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Abstract 

This research project contains the theoretical and numerical analysis of Lucifer, a new type of 

cone-shaped solar collector, analyzing all the work done so far, studying and testing the 

prototype already made and finally giving a proposal according to the results obtained during 

the realization of this project. 

Firstly, a brief introduction to renewable energies is done since the design of this collector 

shows a strong commitment with the development of the renewable and more concretely the 

solar energy. Subsequently, a theoretical study of the light’s nature, as well as in optics, is done 

in order to on the one hand, explain and demonstrate the assumptions made and on the other 

hand, explain all the phenomena that can occur within the solar cone. Finally, a new prototype 

is calculated so to improve the design of the previous cone. 

For the redaction of this thesis some experts in different fields such as optics, physics, 

renewable energy and chemistry were consulted, being their comments, opinions and 

guidance an important part of this document. 

Additionally, as a last step in the research, some tests with a prism produced with the specific 

characteristics of the cone were done so to prove if all the calculations used for its realization 

worked or not.  

To conclude this thesis, all the mistakes and results obtained were exposed and some 

production tips were added so to make easier for future researchers in this field to understand 

the main characteristics of the system. 

 

Keywords: Solar collector, light, critical angle, reflection, refraction, optics, solar cone, PMMA, 

renewable energies. 
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1. Introduction with background and problems 

1.1. Introduction and background 

Since the beginning of times, humans have been looking for an energy source to both heats 

and lights them. Observing the environment they discovered the fire and tried to learn how to 

produce it. Thousands of years later everything has changed but we are still looking to our 

environment for both light and heat but now without injuring it. That was, and still is the main 

goal of renewable energies as well as the main goal of this research project. 

Focusing on the sunlight heating power, a new system of heating, generating electricity, 

storing energy and lighting is being developed. The main part of this system is Lucifer1, a solar 

collector specifically designed to drive Sunlight to a minuscule circular surface in order to 

transport it through an optical fiber for later on transforming it. 

With a conical-shaped collector made of Poly(methyl methacrylate), from now on PMMA, 

sunlight can be collected in a circle surface and, using the total reflection in critical angle 

principle, will focus that light in a small surface into an optical fiber. 

This collector must be installed on a Sun tracker motorized device that enables it to follow the  

Sun across the sky like a sunflower, gathering in maximum light intensity throughout the day. 

The tracking system itself requires very little power to operate, so a simple solar cell with a 

little battery can make it independent from the electric network being then able to install the 

system wherever is needed. 

In what the optical fiber is concerned, a small diameter is needed. This allows the installation 

of the wire in a different disposition than the straight line and, thanks to that, it can arrive to 

everywhere with really few loses. This propriety is what makes this project so interesting and 

useful because, not only water can be heated with that conducted light but also indoor spaces 

can be lighted and electrical power be generated. 

That lets another problem to be solved. How can that amount of energy be stored so to be 

used during night time or in cloudy days? It is known that physical things can be stored. The 

main idea for the storage is choosing a material with good thermal inertia properties and store 

it in an accurately isolated tank made of a resistant material in order to heat it during the day 

and keep there all the heat with minimum loses and then being able to use it when necessary. 

                                                           
1Name derived from the Latin words lux “light” and fero “bearer”: light-bearer 
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Figure 1.Possible installation of Lucifer in a conventional house. 

 

1.2. Objectives 

The main objective of this thesis is to study an efficient way of collecting sunlight through a 

conical PMMA collector in order to concentrate it into a small surface, the end-face of an 

optical fiber, so to conduct it from a collecting point A to a second point B where either a 

storage or conversion device are placed. Using the present method, energy can be provided 

without any noxious effect to the surrounding environment. 

1.3. Main purpose 

Attending to what it has just been exposed, it is considered that the present study can give 

great midd term benefits and it should be taken into account for a phased replacement of 

fossil fuels into renewable energy sources. 

1.4. Method 

So to write this document several experts in all fields are going to be consulted. Also both 

written and electronic papers and information are going to be consulted.  

The result of this compilation of information will result in the calculations that will give the 

cone a new design that optimizes the energy received. 
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2. Renewable energies 

2.1. Introduction 

Renewable energies are those energies obtained from natural resources that can be consider 

virtually endless either for the huge quantity of energy they contain or because they can be 

regenerated by themselves in a natural way. Clear examples of renewable energies are 

hydroelectric, wind power, solar, geothermal, tidal energy, biomass and/or biofuel. 

One of the main classifications that can be done within the renewable group is, for instance, 

between non-pollutant and pollutant. In the first group solar energy systems, wave power, 

geothermal energy and wind power can be placed, whereas in the second group biofuel and 

biomass can be placed. 

Despite the fact that renewable energies are highly recommendable, they also present a 

negative side that has to be considered, the environmental impact. Every type of renewable 

energy presents its own disadvantages. Geothermal energy, for instance, can be really harmful 

if it carries with it heavy metals from the deep Earth. Wind power produces visual impact on its 

surroundings, emits low frequency noise and can be lethal for birds. In what hydraulic energy 

is concerned, the main disadvantage is the change in the biodiversity of the area where it is 

placed as well as the change of its climate. Solar energy systems are the ones that present less 

environmental impact since they don’t usually take too high spaces to be built but they need 

long periods of time to compensate all the energy used in its fabrication. Another renewable 

non-pollutant energy resource is tidal energy but in this case the problems are both economic 

and environmental because it requires a big initial investment and the surfaces needed are too 

big so the visual impact is huge. 

