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Abstract: Solar radiation homogenizers are multi-mirror devices that try to reshape the solar radiation
distribution coming from a concentrator, so that, after passing through the homogenizer, the light flux
becomes as much evenly distributed as possible. The optical behavior of these multi-reflective devices
is complex and still ill-understood. The geometry of the concentrator defines the features of the
concentrated flux and then the characteristics of a particular homogenizer must be chosen according
to the envisaged use. In this work, we developed and used optical ray-tracing software to investigate
how the homogenizer’s optical output is affected by the following homogenizer’s characteristics:
(i) Number of reflecting surfaces; (ii) total length; (iii) position (relative to focal plane); and (iv) tilt
angle (inclination) of reflecting surfaces. The obtained results provide valuable information for the
use of these optical devices and may contribute to the development of more efficient strategies for
homogenization of concentrated radiation generated by high-flux solar furnaces.

Keywords: solar furnace optimization; radiation homogenizer; flux distribution; optical modelling;
ray tracing simulations

1. Introduction

In high-flux solar concentration systems, the flux of solar radiation that reaches the
target is non-homogeneous, as discussed in our previous modelling work [1,2] and illus-
trated by considerable experimental evidence. Therefore, to expand the application field
of solar-driven high-temperature technologies it is essential to improve the temperature
homogeneity conditions, because for many applications, it is important to obtain a radia-
tion distribution as homogeneous as possible over the working area [3]. For processing
of (solid) bulk materials at the industrial scale (e.g., firing of ceramics, heat treatment of
metallic parts, furnaces for glass melting or for glass fritting, calcination furnaces, etc.) it
is indispensable that temperature control and temperature homogeneity conditions are
guaranteed.

The so-called “radiation flux homogenizers” used by some researchers [4–11] are
multi-reflective devices (with mirrored sides) designed to reshape the solar radiation
flux coming from a concentrator so that, after passing through the homogenizer, the
flux becomes as much evenly distributed as possible; i.e., homogenizers are optical de-
vices aiming to increase the homogeneity of the distribution of flux, and they need to be
studied in depth, together with other strategies for overcoming the problem of thermal
inhomogeneity [12,13].

Until now, almost all the so-called “solar furnaces” are point-focusing solar con-
centration facilities. These high-flux solar furnaces are located throughout the world at
universities, research institutes, and companies, operating at concentrations relevant to
solar thermochemistry, materials processing, and thermal treatments [3]. Figure 1 shows a
typical diagram of a typical high-flux solar furnace. This type of furnaces usually consists
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of: (i) A flat solar-tracking heliostat (or a group/field of heliostats); (ii) a parabolic collec-
tor mirror (which concentrates the solar flux); (iii) an attenuator or shutter (that allows
reductions in the flux to control it); and (iv) a test zone located at the concentrator focus.
The flat mirror(s) of the heliostat (or heliostats) reflects the (quasi) parallel solar beams
onto the reflective surfaces of the parabolic concentrator, which in turn reflects them onto
the test area. The inclination of the blades at the shutter (between the heliostat and the
concentrator) regulates the amount of sunlight passing through them and therefore controls
the solar flux incident on the concentrator. In solar furnaces, the test table is movable in
three directions (East–West, North–South, up and down) thus allowing to place the test
samples at a chosen location (near the high-concentration zone, but not necessarily at the
focus). When necessary, a 45◦-tilted flat mirror (not shown in Figure 1) may be placed at a
certain distance between the concentrator and the focal point in order to reflect vertically
the solar radiation so that the concentrated solar beam becomes vertically oriented [1,2].
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Figure 1. Typical configuration of a high-flux solar furnace, showing its main components: The heliostat, the shutter, and
the concentrator (α is the rim angle; L is the focal length i.e., the distance between the center of the parabolic concentrator
and the theoretical focal point).

