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(X, Y, Z) direction cosines of a ray

(x0 , y0 , z0 ) Cartesian coordinates of the starting point of a ray, or the starting point for

propagation in a new ray direction

(x1 , y1 , z1) next interaction point of a ray (particle or guide wall) 

(Xi , Yi , Zi ) CIE tristimulus values

(xi , yi , zi ) CIE colour coordinates for a pixel of the output light distribution

(xLED , yLED , zLED )

CIE colour coordinates for a LED

a axial particle number (the number of particles intercepted by a straight line

drawn through a TRIMM-doped light guide, parallel to the optic axis)

CCD charge coupled device

CCT colour correlated temperature

CIE Commission Internationale de L'Eclairage

CRI colour rendering index

EPA 1-ethoxy-2-propyl acetate

ESEM environmental scanning electron microscope

F exponential decrease of side-scattered output light with distance along a

TRIMM-doped light guide

f(δ) the probability density distribution of the deviation δ(h)

h impact ratio, h = H/r. h is independent of sphere radius.

H perpendicular separation distance (of a ray impacting a sphere) from the par-

allel ray passing through a sphere's centre (H = r-λ at the geometric limit)
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HID high intensity discharge (lamp)

i projection of l’ onto the x-y plane 

I light intensity (or in some cases, luminance)

IR infra-red

l propagation length of a ray between two particular particles 

L Length of a light guide (generally in cm)

LCD liquid crystal display

LED light-emitting diode

l’ length from a particle to the light guide wall, if the wall is intercepted before

the following particle is reached

m relative refractive index (usually the ratio of particle refractive index to that of

the matrix in which the particles are dispersed) 

mf mass fraction (of spheres in a matrix)

MMA methylmethacrylate (monomer)

NA numerical aperture (of a light guide)

ni refractive index of component i, such as TRIMM sphere or light guide matrix

p average path length travelled by a ray between particle interactions

P(h) the integrated probability density distribution (for unit TRIMM sphere radius)

P(θ) cumulative probability density function (for empirical LED source models)

PMMA polymethylmethacrylate

POF (flexible) polymer optical fibre 

r radial distance of (x0 , y0 , z0) from the z-axis in the x-y plane (ray tracing con-

text)

r particle radius (e.g. of a TRIMM sphere)

R radius of a cylindrical light guide 

R Fresnel reflectance
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RGB red, green, blue

RI refractive index 

S(λ) spectral power distribution (of a LED)

SPD spectral power distribution

SRF source radial fraction (position of a LED at the entrance end of a mixing rod,

relative to the optical axis the rod)

T transmittance

TIR total internal reflection

TRIMM transparent refractive index matched micro-particles

UTS University of Technology Sydney

UV ultraviolet

Vf volume fraction (of particles in a matrix)

mean half-cone angular spread of light in the cross-sectional plane of a light

guide

α reflection angle of a ray from the light guide wall in the x-y plane (ray tracing

context)

α linear particle density (number of particles per metre intercepted by a straight

line drawn through a TRIMM-doped light guide, parallel to the optic axis)

χ 'glancing angle' between a ray and the wall of a cylindrical light guide 

χn angle between a ray and the normal to the light guide wall 

δ semi-cone angular component of a ray's deviation, relative to the previous

direction of the ray 

mean deviation angle of the probability density distribution of the deviation

f(δ)

δgeom deviation angle at the geometric limit

Σ

δ
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δm median deviation angle of the probability density distribution of the deviation

f(δ)

δ(h) general expression for deviation angle of a ray impacting a TRIMM sphere, in

terms of the impact ratio h

ε1 azimuth component of a ray deviation 

ε2 difference (in angle) between φ2 and φ1

φ azimuth component of a ray rotated about the z-axis, with φ = 0 at the x-axis

φ1 initial φ component of a ray (within a light guide)

φ2 φ component of a ray after angular deviation by a particle 

φreflect new φ direction after reflection from the light guide wall

φt φ in the translated reference frame (rotated by τ)