2.2. Solar energy 

Solar energy is the energy produced in the Sun as a result of nuclear fusion reactions. It comes 

to the Earth through the space in packs of energy, also known as quantums, called photons, 

which interact with the particles in the atmosphere and the ones in the land surface. In spite of 

the intensity of solar radiation at the outer edge of the atmosphere is considered constant it is 

known that is not true since appears to vary by 0.2% over 30 years. 

The intensity of the actual power available at the Earth surface is lower than the one emitted 

from the Sun due to absorption and scattering phenomena caused by the interaction of 

photons with the atmosphere particles. 
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The intensity of the solar energy available at a particular point on the Earth surface depends 

on the day of the year that is wanted to be calculated and also the time and latitude. What is 

more, the amount of solar energy that a device can collect also depends on the inclination that 

it has. 

The direct collection of solar energy requires artificial devices called solar collectors, designed 

to collect energy, sometimes after concentrating the Sun energy rays. Once collected it is used 

in thermal or photovoltaic processes. 

In photovoltaic processes, solar energy is transformed into electrical energy without any 

intermediate mechanical device whereas in thermal processes the energy is used to heat a gas 

or liquid which is then stored and/or distributed using mechanical pumps. 

2.2.1. Solar thermal collectors 

Solar thermal collectors are resumed into two main types: flat plate and concentrating. 

2.2.1.1. Flat plate collectors 

In thermal processes using flat plate collectors the solar radiation is collected in an absorber 

plate by passing the so-called carrier fluid. This, in either gaseous or liquid state, is heated 

while circulating through the absorber plate. 

The energy transferred to the carrier fluid divided by the solar energy striking the collector and 

expressed as a percentage, is the so-called the collector instantaneous efficiency. Flat plate 

collectors have, in general, one or more transparent cover plates to try to minimize heat losses 

from the absorber plate in an effort to maximize that efficiency. Collectors are capable of 

heating carrier fluids up to 82 ° C and obtain between 40 and 80% efficiency. 

Flat plate collectors are used for both heating water and support heating systems. Typical 

systems use fixed collectors on the roof. In the northern hemisphere collectors are oriented 

towards the south whereas in the southern hemisphere to the north to maximize its efficiency. 

In addition to flat plate collectors, typical hot water and heating systems are constituted by 

circulating fluid, pumps, temperature sensors, automatic controllers to activate the pump and 

a storage device. The fluid can be either liquid or air (the liquid can be mixed with antifreeze to 

avoid breaking pipes), while rock or an insulated tank serves as energy storage medium. 

2.2.1.2. Concentrating collectors 

Plane collectors are often employed in a primary phase, and then fluids are treated with 

standard heating means and for applications like air conditioning, central generation and heat 
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energy to provide industrial massive needs, flat plate collectors do not give fluids with 

temperatures high enough to be fully effective. 

Alternatively, a lot of complex and expensive collectors that reflect and concentrate incident 

solar energy on a tiny receiving area may be used. 

As a result of this concentration, the intensity of solar energy will increase and therefore the 

temperature of the receiver (called 'white') will approach many hundreds or even thousands of 

Celsius degrees. These concentrators have to keep moving to follow the sun so work 

efficiently. The devices used with these systems are the so-called heliostats. 

2.2.2. Solar ovens 

Solar ovens are an important application of high temperature concentrators. The largest, 

located in Odeillo, on the French side of the Pyrenees, has 9,600 reflectors with a total area of 

about 1,900 m2 to produce temperatures of 4,000°C. These ovens are ideal for research, for 

example in investigating materials, which require high temperatures in environments free of 

contamination. 

 

Figure 2.Odeillo solar oven.Source: Wikipedia 

2.2.3. Central receptors 

This type of solar energy collector is not fully developed yet but some projects are already 

running to build an electricity generation plant with this system. 

Nowadays the most important already built central receptor power plant is located at the 

south of Spain with more than 2.600 heliostats placed so to reflect sunlight to a tower where 

molted salts are heated reaching temperatures up to 500ºC so it will be possible to use, later in 

the process, steam to generate electricity as in conventional power plants is done. 
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The next figure shows the basic working of this kind of collectors. 

 

Figure 3.Central receptors. 

As it can be observed in the figure above, solar rays will be reflected on the mirror lines and 

redirected to the black space in the top of the tower where the molted salts will be heated. 

Next to the tower two storage tanks are placed so hot and cold salts can be stored. 

Interchanger, pumps, turbines and the electricity generation system would form a secondary 

circuit similar to what ordinary electricity plants have. 

2.2.4. Photovoltaic 

Solar cells made with thin wafers of silicon, gallium arsenide and/or other semiconductor 

materials in crystalline state, convert radiation into electricity directly. Cells are now available 

with conversion efficiencies above 30%. Through the connection of many of these cells into 

modules, the cost of the photovoltaic power is greatly reduced.  

The next figure shows the installed power capacity in Europeans countries at December 2010 

and is also represented through a scale of colors the average radiation incoming. 

 

Figure 4.Large-Scale PV power plants - Installed power capacity in European Countries as at December 

2010. Source: Large-Scale PV power plants Annual review 2010. Denis Lanardic. 
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2.3. Wind power 

Wind power is the energy produced by the wind. The first 

use of wind energy capacity was sailing. In it, the wind was 

used to drive a boat. 

Nowadays wind farms are easy to find all around the 

landscape making profit of those zones where wind blows 

with more intensity. 

2.3.1. Mill 

A mill is a machine that converts wind into usable energy. 

This energy comes from the action of the wind on a sloping 

blades attached to an axis. The rotary axis can be connected 

to various types of machinery depending on the purpose of 

that mill, for example to grind grain, pump water or 

generate electricity. When the axis is connected to a load, 

such as a pump, it is called windmill. When used to produce electricity is called wind turbine 

generator. 