For this work, we improved our own ray tracing software (named LAM, Light Analysis
Modelling) [1,2] to model the radiation output for several different homogenizers, with
different geometries and operating conditions. The software works thus as a laboratory to
study homogenizers, allowing us to learn as much as possible about these devices. The
ultimate goal is to optimize the homogenizer geometry and position for a specific high-flux
solar furnace. The purpose of the study is not to investigate the input radiation at the
entrance of the homogenizer, generated by the concentrator, so this is kept constant for all
simulations.

2. Computational Details
2.1. Radiation

Throughout this work we assume that the input radiation is formed by random
parallel rays coming from a heliostat, that are subsequently concentrated by a paraboloid
concentrator [1,2]. To imitate the radiation coming from the heliostat, we generate random
points inside a circle with the same area of the projected paraboloid concentrator (see
Figure 2). Parallel rays coming from these random points travel to the concentrator where
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they are reflected by specular reflection, moving then towards the paraboloid theoretical
focal point, where they meet the homogenizer. To make our model more realistic, we use
data based on a real solar furnace, the SF60 solar furnace available at Plataforma Solar de
Almeria, Spain [14]. Therefore, throughout this work, we assume that the focal distance of
the paraboloid concentrator is L = 7450 mm and the rim angle is α = 38◦. Nonetheless, the
results reported here should be valid for other solar furnace layouts.
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Figure 2. General modelling layout used in this work: Random parallel rays generated in a circle equivalent to the projected
concentrator, are reflected by the concentrator to the focal zone, where they are successively reflected inside the homogenizer.
The whole experiment is monitored by detectors positioned immediately before and after the homogenizer.

In a mathematically perfect model, with a parabolic mirror, light rays are focused on
a single focal point. In large scale solar furnaces, due to the inevitable local inaccuracies,
this focal point is always replaced by a non-negligible focal circle. To fit our geometrical
light models to reality, we scramble the radiation coming from the paraboloid, to achieve
the focal diameter experimentally measured. In this work we assume a focal diameter of
250 mm (a typical value for this type of large-scale solar furnace).

For each light ray, coming from a position r0, with a direction defined by a wave vector
k0, we construct an orthonormal basis, with unit vectors a1, a2, a3, with a3 pointing in the
k0 direction. We can randomly change the ray position r0 or the ray orientation k0.

To scramble the position of r0 we generate a random point in a circle with some
maximum radius rM, in cylindrical coordinates, r, ϕ, then convert to Cartesian coordinates
x, y, then multiply by vectors a1, a2, to obtain a shift vector, in a plane perpendicular to k0,
which is added to r0 to obtain the new scrambled position r1.

To scramble the orientation of k0 we generate a random position on a spherical surface
with radius k0, in spherical coordinates, θ, ϕ, for some maximum polar angle θM (see
reference [1] for details), then convert to Cartesian coordinates x, y, z, then multiply by
vectors a1, a2, a3, to obtain the new vector k1, slightly rotated from the initial k0. For the
solar furnace layout under consideration, the focal diameter of 250 mm can be achieved
scrambling r0 with rM = 110 mm or scrambling k0 with θM = 0.8◦. Throughout this
work we used always the scrambling k0 technique because we think it is much closer to
physical reality.

In all experiments reported in this work, we used 108 (hundred million) input light
rays to collect the output data. Table 1 shows the input and output radiation coefficient-
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of-variation CV values (the most relevant results calculated in this work) for the default
homogenizer conditions (4-side, 350-mm long, position 0, tilt angle 0◦, as it will be reported
later), as a function of the number of random rays generated. These tests show that: (1) For
a number of rays smaller than 108 the radiation distributions are still far from convergence;
(2) for a larger number of rays the much longer computation times do not seem to increase
the fundamental quality of the results.

Table 1. Model dependence on the number of input rays.

Number of Rays Input Radiation
CV

Output Radiation
CV

Time
(s)

106 0.5305 0.3053 1.9

107 0.4522 0.1170 18.9

108 0.4438 0.0746 186.1

109 0.4430 0.0688 1860.9

1010 0.4429 0.0682 18,817.4

We also tested the influence of the sequences of random numbers (determined by
the random seed) in the final results. Table 2 shows the same calculations for the default
conditions, with 108 rays, as a function of the random seed. These tests show that the
choice of random number sequences does not affect the results.

