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Abstract
Daylight is an abundant source of energy that, if used effectively for lighting in
buildings, can improve quality of life and decrease the demand for electric
lighting and air-conditioning, reducing energy consumption and costs. Various
daylighting systems are available for daylighting the perimeter zones of
buildings. However, it is more difficult to transport daylight to remote rooms.
The few systems available for remote room daylighting are expensive or
disruptive to the building design and rely heavily on direct sunlight.
Luminescent Solar Concentrators (LSC’s) contain fluorescent dyes that
absorb both direct and diffuse sunlight without tracking the sun, causing
fluorescent emission in a specific wavelength range. LSC’s can potentially be
used for daylighting, but the only previously demonstrated system is rather
bulky and architecturally intrusive, and its output is yellow-green and difficult
to control. A stack of three coloured LSC’s is proposed in this thesis, which
produces a good white output of over 1,000 lumens under solar illumination of
100,000 lux. This output is transported to a remote room in narrow flexible
polymer light guides.
A theoretical model of the three-colour LSC stack was developed, which uses
the absorption and emission spectra of the dyes to predict the LSC’s output
spectrum and lumens. Studies with this model revealed the importance of
highly accurate absorption tails data for good prediction of the stack
performance. The model was used to determine the optimum size and dye
concentration for each LSC. A simple experimental method was devised for
characterising the optical performance of a fixed size LSC.
Half of the emitted light is trapped at the end of the light guides, so a ‘light
extractor’ is required to enable this light to escape. Ray tracing simulations were
carried out for various light extractor designs, from which the optimal light
extractor size, shape and configuration were determined for maximum optical
gain. With a good light extractor design, a gain of 1.7-1.8 should be achievable,
but with the current prototypes, the gain is limited to 1.2-1.3, limiting the output
to around 1,100 lumens. The violet collector sheet in the LSC stack was also
found to be problematic, so an alternative blue light source is proposed. Hence
there is room for improvement in future prototypes.
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Introduction/ Overview
1.1

Summary of Motivations Behind Study

This chapter provides a brief overview of the motivations behind the current
study, and an outline of the work presented in this thesis. A more thorough
introduction (including references) is given in the following chapter. Daylight is
an underused resource that has the potential to improve the quality of indoor
lighting, as well as substantially reducing energy costs (R.G.Hopkinson,
P.Petherbridge et al. 1966; Hunt 1979; Ne'eman 1984; Rutten 1994; Lam and Li
1999; Li and Lam 2001; Balaras, Droutsa et al. 2002; Li and Lam 2003) . The
quality of daylight exceeds that of any other light source, due to its excellent
colour rendering properties, luminous efficacy and its harmony with the human
biological systems. Natural variations in daylight intensity provide a connection
with the outside world that is not supplied by artificial lighting (Fontoynont
2002). Daylighting in buildings can improve worker productivity, whilst
reducing the amount of energy used for lighting, providing significant economic
and environmental benefits (Leslie 2003).
Daylighting in perimeter zones of buildings is readily achievable with
windows, skylights and various other daylighting technologies. However, these
systems are only capable of supplying daylight over limited areas. Various
systems based on mirrors, lenses, light pipes, laser cut panels, or a combination
of the four, have been proposed for daylighting of remote rooms. However,
these systems tend to be complex, rely heavily on direct sunlight and can be
expensive and intrusive to the building design. Hence there is a demand for a
compact daylighting system that collects both diffuse and direct sunlight
efficiently and economically (as outlined in more detail in chapter 2).
Flat sheets containing fluorescent dyes have been used for collecting and
concentrating daylight since the late 1970’s-early 198o’s (Weber and Lambe
1976; Hermann 1982; Reisfeld and Jorgensen 1982; Leslie 2003). These sheets,
known as Luminescent Solar Concentrators (LSC’s), consist of a clear matrix
(usually either glass or polymer), doped with a fluorescent dye. The dye absorbs
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Incident sunlight
absorbed by dye
Some emitted
light escapes

Emitted light reflected
towards edges
Figure 1.1 - General operating principle of a Luminescent Solar Concentrator
(LSC)

part of the incident sunlight and produces fluorescent emission - a large part of
which is trapped by total internal reflection and guided towards the edges, as
shown in Figure l.l. As the direction of emission is independent of the direction
of the incoming ray, both direct and diffuse sunlight can be collected with good
efficiency.
Although it has received little attention in the literature, Luminescent Solar
Concentrators (LSCs) may also be used for daylighting, due to their capacity to
collect and concentrate sunlight (Seikowitz, Rubin et al. 1982; Zastrow and
Wittwer 1986). LSC’s have the advantage over most other daylighting systems
that they accept both diffuse and specular sunlight. Although the light output of
a flat LSC varies with the cosine of the angle of incidence, the light-to-light
efficiencies of around 5% are achievable without complex tracking devices or
astigmatic correction. The small amount of work on daylighting with LSC’s done
prior to this study shows considerable potential for improvement. This potential
was the motivation behind this research project.

1.2

Thesis outline

The prior work that motivated this study is outlined in more detail in chapter 2,
along with an overview of current daylighting systems. In chapter 3, the design
of the three-layer LSC stack for daylighting is described, and an analytic model
is presented for prediction of its luminous output and performance.
Some practical issues regarding the selection of the optimal collector size and
dye concentration are discussed in chapter 4, including the effect of residual dye
attenuation on the light transport performance. It is important to be able to
compare the optical performance of different LSC’s for use in a fluorescent
2
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daylighting system. Thus a quick experimental method is proposed, with an
associated performance parameter for generic classification of a given dye and
matrix combination for a fixed size LSC. LSC performance may be hindered by
losses arising from impurities in the dye or the matrix. Two effects are outlined,
and a method proposed for distinguishing the impacts of these two types of loss.
Characterisation of the performance of an

LSC requires accurate

measurements of the dyes’ absorption and emission spectra. It is particularly
important to accurately measure the residual attenuation. The spectrometer
originally used was not accurate enough in the tail region where attenuation is
very weak but significant in a long collector. Hence thicker samples and a
special spectrometer involving an integrating sphere were used to collect highprecision tails attenuation data. These measurements are presented in chapter
5, along with a discussion of the emission measurements and the overlap of the
absorption and emission spectra.
When the LSC’s are arranged in a multi-layer stack, the incident solar energy
is modified by absorption and emission in the various sheets and by the UVblocking cover sheet. The spectral effects of these changes are discussed in
chapter 6, along with a discussion of the effect of the UV-blocking cover sheet
on the performance of each dyed collector sheet.
Fluorescent emission from the dyes in an LSC sheet may be broken up into
two components, based on ray angles with respect to the exit surface of the light
guide. The ‘endlighf component escapes at a flat exit surface, but the ‘trapped’
component, which can comprise up to half of the light at the end surface,
undergoes total internal reflection and remains trapped. The ratio of endlight to
trapped light varies with wavelength due to differing dye absorption spectra.
Special modifications of the exit surface are required to allow the trapped
component to escape. These issues are examined in detail in chapter 7.
Part of the chosen approach to the extraction of trapped light mentioned
above involves knowledge of the directional reflectance of a white diffuse paint.
It is generally assumed that diffusely reflecting surfaces exhibit perfectly diffuse
Lambertian scattering. However, angular measurements of reflected light from
the diffuse white paint used here indicate that Lambertian scattering is not
sufficient to describe this surface’s Bi-directional Reflectance Distribution
Function (BRDF). Thus a two-component Lambertian/Lorentzian model was
3
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developed to describe the BRDF of the surface at arbitrary angles of incidence,
and this model is presented in chapter 8.
Ray tracing simulations were used to assess the performance of a variety of
light extractor designs. The ray tracing process is described in chapter 9,
including the implementation of the above-mentioned empirical BRDF model
for white paint reflectance. The effect of doping light extractors with polymer
microspheres was examined using geometric optics for ray tracing, and this
model is also described in chapter 9. The results of these ray tracing simulations
are given in chapter 10.
There are many practical issues involved in the production of individual LSC
sheets, and combining them in a LSC stack for daylighting. If these issues are
not addressed properly, the performance and lifetime of the system can be
significantly reduced. These issues are explored in chapter 11.
The primary measure of the performance of the LSC stack for daylighting is
its luminous output. The procedures for calibration and measurement of output
lumens are described in chapter 12, where the luminous outputs for the
individual LSC sheets and the prototype three-layer stack are presented. The
output colour of the three-layer stack is also discussed, including the effect of
the UV-blocking cover sheet.
Some ideas for future research and improvements to the three-colour LSC
daylighting system are presented in chapter 13, including improvements to the
colour and intensity of the output, and the addition of smaller, more flexible
light guides. Another application of luminescent dyes that was briefly examined
- in pixels for outdoor large-screen displays - is also mentioned. Chapter 14
summarizes the main conclusions from the research presented in this thesis.
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Motivations for Development of a
Novel Daylighting System
2.1

Abundance of Solar Energy

Solar energy7 is one of the world’s most abundant energy sources, yet it is largely
under-exploited. The sun provides both light and heat, and ultimately sustains
the life of all living organisms on the surface of our planet. It is the root source
of all renewable energy forms and all fossil fuels, making it the most abundant
energy source in existence. However, fossil fuels such as coal and oil are far
more widely used as energy sources, and these produce emissions that are
damaging to the environment. The combustion of fossil fuels causes emission of
greenhouse gases such as carbon dioxide (C02) and methane (CH4), which
contribute to global warming, the greenhouse effect, climate change, ozone layer
depletion and acid rain. In some countries air pollution from fossil fuel
combustion is becoming a major problem, and large amounts of energy are
imported despite the availability and potential of clean solar energy (Kaygusuz
2003). These negative environmental effects are largely irreversible, yet their
damage may be offset by replacing fossil fuels with renewable energy sources of which solar energy is the most promising and abundant. Prudent use of solar
radiation will play a crucial role in the way we handle the global climate changes
caused by excess use of fossil fuels (Page 2005).
Sunlight is a very versatile energy source, containing energy at a large range
of wavelengths - from ultra-violet (300 nm < A < 400 nm) to visible
(400 nm < A < 780 nm) to infra-red (780 nm < A < 2 pm). The whole solar
spectrum may be utilised for various purposes: generation of electricity with
photovoltaic cells; production of hydrogen via photolysis; UV light for
sanitation; visible light for illumination; or infra-red radiation (heat) may be
used for many purposes including photovoltaic cells, cooking, heating, drying,
refrigeration or water distillation (Sen 2004). Moreover, solar energy may be
utilized for multiple applications simultaneously - such as space heating and
5
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water heating (Sen 2004), daylighting and space heating (Garcia-Hansen,
Esteves et al. 2002), or daylighting and generating electricity (Schlegel,
Burkholder et al. 2004; Miyazaki, Akisawa et al. 2005). The many applications
of sunlight combined with its abundance and availability make it an exceptional
alternative source of renewable energy.

2.2 Benefits of Daylight
Perhaps the most primitive and universal function of solar energy for humans is
to provide light to enable visibility during the day. The visible component of
solar energy, known as ‘daylight’, is an outstanding light source that has many
advantages over other light sources. These advantages make daylight highly
desirable for lighting in all kinds of buildings. However, excess daylight causes
discomfort due to glare, so when utilising daylight in buildings, care must be
taken to ensure it is evenly distributed and glare is prevented. Solar heat gains
can also be a problem in warmer climates. Various systems are available to
counteract glare and overheating, as discussed further in section 2.3.1. Excessive
variation of sunlight levels can also cause discomfort, so alternative backup
lighting systems are usually required in davlit areas. Daylighting installations
can also be costly to purchase and install if tracking is required
2.2.1 Colour Rendering
The human eye has perfectly adapted to the spectrum provided by daylight.
Thus daylight is very ergonomic, has excellent colour rendering properties, and
is widely preferred for pleasant working conditions (Robbins 1986). Artificial
lights may be used to supplement daylight, but their colour rendering is poorer
than daylight, and they are most satisfactory if their colour matches that of
daylight (Walsh 1961). The superior spectral quality of daylight may make up for
a lower quantity of light available (Robbins 1986; Fontoynont 2002). Hence
daylight is widely considered as the ideal light source for general illumination.
2.2.2 Natural Variability
As well as its excellent colour properties, daylight is preferable because it is the
only truly natural light source. The intensity and appearance of sunlight varies
due to passing clouds and the movement of the sun throughout the day, while
the solar tilt angles varies due to the rotation of the earth throughout the year.
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Even the colour of daylight varies from one side of a clear sky to the other, and
daylight from overcast skies has a different colour again (Chain, Dumortier et al.
2001). Thus natural light produces a dynamic, living environment, which is
preferable to the static, monotonous environment in a completely artificially lit
room with no visual connection to the outside world (Weston 1962).
Consequently it must be assessed with different criteria to other types of
lighting. For example, if dynamic daylight can be brought into internal
windowless rooms where it is not normally expected, the natural variation in
intensity and colour it provides can significantly enhance the quality of the
indoor luminous environment - even without a view to the outside or high
illuminance levels (Fontoynont 2002). This natural variation can not be simply
mimicked by artificial lights without incurring a significant cost penalty.
Nonetheless, for some applications such as task lighting, excessive variation in
lighting intensity is not tolerable, so controlled electric lights are more
appropriate.
2.2.3 High Luminous Efficacy
Furthermore, daylight is freely available, and it is a very efficient light source.
The efficiency of a light source is gauged by its ‘luminous efficacy’, which is a
measure of the brightness of the light output (in lumens) for a given input
energy (in watts). With, incandescent and halogen lamps, and to a lesser extent,
fluorescent lights, a large portion of the energy is lost as heat. Hence their
luminous efficacy is far lower than that of daylight. Incandescent bulbs have
luminous efficacies of 5-12 Lm/W, fluorescent lights are more efficient at 50-80
Lm/W. However, these efficiencies can decrease by up to 30% if the optical
losses at the luminaire and the electrical DC-AC inverter efficiencies are
included (Zhou and Narendran 2004). Unfiltered daylight has an outstanding
luminous efficacy in the range 100-130 Lm/W (Lam and Li 1996; Tsikaloudaki
2005), and this can be increased to 200 lm/W if the near-infrared heat is
filtered out . Hence for any given area, a daylighting system provides more
lumens for a fixed amount of heat by-product than if the same space were to be
illuminated with artificial lights. One of the drawbacks of this, however, is that
daylight can provide too much light to a given area, resulting in glare
discomfort. This issue must be specifically addressed if a daylighting system is
to provide adequate lighting without glare.
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2.2.4 Reduction in Energy Usage
Sunlight is freely available, so once an appropriate daylighting system has been
set up in a building, the energy used for daylighting comes without the financial
and environmental costs associated with artificial (electric) lighting. 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 and Li 1999).
Provided solar heat gains are suitably controlled, substantial energy savings can
be achieved by replacing artificial lighting with daylight, and only using artificial
lighting when required (Ne'eman 1984; Balaras, Droutsa et al. 2002). However,
if artificial lighting is controlled manually, the artificial lights are often left on
when there is enough daylight available (R.G.Hopkinson, P.Petherbridge et al.
1966; Hunt 1979). It has been repeatedly demonstrated that daylight holds
considerable potential for reducing energy consumption if the artificial lighting
level is automatically adjusted to accommodate for rising daylight levels
(R.G.Hopkinson, P.Petherbridge et al. 1966; Ne'eman 1984; Rutten 1994; Lam
and Li 1999; Li and Lam 2001; Balaras, Droutsa et al. 2002; Li and Lam 2003).
Despite the considerable upfront cost, daylight control installations can provide
significant financial savings, as well as reducing the emission of greenhouse
gases by displacing fossil fuel energy production. Thus the potential of daylight
for reducing energy consumption stands out as one of its most important
benefits for global sustainability.
2.2.5 Health and Productivity
As well as reducing energy demand and providing economic benefits, daylight
also supports human health and increases worker productivity (Leslie 2003).
The pineal gland in the human endocrine system responds to light, helping to
regulate our sleep/wake cycles by controlling the production of melatonin.
Melatonin promotes tiredness, and is produced during the darkness of night
when the pineal gland is receiving no stimulation. Daylight improves alertness
by promoting the production of a hormone that suppresses melatonin (Lewy,
Ahmed et al. 1995). In artificially lit environments, the pineal gland over
produces melatonin, creating feelings of lethargy. Controlled administration of
melatonin and bright light has proven useful for “phase-shifting” the human
8
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body clock (Lewy, Ahmed et al. 1995). Regular exposure to daylight levels >1000
lux helps reduce the symptoms associated with jetlag, fatigue, and mood shifts
such as Seasonal Affective Disorder (Espiritu, Kripke et al. 1994; Leslie 2003). A
recent study linking sunrise time with depression prevalence concludes that
synchronising waking times with sunrise may be effective treatment against
depression (Olders 2003). Hence the human biological systems are particularly
well supported by daylight, and regular exposure to daylight promotes good
health.
Studies have shown that a lack of windows in workplaces can have a negative
impact on well-being and productivity. One study found that the light levels of
aboveground offices with windows (median - 775 lux) were almost twice as high
as underground offices lit purely with artificial lighting (median = 410 lux).
Thus workers in workplaces with windows consider their workspaces to be
brighter

and

more pleasant than those

in

underground windowless

environments (Kuller and Wetterberg 1996). Workers are more productive in
daylit workplaces, and retail customers also respond favourably to daylit stores
(Leslie 2003). Thus daylight has many advantages over other light sources,
providing considerable incentive for maximising its use as a major light source
in buildings.

2.3 Background Science and Technology
2.3.1 Daylighting
Daylighting in buildings has received significant attention in the literature in the
past few decades. Many different types of daylighting systems are available,
making use of direct sunlight and diffuse sunlight. Overview papers by
Kischkoweit-Lopin (Kischkoweit-Lopin 2002), and Leslie (Leslie 2003) give a
good summary of the available daylighting systems. Some buildings may require
carefully controlled lighting levels, so it may be necessary to employ a variety of
different daylighting strategies concurrently (Beltran 2003).
Daylighting in perimeter zones of buildings is readily achievable using
windows. Lor windows that are shaded from direct sunlight, light reflecting
from the ground or opposite building facades may be more significant than
diffuse light from the sky (Tregenza 1995). However, for most buildings this
reflected daylight will not be sufficient as a primary source for room lighting.
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Windows are only sufficient for lighting within a few metres of the perimeter beyond this range, alternative lighting is required. Alternatively, natural lighting
through windows may be achieved in the majority of the building by enlarging
the perimeter, as in atrium building designs. Atrium buildings make use of an
internal courtyard for daylight transmission as well as external windows, so they
achieve good daylighting, but require careful planning and design to limit glare
and thermal problems (Calcagni and Paroncini 2004). Moreover, atrium
systems can be expensive in terms of building space due to the large occupied
volume that must be dedicated to daylighting rather than other purposes.
Glare and solar heat gain are two of the major problems associated with
daylighting in buildings. Both effects can reduce the indoor comfort level rather
than improving it. With standard windows it is difficult to control glare and heat
gain effectively. If the window area is too small, then natural light levels will be
insufficient and significant artificial lighting will be required. However, if the
window area is too large, then heat loss or gain through the windows may be
excessive, and air conditioning will be required. One author recommends that
windows should make up 30-40% of the area of a facade, to minimise the effects
of these problems (Menzies and Wherrett 2005). Sophisticated daylighting
technologies are required to effectively reduce the discomfort caused by glare
and solar heat gain, as described below.
2.3.1.1 Thermal Comfort
Solar heat gain can be useful for improving energy efficiency in some climates,
while in others it may be problematic. In warm climates, excessive solar heat
gain can cause overheating, and the use of air conditioning for cooling can be a
major source of energy consumption. In these climates, the prevention of solar
heat gain is important for sustainable energy usage. On the other hand, in cold
climates, passive solar heat gain can be very beneficial, reducing the need for
additional heating. An appropriate daylighting system must be chosen to suit
the local climate, as well as the architecture and orientation of a particular room
in a particular building.
There are many different strategies for blocking solar heat gain. Holographic
optical elements can be used to block direct solar radiation within a specified
range of angles of incidence, slightly reducing peak temperatures. However, it is
not possible to produce a single optical element to block direct sunlight
10
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effectively at different times of the year. Better performance can be achieved by
tracking the sun, but this is expensive and impractical (James and Bahaj 2005).
Solar control glazing with high visible transmittance (60-70%) and low thermal
transmittance (25-35%) can block significant amounts of heat (Robinson and
Hutchins 1994) under both diffuse and direct sunlight (Li, Lam et al. 2004).
These glazings may also be reversible so they block heat in summer and allow
solar space heating in winter, while providing a good view (Erell, Etzion et al.
2004). These kinds of systems can effectively optimise thermal and visual
comfort in rooms near the perimeter of a building.
Dynamic windows can also provide protection from overheating whilst
optimising daylight transmittance. Thermotropic glass is transparent until
heated above a certain temperature by direct sunlight, when it turns
translucent, as illustrated in Figure 2.1. In its translucent form it has reduced
solar and thermal transmission, leading to significant cooling energy savings
(Inoue 2002). Gasochromic glazing can also reduce annual energy consumption
by providing solar gains in winter and protection from overheating in summer
(Georg, Graf et al. 1998). Similarly, phase change materials turn translucent
when heated, and they retain heat and dissipate it with a time delay, leading to
reduced solar heat gains and losses. These materials increase thermal comfort
in winter and reduce peak cooling loads in summer. The retained heat is
dissipated during the evening, which increases thermal comfort in winter but
has the opposite effect in summer (Weinlader, Beck et al. 2003). Thus it is

Thermotropic layer
clear state

scattering state

(low temperature)

(high temperature)

homogeneous mixture

0

scattering material

cover (substrate layer

G

matrix material

Figure 2.1 - A thermotropic layer is transparent at low temperatures, but blocks heat
and direct sunlight at high temperatures (Georg, Graf et al. 1998). Thermotropic
windows help reduce thermal gain and loss, reducing cooling loads. This improves
thermal comfort in winter, but can trap some heat inside on summer evenings,
reducing thermal comfort.
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desirable to decouple daylighting and thermal control.
‘Active intelligent windows’ have been developed to control daylight levels
and indoor air temperature by changing their properties in response to the
indoor and outdoor climate conditions (Sala 1997). Another intelligent window
design involving ‘smart’ electrochromic windows senses the presence of an
occupant in the room, and changes its transmittance to block out solar heat
when the room is empty (Granqvist and Azens 2003). These approaches show
potential for reducing unnecessary cooling and heating loads associated with
daylighting, and making intelligent use of the available solar energy. However,
they can be expensive to implement.
Passive natural ventilation can also be effective in the prevention of
overheating whilst achieving effective daylighting. This approach has been
demonstrated with a translucent bio-climatic roof (Waewsak, Hirunlabh et al.
2003) and with light pipes (Elmualim, Smith et al. 1999). For spaces without an
equator-facing faqade, toplights (such as skylights, roof monitors or clerestory
roof windows) combined with natural ventilation can significantly reduce
heating loads in winter and cooling loads in summer for top-storey rooms
(Garcia-Hansen, Esteves et al. 2002). Thus it is possible to utilise both the
visible and thermal properties of sunlight simultaneously to improve energy
efficiency.
2.3.1.2 Visual Comfort
Direct sunlight falling on a window can be excessively bright, causing visual
discomfort, or glare. When glare becomes severe, a common response is to draw
a curtain or blinds, shutting off the daylight and reverting to artificial lighting.
After the sun has moved on and the glare problem has subsided, the curtains or
blinds are often left shut, rather than re-opened to allow daylighting. In this
situation artificial lighting is used despite the availability of sunlight, and the
benefits of daylight are forfeited. Therefore glare reduction is a crucial aspect of
any daylighting system, if it is to improve lighting quality whilst maintaining
comfort levels and energy savings.
A combination of daylight admission, controllable shading devices and
proper use of electric light can be very effective at minimising glare discomfort
(Ne'eman 1984). To maximise the transmission of diffuse daylight and minimise
lighting energy usage, blinds and electric lights may be automated so that direct
12
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sunlight is blocked and a desired lux level is maintained at all times throughout
the day. In a pilot study with this kind of system, glare was prevented and most
users were happy with the light levels when they were able to control some
aspects of the system (Vine, Lee et al. 1998). Glare may also be reduced using
asymmetric Fresnel lenses (Goetzberger, Muller et al. 2003), mirrored louvres
or prismatic glazing (Littlefair, Aizlewood et al. 1994; Lorenz 2001),
microstructured glazing (Blasi, Buhler et al. 2003) or concentrating lenses
coupled with a thermotropic coating such as a polymer blend or hydrogel
(Goetzberger, Muller et al. 2001). These systems are effective in selectively
blocking or diverting direct sunlight and transmitting diffuse sunlight to spaces
within a few metres of the building’s perimeter.
2.3.1.3 Daylighting of deep spaces
However, energy efficiency will be maximised and the need for artificial lighting
minimised if the solar energy can be utilised for lighting rather than simply
rejected to avoid glare. For rooms deeper than a couple of metres, it is
important to have adequate lighting at the back of the room as well as reducing
glare near the window. These two objectives may be achieved simultaneously in
perimeter rooms by deflecting direct sunlight towards the ceiling, which acts as
a secondary diffuser, lighting the back of the room. A variety of technologies are
available for this purpose, including laser cut light deflecting panels (Edmonds
1993; Lorenz 2001), micro-light guiding shades (Greenup and Edmonds 2004),
and light shelves (Compagnon, Scartezzini et al. 1993; Beltran, Lee et al. 1997).
Solar heat gains may also be controlled whilst daylighting deep rooms by
coupling electrochromic windows with anidolic light shelves (Page, Kaempf et
al. 2003). Alternatively, solar glazing may be used to block glare near the
windows, while horizontal light pipes in a false ceiling transport daylight to the
back of the room (Chirarattananon, Chedsiri et al. 2000), as illustrated in
Figure 2.2. Although both these approaches help increase core daylighting levels
without increasing cooling loads or visual discomfort, light pipes allow greater
control over the spatial distribution of sunlight (Beltran, Lee et al. 1997).
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Figure 2.2 - Horizontal light pipes (Chirarattananon, Chedsiri et al. 2000) bring
daylight into interior rooms from a facade. Due to the structural nature of
these light pipes, they must be introduced during the building design stage retrofitting is very difficult.

Light pipes and skylights may also be used to transmit sunlight into areas
away from the perimeter, but still on the top floor of a building (Jenkins and
Muneer 2003), as shown in Figure 2.3. Tubular skylights are widely available,
although the cost and optical quality of the reflective lining of the light pipes
prohibits their use over long distances. Furthermore, the light pipes are bulky,
typically ranging from 250 mm to 400 mm in diameter. Hence they take up a lot
of space, making them impractical to extend to lower floors.
Skylights generally include some kind of diffuser material to reduce glare.
With traditional translucent scattering materials for skylights such as BaS04 in

Figure 2.3 —A tubular light pipe directs light down to a diffuser at the base.
These light pipes are quite bulky, with diameters of 250 - 400 mm, making it
difficult to extend them to lower floors. Furthermore, the highly reflective
material required is expensive, making it a less attractive option for long light
pipes.
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polycarbonate, glare reduction has an associated reduction in transmission due
to backscatter. However, good diffusion with higher transmission levels can be
achieved using acrylic doped with cross-linked polymer microparticles (Smith,
Jonsson et al. 2003). This kind of material allows for tailoring of the output
light distribution, so glare can be reduced to a desired level whilst maintaining
high transmittance (Jonsson, Smith et al. 2005) and smaller skylights can
provide higher, more uniform daylight illuminance (Smith, Earp et al. 2001).
Such skylights, however, are generally limited to the top flor of a building.
2.3.1.4 Daylighting of Remote Rooms
Although there are many existing systems for daylighting of perimeter zones
and deep into perimeter rooms, relatively little work has been done
investigating mechanisms to transport diffuse daylight to remote rooms. Direct
sunlight may be reflected into some remote rooms using a heliostat and a
system of mirrors and light guides (Pohl and Anslem 2002), as shown in Figure
2.4. However, heliostats require complicated optics to produce good results, and
commonly suffer from residual aberration (Chen, Chong et al. 2003) and
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Figure 2.4 - Natural illumination of a cellar with a heliostat and mirrors (Pohl and
Anslem 2002). These systems are effective, but require complex tracking and
focussing systems, making them expensive to implement.
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astigmatism (Ries, Zaibel et al. 1995), for which correction is necessary. These
corrections, combined with the complex geometric optics can make heliostat
systems difficult and expensive to set up and maintain.
Heliostat systems commonly utilise light pipes to transport the sunlight. One
of the problems associated with reflecting direct sunlight is the fact that some
light is lost for every collision with the reflective surface of the light pipe. This
problem can be alleviated somewhat by refracting the direct sunlight to lower
angles using laser cut panels, reducing the number of reflections in the light
pipe (Edmonds, Moore et al. 1995). Thus laser cut panels enable daylight to
travel further into core regions than other light pipe designs, making them
suitable for daylighting in deep plan office buildings with large central core
regions (Garcia-Hansen and Edmonds 2003). A fixed-orientation laser cut
panel increases daylight levels in winter (low solar elevation), and slightly
decreases daylight levels during summer (high solar elevation), leading to a
reduction in solar heat gain. If a building is not orientated correctly, or its
perimeters are overshadowed by other buildings, vertical light pipes with laser
cut panels may also be used to bring daylight into multi-storey, deep plan
buildings (Garcia-Hansen and Edmonds 2003). However, these projects are
very expensive, and must be initiated at the design stage. Retrofitting is not
feasible, as the light pipes are large, obtrusive to the building design and take up
a lot of space.
A variety of solar tracking daylighting systems have recently been developed,
which track the sun with a collecting concentrator and focus the visible sunlight
into flexible light guides. In the example shown in Figure 2.5. (Schlegel,
Burkholder et al. 2004), a concentrating collector is used to focus direct sunlight
onto a bundle of optic fibres. The sunlight is then transported through the
flexible optic fibre light guides to hybrid daylight/ electric light luminaires. The
use of optic fibre light guides enables transportation of daylight over much
longer distances (~io m) than is possible with conventional light pipes, and
significantly reduces the building penetration area required for remote room
daylighting. The light transmission medium is commonly optic fibres (Andre
and Schade 2002; Steneby 2003; Schlegel, Burkholder et al. 2004), but light
guides filled with water may also be used (McCluney 1990). However, a
significant drop in the colour rendering index is observed after transmission
16
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Figure 2.5 - Hybrid daylight/artificial light system utilising a tracking solar
concentrator and optic fibres (Schlegel, Burkholder et al. 2004). The tracking
concentrator collects sunlight and concentrates it onto a collection of optical
fibres, which distribute it to remote rooms. The luminaires have built-in
artificial lights as backup for when daylight availability is low.

through 10 metre long water-filled light guides. Optic fibres are preferable for
light guides, as they transmit daylight with a good quality colour. By using cold
mirrors, the infra-red radiation can also be used for heating (Andre and Schade
2002) or generating electricity to power supplementary artificial lighting
(Schlegel, Burkholder et al. 2004), further reducing energy consumption.
However, despite their advantages, these systems are very expensive due to the
need for solar tracking, and they only function under direct sunlight. This
reiterates the demand for an inexpensive remote room daylighting device that
captures both direct and diffuse sunlight.

2.4

Luminescent Solar Concentrators for Daylighting

As discussed briefly in chapter 1, and in more detail in chapter 3, Luminescent
Solar Concentrators (LSC’s) also hold considerable potential for collecting solar
energy, due to their capacity to collect and concentrate sunlight using
fluorescent dyes. LSC’s have been extensively studied since the mid-i97o’s, but
most of this work has been geared towards photovoltaic applications (Weber
and Lambe 1976; Goetzberger and Greubel 1977; Goetzberger and Wittwer 1979;
Hermann 1982; Reisfeld and Jorgensen 1982; Zastrow 1994; Soti, Farkas et al.
1996), with a small amount of research devoted to concentration of thermal
energy (Goetzberger and Wittwer 1981). The wavelength shift of fluorescent
dyes has also been utilised in scintillation detectors (Zastrow 1994) and for
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capturing UV light in astronomic photography (Deslandes, Wedding et al.
2005). The control LSC’s give over the output emission region also makes them
suitable for use in greenhouse roofing (Zastrow, Wilson et al. 1984; Zastrow
1994). Dyes emitting red light have been successfully used to increase the
productivity of tomato plants and rose bushes, due to the selective modification
of the solar spectrum (Novoplansky, Sachs et al. 1990).
One of the main advantages of LSC’s over other concentrating sunlight
collection systems involving geometric optics is that they allow collection of
diffuse and direct radiation simultaneously, without solar tracking. The addition
of a tracking mechanism substantially increases the cost of a sunlight collection
system, as well as increasing running costs and the amount of space required.
Thus to keep the cost and size to a minimum it is preferable to avoid tracking if
possible. Furthermore, although tracking systems are efficient for collection of
direct sunlight, stationary tilted LSC’s may be more efficient in regions with
large amounts of diffuse sunlight (Goetzberger, Stahl et al. 1985). Thus LSC’s
hold considerable potential for applications as low-cost sunlight collection and
concentrating devices.
Despite this potential, very few systems exist that utilise LSC’s for
daylighting. Some daylighting systems have been proposed that collect sunlight
on an external roof or wall with LSC’s, and concentrate the fluorescence into
light pipes for internal lighting (Zastrow and Wittwer 1986). These systems
show potential for significant energy savings in high-rise buildings (Selkowitz,
Rubin et al. 1982), although they have not yet been implemented or
demonstrated. Moreover, it is difficult to achieve a neutral white with only one
or two fluorescent dyes. Blue and yellow dyes give a neutral colour, while red
and green dyes give a slightly yellowish colour. However, both these
combinations will have poor colour rendering properties when compared with
full spectrum daylight.
In the mid-i98o’s a demonstration project was undertaken in Germany, in
which a conical LSC was used to collect daylight and concentrate the fluorescent
emission in the walls of a hollow clear acrylic tube of diameter 30 cm and length
6.5 m (Zastrow and Witter 1986; Zastrow and Wittwer 1986). The light was
reflected by a mirror and used to illuminate a kitchen two stories below the
conical collector, as illustrated schematically in Figure 2.6. This system gave a
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transparent PHMA •

Figure 2.6 - Remote room daylighting systems (Zastrow & Wittwer, 1986) using
mirror light pipes (left) and fluorescent solar collectors (right). In the fluorescent system,
daylight is collected at the top with a conical collector; fluorescent emission is transmitted
6.5 m through a transparent PMMA light pipe. The output is reflected into a room with a
mirror, providing significant improvements to the light level in the room.

significant improvement to the light level in the room and provided a higher
luminous gain under diffuse light than direct light. Thus it was demonstrated
that LSC’s are effective devices for collecting and concentrating diffuse sunlight.
In this respect LSC’s are advantageous over remote room daylighting systems
utilising tracking concentrators that only function under direct sunlight.
However, the conical LSC collector system is bulky, it has significant optical
losses and the overall light-to-light efficiency was very low (0.2%). Furthermore,
the output colour is a non-neutral yellow-green, and the size of the large hollow
light pipe (diameter 30 cm) made it architecturally intrusive and also made it
difficult to control the direction of the output light. Thus LSC’s show potential
for daylighting applications, but further research is required to improve the
efficiency and output colour, and to make the light pipes smaller so they are less
intrusive and the output light is easier to control.
These issues are all addressed in the LSC daylighting system proposed in this
thesis (illustrated in Figure 2.7). The operating principles and background
theory behind the proposed LSC daylighting system are described in the
following chapter. It should be noted that the light produced by a LSC
‘daylighting system’ is not daylight per se, as the spectrum is modified by
absorption and re-emission from the dyes in the collector. However, the
luminous output is induced by daylight, and for the system described in this
thesis, its output spectrum is very close to the solar spectrum, consisting of
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Figure 2.7 - Proposed new three-colour Luminescent Solar Concentrator daylighting
system. Sunlight is collected at the roof with a three-layer LSC stack, and the emitted light
is directed into a remote room via transparent flexible polymer light guides (coated in
black protective film in diagram). A light extractor at the far end extracts trapped light,
boosting the output at the luminaire.

three broad peaks spread out over the visible region. Hence for the purposes of
this thesis, the output of the luminescent system will be referred to as ‘daylight’.
A comparison of the main available daylighting systems is given in Table 2-1
below, including the three-colour LSC daylighting system presented in this
thesis. Tubular skylights are presently the most affordable and widely used
remote room daylighting system. The three-colour LSC daylighting system is a
similarly priced system that also has the capacity to collect diffuse sunlight.

2.5

Conclusions

Daylight is the ideal ergonomic light source. Increasing daylight levels in
buildings is desirable for environmental, economic and biological reasons.
However, daylighting can also cause overheating and glare, so these problems
must be overcome if daylighting is to improve visual and thermal comfort and
reduce energy usage.
Many systems have been developed to prevent glare and overheating, most
of which only operate in perimeter zones in buildings. Deep rooms can also be
lit with daylight, but there are very few systems to light remote rooms or core
regions of deep-plan buildings. The few existing systems for daylighting remote
rooms are expensive to install and are only effective with direct sunlight.
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System

Lighting
Capability

Windows

Perimeter
zones

- Widely available
- View outside

Atrium
buildings

Perimeter
zones,
large inner
courtyards

- Good daylighting of
large areas

Perimeter
zones

- Glare protection
- View outside
- Reduces peak
temperature

- Tracking required

Perimeter
zones

- Blocks heat
- View outside

- Restricted to
perimeter zones

Holographic
optical
elements
(HOE)
Various
thermal
control
glazings
Active
intelligent
windows

Perimeter
zones

Advantages

- Actively controls
indoor temp, and
daylighting
- Good daylighting of
top stories
- Widely available

Skylights

Top stories

Automated
blinds

Perimeter
zones

Lenses /
prismatic
glazing /
louvres

Deep rooms

- Glare protection
- Light guiding into
the depth of the room

Laser cut
panels

Deep / remote
rooms

- Light guiding into
deep or remote rooms

Light shelves

Deep rooms

Light pipes

Deep / remote
rooms

Heliostats/
Concentrators

Deep rooms /
1-2 stories
down
Remote
rooms

Three-colour
LSC stack

Remote
rooms

Tubular
Skylights

- Glare protection

- View to outside
- Glare protection
- Good control over
spatial distribution of
sunlight
- Relatively simple
design
- Widely available
- Transport daylight
over long distances
- Collect diffuse and
direct sunlight without
tracking
- Narrow light guides:
easy to retrofit

Disadvantages
- Glare
- Significant heat
gain/ loss
- Glare
- Significant heat
gain/ loss
- Large occupied
volume

- Expensive to
implement

Low
Very high
(dedicated
building design
required)
High
(tracking
required)

Low
High
(automation
required)

- Daylighting limited
to top stories

Low/Moderate

- Reduced view
outside
- Tracking required

High
(automation
required)

- Direct sunlight /
Tracking required
- Transmit heat
- Direct sunlight
required
- Transmit heat
- Direct sunlight
required
- Must be part of
original building
design
- Direct sunlight
required

High

Moderate

Moderate

Moderate

- Transmit heat
- Bulky light pipes

Low/moderate

- Direct sunlight /
tracking required

High

- Still under
development

Table 2-1 - Comparison of various daylighting systems
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Over the past three decades, it has been demonstrated that luminescent solar
concentrators (LSC’s) can effectively collect and concentrate both direct and
diffuse solar energy. Most of this research has been directed towards
photovoltaic applications. However, LSC’s also show considerable potential for
daylighting, although improvements are required in the areas of output colour,
luminous efficiency, the ability to control output light distribution and the
intrusiveness and flexibility of the light pipes. These issues are addressed in the
three-layer LSC daylighting system proposed here, which is outlined in the
following chapter.
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Three Colour Luminescent Solar
Concentrator Stack Overview
3.1 Three Colour LSC Stack
3.1.1

LSC Stack Design

In this chapter, the main concepts regarding the three-layer LSC stack for
daylighting are described, providing an overview of the background work
leading up to this study. The developments made during this study are
presented in the remainder of the thesis.
Daylight can be collected and converted to white light using a stack of three
coloured LSC’s. This white light is then transported to remote rooms using clear
flexible light guides (Earp, Smith et al. 2004), as shown in Figure 3.1. Each
coloured LSC consists of a cast clear polymethyl methacrylate (PMMA) matrix
doped with a coloured fluorescent dye. For the purpose of light transport these
collectors are coupled with optically clear adhesive to flexible, clear PMMA light
guides, which may be 5 m or more 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 (Colour temp. = 5,8701c). The output

Light Extractor to
extract trapped light

Sunlight in
UV-blocking cover preserves dyes

Diffuse white
light out

( Violet

LSC
Sheets

------^

Green

End mirrors and base reflector increase efficiency

Light Transport in clear
flexible PMMA light guides

Diffuser

Figure 3.1 - Schematic of a three-colour LSC stack connected to light guides and light extractor
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spectrum is given in Figure 12.6 of chapter 12. For the system presented here, all
dyes were commercial Lumogen dyes made by BASF. The green dye is Lumogen
F083 (yellow), which is actually green at the low concentrations used here. The
pink dye is BASF Lumogen F285, and the violet dye is Lumogen F 570 Although
the ‘pink dye’ is strictly an orange-red colour, it is referred to as ‘pink’ for the
purposes of this thesis, as the sheets themselves look somewhat pink in colour.
All collectors have the same dimensions of 1.20 m x 0.135 m x 0.002 m.
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 (420 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 light extractor.
Any incident solar energy that is not absorbed by the violet dye may be
transmitted through to the next sheet, where it may be absorbed and re-emitted
by a fluorescent green dye. Light not absorbed by the violet or green dyes is then
transmitted to the pink sheet at the bottom of the stack. 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 adjacent sheet, where they may be
subsequently re-absorbed and re-emitted if they fall within the dye’s absorption
region. A white base plate is placed underneath the pink sheet to reflect any
light reaching the base of the stack, increasing the absorption efficiency of the
stack.