2.3.2. Wind turbines 

Modern wind turbines are moved by two processes: the drag, where the wind pushes the 

blades, and elevation, in which the blades move in a similar way to the wings of an airplane 

through a stream of air. The turbines working by elevation reach higher speeds and are, due to 

their design, more effective. 

Wind turbines can be classified into horizontal axis turbines, in which the principal axes are 

parallel to the floor and vertical axis turbines, with the axes perpendicular to the ground. 

Horizontal axis turbines used for power generation have from one to three blades, while those 

used for pumping may have many more. 

Wind turbine generators have several components. The rotor turns the wind power into rotary 

energy of the axis, then a gear box increases the speed and a generator transforms that 

rotational energy into electricity. In most generators that rotary speed can be automatically 

set so to generate electricity at the commercial frequency (50Hz/60Hz depending on the 

country) and also switch the whole engine off if wind is to strong. Modern machines begin to 

run when the wind reaches a speed of about 19 km/h, achieve peak performance with winds 

between 40 and 48 km/h and stop working when winds reach 100 km/h. The ideal locations 

Figure 5. Wind mill 



18 
 

for installing turbine generators are those in which the average annual wind speed is at least 

21 km/h. 

If lots of generators are installed nearby it becomes a wind farm. In California there are some 

of the largest wind farms in the world and its turbines can generate about 1,120 MW (a 

nuclear power plant can generate about 1,100 MW). 

 

Figure 6.Lillgrund wind farm, Sweden. Source: Wikipedia 
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Figure 7. Wind power installed in Europe by the end of 2011 (cumulative). Source: EWEA Wind in Power, 

European Statistics 2011. February 2012 
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2.4. Hydropower energy 

Hydropower energy consists in the transformation of the potential and kinetic energy from 

water into mechanical and kinetic energy of the water wheels or turbines. Hydropower is a 

natural resource available in areas with sufficient water. Its development requires the 

construction of reservoirs, dams, diversion channels, and the installation of large turbines and 

equipment to generate electricity.  

2.4.1. Operation of the plants 

The plants depend on a large reservoir of water contained by a dam. The water flow is 

controlled and can be maintained nearly constant. The water is transported through tubes or 

pipes, forced-controlled valves and turbines to adjust the water flow with respect to the 

electricity demand. The water entering the turbine exits through the discharge channels. 

The generators are located next to the turbines. The design of the turbine depends on the flow 

of water. Three main types of turbines can be found: Francis turbines, used for high flow and 

medium jumps, Pelton turbines, used for big jumps and small caudles and Kaplan turbine, used 

for small jumps big caudal. 

 

Figure 8.Hydropower capacity in some European countries by the end of 2008. Source: European energy portal. 

2.5. Geothermal energy 

Geothermal energy is the energy generated and stored in the Earth. This heat is produced 

between the crust and upper mantle of the Earth. This geothermal energy is transferred to the 

surface by diffusion, convection movements in the magma and water circulation. Surface 

hydrothermal manifestations are, among others, the hot springs, geysers and fumaroles.  
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The steam produced by hot liquids in natural geothermal systems is an alternative to the ones 

obtained by power plants burning fossil material, nuclear fission or by other means. 

Modern drilling in geothermal systems reach water reservoirs and steam heated by magma 

much deeper, found up to 3,000 m below sea level. The steam is purified before being 

transported in large, insulated pipes to the turbines. Thermal energy can also be obtained from 

geysers and fissures. 

 

Figure 9.Strokkur geyser, Iceland. Source: Wikipedia 

2.6. Biomass energy 

Biomass, as a renewable energy source, is a biological material from living, or recently living 

organisms.  As an energy source, biomass can either be used directly or converted into other 

energy products such as biofuel.  

The biomass energy from wood, agricultural residues and dung remains the main source of 

energy for developing areas. In some cases it is also the most important economic resource, as 

in Brazil, where sugar cane is converted into ethanol, and in Sichuan, province of China, 

where gas is obtained from manure. There are several research projects that aim to achieve 

further development of biomass energy. However, there are lots of economical interests 

posed into oil which ensure that such efforts are still found at an early stage of development. 

Fuels derived from biomass comprise several different forms, including alcohol fuels, 

manure and wood. The wood and dung fuels remain important in some developing 

countries, and high oil prices have meant that industrialized countries become interested in 

the wood.  
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2.7. Tidal energy 

This is a type of energy got from the tides, sea level variations caused by the interactions 

between the system Earth - Moon - Sun, through a system of turbines installed along the coast 

in order to operate an alternator that generates electricity. Nowadays, this type of energy is 

not very widespread although some applications are being studied to make it more profitable. 

Two experimental stations are located on the French coast (La Rance) and the Canadian coast 

(Bay of Fundy). 

The basic operation of this type of energy is to control the rising and falling of the tides 

through a system of gates that generate a gap between the high tide level is inside the gates 

and the low tide that out there so the water can pass from one side to another of the gates 

(this is governed by the physical law of communicating vessels) motioning then a turbine 

system connected to an alternator that will generate electrical power. 

There is also a second system of exploitation of this energy that the sea offers, the installation 

of a series of turbines on the seabed in order to take advantage of tides and currents and also 

get electricity. 

The advantages that offer this type of energy are, firstly that is inexhaustible and secondly that 

is a kind of energy whose operating costs are relatively low. As for the disadvantages, that is an 

energy that does not have an appreciable contribution to global consumption because the 

surfaces that have the characteristics necessary to install a plant of this kind are really rare. 