Table 2. Model dependence on the random number sequences.

Random Seed Input Radiation
CV

Output Radiation
CV

1 0.4439 0.0744

2 0.4438 0.0746

3 0.4441 0.0744

4 0.4437 0.0743

5 0.4439 0.0744

2.2. Homogenizers

By construction reasons, homogenizers used in high-flux solar furnaces should be
simple, with flat reflective surfaces or a cylinder mirrored inside, with a behavior similar
to a symmetric polygon with infinite faces. These devices can therefore be modelled
by sets of flat, convex, polygons, as commonly used in computer graphics, to simplify
mathematics. A flat polygon has always two faces, that can be distinguished entering
the vertices sequentially, so one face will be clockwise oriented and the other will be
counter-clockwise oriented.

In the software written for this work (see Figure 3a), it is always assumed that counter-
clockwise oriented (internal) faces reflect the radiation (by specular reflection) while clock-
wise oriented (external) faces just lose the radiation (by diffuse reflection, scattering and
absorption mechanisms).

To obtain a point c (the polygon center, in highly symmetric polygons, such as those
used in this work) inside an arbitrary (flat, convex) polygon, we can sum the vertices
positions and divide by its number.
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To obtain the normal unit vector n pointing outwards from the front (reflective) surface,
we scan sequentially the polygon vertices to construct the corresponding edge vectors (see
Figure 3b). Calculating the cross product of an edge vector with the next one, repeating
for all edge vectors and summing everything, will produce a perpendicular vector, going
outwards from the counter-clockwise face, that can then be normalized.

Knowing a point c in the polygon plane and its perpendicular vector n, we can
calculate the point r1 where the input light ray (defined by a starting point r0 and a wave
vector k0) intercepts the polygon plane (see ref. [1]).

To know whether the point r1 is inside or outside the polygon, we construct vectors
from the point r1 to all the polygon vertices, in sequential, increasing order (see Figure 4).
Calculating the cross product of each of these vectors with the next one, one of two things
can happen: (1) all cross product vectors point in the same direction (the dot product
between them is always positive), implying that r1 is inside the polygon; (2) not all cross
points point in the same direction (at least one of the dot products is negative), implying
that r1 is outside the polygon.
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In this work, we built five polygon-based homogenizers (see Table 3), with 3, 4, 6,
8, and 4 × 4 = 16 reflecting faces, following the conventions indicated above. Increasing
the number of faces, the geometry tends to an open cylinder, reflecting inside, so we also
modelled the cylinder homogenizer.

Table 3. Radiation flux at homogenizer entrance and exit, as a function of the number of faces, for the following conditions:
Total length = 350 mm; position = 0 (centered at the theoretical focal point), tilt angle = 0◦.

Number of Faces 3D Perspective 2D Cross Section Input Flux Output Flux

3
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To build the homogenizers, we used the following criterion for the lateral dimensions:
the homogenizers are always centered along the concentrator axis, with an aperture as
large as possible, without exceeding the 250 × 250 mm square area (the focal diameter for
the scrambled radiation is 250 mm). For the 4-side homogenizer we used a 250 × 250 mm
open channel. For the 4 × 4 homogenizer we used four 124 × 124 mm open channels, with
a 2 mm thick wall separating them in both directions. For the cylinder homogenizer we
used a diameter of 250 mm. For the 3-side homogenizer, the distance from the center to the
vertices is 125 mm. Of course, we could have increased the triangle aperture, just moving
it off the axis, but this would result in more complex, unbalanced, output patterns. For the
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6-side homogenizer, the distance from the center to the vertices is also 125 mm. For the
8-side homogenizer, the distance from the center to the faces is 125 mm.

The input power can be increased simply enlarging the homogenizer aperture, in-
creasing the device lateral dimensions, but this decreases the number of reflections inside
and makes the device less efficient (and more cumbersome).

Using the same geometrical data, we also prepared masks, filtering radiation that fall
outside the homogenizers overture, to facilitate analysis and to fit better the experimental
conditions (this is the computational equivalent of covering all around the top entrance of
each homogenizer with alumina, to protect the lateral faces against radiation damage).

