company then) finally found the cause of the problem. He spent considerable time at the factory 

and used the laser testing techniques of section 8.3 to show that on occasion some of the 

“pre-pol” had excessive scattering. It turned out that sometimes one or more of the 

polymerisation vats for making “pre-pol” was not properly cleaned. Build up of small particles 

of PMMA gave TRIMM like scattering. He also showed that all the polymerisation vats had 

been carefully cleaned just before our visit. That was why our on-site laser tests of raw materials 

found no problems and why the sheets made at that time were good. Quality subsequently 

varied erratically over time as determined by the polymerisation vat’s variable cleaning cycle. 

It also turned out that no customer of clear or fluorescent sheets had ever complained 

about lack clarity or inferior optical quality. This emphasizes that production of high quality 

LSC sheets is much more demanding than producing standard fluorescent or clear sheets. All 

the cell cast manufacturers involved with this project learnt valuable lessons about weak points 

in their production procedures and how to fix them. 

1.3 THE INDUSTRIAL CULTURE OF PLASTICS PRODUCERS 

Up until now we have been concentrating on the physical and chemical aspects of sheet 

production while also accounting for financial parameters. However, the human element in 

production was also found to be critical and cannot be ignored: plastic is made by men, not by 

machines. (As an aside, production is literally “made by men”. Over a long period working on 

this project at factories in Australia, Spain, Germany, Japan and China I met no women at all 

with line authority or working as operators on the production lines. Women were restricted to 

scientific staff (including 2 lab directors), logistics support, administrative support, etc.) 

The biggest problem throughout the project was inertia in industrial practice and the force 

of Standard Operating Procedures (SOP’s). Production teams usually have very good reasons 

for their SOP’s and often feel that they know better than outsiders about the way things should 

be done. Most of the time they are justified in this attitude, as there is a lot of hard won 

experience and tacit knowledge in running a plastics production line. However, for an item, 

such as high-performance LSC sheets, new approaches are essential. One has to individually 

brief people so that they understand the value and importance of doing things differently. Even 
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after adhering to new protocols for one or two runs, production staff sometimes unconsciously 

reverted to standard procedures for later batches. It can be very frustrating to go to a foreign 

factory, explain things carefully to the management and the production staff, document the 

required procedures, and then find after a few months that the production staff have reverted to 

all their traditional methods and are producing junk material by the standards required for 

high-performance LSC sheets (it is high quality product for standard applications). 

Another problem is that for some reason the plastics industry is very prone to takeovers 

and group reorganizations with many plants changing owners, or management teams, every few 

years. Indeed, every plastics plant that worked with this project had at least one such change 

during the project, except for one minor supplier in Indonesia that was only involved for less 

than one year. Each new set of managers rewrote the of Standard Operating Procedures to 

conform to their understanding of Standard Industry Practice, so it was usually necessary to go 

through the entire process of explaining why LSC sheets must be made and tested differently to 

normal sheets. 

One area where this was very important was the provision of clear control sheets that are 

vital for determining whether a sheet’s problems are caused by the dye dissolution process or by 

a bad matrix. It proved quite impossible to procure clear control sheets for every batch of test 

sheets, despite on-site visits, extensive correspondence, written agreements with the suppliers 

and a written order with every batch for clear control sheets. Every sheet supplier used for this 

project (Spanish, German, Japanese, Chinese, Indonesian and Australian) regularly failed in this 

respect, either supplying no clear sheet or a “clear control sheet” that was just a clear sheet from 

one of their standard production runs. The latter sometimes caused great difficulties. The root 

cause of the problem is the overriding influence of the Standard Operating Procedure, when 

significant though manageable new procedures are essential.  