To this list of disadvantages it should also be added that the structures needed to obtain this 

energy can be easily damaged by storms as well as all metal parts exposed to corrosion which 

then need a huge cost in maintenance.  
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3. Light’s nature 

What is light? This is a question that many scientists have tried to solve as time went by, 

enacting theories and postulates with which explain its nature. Nowadays, it is known that 

light have a dual nature, both wave and particle, but it has never been like this and the last-

centuries most important scientists tried to explain light phenomena throughout postulates 

that, although they were not completely wrong, they could not explain all light phenomena.   

3.1. Wave-like nature 

3.1.1. Introduction 

When light goes through lenses or bounces off mirrors is common sense that light should be 

treated as a particle but if a particle-like is considered, how can phenomenon as interference 

or diffraction be explained? 

As Huygens discovered in 1678, if light is let passed through a small opening and it is zoomed 

in (Figure 10), it can be observed that in every point a new wave focus appears. 

 

Figure 10.Huygens experiment. Source: Wikipedia 

As shown in figure 11 there is a wave front 𝐹1where, from every single point of it, a new wave 

front is emitted generating a surrounding𝐹2. 
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Figure 11.Huygens principle. 

Taking this into consideration, a wavelike model has to be considered when talking about light. 

Light traveling through every single space can be described in terms of wave motion. 

3.1.2. Characteristics of light waves 

It is known that light is an electromagnetic wave so if its characteristic expression is 

considered, then it can be described by a sinus based function. So one-dimensional wave 

would look like figure 12. 

 

Figure 12.One-dimensional representation of the electromagnetic wave. 

Taking into consideration figure 12, amplitude of the wave (A) can be defined as the maximum 

value of the wave displacement. The cycle starts at zero and repeats after a certain distance. 

This distance is known as wavelength (𝜆) and is different between two consecutive waves. 

Another important measure is the wave speed (𝑣). Wave speed of light in vacuum is equal to 
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c2and less than c in any other media. Observing the representation in Figure 12 it can be seen 

that the cycle is repeated periodically, so the time that takes the wave to repeat a cycle once is 

called cycle time or period (𝜏) and can be calculated using equation 1. 

𝝉 = 𝝀/𝒗     Eq. 1 

The last important measurement in a wave is its frequency (f). It determines the number of 

times that the above-mentioned cycle is repeated during one second. The unit is cycles per 

second, also called hertz (Hz). Within this definition is easy to establish the relationship 

between period and frequency. 

𝒇 = 𝟏
𝝉

= 𝒗/𝝀     Eq. 2 

3.1.3. Electromagnetic spectrum 

Albert Einstein3 succeeded, after years of investigation, to relate the two big pillars of the 

universe, matter and energy, through their famous mass-energy equivalence equation4. This 

equation states that when a body is at rest in a given reference system, it still has energy in 

form of mass, concept that was missing in classical mechanics. The equation can be written as: 

𝑬 = 𝒎 · 𝒄𝟐     Eq. 3 

Where E refers to energy, m to the mass of the matter and c is light’s speed. 

As it was explained before, light has a dual nature; it is shown up as an electromagnetic field, 

which is described by the wave theory, and as a photon, which is described by the particle 

theory. 

Knowing this dual nature of light and accepting that all the radiations coming from the space, 

including light, have an electromagnetic nature, it can be stated that there are different types 

of waves according to its wavelength and frequency, both terms related by equation 𝑐 = 𝑓 · 𝜆. 

The set of all known electromagnetic waves is called electromagnetic spectrum (figure 13). 

                                                           
2Speed of light in vacuum (c) = 299.792.458 m/s 
3 Albert Einstein (Ulm, Germany, 1879 – Princeton, United States, 1955) 
4Einstein, A. (1905), "Ist die Trägheit eines Körpers von seinem Energieinhalt abhängig?", Annalen der 
Physik 18: 639–643 
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Figure 13.Types of electromagnetic radiation. 

Gamma rays 

Gamma rays(𝛾) are electromagnetic radiations given off primarily by nuclear reactions. They 

differ from X-rays only in the manner of production. 𝛾rays are the ones that contain more 

energy or, what is the same, have the shortest wavelengths and the highest frequency. Their 

wavelengths go from 10-12m up. No wavelength limit for this kind of radiation is known. 

X rays 

X-rays are electromagnetic radiations with wavelength compressed between 200·10-9 to 10-

12m.  Usually this classification is reserved for the radiation given off by electrons in atoms 

which have been bombarded. 

Generally they are used to see through some objects, as well as high energy physics and 

astronomy.  

X-rays pass through most substances, and this makes them useful in medicine and industry. 

They are also emitted by the stars, and especially for some types of nebulae. If electrons are 

fired with enough energy, X-rays are produced. 

Ultraviolet Waves 

Abbreviated as UV waves, are radiations with 𝜆 shorter than the visible violet, what means 

they have more energy and more frequency but still longer than about 10nm. 
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Being very energetic, UV can break chemical bonds, making molecules unusually reactive or 

ionizing them, changing their behavior. Sunburn, for example, is caused by the harmful effects 

of UV radiation on cells of the skin, and can cause skin cancer even if the radiation damages 

the complex DNA molecules in cells (UV radiation is a mutagen). The Sun emits a large amount 

of UV radiation, which could quickly turn Earth into a barren desert if it was not because a big 

part of them are absorbed by the Ozone layer before reaching the surface. 

Visible light 

Wavelengths of the visible portion of electromagnetic radiations extends from3.8·10-7 to 

7.5·10-7m. and are also known as colors or light. The most commonly cited and remembered 

sequence is Newton's sevenfold red, orange, yellow, green, blue, indigo and violet. 