φtr reflected φ in the translated reference frame 

γ angle between r and the x-axis

ϕ azimuth angle of a ray relative to the plane containing both r and the z-axis

λ wavelength of light

m difference of the relative refractive index m from 1

θ semi-cone angle of a ray with the z-axis (light guide axis) within the matrix of

the light guide 

θ1 initial θ direction of a ray (within a light guide)

θ2 θ  direction of a ray after angular deviation by a particle

θs angle-of-incidence of a ray impacting a TRIMM sphere

τ angle between R and the x-axis



xii

List of Figures and Tables

CHAPTER 1 Technology Background 5

Figure 1-1. Injection and transmission of light in POF. The grey region is the cladding.  6

CHAPTER 2 Background Theory 21

Figure 2-1. Scattering regimes for the visible electromagnetic spectrum, for increasing 

particle size  21

Figure 2-2. Angle of incidence of a ray with a sphere, related to the impact distance h.  25

Figure 2-3. (a) Fresnel reflectance (average of parallel and perpendicular polarisation states) 

from a TRIMM sphere vs angle of incidence with a sphere’s surface. 

Curves are shown for PMMA matrix (µ = 0.0114) and flexible polymer optical 

fibre (POF) matrix (µ = 0.0182). (b) Fresnel reflectance curves for µ = 0.0114.  25

Figure 2-4. Angular deviation of a ray when it strikes a TRIMM sphere. Note that δ is
actually a 3 dimensional change in ray direction.  27

Figure 2-5. Ray deviation angle by a single sphere, as a function of the sphere impact 

point h (calculated using eqn 2-7) for µ = 0.0114 and µ = 0.0182)  28

Figure 2-6. (a) impact parameter h at the geometric limit, defined as one wavelength’s 

distance from the sphere’s edge, for λ = 590 nm, for various values of sphere 

diameter. (b) correlation between h and the angle-of-incidence of a ray 

with the surface of a sphere.  29

Figure 2-7. Frequency of deviation angles upon encountering a TRIMM particle, for

(a) µ = 1.011 (b) µ = 1.018. Distributions were obtained using computer

ray tracing simulations.  30

Figure 2-8. The probability density distribution of the deviation, f(δ), for µ = 0.0114. δ 
is marked with an x.  31

Figure 2-9. Angular deviation of a single ray striking a TRIMM sphere of unit radius.  31

Figure 2-10. a) Variation of mean deviation, δ,with µ, as per eqn 2-12. b) Variation of

δ with µ, when δ is expressed as a multiple of µ.  32

Table 2-1. Summary of deviation statistics for the TRIMM materials studied (λ = 590 nm). 32

Figure 2-11. half-cone angular spread, Σ, for a single ray launched at normal incidence after 

propagating through a TRIMM-doped rod with axial particle number, a.  34

Figure 2-12. a) Critical length vs TRIMM linear particle density α for µ = 0.0114 and

µ = 0.0182. b) Monte Carlo modelled wall exited rays as a function of  z /Lcrit 

(fraction of total guide length), for α = 2000, for the same two µ values.  35

Figure 2-13. a) Ray trace for µ = 0.0114. b) Ray trace for µ = 0.0182. (α = 2000).  36

CHAPTER 3 TRIMM micro-spheres and matrix materials: measurements 37

Figure 3-1. Optical micrograph of TRIMM spheres in 9 mm POF, with Teflon® jacket 

stripped, at the axis of maximum sphere concentration.  39

Figure 3-2. Optical micrograph of TRIMM spheres in a ‘granule’.  40

Figure 3-3. Optical microscope image of TRIMM spheres chemically isolated from granules.  41

Figure 3-4. Micrographs of TRIMM Plex 1002F spheres, as imaged by an ESEM.  41

Figure 3-5. Particle size frequency distribution for 296 TRIMM spheres chemically 

isolated from granules, and 209 “Plex 1002F” spheres, as measured from 

micrographs.  42

Table 3-1. Chemicals used for the immersion method of TRIMM and matrix materials 45