On the other hand, where people in the plastics industry saw a direct benefit to their 

everyday operations from our ideas, they quickly latched onto these innovations and 

permanently added them to their standard operating procedures. For example, the test methods 

of sections 8.2 and 8.3 enabled some factories to solve long-standing problems with making 

fluorescently dyed sheets (not just those using the Lumogen® dye series) and derivatives of these 

test methods have become standard techniques in at least three countries. Similarly, the 

advantages of ultrasonic agitation described in (Franklin & Swift 1997) lead to a multimillion 

euro BASF GmbH plant using this technology (Böhm 2000). (The plant was commissioned and 

initially operated by BASF GmbH but now has a new owner). We also believe that some other 

factories are now using this method to cope with various low solubility dyes and pigments. 

However, manufactures regard their techniques in this area as trade secrets, and we have not 

been able to positively confirm this broader flow on from our work. 
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One important aspect of industrial culture, that was remarkably consistent across all the 

different companies and countries, was the attitude of different production staff to non-standard 

product. Cell casters are very used to dealing with special requests. Indeed, with the increasing 

cost pressures from extruded sheet, making small quantities of many different specialised 

products has become most cell casters forte. Most extruders are also mentally flexible and are 

used to dealing with special requests. We found in one case that large plants dedicated to 

producing highly specialised PMMA products such as LED screen backlights were justifiably 

wary about problems with cross-contamination from fluorescent dyes. However, continuous 

casters have a quite different mind set. They tend to produce large quantities of standard 

products. For them “customisation” is usually limited to at most adjusting the concentration of 

one of their standard dyes or pigments. Production staff do not like working with new dyes, 

even though sales staff invariably state that it is not a problem, and adds little or no extra costs. 

Persuading a continuous caster to make LSC sheets will not be a trivial challenge, but it would 

be worth the effort once long-term outdoor stability is ensured. 

1.4 MASS PRODUCTION OF OPTICAL-GRADE EDGES FOR LSC’S 

After considerable experiment in the early parts of the project we found that the best method for 

producing low-loss side surfaces was diamond polishing. A number of machines were tested 

and the best results were obtained with a C.R. Clarke 1550® (CR Clarke & Co. (UK) Ltd). A 

contractor used the standard version, illustrated in, Figure 1.1 to perform the diamond polishing 

for the early stages of the project. In the commercialization phase, Fluorosolar Systems Ltd 

purchased a polisher with longer in-feed and out-feed tracks to simplify the edge polishing of 

long light guides. 

With a C.R. Clarke 1550®, polishing is carried out by a vertical axis cutter hub fitted with 

diamond tooling (C. R. Clarke 1550 2011). The cutter hub is mounted on a variable speed 

precision spindle that rotates at 12,000 – 20,000 rpm. Feed tracks on either side of the cutter hub 

accurately guide the material over the cutter. A belt transport system feeds the material across 

the cutter at around 1 metre per minute, automatically compensating for different material 

thicknesses. Up to a twenty 2.0 mm light guides can be stacked up and processed 

simultaneously, or a single sheet with a thickness of up to 55 mm. 
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Figure 1.1  Clarke 1550® diamond polishing machine. Photo from (C. R. Clarke 1550 2011) 

With a skilled operator the C.R. Clarke 1550® can give very high quality edges at a low 

cost. However, achieving this requires using high-grade sheet, careful sheet preparation and the 

use of selected sheet protection films. Cast sheet is the easiest to machine and gives the best 

edges while extruded sheet is prone to edge chipping. The latter can me minimised by 

employing high spindle speeds, medium feed rates, and sacrificial strips on each side of the 

sheet stack being polished. 

It is essential that the sawn edges of the rough-cut sheets are as straight as possible. The 

cutter hub has two diamonds – a relatively cheap synthetic diamond tool on the outside that 

removes the saw marks, and a more central expensive gem-grade diamond that imparts the final 

polish. The outer diamond removes about 0.65 mm while the polishing stone removes only 

0.10 mm, for a total removal of 0.75 mm per pass. This means that the sawn edge of each sheet 

must be flat to a tolerance of better than about 0.50 mm. This allows 0.15 mm for the saw marks 

and 0.10 mm for the honing action of the central diamond. If the dip in the sawn edge exceeds 

this amount then that part of the edge will not be polished. Even a small segment of as-sawn 

edge has a very adverse effect on a collector sheet’s half-length. 