Infrared 

Infrared waves refer to radiation in the range of wavelength between visible light, 7·10-7 m, to 

microwaves. They are readily absorbed by most materials and so they heat them up. 

Microwave 

The super high frequency (SHF) and extremely high frequency (EHF) of microwaves are next on 

the frequency scale going from 10-3 to 10 m. Microwaves are absorbed by molecules having a 

dipole moment in liquids. In a microwave oven, this effect is used to heat food up. Microwave 

radiation of low intensity is used in Wi-Fi. 

The average microwave oven, when active, is in close range and powerful enough to cause 

interference with poorly protected electromagnetic fields, such as those found in mobile, 

medical devices and cheap electronics. 

Radio waves 

Radio waves tend to be used by appropriately sized antennas with wavelengths within the 

limits of hundreds of meters to about one millimeter. They are used for data transmission, 

through the modulation. Television, mobile phones, MRI, or wireless networking and amateur 

radio are some popular uses of radio waves. 

Radio waves may carry information by varying the combination of amplitude, frequency and 

phase of the wave within a frequency band. The use of radio spectrum is regulated by many 

governments through frequency allocation. When electromagnetic radiation impinges on one 

conductor, it is paired with and travels along the same, inducing an electric current on the 
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surface of the driver by the excitation of the electron conducting material. This effect, known 

as skin effect, is used in antennas.  

As it can be observed, the difference between some radio waves and the microwaves is not 

well defined because there is no exact limit between them. 

3.1.4. Scientists who supported the wave-like nature theory 

3.1.4.1. Christian Huygens 

Despite the fact that light was studied since the Mesopotamian times, the first scientist who 

postulated a light theory trying to explain its nature was the Dutch astronomer, physician and 

mathematician Christian Huygens5, who gave his ideas about the light’s nature in a conference 

in Paris in 1678, set out more widely in his "Traité de la Lumière" published in Holland in 1690. 

Huygens stated that, like sound, light is a longitudinal wave motion and in the same way that 

sound waves propagate through the air, light waves required a medium that he called “ether”, 

that would allow them to spread and filling the empty space. With this theory could be easily 

explained some well-known wave phenomena such as reflection, refraction and interference 

but polarization could not be justified. 

The greatest difficulty in accepting this wave theory laid in the fact that it had not been 

observed in light wave typical phenomena such as diffraction. Nowadays is known that 

diffraction is a phenomenon verified by light but given its small wavelength, it is not easy to 

watch. In addition, Huygens needed the existence of ether, theory that was later rejected. 

3.1.4.2. Augustine Fresnel 

The French physician A. Fresnel6 showed the failure of Newton's corpuscular theory through 

his work based in the double-split experiment of the English physician T. Young7, extending the 

range of possibilities of Huygens wave theory to more optical phenomena and proposed his 

own theory, according to which, light consists of transverse waves. 

Moreover, in 1850, L. Foucault8 measured light’s propagation speed inside water and found 

that was less than in air invalidating the explanation given by Newton9  to explain the 

refraction so, after 150 years of acceptance, corpuscular theory was practically abandoned. 

                                                           
5Christian Huygens (The Hague, Netherlands, 1629 – Netherlands, 1695) 
6Agustine Fresnel (Broglie, France, 1788 – Ville-d’Avray, 1827) 
7Thomas Young (Milverton, United Kingdom, 1773 – London, United Kingdom, 1829) 
8Léon Foucault (Paris, France, 1819 – Paris, France, 1868) 
9Sir Isaac Newton (Woolsthorpe Manor, United Kingdom, 1643 – London, United Kingdom, 1727) 
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3.1.4.3. James Clerk Maxwell 

In 1864, the Scottish physicist and mathematician J.C. Maxwell10 established light’s 

electromagnetic theory, anticipating the experimental confirmation of the existence of 

electromagnetic waves. This experimental confirmation was conducted in 1887 by the German 

physicist H. Hertz. This electromagnetic theory exposed that light was not a mechanical wave 

but a high frequency electromagnetic wave consisting in the propagation, no matter the 

media, of an electric field and a magnetic field that vibrated, in phase, perpendicular both 

between them and to the direction of propagation. 

3.1.5. Properties that support the wave theory 

3.1.5.1. Reflection 

Explained in chapter 4.4. 

3.1.5.2. Refraction 

Explained in chapter 4.4. 

3.1.5.3. Polarization 

It is known that light can be considered as an electromagnetic wave so its propagation is 

associated to a magnetic and an electric field. By convention, polarization only considers the 

electric vector field at a point in space over one period of the oscillation. 

Due to wave’s electric field of light, when it travels in free space, vibrates in a variety of 

directions perpendicular to its direction of motion, it is called transverse wave, and it makes 

this wave to be polarizable. 

Furthermore, when the electric field is composed of fluctuations in many different directions it 

is said that light is unpolarized while when the electric field fluctuates in only one particular 

direction it is said that light is polarized (Figure 14) 

 

Figure 14.Polarization of light waves. Source: microscopyu.com 

                                                           
10 James Clerk Maxwell (Edinburgh, United Kingdom, 1831 – Cambridge, United Kingdom, 1879) 
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Unpolarized light can be turned into polarized through filters called polarizers and it is used to 

adjust, in an accurate way, the intensity of light. To understand the concept of polarizer a 

picket fence acting like a polarizer and a rope acting like light can be imagined. The rope can be 

shaken to many directions but the slops of the fence, which have a particular orientation, will 

allow only one direction of motion to pass through. Daily examples of polarizers are sunglasses 

(figure 15). 