Figure 3-6. Real part of refractive index vs wavelength from ellipsometry measurements of 3 

samples of ‘15K’ TRIMM-doped PMMA rod. Modelled fits for estimates of 

dispersion curves for PMMA matrix, TRIMM material and average of both 

materials are shown as bold lines. Measured values of a PMMA sheet

material and TRIMM spheres by the immersion method (described in 

Section 3.3.4) are also shown (crosses).  48



xiii

Figure 3-7. a) Transmittance measurements of 10 cm TRIMM-doped PMMA rods, 

normalised to a 1 cm reference, made using a spectrophotometer.

Corresponding transmittance simulated for each concentration by ray 

tracing are shown by coloured diamonds. b) µ vs λ for 100K rod, calculated 

using a combination of transmittance shown in a) and ray tracing simulated 

transmittance results. (µ is higher than expected for TRIMM and matrix 

alone, due to impurities contained in the extruded rods.) c) µ vs λ as 

calculated from the estimated curves based on ellipsometer data shown 

in Figure 3-6.  51

Table 3-2. Measurement of axial particle number a for TRIMM rods 54

Figure 3-8. Geometry for derivation of the volume fraction of TRIMM particles in a guide  55

Figure 3-9. Mass concentration of TRIMM vs path length (p) between TRIMM spheres. 

Both graphs show the same data; the lower is scaled for low concentrations 

of TRIMM.  57

CHAPTER 4 Monte Carlo ray tracing in particle-doped light guides 58

Figure 4-1. Geometry of ray propagation in a particle-doped light guide  61

Figure 4-2. Cross-section showing the use of spherical geometry to redefine ray direction 

after TRIMM deviation  62

Figure 4-3. a) Geometry of a circular light guide b) projection onto x-y plane  64

Figure 4-4. Circular reflection geometry in the x-y plane a) Case 1 b) Case 2  66

CHAPTER 5  LEDs: Measurements and source modelling for ray tracing simulations 68

Figure 5-1. LED semi-cone angles at which integrated light output is 50% and 25% 

of maximum.  72

Table 5-1. LED luminous flux half angle results 73

Figure 5-2. Photogoniometer measurement geometry  73

Figure 5-3. Photogoniometer measurements of intensity with angle (arbitrary units, from 

photodetector output), from normal (0×) to 20× , for ‘Alpha’ and ‘Beta’ 

triads of RGB LEDs.  74

Figure 5-4. Measured angular distribution of the source LEDs. a) Alpha group. b) Beta group. 75

Figure 5-5. Geometry of source emission from source LED  76

Figure 5-6. (a) Empirical model of LED intensity profile I(θ), shown with the measured 

photogonometer intensity profile on which it is based, that of the 5 mm

‘Beta red’ LED. (b) Empirical model of LED intensity profile I(θ), compared with 

photogoniometer angular intensity scans of 3 mm red green and blue LEDs  77

CHAPTER 6 Colour mixing LEDs with TRIMM-doped PMMA rods 81

Figure 6-1. a) Experimental setup, showing (from left): alignment laser, LED array, acrylic

mixing rod, frosted glass screen and the translational stage with photometric 

detector. b) 1931 CIE diagram showing the 3 mm LED source chromaticity 

coordinates, and the coordinates of the computer monitor’s phosphors.

Inset: 3 mm LED array.  83

Figure 6-2. 3 mm LED spectral power distributions (normalised to maximum intensity values) 84

Table 6-1.  1931 CIE coordinates of the 3 mm source LEDs, and of the Dell computer monitor 

phosphors 84

Figure 6-3. Spectral power distribution of selected 5 mm LEDs, normalised to arbritary 

maximum intensity. a) Alpha group b) Beta group  85

Table 6-2. 1931 CIE coordinates and peak wavelength of the source LEDs, as measured

using a spectrometer. 85

Figure 6-4. a) experimental setup: LED array, mixing rod, frosted glass screen.  