When a ray of light intercepts a set of reflecting polygons, such as the five flat surface
homogenizers studied in this work, the following algorithm is used: for each polygon, test
if the ray intercepts the polygon plane, and then if the ray intersects the polygon inside.
When the answer is no, just move to the next polygon. When the answer is yes, determine
the distance from the ray starting point to the polygon intersection point, and compare
with previous polygons, to determine the closest intersection point. After scanning all
polygons, one of three things can happen: (1) No polygon was intersected, so the ray
leaves the polygon-based device. This is the normal exit; (2) a back (non-reflecting) face
was intersected, so the ray is discarded; (3) a front (reflecting) face was intersected, so
the new reflected ray is calculated (see [1]). The new ray goes then through the same
polygon-scanning procedure applied to the previous ray, and the process is repeated until
case 1 (good exit) or case 2 (bad exit) occur.

For the cylinder homogenizer: (1) Rays intersecting the cylinder lateral surface are
discarded; (2) rays not going through the overture just pass the cylinder (in this work
we use a mask to trap them); (3) rays going inside are successively reflected by the inner
cylinder surface until the output overture is reached, using an algorithm similar to the one
described above for the flat surfaces homogenizers.

2.3. Detectors

A LAM detector is a rectangle of pixels (as an LCD screen), forming a 2D histogram
where each pixel accumulates the number and length of rays (the radiation flux) intersecting
that pixel during the experiment. By default, each pixel in a screen detector represents an
area of 1 mm × 1 mm, and the number of rays hitting each pixel can be seen as a measure
of flux, given for example in W/mm2, multiplied by some scaling factor. Multiplying this
flux by the 1 mm2 unit area we obtain the same number for the power in W received by
each pixel. Summing for all illuminated pixels in the detector, we obtain the total power
received by the detector. The scaling factor can be calculated, for example to compare with
experimental data, dividing the number of non-concentrated input rays (coming from the
heliostat) by the circle area where they were generated (so we get the number of rays/mm2).
This ratio multiplied by the scaling factor can be made equal to the locally measured solar
flux (usually around 1.0 kW/m2 = 1.0 mW/mm2, smaller than 1.36 kW/m2, the raw sun
radiation flux).

As a photographic camera, a LAM detector is determined by its center, its pointing
direction, and its up direction. After the experiment, the data collected can be used to: (1)
Produce statistical information (flux mean value, standard deviation, coefficient of variation
(CV), minimum and maximum values, total power, etc.) above a given baseline (so non
illuminated regions are discarded); (2) create profile graphs of accumulated radiation flux
along any line in the 2D detector rectangle; (3) generate color images of radiation flux for
the detector rectangle.

LAM supports several different color schemes to represent the accumulated data,
usually going from a blue color for the lowest accumulated value (above the baseline), to a
red color for the highest accumulated value. Non illuminated pixels, with values below the
baseline, are usually colored black. LAM supports a relative color scheme, where minimum
(blue) and maximum (red) values are automatically determined for each image, and an
absolute color scheme, where minimum (blue) and maximum (red) values are previously
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specified by the user. The absolute scheme allows direct comparison of different images but
tends to reduce the range of colors used in each image, thus hiding valuable pattern details.
For example, an image collected close to the focal plane will be mostly red, while an image
collected far from the focal plane will be mostly blue. In this work we chose the relative
approach, which gives us a maximum of color information for each image, although this
means that colors cannot be directly compared between different images. The same red
pixel in two different images might represent flux values completely different.

3. Results and Discussion
3.1. Influence of Number of Reflecting Surfaces

Table 4 summarizes the main numeric results of the computer simulations carried out
using LAM on the five polygon-based homogenizers as well as on the cylinder homogenizer.
For comparing the influence of the number of reflecting surfaces, the total length of each of
the homogenizers were kept constant and equal to 350 mm. The homogenizer position was
also kept constant, with the geometric center of each device positioned at the theoretical
focal point of the radiation coming from the concentrator. The coefficient of variation
(CV) of the radiation flux is a good parameter to assess the degree of flux homogeneity.
Total power at the entrance (input) and at the exit (output) of each of the homogenizers
is expressed in terms of number of ray counts (given by the LAM detectors). Perfect
match between input and output power values reveals that incoming rays suffer specular
reflection inside the homogenizer and all of them exit at the other end of the homogenizer.