Light Extractor

LSC light guide

Diffusely reflecting
white surface

Figure 3.2 - Extraction of trapped light - (a) Without a light extractor, half of the
light at the end of the light guide is trapped, (b) The light extractor enables much
of the trapped light to escape
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Half of the light reaching the end of the light guide is trapped by total
internal reflection (as shown in Figure 3.2a). Most of the trapped light can be
extracted by coupling a PMMA light extractor with optically clear glue to the end
of the light guides (as shown in Figure 3.2b) (Earp, Smith et al. 2005). The light
extractor enlarges the aperture at the end of the light guide, creating an
additional area in which rays can be reflected. Each of the sides and the back of
the light extractor are sandblasted and painted with diffuse white paint so they
are rough and highly reflective. The trapped light extraction process is outlined
below.
As mentioned above, about half of the rays reaching the smooth front surface
of the light extractor will exit on their first pass, and the remainder will be
totally internally reflected. Most of these rays then reflect randomly off the
diffuse back surface, highly increasing the probability that they will leave the
front surface of the light extractor on their next pass. If a ray is again reflected
from the front surface, it may bounce around inside the light extractor a number
of times, and each time it strikes the rough back and sides it will reflect
randomly, until it leaves the front surface of the light extractor, re-enters the
light guide or is absorbed by the paint. If the geometry of the light extractor is
well chosen, the fraction of rays re-entering the light guide will be negligible. If a
highly reflective paint is used, the absorbed fraction should be approsimately 2
3%. A simple well-designed light extractor can extract around 80% of the
trapped light reaching the end of the light guide. A single light extractor is used
for all three light guides in the stack. Any trapped light extracted at the
collection edge adds to the un-trapped light, boosting the total output.
The light extractor gain factor is defined as the ratio of the output lumens
from an LSC stack with a light extractor to the output of the same stack with
polished light guide ends. Maximum light extractor gain is achieved with a
perfectly non-scattering light guide and collector system with no self
absorption. Trapped light has a longer path length than other light reaching the
light extractor, so losses due to unavoidable attenuation processes will be more
significant. Practically, a gain factor of around 1.50-1.60 is achievable for a welldesigned light extractor.
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Stack Modelling Theory

In order to improve the understanding of the behaviour of LSC’s, they can be
modelled analytically (Goetzberger and Wittwer 1979) or with Monte Carlo
simulations (Wittwer, Goetzberger et al. 1982). These models can provide useful
information about the possible efficiencies and optimal dye concentrations and
sizes for various LSC applications. For lighting applications involving threestack LSC’s, a suitable analytic model is necessary, which takes into account the
interactions between the absorption and emission spectra of the three dyes
used. The light output of the proposed LSC stack was predicted using the
following model, based on previously published theory (Swift, Smith et al.
1999). Let the fluorescent dye have an emission power spectrum £o(/i) (with SI
units W nr2 nnr1, where the subscript “0” denotes the spectrum of emitted
radiation prior to encountering other dye molecules). A is the wavelength and
a(A) is the dye related attenuation coefficient at some nominal concentration of
the dye in a particular matrix. Consider a single dye molecule a distance l from
the collection edge. For a LSC of length L, width w and thickness t, the spectral
intensity at the collection edge of the collector resulting from the uniform
illumination of the sheet by an external source is,
£(A. L)

£„(A)
^eo{A')dA'

Et
u’M/r/2)

l

1

A

Jc// [sin

L0

OcW

/

exp

-(a(A) + am)/N
cl(j) >
(sin#cos0) j

(3-1)

where the angles (p and 6 are standard spherical co-ordinates (as defined in
Figure 3.3), % is the critical angle of the matrix material and am represents the
matrix attenuation coefficient, assumed here to be independent of wavelength.
am is measured via a logarithmic relationship to the light transport performance
parameter Lv2 (introduced in section 4.2), which describes the distance over
which the emitted light intensity falls by half. The distance travelled by a
particular ray emitted from the dye molecule before it reaches the collection
edge is //sin6fcos^.
For the case in which sunlight with spectral intensity

is distributed

uniformly over the top surface of the collector (with area wL and front surface
reflectance Rc) at normal incidence, the total power emitted by the dye
molecules Ee is given by:
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E, = wL{\ - R ) |(1 - f-mr" )S('V)iir<.'¥)cW ,

(3-2)

where Rc is the reflectivity of one surface of the collector and rjeCV) the
energy-to-energy conversion efficiency of the dye at each incident wavelength H/.
As previously expressed (Swift, Smith et al. 1999);
(3-3)
where rjq is quantum efficiency of the dye, A is the wavelength of the incident
photon and <A> is the average wavelength of photons emitted by the dye
molecule, defined as

The base reflector enables a reduction in dye concentration, which reduces
transport losses and increases the overall output (Swift, Smith et al. 1999). This
can be either a separate specular mirror or a diffuse white reflector. The
reflective surface however, must not be in direct intimate contact with the
collector sheet (e.g. if it was “sprayed on” or a vacuum coated layer), as this
would reduce total internal reflection transport efficiency. It is thus necessary in
practice to have an air gap between the base reflector and the LSC sheet. For
simplicity in modelling we have neglected the losses at this reflector, so the
effective thickness t in equation (3-2) becomes 21, increasing the absorbed

¥

sw

L
Figure 3.3 - Luminescent Solar Concentrator of length L, illuminated by source
S( lf/), produces end emission e(7,LJ at collection edge.
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energy. The total error in Ec in this approximation is typically below 1.0%, since
it is a small error in a contribution well under 50%. The back edge mirrors
enable an additional light output integral of the form of Equation (3-1), with the
limits from L to 2L, corrected by the mirror reflectance.
A cover sheet is placed over the LSC stack to prevent weathering and dye
degradation due to UV light. It contains a UV blocking dye that absorbs most of
the spectrum below 360 nm, and transmits most UV above 380 nm.
Approximately 10% of the signal is lost to Fresnel reflection from the cover
sheet. Most of this loss may be avoided by using anti-reflective coatings,
although this will increase the cost of the system for a small gain in output. The
effect of the cover on the output will be discussed in chapters 6 and 12.
In ordinary operation the top surface of the LSC is uniformly illuminated by
sunlight, producing a luminous flux, Ol, at the collection edge.
= kJf(A, L)V(A)dA,
where

k

(3-5)

is a lumens per watt conversion factor and V(A) is the standard

photopic response of the human eye. While the intensity at the collection edge is
by far the largest of any LSC surface, smaller luminous fluxes are also produced
at each of the sides and the base of each LSC.
In a three-colour LSC stack, the emitted flux leaving the base of each sheet is
transferred to the next sheet, where it acts as an additional energy source. If this
emitted flux falls within the absorption region of the dye in the next collector, it
will also contribute to the total absorbed energy, augmenting the sun spectrum
S(¥0 in Equation (3-2). Conversely, each coloured sheet absorbs some of the
solar spectrum, transmitting a modified solar spectrum to the sheet below it in
the stack. This effect is described in detail in chapter 6. A reflector at the base of
the stack redirects light back into the coloured sheets, increasing the possibility
of absorption.
The effective incident energy available for absorption in one pass of the
2 mm thick pink sheet is shown in Figure 3.4 as a solid line. This line is above
the AM 1.5 solar spectrum (the dashed line), due to emission from the green
sheet in the range 480 nm to 550 nm, and the effect of the base reflector at
wavelengths where a(A) is reduced. a(X) for the pink dye is represented by the
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Figure 3.4 - Absorption and incident energy spectra for 50 ppm pink sheet at the
bottom of a three-colour LSC stack on a base reflector

dotted line (with an arbitrary vertical scale), and it can be seen that the pink
absorption largely overlaps with the green emission region. Similarly, the
emission of the violet dye falls within the absorption region of the green dye
between 420 nm and 500 nm. Thus the actual absorbed energy by the pink and
green sheets in a three-colour stack may be more than would be absorbed by the
same collectors individually in direct sun. As the dyes show negligible
absorption above 600 nm, solar radiation in this region does not contribute to
the output lumens in this LSC system.
Two physical processes significantly affect the energy output spectrum at the
collection edge of the LSC stack: Stokes shift and dye self-absorption. Stokes
shift is a purely molecular affect as absorbed photons are emitted with a lower
energy, causing a spectral shift to higher wavelengths, as demonstrated for the
pink dye in Figure 3.5. The solid line represents the measured absorption
spectrum of the pink dye, and the dashed line represents the dye’s measured
emission spectrum . Self-absorption is observed when emitted photons have a
wavelength that falls within the overlapping region of the absorption and
emission spectra of the dye (also shown in Figure 3.5). Self-absorption causes
the loss of photons in this overlapping region, excluding them from the final
output spectrum. Thus as collector length increases, self-absorption causes a red
shift in the colour of the output light, and diminishes the area under the
emission curve, thereby reducing the intensity of the output energy. The
physical model described above reveals a significant spectral shift as the path
length is increased to 13.5 cm, represented by a dotted line in Figure 3.5. This
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Figure 3.5 - Measured output spectra due to Stokes shift and modelled self
absorption shifts for two length values with fluorescent pink dye

spectral shift takes about 30 cm to saturate, so at a path length of L - 1.2 m it
has certainly reached saturation (represented by a dot-dashed line). Both
modelled emission spectra are calculated for a uniformly illuminated collector
of length 1.2 m, so the spectra plotted are the sums of the spectral outputs over
the length range L. The modelled curves have been normalised to the same
magnitude as the dye emission peak. For longer collectors the losses due to
matrix absorption and scattering will be increased. If the dye suffers from
photodecomposition, further parasitic dye losses may be experienced as
incident light is absorbed by non-fluorescing impurities. These losses have not
been included in the model, as the UV blocking cover should prevent significant
photodecomposition from occurring.

3.2

Conclusions

A daylighting system has been produced, which transports sunlight to remote
areas of a building using a stack of pink, green and violet LSC’s and clear PMMA
light guides. The background theory behind the LSC stack is presented in this
chapter, including a theoretical model of the collector’s spectral output. This
model provides a framework for the current study, which is built upon in the
remainder of the thesis.
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Maximising the Light Output of a
Luminescent Solar Concentrator
4.1

Introduction

In the previous chapter a three-colour LSC daylighting system was presented,
using pink, green and violet LSC’s. This system is capable of producing a white
light output (with CIE XY co-ordinates {0.325, 0.351}), of brightness over 1000
lumens in clear sky conditions (Earp, Smith et al. 2004). The output of the
green dyed sheet is nearest in wavelength to the peak response of the human
eye, so it is the most significant colour for use in a multi-colour LSC system.
Hence this chapter (part of which has been published in a modified form (Earp,
Smith

et

al.

2004))

focuses

on

the

optimisation

and

performance

characterisation of a green LSC for use in this system, but the theory can be
applied to all three colours and may be useful for general characterisation of
LSC’s. Dye residual attenuation can significantly affect the output of LSC sheets,
so a discussion of this issue is also warranted in this study of the optimisation of
the light output of an LSC. The luminous outputs of prototype LSC stacks are
given in chapter 12, using the optimised dye concentrations.
In an LSC, 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 sunlight very simply without requiring any tracking,
and their output is easily and efficiently coupled without additional optics. The
light delivery system is a simple continuation of the collector. High transport
efficiency of light within the collector is imperative, since to be useful much of
the fluorescent emission has to travel a considerable distance to the collection
edge.
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In order to model the performance of an LSC it is important to know a
number of key parameters. Much of the previous work on LSC’s has been for
concentrators for solar cells. 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 transporto, flux
gain (increase in photon flux incident on solar cell produced by using an LSC)
and electrical efficiency (electrical energy output divided by solar energy input)
(Batchelder, Zewail et al. 1979). These performance parameters can be
theoretically

modelled

using

conventional

mathematical

techniques

(Batchelder, Zewail et al. 1981), or Monte Carlo simulations (Wittwer,
Goetzberger et al. 1982; Carrascosa, Unamuno et al. 1983). 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 energy 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. 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. Theoretical modelling that takes account
of individual photon processes was presented in chapter 3. The efficiency and
transport parameters describing total visible spectral performance are discussed
in section 4.2.1.
If the light output of an LSC is to be successfully optimised it is important to
distinguish between dye-related losses and losses intrinsic to the structure and
composition of the matrix. In this chapter the emphasis is on characterisation of
dye-related loss processes and their effect on performance. Other losses
associated with production will be discussed in chapter 11. Because the
luminous output from an LSC depends fundamentally on the absorption and
emission spectra of the dye, finding the optimum dye concentration plays a
major part in the optimisation of the light output. The main impact of dye
concentration on loss is due to self-absorption loss. Self-absorption occurs when
the dye’s extinction and emission bands overlap (as shown in Figure 4.1 for the
green dye). Hence emitted photons may be subsequently re-absorbed, causing a
shift in the output spectrum and loss of output photons. Self-absorption is the
main component of the dye related extinction but the possibility of scattering
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Figure 4.1 - Absorption and emission spectra of green fluorescent dye at 6oppm

linked to the addition of the dye cannot be ignored. For example, clustering of
dye molecules may also induce weak scattering losses. Extinction bands can be
determined by measuring the specular transmittance, which is reduced by
absorption and any scattering.
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 effect on output spectra will be
small, but it does reduce the number of output photons. These matrix losses can
significantly limit the light output of an LSC (Thomas, Drake et al. 1983). 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 is from the very weak tails of the absorption
band, which vary slowly with wavelength. While these may be very small, the
modelled results in this chapter indicate that they cannot be neglected.
In an earlier paper (Swift, Smith et al. 1999) the potential practical output for
the collector was underestimated because the non dye-related losses had been
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.
The analysis presented in this chapter 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. In the previous work mentioned above,
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the optimum concentrations for green, violet and red dyes were calculated. Two
of the primary aims of this work are to re-calculate the optimum dye
concentrations with more accurate tails data, and to study a new pink dye not
previously optimised for this application. These optimal concentrations will
promote a high level of light output by minimising dye-related attenuation while
maintaining satisfactory absorption. Thereby the light collected from a stack of
coloured LSC’s can travel on average distances up to several metres, giving
effective natural room lighting in areas where natural sunlight is not readily
available (Earp, Smith et al. 2004).

4.2
4.2.1

Light Transport Performance
Assessing Sheet Quality for Lighting

Light transport performance in a LSC is governed by a number of parameters
including dye self-absorption, total internal reflection losses and matrix losses
(Batchelder, Zewail et al. 1979; Thomas, Drake et al. 1983). A simple output
performance parameter was devised to describe the overall light transport
performance of one sheet. This performance parameter is called the ‘half
length’, denoted by the symbol Ly2. Half-length is defined as the distance a
discrete light source must be moved along a sheet of a given length, to observe a
50% drop in intensity. The quality of an LSC for daylighting applications is
assessed via two key parameters: light-to-light efficiency and half-length. For
optimum performance each of these parameters should be maximised for a
given size collector. A useful parameter for characterisation of an LSC
daylighting system is the light-to-light efficiency r\u , defined as follows:

n„ = *so,wL 9

(4-1)

where 4>l (as defined in Eq. (3-5)) is the luminous power leaving the LSC at the
collection edge, Isoi is the solar luminous intensity (in lux) incident on the top
surface of the collector. Light-to-light 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 Eq’s
(3-1), (3-2) and (3-5) it is seen that Ol is proportional to the collector area wL,
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however it also depends on the collector length via the integral in Eq. (3-1),
resulting in a strong dependence of rju 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 half-length,
L1/2, which gives a useful guide to the light transport efficiency. Lv2 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 4.2.3.
4.2.2

Measurement of Ly2

Figure 4.2 shows the arrangement used to determine Ly2 experimentally. The
LSC is illuminated with a fluorescent lamp parallel to the collection edge at a
distance /. In an effort to ensure that any light leaving the bottom surface of the
collector does not re-enter the collector, it is placed on top of a clear polymethyl
methacrylate (PMMA) sheet, which in turn lies on top of a sheet of black
cardboard. Reflectance from the back edge is removed by placing black tape
nearby across the whole width of the top surface, as shown in the diagram. An
integrating sphere is used to measure the luminous output at the collection edge
when the LSC is illuminated at a range of / values from 0.1 m - 1.1 m. Thus
luminous output is plotted as a function of /, excluding the first and last 10cm of
the sheet. A baffle is used inside the integrating sphere to ensure that direct
emission is excluded from the measurement and the detector only picks up
scattered light. Output falls off as an approximately exponential function of /, so
the exponential slope S can be used directly to calculate Lv2, as described in the
following section.
4.2.3

Theoretical Calculation of Ly2

By simulating the half-length experiment described above from first principles
using absorption and emission data, we can model the behaviour of 5 and Lv2.
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These simulations help in defining Lv2 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 chapter 3,
which assumes the LSC is uniformly illuminated over the whole top surface. In
this case the length integral is unnecessary, as the LSC is now only illuminated
at a single line spanning the width of the collector. Therefore the emission
power spectrum at the collection edge can be simplified to the following form:
jcos-^
V sin

0

(4-2)
Thus the output lumens, Fi, at the collection edge of an LSC that is
illuminated at a plane of constant distance / from the collection edge is given by
simplifying Eq. (3-5),
O, = v \sx?Lj)va)ca

(4-3)

For modelling of the luminous output, <t>/ is now written approximately as an
exponential function of the linear light displacement, / (which is defined in
Figure 3.3 & Figure 4.2).
O, - * V*'’'

(4-4)

where <J>0 is the extrapolated sheet output at / = o, and d[I) 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
(approximately 1/8 of all emitted light in the half-length experiment of section
4.2.2). Thus using Eq’s (4-2) & (4-3), O/ (which is equivalent to the output
measured in the half-length experiment) is calculated as a function of /, and a

Black

Black cardboard

Clear PMMA

Luminescent Solar Concentrator Sheet

!
Detector

Figure 4.2 - Experimental setup for measurement of the half4ength of an LSC.
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modelled value of <5(l) is obtained from the slope of a plot of log (O/) vs. /. The
effects of / on <5are discussed in more detail in section 4.2.4 where it is seen that
S can be considered to be a constant over a specified range of / values. Finally
the loss coefficient 5 is standardised to a set range of / values, and used to
calculate the half-length parameter Ly2,
1

_ In 2
" S

(4-5)

The decay is not a simple exponential decay since many paths and
wavelengths contribute to output in Eq. (4-2) via integral sums over wavelength
dependent attenuation and the many path lengths defined by (6\ 0,1) at a given
/. 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. / data is needed. In brief,
Eq. (4-2) leads to S and Ly2 as a function of /. Hence if Lv2 is to be quoted as a
quality control measure then a fixed / range and precisely specified data
collection and analysis protocol must be applied.
In order to separate the dye-related and matrix-related attenuation of light
in an LSC, Lv2 can be broken down into two components to account for the
various processes. The matrix component, Lmy2, 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 Ldv2, accounts for losses due solely to the dye, including self
absorption and scattering from clustered dye molecules. From Eq’s (3-1), (4-2)
and (4-4) it is clear that they add inversely:
L

L'm'/i

L IV2

(4-6)

Although L1/2 itself is not directly substituted into the theoretical model, the
subdivision of Lv2 into dye-related and matrix-related components does enable
these losses to be addressed separately. Dye related losses vary with wavelength
and are described by the measured extinction coefficient a(A) in Eq. (4-2). The
matrix related loss coefficient am is assumed to be independent of wavelength
and is thus linked directly to Lmv2, which can be calculated using Eq. (4-5) with a
loss coefficient <5=

= ocm. Half-length data is not only useful for direct quality
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control but also to help refine the key parameter am (or 3m). Given the
sensitivity of output to small changes in a(A) (as discussed in section 3.2.3, and
to be addressed further in section 4.3 of this chapter), the ability to estimate am
from two distinct types of measurements is of considerable value.
4.2.4 Experimental and Theoretical Lv2 Results
The luminous output of a 1.20 metre-long green LSC was measured as a
function of linear displacement / over the range 0.1 m < / < 1.1 m. These
measurements are represented in Figure 4.3 by the triangle data points. Using
Eq’s (4-2) and (4-3) the same luminous output was also simulated as a function
of /, over the range 0.1 m < / < 2.0 m. The larger length range was used to
simulate light rays with longer path lengths within the 1.2 m long collector.
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 Lmv2 = 5 m
are represented by the solid curve in Figure 4.3.
One of the chief aims of the work presented in this study is to distinguish
between dye-related and non dye-related losses in LSC’s. This is made possible
by separating the two loss components in the model. 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 Lmv2 = 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 4.3.
For this investigation the magnitude of the luminous output is of little
interest - it is the slope 3 that is required for calculation of L%. The luminous
output has arbitrary units, as the integrating sphere measurement is propor
tional to lumens by an undetermined calibration factor. As the output is only an
approximately exponential function of /, the slope varies slightly 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
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Figure 4.3 - Luminous output as a function of length for a 1.2 m, 60 ppm green
LSC. Here a perfect non-scattering matrix is compared with a standard matrix
with a matrix half-length Lmv2 - 5 m, and the slope £is given in two separate
regions; 0.4 m < / < 0.9 m and 1.0 m < / < 2.0 m.

bench. Test collector lengths are fixed at 1.2 m. As in the data shown in
Figure 4.3, a reasonable “constant” fit to the slope S can be obtained on 1.2 m
long samples over the range 0.40 m < / < 0.90 m. A distance of about 30 cm is
required for light emitted in the main overlapping region between the
absorption and emission spectra to be fully self-absorbed. Hence transport
losses per unit length are thus high for l < 30 cm, and the data in this region
are excluded from the line of best fit. At the back end of the collector, the black
tape on the top surface may not be sufficient to absorb all reflectance from the
mirrored back edge. 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
- 1.1 m in the 1.2 m sample (represented by the last two triangle data points in
Figure 4.3) is also excluded from the line of best fit.
Linear slopes have been fitted to the output curves (R2 > 0.99), giving 5
values for two separate regions. Lv2 is then calculated by substitution into
Eq- (4"5) (see Table 4-1). The experimental curve in the region 0.40 m < / <0.90
m (with a slope of S - 0.58 nr1) corresponds to the approximately linear range
from the experimental measurements for a 1.2 m sheet, and shows good
correlation with the theoretical value of S= 0.59 nr1 in this region. In the region
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1.0 m < / < 2.0 m output was theoretically modelled to give an estimate of Ly2 for
photons reflected from the back edge mirror. The slope is smaller in this region
(S = 0.44 nr1) and the simulated Ly2 value is longer because light remaining
after these distances is confined to wavelengths of weak attenuation. Because of
this, Li/2 has not reached the expected asymptotic limit (which is the value of
Lmi/2), due to the effect of the weak absorption tails.

4.3

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 theoretical model described in
chapter 3. 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 et al. 1999) to an underestimation
of potential output since the measured half-length for / > 0.30 m was attributed

LSC Half-Length, Li/2

Collector

Simulation

Length Range

Experiment

(m)

LmV2 — 5 La

LmV2 — 5 m

LmV2 ~ 00

0.40 - 0.90

1.20

1.17

1.6l

1.00 - 2.00

-

1.58

2.48

Table 4-1 - Theoretical and experimental LSC half-length, Ly2 (in metres), for a
60 ppm green LSC with dimensions 1.20 m x 0.135 m x 0.002 m. Results are
shown for both a standard matrix (Lmv2 = 5 m) and a simulated perfect non
scattering matrix (Lm*/2 ~°°)
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entirely to matrix losses. It was assumed then that self-absorption losses
vanished for the region / > 0.3 m. In section 4.4 below 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 / > 0.3 m.
4.3.1

Dye-Related Losses

Light loss from an LSC can be attributed to both scattering and absorption. In
general, scattering arises from the matrix and absorption losses arise from the
dye, but dye addition may also induce scattering even if the dye appears to be
fully dispersed. The reader should keep in mind that the normal re-absorption/
re-emission 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. A substantial fraction of the light is not guided and leaves the
collector. 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 a(A) and emission s0(A) spectra (see
Figure 4.1). a(A) 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(A),

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 < X < 600 nm,
and most of the dye absorption is observed between 400 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 the slowly varying
absorption tails. Because this region overlaps with the emission peak of the dye
it has a large impact on the LSC output, so it must be investigated carefully.
41

Chapter 4

Maximising LSC Output

100.0%99.9% 99.8%99.7%99.6%-

Green Dye Transmission
Reference (no tails attenuation)

99.5%99.4%

Wavelength (nm)

Figure 4.4 - Transmission tails of Green LSC (dye only) 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% (shown as a reference).

Figure 4.4 shows the tails region of the green dye transmission spectrum in a
2 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. The attenuation of the dye in polymethyl methacrylate
(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. The spectra in Figure 4.4 are modelled in section 4.4
to compare the effect of small changes in tails attenuation to the overall
performance of the LSC. More accurate tails transmission measurements are
reported in Chapter 5, using another instrument.
4.3.2

Effect of Dye Residual Attenuation

Pure matrix losses can be measured from a clear matrix without the presence
of the dye. As well as these matrix losses there are weak, almost spectrally flat
losses due to the dye, which occur in the wavelength range of the sheet output
(Earp, Smith et al. 2004; Earp, Smith et al. 2004). This finite loss causes no
spectral shift but does impact significantly on final output intensity. It can be
observed directly but is difficult to measure accurately in a 2 mm-thick sheet, as
it is complicated by fluorescence.
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Violet 120 ppm

Green 60 ppm

Pink 50 ppm

p
(t = 2 mm)

L1/2 (m)

Lumens

L1/2 (m)

Lumens

L1/2 (m)

Lumens

0

2.78

109

1.50

1,829

3.19

915

5x10-4

i-5i

95

0.77

1,315

1.62

398

ixio-3

0.96

80

0.56

1,060

0.38

280

1.74

80

1.04

1,122

0.88

222

Measured
values

Table 4-2 - Effect of attenuation factor /3 on half-length and luminous output of 2
mm thick 120 ppm violet, 50 ppm pink and 60 ppm green sheets (without a light
extractor).

A simple wavelength independent parameter, /?, has been devised to describe
this residual attenuation loss. Let To = T0 be the dye transmittance with no
residual attenuation across the output spectrum. In practice the total
transmission is Td(/1) = T0(A) (1-/3). By comparing measured values of Lv2 and
output lumens to simulations using various values of p (see Table 4-2), p for
each dye is estimated to fall within the range

1x10-4

< p < ixio-3. Each of these

results were achieved by modelling the half-length with the tails region of the
absorption spectra modified so that the shape remained the same, but the
average value of p was either zero, 5x10-4 or ixio~3. Each colour dye has a
different wavelength range for residual attenuation, so these modifications were
made over the appropriate range for each dye. For the violet dye, the tails region
is A > 420 nm, for green A > 520 nm, for pink A > 600 nm, and 8oonm is the
maximum wavelength in each case.
From these results it is evident that the light transport performance of the
collectors are extremely sensitive to small changes in p. With p = ixio-3 the half
length of the pink dye is 12% of the value calculated for the same dye with p = o.
The green and violet dyes show smaller reductions, at approximately 35% of the
half-length with p- o. Likewise, p - ixio-3 produces luminous outputs ranging
from 30% to 73% of the output with p - o, depending on the dye colour. This
extreme sensitivity suggests that these fine details of the dye attenuation
spectrum play a major role in determining the light transport efficiency and
ultimately the light output of a LSC.
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£ 300* 2500

200-

Dye Concentration (ppm)

Figure 4.5 - Effect of residual dye attenuation factor /3 on concentration
dependence of output of pink dyed sheet

From Figure 4.5 it can be seen that p also has an effect on the optimum dye
concentration. When (1 is increased, the luminous output and optimum dye
concentration both decrease. Hence p is a dye-related constant, and it should be
minimised for the best possible light output.
4.3.3

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. Lm>/2 is also more
difficult to measure, as it is much longer than Lv2, 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. Preliminary measurements indicate that Lmv2 is between 5 and
10 metres. 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 4.6 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; 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 can be
reduced by careful material selection and manufacture, to minimise the extent
of chemical and physical impurities. As a good clear matrix material is also used
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* - Perfect matrix (no tails)
---- Perfect matrix (measured tails)
---- Standard matrix (no tails)
— Standard matrix (measured tails)

Dye Concentration (ppm)

Figure 4.6 - Theoretical half-length for a 1.2 m green LSC as a function of dye
concentration, for a perfect non-scattering matrix with no tails attenuation (----- ),
a perfect non-scattering matrix with measured tails attenuation (-------), a standard
matrix (Lmi/2 = 5 m) with 100% dye transmission in the tails region (-•-•-•-) and a
standard matrix with measured tails attenuation (-------------- ).

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.
These factors must be considered for comprehensive optimisation of an LSC
matrix.
The attenuation coefficient, am, of different clear matrices can be calculated
from transmission measurements with a laser over sample lengths of at least
1 m by
-In T
a<»

~ ~J~

’

(4-7)

where T is the transmission of a clear matrix of length l. Lmv2 can be calculated
for each matrix by substitution of 5= am into Eq.(4-5).

4.4

Optimisation of Collector properties

When designing an LSC system, dye concentration and collector dimensions are
important parameters for maximising the luminescent output. Studies have
shown that increasing the number of internal reflections in an LSC leads to a
higher number of luminescent excitations, resulting in increased luminescence
for a fixed dye concentration (Soti, Farkas et al. 1995; Earp, Smith et al. 2004).
In narrower LSC’s this effect will be greatest, although if dye concentration is
increased also, self absorption losses will increases (Heidler 1981). For very thin
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samples the luminescence will be too small to be useful for daylighting. Narrow
LSC’s are also preferable because narrower light guides are more flexible. Hence
a sample thickness of 2 mm has been chosen as a compromise between these
limiting conditions.
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 (see Figure 4.7). 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 Lv2 is acutely dependent on dye
concentration, as demonstrated by the much slower than expected approach to
the asymptotic values of Ly2 and y in Figure 4.6. The spectral region up to
around 550 nm causes the sharp fall off in y up to / = 0.40 m (see Figure 4.3).
This was expected, but the change beyond / = 0.40 m could not be explained
simply by matrix effects. Finding Ly2 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.
In Figure 4.7 the LSC output under a solar illuminance of 100 Klux is plotted
as a function of dye concentration for the measured and reference transmission
spectra shown in Figure 4.4, with two values of Lmy2 corresponding to a typical
— — Standard matrix (measured tails)
3000- ------ Perfect matrix (measured tails)
------ Standard matrix (no tails)
. - - - Perfect Matrix (no tails), - *
2500-

- 0.18
-0.16
-0.14 g

g 2000-

-0.12 c
0.10 3

-

3-

1500-0.08 3

1000- 0.04
100

120

140

Dye Concentration (ppm)

Figure 4.7 - Theoretical luminous output as a function of dye concentration for a
1.2 m green LSC- for a perfect non-scattering matrix with no tails (--------- ), a
perfect non-scattering matrix with measured tails attenuation (-------- ), a standard
matrix (Lmi/2 = 5 m) with 100% dye transmission in the tails region (-•-•-•-) and a
standard matrix with measured tails attenuation (----------------- ).

46

Chapter 4

Maximising LSC Output

matrix (Lmy2 = 5 m) and an ideal matrix with no scattering (Lmi/2 = 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 very sensitive to
the difference in tails transmission. With the measured tails transmission, the
optimum concentration is approximately 60 ppm, but when the tails
transmittance is set to 100%, output continues to increase with dye
concentration.

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 under direct
solar illumination of 100,000 lux. For the 60 ppm green LSC with the measured
tails attenuation and a standard matrix of Lm% = 5 m, the theoretical output of
1,140 lumens is in good agreement with the measured value of 1,122 lumens.
Figure 4.8 shows the theoretical luminous output of the green LSC as a
function of collector length, using the measured transmission spectrum shown
in Figure 4.4, 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 4.7, assuming the measured tails attenuation, the
optimal concentration for the green LSC is 60 ppm. 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, 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 1 m
it begins to level off with length as the dye loss becomes more and more
significant. Again it is clear that the ideal non-scattering matrix produces a
significantly higher light output than the typical matrix in samples with
LmV2

= 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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(a) Standard Matrix (L , = 5 m)

------ 30 ppm
---- 60 ppm
........100 ppm

O

800-

Collector Length (m)
(b) Perfect Matrix (L

------ 30 ppm
-----60 ppm
........100 ppm

1000-

•5

800-

Collector Length (m)

Figure 4.8 - Theoretical luminous output vs. collector length for a green LSC
with fluorescent dye at concentrations of 30 ppm, 60 ppm and too ppm in (a) a
standard matrix of half-length Lmi/2 = 5 rn and (b) a perfect non-scattering matrix

Collector parameters are studied further in Figure 4.9, where theoretical
luminous efficiency is plotted as a function of dye concentration and collector
length. No trapped light is included in these efficiency values - only endlight.
High light-to-light 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 4.9 (a) and (b) indicate that optimum dye concentration decreases with
collector length L.
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(a) Standard Matrix (Lm/=5 m)

------30 ppm
-----60 ppm
........ 100 ppm

Collector Length (m)

(b) Perfect Matrix (L

------ 30 ppm
----- 60 ppm
........100 ppm

0.12-

Collector Length (m)

Figure 4.9 - Theoretical light-to-light efficiency vs. collector length for a green
LSC with fluorescent dye at concentrations of 30 ppm, 60 ppm and too ppm in
(a) a standard matrix of half-length Lmv2 = 5 m and (b) a perfect non-scattering
matrix

4.5

Conclusions

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 without improvement in the matrix, extension of the collector length
beyond 1.2 m is of little value.
Three different coloured LSC’s such as pink, green and violet are required if
white light is desired for room illumination. Near-white light output of over
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1500 lumens is achievable for a small system around 1 metre long in carefully
manufactured sheets (Earp, Smith et al. 2004). 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 X > 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 light-to-light efficiency well above that for the individual
green LSC reported here.
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Absorption and Emission
M easurements
5.1

Introduction

The absorption and emission spectra of a fluorescent dye are two of the most
significant properties required for analysis of the performance of an LSC
daylighting system. However, there are some subtleties involved in aspects of
these measurements that are not obvious but which impact strongly on collector
performance.
In section 5.2, the absorption measurement process is outlined, including a
description of the two instruments used for the central and tails regions of the
absorption spectrum. The dye absorption was measured independent of the
matrix absorption, and this process is also described.
When measuring the emission spectra of the fluorescent dyes, care must be
taken with the sample alignment and selection of excitation wavelength to
ensure they have reasonable signal levels and accurate profiles. These issues are
also addressed in section 5.3.

5.2

Absorption

The majority of the absorption region of these fluorescent dyes can be easily
measured with a sample of thickness 2 mm, but the tails region has very low
absorption levels, so it is much more difficult to measure accurately. It was
shown in section 4.3.2 that small changes in the tails region can have significant
effects on the output of an LSC sheet, so the absorption tails must be measured
precisely to ensure the accuracy of any simulations.
As mentioned in chapter 3, the model requires the internal transmission of
the dye, without the effects of the clear matrix. The internal transmission of a
dye may be calculated by measuring the transmission of the dyed LSC and
comparing that with the transmission of the clear matrix. In these bulk samples,
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multiple reflections make a negligible contribution to the overall transmission,
so the first order term gives a good approximation of the total transmission. The
measured transmission of the dyed LSC, TLSc(A), and the clear matrix, TciewOU,
may be described by the following first order transmission terms.
TLSCU)=TDa)Tua)(\~Ry-

(5-1)

TaraM)=Tu(m-R)2

(5-2)

where TD(A) and TM(A) represent the internal transmission spectra of the dye
and the undyed polymer sheet respectively, and R is the reflectance of a single
air-PMMA interface. If multiple reflections are ignored, TD(A) can be
approximated by dividing TLSc(A) by TCiear(A).
TLSC
*Tr
Clear

(^)

- = r„(;i)

(5-3)

If multiple reflections were included, the equivalent equation would be
Z^=7cU) ('-yrr„q>
(5.4)
TctoM)
[_\-R2Tm(X)TM)\
For these samples R = 0.038, and TM(A) ~ 1.0, so at the peak absorption
wavelengths, the discrepancy is < 0.14%. However, in the sensitive absorption
tails region Td(A) ~ 1.0, so Eq. (5-4) becomes equivalent to the first order
approximation in Eq. (5-3). Hence the first order approximation of Td(A) from
Eq. (5-3) is used to calculate the attenuation coefficient, which varies
exponentially with sample thickness.
Td (A) = exp[-«(A)v],

(5"5)
where a(A) is the attenuation coefficient of the dye (with units nr1) at some
nominal concentration in a sample of thickness x (m). Thus a(A) is calculated
from Tn(A), which is fed into the model described in chapter 3. As the surface
reflectance has already been excluded from the calculation, the internal
absorption of the dye may be calculated directly from Td(A).
A(A) = \- Td(A),

(5-6)

As discussed in chapter 4, the luminous output of a LSC sheet is very
sensitive to the absorption tails, which overlap the emission tails. According to
Eq. (3-1), the intensity of the spectral emission varies exponentially with a(A).
Hence very small changes in the tails region can lead to large variations in
output, as demonstrated in section 4.2.3 . It is therefore crucial to have accurate
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and sensitive tails absorption measurements to ensure the simulated luminous
output is correct. Various methods of measuring the absorption tails were
trialled, and the most successful of these are described below.
5.2.1

Cary Spectrophotometer

5.2.1.1

Dye transmission

An attempt was made to measure Tlsc(/1) and Tciear(A)with a Cary 5E UV-VisNIR spectrophotometer for a green sample with dye concentration 60 ppm and
for its corresponding clear matrix (both of thickness 2 mm). This instrument is a
twin-beam instrument that compares a reference beam to a sample beam, giving
the transmission of the thin sample. Tlsc(A) is shown as a dashed line in Figure
5.1, Tciear(A) is shown as a dotted line, and Td(/l) is shown as a solid line. Tn(/l) is
seen to be slightly greater than 100% for some wavelengths, and when
substituted into Eq. (5-5) this will give negative values of absorption and
attenuation, which are non-physical. Therefore this method does not give
sufficient accuracy for use in the model. Higher concentrations, thicker samples
or a more sensitive instrument are required to accurately measure the dye tails
transmission.
5.2.1.2

Absolute reference

In the Cary instrument, the transmission of the sample is measured by
comparing the transmission of the sample to the transmission of the reference
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Figure 5.1 - Transmission of 60 ppm green fluorescent dye over 2 mm from two
reference measurements in Cary spectrophotometer.
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Figure 5.2 - 100% transmission signal of Cary spectrophotometer.

port, which is usually left blank. Thus any spectral variations in the system are
corrected for, and the relative transmission of the sample is measured. To test
the accuracy and repeatability of the Cary instrument, the transmission was
measured with no sample in either sample or reference ports. Thus as the two
light sources are identical, the transmission signal should be a flat 100%.
The 100% signal was measured twice, and the results are plotted in Figure
5.2. Both signals have average values within 0.05% of 100%, and vary from their
average value within a range of ±0.09%. Hence the mean of the two average
values is 100.00%, but for these measurements the signal variation is
comparable in size to the smallest desired tails absorption signal, so even small
errors in the measured signal are a major problem. Signal variations of 0.05% in
T(A) can lead to significant changes in LSC performance (see Table 3.2). Thus
accurate tails absorption measurements are crucial.
5.2.1.3

Diluting the dye in MMA

A significant part of the problem with measuring accurate tails absorption is
that the LSC samples used for the daylighting system are narrow, having a
thickness of x = 2 mm. Thus for the concentrations used here, the dye
absorption A(A) is very low in the tails region - so low in fact, that it is beyond
the accuracy limit of the Cary 5E UV-Vis-NIR spectrophotometer. Thus the Cary
tails transmission measurements from the 2 mm sample are not sufficient for
use in the model. More accurate measurements are required. The accuracy of
the Cary absorption measurements can be improved by increasing the dye
concentration or by increasing the sample thickness.
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A simple way to measure the absorption tails more accurately is to mix the
dye at various concentrations in a methyl methacrylate (MMA) solution in a
cuvette. This way, both the concentration and thickness can be increased to give
significantly higher absorption that can be measured more accurately. MMA is
the un-polymerised form of the material that is used for the clear matrix of these
samples, so the dye should have similar transmission properties in MMA as it
does in the solid matrix.
A master solution of green ‘Lumogen 083’ dye in MMA was prepared at a
concentration of 600 ppm. This was diluted with fresh MMA and its
transmission was measured inside a glass cuvette of top cross-sectional area
10 mm x 10 mm. Thus for all measurements the effective path length in the dyed
solution was 10 mm. A cuvette containing clear MMA was used as a reference
sample, so the transmission measured was purely that of the dye. However, it
was discovered that the transmission of the glass cuvettes varied somewhat,
while two quartz cuvettes were almost identical in the wavelength region of
interest (500-800 nm), as shown in Figure 5.3. This may be due to the fact that
quartz is a pure material that can be produced with repeatable optical
properties, whereas glass is a mixture of silicon and a number of other
materials. The glass cuvettes appear to contain impurities, or unequal amounts
of some elements that absorb or scatter in the wavelength region A < 500 nm.
As the model output is extremely sensitive to the tails transmission levels, these
small discrepancies can translate to unacceptable errors in model output.
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Figure 5.3 -Ratio of transmission spectra of pairs of glass and quartz cuvettes
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Measurement accuracy is imperative, so the pair of quartz cuvettes was used for
the experiment - one to hold the dyed MMA solution and the other to hold the
reference MMA solution.
The various solutions were prepared using fresh portions of the master
600 ppm solution, and the cuvette was washed out with MMA in between each
measurement. Many measurements were made using this method, and when
comparing the spectra, the absorption tails did not follow the expected trend
with dye concentration. Absorption should increase with increasing dye
concentration, yet in all series of measurements using this method, there was no
repeatable correlation between absorption tails level and dye concentration.
This was due to the fact that the washing process in between each measurement
was not thorough enough, as there was dye contaminating the cuvettes. In some
cases, the reference cuvette also showed signs of contamination, leading to
noticeable errors in the results.
To avoid these problems, a new method was devised, by which only one
portion of the master solution was taken, and it was repeatedly diluted between
each set of measurements. This ensured that each solution was at a lower
concentration

than

the

previous

one,

and that

there was

minimal

contamination.
The results of the second method are shown in Figure 5.4, scaled to an
equivalent sample thickness of 2 mm. The solid line at the top represents the
100% reference sample (undiluted MMA in both sample and reference ports),
100 1%-,
100.0%