 

Figure 15.Example of polarizer. Source: microscopyu.com 

To know the average intensity of light after passing through the two polarizers, Malus’ Law is 

used. It states that the reduced intensity of light𝐼(𝜃) in W/m2 is equal to the original intensity 

of light𝐼0in W/m2multiplying the square of the angle between the two polarizer axes angle 

𝜃cosine, an equation that mathematically is given by: 

𝐼(𝜃) = 𝐼0 · 𝑐𝑜𝑠2(𝜃)    Eq. 4 

3.1.5.4. Interference 

The concept of interference is directly linked to the principle of superposition of waves, which 

states that when two or more waves, that are in the same lineal media and of similar type11, 

are incidents in the same space’s point x and instant t, the result wave is equal to the vector 

sum of the displacements of the components waves. If the result wave is 𝑦(𝑥, 𝑡)and the 

components waves are 𝑦1(𝑥, 𝑡) … 𝑦𝑛(𝑥, 𝑡), then the equation of interference is given by: 

𝑦(𝑥, 𝑡) = 𝑦1(𝑥, 𝑡) + ⋯+  𝑦𝑛(𝑥, 𝑡)   Eq. 5 

That is it true when the wave function is linear. That is when𝑥 and 𝑡 only depend on the first 

power and since almost all waves studied in physics are linear, the equation can be considered 

true. 

                                                           
11Here “type” is referred to the classification between mechanical and electromagnetic waves. It has 
nothing to do with wavelength or frequency. 

http://www.microscopyu.com/
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Considering two waves of the same frequency, if the phase difference between them is a 

multiple of 2𝜋, then occurs a constructive interference and the amplitude of the wave is 

increased. That happens because the crests or high points overlap creating a resultant crest 

that is the sum of positive amplitudes and the troughs or low points overlap with the same 

result than before but with negative amplitudes. 

On the other hand, if the phase difference is (2𝑥 + 1)𝜋where𝑥 belongs to natural numbers, 

then occurs a destructive interferences and the amplitude of the wave is decreased. That 

happens because the crest of a wave overlaps with the trough of the other wave. 

 

Figure 16.Wave interference types. Source: Wikipedia 

Taking into account the Huygens principle, which states that from every point of a wave front a 

new front is emitted, it is possible for each one to interfere with itself constructively or 

destructively at different locations with the consequence of producing bright and dark fringes 

in regular and predictable patterns.  

 

Figure 17.Wave interference. Source: es.encydia.com 
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3.1.5.5. Diffraction 

Diffraction is a phenomenon which is also closely linked with the Huygens Principle and the 

principle of superposition.  This phenomenon occurs when a wave front reaches an obstacle or 

a slit and then a perturbation of the wave propagation is produced, either surrounding the 

obstacle or spreading out through the slit. Looking at figure 18, it can be observed that 

diffraction through a slit could be analyzed according to the relation between its amplitude 

aperture and its wavelength: 

- If the size of the aperture is narrower than the wavelength (𝑑 < 𝜆), then the effect of 

diffraction can be perceived since waves are circular after traversing the slit looking 

like that are originated in it.  

- If the size of the aperture is equal, or practically equal to the wavelength (𝑑 ≈ 𝜆), then 

light simply travels onward in a straight line without suffering any change. 

- Finally, if the size of the aperture is wider than the wave length (𝑑 > 𝜆), the effect of 

diffraction is not as obvious as in the first situation, since waves continue straight only 

bending at the edges after traversing the aperture. It can be seen that in this situation 

becomes remarkable the Huygens’ Principle. 

 

Figure 18. Diffraction of waves through slits of differing size. Source: Fundamentals of photonics: Module 1.1 
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The study of diffraction can be complicated and reach a high mathematical difficulty according 

to the considerations that are taken, since diffraction of light can be considered depending on 

the shape of slit, carrying with them complicated mathematical equations and, due to in this 

chapter the main goal is to give a brief description of the light’s nature, it will not be explained. 

On the other hand, if looking at figure 19, both effects of the Principle of superposition and 

diffraction can be seen when light reaches and obstacle, creating the shadow and the fuzz 

shape in the edges behind the object. 

 

Figure 19.Diffraction of light through an obstacle. Source: smkbud4.edu.my 

3.2. Particle-like nature 

3.2.1. Introduction 

To explain its nature, the concept of photon has to be firstly understood. A photon is an 

elemental particle, with no mass and no charge, which carries all forms of electromagnetic 

radiation and travels through the vacuum at a constant velocity c.  

Once this concept is known, in particle-like nature a beam of light can be treated as a stream 

of photons that when they interact with matter an amount of energy is transferred. This 

amount of energy is given by: 

𝐸 = ℎ · 𝑓     Eq. 6 

Knowing, as it was explained in the wave-like nature chapter, that  𝑓 = 𝑐
𝜆
 , then:  

𝐸 = ℎ · 𝑐
𝜆
     Eq. 7 

Where 𝐸 represents the energy of a photon, ℎ is Planck’s constant, 𝑐 is the speed of light in 

vacuum and 𝜆 is the wavelength of the light. 

http://www.smkbud4.edu.my/Data/sites/vschool/phy/wave/diffraction.htm
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3.2.2. Scientists who supported the particle-like nature theory 

3.2.2.1. Isaac Newton 

In 1704, the British physician, mathematician and philosopher Isaac Newton said in his 

"Opticks12" that light was a succession of corpuscles traveling at high speed in a straight line in 

all directions and colliding with our eyes producing the sensation of light. 