The cutting process generates plastic swarf, which is removed by extraction unit shown at 

the bottom left hand corner of Figure 1.1. However, some types of protective film tend to 

become smeared across the sheet edges by the high-speed shearing motion of the cutter hub (the 

inner diamond has a tangential speed of over 200 km/hr). This contamination can have an 

adverse impact on the sheet’s half-length. The best cure is to use a protective film that does not 

have this problem. Attempts to remove the residue from sheet edges caused more problems than 

they solve, while suitable films are readily available. 
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APPENDIX 2: CITING AND ACCESSING PATENTS 

2  
This thesis is unusual in that a substantial portion of the work was first published as patents. 

There are a number of problems in how to cite these publications, and how to list the inventors. 

2.1 CITING PATENTS: PATENT FAMILY VS PATENT 

A patent is a legal document that must be written to conform to the rules of specific country. 

However, different countries often have such different rules that there may be very significant 

differences in the applications lodged for each country. Then the examination process in each 

country can sometimes be very subjective, with some examiners requiring substantial changes 

to a section that other examiners find perfectly acceptable. Additionally, some jurisdictions are 

broad in what can be the subject of a single patent, while others are very narrow, requiring the 

original (usually Australian) application to be split into multiple independent applications, or 

into several “Continued in Part” applications or various Divisional applications. Accordingly, a 

single original patent application may morph into multiple different texts in different countries, 

or even into multiple patents in a given country. This means that it is better to talk of a patent 

family, rather than a single patent. This term can be understood to mean “a set of patents taken 

in various countries to protect a single invention (when a first application in a country - the 

priority - is then extended to other offices)” (OECD 2001). However, this thesis employs the 

broader definition used by INPADOC “all the documents which are directly or indirectly linked 

via a priority document belong to the same patent family”. See the discussion at the European 

Patent Office website (EPO 2011).  

The distinction between patent and patent family can be very important for anyone trying 

to practice a patent, but is not normally relevant to understanding the nature of the invention. 

Figure 2.1 shows the patent family for the first luminescent solar collector patent for the UTS 

daylighting project, US 5,548,490 (Smith & Franklin 1996). This family tree was created with 

(Patent Lens 2011), a free online patent data base that is discussed in section 2.3. The 5,548,490 

patent family is relatively simple because only two jurisdictions are involved: multi-jurisdiction 

families can quickly become very complex. 

US patents tend to be easier to access online compared to those issued in other countries 

and contain enough information for a skilled person to track down all the other patents in the 

family. Accordingly, usually only the US patent has been cited in this thesis when reference is 

made to a particular patent family, and the citation should be understood to refer to the entire 

family. Patents issued in other jurisdictions are usually only cited where they have important 
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features that are not in the corresponding US patent(s), or where there is no granted US patent 

for that family. Note that citing only the US member of a patent family is a bit like describing 

the position of an iceberg by only referring to the location of the portion visible above the water 

line. The distinction is unimportant for most purposes, but can lead to problems at an 

operational level, as the captain of the Titanic found out to his cost when his ship was sliced 

open by the invisible part of an iceberg whose visible position was well clear of his ship. 

QuickTime™ and a
 decompressor

are needed to see this picture.

 

Figure 2.1 Patent family for US 5,548,490 generated with Patent Lens®   
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2.2 INVENTORS NAMES 

A patent is a legal document. It must list all the inventors, and no one who was not an inventor. 

Indeed, finding someone who was an inventor, but is not listed on the patent application, is one 

of the surest ways to invalidate a patent. An “inventor” is defined as someone who makes an 

inventive step that contributes to the concept of the invention – carrying out or even designing 

experiments does not count. The inventor must be able to point to a specific claim (the legally 

enforceable part of the patent) and be able to say “that was my idea” or “that was x’s and my 

joint idea”. 