99 9% 99.8%-i
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-------- 100%
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Figure 5.4 -Transmission of green fluorescent dye scaled to a 2 mm path length
at various concentrations in MMA as measured by diluting a master solution in a
quartz cuvette with the Cary spectrophotometer.
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which is good to 3 significant figures, with a standard deviation of 0.0046%. As
expected, the absorption increases with increasing dye concentration. However,
the shape varies slightly from one sample to another, with the higher
concentration samples showing non-uniform variation in the 700 - 800 nm
range. This variation in shape is a cause of concern.
When these transmission data are converted to attenuation coefficients a(A)
using Eq. (5-5) and exponentially scaled to an equivalent of 1 ppm, there is good
agreement below 500 nm, where absorption is strong (see Figure 5.5). However,
in the tails region (A > 500 nm), the different attenuation coefficients have
slightly different tails levels, which should not be the case. Once converted to a
nominal dye concentration, a(A) should be independent of dye concentration
and thickness, yielding identical values of a(A) for all measurements over the
entire wavelength range. The difference noted here may be due to unsatisfactory
cleaning of the cuvette between measurements. Initially a high concentration
solution was used, and the cuvette was rinsed with MMA before diluting the
sample and taking the next measurement. Nonetheless, the attenuation
becomes more significant as the sample is diluted, suggesting that the diluting
process is the cause of the discrepancy. The small uncertainties contributed by
the variation of the 100% signal, the difference between the quartz cuvettes, and
the presence of any contamination, are enough to cause these small but
significant variations in a(A) in the tails region.
Although the use of thicker samples enables the tails absorption to be
----- 3ppm
- - 6ppm
15ppm
----- 30ppm
-----60ppm

Wavelength (nm)

Figure 5.5 - Dye attenuation coefficient,
multiple concentrations in MMA
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measured more accurately than possible with the 2 mm samples, even in this
carefully controlled experiment, the tails absorption cannot be measured with
much repeatability. Even though the variation of a(A) is small, it corresponds to
a difference of around 1% in Td(aV for a 2 mm sample at 60 ppm. This leads to
unacceptable differences in luminous output when entered into the model.
Therefore, the method of measuring a(A) of the dye in an MMA solution with
the Cary spectrophotometer is still not sufficiently accurate for the model.
5.2.2

UTS High-Precision Spectrophotometer

5.2.2.1

New instrument & samples

As part of another research project in the Applied Physics laboratory at UTS, a
new spectrophotometer was constructed on an optical lab bench, for
transmittance and reflectance measurements at multiple angles of incidence.
Geoff McCredie, a technician from our department, constructed the instrument,
so it will henceforth be referred to as the McCredie Spectrometer. Based on a
design used by a lab in Sweden (Nostell et al., 1999), this spectrophotometer
(illustrated in Figure 5.6), consisted of a Thei'moOiiel light source, a
Cornerstone

V4 m monochromator, parabolic and planar mirrors, an

integrating sphere lined with a BaS05-based white paint. A Hamamatsu K1713Ol two-colour detector was used, with a broad spectral response range from UV
through IR, and the output of this was fed to a signal-processing unit. As the
integrating

sphere

enables

measurement

of the

direct-hemispherical

transmittance of the sample, this instrument is more sensitive to low signals
than the Cary, which measures direct-direct transmittance. Hence it is more
Signal Processor

Source

Detector
Sample

Planar
Mirror
Monochromator

Integrating
Sphere
Parabolic mirror

Figure 5.6 - Schematic of McCredie Spectrophotometer when set up for
transmission measurements
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8x2 mm
LSC Samples Glycerine

Bulldog Clips

Figure 5.7 - 16 mm samples for accurate tails transmission measurements with
the McCredie spectrometer

suitable for the precise absorption tails measurements needed for the LSC
model.
To further increase the accuracy of the measurements, the sample thickness
was increased from 2 mm to 16 mm by fastening 8 small solid samples of each
LSC together with “bulldog” clips. A layer of glycerine was used in between each
sample as a refractive index matching liquid, as illustrated in Figure 5.7. Four
such samples were made up - one for each of the dyes (pink, green and violet),
and one with the clear matrix material. Thus the transmission of the dye over
16 mm was calculated by referencing the transmission of the dyed samples to
that of the clear matrix.
5.2.2.1

Transmission of 16 mm samples

The transmission of each of the four thick samples is shown in Figure 5.8, and it
can be seen that the dye absorption peaks have saturated due to the long
absorption path length. Hence at these dye concentrations, these 16 mm
samples cannot be used for characterising the absorption peaks due to
saturation. However, the Cary absorption measurements from the 2 mm
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Figure 5.8 - Transmission of 16 mm samples (from the McCredie spectrometer)
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Figure 5.9 - Impact of fluorescence on dye transmission of 16 mm samples,
measured with Cary and McCredie spectrophotometers for three dyes; (a) green
60 ppm, (b) pink 50 ppm, (c) violet 120 ppm

samples are of sufficient accuracy in the absorption region, so the 16 mm
samples are only required for more accurate measurements in the tails region.
Td(A) was calculated for each dye by substituting the data from Figure 5.8

into Eq. (5-3), and the results are shown in Figure 5.9 (dot-dashed line),
compared with the equivalent measurements on the Cary instrument (dashed
line). No measurements were made below 360 nm with the McCredie
spectrometer, as these spectra are only required for the tails region.
The original transmission curve from the McCredie spectrometer is
noticeably higher than that of the Cary, due to fluorescence. The Cary is a directdirect transmission instrument, so it has a narrow acceptance slit through which
the transmitted light is collected. The McCredie instrument on the other hand,
has a broad light source and accepts light over the full forward hemisphere, so it
collects all light leaving the front surface. Some of the incident light from the
monochromator is absorbed and causes fluorescence, but this fluorescence
component is largely excluded from the Cary measurements due to the small
acceptance angle. Hence the transmission measurements of the same sample
differ due to the collection geometry of the two instruments.
At wavelengths where the dye absorption is negligible, the Cary and
McCredie measurements agree well, while the discrepancy is largest at the
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absorption peak. This confirms the intuitive notion that the fluorescence
component, Tfj(A), is strongly dependent on the absorption spectrum A(A). Tfj(A)
can be approximated with the following simple equation:
Tt(X) = Aa)[77,G(7, G(1 - Pr)],

(5-7)

where rjq is the quantum efficiency of the dye, f2is the solid angle of light leaving
the back surface, rjc is the collection efficiency, G is the optical gain and Pr is the
probability of reabsorption before escaping the sample. The green, pink and
violet dyes have quantum efficiencies of 0.91, 0.93 and 0.92 respectively, and
approximately 1/8 of the emitted light escapes from the back surface. Let us say
that on average, approximately 2/3 of the light entering the sample is absorbed
by a dye, so the collection efficiency is -2/3. For an almost direct path length of
the order of 16 mm in these samples, there is no optical gain (G = 1.0), and
reabsorption can be considered negligible (P, = 0.0). Thus the fluorescence
component can be expressed by multiplying the A(A) by a single factor, / (the
term in the square brackets of Eq. (5-7), which for these dyes is f ~ 7.7%.
Thus Eq. (5-7) maybe simplified by substitution into Eq. (5-6).
7>

(A) = fA(A) = f(\-ThjA))

(5-8)

The McCredie measurements of Td(A) are corrected by subtracting the
fluorescence component Tfi(A) from the measured curve. These corrected Tn(A)
curves are also plotted in Figure 5.9 as a solid line, and they agree well with the
Cary measurements in the absorption region. Hence this fluorescence correction
technique proves to be good as a first approximation. However, in the tails
region, the fluorescence is very low due to negligible absorption levels, so this
fluorescence correction makes an imperceptible difference to the tails
transmission. This fluorescence correction would be necessary if the McCredie
instrument were being used for measurements in the absorption region.
However, only the tails regions of these spectra are required, so the fluorescence
correction is unnecessary. To further improve the accuracy of the McCredie
measurements, the 100% signal and clear matrix transmission were re
measured before each dyed sample, so that any effects of signal drift could also
be corrected for.
Td(A) from the 16 mm samples was also measured on the Cary
spectrophotometer, but even with the thicker samples, a transmission tails level
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of 100.2% - 100.5% w^s measured at some wavelengths for the green dye.
Repeat measurements were all slightly greater than 100.0%, and a transmission
level of 100.2% is enough to discredit the whole data set. This level of error is
not acceptable in the tails region - further demonstrating that the Cary
instrument is not suitable for such precise measurements.
5.2.3

Combining the Two Transmission Data Sets

Each of the corrected 16 mm transmission curves from Figure 5.9 was scaled to
an equivalent thickness of 2 mm, to give the nominal transmission of a single 2
mm sample. The tails spectra for the green, pink and violet dyes are shown in
Figure 5.10. Dashed lines represent the best available Cary transmission
measurements of a 2 mm sample, while solid lines represent the equivalent
transmission of a 2 mm thickness from the McCredie measurements, calculated
from the transmission of the 16 mm samples. Although the Cary instrument
cannot give accurate absolute tails transmission levels, previous Cary
measurements indicate that there are no sharp features in the transmission tails
in the visible region. Hence to reduce data acquisition time, the McCredie data
was collected every 10 nm and interpolated to 1 nm intervals, and any linear
regions were fitted with appropriate linear functions. Thus the Cary data
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Figure 5.10 - Equivalent tails transmission of 2 mm LSC samples (from
McCredie and Cary Spectrometers)
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appears noisier than the McCredie data, but this is not necessarily the case.
There are clear discrepancies in the shape and magnitude of the two sets of
tails data, especially for the pink dye. Although the precision of the two
measurements may be similar, the McCredie instrument is more accurate than
the Cary for such small signal variations, as it measures direct-hemispherical
transmittance as opposed to direct-direct transmittance.
The two data sets were merged at appropriate cut-off wavelengths, using the
Cary data for the absorption region and the McCredie data for the tails region
(99%

<

Td(A)

< 100%) of each dye. The final dye transmission spectra are

plotted in Figure 5.11 for all three dyes, showing (a) the Cary measurements of
the absorption region, and (b) the magnified McCredie tails measurements from
99.85% to 100.00%. It is clear from the tails spectra that the violet dye has very
low

tails

absorption

(-0.015%),

which

is

constant

in

the

region

450 nm < X < 800 nm. The green dye has slightly higher tails absorption that
decreases gradually with wavelength from 0.02% to 0.01% over its tail region.
100% -

60% -

40% -

--------Pink 50 ppm
Green 60 ppm
--------Violet 120 ppm

Wavelength (nm)

------Pink 50 ppm
Green 60 ppm
----- Violet 120 ppm
600

Wavelength (nm)
Figure 5.11 - Transmission of 2 mm samples: (a) absorption region from Cary
spectrometer and (b) tails region from McCredie spectrometer
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The tails absorption of the pink dye is significant, ranging from 0.05% to 0.10%
over its tail region. Hence the pink sheet has the shortest half-length of the three
dyes - the large absorption tail causes significant self-absorption in the tails
region, as well as the absorption/emission peak overlap to be discussed in
section 5.3.2. The spectra shown in Figure 5.11 are used to calculate A(A) and
a(A) in all simulations, unless otherwise specified.
5.3
5.3.1

Emission
Excitation Wavelength

The emission spectra are the second essential

spectra required for

characterising the fluorescent dyes. The sample should be aligned carefully to
ensure maximum signal intensity, as the emission spectrometer may be
sensitive to small misalignments. Three samples were used for emission
measurements for this work - solid PMMA containing 50 ppm pink, 60 ppm
green, or 120 ppm violet. These samples have quantum efficiencies > 90%, and
at these dye concentrations the measured emission signal is large enough that
small sample misalignments do not affect the shape of the emission spectra.
However, when measuring the emission spectrum of a fluorescent dye, an
appropriate excitation wavelength must be selected to suit the dye’s emission
region. In the Perkin Elmer LS50 Luminescence Spectrometer fluorescent
spectrometer, radiation from a Xenon flash tube is focussed onto a
monochromator (with a variable slit width, here set to 5 nm), so that the sample
is illuminated with a narrow excitation beam with a peak wavelength Aexc• In
these experiments, the samples were illuminated within 2 mm of their emission
edge, so that any effects of self-absorption are negligible. The emission of the
sample is measured over the wavelength range Amin < A < Amox. If Aexc is inside
the range of measurements (Aexc > Amin), the excitation peak interferes with the
emission data. This is illustrated in Figure 5.12, where each emission spectrum
is normalised so that the main emission peaks are of the same magnitude. When
Aexc is close to one of the emission peaks (e.g Aexc = 520 nm or Aexc = 535 nm),

there are serious discrepancies in the shape of the emission curve. If Aexc is
inside the emission region but away from the emission peaks (e.g Aexc = 580
nm), an extraneous peak is observed in the emission data, corresponding to the
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Figure 5.12 - Relative emission intensity vs. excitation wavelength for a 60 ppm
green LSC sample

excitation wavelength. Therefore, a peak excitation wavelength should be
chosen outside the dye emission region, in a wavelength range where the dye
has reasonable absorption. Furthermore, diffraction from the monochromator
slit produces a small secondary excitation peak at A = 2Aexc. To avoid this
artefact, the maximum wavelength for measurements should therefore be
chosen such that 2Aexc > Amax

•

Table 5-1 shows the wavelength range and excitation wavelengths used in
the emission measurements for each of the fluorescent dyes used in the LSC
stack. The emission spectra are shown in Figure 5.13 for each of the dyes over
the range 300 nm < A < 800 nm, where the wavelengths outside the measured
range have been set to zero. At Amin the emission is below 1% of the peak height
for all samples. To obtain accurate data over the maximum possible range, the
excitation wavelength and limits could be set to Aexc = (Amax/2) + 5 nm, and
Amin — Aexc + 5 nm, allowing 5 nm for the width of the excitation beam. However,

the ranges quoted in Table 5-1 give ample coverage of the important emission
Dye

Amin (nm)

Amax (nm)

AeXC(nm)

Violet

320

650

310

Green

400

750

360

Pink

500

800

420

Table 5-1 - Emission wavelength measurement range and excitation wavelength X
for the violet, green and pink fluorescent Lumogen dyes used in this work.
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----- Pink
Green
• • • Violet

Wavelength (nm)

Figure 5.13 - Relative emission intensity for the violet, green and pink dyes

regions for these dyes.
5.3.2

Absorption & Emission Overlap

The absorption and emission spectra for each of the three dyes are overlaid in
Figure 5.14, and the various dyes show differing levels of absorption-emission
overlap. This overlap, which produces self-absorption losses, is most significant
in the pink dye and least significant in the violet dye. This explains to a large
extent the light transport performance of the three dyes, as discussed further in
chapter 11. The pink dye, with the largest absorption-emission overlap and the
strongest absorption tail, has the worst light transport efficiency of the three
dyes.
Furthermore, the spectral shift from self-absorption over a 1.2 m LSC sheet
is greatest for the pink LSC and least significant for the violet LSC. Each LSC
sheet was uniformly illuminated over the whole top surface with a white
fluorescent lamp, and the output emission was measured using a Perkin Elmer
LS50 Luminescence spectrometer. The measured spectra are shown in Figure
5.15, along with the dye emission spectra and the simulated LSC output
emission spectra. Solid lines represent the output emission calculated from the
LSC stack model described in chapter 3, dashed lines represent the measured
output emission of the LSC sheets, and the dot-dashed lines represent the
emission of the dyes. All spectra are normalised to a peak height of 1.0. Self
absorption shifts the violet emission peak 10 nm longer in wavelength, while
66

Chapter 5

Absorption and Emission Measurements

(b) Pink

(a) Green

500

600

500

Wavelength (nm)

600

Wavelength (nm)

(c) Violet
— Absorption
-----Emission

c 0.6-

cn 0 4-

Wavelength (nm)

Figure 5.14 - Overlap of emission and absorption spectra for (a) 60 ppm green,
(b) 50 ppm pink dyes, and (c) 120 ppm violet

larger peak shifts of 14 nm and 33 nm are observed for the green and pink LSC’s
respectively, due to the larger absorption tails.
In all cases, the majority of the output emission spectrum is well predicted by
the model. For the violet sheet in Figure 5.15 (c), the small extraneous peak at
approximately 550 nm comes from the fluorescent light source used to
illuminate the sample during the measurements, so it may be disregarded. The
discrepancy at the violet emission peak is not significant. Overall, the shapes of
the modelled output spectra are acceptably close to the measured output
spectra. This indicates that the McCredie absorption tails measurements are
accurate, and that the theoretical model effectively describes the self-absorption
spectral shift for these 1.2 m LSCs.
5.4

Conclusions

When measuring the absorption of an LSC sheet, it is important to distinguish
between absorption losses from the clear matrix and from the dye. The LSC
stack computer model from chapter 3 requires the absorption of the dye only independent of Fresnel reflection and matrix losses. A good approximation of a
dye’s absorption spectrum can be determined by dividing the transmission of a
dyed sample by the transmission of the clear (non-dyed) matrix.
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Figure 5.15 - Dye emission and LSC output emission for (a)6o ppm green,
(b) 50 ppm pink and (c) 120 ppm violet LSC sheets of length 1.2 m

While the Cary spectrophotometer accurately measures the absorption
region, it is not sensitive enough to measure the very small tails absorption
levels observed over 2 mm with these dyes, as it measures direct-direct
transmittance. Hence a new spectrophotometer incorporating an integrating
sphere was used for the tails region, which is capable of measuring directhemispherical transmittance. To further improve the sensitivity, thicker
samples were constructed with an optical path length of 16 mm. This
significantly improves the accuracy of the transmittance measurements, but the
source excites a small fluorescence component that is also emitted into the
integrating sphere. With a simple correction this component can be removed,
giving very close to the Cary measurements, although the correction is negligible
in the absorption tails region of interest. The accurate tails absorption
measurements are grafted onto the Cary absorption measurements, and these
hybrid spectra are used in the simulations throughout this thesis.
When measuring the emission of fluorescent dyes, the wavelength range and
the excitation wavelength must be chosen carefully to ensure the accuracy and
completeness of the emission data. Some simple conditions are described,
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which may be used to work out the best combination of excitation wavelength
and scan range for any fluorescent dye.
When the absorption and emission spectra of the dyes are overlaid, it is clear
that the pink dye has the most significant self-absorption overlap, while the
violet dye has the least self-absorption of the three dyes. This order concurs with
the observed half-lengths of the three LSC’s (to be presented in chapter 11).
Thus the peak wavelength of the pink dye is increased by 33 nm and this dye has
poorer light transport efficiency than the green and violet dyes.
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^3 Spectral Properties of Three-Layer
LSC
6.1 Introduction
The absorption and emission spectra for the pink, green and violet LSC’s were
given in the previous chapter. When the three sheets are combined in a vertical
stack, the energy spectrum incident on each LSC is different to the original solar
spectrum incident on the cover sheet. This difference is greater in some LSC
designs than in others. The details are discussed in this chapter, as well as the
effect of the UV-blocking cover sheet on the spectral properties of the threelayer LSC.
6.2 Incident Energy
The solar spectrum, S(/l), is modified by absorption, reflection and emission
inside the three-layer LSC stack, so that each LSC has different incident energy
spectra. A schematic breakdown of the distribution of energy is given in Figure
6.1. Each incident energy spectrum consists of three components - transmitted
energy directly from the sun, reflected energy from the white base reflector and
emitted energy from an adjacent LSC. The emitted energy from an adjacent LSC
is only useful if it falls within the absorption region of the present LSC. Hence
useful emitted components only exist for the green and pink dyes, as outlined
further on in this chapter.
6.2.1

Transmitted Component

The transmitted energy component is the fraction of the solar spectrum that
reaches the LSC after transmission from the sheets above it. A small fraction is
reflected by Fresnel reflection at each interface; at normal incidence R = 0.039
± 0.002 for nair = 1.0 and

upmam

= 1-495 ± 0.012. Measurements of the refractive

index of these samples show that it only varies by 0.2% over the visible region,
so the mean value of R = 0.039 is used for all calculations. The measured
transmission of the cover sheet, Tc(A), includes the Fresnel reflection at the top
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Figure 6.1 - Incident energy distribution for each LSC in three-layer stack

and bottom surfaces. However, as described in the previous chapter, the
simulations use the internal transmission of the LSC dyes- independent of
Fresnel reflection losses. Hence the dye transmission spectra T\{A), Tg(A) &
Tp(A) are used for the violet, green and pink dyes respectively. Thus the total
transmitted component of the incident solar energy, S(A), is calculated
separately for each LSC, based on the LSC stack layout shown in Figure 6.1.
Evr(A) = SU)Tc(A)(\-R)

(6-1)

EGT(A) = S(A)TC(A)TV(A)(\-Rf

(6-2)

E„.U) = SU)TCU)TV U)TC(W - Rf

(6-3)

Evt(A), EgtCA)

and EprCA.) represent the transmitted energy components for

the violet, green and pink LSC’s respectively. The higher order reflectance terms
do not contribute significantly to the luminous output of the sheet, so they have
been neglected here. The incident energy spectra are shown in Figure 6.2 along
with the air mass 1.5 solar spectrum. Each spectrum is lower than the solar
spectrum in various regions due to absorption in the sheets above. The violet
LSC at the top of the stack has very little energy in the region A < 350 nm, due to
the UV-blocker in the cover sheet. This issue is discussed in more detail later on
in section 6.3.1 of this chapter. If the absorption regions of the three dyes were
completely distinct, the only difference in the transmitted energy spectra would
be the 7.8% Fresnel reflection losses. However, the absorption regions of the
three dyes used here overlap somewhat (see Figure 4.16), so each LSC absorbs
71

Chapter 6

LSC Stack Spectral Properties

: 1.4-

c 1.0-

V 0.6E 0.4-

- Sun (A M. 1.5)
• - Transmitted Energy (Violet)
— Transmitted Energy (Green)
— Transmitted Energy (Pink)

0 . 2-

500

600

Wavelength (nm)

Figure 6.2 - Transmitted energy spectra for each LSC sheet in three-layer stack

some of the energy that would otherwise have been absorbed by the LSC
beneath it. Thus the transmitted incident energy decreases slightly from the top
to the bottom of the stack. Hence the vertical order of the LSC’s in the stack
should be chosen carefully, as it affects the colour balance of the overall output.
6.2.2 Reflected Component
Any of the incident energy that is transmitted through all three LSC’s reflects off
the bottom of each sheet and the diffuse white base with a reflectivity of
Rbase ~ 0.90. As the absorption regions are not saturated for these LSC’s (see
Figure 5.11), and the thickness of each LSC is only 2 mm, some of this reflected
component may reach one of the LSC’s within its absorption region. The
reflected component of the incident energy can be calculated from the diagram
in Figure 6.1.
EPP(A) = EPT(A)[R + Rhase{\ - R)~]

(6-4)

EC„U) = ECTU)[R +

(6-5)

RfT.U)-}

EmU) = E„(X)[R + Rbase(\- R)wTp(X)2TaU)2]

(6-6)

As these equations demonstrate, the reflected energy is significant for the
pink sheet, and smaller for the green sheet due to losses from the pink sheet.
However, transmission and reflection losses in the pink and green sheets reduce
the reflected component to a negligible level for the violet sheet. Thus the main
effect of the base reflector is to enable higher absorption in the pink sheet
without increasing self-absorption spectral losses.
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Emitted Component

In this three-layer LSC stack, the LSC’s are arranged such that the absorption
region increases in peak wavelength from the top to the bottom of the stack.
Thus the middle (green) and bottom (pink) LSC’s have the additional benefit of
the emitted energy from the adjacent LSC above them. These emission terms
consist of the emitted energy from the adjacent LSC reduced by Fresnel
reflection at two interfaces. Furthermore, the pink LSC also has the benefit of a
small emission component from the violet sheet. The green LSC absorbs a large
part of this emission, however a small fraction will be transmitted and will reach
the pink LSC, slightly boosting the output;
EccU) = evU)(\-Rf

(6-7)

EpeU) = ea axi -R)2+ev U)Tc U)(l - tf)4

(6-8)

Ev(A-) and eG(A,) are the output emission spectra from the bottom surfaces of
the violet and green LSC sheets respectively, from the simulation described in
chapter 3. As the path length of this emission is <2 mm, the self-absorption
spectral shift is almost non-existent for these spectra, and they are almost
identical to the dye emission spectra. The dye emission is isotropic, so emission
from the green LSC enters the violet LSC, but it falls outside the absorption
region of the violet dye. Hence it makes no difference to the energy absorbed by
the violet LSC, so it is disregarded in this analysis. Similarly the emission from
the pink dye entering the green and violet LSC’s is also disregarded, as it does
not fall within the absorption regions of either dye.
6.2.4

Total Incident Energy

The total incident energy E(A) is calculated by summing the various incident
energy7 components for each LSC. For the violet LSC, E(A) consists only of
transmitted and reflected components, whereas E(A) for the pink and green
LSC’s consist of transmitted, reflected and emitted components.
Ey (A) - EyjiA) + Evr (A)

(6-9)

Eq (A) - Egt(A)+ Egr(A) + Ege(A)

(6-10)

EP(A) = EPT(A) + Epr• (A) + Epe(A)

(6-11)
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Each of the incident energy components are plotted in Figure 6.3 for the
violet, green and pink LSC’s in the three-layer stack. The reflected and emitted
components are most significant for the pink LSC on the bottom of the stack,
due to the adjacent base reflector and emission from the green LSC respectively.
The incident energy for the green LSC is also boosted by the violet emission,
albeit to a much smaller extent.
However, this additional energy will only boost the luminous output of the
system if it falls within the absorption region of the LSC. The total incident
energy for each LSC is plotted in Figure 6.4 as a solid line, overlaid with the
absorption of the relevant LSC as a dashed line and the Air Mass 1.5 solar
spectrum as a dotted line. Although the same scale is used for the incident
energy and absorption spectra, the units are different in each case; the energy is
given in W.m^.nm1 while an absorption value of 1.0 represents zero
transmission and complete absorption. In all cases the base reflector boosts the
energy above the solar spectrum in the region A > 560 nm, as the dyes have
negligible absorption in this region. However, as this energy is not absorbed, it
is of little use for daylighting applications of these LSC’s.
(b) Green

(a) Violet
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Figure 6.3 - Incident energy components for the various LSC’s in a three-layer
LSC stack; (a) violet, fb) green and (c) pink
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Figure 6.4 - Total incident energy spectra for the various LSC’s in a three-layer
LSC stack; (a) violet, (b) green and (c) pink

For the green LSC in Figure 6.4(b) and the pink LSC in Figure 6.4(c), the
emission of the adjacent LSC is also shown as a dot-dashed line. The violet
emission overlaps well with the absorption region of the green LSC and boosts
the green incident energy slightly above the solar spectrum in a narrow region
from 400 < A < 445 nm. Moreover, the green emission component has a
considerable overlap with the absorption of the pink LSC, so it will boost the
output of the pink LSC. The emission from the violet LSC (400 nm < X < 450 m)
is much smaller, and not so well matched with the pink absorption region.
Therefore the violet LSC makes a much less significant difference to the total
output of the pink LSC than the green LSC does. The green emission peak
significantly enhances the pink incident energy so that it is well above the solar
spectrum for the entire region X > 488 nm. Thus the output of the pink LSC is
somewhat higher than if it were placed directly under solar illumination.
6.3 Absorbed Energy
To calculate the absorbed energy for a particular LSC in the stack, its total
incident energy spectrum E(A) is multiplied by the absorption of the dye.
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EajA) = E{A)[\-TU)}

(6-12)

Eabs(yi) is plotted in Figure 6.5 for each LSC, along with the air mass 1.5 solar
spectrum for comparison. The absorbed energy is greatest for the pink LSC and
smallest for the violet LSC, despite the fact that almost the opposite trend is
observed with the magnitude of the absorption peaks (see Figure 5.11(a)). This is
because the pink LSC is closest to the base reflector, and the green emission
significantly boosts its absorbed energy, while the cover sheet limits the
absorbed energy for the violet LSC. For the pink and green LSCs the peak region
of Eabs(^) is close to the A.M. 1.5 solar spectrum, so most of the incident solar
energy within their absorption regions is absorbed. However, the absorbed
energy is relatively low for the violet LSC. The reasons for this are discussed
further in the following section.
Furthermore, the total absorbed energy, shown by the solid line, also closely
follows

the

solar

spectrum

for

the

bulk

of

the

visible

region

(350nm < A < 600 nm), apart from a small window in the range
480 nm < A. < 510 nm. Hence this arrangement of LSCs in the three-layer stack
is a rather efficient way to collect solar energy. In the past, the ‘window’ of
deficient wavelengths in the absorption spectrum has been bridged by doping
the red LSC with a yellow dye that absorbs within this region. The emission of
the yellow dye corresponds to the red absorption region, causing a boost in red
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output. However, the pink dye used here gives more lumens - even without the
yellow dye - because its emission region is closer to the eye’s peak response.
6.3.1

UV-Blocking Cover Sheet

In a three-laver LSC stack, a UV-blocking cover sheet is necessary for blocking
out UV radiation that shortens the lifetime of some of the fluorescent dyes
(especially the violet dye), and for protecting the collector sheets from physical
damage. Blocking out UV light is very important for the quality of the light
output, as UV light affects the stability of the dyes (Batchelder, Zewail et al.
1981; Mansour 1998). Dye stability is one of the critical technical barriers to the
practical utilisation of the LSC (Batchelder, Zewail et al. 1981). In this
daylighting application of LSC’s, if some dyes degrade faster than others, the
output colour will gradually change with time. The violet dye is more sensitive
to UV light than the green and pink LSC’s, as its absorption and emission
spectra are closer to the UV region. However, this creates a problem, as the
cover sheet absorbs some of the light within the absorption region of the violet
LSC.
The absorption spectra for the cover sheet and the violet LSC are shown in
Figure 6.6, and the two spectra overlap quite significantly. The specific UVblocker used here was designed to absorb all radiation below 350 nm, and to
transmit in the region from 360 - 400 nm. This cuts out a considerable amount
of the absorption region of the violet dye, which extends from 320 - 420 nm.
Figure 6.7 illustrates the effect of the cover sheet on the absorbed energy of
each LSC in the three-layer stack. A solid line represents the total absorbed
energy of the LSC in the stack under solar illumination without a cover sheet,
and the dashed line represents the absorbed energy with a cover sheet on top of
1.0—

----- Violet LSC
------Cover Sheet

■5. 0.6< 0.4-

300

320

340

360

380

400

420

440

460

480

500

Wavelength (nm)

Figure 6.6 - Absorption overlap of violet LSC and UV-blocking cover sheet
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the three-layer stack. For the green and pink LSCs, the cover sheet does not
significantly affect the absorbed energy spectrum. However, the violet absorbed
energy is severely truncated below 350 nm, changing the shape of the spectrum
considerably.
The total absorbed energy for each LSC is given in Table 6-1, calculated by
integrating under each curve from Figure 6.7. The absorbed energy for the pink
and green LSCs only decreases by 9% when the cover sheet is used, and this can
be mostly attributed to Fresnel reflection at the top and bottom surfaces of the
cover sheet. However, the absorbed energy for the violet sheet is 33% lower if a
cover sheet is used. Around 8% of this can be attributed to Fresnel surface
losses, but the remaining 25% reduction is caused by the overlap of the
absorption spectra of the cover sheet and the violet LSC, as shown in Figure 6.6.
If the UV-blocker were omitted from the cover sheet, the dye lifetimes are as
follows: violet dye - 6 months, green dye - 2-3 yrs, and the pink dye > 10 yrs
(Franklin 2004). However, the presence of any residual monomer in the matrix
would cause all three dyes to degrade whether a UV-blocker was used or not. If
there is a low level of residual monomer, the UV-blocker extends the dye
lifetimes so the violet dye lasts > 10 years, the green dye >15 years, and the pink
dye indefinitely. Using a UV-blocker with a lower maximum wavelength would
decrease the severity of the overlap with the violet dye absorption, but it could
also potentially reduce the dye lifetimes, so it is not advisable. The UV-blocker
cannot be omitted, so the absorption overlap and the ensuing reduction in
absorbed energy for the violet LSC are unavoidable. A higher wavelength blue
dye would be more appropriate, as it would have a smaller overlap with the UV-

LSC

Violet

Green

Pink

Cover

Absorbed Energy Reduction From

Sheet

(W.nr2)

No Cover

44-3

Cover

29-5

No Cover

108.8

Cover

98.8

No Cover

124.0

Cover

113.1

Cover Sheet
33%

9%

9%

Table 6-1 - Absorbed energy calculated for violet, green and pink LSCs in a threelayer stack, with and without a UV-blocking cover sheet
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(c) Pink
------- No Cover
------ With Cover

Wavelength (nm)

Figure 6.7 - Total absorbed energy with and without the cover sheet for the
various LSCs (a) violet, (b) green and (c) pink

blocker. However, to date there is no such blue dye available with high enough
quantum efficiency to be worth considering for this application.
Hence in this system, the aging of the violet dye is the limiting factor. Either
a greenish-white output colour must be accepted or the pink and green lumens
must he reduced to give a good white with reduced intensity. Consequently if
this combination of violet, green and pink LSCs are to be used for a three-layer
LSC daylighting system, these limitations must be accepted.
6.4 Conclusions
When a three-layer LSC stack is constructed from pink, green and violet LSCs
placed successively on top of a white reflective base, the incident energy spectra
are unique for each LSC. Some emission from the low-wavelength dyes enters
the higher-wavelength LSC’s, and boosts their absorbed energy. This effect is
most significant for the pink LSC, as the emission from the green LSC is
substantial and falls directly within the pink dye’s absorption region. Some
emission from the violet sheet also enters the green LSC, making a small
contribution to the absorbed energy. Furthermore, some energy is reflected
from the diffuse white base, increasing the absorbed energy for each LSC to
various degrees. The main benefit of the base reflector is that it allows higher
absorption in the pink sheet without increasing self-absorption spectral losses,
thereby increasing the sheet’s half-length. The net result is that the pink LSC at
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the bottom of the stack receives more energy than it would if it were placed on
its own under direct solar illumination. The green LSC receives a comparable
amount of energy to the solar spectrum, despite reflection and absorption losses
from the violet LSC and cover sheet above it.
However, the UV blocking dye in the cover sheet blocks approximately 25%
of the light in the absorption region of the violet LSC, reducing its absorbed
energy considerably. Although the emission region of the violet dye is well
placed to provide a good output colour in this three-colour LSC daylighting
system, it is far from ideal as a blue light source due to the inherent problems
with the UV-blocker. An alternative blue light source is discussed in chapter 13.
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Extraction of Trapped Light
7.1 Introduction
The extraction of trapped light is a subtle, yet critical aspect of the LSC
daylighting system design. In a rectangular LSC sheet, a large portion of the
available light is totally internally reflected at all surfaces, including the end of
the light guide. This component is called “trapped” light, and it is also observed
when collecting fluorescent radiation in waveguides (Ratner, 1994) and
scintillation detectors (Smith, 1971}. By installing a light extractor, a large
fraction of trapped light can be made to escape, significantly improving the light
output. A well-designed light extractor is crucial for maximising the light output
of a LSC system.
For a full analysis of a LSC sheet for daylighting, one must determine the
fraction of the light at the end of the sheet that is trapped and the fraction that
will pass through the end surface. Different coloured dyes have different
attenuation spectra, so the amount of trapped light reaching the end of the sheet
varies with wavelength and must be calculated separately for each dye. Once the
distribution of light at the end of the sheet is known, the efficiency of a certain
light extractor can be calculated for that particular LSC. The remainder of this
chapter describes the process by which light extractors release trapped light,
and discusses the performance of realistic light extractors on LSC sheets.
7.1.1 Trapped Light vs. Endlight
Firstly, it is important to make distinctions between the different categories of
light within the light guide. Consider a rectangular block of transparent polymer
such as polymethyl methacrylate (PMMA), with perfectly parallel sides as
shown in Figure 7.1. Light is emitted isotropically from within the block, so that
a small fraction (referred to as ‘endlight’) will escape at the end surfaces of the
block. A larger fraction (referred to as ‘side loss’) will escape through critical
angle loss cones at the top, bottom and sides of the block. The remainder of the
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(a) Endlight

(b) Trapped Light

Figure 7.1 - (a) Endlight can pass through an end surface and (b) trapped light is
totally internally reflected at all surfaces

light is referred to as ‘trapped light'. It does not escape at any of the surfaces,
and therefore remains trapped within the block.
Now let us consider the case of a flat PMMA sheet containing a coloured
luminescent dye, as shown in Figure 7.2. The dye molecules are approximately
flat, and preferentially emit light orthogonal to the axis of molecule. However,
the molecules are randomly orientated inside the PMMA sheet during the
production process, so the emission throughout each sheet is isotropic.
Furthermore, the direction of emitted radiation is completely independent of
the direction of incoming radiation.
The fluorescent emission can be divided up into endlight and trapped light
using the following principles. Most light striking one of the LSC surfaces below
the critical angle, /, falls within a ‘loss cone’, and will escape through the given
surface. This may be one of the ends, the top, bottom or sides of the sheet. Any
light that is not within one of these loss cones does not escape, and is referred to
as ‘trapped light’. For ease of reference, the loss cones for the different surfaces
have been numbered 1-6 in Figure 7.2. Loss cones 5 and 6 have been omitted for
clarity.

Approximately 10% of each loss cone will be reflected by Fresnel

reflection at the surface, and the remaining 90% will exit the sheet upon striking
the given surface.
Each loss cone requires individual consideration, as some will contribute to
light output more easily than others. The treatment of each loss cone is given
below according to the numbers shown in Figure 7.2.
1.

Loss cone 1 is any light within the critical angle with respect

to the front end surface, and is called ‘endlight’. This may be either light
originally emitted in this region, or light from any loss cone that is either
reflected from the end mirror or re-emitted and subsequently joins loss cone 1.
Endlight makes the most significant contribution to the light output of the
system. All further references to ‘endlight’ in the text refer to light within loss
cone 1.
82

Trapped Light

Chapter 7

Transmitted through top
surface of LSC sheet

Dye
particle
Transmitted
through
end
surface
(unless
mirror is
used)

Endlight

Transmitted through bottom
surface of LSC sheet

Dye molecule

Light Guide

Dyed LSC sheet

Figure 7.2 - Distribution of emitted light from a dye molecule within a LSC sheet
(loss cones 5 and 6 have been omitted for clarity)

2.

Loss cone 2 is any light emitted within the critical angle with

respect to the back end surface. This light would normally pass through the
back end of the LSC sheet. However, in this system a mirror has been fixed to
the back end so that approximately 90% of loss cone 2 is reflected back into the
sheet. This light undergoes total internal reflection at the other surfaces and
makes its way towards the light guide. If it travels the whole length of the sheet
without being re-absorbed, it will enter the light guide and effectively join loss
cone 1 (endlight). If it is re-absorbed it will undergo a second emission in a new
random direction and the whole process begins again.
3.

Loss cone 3 consists of light within the critical angle with

respect to the top surface of the sheet. 90% of this light is transmitted
through the top surface and does not contribute to the light output of the sheet,
unless there is another LSC sheet above with an absorption region closely
matched to the bottom sheet’s emission region. This is not the case for the
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sheets in the system analysed here, so the transmitted portion of loss cone 3 is
effectively lost.
4.

Loss cone 4 is any light within the critical angle with respect

to the bottom surface. This loss cone has a higher possibility of recovery
than loss cone 3, for several reasons. Firstly, the sheets analysed here are
arranged in a stack so that the dye absorption wavelength increases from top to
bottom. Because of Stokes’ shift, the emission wavelength of each dye roughly
overlaps with the absorption region of the dye in the sheet below it. Thus light
that exits through loss cone 4 may be re-absorbed and re-emitted by the sheet
below it, increasing the possibility of some of this light being re-directed into
loss cone 1. Secondly, the white reflector at the base of the stack reflects most of
loss cone 4 back into the stack, further increasing the likelihood of redirection
into loss cone 1.
5.

Loss cone 5 is any light emitted within the critical angle with

respect to the right hand side surface. Similarly to loss cone 4, most light
escaping through the right hand side surface is reflected back into the stack by a
nearby white reflector. This light may also be re-absorbed and re-emitted,
improving the likelihood of it ending up in loss cone 1.
6.

Loss cone 6 is identical to loss cone 5, but on the left hand

side of the sheet. Light from loss cone 6 is also reflected from a white
reflector, and may be re-absorbed and re-emitted, similarly to loss cone 5.
7.