b) photograph of Beta LEDs and clear PMMA rod, ~20 cm from the rod exit 

surface, at an off-axis angle to avoid excessive over-exposure. TIR from the rod 

surfaces is visible. c) modelled clear rod exit end surface illumination 

of modelled Beta LEDs.  86



xiv

Figure 6-5. Source configurations for ray tracing simulations, to scale. a) 3 mm triad 

set-up. b) 5 mm (Alpha and Beta) triad set-up. ‘x’ marks the coordinates 

of source points, using same coordinate system as for Figure 4-1 and 

Figure 4-3 (z-axis into the page). The filled circles correspond to the 

modelled source area for each LED. The dotted circles correspond to 

actual lens diameter of the LEDs used in experiments. The outer circle 

is the perimeter of the light guide in each case.  87

Figure 6-6. Projected light distribution onto a predefined screen for ray tracing model.

This creates pixellated data from a single LED after ray trace through a 

mixing rod.  88

Figure 6-7. Flowchart describing the calculation of colour output from RGB LEDs and

a mixing rod.  90

Figure 6-8. a) Modelled output colour mix falling on detector 10 cm from end of 10 cm 

acrylic rod. Pixel size is 1 mm. Source diameter is 2 mm. b-e) Photographs of 

experimental results modelled in a), taken at varying viewing angles.  91

Figure 6-9. a) Modelled illuminance falling on detector 10 cm from end of the undoped 

10 cm acrylic mixing rod. Source diameter is 2 mm. b) Cross-section 

through the centre of a), showing computed R, G and B components, 

and the total in black. c) Corresponding measured illuminance.  92

Figure 6-10. Output colour falling on detector 10 cm from end of 10 cm long 15K rod.

Pixel size is 1 mm. a) Measured horizontal strip through the centre, 

converted to RGB colour space. b) modelled strip, using source diameter

of 2 mm.  92

Figure 6-11. Projected light 10 cm from the end of 100K rods. a-c) 10 cm rod length. 

a, b) photographed results, c) computer simulation. d-h) 8.84 cm rod length. 

d) photographed results. f) computer simulation. g, h). measured and modelled 

strips through center cross-section. e) CIE coordinates corresponding 

to g) and h).  93

Figure 6-13. Chromaticity coordinates; a) CIE x, b) CIE y for simulations 1 cm from the end of 

the three 10 cm mixing rods shown in Figure 6-11(a-c)  94

Figure 6-14. a,b) Output colour distribution transmitted through the frosted glass screen

15 cm from the end of the clear PMMA rod. a) modelled. b) photographed.

c,d) Modelled CIE coordinates of a horizontal strip through the centre of the 

screen. c) CIE x d) CIE y  95

Figure 6-15. a,b) Output colour distribution transmitted through the frosted glass screen

15 cm from the end of the PMMA rod +TRIMM diffuser sheet. a) modelled. 

b) photographed. c,d) Modelled CIE coordinates of a horizontal strip

through the centre of the screen. c) CIE x  d) CIE y  96

CHAPTER 7 Variables affecting uniform colour mixing 98

Table 7-1. Values of matrix and TRIMM refractive index adopted for the 3 mm RGB LEDs, for 

constant and varied µ 99

Figure 7-1. Simulated colour output for µ constant with LED wavelength. a) at the exit 

surface (0 cm from the end of a 10 cm 15K TRIMM-doped rod). b) 1 cm 

from the rod’s end. c) 10 cm from the rod’s end. d) 100 cm from the rod’s end.  99

Figure 7-2. Simulated colour output for µ varied with LED wavelength. a) at the exit surface 

(0 cm from the end of a 10 cm 15K TRIMM-doped rod). b) 1 cm from 

the rod’s end. c) 10 cm from the rod’s end. d) 100 cm from the rod’s end.  100

Figure 7-3. Light output from polymer mixing rod.  a) Simulation 1, using a common 

empirically modelled LED source.  b) Simulation 2, using individual

measurement-based LED sources. c) Photographed experimental result.