Table 4. CV and power at homogenizer entrance and exit, as a function of the number of faces, for
the following conditions: Total length = 350 mm; position = 0 (centered at the theoretical focal point),
tilt angle = 0◦.

Number of
Faces

Input Radiation
CV

Output Radiation
CV

Input Power
(No. of Counts)

Output Power
(No. of Counts)

3 0.261 0.116 0.337 × 108 0.337 × 108

4 0.444 0.074 0.702 × 108 0.702 × 108

4 × 4 0.444 0.099 0.687 × 108 0.687 × 108

6 0.319 0.088 0.558 × 108 0.558 × 108

8 0.372 0.091 0.644 × 108 0.644 × 108

∞ 0.451 0.312 0.620 × 108 0.620 × 108

Analyzing the results included in Table 4, the first conclusion we can derive is an
enormous decrease in the CV, from the input to the output radiation, for all geometries
included in this study. These devices are difficult to construct and easy to destroy, but these
results seem to justify its use. We may also conclude that an increase in the number
of reflecting surfaces does not contribute towards an increase in homogeneity at the
exit (output) of the homogenizer. Comparing the radiation-flux CV values, the four
faces/square homogenizer is undoubtedly the most suitable one, showing the lowest value
of output radiation CV and the highest value of power. This is good news because these
four-face devices are easier to build than its counterparts with more faces and are less prone
to junction failure at high temperature. Most homogenizers currently used in high-flux
solar furnaces are four-face devices.

3.2. Influence of Homogenizer Length

Considering only four-face homogenizers, all of them with the same square cross
section and all of them with their geometrical center located at the focal point, we have
studied the influence of the homogenizer length. For this study, we have compared the
results obtained in homogenizers with the following lengths: 250, 300, 350, 400, 450, and
500 mm (see Table 5). Homogenizers shorter than 250 mm are ineffective and are not used
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in high-flux solar facilities, because the number of reflections inside is too small to make a
difference.

Table 5. Radiation flux, CV, and power at homogenizer entrance and exit, as a function of the total length, for the following
conditions: Number of faces = 4; position = 0 (centered at the theoretical focal point), tilt angle = 0◦.

Homog.
Length
(mm)

Input Flux Output Flux
Input

Radiation
CV

Output
Radiation

CV

Input Power
(No. of
Counts)

Output Power
(No. of
Counts)