Any light not within any of the 6 loss cones is defined as

‘trapped light’. Trapped light is totally internally reflected at all surfaces of
the sheet and the light guide. It will not escape unless the geometry of the
system is modified, by roughening a surface or installing a suitable light
extractor on the end of the light guide. Almost a quarter of the light emitted
from the dyes falls within this category.
7.1.2 Fresnel Reflection Coefficient
As previously mentioned, approximately 10% of the endlight is trapped by
Fresnel reflection at the end surface. The exact fraction can be calculated using
Fresnel’s equations and Snell’s law of refraction. From Snell’s law, the critical
angle of an interface between two media with refractive indices m and n2 is
calculated as follows:
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(
X =

sm

A

v/z2 y

(7-1)

For the air-PMMA interface (ni = 1.000, n2 = 1.495), the critical angle is
x = 41.98°.
All endlight is by definition in region (a), and the reflection coefficient for
this light varies with # and polarisation, according to Fresnel’s reflection
equations,
W) =

fto cos#, — ti! cos#,

(7-2)

u2 cos#, +«, cos#,
^ /z, cos #, — n 2 cos #, V

*!«?/) =

vn2 cos#, + w, cos#,

(7-3)

where the subscripts 11 and _L denote parallel and perpendicular polarised light
respectively. As the dye emits randomly and isotropically, it can be assumed
that the endlight is distributed evenly between both polarisations, so an average
reflectance coefficient can be used.
/?ll(#,)+y?1(#/)
2

(7-4)

The reflectance coefficients are shown in Figure 7.3 for an interface between
PMMA and air (m = 1.000, n2 = 1.495). From the average reflectance coefficient

Polarisation:
---- -- Parallel
----- Perpendicular
------ Average

Figure 7.3 - Fresnel reflectance coefficients for an interface between PMMA
1.495 ) and air (/i, = 1.000)

(n2 =
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function Rave(&i), one can calculate the weighted mean reflectance over the
whole critical angle cone, by weighting over the whole range of solid angles
within the cone (o < #< x).
2/r[ Rave(Oi)sinOidOi
R =

2K J* sin 0id6i

(7-5)

Performing this integration with the refractive indices of air and PMMA
quoted above yields a weighted mean reflectance coefficient of R = 9.74%.
Although R is fixed at approximately 4% in the region 6i < 300, it increases
rapidly in the last 120 before the critical angle (which makes up a large solid
angle), bringing the weighted mean up to R ~ 10%. Thus assuming the endlight
is evenly distributed over the critical angle loss cone, approximately 10% of the
endlight is reflected at the end surface of the LSC.
7.1.3 Trapped Light-Endlight Ratio
When light is emitted from the dye molecule it has an isotropic distribution, so
the fractions within various regions can be calculated numerically. Using
standard spherical co-ordinates, the solid angle within a single loss cone is
calculated as follows.
x
£2/( = J Jsin (fxl6d(f) = 2/r(l-cos%)
0 0

(7-6)

For PMMA with refractive index n2 = 1.495, X = 42° an^ &k = 1.61 sr. The
solid angle of trapped light that does not escape at any of the loss cones is found
by subtracting the solid angle of 6 loss cones from the full sphere of 4/rsr.
Qr = 4/r-6Q/r =2.89 sr

(7-7)

Now the endlight reaching the end of the light guide includes light from loss
cone 1 and loss cone 2 (as defined in Figure 7.2). Thus the total solid angle of
endlight that would reach the light guide with no dye attenuation and a perfect
mirror is:
Qe

=

2Qlc

=

3.22 sr

(7.8)

Thus the analytical ratio of trapped light to endlight at the point of emission,
F0, can be calculated by comparing these solid angles.
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O
9 SO
F = — = —— = 0.897
(7-9)
" aC
3.22
Hence if there were no dye attenuation, there would be almost equal
amounts of trapped light and endlight available for extraction.
7.2 Effect of Dye Attenuation on Trapped Light
In the previous section, the calculations were purely geometrical, based on the
angles at which rays are emitted from dye molecules. Dye attenuation must also
be taken into account to determine the overall efficiency of a three-colour stack
with a light extractor. As preciously suggested, trapped light emitted at high
angles must travel further than endlight before reaching the end of the light
guide. Thus trapped light is more likely to be re-absorbed and not actually make
it to the light guide. This is a significant result as it means that for a coloured
LSC, light rays of some wavelengths are more likely than others to reach the
light guide, depending on the dye attenuation spectrum. Consequently, the ratio
of trapped light to endlight will also vary with wavelength, and this variation
must he studied separately for each dye.
7.2.1

Simulation of Trapped Light-Endlight Ratio

The ratio of trapped light to endlight - and its variation with wavelength directly affects the extraction efficiency of a light extractor and is therefore
important when calculating its efficiency. Extracting trapped light is the main
objective of installing a light extractor - it does not increase the endlight output
by much. Even though a light extractor may have good extraction efficiency for
trapped light, if there is only a small amount of trapped light at a particular
wavelength reaching the light extractor, the effect will be small at that
wavelength.
Because the dye emission is isotropic and its direction is independent of
wavelength, F0 is fixed with wavelength at the point of emission. However,
different dyes have different attenuation spectra, where some wavelengths are
more attenuated than others. Also, light emitted at high angles (trapped light)
undergoes more reflections in the sheet and travels further before reaching the
collection edge and entering the light guide. Consequently trapped light is more
significantly attenuated than endlight by the time it reaches the light guide.
Hence the ratio of attenuated trapped light to attenuated endlight at the end of
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the light guide, Fat, is less than the initial ratio for non-attenuated light, F0. The
extent of this reduction varies with wavelength, according to a particular dye’s
attenuation spectrum, and depends on the size of the LSC sheet.
Although the attenuation per metre is very low for the clear light guides,
trapped light has a longer path length than endlight, so the light guide also
attenuates trapped light more than it does endlight. A thorough analysis would
include this light guide attenuation. However, in this study a perfect light guide
is assumed, so the ratio of trapped light to endlight at the collection edge is
considered to be identical to that at the end of the light guide.
In order to correctly calculate the overall efficiency taking dye attenuation
into account, Fal(/1) must be calculated for each dyed sheet at all visible
wavelengths. This can be achieved with a Monte Carlo computer simulation, as
outlined below.
A photon is emitted with random direction from a dye molecule inside a LSC
sheet of length L, at a distance / from the back end mirror, as shown in Figure
7.4. The angle 6y with respect to the y-axis is calculated. These parameters can
be used to calculate the total path length of the ray when it strikes the collection
edge and joins the light guide. To make sure that only light that actually reaches
the end surface is included, any rays in loss cones 3-6 are discarded. All
remaining rays are subdivided into one of four categories:
1. Endlight (61, < %)
a. (y > o); Emitted towards collection edge (loss cone 1)
b. (y < o); Emitted towards mirror (loss cone 2)
2. Trapped light (#, > %)
a. (y > o); Emitted towards collection edge
b. (y < o); Emitted towards mirror
The average contribution of a ray of wavelength A at the collection edge is a
function of the angle at which it is emitted (indirectly via the path length), and
the attenuation of the given dye at that wavelength, a(A). If a ray was emitted
towards the collection edge, its path length before reaching the collection edge
is:
L~ly
cos#v
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Figure 7.4 - LSC sheet geometry for trapped light simuation

Here the subscript ‘d’ denotes light that was emitted ‘directly’ towards the
collection edge - i.e. with a positive y-direction. However, half the endlight has
a negative y-direction, and initially travels towards the mirror. A subscript ‘r’ is
used to denote that this light only reaches the collection edge after reflecting
from the mirror. The path length of these rays at the collection edge is:
k±L

(7-11)

cos <9

If a ray of unit intensity is emitted towards the collection edge in an LSC of
length L, its intensity at the collection edge is:
ldea.L) = e -(a( A)+a

,„)/,,

(7-12)

I lAA,L) = e~iaU)+a"’)l,t

(7-13)

where am is the matrix attenuation coefficient and the subscripts ‘de’ and ldf
represent ‘direct endlight’ and ‘direct trapped light’ respectively (i.e. direct light
is emitted towards the collection edge). Although these equations are the same,
the trapped light has a longer path length than endlight due to the larger 6y
angles involved. Therefore trapped light is more likely than endlight to be
attenuated by the dye before reaching the end. If the ray is emitted towards the
back surface mirror, its intensity at the collection edge is further reduced - both
by the increased path length and (for endlight) by the reflectivity of the mirror.
I,e (^- D - Rme~{aU)+am )lr

(7-14)

IriaL) = Rme-'aUHa"^,

(7-15)

where Rm represents the reflectivity of the mirror (usually around 0.90) and the
subscripts ‘re’ and ‘rf’ represent ‘reflected endlight’ and ‘reflected trapped light’
respectively (i.e. reflected from the mirror before heading towards the collection
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edge). Hence most of the trapped light and endlight reflects from the mirror and
makes its way to the light guide by total internal reflection.
The simulation process is outlined in Figure 7.5. For a simulation of n rays of
wavelength A, summing the intensities of the individual rays in each category
and dividing by the total number of rays gives the fraction of emitted rays in
each category at the collection edge.
Emitted towards collection edge:
Direct Endlight:
Direct Trapped Light:

(7-16)
n
Xca.o
/„('U) = ------------

(7-17)

Emitted towards mirror:
Reflected Endlight:

(7-18)
freO,L) = —----------n
Zca.o
Reflected Trapped Light:
(7-19)
/„(/U) = -----------n
The rear-surface mirror redirects all endlight from loss cone 2 into loss cone
1. Thus the total endlight fraction is the sum of the ‘direct’ and ‘reflected’
endlight components.
/,U,L) = fde(A,L) + fjA’L)

(7-20)

Likewise, the total trapped light fraction is the sum of the direct and reflected
trapped light components.
f,(A,L) = fdl(A,L) + frt(A, L)

(7-21)

Thus given the attenuation spectrum of a dye, the ratio of attenuated trapped
light to attenuated endlight at the end of the light guide can be calculated as a
function of wavelength.
f,(A,L)
fM,L)

(7-22)

The initial ratio of trapped light to endlight, F0 is found by comparing the
total number of trapped rays emitted with the total number of endlight rays
emitted.
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n+11

f = J'
1
n de, + n r

(7-23)

Where the various n values denote the number of rays emitted in each of the
categories defined above. F0 is constant with wavelength, because the direction
of emission from the dye molecules is independent of wavelength. From Eq’s
(7-8) & (7-9), the analytical solid angles for trapped light and endlight are
respectively F>t = 2.89 sr and F>e = 3.22 sr. Therefore analytical values of Ft and
Fe are calculated by dividing each solid angle by the total solid angle
(L>t + de = 6.11 sr). These calculations yield the values Fe = 0.527, Ft = 0.473 and
F0 = 0.897.
In order to verily that the simulations have the correct ratio F0, the top half
of the simulation (up to the critical angle test) was performed 100 times with
'

Start:

>

Ray emitted from dye
1 at wavelength *h j

Repeat for
multiple rays

Ray lost through
sides or top.
Start ray again

Random start
location inside LSC.
Random direction

Outside loss
. cones 3-6?

Trapped
Light

Endlight

Originally emitted
towards collection

Originally emitted
towards collection

Reflected
trapped light

Direct
trapped light

Loss Cone 1
(direct endlight)

Increment
f

Increment

^\edge?^-^

rt(U)

Intensity =

Loss Cone 2
(reflected endlight)

WU)

Intensity =

Intensity =

Figure 7.5 - Flowchart of the simulation used to calculate the ratio of trapped
li,u,ht to endlight at the end of the light guide, assuming no re-emission occurs.
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10,000 rays per simulation. The results are shown in Figure 7.6, where the
simulated results give the fractions Fe = 52.7% ± 0.5%, Ft = 47-3% ± 0.5% and
F0 = 89.7% ± 3%. These values agree very well with the analytical results quoted
above, showing that the angular distribution of rays is accurately represented in
the simulations.
7.2.2 Weighted Mean Trapped Light-Endlight Ratio
The full simulation was run over the wavelength range 500-800 nm, with
100,000 rays at each wavelength, giving relative uncertainties ranging from
0.1% to 0.3%. In the simulations, rays of all visible wavelengths are uniformly
distributed within the angular range that totally internally reflects to the
collection edge. Figure 7.8 shows the attenuation spectra of all three dyes over
the length of the sheet, 1.2 m, calculated using the tails data from Chapter 4
(Figure 5.11(b)). This gives an indication of the average attenuation of a random
ray emitted during the simulation. In the absorption region of each dye the
attenuation is saturated, so the only significant transmission over a 1.2 m length
occurs in the tails region.
In Figure 7.7, the output emission spectrum for each LSC sheet is overlaid
with the equivalent trapped light-endlight ratio. Solid lines represent linear fits
to the simulated Fat(A) results, dotted lines represent F0 and the dashed curves
represent the output emission spectra. It is interesting to note that for all the
dyes, the ratio of trapped light to endlight increases rapidly in the emission
region of the sheet, but is either constant or rises with a slow incline elsewhere.
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Figure 7.6 - Simulation of trapped light and endlight fractions, 100 simulations
of 10,000 rays each
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Figure 7.8- Transmission of dyes over 1.2 m LSC sheet

Thus as wavelength increases within the emission region, there is more trapped
light available for extraction.
As a simple way of comparing between different dyes, the mean trapped
light-endlight ratio weighted over the emission region, Fat(L), gives a useful
indication of the availability of trapped light at the end of a LSC of length L for
each dye.
F(L)

—
f
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Figure 7.7 - Attenuated trapped light-endlight ratio Fat{\,L), sheet output
emission spectrum
initial trapped light-endlight ratio F„, and weighted
mean attenuated trapped light-endlight ratio Fal for violet, green and pink LSC
sheets of length 1.2 m.
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where e(A,L) is the emission spectrum at the end of the fluorescent sheet (in this
case L = 1.2 m), and Ft{L)& F\L) are the fractions of trapped light and endlight
respectively at the end of the sheet, weighted to the output emission spectrum.
All calculations here involve an LSC sheet of length 1.2 m, so henceforth the
function of length will be omitted and the shorthand notation Fat, Ft and F
will be used to refer to the values for a 1.2 m LSC. Fal is plotted as a dot-dashed
line in Figure 7.7, and Fat, F, & F are given below in Table 7-1. These values
demonstrate the relative light transport efficiency of the three dyes. The violet
dye performs the best with Fal ~ 72%, corresponding to a distribution of 58.3%
endlight and 41.7% trapped light. Trapped light is slightly more attenuated by
the green dye, making up only 40.6% of the light at the end of the light guide.
Pink is the worst performing dye, with trapped light consisting of only 38% of
the light at the end of the light guide. These differences in performance are due
to the different attenuation tails of the three dyes - pink having the most
significant tails attenuation. Hence Fal - which indicates the transport efficiency
of trapped light in an LSC - can be maximised by minimising dye tails
attenuation.
7.2.3

Weighted Mean Fresnel Reflection Coefficient

A further corollary of the dye attenuation is that the distribution of endlight
within the critical angle loss cone with respect to a flat end surface is no longer
uniform, as was assumed in section 7.1.2. Due to the extended path length of
rays with high values of 6y (as defined in Figure 7.4), the endlight with small
is more likely to reach the end surface of the LSC. Now these rays with long path
Fe

P,

None

Pa,
0.897

.527

0-473

120 ppm Violet

0.715

0.583

0.417

60 ppm Green

0.683

0.594 0.406

50 ppm Pink

0.619

0.618 0.382

Dye

Table 7-1 - Mean trapped light and endlight fractions at the end of a 1.2 m LSC
sheet, and their ratio Fal, weighted over the emission region of each dye.
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length are attenuated at different rates by each dye, so the distribution of angles
amongst the endlight rays is different for each LSC.
For LSC’s with high dye attenuation, the light reaching the end of the sheet is
predominantly at low 6y angles, whereas if the dye attenuation is less significant,
the endlight at higher 6y angles (below the critical angle) reach the end surface
more efficiently. These rays with large 6y angles have higher average Fresnel
reflection coefficients than those with lower angles (see Figure 7.3).
The simulation described in section 7.2.1 was also used to calculate the
weighted mean Fresnel reflectance coefficient for attenuated light reaching the
end surface of each LSC. In the simulation, endlight rays are initially uniformly
distributed over the critical angle loss cone. The polarisation-averaged Fresnel
reflectance coefficient (from Eq. (7-5)) is weighted by the total intensity of the
direct and reflected light at that wavelength reaching the end surface (from Eq’s
(7-13) & (7-15)).
RaMA;L) = Raw{6, )[lJe (A, L) + 1 re (A, L)\

(7-25)

Here Rat(A, 6y,L) is the Fresnel reflectance coefficient for a ray at the end
surface of an LSC of length L, with wavelength A and starting angle 6j,. For all
simulations
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5,270
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rays
125

rays per degree 6y, giving a fair representation of all cone angles. The weighted
mean Fresnel reflection coefficient, R , is the average value of Rat(A,Oy) over all
wavelengths
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Simulated vales of R are shown in Table 7-2 for uniformly distributed light
(with no dye attenuation) and for attenuated endlight at the end of each
coloured 1.2 m LSC. The endlight efficiency of a polished end, rja = (1 - R ), is
also shown for comparison. After averaging over 5,270 rays and 501
wavelengths, the statistical uncertainty in these values is negligible (0.005%),
and the result with no dye attenuation matches exactly (to 3 significant figures)
the theoretical value of 9.74% calculated in section 7.1.2. For the violet LSC, the
weighted mean Fresnel reflectance is only slightly less than that of uniformly
distributed light. Thus the low attenuation of the violet dye has almost the same
ratio of trapped light to endlight at the end. For the pink dye, the high-angle
endlight (with angle 6y > 350 - see Figure 7.3) is heavily attenuated by the dye,
so the light at the end surface is mostly low-angle endlight, and R = 4.05%.
Hence as the dye attenuation becomes more significant (i.e. as Fal decreases),
R also decreases and the available endlight is extracted more efficiently from a

polished end.
7.3 Extraction of Trapped Light
7.3.1

The Role of the Light Extractor

When a clear light guide is connected to each sheet, both endlight and trapped
light travel to the end of the light guide via total internal reflection. The main
function of the light extractor is to extract the trapped light - that is, any light
reaching the end surface of the sheet that falls outside loss cone 1. With a PMMA
matrix of refractive index 1.495, the air-matrix interface has a critical angle of
X = 420. Therefore each loss cone consists of a solid angle L> = 27t(l-Cos%) = 1.61
sr, which is 12.7% of the total light output from the dye. As there are six loss
Dye

R

rjo

None

9.74%

0.9026

120 ppm Violet

9.25%

0.9075

60 ppm Green

6.86%

0.9314

50 ppm Pink

4.05%

0-9595

Table 7-2 -Simulated weighted mean Fresnel reflectance coefficients and
endlight extraction efficiencies of a polished LSC end, without dye attenuation
and for each 1.2 m LSC
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cones, 76.4% of the dye emission is within one of the loss cones, and the
remaining 23.6% is trapped at all surfaces, as shown in Figure 7.9 (a). Dye
attenuation reduces the available light so that at the end of the green LSC with
Fat= 0.683, only about 16% of the total light emitted from the dye reaches the
end of the light guide as trapped light.
For an untreated LSC sheet, a relatively small fraction of the dye emission is
classified as endlight. Without the back surface mirror and the reflectors on the
base and sides of the sheet, around 90% of loss cone 1 escapes at the end of the
light guide, which equates to only (0.90 x 0.127) = 11.4% of the total light
emitted from the dye. With a mirror on the back surface, 90% of loss cone 2 is
redirected into loss cone 1, bringing the endlight total up to 21.7% of the total
emitted light. Adding side and base reflectors causes a small rise in the endlight
fraction, but this is insignificant compared to the fractions initially emitted in
the first two loss cones. Thus for the LSC stack with mirrors and reflectors,
around 23% of the dye emission is endlight.
Taking dye attenuation into account, about 40% of the light reaching the end
of the light guide is trapped light, depending on the dye. Most of the endlight
escapes without a light extractor. Trapped light can be extracted by gluing a
light extractor of height h and depth d to the end of the light guide with optically
clear glue (as shown in Figure 7.9(b)). Each of the sides and the back of the light
extractor are diffusely reflecting white surfaces, so that much of the trapped
light may be redirected into loss cone 1 and escape from the light extractor.
Some light is lost due to absorption by the paint, but the net effect of the
enlarged aperture and rough sides is that a large fraction of the trapped light
passes through the end surface, rather than travelling back down the light guide.
(a) Trapped ray is reflected

LSC light guide

(b) Trapped ray escapes

Light Extractor
Diffusely reflecting
white surface

d
Figure 7.9 - Extraction of trapped light: (a) without a light extractor, up to half of
the light in the light guide of thickness t is trapped, (b) a light extractor enlarges
the exit aperture bv height h and depth d, enabling extraction of trapped light
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Assessing the Performance of a Light Extractor

7.3.2.1 Theoretical Assessment
The theoretical performance of a particular light extractor on a particular LSC
sheet is assessed by calculating the overall efficiency of the light extractor, rf. rf
is defined as the amount of light extracted as a fraction of the available emitted
light entering the light extractor.
_

n

riendFe+ri

F,

=—=——

F + F.

(7-27)

where rjend & rjtrap are the extraction efficiencies of endlight and trapped light
respectively and Fe & Fr are the endlight and trapped light quantities as
fractions of the available emitted light. Now Fe + Ft = 1.0, so Eq. (7-28) may be
reduced to
fl =rieildFe+TilF = Fe(timd + TjlmpFat)

(7-28)

Thus the overall efficiency is weighted over all wavelengths and angles, and
takes into account the specific dye attenuation and size of the LSC. A light
extractor’s performance is determined by comparing its efficiency to that of a
polished end. The average gain G

(weighted over the output emission

spectrum), achieved by a light extractor is given as follows:
(7-29)
Here

jj

is the efficiency of a polished end surface. A polished end extracts

the majority of the endlight, but the exact amount varies slightly for each LSC
and depends on how much is lost to Fresnel reflection. Thus the overall
efficiency of a polished light guide end is:

rf„=nT

(7-30)

The polished end efficiencies for the violet, green and pink LSC are shown in
Table 7-3. if is highest for the pink dye because most of the light reaching the
end surface is endlight with small Gj, which is extracted efficiently. The violet
LSC has a larger quantity7 of endlight with large Gh so the escaping endlight
fraction is smaller. Hence the benefit of installing a light extractor is smallest for
the pink LSC, and largest for the violet LSC.
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y.3.2.2

Theoretical Limitations

The gain for each LSC is calculated by combining Eq's (7-29), (7-30) and (7-31):
G =—=

n„

(7-31)

vJ,

An ideal light extractor with 100% extraction of endlight and trapped light
(rjend = 1.0 & rjtrap = l.o), on a green LSC (F, = 0.594), yields a gain of:
G =

(1.0x0.594)+ (1.0x0.406)
0.9314 x0.594

1.0
TJo

1.0
0.553

(7-32)

The equivalent ideal gain values for the violet and pink sheets are 1.89 and
1.69 respectively. However, an overall efficiency of 100% is physically
unrealistic. Unavoidable losses in the light extractor arise from absorption by
the white diffuse surface, and rays re-entering the light guide. These losses
realistically limit the extraction efficiencies of endlight and trapped light to
tjend ~ O.98 and fjtrap ~ 0.85*

The maximum gain practically achievable with a light extractor is shown in
Table 7-4 for all three coloured LSC’s, and there are two main conclusions from
these results. Firstly, if the same light extractor is installed on all three LSC’s,
the overall efficiency is practically identical for all three sheets. Secondly, as dye
attenuation increases, less trapped light reaches the light extractor. Therefore
although the light extractor is equally efficient for all three colours, the gain is
notably higher for LSC’s with low tails attenuation because there is more
trapped light available. This should be taken into account when calculating the
colour balance, as it will have a small but significant effect on the final output
colour. The theoretical efficiencies and gain of various light extractor designs
have been simulated with ray tracing models, and the results are discussed in
detail in chapter 10.
Dye

n0

None

0.476

120 ppm Violet

0.529

60 ppm Green

0.553

50 ppm Pink

0-593

Table 7-3 - Overall efficiency of a polished light guide end, without dye
attenuation and at the end of each 1.2 m LSC
99

Trapped Light

Chapter 7

Maximum Efficiency,

Maximum Gain,

/max

^ max

120 ppm Violet

92.6%

1.75

60 ppm Green

92.7%

1.68

50 ppm Pink

93.0%

1-57

Dye

Table 7-4 - Practical maximum overall efficiency gain for a high-quality light
extractor (J]end = 0.98 & rjtrap = 0.85) on 1.2 m-long violet, green and pink LSC
sheets.

7.4 Conclusions
Light is isotropically emitted from dye particles within an LSC sheet, and about
half of this is lost via critical angle loss cones through the top, bottom and sides
of the sheet. If the back edge is fitted with a mirror, approximately half of the
light reaches the end of the sheet within the critical angle loss cone to the end
surface (endlight), and half is totally internally reflected at all surfaces (trapped
light). However, dye attenuation reduces the ratio of trapped light to endlight at
the end of the sheet, to an extent that varies from one dye to another.
Trapped light may be extracted from a LSC sheet by installing a light
extr'cictor with diffusely reflecting edges and a larger end surface area than the
sheet itself. The performance of a particular light extractor on a particular LSC
sheet can be calculated by measuring its gain relative to a polished end. If a
single light extractor is installed on a stack of three LSC’s with different dyes,
the amount of trapped light reaching the light extractor varies for the three
LSC’s due to different dye self-absorption spectra. Dyes with lower tails
attenuation transmit more trapped light to the light extractor, so the light
extractor boosts the light output more effectively.
Theoretically, an ideal (100% efficient) light extractor would extract all the
trapped light and endlight reaching the end of the light guide, yielding gain
values in the range 1.69 < Gmax < 1.89 for these dyes. However, with these dyes
and physically realisable light extractors, the overall efficiency is practically
limited to If * 93%, yielding gain values in the range 1.57 < Gmax < 1.76.
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Bi-Directional Reflectance of
Diffuse White Paint at Arbitrary
Angles of Incidence
8.1

Introduction

White diffuse reflective surfaces are useful in many applications for the
collection and dispersion of sunlight. They have been used to increase the light
collection efficiency of solar cells (Luque, Lorenzo et al. 1985) and luminescent
solar concentrators (Roncali and Gamier 1984; Earp, Smith et al. 2004), as well
as acting as diffusing elements in luminaires (Roncali and Gamier 1984; Earp,
Smith et al. 2004) and in light guides for daylighting . For modelling each of
these applications it is important to have a satisfactory model for the bi
directional reflectance distribution function (BRDF) of the diffuse surface.
Lambert’s law of scattering is widely accepted as the fundamental model for
diffuse reflection. Lambert’s law is stated as
/ = 70 cos#,

(8-1)

where I is the reflected intensity, I0 the reflected intensity normal to the surface
and 67 is the angle between the surface normal and the viewing direction. When
light enters a diffuse surface, it undergoes a random walk and then re-emerges
at another point on the surface. Lambertian diffuse reflection is a direct result of
the random walk (Zook 1976). This model is suitable as a first approximation of
diffuse scattering. However, at higher angles of incidence, many ‘diffuse’
surfaces may reflect in a non-Lambertian manner, as shown in Figure 8.1. It is
often observed that:
(a)

At low angles of incidence the reflection profile is Lambertian,

(b)

For higher angles of incidence the reflection profile is neither
completely specular, nor completely diffuse, but varies both in shape
and intensity between these two extremes. In this chapter it will be
referred to as ‘pseudo-specular’ reflectance.
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Incident ray

Incident ray

A

(b) Pseudo-specular
Diffuse surface

Figure 8.1 - Variation of reflectance profile with angle: (a) Lambertian reflection at
low angles of incidence and (b) pseudo-specular reflection at high angles of
incidence

The effect illustrated in Figure 8.1 can be easily observed with common
diffuse surfaces. For example, white paper appears to reflect diffusely at most
angles of incidence, but if it is viewed at near-grazing incidence, it behaves like a
specular reflector. Similar results have been observed with rough surfaces on
semiconductor wafers (Shen, Zhu et al. 2003), and the same may be true for
many other diffuse surfaces.
Therefore, a simple Lambertian model is not sufficient for describing these
diffuse surfaces. The existing BRDF models are discussed briefly below - a more
thorough discussion is given elsewhere (Shell 2004). Non-Lambertian
reflectance is best described by dividing the BRDF into a number of
components. Simple BRDF functions are used in remote sensing of the earths
surface albedo (Bryant, Qi et al. 2003; Pokrovsky, Pokrovsky et al. 2003; Susaki,
Hara et al. 2004), and more complex, three-dimensional BRDF functions are
widely used in computer graphics for rendering of realistic surfaces (Granier
and Heidrich 2003). For glossy surfaces, local micro-scale surface roughness
diverts a large fraction of the higher order specular reflections into the ‘diffuse
component’. Hence these surfaces are not very well described by the sum of
specular and Lambertian diffuse reflectance components (Pont and Koenderink
2005). Monte Carlo Ray tracing methods utilising the microfacet BRDF model
can be used to model this behaviour (Prokhorov and Hanssen 2003). However,
this is a time consuming process, as large simulations are required for each
angle of incidence.
For anti-reflective surfaces on flat screen displays, a common approach is to
break the BRDF into three components: (i) Lambertian diffuse, (ii) mirror-like
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specular and (iii) ‘haze’ (Becker 1998; Kelley, Jones et al. 1998). Empirical
functions can also be useful for representing the directional dependence of the
BRDF of non-Lambertian reflective surfaces (Culpepper 1995; Thomas, Blodgett
et al. 2003). In this chapter, a two-component Lambertian/ pseudo-specular
model is proposed, which models the BRDF of a diffuse surface for any angle of
incidence using simple algorithms. When combined with a probability function
for diffuse reflectance, this model enables efficient ray tracing simulations of
optical systems containing diffuse surfaces, by avoiding the need for extensive
BRDF data sets.
In the current study the BRDF of a diffuse white paint (“One Stroke White”
by Solver Paintsh) was measured with a photogoniometer using the clear
polymer semi-cylinder described above. BRDF measurements were made for a
range of angles of incidence, at both the paint/PMMA interface and the
paint/air interface. This particular paint was chosen because past experience
shows that this paint has the best reflectivity (R = 97%) of the white diffuse
paints that are generally available. A special diffuse white surface such as BaS04
may show more uniform diffuse reflectance and comparable reflectivity, but
such surfaces are expensive and not widely available. This study was undertaken
to provide a detailed BRDF model of a relatively inexpensive, widely available
diffuse white surface. Details of the experimental design and a theoretical
description of the model are given below.
8.2

Measurement of

BRDF

8.2.1 Sample and BRDF Measurement Geometry
Photogoniometers are widely used to measure the bi-directional reflection and
transmission of materials for daylighting applications (Apian-Bennewitz 1994;
Breitenbach and Rosenfeld 2000; Sarotto and Rossi 2000; Andersen, Michel et
al. 2001; Andersen, Rubin et al. 2003; Andersen, Rubin et al. 2005). Their three
main components are (i) a highly collimated light source (often a laser), (ii) a
sample holder and (iii) a detector (often a silicon photodiode or CCD array). In

1 “One Stroke White” is a water-based scenic flat acrylic paint from the ‘Brite-Glo’ range by
Solver paints. For more information contact Solver Paints, 560 Churchill Road, Kilburn, South
Australia 5084; ph: +61 8 8368 1200; www.solverpaints.com.au
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this study, a He-Ne laser beam (X = 633 nm) was used as the light source, and
the detector was a silicon photodiode.
The purpose of this study was to develop an algorithm for simulating the
reflected direction of a single light ray interacting with a rough white surface at
a given incident direction. This algorithm will be applied in ray tracing
simulations for many rays with different incident directions. Thus a monodirectional light source is required for this study so that in the simulation, the
hemispherical reflectance of each incident ray can be simulated separately..
Thus it is important to know the direct-hemispherical reflectance properties of
the surface. Furthermore, as the diffuse surface is white, its reflectance does not
vary significantly with wavelength (as plotted in Figure 9.4), so monochromatic
light is sufficient for this study.
Each surface to be analysed was prepared on a plane containing the central
axis of a semi-cylinder of clear poly-methyl-methacrylate (PMMA), as shown in
Figure 8.2. A semi-cylindrical sample geometry was chosen so the incident
beam and all exit rays (which are in the same measurement plane) would be
normal to the surface, and therefore would not undergo refraction at the
PMMA/air interface. As the horizontal bottom surface of the semi-cylinder is
perpendicular to the vertical painted surface, the alignment of the back surface
with respect to the incident beam is trivial. The paint/PMMA interface is of
particular interest for applications where the paint is used as a diffuse reflective
coating for optical components, and its internal BRDF properties may be
different to those of the external paint/air interface. A hemispherical sample
geometry would have allowed measurement of the full 3D BRDF at the
paint/PMMA interface. However, mounting and aligning the sample with this
type of geometry would be difficult as the hemispherical front surface would be
very sensitive to any misalignment in the horizontal or vertical axes.
Furthermore, individual hemispherical samples would be required for each
surface type, requiring separate alignment for each BRDF measurement. The
chosen cylindrical geometry allows the comparison of many different kinds of
surface preparation on the same sample by shifting the sample on its vertical
axis, without disrupting the sample alignment.
The photogoniometer measurement geometry for the current study is shown
in Figure 8.2. The laser beam, at an angle 6i to the surface normal, was directed
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He-Ne

(X = 633 nm)

Sample rotated

Figure 8.2 - Photogoniometer measurement geometry for bidirectional reflectance
function (BRDF)

onto the point O within the diffuse area Apaint, prepared on the central axis of a
PMMA semi-cylinder of diameter 76 mm. # is varied by rotating the semi
cylinder about its central axis OC. At each angle of incidence, the reflected
radiance is measured as a function of deviation from the surface normal, y, with
a silicon photodiode of solid angle Qdet- In this instrument, the area of the
detector is Adet = 7.5 mm2 and the radius of the detector as it rotates about the
point O, is r = 58 cm. At this distance with a narrow laser beam input, the point
of reflection O can be approximated as a point source. Thus the detector has a
solid angle of AQdet = Adet /r2 = 2.23 x 1 O'5 sr .
The angle of rotation about the axis of the reflected ray, co, is defined such
that co = o is vertically upwards (parallel to the line CO), co = n is vertically
downwards (parallel to the line OC), and the direction of rotation is clockwise
about the specular direction when facing the reflected beam. The laser beam is
fixed perpendicular to the vertical axis of the semi-cylinder (OC) so that it
remains within the horizontal plane BOA, where OA is the normal to the back
surface. Measurements in any other plane would require correction for Snell
refraction at the PMMA/air interface. Hence all rays in the measurement plane
strike the curved surface of the semi-cylinder at normal incidence, and
refraction

at the PMMA-air interface is avoided.
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measurements are made in this plane, corresponding to an angular range of
CO = ±7u/2.

The BRDF is the reflected radiance transfer function in a specific direction. It
is the ratio of the radiance in a specific direction to the irradiance from a source
in a specified direction. It will be shown in Appendix 2 that the BRDF may be
written as:
P„f(0hy.co)

BRDF(0hy,co)cosy=--------

(sr1)

(8-2)

Hn {Ui>

Adet

where:
Pin(Oi) = measured power of the incident beam (which is aligned at an
angle of # to the surface normal) and
Pret(0i, y, co) = measured power of the reflected signal in the horizontal
measurement plane (both are measured with a silicon
photodiode).
A full derivation of Equation (8-2) is given in Appendix 2. A cosine correction
term is included on the left hand side to account for Lambert’s law of reflection,
ensuring that the BRDF function corresponds directly to the photogoniometer
measurements. An amplifier gain of 200 was used to ensure good accuracy over
the large range of measurements. For simplicity, the input flux term is omitted,
and all measurements are taken in the plane of incidence (0 = ± 71/2), so the
above BRDF function reduces to
2

J

(Q

y\

BRDF(6l,y)cosy = —---- — (si~‘).
Ale,

A

(8-3)

8.2.2 Effect of Surface Finish on BRDF
One would expect the smoothness/roughness of a surface to significantly affect
(a) Smooth clear

(b) Smooth white

\
White paint

(c) Rough clear

(d) Rough White

\

White paint

Figure 8.3 - Various surfaces investigated for angular reflectance:
(a) smooth clear, (b) smooth white, (c) rough clear and (d) rough white.
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the shape of the BRDF. Therefore in order to separately monitor the effects of
roughening the PMMA surface and applying diffuse white paint, four kinds of
surfaces of different opacity and surface roughness were studied: (a) original
acrylic surface (smooth clear), (b) painted acrylic surface (smooth white), (c)
sanded acrylic surface (rough clear) and (d) sanded and painted acrylic surface
(rough white), as illustrated in Figure 8.3. The rough surfaces were prepared by
sanding in a circular motion with coarse sandpaper, so the surface roughness
had no preferential orientation. Each section was 30 mm wide and 10 mm tall
on the back face of the half-cylinder.
In Figure 8.4, the BRDF in the measurement plane (henceforth referred to as
in-plane BRDF) is shown for each of the four surfaces, at three different angles
of incidence: 50, 30° and 6o°. The cosine-correction term has been omitted for
clarity. A purely Lambertian diffuser would have a constant BRDF, so any
discrepancy from a horizontal line marks a departure from Lambertian
scattering. The smooth PMMA surface reflects specularly whether it is clear or
painted with diffuse white paint. Roughening the surface removes this specular
peak, and improves the uniformity of the reflectance, but the rough clear surface
only displays Lambertian scattering at near-normal incidence. Adding diffuse
white paint to the rough surface further increases the uniformity of its
reflectance, which is closer to Lambertian for a larger range of angles of

0.1

--

— Rough White
Rough Clear

0 = 30'

----------Smooth White
--------- Rough White
-—

-45

-30

Rough Clear
Smooth Clear

-15

Deviation from surface normal,

(deg)

Deviation from surface normal. , (deg)

- - Rough White

0 = 60

Rough Clear

CL -1 p_o0
co

-45

-30

-15

Deviation from surface normal,

(deg)

Figure 8.4 - In-plane BRDF for various surface finishes and angles of incidence
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incidence. However, at Oi = 6o°, it cannot be described as Lambertian, as the
BRDF at y = 900 is almost a factor of 10 higher than at y = 0°. Further
measurements are required to determine the behaviour of the rough white
surface at larger angles of incidence
8.2.3 Effect of Surrounding Medium on BRDF
A pertinent question for modelling diffuse surfaces is how the refractive index of
the surrounding medium affects the BRDF. To address this question, BRDF’s
were measured at angles of incidence 400, 6o° and 8o°, for a rough white surface
on PMMA (n = 1.495) and facing air (n = 1.0). The results are plotted in Figure
8.5 without the cosine-correction term. At 400 incidence, the diffuse reflectance
in both media is approximately Lambertian, but a pseudo-specular peak
emerges at higher angles of incidence.
Secondly, for deviation angles y < 300, the diffuse reflectance in PMMA is
slightly lower than the diffuse reflectance in air. This difference becomes more
significant at higher angles of incidence, as the effective area of the paint that
the beam strikes increases with angle of incidence. At these angles, even if the
incident beam is centred exactly on the axis of the cylinder, the spot size
increases so that some of it does not fall directly on the central axis. The off-axis
reflected light will be refracted away from the normal at the PMMA/air
interface. Increasing the radius of the semi-cylinder will reduce this effect, as
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Figure 8.5 - In-plane BRDF for a diffuse white surface at various angles of
incidence, facing air (n=i.o) and facing PMMA (n=i.4Q5)
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the spot size is smaller in comparison to the radius. Taking this discrepancy into
account, the overall shape of the BRDF does not differ significantly with the
change in the surrounding refractive index.
8.2.4 Pseudo-Specular Reflectance
A rough white surface gives the most uniform BRDF of all the surfaces
measured, but it is clearly not Lambertian for all angles of incidence. Figure
8.6 shows in-plane BRDF measurements for a rough white surface, at eight
angles of incidence ranging from 300 through to 85°. The cosine-correction term
has been included this time, to highlight the peaks. For angles of incidence Oi

<

50°, the surface appears to exhibit Lambertian reflectance, falling off
approximately with cosy. However, a pseudo-specular peak emerges as 61increases, and it becomes significant for angles of incidence $ > 6o°. At Oi = 85°,
the pseudo-specular peak is over three orders of magnitude higher than the
BRDF normal to the surface, clearly demonstrating that the Lambertian diffuse
model is not valid for this diffuse surface. Furthermore, the peaks are too wide
to be described as ‘specular’, so at the higher angles where non-Lambertian
reflectance is observed, BRDF models combining ‘Fresnel specular’ and
‘Lambertian diffuse’ components are not valid either. Moreover, there is no
discernable ‘haze component’ as is used in BRDF models for display screens.

Angle of Incidence, 0

Deviation from surface Normal, y (deg)
Figure 8.6 - In-plane BRDF of a white rough surface behind PMMA at high angles
of incidence
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Therefore a more complex model is required to fully describe the BRDF of this
type of non-Lambertian diffuse reflectance at arbitrary angles of incidence.
Hence an empirical two-component BRDF model is proposed in the following
section.