Now when an invention is patented in multiple jurisdictions, differences in local law and 

the inclinations of particular examiners mean that there well may be very different claims for 

the various nations’ patents that cover a single basic invention. If the claims differ then the 

inventors may also differ. Additionally, the order of the list of inventors has no legal force and 

patent attorneys often jumble the list when applications are filled in different countries. So 

different members of a patent family may list different inventors, or the same inventors in 

different order. An additional complication is that the different patents in a patent family may 

have different titles. 

An example may help clarify things. Suppose that in country 1, A has an original idea 

with contributions from B. Colleague C then comes up with a commercially useful development 

to B’s innovation and A spent a lot of time in the lab seeing if it would work, including devising 

some really innovative experiments and profound advances in the theory. Everyone agrees that 

A will be the first author when the work is published in the scientific literature. A patent is filed 

in country 1 with A, B and C listed as the inventors in that order. In country 2, the inventors feel 

that C’s idea is the most commercially important part of the work for that market, so the 

patents’ claims and the title are rewritten to emphasize this area and the inventors are listed as 

C, A and B. In country 3 the patent attorney lists the inventors as B, A and C for no obvious 

reason. In country 4, the local law is very narrow and the invention is split to patent 4a with 

inventors A and B, and invention 4b with inventors C and B (A did a lot of important lab work 

for this area, and will be the first author on scientific papers, but he was not an inventor for this 

subset of the original application). Under the INPADOC definition there is one patent family 

(patents 1, 2, 3, 4a and 4b). With the OECD definition, there are two patent families (family 1 

with patents 1,2, 3 and 4a, and family 2 with patents 1,2, 3 and 4b). We also note that none of 

the five patents has an identical list of names, or publication dates and indeed, they may all have 

different titles. A conventional literature search will (correctly) show that there are five different 

documents. They have different authors, different dates, and may have different titles. So for 

scientific literature they would be counted as different papers – a scientific paper (Alfredo, 

Brown and Collins 2001) is usually quite different to (Collins and Brown 2005). However, the 
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five patents actually cover just the one basic invention. So it is more appropriate to give just one 

citation to the family, or perhaps 2 citations if the split to patents 4a and 4 b is genuinely 

important and not just an idiosyncratic legalism in country 4. 

One final subtlety is the precise form of the name(s) used in the citations. For this thesis, 

the convention adopted is to use the full name of all inventors exactly as they appear on the 

relevant cited patent for the patent family. This may or may not differ from the name listed on 

some other members of the patent family, and is usually more complete than the name listed for 

the same person writing a scientific paper. 

2.3 ONLINE ACCESS TO PATENTS 

An excellent website for accessing post 1976 US patents is the (Patent Lens) 

http://www.patentlens.net/. This excellent site also covers all world post 1978 PCT applications, 

post 1980 European granted patents and post 1998 granted Australian patents. Patent Lens gives 

free, searchable full-text access to nearly eleven million documents. It now also has an excellent 

tool to help visualize patent families with tree diagrams. Figure 2.1 was generated with this tool. 

In the original on-line map, the underlined patent numbers are clickable links to web pages for 

the patents and associated documents. However, only the links to US patents work properly: all 

the links for Australian documents are either missing or lead only to null pages. To examine 

these documents, one must turn to the Australian national website run by (IP Australia 2011) at 

http://www.ipaustralia.gov.au/patents/search_index.shtml.  

The websites for national patent offices can be difficult to use with exceedingly obscure, 

idiosyncratic, counterintuitive and punctilious requirements for search terms combined with 

some very unhelpful error messages. (They are getting better, but off a very low base.)  

However, the national sites offer the most detailed records, particularly for older, pending, and 

abandoned patents. Basically, one uses sites like Patent Lens if one can, and the national sites if 

one must. Useful national sites include: the (US Patent and Trademark Office 2011) at 

http://patft.uspto.gov, the (UK portal to the European Patent Office 2011) 

http://gb.espacenet.com, which is much more user friendly than the direct link to the European 

Patent Office (European Patent Office 2011) http://www.epoline.org/portal/public/registerplus, 

and IP Australia (IP Australia 2011)http://www.ipaustralia.gov.au/patents/search_index.shtml.  
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