250
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From the results presented in Table 5, it is clear that an increase in the length of the 
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From the results presented in Table 5, it is clear that an increase in the length of the 
homogenizer leads to a decrease in the transmitted power, because when the entrance of 
the homogenizer is located at a longer distance from the radiation focus it collects less 
power. Homogenizers with a length close to 350 mm seem to lead to a compromise be-
tween attained homogeneity (i.e., low CV of output flux radiation values) and reasonably 
high power. At the cost of lower power, the homogenizer with 450 mm length shows the 
best homogeneity, although the differences in the CV values are quite small. 
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From the results presented in Table 5, it is clear that an increase in the length of the 
homogenizer leads to a decrease in the transmitted power, because when the entrance of 
the homogenizer is located at a longer distance from the radiation focus it collects less 
power. Homogenizers with a length close to 350 mm seem to lead to a compromise be-
tween attained homogeneity (i.e., low CV of output flux radiation values) and reasonably 
high power. At the cost of lower power, the homogenizer with 450 mm length shows the 
best homogeneity, although the differences in the CV values are quite small. 
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From the results presented in Table 5, it is clear that an increase in the length of the 
homogenizer leads to a decrease in the transmitted power, because when the entrance of 
the homogenizer is located at a longer distance from the radiation focus it collects less 
power. Homogenizers with a length close to 350 mm seem to lead to a compromise be-
tween attained homogeneity (i.e., low CV of output flux radiation values) and reasonably 
high power. At the cost of lower power, the homogenizer with 450 mm length shows the 
best homogeneity, although the differences in the CV values are quite small. 
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From the results presented in Table 5, it is clear that an increase in the length of the 
homogenizer leads to a decrease in the transmitted power, because when the entrance of 
the homogenizer is located at a longer distance from the radiation focus it collects less 
power. Homogenizers with a length close to 350 mm seem to lead to a compromise be-
tween attained homogeneity (i.e., low CV of output flux radiation values) and reasonably 
high power. At the cost of lower power, the homogenizer with 450 mm length shows the 
best homogeneity, although the differences in the CV values are quite small. 
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From the results presented in Table 5, it is clear that an increase in the length of the 
homogenizer leads to a decrease in the transmitted power, because when the entrance of 
the homogenizer is located at a longer distance from the radiation focus it collects less 
power. Homogenizers with a length close to 350 mm seem to lead to a compromise be-
tween attained homogeneity (i.e., low CV of output flux radiation values) and reasonably 
high power. At the cost of lower power, the homogenizer with 450 mm length shows the 
best homogeneity, although the differences in the CV values are quite small. 
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From the results presented in Table 5, it is clear that an increase in the length of the 
homogenizer leads to a decrease in the transmitted power, because when the entrance of 
the homogenizer is located at a longer distance from the radiation focus it collects less 
power. Homogenizers with a length close to 350 mm seem to lead to a compromise be-
tween attained homogeneity (i.e., low CV of output flux radiation values) and reasonably 
high power. At the cost of lower power, the homogenizer with 450 mm length shows the 
best homogeneity, although the differences in the CV values are quite small. 
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From the results presented in Table 5, it is clear that an increase in the length of the 
homogenizer leads to a decrease in the transmitted power, because when the entrance of 
the homogenizer is located at a longer distance from the radiation focus it collects less 
power. Homogenizers with a length close to 350 mm seem to lead to a compromise be-
tween attained homogeneity (i.e., low CV of output flux radiation values) and reasonably 
high power. At the cost of lower power, the homogenizer with 450 mm length shows the 
best homogeneity, although the differences in the CV values are quite small. 
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From the results presented in Table 5, it is clear that an increase in the length of the 
homogenizer leads to a decrease in the transmitted power, because when the entrance of 
the homogenizer is located at a longer distance from the radiation focus it collects less 
power. Homogenizers with a length close to 350 mm seem to lead to a compromise be-
tween attained homogeneity (i.e., low CV of output flux radiation values) and reasonably 
high power. At the cost of lower power, the homogenizer with 450 mm length shows the 
best homogeneity, although the differences in the CV values are quite small. 
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From the results presented in Table 5, it is clear that an increase in the length of the 
homogenizer leads to a decrease in the transmitted power, because when the entrance of 
the homogenizer is located at a longer distance from the radiation focus it collects less 
power. Homogenizers with a length close to 350 mm seem to lead to a compromise be-
tween attained homogeneity (i.e., low CV of output flux radiation values) and reasonably 
high power. At the cost of lower power, the homogenizer with 450 mm length shows the 
best homogeneity, although the differences in the CV values are quite small. 
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From the results presented in Table 5, it is clear that an increase in the length of the 
homogenizer leads to a decrease in the transmitted power, because when the entrance of 
the homogenizer is located at a longer distance from the radiation focus it collects less 
power. Homogenizers with a length close to 350 mm seem to lead to a compromise be-
tween attained homogeneity (i.e., low CV of output flux radiation values) and reasonably 
high power. At the cost of lower power, the homogenizer with 450 mm length shows the 
best homogeneity, although the differences in the CV values are quite small. 
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From the results presented in Table 5, it is clear that an increase in the length of the 
homogenizer leads to a decrease in the transmitted power, because when the entrance of 
the homogenizer is located at a longer distance from the radiation focus it collects less 
power. Homogenizers with a length close to 350 mm seem to lead to a compromise be-
tween attained homogeneity (i.e., low CV of output flux radiation values) and reasonably 
high power. At the cost of lower power, the homogenizer with 450 mm length shows the 
best homogeneity, although the differences in the CV values are quite small. 
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From the results presented in Table 5, it is clear that an increase in the length of the
homogenizer leads to a decrease in the transmitted power, because when the entrance of
the homogenizer is located at a longer distance from the radiation focus it collects less
power. Homogenizers with a length close to 350 mm seem to lead to a compromise between
attained homogeneity (i.e., low CV of output flux radiation values) and reasonably high
power. At the cost of lower power, the homogenizer with 450 mm length shows the best
homogeneity, although the differences in the CV values are quite small.
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3.3. Influence of Homogenizer Position