8.3 Two-Component BRDF Model
8.3.1 Distinguishing Between Pseudo-Specular and Lambertian
Reflectance
In order to model the reflectance of non-Lambertian diffuse surfaces, a twocomponent approach may be taken, in which the BRDF is broken down into two
components: (i) Lambertian diffuse and (ii) pseudo-specular.
BRDFTotal (0,, y) cos y = BRDFD (0,) cos y + BRDFPS (0(., y.) cos y

(8-4)

Here BRDFo(Bi) is the Lambertian diffuse component (which is constant
with y), multiplied by a cosine function. BRDFps (ft,/) is the pseudo-specular
component, which is fitted rather well by a Lorentzian function, and also
requires cosine correction. The cosine correction term is applicable to all BRDF
components, so it is omitted in the following analysis for clarity.
From Figure 8.6, the BRDF is completely Lambertian at low angles of
incidence, and at higher angles of incidence the pseudo-specular peaks are
narrow and centred on the specular direction. It is therefore safe to assume as a
first approximation that for all angles of incidence, in the direction of the
surface normal (y= o), there is no pseudo-specular component and the total
BRDF consists only of the diffuse term. Thus the diffuse BRDF component is
initially fixed at this value for all deviation angles.
BRDF,(6,) « BRDFTotal(0,, y = 0)

(8-5)

For Lambertian surfaces this holds for all values of 0, but for nonLambertian diffuse surfaces, the diffuse component decreases at larger angles of
incidence as pseudo-specular reflection increases. From Figure 8.6 it is
evident that BRDFDf0j does not vary significantly for angles 0 < 6o°, but for
angles 0 > 6o° it becomes increasingly pseudo-specular.. Thus towards both
extremes, where pseudo-specular reflection is either non-existent or dominant,
equation (8-4) is a good approximation. Minor corrections may be necessary for
the intermediate angles of incidence. For all angles of incidence, the Lambertian
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component is taken as still uniform over the whole hemisphere, although its
absolute magnitude is considerably smaller than for lower angles of incidence.
The non-Lambertian component, BRDFps (Oi,/), is initially approximated by
substitution of the first estimate of BRDFd(0) into Eq. (8-4). In Figure 8.7,
BRDFpsf^,^ is plotted for a range of angles of incidence between 300 and 85°.
At lower angles of incidence, BRDFps(Oi,y) is indiscernible from background
noise, but a wide, low-intensity peak is observed at 0 = 400. At # = 85°, the
specular component is very similar to the total BRDF from Figure 8.6,
demonstrating that the BRDF is almost totally pseudo-specular at this angle of
incidence.
8.3.2 Fitting a Function to the Pseudo-Specular Peaks
When the two components of the total BRDF have been separated, BRDFpsf#, 7)
can be modelled as a function of angle of incidence, using a suitable generic
function. The empirical BRDF functions mentioned above (Thomas, Drake et al.
1983; Culpepper 1995; Thomas, Blodgett et al. 2003) did not allow for the
dynamic range of peak widths observed with this ‘pseudo-specular’ component
(as shown in Figure 8.7). Hence a few functions were tried, including Gaussian
and exponential, but the following Lorentzian function gave the best fit for the
whole range of angles of incidence:
BRDFPS(0,,/)

)_______w{0i)_______
x 4[r-00W]2 +w(0i)2 ’

2A(0j

(8-6)

Angle of Incidence

-o 0.01

Deviation from surface normal (deg)
Figure 8.7 - Pseudo-specular component of in-plane BRDF as a function of angle
of incidence
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where w(6i), A(ft) and 0o(6x) are the Lorentzian width, amplitude and peak
angle parameters, respectively, as functions of angle of incidence. Lorentzian
curves were fitted to BRDFpsf#,^ at each angle of incidence, and suitable
functions were fitted to the Lorentzian parameters to model their variation with
angle of incidence. Fitting was only performed for the range Q\ > 400, as the
pseudo-specular component was negligible at lower angles of incidence. The
Lorentzian pseudo-specular model gave a satisfactory fit for this paint,
providing reason to believe that a similar approach may also be suitable for
other non-Lambertian diffuse surfaces. However, if no pseudo-specular
reflectance peak is observed, the surface is sufficiently diffuse that this type of
model is not necessary. Alternatively, if the surface roughness is not uniform,
and the in-plane BRDF is asymmetric, this model will not adequately describe
any marked asymmetry. It relies on the assumption that the diffuse paint is
applied uniformly, without giving rise to any preferential scattering direction.
After calculating the pseudo-specular component, a second order correction
was made to ensure that energy was conserved and Eq. (8-4) is maintained - i.e.
the sum of the two components equals the total BRDF. It was initially assumed
that the reflectance normal to the surface contained no pseudo-specular
component (i.e. BRDFps(6i,y^0) = 0), but for the Lorentzian curves at most
angles of incidence, BRDFps(B,,y= 0) is small but not quite zero.. Hence for each
angle of incidence, BRDFoi&i) is adjusted using Eq. (8-4) at the surface normal
direction so that BRDFn(&i,y=0) = 0.
BRDFd(0,) = BRDFrotal(0.,y = 0)- BRDFPS (0.,y = 0),

(8

Note that since the diffuse component is constant for all deviation angles,
this can be generalised to replace the diffuse component from Eq. (8-5) for the
entire range of y.
BRDFn(0.) = BRDFTotal(0., y)- BRDFPS (0,,y)

(8-8)

The corrected BRDFoi&i) was then substituted into Eq. (8-4) to calculate a
modified BRDFps(Oi,y) component. This second order correction is necessary
and valid because the diffuse component decreases with angle of incidence. For
the low angles of incidence the BRDF is almost completely Lambertian, and the
initial assumption is true - i.e. BRDFps(Oi,y^o) is negligible. At higher angles of
incidence where the pseudo-specular peaks are narrow, this assumption is also
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true and the correction is negligible. However, in the region where the
magnitudes of the two components are similar, a correction is required to
ensure that the diffuse component is attributed the correct magnitude.
Nonetheless, for consistency, the same correction process was used for all
angles of incidence. A single correction gave a good fit to the data, so further
corrections were unnecessary. The modified pseudo-specular curves were
subsequently fitted with Lorentzian curves using Eq. (8-6), and their width
parameters were fitted with the following linear function.
w(6?) = 65.66-0.7296 6?

(8-9)

An appropriate fitting function for the Lorentzian amplitude parameter was
chosen to comply with expected physical limits; i.e. the reflectance is fully
diffuse at normal incidence and predominantly pseudo-specular at grazing
incidence. Exponential fits to A(0i) did not increase steeply enough to give a
good fit for higher angles of incidence. Hence the following function was used:
A{6 ) =------- ;------------,
'
RftY( 90-0,)

(8-10)

where R(0i) represents the average radius of the pseudo-specular beam in y
space. Thus A(0i)R(0i)2 - which is proportional to the total pseudo-specular
irradiance - is zero at normal incidence and approaches infinity at grazing
incidence, where the reflectance is predominantly pseudo-specular. R(0i) was
fitted with a fourth order polynomial.
R{6i) = a0 - aft, + aft? - aft? + aft?

(8-11)

For this surface, Oo = 0.9294, at = 3.678 x 102, a2 = 5-959 x to f
a3 = 4.116 x io~6 and a4 = 8.560 x 10A
The resulting Lorentzian width and amplitude parameters w(0i) and A(0i)
are shown in Figure 8.8 over the range 0° < Oi < 90°. Eq. (8-7) (dashed line)
gives a good fit to w(6i) (solid squares), with a fitting coefficient of R2 = 0.996.
Eq. (8-10) (dotted line) also gives a good fit to A(0i) (open triangles), with a
fitting coefficient of R2 = 0.998. Below 6o° incidence the amplitude is barely
perceptible on the linear scale, indicating that the pseudo-specular component
is negligible at these angles. From here the amplitude visibly increases with
until at about 6o° it starts to rise dramatically, indicating that the pseudospecular reflectance is becoming significantly less diffuse and more specular in
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Figure 8.8 - Lorentzian width and amplitude parameters for pseudo-specular
reflectance as a function of angle of incidence

nature. In this region the magnitude is very large because it includes the
detector solid angle correction factor. For angles of incidence # > 85°, the
amplitude increases so sharply that it can be classified as specular reflectance.
The Lorentzian peak angle parameter, 6a is plotted as solid squares in Figure
8.9, as a function of angle of incidence. It varies slightly from the expected
relationship of 60=9i (dashed line), because the total BRDF function in Eq. (8-3)
contains a cosine-correction term, which causes the pseudo-specular peak
parameter to shift to slightly higher angles than the actual peak intensity at
The magnitude of this offset is greatest at 9\ = 450, and smallest at the two
extremes of 0° and 900. The following cubic function was fitted to the Lorentzian
peak angle parameters (R2 = 0.999), and is shown as a solid line in Figure 8.9.

0Q(0i) = fi]0i-fi2e^ + fi^

(8-12)

For this surface the cubic parameters were /3i = 1.192, (32 = 3.189 x 10-3 and
(13 = 1.169 x 10 5.
* Fitted Lorentzians
-------Modelled Lorentzians
------ Reference
=

($ 0:)

Angle of Incidence.

0 (deg)

Figure 8.9 - Lorentzian peak angle parameter,
incidence
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8.3.3 Comparison with Measured Data
BRDFps(9i,y) was calculated for each of the measured data sets, as shown in

Figure 8.10. Solid lines represent the data, and dashed lines represent the
modelled Lorentzian BRDFps(9i,y) curves, as calculated from Eq’s (8-6) - (8-12).
Various linear scales have been used to highlight the difference in magnitude of
the pseudo-specular peaks for different angles of incidence. At Oi = 300, the
Lorentzian is so small that it is barely perceptible above the background noise.
By 9i = 6o° the specular peak is quite pronounced, and it becomes sharper and
taller as Oi increases.
Nevertheless, the fitted and calculated Lorentzian curves both give
reasonable fits over the entire range, apart from a discrepancy at higher
deviation angles, which is more noticeable for medium angles of incidence
0 = 40°, 50° and 6o°. This discrepancy in scattering intensity is asymmetric
about Oo, and may be either due to a sample imperfection, or a broad multiple
scattering peak similar to that observed for diffuse silicon wafers (Shen, Zhu et
al. 2003). However, the pseudo-specular component is symmetric about the
specular peak, and the discrepancy in this region is close to the peak. Therefore
when the in-plane BRDF is rotated about the specular peak to give the effective
hemispherical reflectance (as described in the following section), the
discrepancies occupy a small area compared to the total pseudo-specular beam.
Hence they will be disregarded in favour of retaining a simple model that is
symmetric about the pseudo-specular beam.
This model was used to estimate BRDFrotai(Oi,y) for each of the angles of
incidence measured, and the results are plotted in Figure 8.11. Solid lines
represent the measured in-plane BRDF, dotted lines represent the diffuse
component, dashed lines represent the pseudo-specular component, and dotdashed lines represent the total modelled in-plane BRDF. At Oi = 300 the
pseudo-specular component is so small in comparison to the diffuse component
that the total BRDF is still well approximated by a Lambertian distribution. As
01 increases to 40°, BRDFTotai(Oi.y) starts to deviate from Lambertian reflection.

At Oi = 6o°, the pseudo-specular peak becomes noticeable, and at Oi = 750 it
begins to dominate. For all angles of incidence, the model gives a satisfactory fit
to the data, so it may be used in ray tracing simulations involving non115

White Paint BRDF

Chapter 8

0 = 30°

^ 3.0-

/

N^CO 2 ^ ST «:

------- Data
----- -- Lorentzian (model)

ocr i
co

cr

. .■

w

1.0-

CD

| .0-1

o

I

(9/ = 40
Data
- - - Lorentzian (model)

-

° 0.5
0.0
10

20

30

40

50

60

Deviaton from surface normal,

70
y

80

(deg)

0

: V\2;
10

20

30

40

50

60

Deviaton from surface normal,

70
y

80

(deg)

201
15-

§ |<H

0/ = 70°

9/ = 75°

Data
----- Lorentzian (model)

Data
----- Lorentzian (model)

co

,\

< / V'

FAV v A
W\

'A

J
10

20

30

40

50

60

70

10

80

20

30

40

50

60

Deviaton from surface normal,

Deviaton from surface normal. ' (deg)

70
y

80

90

(deg)

Figure 8.10 - Lorentzian fits to BRDFps(Oij), multiplied by cosy, measured pseudospecular components (solid lines ) and modelled Lorentzian curves (dashed lines).

Lambertian white diffusing surfaces as a faster, more efficient alternative to
large BRDF data sets. A similar approach may be useful for modelling the BRDF
of other diffuse surfaces exhibiting non-Lambertian reflectance.
8.3.4 Probability of Diffuse Reflection

Now that suitable generic functions have been found for the diffuse and pseudospecular components of BRDFrotaiiOij) in one plane, the probabilities of diffuse
and pseudo-specular reflection from this surface can be calculated. These
probabilities can be approximated as a function of Oi by calculating the directhemispherical reflectance, pDH, for pseudo-specular and diffuse reflection at
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Figure 8.11 - Measured and modelled in-plane BRDFTotai(&i, y) multiplied by cos;k
measured (solid lines), diffuse component (dotted lines), pseudo-specular
component (dashed lines) and total modelled BRDF (dot-dashed lines).

each angle of incidence. This would be straightforward with a complete three
dimensional dataset of BRDF(9ij,co) from a hemispherical sample. However, in
this case, BRDF data are only available in the plane of incidence. The
Lambertian diffuse component is symmetric in y and co about the surface
normal, so calculation of the diffuse pDH is trivial. pDH for pseudo-specular
reflectance can be approximated from these measurements under the
reasonable assumption that BRDFps(Oij), while asymmetric in y, is symmetric in
co, centred on the specular beam direction.
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Hence pDH for diffuse and pseudo-specular reflectance may be approximated
from the BRDF measurements over the range -7i/2 < y <

tu/2,

by rotating each

component about their respective axis (surface normal or specular beam) by

tc

radians in co-space.
PDHo<0i)= [dc»f/^BRDFm(ei,y)sm)dy

(8-13)

PDHPsi-d,)= [d0}fLBRDFsl,l<\ei,y)f,\n(y-ei)dy,

(8-14)

where pDHD is the direct-hemispherical diffuse reflectance and pDHPS is the
direct-hemispherical pseudo-specular reflectance. This approach has been
verified for rough wafer surfaces using BRDF measurements in multiple planes
(Shen, Zhu et al. 2003).
Absorption by the paint surface will be only a few percent at small angles of
incidence, and will increase with increasing angle of incidence, due to a larger
volume of interaction. However, the probabilities of diffuse and pseudospecular reflection at a given angle of incidence CPn(Oi) and Pps(Oi) respectively^)
are calculated - irrespective of absorption - by the ratios of each hemispherical
reflectance component to the total hemispherical reflectance at that angle.
Pdhd(£/)

PoW

P DHD^i ) ■*" PdHPS (^/ )

_______ PpHPS

PpsW)

1_______

Pdhd (@j) + Pdhps 1

)

(8-15)
(8-16)

Figure 8.12 shows PD(Oi) and PpS(Oi) for the angles of incidence at which
measurements were made, represented by solid squares and open circles
respectively. In the region Pi < 400, the reflectance is >90% diffuse, and for
larger angles the probability of pseudo-specular reflectance increases
dramatically. At Oi ~ 65°, diffuse and pseudo-specular reflectance are equally
probable, and the reflectance is entirely pseudo-specular for angles Oi > 85°. The
following Gaussian function gave a good fit to PD(Oi) over the range #,<85°, as
represented by the solid line in Figure 8.12:

PD(0;)-Po +

B
exp
wjnjl
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Figure 8.12 - Probabilities of diffuse and pseudo-specular reflection, Pd(Q\) and
Pps(6i) respectively, from diffuse white paint behind PMMA. Pd(6,) has also been
fitted with a Gaussian curve.

For this sample, a good fit (R2 = 0.998) was achieved with the following
values: Pa = 1.00, d = 103.20, W = 52.81, B = -84.57. A generic form of PPS(Oi)
was then calculated from the Gaussian curve, under the condition that all
reflected rays are either diffuse or pseudo-specular.
Pps(0i) = \.0-PD(0i)

(8-18)

Therefore, with the above model, one can predict the probabilities of diffuse
and pseudo-specular reflection, and hence predict the direction of rays
undergoing each type of reflection from a diffuse white surface inside PMMA.
This enables efficient, accurate Monte Carlo ray-tracing simulations of rays at
any angle of incidence without the need for a comprehensive 3-dimensional
BRDF data set.
8.4

Conclusions

The BRDF of a diffuse white paint on the back of a clear polymer surface was
measured with a photogoniometer in a single plane. The BRDF varied
significantly with the treatment of the polymer surface. When the surface was
roughened before application of the diffuse white paint, the scattering profile
was Lambertian for angles of incidence Oi < 300. However, a peak emerged at
higher angles of incidence, demonstrating a breakdown in Lambertian
scattering theory for this surface. For angles Oi > 6o°, this non-Lambertian
‘pseudo-specular' component became increasingly significant, dominating the
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scattering profile at # = 85°. Other available BRDF models could not adequately
describe this non-Lambertian behaviour, so a new model was developed from
these 2D BRDF data sets. In the proposed model, the ‘specular’ component
commonly used in BRDF functions was replaced with a more appropriate
‘pseudo-specular’ function of Lorentzian form. Using this approach, the BRDF
of the ‘one stroke white’ diffuse white paint was modelled as a function of angle
of incidence, and the probabilities of diffuse and ‘pseudo-specular’ reflection
were calculated for each angle of incidence. Thus the surface reflectance
properties of the white diffuse interior surface of the light extractors (described
in chapter 7) can be simulated (as outlined in chapter 9) with a realistic BRDF
function, giving more accurate results.
For ray tracing simulations in which a significant amount of light may strike
a diffuse white surface inside a polymer at oblique angles, this model correctly
describes non-Lambertian diffuse reflectance at all angles of incidence, and
describes the dynamic range of pseudo-specular peak widths and amplitudes
better than other existing models. Moreover, this type of two-component model
is easier to measure and implement than full 3D BRDF data sets, and enables
faster ray tracing simulations. Although the coefficients will be different for
other paints, this approach is extendable to other diffuse surfaces exhibiting
non-Lambertian reflectance, provided the pseudo-specular component shows
reasonable rotational symmetry about the specular direction.
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Monte Carlo Light Extractor Ray
Tracing Simulations
9.1

Introduction

As described in the previous chapter, the main function of a good light extractor
is to extract the trapped light that would otherwise not escape from the light
guide. Before producing and testing different light extractors it is useful to be
able to estimate how effective each design is likely to be at extracting trapped
light. Monte Carlo ray tracing is a widely accepted simulation tool for
luminescent solar concentrators (Wittwer, Goetzberger et al. 1982; Carrascosa,
Unamuno et al. 1983), and it is applied here for estimating the trapped light and
endlight extraction efficiencies of each light extractor design. This provides an
understanding of the important physical processes behind the extraction of
trapped light, so the appropriate design parameters may be chosen to give
optimal light output. It may also save time and money in the design process
since only the most effective light extractors are made into prototypes.
9.1.1 Simulation Outline
An outline of the simulation process for a light extractor with all sides and the
back surface painted is shown in Figure 9.1. The first requirement is that the
light entering the light extractor contains the correct fractions of trapped light
and endlight. To achieve this, each ray is randomly assigned a direction in the
forward hemisphere - towards the collection edge of the dyed LSC sheet. Any
rays within loss cones 3-6 are excluded (see Figure 7.2 for definitions), as they
leave the sheet at one of the top, bottom or side surfaces. Thus the remaining
rays are either in loss cone 1 (endlight) or are outside all loss cones (trapped).
All endlight and trapped light enters the light guide at the collection edge and is
totally internally reflected to the light extractor.
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Start: Ray
emitted
- Random location
- Random forward direction

Ray doesn't enter
light guide

Ray enters
light extractor

Ray
extracted

Calculate reflected
direction, Increment
path length

Re-enter light
■\auide?

Ray lost

Ray strikes white
painted surface

path length

Figure 9.1 - Simulation of a ray path in a light extractor with all edges and the
back surface painted with diffuse white paint

All rays entering a light extractor have one of the following three fates:
1. ‘Extracted’ rays pass through the front surface of the light extractor
2. ‘Lost’ rays are reflected back down the light guide
3. ‘Absorbed’ rays are absorbed by the paint on the edges or back surface of
the light extractor
Once inside the light extractor, endlight generally strikes the front surface,
and most of it escapes. About 9% of the endlight is reflected according to
Fresnel’s law, and rebounds towards the back or side surfaces of the light
extractor. Most of the reflected endlight strikes the paint on the back surface
and diffusely reflects towards the front surface or one of the edges. A small
fraction re-enters the light guide and is lost. After reflecting from the back
surface, if a reflected ray is within the critical angle cone with respect to the
front surface, it will escape (unless it undergoes Fresnel reflection again). Hence
a light extractor enables better endlight extraction efficiency than a polished
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light guide end, as most of the endlight that would normally be trapped by
Fresnel reflection can be recovered.
Due to the high angles at which trapped light travels, it is likely to bounce off
the paint more times than endlight. Therefore trapped light is more likely than
endlight to re-enter the light guide, and its absorption by the paint is also
higher. Generally only a few percent of the rays are absorbed by the paint,
because it has a very high reflectivity. If the geometry of a light extractor is well
chosen, the fraction of rays lost by re-entering the light guide will also be small.
Only extracted rays contribute to the light output of the system, so the aim of
the ray tracing simulations is to design the geometry to minimise the number of
lost and absorbed rays, and maximise the number of extracted rays.
9.2

Reflection from the Diffuse White Surface

9.2.1 Simulation of Reflection
A key part of this simulation is the correct physical modelling of the reflectivity
of the diffuse white paint surface. Both the magnitude and the direction of
reflectance must be modelled correctly for the given paint surface. For the light
extractors used in this study, a diffuse white paint called “One Stroke White”, by
Solver Paints was used as the diffuse surface. The simulation process for rays
reflecting from this paint behind PMMA is shown in Figure 9.2, and the details
are described below.
9.2.2 Magnitude of Reflectivity
The first step in the simulation of reflection from the paint surface is to
determine its absolute reflectance. The reflectance of the diffuse white paint was
measured using two commercial integrating spheres (Oriel and Ocean Optics),
and a custom-built “McCredie” diffuse spectrometer, where the sample is placed
inside an integrating sphere. The McCredie spectrometer (described in chapter
5, section 5.2.2) was based on one used by a Swedish group (Nostell, Roos et al.
1999). These reflectance measurements were calibrated with a diffuse white
reflectance standard ‘SRS-99-oio’, produced by Labsphere Inc., with 99%
reflectivity. All three reflectance profiles in Figure 9.4 show that the paint is
spectrally flat for X > 430 nm, and has a reflectance of around 97% (averaging
over the visible region for all three measurements). Hence the average value of
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Figure 9.2 - Reflection algorithm for diffuse white paint on edges of a
rectangular light extractor
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97% is used in the simulations as the paint reflectivity.
9.2.3 Reflection Type
Secondly, one must determine whether a ray striking the diffuse white paint
reflects diffusely or specularly. This is achieved using the BRDF function for the
diffuse white paint, as outlined in chapter 8. For a ray incident at an angle 0\
from the surface normal, the probability of diffuse reflection is given by the
function Pn(Oi), from Eq. (8-17). PD(0i) is shown again in Figure 9.3 below. For
each ray, a random number is generated between o and 1, and if it is greater
than Pn(Oi), the ray reflection profile is Lambertian diffuse. Otherwise pseudospecular reflection occurs.
9.2.4 Pseudo-Specular Frame of Reference
Pseudo-specular reflected rays are weighted towards the specular direction, so a

s °6-

Angle of Incidence,

$

(degrees)

Figure 9.3 - Probability of diffuse reflection from a white paint surface.
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new set of axes are adopted for local deviations from the specular direction, as
defined in Figure 9.5. The original axes with respect to the surface, {x,y,:.},
have their origin at the back right bottom corner of the light extractor when
viewed from the front. All direction vectors are given in terms of these axes.
The first step in the calculation of the new axes is to set the z' axis to be the
direction of specular reflection. For an arbitrary surface, this is calculated by the
following formula:
r = i + 2(/ • n)n

(9-1)

If a ray incident at angle Oi reflects pseudo-specularly, it is assigned a
reflected direction vector ? , which has a local deviation of

from the z' axis.

The x' axis is orthogonal to both the surface normal and the T axis, and is
therefore the cross product of the two direction vectors z' and n . The y' axis is
orthogonal to the x' and z' axes, and is therefore the cross product of the two
axes’ direction vectors.
(9-3)
(9-4)
All local deviation angles from the specular direction are calculated with
respect to the pseudo-specular axes {.v\ y',2'}> whose direction vectors depend
on the direction of the incoming ray, i . For some rays y' may be directed into
the light extractor, and for other rays it may be directed back into the surface.

Figure 9.5 - Original axes used in light extractor simulations, and the local axes
for an example pseudo-specular reflected ray.
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The {x',y',~'} axes are calculated using Eq’s (9-2)-(9-4), for each individual
pseudo-specular reflection.
9.2.5 Distribution of Pseudo-Specular Rays
If pseudo-specular reflection occurs, the rays are reflected with a Lorentzian
distribution according to Eq. (8-6). To significantly simplify the 3-dimensional
implementation of this Lorentzian function, it is considered to be symmetric
about the specular direction. The specular Lorentzian function, L(Oi,ys), is given
below as a function of angle of incidence and deviation from the specular
direction.
uei,ys.) = ■

w(0,y

4(yJ- + vv(6>r

Mysr ■+1
w{0, )'

(9-5)

Here y is the deviation from the specular direction, and w(6Q is the
Lorentzian width parameter from Eq. (8-9). Several changes have been made
from the original Lorentzian function in Eq. (8-6). Firstly, because L(ft,y) is a
probability distribution, it must be normalised to a maximum of unity. This is
achieved by omitting the amplitude component of the equation, and multiplying
by h’($).
Secondly, to enable symmetry about the specular direction, the peak of each
of the Lorentzian functions must line up directly with the z' axis. The original
formula in Eq. (8-6) was given in terms of its deviation angle relative to the
surface, y. Hence a peak angle parameter, 9o(0i), was required to ensure that
despite the cosine correction, the peak of the Lorentzian function remained in
the specular direction. When the new {x',y',z'} co-ordinate frame is adopted,
the specular direction (y= 9i and ys = o), is defined as the central axis, and the
new Lorentzian function is given in terms of its deviation from the specular
direction, ys. In this co-ordinate frame the Lorentzian peak angle parameter
9o(0j)

becomes redundant, and is omitted from the equation. Hence a 3

dimensional representation of the pseudo-specular peak is achieved by
symmetric rotation of L(9i,y) by 271 radians about the specular direction, for the
range o < ys < n/2.
As mentioned above, L(9i,y) is fitted to data that has been cosine corrected
in the measurement plane, to ensure that the function approaches zero at
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0\ = 900. However, there is a discrepancy in the cosine correction as L(9i,y) is

rotated about the specular direction rather than the surface normal. This leads
to an underestimation of the cosine correction at some angles and an
overestimation at others. Calculating the proper cosine corrections for each co
angle (see Figure 8.2 for definitions) as the function rotates about the specular
direction would require complex co-ordinate transforms that would significantly
increase the computer simulation time. Moreover, the discrepancy is only
noticeable at high angles of incidence where the cosine correction factor is
small. Hence the effect of this difference is negligible, and may be overlooked.
This assumption significantly simplifies the computations, giving a good first
approximation of the 3-dimensional pseudo-specular BRDF component.
L(9i,ys) is shown in Figure 9.6 for angles of incidence 0-900, at intervals of

io°. As the angle of incidence increases, the pseudo-specular reflectance profile
becomes narrower and the angular range shifts as the specular peak draws
closer to the surface. Although the shape of L(9i,y) at normal incidence suggests
that the distribution has a half-width of around 300, the probability of pseudospecular reflection is zero, so the distribution is completely Lambertian at
normal incidence. By weighting the Lorentzian profiles with the probability of
pseudo-specular reflectance, PpS(Oi) from Eq. (8-16), one can more realistically
0
1.0
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Figure 9.6 - Normalised Lorentzian pseudo-specular reflectance scattering
function, L(di,ys), for multiple angles of incidence
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illustrate the scattering function of pseudo-specular reflected rays at a given
angle of incidence. For illustration purposes, this weighted probability function
is shown in Figure 9.7 on a log scale. For angles $ < 6o° the weighted
probability of pseudo-specular reflection drops dramatically, and at io° it is
almost non-existent. However, Prs(6i) and L(Oi,y) are treated separately in the
simulation, so the normalised function in Figure 9.6 is used to define the
angular distribution of pseudo-specularly reflected rays.
For diffuse reflection, random direction co-ordinates are calculated
anywhere within the reflected hemisphere, cosine-weighted to the surface
normal. However, as pseudo-specular rays are weighted towards the specular
direction, the majority of reflected rays are within a small fraction of the
hemisphere. Hence instead of using the whole hemisphere, the ray direction is
randomly allocated within a small cylindrical area of radius

jLi(Oi)

and height z,

defined by the Lorentzian distribution L(6i,y). z is the direction co-ordinate in
the specular direction, and x’ and y’ are the local direction co-ordinates
orthogonal to the specular beam, corresponding to the x' and y'axes. y(Gi) is
defined as the deviation angle at which the Lorentzian profile L(6i,y) constitutes
the greatest solid angle. It is therefore the maximum value of the sine-weighted
Lorentzian function over the range -k/2 < ys < n/2. The number of pseudo-

Figure 9.7 - Weighted Lorentzian pseudo-specular reflectance scattering
probability function, L(6i,y)Pps(6i), for multiple angles of incidence
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specular rays directed beyond this angle is negligible.
//(£,) = Mcix[L( 6,, Ys) sin< 7s )?y2

(9-6)

ju(di) is shown in Figure 9.8, and it is linear and very similar to the
Lorentzian width function, xv(Oi), from Figure 8.8. It defines the positive and
negative limits for the randomly assigned x’ and y’ co-ordinates for a ray striking
the surface at angle of incidence

-y< x <ju, -/j< y’<ju. Each pair of x’ and y’

co-ordinates are tested with what is referred to as the ‘circle test’:
if x’2 + y’2 > y(6i)2, the ray is discarded and recalculated. By this method the
number of discarded rays is significantly less than if the whole reflected
hemisphere was used.
When a successful pair of x’ and y’ co-ordinates have been calculated, z is
calculated within the range zmin <z < 1.0. zmin is the dynamic lower limit of the z’
co-ordinate, which accounts for the fact that at high angles of incidence the
deviation from the specular direction may be >90°. zmin is plotted in Figure 9.9.
Zmin (0, ) = L(

’90 + 0, ) COS(90 + 0, )

(9-7)

Because the axis of symmetry (i.e. specular beam direction) changes with
angle of incidence, some of the pseudo-specular rays with extreme deviation
from the specular beam may actually be placed outside the reflected hemisphere
(i.e. heading into the surface). These extreme rays are subjected to the following
‘surface test’, to ensure that they are directed away from the surface.
z > y'tan(^-- ys)fc

(9-8)

0.20-

0.05-

Angle of Incidence, <9 (deg)

Figure 9.8 - Maximum limit for deviation co-ordinates x’ and y \ as a function of
angle of incidence.
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Angle of Incidence. D (deg)

Figure 9.9 - Minimum limit for z' co-ordinate as a function of angle of incidence

Where/c is the flip constant, which is set to 1 if the y' axis is directed into the
surface and -1 if it is directed into the light extractor. This constant ensures that
the ray maintains the same deviation angle ys, but rotates it by n radians in o>
space, so it may head into the light extractor rather than into the surface.
However, if the deviation angle is too large, after rotation it may head into the
surface on the other side of the ray. In this case it will fail the surface test. Any
rays that fail the ‘surface test’ are discarded and recalculated.
If a ray passes the ‘circle test’ (appropriate x’ and y’ co-ordinates) and the
‘surface test’ (appropriate z co-ordinate), a final ‘Lorentzian test’ is carried out
to ensure the ray is within the normalised Lorentzian distribution (with a peak
height of 1.0).
Va':+.v'2+c'2 <U0„ r,)

(9-9)

If this test fails the ray is discarded and re-calculated. When a ray passes all
three tests, the deviation from the specular beam must be transformed into the
original co-ordinate system with respect to the surface. This is achieved by
taking the dot product of the local deviation co-ordinates with the directions of
the specular axes.
'» — t — t

5 = [x ,y ,z )-{x ,y ,z ),

(9-10)

Here s is the reflected ray’s direction vector with respect to the surface,
corresponding to the original {3c,y,J} axes from Figure 9.5. Now the ray
continues inside the light extractor until it strikes another surface, and the
reflection process is repeated.
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9.2.6 Reducing Simulation Time
Using the three directional tests substantially reduces computer simulation
time, by narrowing down the range of possible reflected deviation angles. For
example, 100 rays were simulated without the ‘circle test’, so the pseudospecular reflected rays were randomly allocated within the whole reflected
hemisphere (-1 < x’ < 1, -1 < y < 1 and o < z < 1). This simulation produced 44
specular reflections; with an average of 45 ‘surface test’ failures and 388
‘Lorentzian test’ failures for every successful specular ray. The slowest
calculations involved up to 179 surface test failures and 1800 Lorentzian test
failures.
Faster simulations can be achieved by using the cylindrical limits for x’, y’
and z, from equations (9-5) & (9-6), so that reflected rays are directed within a
small cylindrical volume rather than the whole hemisphere. Another 100-ray
simulation was carried out - this time using all three directional tests described
above. For this simulation 45 specular reflections occurred; with an average of
0.49 circle test failures, 0.022 surface test failures and 0.44 Lorentzian test
failures per successful pseudo-specular ray. This amounts to about 400 times
fewer discarded rays than the same simulation without the ‘circle test’. None of
the rays in this simulation required more than 3 rays to be discarded. Hence if a
cylindrical area is used to approximate the Lorentzian profiles of the pseudospecular reflected rays, instead of the whole hemisphere, simulation times can
be significantly reduced.
9.3

Microsphere Deviation

Transparent Refractive Index Matched Microspheres (referred to as TRIMM
particles or microspheres) may be added to the light extractor to further deviate
trapped light, and to create a diffuse light distribution. As they are almost
identical in refractive index to the surrounding PMMA matrix, light rays striking
microspheres are refracted, causing a small deviation from the ray’s trajectory.
Hence the

microspheres

produce good

diffusion

with

high

forward

transmittance and negligible backscatter, which makes them ideal as a diffuser
material (Earp 2001; Smith, Jonsson et al. 2003).
Microspheres may be included in the light extractor either as a narrow
diffuser sheet attached to the front surface of the light extractor, or the whole
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light extractor may be doped. The simulation of rays in TRIMM-doped regions
requires the following two parameters:
1. The average distance between microspheres, <m>.
2. The deviation angle experienced upon striking a microsphere, D.
These two parameters govern the frequency and severity of angular
deviations caused by microspheres. The deviation angle is directly related to the
ratio of the refractive indices of the microspheres and the surrounding medium.
Both refractive indices and <m> may be varied to suit different system
requirements. <m> and D are described below.
9.3.1 Average Distance Between Microspheres
The average distance between microspheres, <m>, can be calculated from
images taken with optical or electron microscopes, or by measuring the
transmission of thin samples . Assuming the distribution of microspheres
follows a Poisson distribution, the probability of a ray striking a microsphere
after travelling a given distance x, is given by the following formula:
-v

P{ v) — e<"»

(9-11)

Therefore, assuming the rays are distributed randomly, the distance between
any two microspheres in a doped region can be calculated by rearranging Eq.
(9-11):
x = - < m > In P(x)

(9-12)

Where P(x) is a random number between o and 1. Thus for a ray travelling in
a TRIMM doped light extractor, the distance from a ray’s current position to the
nearest microsphere is calculated using Eq. (9-12), and adding the thickness of
any undoped material in between. As the microspheres are almost three orders
of magnitude smaller than the smallest dimension of the light extractors, they
are approximated as point sources of deviation. Thus as a ray strikes a
microsphere it changes direction, but the microsphere is approximated as a
point source, so there is no additional path length. After collision with a
microsphere, another random number is generated to calculate the distance to
the next microsphere.
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9.3.2 Angular Deviation from Microspheres
When a ray strikes a microsphere, its geometric deviation must be calculated to
determine the direction of the refracted ray. The angular deviation of a ray
depends on how far its point of collision is from the optic axis. This is illustrated
in Figure 9.10, where r is the radius of the sphere, H is the perpendicular
distance from the optic axis to the point of collision, and a is the local deviation
angle. The optic axis is parallel to the incoming ray, and cr is measured from the
direction of the incoming ray, in the plane common to the incoming ray and the
optic axis. The local deviation angle is calculated as follows:
sin1 (h) - sin

(9-13)

v'J ’

where h is the distance from the optic axis as a fraction of the radius of the
microsphere, and n is the ratio of the two refractive indices.
h

(9-14)
(9-15)

n2
For the TRIMM diffuser used here,
_

n TRIMM

n1PMMA

1

5 1

1 495

_ |

q

|

(9-16)

'

As h is a ratio, a is independent of the microsphere size, provided r is much
larger than the wavelength of the light. The microspheres are approximately
spherical, with a mean radius of 30 pm. This is sufficiently larger than the
wavelength of the light (0.3 - 0.8 pm), that geometric optics is applicable, and
diffraction is negligible. Furthermore, with these very similar refractive indices,
Incident Light Ray
Optic Axis

Deviated Light Ray

Figure 9.10 - Two-dimensional microsphere deviation geometry
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Z

Figure 9.11 - Three-dimensional spherical trigonometry for refraction from a
microsphere

backscatter from reflection is also negligible (R

~

2.5 x

10-5).

Thus the

microspheres provide good diffusion without backscatter losses (Smith, Earp et
al.

2001).

The circular area occupied by a particular H value on the front surface of the
sphere varies as the square of H, and therefore so does the probability of that H
value occurring. Hence in the simulations, h is calculated as the square root of a
random number between o and 1, so the rays are given the correct distribution
over the surface of the sphere. Then h is substituted into Eq. (9-13) to calculate
o. a is defined in terms of three pairs of angles, fa & fa2, 0i & 02, £/ & e2, which are
mapped onto the surface of a sphere in Figure 9.11. fa & (f)2 are defined with
respect to the y-axis, and 0, & 02 are defined with respect to the z-axis. Here a
subscript T’ denotes an incoming ray and a subscript ‘2’ denotes a refracted ray.
Hence fa is defined as the incoming ray’s y-direction cosine, and #; is defined as
the incoming ray’s z-direction cosine.
£1 is randomly assigned a value between o and 1800, defining the deviated
ray’s orientation about the optic axis. Subsequently 02, s2 and fa2 are calculated
from the available data.
(cos#, cos(7 + sin #, sin crcosi-,)

(9-17)

£\ = sin "' (sin £*, sin a)

(9-18)

fa-fa- e2

(9-i9)

Limiting conditions are put in place to ensure that £2 < 90° and (j>2 < 360°.
Thus 02 and fa are the deviated ray’s new z- and y-direction cosines respectively,
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and they become 61 and (pi for the next calculation. The process is repeated for
multiple microspheres, and the final deviation from the original ray direction
may be significant.
9.4

Conclusions

The ray tracing algorithms for simulating reflection from a diffuse white surface
and refraction from TRIMM diffuser particles inside a light extractor are
described above.
Although the paint used in this project is a good diffuse reflector with 97%
reflectance, it does not reflect in a truly Lambertian manner. Hence a pseudospecular reflection routine is used, based on the model described in Chapter 8.
This model uses probabilities to determine whether the ray is diffusely or
specularly reflected, and then calculates the direction of the ray accordingly. A
series of tests are carried out on each pseudo-specular ray, to ensure that its
direction is appropriately described by the pseudo-specular Lorentzian
functions, and that the range of deviation angles excludes angles that are highly
improbable for pseudo-specular reflected rays. These tests give significantly
reduced simulation times, making the ray tracing process much more efficient.
The microspheres used in the diffuser sheets are large enough that
diffraction is negligible, so the diffuse scattering profile is calculated using
geometric optics. Backscatter from TRIMM particles is also negligible, so it is
expected that they will provide good diffuse scattering without significant
backscatter losses. Furthermore, the scattering function is independent of
particle size, so it is insensitive to fluctuations in the size of the TRIMM
particles.
These two scattering algorithms were used in ray tracing simulations for
various designs of light extractors, and the results are discussed in the following
chapter.
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Light Extractor Simulation
Results
10.1 Introduction
As described in chapter 7, the function of a light extractor is to enable a
significant improvement in the light output of a LSC. A large fraction of the
emitted light is unable to escape the light guide, because it does not strike any of
the surfaces within the critical angle loss cone. This light is referred to as
‘trapped light’. Any light that is within the critical angle loss cone with respect to
the end surface of the light guide is referred to as ‘endlight’. Of the light emitted
from the dye, approximately 47% is trapped light and 53% is endlight.
However, trapped light has a longer path length than endlight and is thus
more significantly attenuated by the dye as it travels towards the light guide. Of
the light that actually reaches the extraction surface, the ratio of trapped light to
endlight is smaller than its initial value of 89.7%. Hence at the collection edge of
a 1.2 in x 0.135 m x 0.002 m LSC, approx. 40% is trapped light and 60% is
endlight. These values depend on the self-absorption spectra of the dye and the
dimensions of the LSC sheet. Between 4-9% of the endlight is reflected via
Fresnel reflection at the end of the light guide, depending on the dye. Thus for a
light guide with a polished end, only about 53 - 59% of the available emitted
light is actually extracted.
If a 100% efficient light extractor were installed on a green LSC, the gain
would be 100% h- 55% = 1.81. However, due to unavoidable sources of loss such
as paint absorption and light guide re-entry, maximum efficiencies of the order
of 93% are practically realisable, enabling a maximum gain of 1.68 for the green
LSC.
The extraction efficiency of a given light extractor depends on its geometric
shape, the reflectivity of the paint and the surface finish of the material used.
The size of each face with respect to the thickness of the light guides will have a
significant effect on how much light re-enters the light guide and how much is
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extracted. Various surfaces of a light extractor may be made rough, smooth,
clear or opaque, in order to encourage light to exit the light extractor at a
particular face. Transparent Refractive Index Matched Microspheres (TRIMM
particles) may be added to the light extractor to scatter the light and increase
the efficiency of extracting trapped light. The shape of the light extractor may
also be varied in an attempt to maximise the extraction efficiencies.
In the remainder of this chapter, various light extractor designs are
simulated in order to investigate their effectiveness in extracting trapped light
and endlight. For all simulations (unless otherwise specified) the white paint
has a reflectivity of 97%. The efficiencies and gain values for each light extractor
are given as if it were installed on a 60 ppm green LSC, of dimensions 1.20 m x
0.135 m x 0.002 m, using the performance indicators (F = 0.594, F,= 0.406,
Fat =0.683 & rf(l =0.553) from chapter 7.
10.2 V-Groove Light Extractor
One of the problems with the extraction of trapped light is the fact that the
surfaces of the light guide are parallel, so there is no mechanism for diverting
the trapped light into the escape cone with respect to the front surface. It was
envisaged that by etching a V-groove in the front of a rectangular light extractor,
the trapped light would be more readily diverted into the escape cone, and thus
be extracted more efficiently. In this design, the V-groove of depth D/2 and
height D spans the full width of the light extractor, as shown in Figure 10.1, and
its surface is a perfect reflector.
A brief table of results is given in Table 10-1 for two 10,000-ray simulations
of a light extractor having dimensions D=2t, H-y.5t, \V-25t, with and without a
v-groove. Extracted light was categorised as endlight or trapped light, but the
absorbed and lost light is given as a fractions quoted include both endlight and
trapped light. As expected, the v-groove almost doubles r/trap, but it also reduces
f]end by 60%. In hindsight this is to be expected, as the mirror surface of the vgroove blocks the main area that the endlight would otherwise have escaped
from.
It was expected that after striking the groove, the endlight may still escape
through the front surface efficiently. However, these results show that this is
clearly not the case. Although the absorbed fraction of rays stays fixed at 11%
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Mirrored
Surfaces
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Light Guide
(H-DJ/2 -

Figure 10.1 - V-Groove light extractor design

with or without the groove, 1V2 times as much light re-enters the light guide if a
V-groove is used. Close inspection of the ray paths reveals that a large number
of these rays were directed into the light guide by reflecting from the V-groove.
This can be improved by making the V-groove surface transparent instead of
perfectly reflecting, or by making the groove shallower, but preliminary
simulations show that even with such designs the gain values achieved are
considerably lower than a rectangular light extractor without a V- groove.
Furthermore, the extra work required to etch or cast the V-groove would only be
considered worthwhile if the design gave sufficient gain values. These
simulations show that the V-groove light extractor design extracts less light than
a polished edge, so it can be excluded from the list of practical designs.
Design

T|end

T|trap

Absorbed

Lost

Gain

Rectangular

0-973

0.337

11.70%

24.20%

1.29

V-Groove

O.38O

0.625

11.20%

37.30%

0.867

Table 10-1 - Simulation results for a rectangular light extractor (10,000
rays, D = 2t, H = y.gt, W = 25O, with and without a light extractor.