(Screen widths are 120 mm.)  102

Figure 7-4. Illuminance (rays per pixel) modelled at the exit end of an undoped light guide

10 cm in length and 2 cm in diameter. A ‘flat-top’ source model with θmax

set to launch rays that reflect half way along the light guide was used. A spike 

results in the output intensity. 100,000 initial rays were launched from 

a point source located at the centre of the guide input end.  104



xv

Figure 7-6. LED diffusion maps modelled 10 cm from the exit end of an undoped POF

light guide 10 cm in length and 2 cm in diameter, using the LED smoothed 

empirical source model. 1 million initial rays were launched. 

a) point source. b) 3 mm diameter source.  106

Figure 7-7. a) Measured colours in a horizontal strip through the centre of screen 10 cm

from the end of the TRIMM-doped rod shown in Figure 6-8, which has 

been converted to RGB via calculations. b-d) modelled strip, using source 

diameters of 1, 2 and 3 mm, respectively.  107

Figure 7-8. a) Schematic showing entrance end of mixing rod, with relative positions 

of the LEDs to the rod axis (centre) and rod radius. b) Pixels in a simulated 

‘screen’ are sorted into radial ‘bins’ for analysis of rotational symmetry 

of output light distribution.  108

Figure 7-9. a,b) analysis of simulated ray tracing data projected onto a screen 15 cm 

from the end of the 6 cm clear PMMA rod, with Alpha Red LED as the 

source. a) Average rays per pixel in a ‘radial bin’ vs radial distance from

the centre of the screen (see Figure 7-9(b)). b) std deviation/average rays

per pixel in a ‘radial bin’ vs radial distance from screen centre. c,d) similar 

analysis for PMMA rod with TRIMM diffuser sheet. Outlying point in 

modelled data is due to the very small number of rays hitting screen edge.  109

Figure 7-12. Possible configurations of 5 mm LEDs positioned at the entrance of a 3 cm 

diameter TRIMM mixing rod. a) single central LED, total = 19 LEDs.

b) innermost ring of 3 LEDs, total = 21 LEDs. c) innermost ring of 3 LEDs, 

total = 27 LEDs.  113

Figure 7-13. Geometrical configuration of source LEDs for mixing, showing inner, 

middle and outer rings of LEDs sharing the same SRF.  113

Figure 7-14. Rotational symmetry check of detector output of LEDs from the array 

pictured in Figure 7-13, 10 cm from the output end of TRIMM mixing 

rod. a-b) An LED from the inner ring of the array, 5.2 mm radially from 

the rod axis (coloured purple in Figure 7-13). c-d) An LED from 2nd 

ring of the array, 8.8 mm radially from the rod axis (coloured light green in 

Figure 7-13).  115

Figure 7-15. Simulated colour output 10 cm from TRIMM mixer rod end, for individual

rings of the LED mixer array shown in Figure 7-13. a) inner ring,

SRF = 0.35 b) middle ring, SRF = 0.59 c) outer ring, SRF = 0.7. LED 

arrays and colour output are displayed as viewed with the z-axis into the page. 116

Figure 7-16. Configuration of RGB in the 19 LED array for uniform colour output from the 

TRIMM-doped mixer.  117

Figure 7-17. 19 LED array simulated colour output after ray tracing through the TRIMM 

mixer. a) exit surface of rod. b) 1 cm from rod end. c) 10cm from rod end. 

d) 100 cm from rod end.  117

CHAPTER 8  Fresnel losses, wall transmittance and side-light distributions 119

Figure 8-1. Fresnel reflection with angle-of-incidence, for a) rod to air (affecting ray 

transmittance out of rod), b) air to rod (affecting coupling of LED source 

rays into rod) for PMMA matrix. (n1 = 1.49)  121

Table 8-1.  Effect of applying Fresnel reflection to the internal surfaces of a TRIMM-

doped light guide (POF; µ = 0.0182, p = 2 mm, length = 10 cm, diameter = 2 cm) 

used as a mixer. 122

Figure 8-2. Comparison of percentage of end-reflected rays, with and without Fresnel 

reflection, for a 10 cm long, 2 cm diameter POF guide, with varying TRIMM 

separation (p). Percentage of wall-exited rays (with Fresnel reflection 

included) are also shown (µ = 0.0182).  123

Figure 8-3. Effect of varying angle-of-incidence of launched rays (in air), for varying 