Considering again a four-face homogenizer only, with a cross section of 250 × 250 mm
and a length of 350 mm, we studied the influence of the homogenizer position by com-
paring the results obtained at five different locations: The focal plane at the homogenizer
entrance; at the homogenizer exit; at the homogenizer center (the default used in the
other experiments); plus the two intermediate positions (see Table 6). We note that during
this study, the focal plane was always kept constant, is the homogenizer that moves up
or down.

Table 6. Radiation flux, CV, and power at homogenizer entrance and exit, as a function of the position relatively to the
theoretical focal point, for the following conditions: Number of faces = 4; total length = 350 mm, tilt angle = 0◦.

Homog.
Coordinate Input Flux Output Flux

Input
Radiation

CV

Output
Radiation

CV

Input Power
(No. of
Counts)

Output Power
(No. of
Counts)
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Analyzing the results presented in Table 6, we may conclude that the best position 
for the homogenizer is when the focal point of the radiation is at the entrance of the ho-
mogenizer (the first row of Table 6). The lowest CV of output flux radiation values is ob-
tained when the homogenizer is placed at this position, although the differences are quite 
small when the focal plane is in the upper half of the homogenizer. The input collected 
power is also maximum for this position. It is interesting to see that, for this particular 
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Analyzing the results presented in Table 6, we may conclude that the best position
for the homogenizer is when the focal point of the radiation is at the entrance of the
homogenizer (the first row of Table 6). The lowest CV of output flux radiation values is
obtained when the homogenizer is placed at this position, although the differences are quite
small when the focal plane is in the upper half of the homogenizer. The input collected
power is also maximum for this position. It is interesting to see that, for this particular
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geometry, the output radiation does not seem to illuminate the outer region. A similar
effect is observed when the focal plane is at the homogenizer exit.

3.4. Influence of Tilted Reflecting Surfaces

Finally, considering again a four-face homogenizer, 350-mm long, with the geometrical
center located at the focal point and a cross section of 250 × 250 mm at its entrance, we
studied the influence of the angle of tilt of the reflecting surfaces (see Table 7).

Table 7. Radiation flux, CV, and power at homogenizer entrance and exit, as a function of the tilt angle, for the following
conditions: Number of faces = 4; total length = 350 mm, position = 0 (centered at the theoretical focal point).

Homog.
Tilt

Angle
Input Flux Output Flux

Input
Radiation

CV

Output
Radiation

CV

Input Power
(No. of
Counts)

Output Power
(No. of
Counts)

0◦
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The results show a considerable fluctuation in the output radiation CV, which in-
creases from a value of CV = 0.074 when the tilt angle is 0° to a value of CV = 0.107 when 
the tilt angle is 2°; then the CV decreases significantly for 4° and 6°, before increasing again 
when the tilt angle is 8°. This fluctuation seems to be the result of a complex light behavior 
inside these tilted homogenizers. Changing the sequence of random numbers or increas-
ing the number of rays to 109, does not affect the results. Based on these numbers, it seems 
that the best homogenization is obtained for a tilt angle around 5°. 
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The results show a considerable fluctuation in the output radiation CV, which in-
creases from a value of CV = 0.074 when the tilt angle is 0° to a value of CV = 0.107 when 
the tilt angle is 2°; then the CV decreases significantly for 4° and 6°, before increasing again 
when the tilt angle is 8°. This fluctuation seems to be the result of a complex light behavior 
inside these tilted homogenizers. Changing the sequence of random numbers or increas-
ing the number of rays to 109, does not affect the results. Based on these numbers, it seems 
that the best homogenization is obtained for a tilt angle around 5°. 