10.3 Bevelled Edge Light Extractors
An alternative means of diverting the trapped light into the escape cone is to
make the edges of the light extractor sloped, rather than parallel. To investigate
this concept, bevelled edge light extractors of the design shown in Figure 10.2
were simulated by ray tracing. In this design, the height of the bevel varies
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end
surfaces

Clear front
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Figure 10.2 - Bevelled edge light extractor design

linearly between the values t at the light guide and H at the front surface. The
light extractor has a depth D, and the cross-sectional bevel shape is uniform
over the whole width W. This design was simulated in two modes - made of
clear un-doped PMMA and of PMMA doped with TRIMM microspheres
throughout the whole light extractor.
io.3.iVarying Height
Figure 10.3 shows simulation results for bevelled edge light extractors with
dimensions D = t, W = 25 t, t = 6 mm, at five different H values. Each quantity is
plotted as a fraction of the light entering the light extractor from a green LSC.
The extracted fractions of endlight and trapped light are the lower two series in
the bar chart and the lost and absorbed fractions are above the efficiency value,
which is plotted as a black line with square data points. The endlight and
trapped light extraction efficiencies are represented by open circles and
triangles respectively. A similar convention is used throughout this chapter.
As H increases, the slight increase in lost endlight is offset by a similar
decrease in absorbed endlight, keeping the endlight extraction efficiency
approximately fixed at r/end ~ 0.95. Hence ijend for these bevelled edge light
extractors is consistently better than that achieved by the polished end of a
green LSC {ijend - 0.86). Furthermore, as H increases, less trapped light is lost
back up the light guide and slightly more is absorbed by the paint. This yields
trapped light extraction efficiencies in the range 0.57 < qtrap < 0.64. Thus the
overall efficiency increases from If = 0.80 to If = 0.82 as H is doubled. Hence
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Figure 10.3 - Simulation results for bevelled edge light extractor as a
function of height (10,000 rays, W = 25t, D = t, t = 6 mm).

there is no real benefit in using taller designs, as the smaller designs (H = 5t)
require less raw material and provide roughly the same efficiency.
10.3.2 Doping with Microspheres
Table 10-2 shows the results for two simulations of the largest of the above light
extractors (H = tot) - both undoped and doped throughout with microspheres
with an average separation of 1 mm. The addition of microspheres diverts some
of the endlight, so that the lost and absorbed endlight fractions are
approximately 1V2 times higher than those of the undoped light extractor. This
results in a 2.3% reduction in rjend. However, the microsphere-doped light
extractor extracts around 4% more trapped light than the undoped design, due
to reductions in the lost and absorbed fractions.
Because there is less trapped light than endlight, the net result is that the
efficiency of the doped light extractor is almost identical to that of the undoped
Endlight

Matrix
Doping

Hend

Lost

Trapped Light

Absorbed

rjtrap

Lost

n

Absorbed

0-959 0.032

0.009

O.665 0.224

0.111

0.840

TRIMM O.936 0.050

0.014

0.702 0.198

0.100

0.841

None

Table 10-2 - Simulation results for a bevelled edge light extractor with
and without microspheres (10,000 rays, W = 25t, D = t, H = lot)
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design

(// =0.84).

0.84/(0.90

x

From Eq.

(7-30),

this corresponds to a gain of

0.594) = t-57 for the green LSC. Glare is almost solely due to the

endlight, so the fact that doping with microspheres reduces rjend and increases
rjtrap,

shows that it helps to reduce the glare. Therefore, doping a bevelled edge

light extractor with microspheres improves its visual appearance and
uniformity, whilst maintaining similar efficiency.
10.4 Rectangular Light Extractors
Two designs involving sloped edges have were simulated, and the bevelled edge
design gives an acceptable gain of approximately 1.5. However, for mass
production, simpler designs are preferable as they are easier to produce, and
therefore may be faster and cheaper.
One example of a simple design is a rectangular light extractor, as shown in
Figure 10.4. One light extractor is connected to all three light guides in the
stack. The origin and orientations of the x, y and z axes is defined at the bottom
right of the figure. The symbols D, W and H are used to represent the depth,
width and height of the light extractor respectively. Each face is labelled
according to its size; the front and back are the largest faces, the sides are the
longest edges, and the ends are the smallest faces of the light extractor. The light
guides of width 1% are glued onto the light extractor with an optically clear
joint. The remainder of the back surface is roughened and painted with white
diffuse paint. The end and side surfaces are also referred to as ‘edges’.
Depending on the design, the edges may also be painted white, in order to
Light Extractor
side
surface

Stack of
Clear
Light Guides

back
surface
end _
surface

Figure 10.4 - Geometry of a light extractor connected to a stack of three light
guides
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confine the escaping light to the front surface.

The effects of various

combinations of painted edges on the output light distribution are discussed in
section 10.4.2 below.
There are many different variables that may be changed in order to extract
more of the trapped light. The most significant factors in order of likely
significance for extraction of trapped light are:
i.
ii.
iii.
iv.
v.

Paint reflectivity
Light extractor height, H:
Number of surfaces painted
The presence of TRIMM diffuser particles in the light extractor
Light extractor Depth, D

io.4.iPaint Reflectivity
Highly reflective paint (such as the paint studied in chapter 8) is required for a
good light extractor, so light absorption is minimised. It is important to know
what paint reflectance values are suitable for use in light extractors, so an
appropriate paint may be selected. A rectangular light extractor with paint on all
edges, and dimensions H = $t and W = 25 t, was simulated over a range of depth
values, with five paint reflectance values between 90% and 100%. The extracted,
lost and absorbed fractions of the available light are shown below in Figure 10.5.
Most importantly, perfect light extraction is not possible even with a 100%
reflective surface - without paint absorption 15-20% of the light is lost down the
light guide, regardless of the depth. As the paint reflectance is reduced from
100% to 90%, the lost fraction drops to 10%, but significantly more light is

------- Extracted (R = 100%)
------- Extracted (R = 95%)
Extracted (R = 90%)
------- Lost (R = 100%)
------- Lost (R = 95%)
Lost (R = 90%)

- - Absorbed (R = 100%)
- - Absorbed (R = 95%)
Absorbed (R = 90%)

Ratio of Depth to Sheet Thickness

Figure 10.5 - Simulation results for a rectangular light extractor (H - 51,
W = 25O with paint on all edges, for multiple paint reflectance values
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absorbed by the paint, so the total extracted fraction decreases. In each case, as
the depth increases from D = t to D = 5 t, the absorbed fraction almost doubles,
due to a larger painted area. However, if the paint is only 90% reflective, the
absorbed fraction is 15% for small depths, and it approaches 25% at a depth of
D = 5 t. In the ideal case (paint reflectivity = 100%), the size of the light
extractor may be increased with no absorption penalty, so the extraction
efficiency increases. However, this is physically unrealistic - even with 97%
paint reflectivity the overall efficiency still decreases slightly as the depth is
increased. Hence as the painted area of a light extractor increases, the
reflectivity of the paint becomes more important. Light extractors with a shallow
depth and high paint reflectivity give the best results.
10.4.2 Number of Edges Painted
10.4.2.1 Effect on Light Distribution
Another factor affecting the performance of a light extractor is the number of
edges that are painted with white diffuse paint. The practicality and necessity of
painting various edges will vary from one design to another. For a rectangular
light extractor it is essential that the back surface be painted, so the majority of
the extracted light travels forwards - away from the light guide. The sides and
ends may either be painted or left clear, depending on the design.
If all edges are left clear, the light will be spread widely upon departing from
the light extractor. Some light extracted at the side or end surfaces may be
reflected from the ceiling, illuminating areas horizontally displaced a few metres
from the light extractor, as shown in Figure 10.6(a). Hence this design is most
appropriate for lighting larger rooms, where a broad light distribution is
(a)

(b)

Figure 10.6 - Light distribution from ceiling-mounted rectangular light
extractors with (a) paint on back surface only; (b) paint on all edges
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required.
If all edges are painted, the extracted light is guided generally downwards, as
shown in Figure 10.6(b). This creates a narrower light distribution, which is
more appropriate for smaller rooms. These light distribution issues must be
considered when choosing an appropriate light extractor design for a specific
application.
10.4.2.2 Clear Light Extractor
Three ray-tracing calculations of 10,000 rays each were performed, simulating
rectangular light extractors with three different paint treatments. Each light
extractor has 97% reflective paint, and dimensions D = 2t and W = 25t, and the
three-sheet light guide has a total thickness of t = 6 mm.
The results in Figure 10.7 show that all three designs have endlight
extraction efficiencies of rjemi ~ 97%, which is better than a polished end
(rjend = 86%). Less than 2% of the endlight is lost down the light guide, and less
than 1% is absorbed by the paint.
Increasing the number of painted surfaces affects the trapped light by:
i.

Increasing the amount absorbed by the paint and

ii.

Decreasing the number of surfaces at which it can escape, and

I Front (endlight)
I Sides (endlight)
I Ends (endlight)
I Front (trapped)
I Sides (trapped)
I Ends (trapped)
I Lost (endlight)
I Absorbed (endlight)
I Lost (trapped)
I Absorbed (trapped)
•□—Overall Efficiency

Back Only

Back & Ends

All Edges

Edges Painted?

Figure 10.7 - Simulation results for rectangular light extractors with no diffuser,
with various surfaces painted. (D = 2t, W = 251, H = 8.3t, t = 6mm, 10,000 rays
per simulation)
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thereby reducing the total amount extracted
The amount of trapped light lost down the light guide is consistent for the
three designs. Thus the general trend is that as the number of painted surfaces
increases, ijtrap decreases - shown as triangle data points in Figure 10.7. In all
cases the overall efficiency is in the range 0.86 < If < 0.90, yielding gain values
1.56 < G < 1.63. These high gain values are near the practical upper limit of G 1.68 calculated in section 7.3.2.2 of chapter 7 for physically realistic light
extractors on the green LSC.
10.4.2.3 TRIMM Diffuse?'Sheet
A diffuser sheet is required for reducing glare, although its main purpose is to
mixing the three-colour light source into a homogenous white. One would
expect most diffuser sheets to reduce the extraction efficiency of trapped light
due to backscatter from the diffuser particles. However, the TRIMM particles
have negligible backscatter, as they scatter by refraction instead of reflection
(Earp 2001; Smith, Jonsson et al. 2003). Hence they may be incorporated into a
light extractor via a diffuser sheet without significant backscattering losses. A
series of 10,000-ray simulations was performed for light extractors with the
same final dimensions as those in the previous section, except that the final 25%
of the depth was doped with TRIMM particles. Thus the final dimensions are
the same as the previous simulation; D = 2t, W = 2^t and H = 8.3t - with the
final 25% (or 3 mm) of the light extractor being doped with microspheres, as
shown in Figure 10.8.
The simulation results in Figure 10.9 show that with a diffuser sheet in place,
Clear PMMA

TRIMM Diffuser

Light Guides

Figure 10.8 - Cross-section of a light extractor with a TRIMM diffuser
sheet
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*777/ Front (endlight)
C\W1 Sides (endlight)
■■ Ends (endlight)
I........I Front (trapped)
Itliii Sides (trapped)
FH+H Ends (trapped)
Lost (endlight)
^■Absorbed (endlight)
HH Lost (trapped)
I------ 1 Absorbed (trapped)

_c
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ro>
<

o 0.4o
o
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—□—•Overall Efficiency

CD

?end

ll

02

* A-

Back Only

,j

'trap

All Edges

Back& Ends

Edges Painted?

Figure 10.9 - Simulation results for rectangular light extractors with a
TRIMM diffuser sheet, and various surfaces painted. (D = l.^t, Dtkimm =
o.5t W = 25t, H = 8.3t, t = 6mm, 10,000 rays per simulation)

the gain no longer follows the linear decline with an increasing number of
painted surfaces. Allowing for statistical fluctuations of 0.003, the ‘back & ends’
design (if = 0.914) performs identically to the ‘back only’ design (/^o.gio),
despite the fact that a decline is expected due to the increased painted area. This
is because the rough painted ends and the diffuser sheet work together to
significantly increase the extraction efficiency of trapped light at the side edges
compared to the design with paint on the back only (which has smooth ends).
The absorption losses are similar to the design with only the back surface
painted, and the lost fraction is slightly lower. Thus the increase in extraction
efficiency at the sides is fundamental to the enhanced performance of the ‘Back
and ends’ design with a diffuser sheet. The first two designs are very efficient,
providing gain values of G ~ 1.65.
However, when all edges are painted and a diffuser sheet is used, 1V2 times
as much light re-enters the light guide and about 3 times as much light is
absorbed as the other designs with a diffuser. Thus the overall efficiency is lower
(if =0.848) but still reasonable, providing a gain of G = 1.53.
The extraction efficiencies, gain and overall efficiency of the light extractors
are compared in Table 10-3 with various edges painted, with and without a
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Diffuser?
No Diffuser
Diffuser
No Diffuser
Diffuser
No Diffuser
Diffuser

L|end (%)
(±0.3%)
974
96.1

Btrap (%)
(±0.3%)
79-0
83.6

98.3
96.6

73-8

97-2
94.1

83.9
69.O

Gain
(± 0.005)
1.63
1.65
1.60
1.65

rf (%)
(0.3%)
89.9
91.0
88.4
91.4

1-55

85.8
84.8

71.1

1-53

Table 10-3 - Extraction efficiencies and gain for rectangular light extractors
with various painted edges, with and without a diffuser on a 60 ppm green LSC.

diffuser. For all designs 0.94 < rjend < 0.98, so 56-58% of the available light is
endlight that is extracted. In all cases, 4trap > 0.69, leading to overall efficiencies
in the range 0.85 < rf < 0.91.
With 10,000 rays used in each simulation, there is ± 0.3% uncertainty in the
extraction efficiencies. r/emi is slightly reduced by adding a diffuser, although this
effect only becomes statistically significant as more edges are painted. In all
cases Tjtrap is higher if a diffuser sheet is used, although the biggest increase
in jjtrap is observed for the design with paint on the back and end surfaces. One
would expect a diffuser sheet to reduce the extraction efficiency of trapped light
due to backscatter from the diffuser particles. However, the TRIMM diffuser
particles have negligible backscatter, so they slightly increase the extraction
efficiency of trapped light, instead of reducing it, as would be expected with
other reflection-based diffusers. Thus a TRIMM diffuser sheet or TRIMMdoped PMMA is highly suitable for these light extractors.
When these simulated extraction efficiencies are combined, the overall
efficiency rf has an uncertainty of ±0.3%. Hence for the light extractors with
paint on the back only and on all edges, (within the precision limits of this
calculation) it makes very little difference to the overall efficiency whether the
diffuser is used or not. However, if the back surface and ends are painted, rf
increases by 3% if a diffuser sheet is added. This variation is statistically
significant, at 10 times the uncertainty, showing that the combination of back
and ends painted with a diffuser sheet enables the extraction of most endlight
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Olend

=

0.97)

and trapped light

(ptrap

= 0.84). These efficiencies give an overall

efficiency of 91%, and a gain of 1.65, which is almost as high as may be
practically expected (see Table 7-2). The specific combination of painted edges
and diffuser usage may be chosen to suit the desired light distribution.
10.4.3 Uniform TRIMM-Doping
As an alternative to adding a TRIMM diffuser sheet to the front surface of a light
extractor, better colour mixing may be achieved by doping the whole light
extractor with microspheres. This approach will increase the extraction
efficiency of trapped light, although it may also reduce the endlight extraction
efficiency. A series of 1,000-ray simulations was carried out for a rectangular
light extractor having dimensions D = 1.67 t, W = 7.5 t and L = 25 t, with paint
on the back and ends, doped throughout with microspheres of various
concentrations.
The simulation results are shown in Figure 10.10, for microsphere linear
densities in the range 1 to 10 mm1. The lost endlight fraction stays
approximately constant as the number of microspheres increases, but the
amount absorbed by the paint slowly rises, due to an increasing number of paint

0.8-

0)

0.6-

TO
TO>
<
4O—

04-

Exit Face (endlight)
INXXI Sides (endlight)
■■ Exit Face (trapped)
1
I Sides (trapped)
BUI Lost (endlight)
111111 Absorbed (endlight)
lilttt Lost (trapped)
^■1 Absorbed (trapped)
—n— Overall Efficiency

-Q

oc
oto

LL

0.2-

Linear Microsphere Density (mm1)

Figure 10.10 - Simulation results for a rectangular light extractor with paint on
back and ends, doped throughout with various microsphere concentrations. The
dimensions are D = 1.671, H=7.5 t,W = 25 t.
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collisions. Although the fraction of endlight escaping from the front surface
decreases with increasing microsphere density, this is roughly balanced by a
similar increase in the amount extracted at the sides. The net effect is that the
endlight extraction efficiency remains relatively constant with increasing
microsphere density. This suggests that if the sides were painted, the endlight
extraction efficiency would slightly decrease with increasing microsphere
density.
Increasing the microsphere density gradually increases the amount of
trapped light extracted through the front surface and the sides, and decreases
the amount lost down the light guide. The amount of trapped light absorbed by
the paint stays relatively constant. Overall, the net effect is that ijend remains
relatively constant while rjtrap increases, so rf rises from 78% to 86% as the
microsphere density increases tenfold. Although this is a small increase in
output, the increased microsphere density makes the three-colour output more
homogenous in colour and its light distribution more uniform. This enhanced
appearance must also be taken into consideration in the process of choosing an
appropriate microsphere linear density for a particular light extractor design.
For this light extractor with paint on back and ends, at microsphere densities
> 2.mm1, 83% < rf < 86%, which is slightly lower than the efficiencies of 88%
and 91% achieved without microspheres and with a TRIMM diffuser sheet
respectively. This difference can be observed by comparing the middle column
of Figure 10.9 with Figure 10.10. The lost and absorbed fractions of both
trapped light and endlight are noticeably higher if the whole light extractor is
doped with microspheres, as opposed to installing a limited thickness diffuser
sheet to the front of an undoped light extractor. The severity of this difference
will increase as more surfaces are painted, due to an increased number of paint
interactions.
10.4.4 Choosing Optimal Dimensions
Changing the light extractor dimensions H and D has different effects on the
extraction of trapped light. Suppose that for a particular application, the design
with paint on all edges is most suitable. For this design, the optimal size can be
chosen from two series of light extractor simulations - the first to choose the
most appropriate height, and the second to choose the most appropriate depth.
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Figure io.il - Variation of light output with height, for a rectangular light
extractor with all edges painted

w.4.4.1

Optimum Height

Firstly, to find the optimal height, 13 simulations were performed for undoped
rectangular light extractors with dimensions D = 2 t, W = 25 t and height values
ranging from H = t to H = 10 t. The lost, absorbed and extracted trapped light
and endlight are shown in Figure 10.11, as a ratio of the output from a polished
light guide end.
In the range H < 2 t, rjend < 82%, and rjtrap < 35%, because the area of the
light guide is comparable to the area of the painted back surface. Hence in this
region, large quantities of endlight and trapped light re-enter the light guide. As
H increases, the area of the entry face becomes small in comparison with that of
the exit face and the painted back surface. Therefore endlight that is reflected
from the exit face becomes more likely to reflect from the paint and be extracted
rather than re-entering the light guide. Hence the lost endlight fraction
decreases significantly with increasing H.
At H - i.5t, the overall efficiency (rjn =53.5%) is approximately equal to that
of a polished light guide on a green LSC (^,=55-3%). Another critical point
occurs at H ~3t, where rjend is as efficient as a polished edge (rf =90%). At this
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point, about 40% of the trapped light is also extracted, giving an overall
efficiency of rf =74%. By H = 4t, ljend begins to plateau at around 96%, so
increasing H beyond this point has very little effect on the endlight. These
endlight efficiencies are greater than the nominal 86% for a polished end,
because much of the remaining endlight that is Fresnel-reflected at the exit face
is extracted after bouncing off the paint, instead of re-entering the light guide.
The lost fractions of endlight and trapped light are inversely proportional to
H/t. As the area of the light guides gets smaller in comparison to the area of the
exit face, all rays are more likely to escape at the larger face. The absorbed
fractions also gradually decrease with increasing H, but the decrease is
negligible; <2% for trapped light and < 1% for endlight for a ten-fold increase in
H. Thus the absorbed fraction remains relatively constant, while the main
variable is the lost trapped light. As the lost trapped light asymptotically
approaches a lower limit, the trapped light extraction efficiency also
asymptotically approaches an upper limit, as shown by the triangle data points.
This upper limit corresponds to the approximate physical limit of Tf =0.93 for a
green LSC, as given in Table 7-4.
Thus with a rectangular light extractor and the current paint, an efficiency of
up to if - 0.93 may be achieved if the height is increased to H ~ 15t. However,
smaller light extractors are more aesthetically pleasing, so it would be preferable
to stay in the region H < lot. Any value in the range 61 < H < lot will give gain
values in the range 1.45 < G < 1.54, which is acceptable. For a three light guide
system, t = 6 mm, so H = 7.51 = 45 mm is a reasonable height, and it
corresponds to an overall efficiency of 84% and a gain of 1.52 for the given depth
value of D = 2t. Hence a height of H = y.^t will be chosen for the rectangular
light extractors.
10.4.4.2 Optimum Depth
Using the height of 7.5L a second series of simulations was carried out for a
range of depth values. The results are shown in Table 10-4; the maximum
extraction values and minimum loss values are highlighted with bold type.
Changing the depth has much less of an effect than changing the height; as the
depth is tripled, i)end only varies by around 1% and rjtrap varies by around 5%.
This is because increasing the height increases the ratio of the exit face area to
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Endlight

Trapped Light

Extracted

Lost

Lost

Absorbed

1

96.0%

3-3%

0.66%

70.1%

20.9%

9.0%

0.855

125

96.3%

3 . 1%

0.59%

71.3%

19.6%

9.1%

0.862

1-5

96.7%

2 .7 %

0.63%

70.2%

20.1%

9.7%

0.859

1-75

96.5%

2 .7 %

0.86%

69.0%

20.4%

10.7%

0.853

2

97.1%

2 .3 %

0.55%

65.5%

21.9%

12.6%

0.843

2.25

97.1%

2.4%

0.52%

66.7%

21.8%

11.5%

0.848

2-5

96.8%

2.5%

0.73%

65.2%

21.5%

13-3%

0.840

2-75

97.2%

2.0%

0.87%

65.4%

21.3%

13.3%

0.843

3

96.5%

2.5%

0.98%

64.6%

21.7%

13.7%

0.835

D/t

Absorbed Extracted

n

Table 10-4 - Simulation results for a rectangular light extractor with dimensions
H = 7-5t, W = 25t and multiple depth values.

the light guide area, which has a significant impact on the extraction efficiencies
of endlight and trapped light. The main effect of increasing the depth is to
increase the number of times the rays bounce off the paint, which only has a
minor impact on the extraction efficiencies, but a large impact on the fractions
absorbed by the paint.
Endlight and trapped light are affected differently by the increase in depth.
Tjend has a maximum value at D = 2.yst, while rjtrap peaks at D = 1.25t. This
difference is due to the fact that endlight makes small angles with respect to the
exit face, whereas trapped light makes large angles. Due to its low approach
angle, most of the endlight strikes the exit face first, and the majority of this is
immediately extracted. Thus endlight rays rarely strike the side surfaces for
small D values, but this becomes more likely as D increases.
In contrast, trapped light is very likely to strike the side surfaces because of
its high entrance angle with respect to the front surface. Hence trapped light is a
lot more sensitive to changes in D than endlight is. As the peak value of D
(D=i.25t) is doubled, the absorption increases from 9.1% to 13.3%, and the lost
fraction increases from 19.6% to 21.5%. Thus rjtrap decreases by 6%, and if drops
by 2%. Thus small depth values in the range t < D < 1.5 t are most effective in
extracting trapped light. Over the same range of depth values, rjend rises by less
than 1%. Because rjtrap varies a lot more than rjend, the maximum efficiency of
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// = 86.2% coincides with the maximum of rjtrap = 71-3% at D = i.25t. For a
three-sheet LSC system with 2 mm thick light guides, this corresponds to a
depth of 7.5 mm. However, for mass production it is preferable to use standard
sizes for acrylic sheets. Hence D = 1.5 t is chosen as the most appropriate value,
corresponding to a depth of 9 mm. This size yields an efficiency of Tf = 86.2%,
and a gain of 1.56, which is acceptable.
10.5 Conclusions
Various light extractor designs have been simulated in order to maximise the
extraction efficiencies of trapped light and endlight. The V-groove design partly
achieved its purpose by almost doubling the trapped light extraction efficiency.
However, its endlight extraction efficiency was drastically lower than that of a
polished light guide edge, so it yielded a gain value < 1.0, and was therefore
ruled out as a practical design.
Bevelled edge light extractors were simulated with various sizes, both
undoped and doped with microspheres. These designs generally gave overall
efficiencies of 80% < If < 84%, and gain values 1.44 < G < 1.52, which are
acceptable.
A simpler rectangular light extractor design was also simulated, and a range
of parameters were varied. By varying the paint reflectivity, it was established
that paints with low reflectivity are more sensitive to changes in depth than
those with high reflectivity. Even with 100% paint reflectivity, 20% of the light
re-enters the light guide no matter what the depth is. With a 97% reflective paint
(such as the paint used for the prototype light extractors), the light output does
not vary much with depth. The best performance is achieved by light extractors
with high paint reflectivity and small depth values.
By painting various surfaces of the light extractor it was shown that higher
light extraction efficiencies can be achieved if some of the edges are left clear
and smooth, rather than painting them. The efficiency decreases from 90% to
86% as the number of painted edges increases. However, if a TRIMM diffuser
sheet is fastened to the front of the light extractor and only the back and end
surfaces are painted, an overall efficiency of rf - 91% is achieved, corresponding
to a gain of G = 1.65. This is the most efficient of any of the light extractors
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simulated, and is not far short of the theoretical limit for the green LSC
(^=93%, G = 1.68).
However, when deciding on a suitable light extractor design, one must take
the desired light distribution into consideration, as clear edges will allow light to
escape. Although this slightly increases the gain, it also broadens the light
distribution. If a narrow light distribution is desired, it is more suitable to paint
all the edges.
Good uniformity of light distribution can be achieved by doping the light
extractor with microspheres. By increasing the concentration of microspheres,
the gain can be improved to some extent. However, this causes more light to be
absorbed by the paint or to re-enter the light guide than if the microspheres are
confined to a small region towards the front of the light extractor. It is therefore
recommended that a TRIMM diffuser sheet be used, rather than doping
throughout with microspheres.
The gain achieved by an undoped rectangular light extractor increases
considerably as the height H is increased. A light extractor with dimensions
W=25t, D-2t & H—2t provides a gain of G = 1.12, but height values in the range
61 < H < 101 give gain values 1.45 < G < 1.54. This is comparable with the gain
achieved by a bevelled edge light extractor, so the more complex bevelled edge is
unnecessary. The simple rectangular design is chosen as the most effective light
extractor design. Thus the optimal (undoped) light extractor dimensions are
W-2st, D=2t & H=7.5t, having an overall efficiency of 86% and a gain of 1.56
relative to a polished end. If the light extractor is doped with microspheres
throughout, the same efficiency and better light mixing are achievable with a
smaller depth of D=i.st.
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Performance Issues for Practical
LSC Stack Systems
11.1

Introduction

In the previous chapters, the emphasis has been on the theoretical modelling of
the three-layer LSC stack from first principles, with a view to understanding its
interior workings and optimising its performance. It was concluded that optimal
collector output is achieved when the collector sheets have the dimensions 1.2 m
x

0.135 m

x

2 mm, and the green, pink and violet Lumogen dyes are used in

concentrations of 60 ppm, 50 ppm and 120 ppm respectively. The light output is
boosted by installing a rectangular light extractor on the end of the light guides.
The optimal gain is achieved if the light extractor has the dimensions 150

x

45 x

12 mm, and is doped with microspheres at a concentration of between 2-8
microspheres per linear mm.
However, when a three-layer LSC stack is produced according to the above
optimal configuration, there are also many practical issues that can significantly
affect its performance if they are not addressed properly. Small discrepancies in
the surface flatness, cleanliness, polish quality, dye dissolution or gluing can
reduce the final output considerably. In this chapter, the importance of each of
these issues is outlined and discussed. Furthermore, some practical guidelines
are given for producing a three-layer stack, including a discussion of the
necessary precautions to prevent damage to the collector or light guides after
installation.
11.2 Individual LSC Sheets
Luminescent Solar Concentrators are sensitive to many geometrical, chemical
and physical factors, which are especially important for daylighting applications
where long path lengths are involved. For different LSC samples with the same
dye and geometry, variations in optical efficiency of up to 25% may be observed
if careful attention is not given to the manufacturing process (Heidler 1981).
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Typical LSC’s for photovoltaic applications are up to 400 mm long and 3 mm
thick. These sizes involve small path lengths, as the photovoltaic cells are fixed
to the edges of the collector. Although photovoltaic LSC’s are sensitive to many
of the production aspects outlined below, the output of LSC’s for daylighting
applications are more sensitive due to their increased size (up to 1.2 m long).
Moreover, the emitted light is only collected at one of the 6 faces, and up to half
of the emitted light is reflected off a mirror at the back surface. Hence a large
portion of the light may be travelling over 2 m before reaching the collection
edge. The path length in the light guides may be up to 10 m. Consequently,
minimising transport losses is crucial if the output is to be maximised. The
requirements for a high performance LSC stack are outlined below, along with
examples of some parameters that can impact the system performance.
11.2.1 Surface Flatness
Undulations in the surface can cause additional light loss by slightly increasing
the angle required for total internal reflection, as shown in Figure 11.1. For small
variations of ± 0.05 mm in 2 mm-thick PMMA this is not a significant problem,
only increasing the transport losses by 3% in small samples (Batchelder, Zewail
et al. 1979). However, these LSC sheets of nominal thickness 2.0 mm have
variations of up to ± 0.07 mm (At/t = 6%), as shown in Figure 11.2. These
variations cause up to 8% transport loss in 1.2 m long sheets. When the LSC is
illuminated by a fluorescent lamp in dark surroundings, the low-angle escaping
light from Figure 11.1. (b) can be seen if the naked eye is close to the surface,
revealing the presence of surface undulations. Low-angle escaping light was
observed in this manner for all three LSC’s, corresponding to the thickness
variations plotted in Figure 11.2.
Furthermore, the thickness data in Figure 11.2 show that the ends of the light

I

~ At

t

Figure 11.1 - Transport losses in LSC sheets: (a) flat parallel surfaces totally
internally reflect all rays travelling at or above the critical angle, x; (b) thickness
variation causes ray at angle /2 > X to totally internally reflect, while critical angle
ray escapes, leading to additional light loss.
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guide used in this trial are narrower than the ends of all coloured LSC’s. This
poses an additional problem when the LSC’s are coupled to the light guides. The
coloured LSC’s are thicker than the light guide, so a fraction of the emitted light
will not be successfully coupled into the light guide, but will be lost at the
collection edge. In the worst case (the left hand end of the pink LSC coupled to
the left hand end of the light guide), the discrepancy is (2.07-1.94)72.07 = 6%.
Therefore a further 6% loss is possible if the thickness of the LSC is greater than
the thickness of the light guide. This problem should be easy to resolve in
practice.
11.2.2 Clean Surfaces
In a similar way to surface undulations, dirty and scratched surfaces will enable
light to leak from the LSC, introducing further transport losses, as illustrated in
Figure 11.3. It is very important to keep all LSC surfaces free of dirty marks such
as fingerprints and adhesive, because once the surface has been marked, it must
be cleaned using an appropriate solvent and cleaning cloth. The very act of
cleaning can create scratches, which also causes light loss, as illustrated in
Figure 11.3(b). Although tissues feel soft to touch, they contain small particles
that will create scratches if applied to the PMMA surface. Paper towel is even
coarser, and creates deeper scratches. Any paper product - or even cotton swabs
- may leave small fragments on the surface, so neither product is suitable.
Instead, fresh medical gauze cloth was used for any necessary cleaning of the
LSC surfaces, as it cleans the surface well and does not scratch the surface if
used gently.
—< — Light Guide
pink

—a—

2.06-

«

■

2.04-

a

-

Green
Violet

E 2.02

<r>

.0—<x
2.00
1.98

......t-rV

1.96-

1 92 -

Distance along LSC (cm)

Figure 11.2 - These LSC sheets have thickness variations of 6% of the nominal
thickness of t = 2.0 mm, causing up to 8% light loss when connected to a light
guide
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(a)

(b)
t

Figure 11.3 -Additional transport losses in LSC sheets: (a) flat parallel surfaces
totally internally reflect all rays travelling at or above the critical angle; (b) dirt
and scratches enable light at or above the critical angle to escape, causing
additional light loss.

The green LSC’s used in this prototype were produced with a protective
paper cover sheet to prevent damage in transit. However, some of the adhesive
remained on the LSC sheet when the protective cover was removed, causing
significant light losses that were visible to the naked eye. A few different
cleaning agents were used to clean the sheets, in order to determine the most
appropriate method, and the results are summarised in Table 11-1.
Firstly, methylated spirits was found to lift the adhesive from the surface well
and localise it to droplets. However, a second solvent (De-Solve-It®) was
required to remove the droplets. This second solvent was not completely
successful in removing the droplets, so the surface was covered with fine
droplets, leaving a somewhat milky finish.
A second cleaning agent specially designed for optical surfaces - MirrorGlaze™ - was used, and it was not successful in fully removing the surface
adhesive either. The surface appearance was somewhat milky, with some
adhesive particles remaining on the surface.
Thirdly, a mixture of cold water and detergent was used to clean the adhesive
from another fresh LSC. For this cleaning agent it was necessary to dry the
residue with a clean cloth and blow-dry the remainder with compressed air. The
surface was clear, apart from some small smudges left on the surface from the
small droplets as they were blown away from the surface. If the initial residue
Cleaning Agent

Drying Method

Appearance

Surface

Methylated Spirits &
De-Solve It®

Evaporation

Milky

Some droplets

Mirror-Glaze™

Evaporation

Milky

Some particles

Water + Detergent

Cloth & compressed
air

X-55 (Shellite)

Evaporation

Clear - some
smudges
Clear - minimal
residue

Some scratches
No scratches

Table 11-1 - Summary of different methods used to clean LSC sheets
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was blown with compressed air, the smudges were much bigger than if the
drying cloth was used. However, the surface was easily scratched due to the
additional contact with the drying cloth, and the force required to remove the
residue, which does not evaporate quickly at room temperature.
Finally X-55, a cleaning solvent with a low melting point (also known as
Shellite), was used to clean the adhesive from a fresh LSC. This solvent
evaporates quickly, so very little force is required to remove the adhesive, and
surface scratches are avoided. The surface finish is clear, apart from a very thin
residual layer that can be minimised if care is taken. Hence X-55 was the best
cleaning agent of the four types tested.
However, even after the most careful treatment with X-55, there was still a
visible difference from other untouched LSC’s with a better protective coating
that leaves no residue. For the pink and violet LSC’s, a polymer protective
coating was used instead of the paper one used for this green LSC. This
protective coating utilises static electricity to increase its adherence to the LSC,
so it leaves no residue, and cleaning is no longer required. These LSC sheets had
extremely good clear finishes after removal of the protective cover. If the
polymer protective coating was used on the green sheets, it is expected that the
half-length would increase by up to 5 or 10%. All subsequently produced LSC
sheets will use the polymer protective coating, so residual adhesive is no longer
an issue.
Ideally the LSC’s should remain spotless from the time the coating is
removed. This can be achieved by always wearing cotton gloves when handling
the LSC, and keeping the surfaces free of fingerprints and other grime. Oils,
adhesives and other damp substances are worse than dry matter like dust and
powders, because they make greater optical contact and therefore enable more
light to escape. Nonetheless, all possible measures should be taken to ensure
that the LSC surfaces remain as clean as possible at all times during the
production process.
11.2.3 Polished Edges
The half-length of a LSC is greatly affected by its surface quality of its edges. In
Table 11-2 the half-length of 1.20 metre-long violet, green and pink LSC’s are
shown at various concentrations, and with two grades of side-surface finish
quality. Half of these collectors have been cut with a rough polish, and the other
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half were diamond polished, giving them a smooth finish. For the violet LSC’s
the difference in performance is extreme; the observed half-length is doubled
when the edges are diamond-polished as opposed to rough-polished. Less of a
difference is noted for the green and pink LSC’s, though it is still considerable.
Without a doubt diamond polishing the edges significantly improves the light
transport performance.
Even though the side surfaces make up <1.5% of the LSC surface area, the
light transport performance is highly sensitive to their surface finish. If the top
or bottom surfaces (which make up >98% of the surface area) were not smooth,
the light transport losses could not be tolerated. Generally the top and bottom
surfaces are already smooth from the casting process, but the ends and sides
may need to be polished if the LSC is cut to size. These figures demonstrate the
importance of a smooth finish on all surfaces of the LSC to ensure maximum
total internal reflection is achieved.
Two further observations can be made about the half-length data in Table
11-2. Firstly, for these samples half-length increases with decreasing dye
wavelength. Secondly, for the violet sheets, the half-length of the high
concentration sheet is greater than that of the low concentration sheet. This is
contrary

to

the

expected

relationship

between

half-length

and

dye

concentration. Upon closer examination, the low-concentration violet sheet was
found to be milky in appearance - a phenomenon often associated with
scattering from incompletely dissolved dye. The effects of incompletely
dissolved dye on half-length are discussed in detail below.

Sample

Half-Length (m)
Rough-Polished

Diamond-Polished

60 ppm Violet

0.72

i-45

120 ppm Violet

0.87

1-74

30ppm Green

0.74

1.16

60 ppm Green

0.77

1.04

30 ppm Pink

0.56

0.97

50 ppm Pink

0.51

0.88

Table 11-2 - Variation of half-length with LSC edge quality
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11.2.4 Complete Dissolution of Dye
Dye is incompletely dissolved if it is not dispersed at the monomolecular level.
Clusters of dye molecules can cause significant reductions in light transport
performance. Before casting the dyed LSC sheets, the dye may be dissolved in
the polymer matrix by mechanical or ultrasonic mixing. Mechanical mixing is
not as thorough as ultrasonic mixing, as it can leave clusters of dye molecules
that do not dissolve. These clusters can be identified in a LSC by taking note of
their appearance under two illumination conditions:
i.