TRIMM concentration, on (a) wall loss (as a percentage of initial rays), 

(b) end-reflected loss (as a percentage of rays remaining in the light guide) 

(µ = 0.0182).  123



xvi

Figure 8-4. Effect of TRIMM sphere separation p on (a) wall loss, (b) end-reflected loss,

for 3 different values of µ.  124

Table 8-2. Rays ‘lost’ by refraction out of the light guide wall as a percentage of the 

number of rays initially entering the rod, for ray tracing modelling shown

in Figure 7-1 and Figure 7-2. 125

Figure 8-5. Schematic of PMMA rod + TRIMM diffuser sheet, showing surfaces at which 

transmittance is recorded, or reflected losses occur. The values shown 

are the simulated results shown in Table 8-3.  126

Table 8-3. Simulated and measured transmittance results and reflected losses, as a

percentage of the incident light, for Alpha group LEDs, for 6 cm PMMA 

mixing rod with and without TRIMM diffuser. *measurement has higher

uncertainty (see text). 126

Figure 8-6. Simulated wall-exited rays from TRIMM mixing rods, in forward and reverse 

directions, binned into 1 cm increments along the length of the light 

guides. a) 100K 10 cm light guide. b) 15K 10 cm light guide. c) 15K 

20 cm light guide.  129

Figure 8-7. Simulated angular distribution of wall exited rays from TRIMM mixing rods, 

for a 1 cm interval, sorted into 5× bins. 0× corresponds to the wall normal.

a) 100K 10 cm light guide, 10th interval. b) 15K 10 cm light guide, 

10th interval. c) 15K 20 cm light guide, 12th interval.  130

Figure 8-8. 2D schematic illustrating the ‘end effect’ for a 15K rod. Critical ray angles

are marked with dotted lines.  132

Table 8-4. Comparison of transmittance and loss between LED array and Alpha triad 

array mixers 133

CHAPTER 9 Flexible polymer optical fibre 135

Figure 9-1. Illuminator configuration, showing metal halide light source, UV / IR blocker, 

coloured filters, and manifold positions.  137

Figure 9-2. Transmission spectra of the coloured filters for the illuminator (halide 

discharge source).  137

Figure 9-3. Angular distribution of light exiting the Poly Optics POF illuminator manifold,

for 12 mm and 18 mm aperture sizes.  138

Figure 9-4. Measurements of side-scattered integrated luminance from POF using Oriel 

integrating sphere and photo-diode detector. The light source is the Poly

Optics illuminator.  139

Figure 9-5. a) Integrated luminance vs distance along the light guide for 2000 ppm,

200 ppm and undoped 9 mm diameter POF, showing an exponential 

falloff of side-scattered intensity with distance from the (orange) light 

source. b) Log(e) integrated luminance vs distance along light guide to 

the centre of the integrating sphere, for 390 ppm 9 mm diameter POF. 

Results are shown for each of the illuminator’s coloured filters.  140

Table 9-1. ‘Falloff slope’ F ( x 103) for 9 mm diameter TRIMM-doped POF. 141

Figure 9-6. Log(e) integrated luminance vs propagation distance for 9 mm POF, for

four TRIMM granule concentrations, using the green illuminator filter.