This theory justified the phenomena of light propagation in a straight line and reflection, but 

was unable to explain refraction phenomena when he was asked how it was possible for some 

light corpuscles to be reflected by the surface of a body while others passed through, 

refracting themselves. To justify that statement, it had to be assumed that light travelled faster 

through liquids and glasses than in the air but it was subsequently demonstrated to be false. 

Furthermore, throughout his research, Newton knew phenomena such as refraction, the 

composition of white light, interference and diffraction, which tried to explain with too 

complicated arguments, all based on the acceptance of the corpuscular nature of light. Due 

the scientific prestige of Newton, most scientists of the time accepted the corpuscular nature 

of light, to the detriment of the wave theory of Huygens. Nevertheless, early in the s. XIX 

diverse experiences endorsed the wave character of light; for example: light interference 

experiences made in 1801 by T. Young, the discovery of the polarization of light in 1808 and 

the experiences that took place the French physicist A.J. Fresnel on diffraction. 

 

Figure 20.Electromagnetic field. Source: phy.olemiss.edu 

                                                           
12Full title: ”Opticks: or, A treatise of the reflections, refractions, inflexions and colours of light”. 
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3.2.2.2. Heinrich Hertz 

The Maxwell’s electromagnetic theory enjoyed of widespread acceptance and seemed to be 

regarded as definitive in explaining light’s nature, but in 1887, H. Hertz13 discovered the 

photoelectric effect (Figure 21), an effect that could not be explained by the wave theory, 

and consisted in an emission of electrons by the surface of a freshly polished zinc plate 

negatively charged when it was stricken by ultraviolet light. Subsequent researches discovered 

that, if the wavelength of the radiation was short enough, this effect also happened with other 

materials regardless whether they were metals, solids or liquids. 

 

Figure 21. Photoelectric effect. 

Although the discovering of the photoelectric was a step forward in the pursuit of light’s 

nature, H. Hertz could not explain how it really worked, since he had not an answer to why 

electrons stricken by larger-amplitude waves of radiation did not have more energy. 

3.2.2.3. Albert Einstein 

The German physicist M. Planck14 concluded that when a system absorbs or emits energy it 

does it in an intermittent way through energy packages or quantum, but he could not state 

that the radiant energy also travelled in a corpuscular way once it was detached, whereupon 

continued considering the propagation radiation as a wave. 

Assuming Planck’s quantum hypotheses, A. Einstein stated that light is composed of a bundle 

of small packages of energy or quantum called photons that are transmitted in a discontinuous 

way. In these photons is concentrated energy, 𝐸 = ℎ · 𝑓, where ℎ is the Planck’s constant and 

𝑓 is the radiation frequency.  

                                                           
13Heinrich Hertz (Hamburg, German Confederation, 1857 – Bonn, German Empire, 1894) 
14 Max Planck (Kiel, German Confederation, 1858 – Göttingen, Germany, 1947) 
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Moreover, A. Einstein stated that exists a minimal quantity of energy, characteristic of each 

material and called threshold energy, needed to remove the electron and produce the 

photoelectric effect. So, if the frequency of the incident electromagnetic radiation reaches the 

threshold frequency value, each photon of the incident wave instantly communicate all its 

energy to an electron from the metal, and "jumps" out leading to that effect. Then if the 

incident radiation has a bigger value than the threshold energy, the difference it is converted 

in kinetic energy. In other words, if the frequency of incident electromagnetic radiation does 

not reach the value of the "frequency threshold", the photon instantaneously communicates 

its energy to the metal electron but cannot remove it and so, did not originate the 

photoelectric effect. 

Mathematically, the photoelectric effect can be explained with the following equation: 

𝐸𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 = 𝐸𝑚𝑖𝑛𝑖𝑚𝑎𝑙 𝑡𝑜 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 𝑡ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 + 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑘𝑖𝑛𝑒𝑡𝑖𝑐𝑠 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑  Eq. 8 

So it ends: 

ℎ · 𝑓𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 = ℎ · 𝑓𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 + 1
2

· 𝑚𝑒− · 𝑣𝑒−2    Eq. 9 

3.2.3. Properties that support the particle-like theory 

3.2.3.1. Absorption 

Why is a lemon yellow? To answer this question it is necessary to firstly understand the 

concept of absorption as well as the concepts of reflection and transmission.  

In a shorter way, absorption is the transfer of energy from the electromagnetic wave to the 

matter on the media. 

As it was explained all along this chapter, electromagnetic waves are mainly defined for their 

wavelength and frequency. As the same way, electrons have a tendency to vibrate at specific 

frequencies (natural frequency) and when light15 that interacts with the matter has the same 

or similar natural frequency then those electrons absorb the energy of the light and change 

their energy state. After this absorption two things can happen: either the energy absorbed is 

retained by the matter and then this matter is heated up due to the energy from the light 

which is firstly transformed into vibrational motion and subsequently into thermal energy, or 

the photon of light that had been absorbed is returned, a phenomenon also called scattering. 

                                                           
15It is assumed light as a set of electromagnetic waves 
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What happens when light is absorbed by the matter is clear, but it also has to be explained 

what happens when light is not absorbed by the matter, and to answer the question the 

concepts mentioned at the beginning have to be retrieved: reflection and transmission. 

When light strikes and object which electrons that have a natural frequency different from the 

one of light, then those electrons cannot change their state and then this energy is reemitted 

as a light wave. Depending on the nature of the object, light will then be either transmitted or 

reflected. 

In figure 22 an overview of the electromagnetic radiation absorption is shown. 

 

Figure 22. Overview of electromagnetic radiation absorption. Source: Wikipedia 

Finally, after all the concepts are explained, the question posed at the beginning can be 

answered. Lemon is yellow because when light strikes it, the only frequency that does not 

match with the natural frequency of its atoms is the range of frequencies belonging to the 

yellow one, or, in other words, all colors are absorbed except from the yellow, which is 

reflected and transmitted to our eyes. 