When illuminated with a lamp, a LSC should appear clear if all
dye is dissolved. A milky appearance indicates that there is scattering
occurring, either from undissolved dye or matrix defects.

ii.

When illuminated with a horizontally polarised laser (with a
wavelength outside the dye’s absorption region), no scattered light
should be visible in the vertical plane, perpendicular to the plane of
polarisation. If the dye is properly dissolved, the only particles suspended
in the matrix are colloidal single dye molecules, which do not scatter
horizontally polarised light in the vertical plane. Thus any scattered light
in the vertical plane indicates clusters of dye particles, undissolved dye or
matrix

defects,

which

reduce

the

light

transport

performance

considerably
To illustrate how significantly undissolved dye affects the light transport
performance of LSC’s, three separate batches of 60 ppm green and 50 ppm pink
were tested with a range of tests and the results are shown in Table 11-3. Each
LSC was tested for surface adhesive from the protective coating, and examined
Dye

Test

Batch A

Batch B

Batch C

Appearance

Clear

Clear

Milky

Significant

None

None

low

moderate

bright

104
Slighty milky

105
Milky

87

Very milky

None

None

None

Laser

Fluorescence

Fluorescence

Fluorescence

Lv2 (cm)

88

7i

64

Surface
Green
60 ppm

Adhesive?
Laser
Scattering
L1/2 (cm)
Appearance
Surface

Pink 50
ppm

Adhesive?

Table 11-3 - Effect of undissolved dye on LSC appearance and half-length
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under the two illumination conditions described above. A red 633 nm He-Ne
laser was used for the laser tests. Half-lengths were also measured by the
procedure described in section 4.2.2 of chapter 4. If all sheets were produced in
the same way, the half-lengths for a particular dye should be identical from one
batch to another.
For the green LSC, the first batch had significant amounts of adhesive on the
surface from the protective cover sheet (as discussed in section 11.2.2 above).
Hence a greater half-length than the achieved value of 104 cm should be
possible without the effects of the surface adhesive. However, with the second
batch there was no residual surface adhesive, but the half-length showed no real
improvement due to the undissolved dye and matrix defects detected by the
laser test. Although the third batch was again free of adhesive, there was a
significant reduction in light transport performance due to undissolved dye or
matrix defects, as indicated by the milky appearance, bright laser scattering and
20% reduction in Lv2. Hence the luminous output from the third green sheet is
likely to be at least 20% lower than that of the first two batches.
The light transport performance of the pink sheets gets progressively worse
from one batch to another. Laser testing is inconclusive for the pink sheets
because the laser is within the absorption region of the dye and therefore
produces fluorescence. No surface adhesive is present for any of the pink or
violet samples, and the surfaces are clean. Under lamp illumination the samples
look progressively milkier from batches A through C, and this is reflected in the
decreasing half-length values. Lv2 for batch C is 27% lower than for batch A due to either the presence of more undissolved dye in the later batches, or more
matrix defects. These results demonstrate that it is critical to ensure that the dye
is fully dissolved before polymerisation of LSC’s, and then to polymerise
carefully to ensure no matrix defects. Otherwise the light transport performance
and light output will be below potential values.
Furthermore, for full analysis it is important to produce a clear matrix from
the same production run. Then the true source of any excess scattering may be
identified as either undissolved dye or matrix defects. Without the clear sample
it is impossible to single out the source of any scattering identified by the above
tests.
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11.2.5 Excellent Optical Joints
As described in detail in chapter 7, the light reaching the end of a light guide in a
three-layer LSC consists of a sizeable quantity of trapped light, which can
significantly boost the light output if it is extracted. However, trapped light is
much more sensitive to all the possible problems mentioned above, as it has a
longer path length than endlight and therefore bounces off the LSC surfaces
more than endlight. Trapped light is transported to the light guide solely by total
internal reflection. Thus if there is an air gap anywhere in the system, all
trapped light is completely reflected at that surface and it will not be extracted
at the end of the light guide. Hence it is essential that all optical joints in the
system be of the highest optical quality.
11.2.5.1

Measuring the Gain of Light Extractors

In order to assess the performance of a light extractor experimentally, one must
compare two physically observable values. The fractions of the emission
categorised as endlight and trapped light (discussed in chapter 7) cannot be
distinguished experimentally - nor can their theoretical extraction efficiencies.
The easiest way to assess the performance of a particular light extractor on a
particular LSC is to measure the luminous output with a light extractor
installed, and compare that with the output of the same LSC with a flat polished
end. The LSC must be illuminated in the same way each time, so that the
luminous flux and angular distribution of light reaching the end of the LSC is
identical for both measurements. The average gain G achieved by a light
extractor is given by the following extension of Eq. (7-30):
(11-1)
■

end

Here he is the luminous flux measured from a LSC sheet with a light
extractor installed, lend is the luminous flux measured from the same LSC with a
polished end under the same illumination conditions, if is the overall efficiency
of the light extractor and 7 is the efficiency of a polished end surface.
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To compare the performance of a range of light extractors, each one must be
optically joined to a separate LSC (of the same dimensions, and containing the
same amount of dye) and the opposite end of the LSC is polished flat as shown
in Figure 11.4. A fluorescent lamp is placed 30 cm from the end of the LSC, and
the desired end is placed in an integrating sphere. Black tape is fixed across the
width of the LSC behind the lamp to absorb any light that is reflected from the
end surface opposite to the end being measured. This ensures that no backreflected light reaches the integrating sphere, so the ratio of trapped light to
endlight is consistent no matter which end is in the integrating sphere.
When the gain for a particular light extractor is known, its overall efficiency
can be calculated by substituting ij for the particular LSC into Eq. (11-1). Thus
the efficiencies of various light extractor designs can be measured
experimentally and compared with theoretical predictions.
11.2.5.2

Gain Measurements

For comparison purposes, various prototype light extractors were produced,
some with diffusers and some without. The first five designs were 150 mm wide,
while the last one was 155 mm wide. All designs had a depth of D = 12 mm, and
were painted white on the back surface only. Each light extractor was installed
on a green LSC of length 60 cm and the gain was measured, as described above.
The measured gain values are shown in Table 11-4, along with the simulated
gain for each design, using the model described in chapter 9. All of the light
extractors that were fastened with UV-curing glue performed poorly; with a
measured gain 30-60% lower than expected from simulation. It is believed that
the low gain values are due to two significant factors, which are related to each
LSC sheet

Light absorbing tape

Light Extractor

Polished end
Trapped light
may also escape
Light re-emitted from
fluorescent dye molecule

30 cm

Endlight escapes

30 cm

Figure 11.4 - LSC sample design used to measure light extractor gain. Light
output is measured at each end separately with an integrating sphere (omitted for
clarity). The black tape is placed on the right hand side of the lamp to measure Iend,
and on the left hand side to measure J/e.
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other.

A3 mm-deep groove was milled in the light extractor to

i.

improve the mechanical strength of the join. However, upon close
examination of the optical joint, a definite air gap was observed between
the LSC and much of the groove surface. This suggests that the optical
joint was of very poor quality when the groove was used, as this air gap will
reflect much of the trapped light back into the LSC, severely limiting the
gain. Given that the air gap seemed to cover most of the groove, the
achieved gain value of 1.30 is surprisingly high.
ii.

The UV-curing glue did not appear to have set properly. This is
due to a combination of two factors. Firstly, the PMMA used for the light
extractors comes with a standard UV-blocker. This UV-blocker hinders the
gluing process to some extent, by preventing the UV light from penetrating
the PMMA to a depth sufficient to adequately cure the glue. One light
extractor detached from the LSC in the integrating sphere during the gain
measurements - after the Loctite Impruv 349 UV-curing glue had been
exposed to a 300W Osram Ultra-Vitalux UV lamp for 15 minutes. Clearly
the glue had not cured properly and it is not surprising that the optical
joint was unsatisfactory.

The second problem exacerbates the first; deeper grooves require longer
optical path lengths for the LTV light, so the UV-blocker attenuates the UV light
more significantly, leading to optical joints of lower quality. This can be avoided
by using PMMA without UV blocker for the light extractors. However, UV
blocker is standard in most acrylics, so it would require a special production
batch and potentially cost more to acquire acrylic without the UV-blocker in it.
A better solution is to use a stronger UV lamp - this would be essential for largeAdhesive

Diffuser

Groove

Thickness (mm) Depth (mm)

Height
(mm)

Gain

Gain

(measured) (simulated)

UV-curing glue

N/A

3

30

1.30

1.64

UV-curing glue

N/A

3

30

1.21

1.64

UV-curing glue

N/A

3

50

1.20

1.69

UV-curing glue

3 mm

3

30

1-25

1-75

UV-curing glue

3 mm

50

1.21

1.79

Dichloromethane

N/A

3
N/A

50

1-59

1-75

Table 11-4 - Measured and simulated gain values for a range of light extractors
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scale production of three-layer LSC daylighting systems.
The final light extractor in Table 11-4 was solvent-welded without a groove,
using dichloromethane. Dichloromethane is a volatile solvent that evaporates
very quickly at room temperature, and melts a thin top layer of an acrylic sheet
when it comes in contact. Thus it dries in a matter of seconds, and forms a new
optically transparent surface, acting more like a weld than a glue joint. It is
therefore mechanically very strong, so a groove was not necessary with this
method.
This light extractor showed superior performance to all light extractors glued
with the UV-curing glue. The measured gain of 1.59 was close to the expected
gain of 1.75. Without the groove and the associated air gap, the optical finish of
the join was excellent, and significantly more trapped light was extracted than
with the other designs. Although solvent welding is not feasible for large-scale
production, this result does demonstrate that for LSC daylighting systems, high
quality optical joints are essential for extracting the trapped light.
11.3 Three-Layer LSC
11.3.1 Collector
When LSC sheets have been produced according to the specifications listed
above, there are two main requirements for the long-term life of the stack - the
collector and light guides must be kept clean and the mechanical integrity of the
optical joints must be maintained. The cleanliness and mechanical integrity of
the collector stack is maintained by the UV-blocking cover sheet.
Thus the UV-blocking cover sheet must:
i.

be optically clear

ii. contain a UV-blocker
iii. be moulded in such a way that the edges create a weather-proof seal, to
prevent rain and dirt from falling on the dyed collector sheets (as shown
in Figure 11.5)
iv. be mechanically strong to prevent debris (falling branches, hail etc...)
from damaging the collector
Thus the cover sheet should prevent the collectors from getting dirty or
damaged while installed on a roof. Acrylic has been chosen as a material for the
cover sheet, because of its excellent mechanical strength and high transparency.

Chapter 11

Performance Issues

However, before and during installation of the three-layer stack, there is still
a risk of damaging the collector/light guide optical joint due to bumping or
knocking either the light guide or the collector. Preventative measures must be
taken to ensure that any knocks do not weaken the optical joint. As discussed in
section 11.2.5 above, the quality of the light guide/light extractor optical joint is
critical, and the same is true for the collector/light guide joint. Sharp knocks to
the light guide may snap the light guide away from the collector. This would
prevent any trapped light and much of the endlight from entering the light
guide, drastically reducing the light output.
Thus it is important to mechanically reinforce the optical joint between the
light guide and the collector sheets, to protect its mechanical integrity. This is
achieved by clamping an aluminium plate to the base plate on either side of the
optical joint, as shown in Figure 11.6(a). However, so that total internal
reflection is maintained, it is important to ensure there is no optical contact
between each of the LSC sheets. This can be achieved using spacers, as shown in
Figure 11.6(b), between the LSC sheets. These spacers must not scratch the LSC
surfaces when they come in contact. In the prototype stacks, the spacers
consisted of a piece of flexible silverlux™ film wrapped in High Density Poly
Ethylene (HDPE) film. Thus the spacer is < 1 mm thick, creating a very small air
gap between the LSC sheets that protects the surfaces from rubbing.
If the optical joint is reinforced in this way, the majority of the strain from
any jarring forces on the light guides or the collector sheets is transferred to the
aluminium plates, and should not affect the optical joint at all. However, a
reinforced optical joint can still be broken if struck with enough force, so the
stack should be handled very carefully at all times to avoid sharp knocks.
11.3.2 Light Guides
The light guides should be protected against dust, scratches and stray light. Dust
and scratches will cause light leakage and diminish the light output. Hence the
, Cover sheet

Three Layer LSC Stack

Weatherproof Seal

Figure 11.5 - Cross-section of cover sheet on LSC stack
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(a) Top View
Collector
Aluminium plates
(bolted to base plate)

Light Guides

(b) Side View
Mechanical
pressure
Aluminium plates
(bolted to base plate)

Spacers

Base plate

Figure 11.6 - Reinforcing the optical joint between the collector sheets and the
light guides

light guides should be covered in a material that will act as a seal to keep out
dust and dirt, while it should also protect the light guide from scratches. The
inner layer should therefore be made out of a suitable material that does not
scratch the light guides. For the existing prototypes, high-density polyethylene
(HDPE) was used for the inner layer, as illustrated in Figure 11.7.
The light guides should be further protected from scratching using a thick
protective outer layer. Black poly-vinyl-chloride was used for this layer, which
should be tough, to protect the thinner F1DPE layer from scratching by sharp
objects. For additional protection from bumping, a soft shock-absorbing layer
should be used in between the inner and outer layers. Bubble-wrap has been
used for the existing prototypes.
Each of these layers should extend all the way from the beginning of the light
guide (near the collector) to the light extractor. This will protect the light guide,
helping to maintain the quality and intensity of the light output over the life of
the system, which should be at least 10 years if the violet dye is used with a UVblocking cover sheet.
Light losses may be experienced if the light guide is bent too sharply, so this
should be avoided. However, if the bending radius is kept above 200 mm, the
bending losses should be negligible.
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11.3.3 Light Extractor
For the prototype LSC stacks, rectangular light extractors were installed, with
the dimensions 12 mm x 30 mm x 150 mm, as shown in Figure 11.8. A groove
3 mm deep and 6 mm wide was milled into each light extractor to provide
additional strength to the join. The light extractor was fastened to the light
guides with optically clear UV-curing adhesive. To cure the adhesive, it was
exposed to the UV lamp at a distance of 20 cm for 3 periods of 5 minutes each;
once diagonally from each side of the light guide (top left and top right of Figure
11.8) and once through the front surface of the light extractor (bottom of Figure
11.8) . The lamp was allowed to warm up for 5 minutes before each exposure and
cooled down for 5 minutes before subsequent exposures.
However, the clear PMMA used for the light extractor and the light guides
contain some UV-blocker. Hence the optical path length through the end of the
light guides to the glue is shorter than the path length through the light
extractor. Thus it is expected that the majority of the curing was achieved during
the first two exposures with smaller optical path lengths. One of the inherent
problems with this gluing procedure is the fact that the curing of the glue is
impeded by the UV-blocker in the components. If the UV-blocker was omitted
from the light guides and the light extractor, the gluing process would be
quicker and more efficient, and should provide a stronger glue joint.
Excess glue is another important consideration in the gluing of the light
extractors. In a production line, the exact amount of glue required may be
applied by an automated syringe system. However, when glue is applied by
hand, it is likely that the amount of glue applied to the groove will not be exactly
the amount required for the join. If the amount of glue required is
underestimated, the strength of the join will be compromised - it is best to be
Soft shock-absorbing layer

\
Light Guides
Anti-scratch layer
Tough outer layer

Figure 11.7 -External layers to protect light guide from dust, scratches and stray
light (cross-section)
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135 mm

Light
Guides
Light
Extractor

\y^~ 113

mm

150 mm

12 mm
6 mm
30 mm

Figure n.8 - Light extractor and light guide dimensions for prototype LSC stack

generous with the glue. As far as possible, all excess glue should be removed
from the glue join before curing. However, care should be taken to avoid
smudging glue on the light guides, as this will allow some trapped light to
escape prematurely, introducing additional losses to the system.
Furthermore, air bubbles are more likely to form on the groove surface if the
glue is not properly worked into the surface. Before inserting the light guides
into the light extractor, the glue should be applied to the groove and rubbed in
with a small spatula. Previous experience has shown that if this step is not
carried out, small irregularities in the groove surface become nucleation sites for
air bubbles, causing reductions in both the optical quality of the join and its
mechanical strength.

11.4 Conclusions
There are many issues that need to be addressed appropriately if a three-layer
LSC stack is to be effectively used for daylighting. The main issues regarding
individual LSC sheets are listed here in order of importance:
i. All LSC surfaces must be highly smooth or else the light transport
efficiency may be reduced by 50% or more
ii. The dye must be fully dissolved before polymerisation.
Clusters of dye molecules create excess scattering, leading to reductions of
up to 20-30% in light transport efficiency
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iii.

Performance Issues

The matrix material must be free of defects and have

high optical quality, or else light transport efficiency will be further
reduced
iv.All optical joints must be of very high quality and strength
otherwise a large fraction of the available light may remain trapped
v. The edges of the rectangular LSC sheets must be parallel and
the thickness should be accurate to within ± 0.05 mm. Thickness
variations of ± 0.07 mm in a 2 mm-thick light guide can cause up to 8%
light loss, and further light loss is experienced if the light guide is narrower
than the dyed LSC.
vi.All LSC surfaces and light guides must be kept very clean.
Grime and fingerprints on the surface enable light to leak out, and cleaning
them off may introduce scratches, which can have the same effect.
If any of these issues are neglected, the potential light output of the threelayer LSC daylighting system will not be achieved.
When putting together a three-layer LSC, it is important to insert spacers
between the individual LSC’s, to maintain an air gap and ensure that total
internal reflection within each LSC is not affected. The spacer material should
be smooth so it does not scratch the LSC sheets. Residual adhesive on the
collector sheets can cause cross-coupling of light between the sheets, so it is
important that the protective layer is removed completely without leaving any
residue. The collector/light-guide optical joint should be reinforced by bolting
the three layers down with aluminium plates either side of the joint. Care should
be taken at all times to prevent the collector/light guide join from receiving any
sharp knocks. The collector sheets should be protected from dirt, water and
falling debris by a sturdy, weather-proof, transparent UV-blocking cover sheet.
Before installation, the light guides should be protected from dust, scratches
and stray light by wrapping them in a thin anti-scratch inner layer, followed by a
shock-absorbing layer and a thick opaque outer layer. All these precautions
should prolong the life of a three-layer LSC daylighting system and help to
ensure the quality of the light output is maintained over its lifetime of more than
10 years.
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LSC Stack Output Properties
12.1 Introduction
In the previous chapter the optimal LSC configuration (as determined by
theoretical modelling) was outlined, and a range of practical issues were
discussed that affect the luminous output of a three-layer LSC stack. Ultimately
the performance of a LSC (and its suitability for a daylighting system) is
determined by measuring the luminous output produced under solar
illumination. In the only previously published use of Luminescent solar
concentrators for daylighting (Zastrow & Wittwer, 1986), a light-to-light
efficiency of 0.6% was measured. Besides this figure, there are no light output
measurements available for LSC daylighting systems, as this application has not
been successfully implemented before. Hence measurements were made of the
luminous outputs of the three-layer LSC stack presented here, and each
individual LSC therein. These results are compared below with the outputs
predicted by the simulation described in chapter 3. The effects of the UVblocking cover sheet, the light extractor and layering the sheets in various
configurations, are all examined under solar illumination.

12.2 Measurement Process
12.2.1 Calibration
Luminous output was measured with a Hagner S3 (94 258) photopic detector
connected to a light meter and an integrating sphere of diameter 300 mm, as
illustrated in Figure 12.1. To enhance the collection efficiency, the white base
reflector was placed underneath the LSC’s for all measurements, and mirrors
were attached to the end surfaces.
The photopic detector attached to the light meter measures the illuminance
(in lux) falling on the detector, so calibration was required before the measured
values can be converted to lumens (lux.m2). The lux to lumens calibration
factor, (p, was calculated as follows:
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Figure 12.1 - Measurement of luminous output of LSC sheets under solar
illumination

<P =

1 sphere
^ sol ^slit

(lux)
(lumens) ’

(12-1)

where Isphere is the illuminance (in lux) measured from the integrating sphere
with its slit perpendicular to the sun (as shown in Figure 12.2), Isoi is the
incident solar illuminance and Asut is the area of the slit. q> is the measured lux
per lumen entering the integrating sphere, and it is specific to the integrating
sphere/slit geomtery. Therefore the observed luminous flux, 0obs, entering the
sphere from an LSC is calculated by dividing the measured illuminance by (p.
<f> obs (lumens)

I sphere
(lux)
(p (lux / lumen)

(12-2)

The accuracy of (p is primarily determined by the accuracy with which the
area of the slit is known. To reduce the possibility of stray light entering the
I

tw

f

Figure 12.2 - Measuring lux to lumens conversion factor for integrating sphere

174

Chapter 12

LSC Stack Output Properties

40 mm

8 mm Ji
145 mm

160 mm

Figure 12.3 - Integrating sphere masks with two slit sizes (a) for individual LSC’s or
stack without light extractor, and (b) for LSC’s with a light extractor installed
Mask

Width (mm)

Length (mm)

Asm (cm2)

(p (lux. lumen‘)

A

7.35 ±0.04

143.40! 0.005

10.54 ±0.06

45-5

B

38.64 ± 0.04

153-75 ±0.2

59.41 ±0.1

35-0

Table 12-1 - Dimensions of slits in integrating sphere masks for luminous output
measurements

integrating sphere, the slit should be as close as possible to the actual size of the
light guides The slit must be made of a sturdy material that will not change
shape from extended usage. A plastic sheet of thickness 5 mm was used to make
up two separate masks, each with a dedicated slit size, as shown in Figure 12.3.
Mask (a) has a slit large enough that a stack of three LSC sheets (each with ends
2 mm x 135 mm) can fit comfortably through the slit. The larger mask (b)
comfortably fits a light extractor through it (most light extractor designs used to
date have an area of approximately 30 mm x 150 mm). Mask (b) is fixed firmly
to the integrating sphere, and mask (a) is attached to the front of it when the
smaller slit is desired.
Because this material is rigid, the slits remain in their original size and shape
when attached to the sphere, so their areas can be measured accurately. The
length and width of the slits were measured with digital vernier callipers,
accurate to 0.01 mm. Each dimension was measured ten times, and the mean
values were used to calculate the area of the slit (see Table 12-1). These values
were used to calculate the calibration factor (p for each slit, which are also shown
in the table. As the slit area increases, there is a larger area through which light
may escape from the integrating sphere, causing increased losses and a
reduction in 9.
12.2.2 Spectral Correction
If the inner surface of the integrating sphere had a flat spectral response over
the entire visible region, light of all colours would reach the photopic detector
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with equal efficiency. The spectral response of the paint used in the integrating
sphere was measured with a spectrometer, as illustrated in Figure 12.4, in order
to test if it was equally sensitive to the whole visible region. A bright white
halogen lamp was connected to an optic fibre and shone into the integrating
sphere. The spectral output was measured with another fibre connected to an
Ocean Optics SD2000 fibre optic spectrometer, and analysed with Spectra
Array software on a PC. This spectral measurement was then compared with
the spectral transmission of the white light source, and a spectral response
curve was calculated as follows:
(12-3)
where Rsph(A) is the spectral response of the integrating sphere, I0ut(A) is the
output of the white light source from the integrating sphere, and hn(A) is the
emission spectrum of the white light source. If the integrating sphere surface
were spectrally flat, Iout(A) would be identical in shape to Iin(A) and Rsph(A) would
be consistent for all wavelengths, although reduced by a constant factor due to
the integrating sphere geometry. Rsph(A) is normalised to the same area as the
photopic response of the eye, V(A) so the total energy under each curve is
identical. Thus V(A) may be compared with the normalised spectral response of
the integrating sphere paint, Rnorm(A) over the visible region.
(12-4)
Rnorm(A) is compared with the photopic response curve and the output

Detector
Spectral
Analysis
Software

Integrating Sphere
Figure 12.4 - Measuring the spectral response of the white reflective surface
inside an integrating sphere.
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emission of each of the LSC’s in Figure 12.5, and the integrating sphere is
spectrally flat over the eye’s most sensitive region. However, Rnorm(X) increases
slightly for red light (X > 650 nm), and it drops off significantly in the blue
region (A. < 500 nm).
Thus the white paint used for this integrating sphere is not truly spectrally
flat, so the luminous output measurements of each LSC must be adjusted by an
appropriate correction factor. This correction factor is different for each LSC,
and must take into account the response of the photopic detector, V(A), the
spectral response of the integrating sphere, RnormiX), and the output emission
spectrum of the LSC, f(X,L), weighted over the visible region.
Thus the white paint used for this integrating sphere is not truly spectrally
flat, so the luminous output measurements of each LSC must be adjusted by an
appropriate correction factor. This correction factor is different for each LSC,
and must take into account the response of the photopic detector, V(A), the
spectral response of the integrating sphere, RnonnOO, and the output emission
spectrum of the LSC, f(A,L), weighted over the visible region.
(800 nm

K=

V(X)£(A,L)cU
1
•fi<00 nm

(12-5)

L.R.,SW(A)ea,L)M
SOOnni

K is quoted in Table 12-2 for each of the LSC’s and for the combined output
of the three LSC’s in the stack. The ‘observed’ luminous flux must be multiplied
by this weighted spectral correction factor to give the true number of lumens
Violet LSC
Emission

Pink LSC emission

Green LSC
Emission

Eye's photopic
response

o. 0 6Integrating sphere
spectral response

to

0 4-

Wavelength (nm)

Figure 12.5 - LSC emission spectra overlaid with the weighted spectral response
of the integrating sphere, Rsnh(^), and the human eye, V(A).
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LSC

K

Violet

1.114

Green

0.998

Pink

0.968

Stack

0.999

Table 12-2 - Spectral correction factor, K, for luminous flux measurements of
each LSC with 300 mm integrating sphere.

that entered the integrating sphere.
'i> •*<!>,.

—----<P

(12-6)

Due to the fact that the white paint in the integrating sphere has lower
reflectivity in the blue region, the observed flux from the violet LSC must be
increased by 11.4% to give the true luminous flux entering the integrating
sphere. The observed luminous flux for the green LSC requires negligible
correction, and the observed flux from the pink LSC must be reduced by 3.2%.
It is interesting to note that the spectral correction factor for the combined
stack output is almost unity, so the total observed flux requires negligible
correction. This is because the emission of the green and pink LSC’s overlap
more significantly with the photopic response than the violet emission, so they
demand a higher weighting in the calculation of K with Eq. (12-5). Thus the
relative lumens of each colour balances out the variation in K, so the non
uniform reflectivity of the integrating sphere surface affects the observed output
of the individual LSC’s, but not the total observed flux. Hence the correction
factor is necessary when comparing the measured output of individual LSC’s,
but not when the three LSC’s are combined in a stack.
12.3 Luminous Output
12.3.1 Measurements vs. Model

Firstly, the output of the individual LSC’s was measured under solar
illumination with a clear sky, and corrected using Eq. (12-6). In Table 12-3, the
output of each LSC or combination thereof is quoted in lumens, normalised to a
solar input of 100,000 lux. Each LSC output was simulated using the model
described in chapter 3, and the results are also presented in Table 12-3. Placing
the cover sheet on top of the LSC’s and colour balancing the system to give a
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good white colour both cause reductions in the total luminous output. A
percentage reduction is quoted for each measurement by comparing it to the
previous measurement before the modification was made.

For these

measurements a different mask to the masks from Figure 12.3 was used - with a
slit area of 11.00 ± 0.1 cm2. With the slit perpendicular to the sun, the
calibration factor was <p = 14.0 lux/lumen, and with the slit horizontal
(perpendicular to the ground), q> = 13.4 lux/lumen. The average of these two
values was used for these calculations; (p = 13.7 lux/lumen.
It is clear that most of the output lumens come from the green LSC, as it is
best matched with the human eye response (see Figure 12.6). In direct sun the
green sheet gives approximately 940 lm, while the pink gives around 240 lm,
and the violet gives around 50 lm. When all three LSC’s are layered in a stack,
the total output is only 20-30 lumens greater than the green LSC by itself. Thus
green is the most important colour for luminous output, and the other colours
play lesser roles, contributing more to the colour of the output light than the
actual intensity
For the individual LSC’s, the modelled results are in good agreement with
the measured values, however the modelled LSC stack output is overestimated
by about 60%. This suggests that there are other significant sources of loss
specific to the three-colour stack that are not fully accounted for in the model.
Some possible sources of loss arising form the production process are addressed
in detail in chapter 11. These unnecessary losses can be minimised by careful
LSC production, ensuring that the top and bottom sheet surfaces are flat and
parallel, clean and free from scratches.
Despite these losses, the LSC stack has a good optical performance. Under

LSC
Type

No UVCover

UV-Cover in Place

Measured

Measured

UV- Cover

Modelled

Lumens

Lumens

Reduction

Lumens

50

Violet

64

49

24%

Green

1056

937

11%

939

Pink

255

239

6%

237

Stack

1,078

965

10%

1,274

Table 12-3 - Measured & Modelled Luminous output of LSC’s (without light
guides) normalised to 100,000 lux solar illumination
179

Chapter 12

LSC Stack Output Properties

solar illumination of 100,000 lux an output of around 1,000 lumens is observed.
Light-to-light efficiency can be calculated by dividing by the solar illuminance of
16,200 lumens (100,000 lux over a collector of area 0.162 m2). The output
lumens would decrease slightly in cloudy conditions, and if sunlight availability
becomes very low, an artificial back-up lighting system will be required.
Nonetheless, the LSC stack accepts both specular and diffuse light, making good
use of all available sunlight. Although the performance of most daylighting
systems is assessed by the lux levels produced, luminous output is given here in
lumens, because our LSC system functions like a standard lamp fitting. It is
conceived that residential room lighting is the most likely application of this
system - e.g. bathrooms/kitchens and the like. For a room of known floor area,
the number of LSC daylighting systems required can be determined by
calculating the number of lumens per square metre (i.e. lux). Australian
standard lux levels for different types of rooms are given in appendix A-i. For
most rooms in an average house, one system per room should be sufficient.
As with all daylighting systems, supplementary artificial lighting is required
in highly overcast conditions. An LSC stack with high light-to-light efficiency
ensures that optimal light output is achieved whatever the sky conditions. Lightto-light efficiency for an LSC is very size dependent, so it can only be compared
between LSC’s of similar sizes. For this particular stack it was anticipated that a
light-to-light efficiency of 5% would be sufficient for general household room
lighting, and a value of 6% was achieved by the prototype. Our model predicts
that this can be increased to 10% if residual glue and surface roughness losses
are effectively minimised, and with a light extractor gain factor of 1.50 it should
be possible to achieve a theoretical efficiency of 12%.
Furthermore, as predicted in chapter 6, the cover sheet reduces the output of
the violet LSC much more than the pink or green LSC’s. The pink and green
LSC’s suffer only losses from Fresnel reflection when the cover sheet is added
(nominally 8%) The variation in reflection losses from 11% - 6% shown in Table
12-3 indicates measurement uncertainty of about 2-3%. The violet LSC suffers a
24% reduction in luminous output due to the overlap of the absorption spectra
of the violet dye and the UV-blocker (see section 5.3.1). When the cover sheet is
applied to the three-layer stack, the overall reduction in luminous output is only
10%, because the green and pink sheets provide the bulk of the lumens.
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However, it is important that the output of the three-layer stack is a good
white colour. With the cover sheet in place, the total luminous output of the
three-layer LSC consists of 4.0% violet, 76.5% green and 19.5% pink lumens.
This combination produces a slightly greenish white, which is pleasant, but not
ideal. Absorbing black tape was placed on the top surface of the green and pink
LSC’s, to reduce their luminous outputs and produce a better overall white. This
colour balancing caused a reduction of 23% in total output lumens - for the sake
of a good white output colour.
It is necessary to reduce the green and pink lumens in this way because no
more lumens can be obtained from the violet LSC without omitting the UVblocker.
However, the UV-blocker cannot be omitted, or else the violet dye will
degrade within 6 months (Franklin, 2004), and the LSC’s will need to be
replaced. Furthermore, the violet LSC degrades rapidly under UV light, as its
absorption region is very close to the UV region. Hence the violet lumens would
reduce while the green and pink lumens would remain steady with time, causing
a gradual shift in the output colour as the dyes degraded. Thus it is imperative
that a UV-blocker is used in the cover sheet. Moreover, the use of the violet LSC
in the stack inhibits the pink and green LSC’s - particularly the green LSC from providing their potential luminous outputs if a good white output is
desired. These findings lead to a new approach to the whole system, which is
discussed further in chapter 13.
12.3.2 Quality of Optical Joints

In order to measure the luminous output of the three-layer LSC stack, two
prototype stacks were produced, following the procedure outlined in chapter 11.
For portability and ease of measurement, short 50 cm light guides were used,
onto which full-size light extractors were installed. The luminous output was
measured at both stages - once after installing the light guides and again after
installing the light extractor and the results are compiled in Table 12-4. No
absorbing black tape was used with these sheets, so the prototype stacks give the
maximum luminous output possible with a UV-blocking cover sheet. Hence the
output colour is a slightly greenish white. In all cases the cover sheet reduced
the stack output by approximately 10%.
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It is clear from these results that installing the light guides introduces losses
to the system. The total luminous output of the stack is 20% lower with light
guides than it was before the light guides were installed. This loss is higher than
expected - it should be possible to install light guides without such significant
reductions to the total output. Over a distance of 0.50 m, these light guides, with
an attenuation of 9% per metre should only cause about 5% attenuation loss.
The glue joints looked to be of good quality with no air bubbles and very little
excess glue on the surface, so the optical losses from the joint should be small.
Hence the majority of the loss appears to be due to the fact that the light guides
are slightly thinner than the LSC sheets (see Figure 11.2 in chapter 11). In future
prototypes this should be corrected; if there is to be any discrepancy in the
thickness of the sheets, the light guides should be slightly thicker than the LSC’s,
not thinner.
It can be seen from Table 12-4 that the light extractor successfully extracts
some of the trapped light, although it does not achieve the estimated light
extractor gain factor of 1.50. As discussed in detail in chapter 7, a light extractor
should theoretically be able to extract around 80% of the trapped light, although
50% is a more realistic value. For the system presented here, the light extractor
was not very effective, providing a light extractor gain of only 1.30, due to poor
glue joints between the light guides and the light extractor. Experiments with
simple sheets have shown that a light extractor gain factor of 1.50-1.60 is
achievable with a well-designed light extractor with a good optical joint.
Hence this three-layer LSC stack with a UV-blocking cover sheet produces
over 1,000 lumens of near-white light under solar illumination of 100,000 lux.
For this sized collector, this translates to a light-to-light efficiency of around 6%
with a cover sheet and light extractor installed. These results are a significant
improvement on the 0.2% efficiency previously achieved with an LSC
daylighting system (Zastrow & Wittwer, 1986). It should be possible to increase
the total output lumens with better thickness-matching of the light guides and
LSC’s, and a better light extractor. According to the simulations in chapter 9, it
should be possible to produce a light extractor with a gain of 1.60. If the light
guides were made slightly thicker than the LSC’s, and they are glued carefully, it
should be possible to install them with only 5% loss in output (matrix
attenuation losses only). Therefore with a cover sheet on the current three-layer
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Cover

No Cover
Stack Treatment

Lumens Efficiency Lumens Efficiency
No Light Guides

1,078

6.7%

965

6.0%

50 cm Light Guides

859

5-3%

782

4.8%

1,131

7.0%

1,012

6.2%

SO cm Light Guides
+ Light Extractor

Table 12-4 - Luminous output and light-to-light efficiency of three-layer stack at
various stages of production, normalised to a solar illumination of 100,000
lux

LSC stack, a good light extractor should enable an output of 965 x 0.95 x 1.60 =
1625 lumens. Theoretically, if all losses are minimised, an output of around
1650 lumens is achievable with the current light extractor (which provides a
gain of 1.30), and around 1900 lumens with a light extractor gain of 50%. Hence
there is room for improvement in future prototypes.
12.4 Output Colour
Many aspects of the light transport in LSC’s were modelled using the
analytical model described in chapter 3, for all three coloured sheets and for the
stack as a complete unit. Firstly, the Stokes spectral shift and self-absorption
losses were modelled in order to calculate the output spectrum of the threecolour LSC stack, which is displayed in Figure 12.6. The solid line represents the
measured spectral output of the LSC stack, and the dashed line represents the
modelled output. At this stage spectral measurements of the output of the LSC
stack have not been made for the entire system, so a reasonable approximation
is given here by the superposition of the measured outputs of the three
individual sheets. This method is sufficient because placing the sheets in a stack
only slightly affects the relative intensity of the peaks, but does not change their
shape. From Figure 12.6 it is evident that the stack has three evenly distributed
spectral peaks, centring close to the peak photopic response of the eye,
represented as a dotted line.
Each of the three dyes used in the LSC stack were chosen because of their
high quantum efficiencies (//(/ > 90%), and because the combined colour is very
close to white. Pink dye is chosen here over red dyes that have been used in the
past (Swift, Smith et al., 1999), because it has a larger overlap with the spectral
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— Measured
- Model
• Photoptic Eye Response

Wavelength (nm)

Figure 12.6 - Output spectrum of the three-colour LSC stack

response of the eye. Green dye provides the bulk of the luminous output (see
discussion in section 12.3) as its peak output wavelength is very close to the
peak spectral response of the eye. However, the violet dye has an output
spectrum that is very poorly matched with the eye’s response, and it is only used
here to balance the colour, providing a near-white light source. Blue dye with a
peak wavelength around 450 nm would be preferable for this purpose, but blue
dyes with high quantum efficiencies are not available to our knowledge.
In Figure 12.7 the CIE 1973 colour co-ordinates are shown for the pink, green
and violet sheets, as well as the stack with and without a UV-blocking cover.
Points 1 and 2 represent warm white and cool white respectively, and the stack
with no cover almost exactly matches the point on the black body curve
representing the D65 daylight standard. As previously suggested, a higher
wavelength blue dye located roughly in line with the end of the blackbody curve
would produce a better output colour, more closely matched to the photopic eye
response.
It is, in principle, possible to create white light from combinations of two
colours: either blue-green and pink, or violet and orange. However, suitable
dyes are not available with these combinations, and due to the large gaps in the
spectrum, these whites’ would have very poor colour rendering properties.
Dye stability is also a major consideration in the selection of dyes for LSC’s
(Mansour, 1998; Batchelder, Zewail et al., 1981). The use of a violet LSC imposes
limitations on the output colour, due to the need for a UV-blocking cover to
lengthen the lifetime of the violet dye. If left exposed to the UV radiation from
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Green

y 0.4

Stack
(cover)
Stack
(no cover)
Violet

Figure 12.7 - CIE 1973 colour co-ordinates of the output of pink, green & violet
sheets and the LSC stack

the sun, the violet sheet degrades after only a few months, whereas the lifetime
is extended to many years by the use of a special UV-blocking cover. For the
pink and green dyes, the lifetime is 2 - 3 years without a cover, but with a UV
blocking cover and a violet sheet above them, they do not significantly degrade.
(Franklin, 2004)
The absorption of the UV-blocking cover overlaps significantly with the
absorption spectrum of the violet dye, thereby reducing the violet output and
affecting the colour of the final output of the stack. This difference is shown in
Figure 12.7, where the stack output with the cover (x. y) = (0.344, 0.381) is
slightly greener than without the cover (x, y) = (0.325, 0.351). The colour
rendering index with the cover sheet in place (C.R.I = 75.24) is slightly lower
than without the cover sheet (C.R.I = 77.19). In order to modify the output
colour with the cover sheet to the same white as produced without the cover, the
luminous output of the green and pink sheets must be reduced. Hence with the
UV-blocking cover over the stack, output intensity must be sacrificed to achieve
the desired colour. Actual intensity values for the LSC’s and stack are given in
section 12.3, and discussed further in chapter 12. Furthermore, the colour
rendering properties of the output light are also slightly reduced by the addition
of the cover.
Another outstanding feature of the LSC stack is its high luminous efficacy of
311 Lm/W. However, this is partly due to the non-neutral slightly greenish
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colour of the output. If the cover sheet is removed, the output is a neutral white
with a luminous efficacy of 294 Lm/W. This high luminous efficacy is due to the
lack of infra-red radiation in the output light. If the violet LSC were replaced
with a blue LED, it is estimated that the luminous efficacy would drop to 250
Lm/W, but the output would be brighter than the current system. These values
of luminous efficacy by far exceed that of natural daylight, which generally falls
within the range 100-130 Lm/W (Lam & Li, 1996). When compared to standard
artificial light sources such as incandescent light bulbs (16-40 Lm/W) and
fluorescent lamps (50-80 Lm/W), it is clear that the output of the LSC stack has
a much higher luminous efficacy. Thus it gives off much less energy as heat to
produce a fixed number of lumens.
12.5 Conclusions
In order to measure the luminous output of the LSC sheets, the integrating
sphere must be calibrated. A calibration factor is required to convert the
illuminance measured by the photometer to lumens. Two different slits are
required for measurements with and without a light extractor. The calibration
factor depends on the area of the integrating sphere slit, so it must be calculated
separately for each slit.
For this integrating sphere, a spectral correction was required to account for
the fact that the reflectivity of the paint is not uniform with wavelength. The
weighted reflectivity of the integrating sphere surface over the output emission
region of the violet LSC is 11% lower than for the green LSC, and over the
emission region of the pink LSC the reflectivity is 3% higher than for the green
LSC. Thus the measured luminous outputs for each colour LSC were adjusted by
the appropriate correction factors to give the true number of lumens of each
colour. However, when all three LSC’s are combined in a stack, the relative
number of lumens of each colour counter balances the non-uniform reflectivity
of the integrating sphere surface, so no spectral correction is required for the
overall stack output.
The luminous outputs of each LSC were measured individually, and
normalised to 100,000-lux solar illumination. The green LSC alone provides
almost 1,000 lumens with a UV-blocking cover sheet in place, while the pink
LSC provides 240 lumens and the violet LSC only 50 lumens. The three-layer
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LSC stack provides marginally more lumens than the green LSC on its own.
Thus the green LSC provides the bulk of the lumens for the three-layer LSC
stack output, and the pink and violet LSC’s are primarily for colour balancing.
Furthermore, the three-layer LSC stack has a light-to-light efficiency of
approximately 6%, which is significantly better than previously achieved in LSC
daylighting systems.
The light output of the three-layer LSC stack decreased by approximately
20% when the light guides were installed. This is believed to be mostly due to
the fact that the light guides are slightly narrower than the LSC sheets. Care
should be taken to avoid this pitfall with future prototypes. When a light
extractor was glued to the end of the light guide, the total output was boosted by
30%, giving just over 1,000 lumens of near-white light. However, a gain of 60%
should be realisable with a good light extractor. Therefore with a good quality
light extractor and good quality light guide-collector joins, it should be possible
to achieve a luminous output of over 1600 lumens.
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Future Work and Other
Applications of LSC’s
13.1 Introduction
In the preceding chapters of this thesis, the reader was introduced to a threelayer Luminescent Solar Concentrator (LSC) stack for daylighting. This LSC
stack consists of pink, green and violet LSC’s, which are placed successively on
top of each other, producing around 1,000 lumens of near-white light, which is
collected at a single edge. Although this configuration produces a light output
that is reasonable in brightness and colour, there are a number of issues that
make the LSC stack perform below its potential.
Firstly, the absorption region of the violet LSC overlaps with the absorption
of the cover sheet, so the outputs of the green and pink LSC’s must be reduced if
the violet LSC is used in this system to produce a good output white. Two
possible replacement blue light sources are explored briefly in this chapter, and
further work is required to test their suitability.
Furthermore, the current LSC stack only makes use of the visible
wavelengths of sunlight, whereas it is possible that the remainder of the solar
spectrum may be used for electricity generation with photovoltaic cells. This
idea is investigated briefly here, and a possible application suggested.
Another potential area for development of this LSC daylighting system is the
replacement of the flat rectangular light guides with smaller, more flexible light
guides. These light guides may be either narrow flat ‘ribbons’ or round optic
fibres. Both these ideas are explored in this chapter, providing some scope for
future work in the area.
In a different application altogether, fluorescent dyes may be used in large
colour display screens (of the type used in sport stadiums) to boost the signal on
sunny days, and to reduce the effects of glare. This concept was briefly
investigated as part of this research project, and some results and suggestions
for future work in the area are presented below.
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13.2 Improving ‘Blue’ Light Source of Three-Layer LSC
As discussed in chapters 2, 5 and 11, the violet LSC is not ideal for a daylighting
system for two main reasons:
1. The absorption region of the violet dye overlaps significantly with the
absorption region of the UV-blocker in the cover sheet (i.e. the
wavelength range is too low)
2.