Inset: Relationship of falloff F with TRIMM concentration for the same data.  142

Table 9-2. Power relationship of ‘Falloff slope’ with TRIMM granule concentration for 

9 mm diameter POF. 143

Figure 9-7. Comparison of the log(e) integrated luminance measurements of 14 mm diameter 

100 ppm POF, with the corresponding diameter variations of the fibre from 

average.  145

Figure 9-8. Schematic showing how diameter variation along a light guide can cause 

additional light to escape through the wall (Ray 1) or cause a decrease

in side-light output (Ray 2). θ c1 is the critical angle for a light guide with 

uniform diameter; θ c2 is the critical angle for a wall sloped due to 

decreasing fibre diameter; θ c3 is the critical angle for a wall sloped due

to increasing fibre diameter.  145



xvii

Figure 9-9. Comparison of integrating sphere and photometer illuminance measurements 

of a 2 m long 9 mm diameter 200 ppm POF; source is the illuminator with

the green filter. Integrating sphere measurements with an end reflector are 

also shown. Measurements are normalised at a distance of 110 cm from 

the source end of the guide.  147

Figure 9-10. Photogoniometer set-up for POF directional scattering measurement.  148

Figure 9-11. ‘Side scattered’ luminance (light escaped through the guide walls) of

200 ppm 9 mm diameter POF, at 80 cm along the guide from the source.

0° is the forward propagation direction. Measurements are shown for 

Teflon®-clad and Teflon®-stripped exposed sections of 5 cm, 2.5 cm 

and 1 cm in length. The light source was the illuminator with the clear filter.  149

Table 9-3. Angle (from horizontal forward direction) of maximum luminance, θmax, for 

200 ppm, 9 mm diameter POF, as measured by a photogoniometer. Light 

source is illuminator with clear filter. 150

Figure 9-12. Normalised ray frequency vs θ for various distances along a 1 cm x 1 cm 

square light guide. The internal angular distribution becomes constant 

beyond 250 cm. Average path increment between spheres, p = 3.5 mm. 

Initial incidence angle 0 - 20° in air. 100,000 rays were launched.  151



xviii

Abstract

This project involves the study of optical properties of polymers doped with TRIMM

(transparent refractive index matched micro-particles), and their uses in light guides. The

refractive index difference between dopant and host material is small (<0.02), so forward

transmittance is high, and losses due to backscattering are negligible. Flexible polymer

optical fibre (POF) and polymethylmethacrylate (PMMA) rods are being incorporated

into an increasing range of lighting and light mixing applications. For energy efficient

mixing of red, green and blue (RGB) light-emitting diodes (LEDs) to produce white light

and a range of other colours, light is transmitted from the end of a light guide (“end-

light”). A major problem here is solved, namely the achievement of uniform illumination,

simultaneously with low losses from scattering. Light output from RGB LEDs is shown

to be completely mixed by short TRIMM-doped light guides. Alternatively, long lengths

of TRIMM-doped POF can be used for “side-light”. The concentration of TRIMM for

these is chosen such that light is emitted from the side walls of the guide to give even illu-

mination along its length. 

A geometrical method of ray tracing in particle-doped rectangular and cylindrical light

guides is derived, and Monte Carlo ray tracing simulations performed for undoped and

TRIMM-doped light guides. The evolution of the distribution of ray angles, internal and

external to a light guide, with propagation distance are studied. Computer simulations of

angular distribution of light emitted from the wall of POF agree with measurements per-

formed using a photogoniometer. 

Simulations and measurements of light output intensity and colour from RGB LED arrays

when projected from the end of a mixing rod, are also presented. Colour calculations

agree with photometric measurements of RGB LED output from clear and TRIMM-

doped PMMA mixing rods. Results of transmittance measurements and computer simu-

lations show that light losses are almost entirely due to Fresnel reflectance from the

entrance and exit surfaces of the rods. 

Photogoniometer measurements of the angular distribution of light from LEDs are used

as a basis for LED source models used in ray tracing simulations. Results of an investiga-
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tion comparing the effect of using a smoothed LED source model instead of measure-

ment-based models on simulated light output distributions are presented. The light output

from LEDs can have sudden peaks in intensity at certain angles, resulting in distinctive

patterns with clear colour separation, after mixing in clear polymer mixing rods. These

caustic patterns are eliminated by using TRIMM-doped mixing rods, with a transmittance

of ~90% after Fresnel losses, which can be readily reduced.
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