0.443 0.107 0.702 × 108 0.702 × 108

4◦
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The results show a considerable fluctuation in the output radiation CV, which in-
creases from a value of CV = 0.074 when the tilt angle is 0° to a value of CV = 0.107 when 
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when the tilt angle is 8°. This fluctuation seems to be the result of a complex light behavior 
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ing the number of rays to 109, does not affect the results. Based on these numbers, it seems 
that the best homogenization is obtained for a tilt angle around 5°. 
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The results show a considerable fluctuation in the output radiation CV, which increases
from a value of CV = 0.074 when the tilt angle is 0◦ to a value of CV = 0.107 when the tilt
angle is 2◦; then the CV decreases significantly for 4◦ and 6◦, before increasing again when
the tilt angle is 8◦. This fluctuation seems to be the result of a complex light behavior inside
these tilted homogenizers. Changing the sequence of random numbers or increasing the
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number of rays to 109, does not affect the results. Based on these numbers, it seems that the
best homogenization is obtained for a tilt angle around 5◦.

For tilted angles larger than 8◦, we noticed a small but increasing loss of power, at
the exit of the homogenizer: 0.24% for 8◦, 3.90% for 9◦, and 11.48% for 10◦. Investigating
further, we found that a small but increasing number of rays, after multi-reflections, is
actually leaving the homogenizer not from the exit but from the entrance, in these much-
inclined reflecting surfaces. In one case, at 8.1◦, we tracked down a scrambled input ray,
about 30◦ from the vertical (still smaller than the 38◦ rim angle of the solar furnace), that
would not pass through the theoretical focal point, that was reflected nine times inside the
homogenizer. After each specular reflection, the z component of the wavelength vector
becomes less and less negative, so after the fifth reflection the ray starts pointing up,
eventually leaving the homogenizer from its entrance, after four more reflections inside
the homogenizer. Tilt angles above 8◦ are therefore not recommended for these devices
(independently of the number of faces).

4. Conclusions

In this paper we used ray-tracing simulations to model the output of various radiation
flux homogenizers, tested under several different geometric and operating conditions. Flux
distribution results were obtained to investigate how the homogenizer’s optical output is
affected by the following homogenizer’s characteristics: (i) Number of reflecting surfaces;
(ii) total length; (iii) position relatively to the theoretical focal point; and (iv) tilt angle
of the reflecting surfaces. In all cases studied, we observed a significant increase in the
homogeneity of the distribution of flux radiation, after the homogenizer, which seems to
validate the usefulness of these devices. Moreover, the following conclusions can also be
drawn: (a) An increase in the number of reflecting surfaces does not seem to contribute
to an increase in homogeneity at the output of the homogenizer. A four faces/square
homogenizer is suitable for attaining a fair degree of homogenization; (b) an increase in
the length of the homogenizer, when the homogenizer is at position 0, leads to a decrease
in the input power, because the homogenizer overture is farther from the focal plane. The
optimal length is a compromise between attained homogeneity (i.e., low CV of output
flux radiation values) and input power; (c) the most suitable position for the homogenizer
seems to be when the radiation focal point is at the entrance of the homogenizer: the lowest
CV of output flux radiation is obtained at this position and the collected power is very
high. The only disadvantage seems to be a smaller high-flux area at the output; (d) the
four faces/square homogenizer seems to provide even better homogenization when the
reflecting surfaces are slightly tilted, around 5 degrees.
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Abbreviations

CV Coefficient of Variation
k0 Initial wave vector
L Focal length, mm
LAM Light Analysis Modelling
LCD Liquid-Crystal Display
rM Maximum circle radius
r0 Initial position vector
α Rim angle, ◦

θM Maximum polar angle
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