The emission region of the violet is also far below the eye’s peak
response, so that the violet LSC contributes very few lumens to the total
light output.

Both of these issues are illustrated in Figure 13.1, where the violet absorption
spectrum (solid line) overlaps significantly with the UV-blocker absorption from
the cover sheet (dotted line), and the violet emission spectrum (dashed line) has
a negligible overlap with the eye’s photopic response (dot-dashed line). With
these overlaps, the violet output is relatively low, so the stack output must be
reduced by 23% from its potential in order to create a good white light source.
Moreover, the violet dye is much less stable than the green and pink dyes.
Even with a UV-blocking cover sheet, the violet dye is likely to have a shorter
lifetime than the other dyes in the LSC stack, causing problems for the long
term stability of the output colour. Thus if an LSC stack is to be made
commercially viable as a daylighting system, the violet LSC is not a suitable blue
light source - it should be replaced with an alternative blue light source.
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Figure 13.1 - Absorption and emission spectra of violet fluorescent dye, overlaid with
absorption of cover sheet and eye’s photopic response
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13.2.1 Theoretical Blue Fluorescent Dye
One alternative is to replace the violet LSC with a blue LSC. An ideal dye for a
blue LSC in a three-layer LSC stack would have absorption and emission regions
20-40 nm higher in wavelength than the violet dye spectra in Figure 13.1. In this
case more sunlight would be absorbed by the dye, and more of the emitted light
would be within the eye’s peak responsive region. Both these factors would lead
to an increase in the number of lumens provided by the blue LSC. Thus the
green and pink LSC’s could be used to their full potential, as the number of
lumens from each LSC would not have to be reduced to give a good white
output.
In order to demonstrate the sensitivity of the LSC output to the position of
the spectra of the violet dye, a LSC stack simulation was carried out with the
violet absorption and emission spectra shifted 20 nm higher in wavelength, as
plotted in Figure 13.2. Thus a hypothetical blue LSC was used to replace the
violet LSC in a three-layer stack, and the new stack was simulated using the
model described in chapter 2.
The results are shown in Table 13-1 for both dyes at two concentrations,
60 ppm and 120 ppm. It is clear that the hypothetical blue dye performs much
better than the violet dye, giving almost three times as many lumens, and with
twice the luminous efficacy. Even at a concentration of 60 ppm, the
‘hypothetical blue dye’ produces 112 lumens - more than twice the number of
lumens as the violet dye at 120 ppm. This would be ample lumens for a good
------Blue Absorption
-----Blue Emission
• - - • Cover Sheet
t
Absorption
\------Eye Response

1.0- -

Wavelength (nm)
Figure 13.2 - Absorption and emission spectra of hypothetical blue fluorescent dye,
overlaid with absorption of cover sheet and eve’s photopic response
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Light-to-

Output

Dye Efficacy

LSC Efficacy

(Lm)

(Lm/W)

(Lm/W)

Violet 120 ppm

49

38.9

60.7

0.30%

Blue 120 ppm

148

78.3

119

0.90%

Violet 60 ppm

38

38.9

59-2

0.25%

Blue 60 ppm

112

78.3

116

0.70%

LSC Dye

Light
Efficiency

Table 13-1 - Outputs of violet LSC and ‘hypothetical blue LSC’ on top layer of three-layer
LSC stack with UV-blocking cover sheet

white output colour when combined with the pink and green LSC’s. With the
violet dye, the concentration of 120 ppm is as high as is possible without
suffering serious self-absorption losses. With this hypothetical blue dye,
improved efficiencies are achievable with much lower dye concentrations.
Hence the concentration could be reduced further if necessary, allowing more
flexibility in choosing the dye concentration most appropriate for the desired
white output. Moreover, with this flexibility it would be possible to choose from
a larger range of whites for the stack’s total output, allowing tunability to suit
different people’s preferences for a ‘good white’.
Therefore, if a blue fluorescent dye could be acquired with similar
absorption-emission characteristics to the dye simulated here, it would be ideal
for replacing the violet LSC in the three-layer LSC stack. However, to my
knowledge there is presently no blue dye available with a high enough quantum
efficiency to be suitable for this application. Further work in this area may
involve the search for or development of a blue fluorescent dye, as it would be
most suitable for this application. In the mean time, other avenues must be
followed for a suitable blue light source in a LSC daylighting system.
13.2.2 Blue LED
Another alternative that shows some merit is replacing the violet LSC with a
blue LED. As LED’s require low power (P < 1 W) to operate, they make fine
candidates for an efficient blue light source. Moreover, LED’s are available in a
wide selection of colours, so using LED’s as a blue light source provides more
flexibility than using fluorescent dyes, as there are very few suitable dyes
available in the violet/blue region.
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The output of a two-layer LSC stack (pink & green LSC’s) was estimated
using 3 mm blue ZD1759 (J) LED’s as the blue light source. This particular blue
LED has a peak wavelength of 465 nm and can operate up to a maximum
current of 30 mA. Its current-voltage characteristics were measured by Chris
Deller as part of her PhD research. These I-V characteristics were kindly passed
on by Chris, and from this data a suitable operation point of I - 25.5 mA,
V = 3.53 V was chosen (corresponding to a power of 89.9 mW). The emission
spectrum of this LED (also measured by Chris) was normalised to an area of
89.9 mW, multiplied by an integer corresponding to the number of LED’s used,
and combined with the simulated output emission spectra for the pink and
green LSC’s (see Figure 13.3). The CIE colour co-ordinates of this simulated
output spectrum were calculated, to monitor the quality of the overall white
colour. It was found that by using 15 of these LED’s, at a total power of 1.35W, a
light source with CIE colour co-ordinates (0.373, 0.410) could be created. This
is not far from warm white; (x,y) = (0.44,0.40) or cool white; (x,y) = (0.38,
0.38), and would make a satisfactory white colour.
By slightly adjusting the amount of pink and or green in the mix, one could
tune the white even further if desired. However, it may be preferable to vary the
amount of blue lumens by adding or subtracting blue LED’s from the mix or
varying the current through them. Hence using blue LED’s as the blue light
source provides the flexibility required for achieving a desired white output
colour with the optimal brightness - without reducing the output of the green or
pink LSC’s. It is therefore a promising contender for future research in the area,
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Figure 13.3 - Simulated output of two-layer LSC stack with 15 blue LEDs, overlaid with
eve’s photopic response
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and holds a lot of potential for improvement to the existing three-layer LSC
stack daylighting system.
13.3 Hybrid PV-LED/LSC Stack
An obvious corollary of the above proposal to use LED’s as a blue light source is
the concept of using a photovoltaic cell to power the blue LED (Smith and
Franklin 2002), as illustrated in Figure 13.4. Here the solar cell stands alone
next to the collector, and powers the blue LED, which is mixed with the output
of the pink and green LSC’s at the light extractor to produce white light. This is a
useful idea because the system remains solely dependent on solar energy, and
draws no power from the electricity grid. Furthermore, the current generated in
the photovoltaic cell and the luminous output of the fluorescent sheet both
depend on the available solar flux. Therefore if the luminous outputs of the
LED’s and the LSC’s track similarly with solar input, it should be possible to
maintain a steady output colour independent of the intensity of the incident
sunlight. Around 1 Watt would be required to supply the lumens that are
currently contributed by the violet sheet. The pink and green outputs could be
brighter without the losses from the violet. Using this system, any colour
balancing is done by adjusting the brightness of the LED; so white light output
can be achieved without sacrificing any of the lumens from the green and pink.

White
light in

White
light

ouU
Small solar
cell

End
mirrors

Fluorescent
sheets

White
reflective
base

Optical
joints

Light transport in
clear flexible light
guides

Light
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mixes red,
green and
blue light to
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light

Figure 13.4 - Hybrid LED/LSC daylighting system with blue LED powered bv a solar cell
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Alternatively, the photovoltaic cells may be fixed to the edges of the LSC’s
and the bandgaps of the solar cells for each LSC in the stack may be matched
with the emission regions of the dyes (Hermann 1982). This concept may be
incorporated into the LSC stack in future designs, by using photovoltaic cells
with bandgaps corresponding to the emission regions of the pink or green dyes.
To a small extent this would reduce the luminous output of the stack, but if
necessary, the concentration of the dyes could be altered to compensate for this
small loss. Further work would be required to determine if this gave any benefit
over the stand-alone PV cell from Figure 13.4.
13.4 Improving the Light Guides
i3.4.iNarrow ‘Ribbon’ Light Guides
One of the drawbacks of the current LSC stack design is that sunlight is collected
with flat LSC sheets, so in order to couple the emitted light effectively, the light
guides must also be flat. For the current prototype the light guides are 2 mm
thick and 135 mm wide. Their flexibility depends directly on the width; the
radius of curvature in torsion varies as the square of the sheet width. These 135
mm-wide acrylic light guides have a radius of curvature of approximately 1 m,
whereas by reducing the width to 65 mm, the radius reduces to approximately
25 cm.
Due to their reduced size, the luminous output from each narrow light guide
will be half as bright as the output of each original 135 mm light guide. However,
two narrow light guides may be connected to each 135 mm collector sheet,
allowing two separate light fittings from a single collector. Thus light fittings
from each light guide may be positioned at opposite ends of a small room, so the
daylight may be distributed over a larger area than is possible with a single light
guide.
Moreover, this concept opens up the possibility of making the dyed collector
sheets wider than 135 mm, and connecting multiple narrow light guides to each
collector. With the increased flexibility of the narrow light guides, this may
enable multiple rooms to be lit with natural light using a single large collector
and multiple light guides. Hence it is a promising concept for future research in
the field of daylighting with LSC’s.
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13.4.2 Optic Fibre Light Guides
Reducing the width of the rectangular light guides is one way of increasing their
flexibility, but ideally the light would be channelled into cylindrical optic fibres,
which are flexible in all directions. There are two ways this may be done:
1. Light from a cylindrical fluorescent collector may be coupled to an optic
fibre, or
2. A rectangular fluorescent collector sheet may be coupled to a round optic
fibre.
The first suggestion enables good coupling efficiency from the cylindrical
collector to the optic fibre, but the area of the collector sheet exposed to the sun
is too small to be of much use. In order to collect enough sunlight to provide
sufficient lumens for lighting a room, the area of the collector facing the sky
must be at least 0.15 m2. It is impractical to achieve this kind of area with a
cylindrical collector, as the area can only be increased by increasing the length
or the diameter of the cylindrical collector. If the collector is too long, self
absorption will limit the number of lumens reaching the collection edge and
entering the light guide. Increasing the collector diameter introduces further
problems with the light guides, as it reduces the flexibility of the cylindrical light
guides. Hollow light guides are likely to have more light transport losses than
solid fibres, and they would also require some kind of coupling device.
Furthermore, cylindrical collectors would not function well in the ‘LSC stack’
layout, as they can not be stacked on top of each other. Thus the benefits of the
base mirror and the additional pink output from the emission of the green
collector will be lost with cylindrical collectors. Therefore cylindrical collectors
are impractical for this application - the collector must be rectangular as
proposed in this initial LSC stack design.
The only feasible option is to collect sunlight with flat fluorescent sheets, and
to somehow couple the light from the collection edge into a single round fibre.
For this to be physically feasible, the fibre must have the same area as the end of
the collector from which it receives light. This will require a specifically designed
coupling system that should be at least as efficient as coupling to the flat light
guides used in the current design. Hence it will require a significant amount of
research and development, but if successful, it would undoubtedly make the
LSC daylighting system more attractive to potential consumers and more
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adaptable to different types of environments. Such a coupling system is
currently being developed at UTS.
One of the advantages of the LSC stack over other available daylighting
systems is that it enables sunlight to be channelled into small flexible light
guides that carry daylight deep into a building with minimal disruption to the
building design. The increased flexibility and reduced cross-sectional area of the
cylindrical light guides will enable the wider use of this daylighting system in
different types of buildings, as the light guides can be manoeuvred around
smaller corners and through smaller gaps.
Furthermore, cylindrical light guides will require a different kind of light
extractor to the type discussed in chapters 7 and 10. With general signage
techniques it is possible to make the light leak out gradually over the whole
length of the rod (Deller, Smith et al. 2002). By changing different variables it is
possible to control the length over which the light will escape (Deller and
Franklin 2005). This kind of light extractor is also very effective for mixing three
coloured light sources into white light (Deller, Smith et al. 2004; Deller, Smith
et al. 2004), making it ideal for this three-layer LSC daylighting system. Hence
the overall appearance of the rod is much like a cylindrical fluorescent lamp,
and the light from a single light extractor may be spread out over a larger area
than with the LSC stack design proposed in this thesis. This type of light
extractor is ideally suited to a cylindrical light guide, providing additional
incentive to convert to the cylindrical light guide design.
13.5 24-HR Lighting System
Ultimately, future research on the LSC daylighting system would lead towards a
system that can provide room lighting both day and night, fully powered by
solar energy. This concept would include a combination of the hybrid PVLED/LSC system and optic fibre light guides for daylighting, plus an additional
PV cell combined with a battery or ultra-capacitor to provide energy to bright
LED’s for night-time lighting. Ideally the same light fitting would be used for
both light sources, so a simple switch could be used to change the primary light
source from daylight to LED light.
Moreover, a dimming switch and light sensor could be used with the
supplementary light source, to ensure the combined light source (daylight +
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LED) remains at a fixed minimum level independent of the fluctuations of the
sunlight. This approach would require electrical circuits, so it will be more
expensive to produce than the ‘daylighting only’ hybrid system.
Nonetheless, the 24-hr lighting system will be more useful than the ‘daylight
only’ system, as it may provide all necessary room lighting (both day and night)
for the room it is installed in. Therefore a separate artificial light fitting for night
time lighting will not be necessary. Furthermore, LED’s are more energy
efficient than many other available light sources, so the night-time lighting
function using a battery or ultra-capacitor will enable a further overall saving on
room lighting energy costs.
13.6 Other Applications of LSC’s: Luminescent Pixels
The majority of this thesis described the use of luminescent dyes for daylighting.
Luminescent phosphors may also be used in full-colour liquid crystal displays
(Do and Bae 2000). This application was also studied briefly as part of this
research project. A schematic diagram of a luminescent backlit liquid crystal
display (LCD) is shown in Figure 13.5, in which 100 pm-thick luminescent pixels
are printed onto a 3 mm PMMA back plate. Polarizing filters are placed on
either side of the LCD, and the back-plate is lit from behind by a fluorescent
lamp. When the sun shines on the front of an ordinary backlit large screen
display without the luminescent pixels, it reduces the contrast of the LCD signal.

3 mm
PMMAV
backplate

polarizers

I

shine from
both sides
LCD

100 pm printed
luminescent pixel

I
Fluorescent
lamp

Figure 13.5 - Schematic of a backlit large screen LCD display using luminescent solar
concentrators
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This makes details of the picture more difficult for viewers to distinguish.
In this system the sunlight incident on the display (from either the front or
the back) causes luminescent emission from the pixels, providing auxiliary
brightness for the LCD pixels. Thus as the sunlight becomes brighter, so does
the luminescent backlighting, so the contrast ratio is maintained at a suitable
level for viewing. When the sun is in front of the screen, the fluorescent lamp
may also be used to excite the luminescent pixels. When the sun is behind the
screen, some sunlight is transmitted through the PMMA back plate, causing
further luminescence and boosting the backlighting intensity.
With the three-layer LSC stack, the aim was to maximise the amount of light
concentrated onto the smallest surface of the collector. In this application of
LSC’s, the aim is to maximise the light leaving one of the largest surfaces of the
luminescent pixel - the front surface. Total internal reflection is the major
process used to concentrate light towards the collection edge in the three-layer
LSC stack. However, with the luminescent pixels, diffuser particles and/or
diffuse white paint are required to divert the rays towards the front surface. As
shown below, both these modifications help to increase the fraction of light
escaping at the front surface of the pixel, significantly boosting the contrast ratio
of the LCD display.
A series of simulations was carried out using ray-tracing models similar to
those described in chapter 9. Three different pixel/back plate configurations

$eTS

ot Pv,%e\
Diffusing Element

Figure 13.6 - Fractions of emitted rays from luminescent pixels escaping at each
surface, with various diffusing elements. The pixel is simultaneously backlit and
illuminated from the front with sunlight.
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were simulated - each was simultaneously backlit and illuminated with sunlight
from the front. Each simulation involves 1,000 rays that begin the simulation
either at the back surface (backlight) or at a point of luminescence from a dye
particle (from absorbed sunlight), randomly positioned inside the pixel.
The fractions of emitted rays escaping at each surface are plotted in Figure
13.6. The first column shows the results if the back plate is made of clear PMMA
and contains no diffusers. As expected, the majority of emitted light is totally
internally reflected and escapes at the side surfaces of the pixel or the back
plate, with only 10% escaping at the front surface of the pixel. Hence this design
is inefficient and will provide very poor output for the display.
If the PMMA back plate is doped with BaS04 scattering particles with a
linear density of 10 particles per mm, and the fraction escaping at the front
surface increases more than six-fold to 65%. Thus a large fraction of the light
that would have otherwise been totally internally reflected to the sides or
transmitted through the rear of the back-plate is diverted by the scattering
particles so that it escapes at the front surface.
A third configuration was simulated with no back plate, where the back
surface of the pixel is painted with a 95% reflective white diffuse paint. In this
situation the fraction escaping at the front increases to 79%, showing further
improvement over the design with BaS04 particles in the back plate. However,
in this configuration the opaque back surface prevents backlighting.
If the back surface was only partially painted, backlighting and front-surface
illumination with sunlight would be possible simultaneously, as illustrated in
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Figure 13.7 - A luminescent pixel with its back surface partially painted with
diffuse white paint, to allow for three lighting modes: (a) sunlight only, (b)
backlight only and (c) both sunlight and backlight
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Figure 13.7. With a partially painted back surface, the pixels could be
illuminated solely with sunlight, as shown in Figure 13.7(a). At night time the
display could be illuminated with LED’s, compact fluorescent lamps or some
other energy-efficient backlight source as in Figure 13.7(b). If a stronger signal
is desired, both sunlight and backlight may be used to illuminate the pixels
simultaneously, as shown in Figure 13.7 (c). As the painted area is increased, the
sunlight will be reflected forwards with greater efficiency. However, the
increased painted area also reduces the transmission efficiency of backlighting
into the pixel. A suitable balance between these two processes must be found if
the optimal light output at the front surface is to be achieved.
Hence this is a versatile system that provides a potential solution to the
problems associated with sunlight on outdoor large screen displays. Further
research is required to determine the optimal pixel thickness and painted area,
the best light sources to use, and to establish whether a doped back plate is
more feasible than or performs better than a pixel with a painted back surface.
These issues were not fully resolved in this preliminary study, but further work
in this area should produce some useful solutions.
13.7 Conclusions
A three-layer LSC daylighting system has been proposed in this thesis, with
rectangular collector sheets and light guides - each 135 mm wide - and
rectangular light extractors. Four improvements to this initial design are
suggested in this chapter, and these are summarised below in order of
importance:
1. Replace the violet LSC with a blue light source of higher
wavelength. A blue LSC with a peak absorption and emission wavelengths
20 nm higher than those of the violet LSC would provide substantial
improvements to the brightness and colour of the overall white output.
However, as there are no blue luminescent dyes available with sufficiently
high quantum efficiency, blue LED’s powered by a photovoltaic cell are
proposed as a viable alternative blue light source. This would reduce the LSC
stack to two layers, improving the flexibility of the stack of light guides.
2. Reduce the width of the rectangular light guides to 65 mm. This
reduction in width increases the flexibility of the light guides, making them
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more versatile and more readily applied to different architectural situations.
It also enables the use of multiple light guides for a single collector, so that
the light fittings may be positioned in different rooms or at opposite ends of
the same room. This is not possible with the present design comprising a
single light guide.
3.

Couple the light from the collector sheets into a single round optic
fibre. This makes the light guide much more flexible than the rectangular
variety, so it may be manoeuvred through smaller gaps with great ease.
Using general signage techniques, a round polymer fibre may be coupled to a
cylindrical light extractor and made similar in appearance to a fluorescent
lamp or neon lighting. Thus the daylight can be spread out over a larger area
than is possible with the light extractors on rectangular light guides.

4.

Introduce a supplementary light source into the system, so that it
operates both day and night. With the optic fibre light guides it is
possible to introduce LED’s as a supplementary white light source that can
be coupled to the same light fitting as used for daylight. Hence with an
additional solar cell and a battery or capacitor, it may be possible to provide
energy efficient lighting at night as well as daylight during the day.
A secondary application of luminescent solar concentrators was also

introduced in this chapter, in which luminescent pixels may be used to improve
the contrast ratio of outdoor large screen LCD displays. In this application, the
aim is to maximise the emitted light escaping from one of the large surfaces of
the luminescent layer, to boost the output signal of the screen. It was
established that adding scattering particles to the back plate or painting the
back surface of the pixel substantially improves the amount of light escaping at
the front surface of the pixel. However, further research is required to
determine the configuration that gives the optimal output under all three
lighting conditions - sunlight only, backlighting only and both light sources.
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Conclusions
14.1 Research Need
Daylight is the ideal ergonomic light source. Increasing daylight levels in
buildings is desirable for environmental, economic and biological reasons.
However, daylighting can also cause overheating and glare, so these problems
must be overcome if daylighting is to improve visual and thermal comfort and
reduce energy usage.
Many systems have been developed to prevent glare and overheating, most
of which only operate in perimeter zones in buildings. Deep rooms can also be
lit with daylight, but there are very few systems to light remote rooms or core
regions of deep-plan buildings. The few existing systems for daylighting remote
rooms are bulky or expensive to install and are only effective with direct
sunlight.
Over the past three decades, it has been demonstrated that luminescent solar
concentrators (LSC’s) can effectively collect and concentrate both direct and
diffuse

solar energy.

photovoltaic

Most of this

applications.

LSC’s

research

also

show

has

been

directed towards

considerable

potential

for

daylighting, although improvements are required in the areas of output colour,
luminous efficiency, the ability to control output light distribution and the
intrusiveness and flexibility of the light pipes. These issues are addressed in the
three-layer LSC daylighting system proposed here.

14.2 Optimisation of Collector Properties
In order to achieve sufficient lumens for room lighting, it is important to
optimise the dimensions and dye concentrations of the collector sheets. 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. Subtle changes in transmission in the region
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X > 550 nm are very significant for collector performance. Since green
dominates output lumens in a three-layer stack its optimisation is crucial. Using
accurate

transmission

data

in

the

analytical

model,

the

optimum

dye

concentration for the green sheet was confirmed to be 60 ppm. Similarly, the
optimum dye concentrations for the pink and violet dyes are 50 ppm and 120
ppm respectively. The model and data indicate that without improvement in the
matrix, extension of the collector length beyond 1.2 m is of little value. Hence
the optimal collector length was found to be 1.2 m. A collector width of 135 mm
and thickness of 2 mm were found to provide a good balance between the
competing requirements of high output lumens (large cross-sectional area) and
good light guide flexibility (small cross-sectional area). Thus the dimensions of
each collector were set at 1200 x 135 x 2 mm.

14.3 Absorption & emission
When measuring the absorption of an LSC sheet, it is important to distinguish
between absorption losses from the clear matrix and from the dye. The LSC
stack computer model from chapter 3 requires the absorption of the dye only independent of Fresnel reflection and matrix losses. A good approximation of a
dye’s absorption spectrum can be determined by dividing the transmission of a
dyed sample by the transmission of the clear (non-dyed) matrix.
While the Cary spectrophotometer accurately measures the absorption
region, it is not sensitive enough to measure the very small tails absorption
levels observed over 2 mm with these dyes, as it measures direct-direct
transmittance. Hence a new spectrophotometer incorporating an integrating
sphere was used for the tails region, which is capable of measuring directhemispherical

transmittance.

To further improve the sensitivity,

thicker

samples were constructed with an optical path length of 16 mm. This
significantly improves the accuracy of the transmittance measurements, but the
source excites a small fluorescence component that is also emitted into the
integrating sphere. With a simple correction this component can be removed,
giving very close to the Cary measurements, although the correction is negligible
in the absorption tails region of interest. The accurate tails absorption
measurements are grafted onto the Cary absorption measurements, and these
hybrid spectra are used in the simulations throughout this thesis.
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When measuring the emission of fluorescent dyes, the wavelength range and
the excitation wavelength must be chosen carefully to ensure the accuracy and
completeness of the emission data. Some simple conditions are described,
which may be used to work out the best combination of excitation wavelength
and scan range for any fluorescent dye.
When the absorption and emission spectra of the dyes are overlaid, it is clear
that the pink dye has the most significant self-absorption overlap, while the
violet dye has the least self-absorption of the three dyes. This order concurs with
the observed half-lengths of the three LSC’s (as presented in chapter 11). Thus
the peak wavelength of the pink dye is increased by 33 nm, and it has poorer
light transport efficiency than the green and violet dyes.

14.4 LSC Stack Spectral Properties
When a three-layer LSC stack is constructed from pink, green and violet LSCs
placed successively on top of a white reflective base, the incident energy spectra
are unique for each LSC. Some emission from the low-wavelength dyes enters
the higher-wavelength LSC’s, and boosts their absorbed energy. This effect is
most significant for the pink LSC, as the emission from the green LSC is
substantial and falls directly within the pink dye’s absorption region. Some
emission from the violet sheet also enters the green LSC, making a small
contribution to the absorbed energy. Furthermore, some energy is reflected
from the diffuse white base, increasing the absorbed energy for each LSC to
various degrees. The main benefit of the base reflector is that it allows higher
absorption in the pink sheet without increasing self-absorption spectral losses,
thereby increasing the sheet’s effective half-length. The net result is that the
pink LSC at the bottom of the stack receives more energy than it would if it were
placed on its own under direct solar illumination. The green LSC receives a
comparable amount of energy to the solar spectrum, despite reflection and
absorption losses from the violet LSC and cover sheet above it.
However, the UV blocking dye in the cover sheet blocks approximately 25%
of the light in the absorption region of the violet LSC, reducing its absorbed
energy considerably. Although the emission region of the violet dye is well
placed to provide a good output colour in this three-colour LSC daylighting
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system, it is far from ideal as a blue light source due to the inherent problems
with the UV-blocker. An alternative blue light source is proposed in chapter 13

14.5 Trapped Light
Light is isotropically emitted from dye particles within an LSC sheet, and about
half of this is lost via critical angle loss cones through the top, bottom and sides
of the sheet. If the back edge is fitted with a mirror, approximately half of the
light reaches the end of the sheet within the critical angle loss cone to the end
surface (endlight), and half is totally internally reflected at all surfaces (trapped
light). However, dye attenuation reduces the ratio of trapped light to endlight at
the end of the sheet, to an extent that varies from one dye to another.
Trapped light may be extracted from a LSC sheet by installing a light

extractor with diffusely reflecting edges and a larger end surface area than the
sheet itself. The performance of a particular light extractor on a particular LSC
sheet can be calculated by measuring its gain relative to a polished end. If a
single light extractor is installed on a stack of three LSC’s with different dyes,
the amount of trapped light reaching the light extractor varies for the three
LSC’s due to different dye self-absorption spectra. Dyes with lower tails
attenuation transmit more trapped light to the light extractor, so the light
extractor boosts the light output more effectively.
Theoretically, an ideal (100% efficient) light extractor would extract all the
trapped light and endlight reaching the end of the light guide, yielding gain
values in the range 1.7 < Gmax < 1.9 for these dyes. However, with these dyes and
physically realisable light extractors, the overall efficiency is practically limited
to JJ ~ 93%, yielding maximum gain values in the range 1.57 < Gmax < 1.76.

14.6 White Paint BRDF
As part of the study of the light extractors mentioned above, the BRDF of a
diffuse white paint on the back of a clear polymer surface was measured with a
photogoniometer in a single plane. The BRDF varied significantly with the
treatment of the polymer surface. When the surface was roughened before
application of the diffuse white paint, the scattering profile was Lambertian for
angles of incidence 0\ < 300. However, a peak emerged at higher angles of
incidence, demonstrating a breakdown in Lambertian scattering theory for this
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surface. For angles 0\ > 6o°, this non-Lambertian ‘pseudo-specular' component
became increasingly significant, dominating the scattering profile at 0\ = 85°.
Other available

BRDF models could not adequately describe this non-

Lambertian behaviour, so a new model was developed from these 2D BRDF data
sets. In the proposed model, the ‘specular’ component commonly used in BRDF
functions was replaced with a more appropriate ‘pseudo-specular’ function of
Lorentzian form. Using this approach, the BRDF of the ‘one stroke white’ diffuse
white paint was modelled as a function of angle of incidence, and the
probabilities of diffuse and ‘pseudo-specular’ reflection were calculated for each
angle of incidence. Thus the surface reflectance properties of the white diffuse
interior surface of the light extractors (described in chapter 7) can be simulated
(as outlined in chapter 9) with a realistic BRDF function, giving more accurate
results.
For ray tracing simulations in which a significant amount of light may strike
a diffuse white surface inside a polymer at oblique angles, this model correctly
describes non-Lambertian diffuse reflectance at all angles of incidence, and
describes the dynamic range of pseudo-specular peak widths and amplitudes
better than other existing models. Moreover, this type of two-component model
is easier to measure and implement than full 3D BRDF data sets, and enables
faster ray tracing simulations. This approach is extendable to other diffuse
surfaces exhibiting non-Lambertian reflectance, provided the pseudo-specular
component shows reasonable rotational symmetry about the specular direction.

14.7

Light Extractor Simulation Results

Various light extractor designs have been simulated in order to maximise the
extraction efficiencies of trapped light and endlight. The V-groove design partly
achieved its purpose by almost doubling the trapped light extraction efficiency.
However, its endlight extraction efficiency was drastically lower than that of a
polished light guide edge, so it yielded a gain value < 1.0, and was therefore
ruled out as a practical design.
Bevelled edge light extractors were simulated with various sizes, both
undoped and doped with microspheres. These designs generally gave overall
efficiencies of 80% < rf < 84%, and gain values 1.44 < G < 1.52, which are
acceptable.
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A simpler rectangular light extractor design was also simulated, and a range
of parameters were varied. By varying the paint reflectivity, it was established
that paints with low reflectivity are more sensitive to changes in depth than
those with high reflectivity. Even with 100% paint reflectivity, 20% of the light
re-enters the light guide no matter what the depth is. With a 97% reflective paint
(such as the paint used for the prototype light extractors), the light output does
not vary much with depth. The best performance is achieved by light extractors
with high paint reflectivity and small depth values.
By painting various surfaces of the light extractor it was shown that higher
light extraction efficiencies can be achieved if some of the edges are left clear
and smooth, rather than painting them. The efficiency decreases from 90% to
86% as the number of painted edges increases. If a TRIMM diffuser sheet is
fastened to the front of the light extractor and only the back and end surfaces
are painted, an overall efficiency of if = 91% is achieved, corresponding to a gain
of G = 1.65. This is the most efficient of any of the light extractors simulated,
and is not far short of the theoretical limit for the green LSC {If = 93%,

G = 1.68).
However, when deciding on a suitable light extractor design, one must take
the desired light distribution into consideration, as clear side surfaces will allow
light to escape sideways. Although this slightly increases the gain, it also
broadens the light distribution. If a narrow light distribution is desired, it is
more suitable to paint all the edges.
Good uniformity of light distribution can be achieved by doping the light
extractor with microspheres. By increasing the concentration of microspheres,
the gain can be improved to some extent. However, this causes more light to be
absorbed by the paint or to re-enter the light guide than if the microspheres are
confined to a small region towards the front of the light extractor. It is therefore
recommended that a TRIMM diffuser sheet be used, rather than doping
throughout with microspheres.
The gain achieved by an undoped rectangular light extractor increases
considerably as the height H is increased. A light extractor with dimensions

W=25t, D—2t & H=2t provides a gain of G = >.12, but height values in the range
61 < H < 101 give gain values 1.45 < G < 1.54. This is comparable with the gain
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achieved by a bevelled edge light extractor, so the more complex bevelled edge is
unnecessary. The simple rectangular design is chosen as the most effective light
extractor design. Thus the optimal (undoped) light extractor dimensions are

W=25t, D=2t & H=7.5t, having an overall efficiency of 86% and a gain of 1.56
relative to a polished end.

14.8 Light Output Properties
In order to measure the luminous output of the LSC sheets, the integrating
sphere must be calibrated. A calibration factor is required to convert the
illuminance measured by the photometer to lumens. Two different slits are
required for measurements with and without a light extractor. The calibration
factor depends on the area of the integrating sphere slit, so it must be calculated
separately for each slit.
For this integrating sphere, a spectral correction was required to account for
the fact that the reflectivity of the paint was not uniform with wavelength. The
weighted reflectivity of the integrating sphere surface over the output emission
region of the violet LSC is 11% lower than for the green LSC, and over the
emission region of the pink LSC the reflectivity is 3% higher than for the green
LSC. Thus the measured luminous outputs for each colour LSC were adjusted by
the appropriate correction factors to give the true number of lumens of each
colour. However, when all three LSC’s are combined in a stack, the relative
number of lumens of each colour counter balances the non-uniform reflectivity
of the integrating sphere surface, so no spectral correction is required for the
overall stack output.
Simulations and measurements show that when exposed to sunlight a green
LSC is capable of producing sufficient illumination levels for natural indoor
lighting. The luminous outputs of each LSC were measured individually, and
normalised to 100,000-lux solar illumination. The green LSC alone provides
almost 1,000 lumens with a UV-blocking cover sheet in place, while the pink
LSC provides 240 lumens and the violet LSC only 50 lumens. The three-layer
LSC stack provides marginally more lumens than the green LSC on its own.
Thus the green LSC provides the bulk of the lumens for the three-layer LSC
stack output, and the pink and violet LSC’s are primarily for colour balancing.
Furthermore, the three-layer LSC stack has a light-to-light efficiency of
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approximately 6%, which is significantly better than previously achieved in LSC
daylighting systems.
The light output of the prototype three-layer LSC stack decreased by
approximately 20% when the light guides were installed. This is believed to be
mostly due to poor glue joints and the fact that the light guides are slightly
narrower than the LSC sheets. Care should be taken to avoid this pitfall with
future prototypes. When a light extractor was glued to the end of the light guide,
the total output was boosted by 30%, giving just over 1,000 lumens of near
white light. However, a gain of 60% should be realisable with a good light
extractor. Therefore with a good light extractor and good quality light guidecollector joints, it should be possible to achieve a luminous output of over 1,600
lumens. Hence with the recommended improvements, this system shows great
potential for providing natural illumination without the glare or heat associated
with other daylighting systems.
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Appendix i - Australian Standard Lux levels
The amount of light falling on a given surface is usually measured in terms of
illuminance (in lux). One lux is equal to one lumen per square metre. The
minimum lux levels required by Australian standard AS1680.2.4:1997 for
different types of rooms are quoted in Table A-i below.

Lux

Area

40 Lux

Corridors
Passageways

80 Lux

Warehouses involving search & retrieval tasks
Stairs

160 Lux

Entrance halls
.................................................................................................... j
Foyers
Waiting Rooms
Canteens
Machine shop general work bench

240 Lux

Counters
Kitchens (food preparation area)

320 Lux

Offices

400 Lux

Machine shop high tolerance work bench

600 Lux

Electronic assembly work
Jewellery & watch repair

Table A-i - Australian minimum lux level standards
Thus a daylighting system that produces 1,000 lumens will be sufficient to
illuminate a kitchen with floor area 4 m2 or an office of 3 m2. However, an
output of 1,600 lumens is estimated with future prototypes. This will provide
sufficient illumination for a kitchen with floor area 6.7 m2 or an office of area

5 m2
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Appendix 2 - Derivation of BRDF Function
The generic BRDF measurement geometry is shown below in Figure A-i.
N

Figure A-i - General BRDF Geometry
A light source of solid angle da* is directed towards a surface at an angle
(6i,(pi) from the surface normal, N . In this study the light source is a collimated
He-Ne laser beam, so dan is very small. The incident light is reflected from the
surface, and the reflected radiance is measured at an angle {Oi-,(pr) from the
surface normal. The Bi-directional Reflection Distribution Function (BRDF) of
the surface is defined as the ratio of the reflected radiance to the incident
irradiance.

BRDF (0j,(p.,6r,<pr )(sr~')

Lr (6r, (pr) (W-/» 2 .sr ')

(A.l)

where:
Iin = irradiance falling on the surface
Lr = reflected radiance
(Oi, (p[) and (Or, (pr) are angles specifying the directions of incident and
reflected radiance respectively
In this study, hn and Lr were both measured with a photodiode with fixed
area Adet. The power of the incident light source as measured by the detector, Pa,
is proportional to the radiance of the source I0.

P, = kI„ >

(A. 2)

When the source is tilted in the plane of incidence, the illuminated area, cLA,
is inversely proportional to the cosine of the incident angle, #.

dA =

kR2

(A.3)

cos6> ’
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where R is the radius of the illuminated spot at normal incidence. Hence the
effective irradiance of the tilted light source is

_ P_ Pcosff (W)
clA
7rR2 (/772 ) ’

(A.4)

Now the reflected radiance measured by the detector, Lr, is

P
clA cos 6t dQ.del

Pr
'

ttR1 "

> COS 0.
where
Jr

)

(W)
A,

COS& 7"
r

9

(m’.sr)

5
(A. 5)

P,
= reflected power at detector,
= reflected irradiance at detector

dP2det = Adet/r2 = solid angle of detector
Adet = area of detector
r

= radius of detector about sample
&v
= angular deviation of reflected ray from surface normal in plane
of incidence (referred to as yin this paper - see Figure 2 for definition)
Thus substituting equations (A.i), (A.4) and (A.5),

BRDF{Oj,(/)i,dr,(f)r)

' rrid N
,COf,0: ,

r2

Pr

cos 0rdLl del

p,cos et
nR2

(sr1)

Adet P cos 6r

(A.6)

/,■ = Iref = reflected radiance measured by detector
In = Iin = incident radiance measured by detector

where

In this study, $ and (fh• were confined to a single plane ($ = fa - o), so the (J)
terms may be omitted.

0- is referred to as y and to introduce three-

dimensionality, the in-plane data is rotated about the specular direction by an
angle

(defined in Figure 2). To make it easier to distinguish the shape of the

pseudo-specular peaks, the cos dr (i.e. cos^ term is relegated to the left hand
side of the equation. Thus in this paper the BRDF is presented in the following
form, as given in equation (2):

r P,A0,y,co)
BRDF (0I, y, co) cos y -------- 1—!--------Adet
PJ6,)
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