3.2.3.2. Scattering  

Why do we see the sky blue during the day and orangey or in red tones in dawn and sunset? As 

it happened with absorption, to answer this question the concept of scattering has to be 

understood. 

In short words, scattering is the redirection of light reemitted during the absorption 

phenomena with the characteristic that the reemitted radiation might have different 

properties than the incident, and depending on the size of the particle which interacts with the 

radiation, also called scatterer, three main kinds of scattering can be found: Rayleigh, Mie and 
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geometrical scattering. However, the ratio of the wavelength of radiation to the particle 

diameter is not the only reason than can vary the degree of scattering since, if this 

phenomenon is wanted to study deeply, factors like polarization, angle and coherence have 

also to be taken into consideration. 

Rayleigh scattering occurs when the wavelength of the incident light is much larger than the 

scatterer, a size up to about ten times more. During this scattering, reemitted radiation has the 

same properties than the incident, or what is the same, it has the same wavelength and 

therefore the difference of energy between both radiations is null, and only its direction of 

propagation is modified. This scattering is mainly referred to the interaction of light with the 

molecules of the air. 

In the following group it can be grouped both Mie and geometrical scattering, since the only 

difference between them is the size range of the particles. While Mie scattering occurs when 

the wavelength of the incident light is about the size of the scatterer, geometrical scattering 

occurs when the wavelength of the incident light is much shorter than the scatterer.  

Both cases, as well as Rayleigh scattering, are said to be elastic scattering, since the energy of 

the particle is conserved. On the other hand it is found Raman scattering, which is said to be 

inelastic scattering since the energy of the particle is not conserved. 

 

Figure 23. Scattering. Source: Fundamentals of photonics: Module 1.1 

Once the concept and the different kinds of scattering have been explained, the question of 

why the sky is blue can be answered. The reason has to be searched in the Rayleigh scattering. 

Since air molecules are mainly oxygen and nitrogen, which size is smaller than the visible light 

wavelength, and this scattering is inversely proportional to the wavelength (concretely to the 

fourth power) shortest wavelength are more scattered and as it can be seen in figure 13, the 

tones that have shortest wavelengths are purplish and bluish. 
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3.2.3.3. Duality wave-particle 

In 1923, the American physician A.H. Compton16 noted how an X-ray beam caused a variation 

in the momentum of free electrons of a graphite block (Figure 24). 

 

Figure 24. Compton effect. 

He attributed this phenomenon to the fact that X-rays behaved as a succession of corpuscles, 

so that electromagnetic waves had a corpuscular nature. But, did wave character possess 

sequences of corpuscles? In 1924, the French physician L. de Broglie17explained in 

his PhD thesis18 that this was like that. According to that thesis, every particle in motion is 

associated with a wave, whose wavelength is given by: 

𝜆 = ℎ
𝑝

= ℎ
𝑚·𝑣

     Eq. 10 

Where 𝑚 is the mass of the particle and 𝑣 the value of its velocity. 

In 1927 Davisson19 and Germer20 experienced on electron beam diffraction, what 

confirmed the wave character associated with the moving particle. 

After seeing the last theories, there is still the same question: which is light’s nature? It is now 

accepted that light is a form of radiant energy that strikes the sense of sight and has a dual 

character: 

 For certain phenomena it manifests a wave character. 

 In other phenomena related to the interaction with matter and energy exchange 

situations, it shows a particle nature. 

Light does not show both aspects simultaneously, but in one phenomenon behaves as a wave 

and in another as a succession of particles, so the "wave-corpuscle duality" states 

that electromagnetic radiations have corpuscular behavior with an associated momentum: 

                                                           
16 Arthur Holly Compton (Wooster, USA, 1892 – Berkeley, USA, 1962) 
17Louis de Broglie (Dieppe, France, 1892 – Louveciennes, France, 1987) 
18Recherches sur la théorie des quanta (Researches on the quantum theory), Thesis, Paris, 1924 
19Clinton Joseph Davisson (Bloomington, Illinois, USA – Charlottesville, Virginia, USA) 
20Lester Halbert Germer (Chicago, Illinois, USA 1896 – Shawangunk Ridge, New York, USA 1971) 
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𝑝 = ℎ/𝜆     Eq. 11 

And the corpuscle successions are associated with wave behavior with an associated 

wavelength: 

𝜆 = ℎ
𝑝

= ℎ
𝑚·𝑣

     Eq. 12 

At the moment, it is considered that wave-particle duality is a “concept of the quantum 

mechanics according to which there are no fundamental differences between particles and 

waves: the particles can behave like waves and vice versa.” (Stephen Hawking, 2001) 

3.3. Heisenberg Uncertainty Principle 

In 1927, W. Heisenberg21 the German physicist postulated that was impossible measure both 

momentum and position of an object precisely at the same time, since the fact of measuring 

itself modifies the system which is being measured and then this uncertainty will be: 

∆𝑥 · ∆𝑝 ≥ ℎ
4𝜋

     Eq. 13 

Where ∆𝑥 and ∆𝑝 are the uncertainties in the measurements of the position and momentum 

respectively and ℎ is the Planck’s constant. If ∆𝑥 becomes larger, what means greater 

accuracy, it can be seen that∆𝑝 cannot be determined and vice versa.   

                                                           
21Werner Karl Heisenberg (Würzburg, Germany, 1901 – Munich, Germany, 1976)  
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4. Optics 

4.1. Definition 

Optics, from the Greek wordὀπτικός, is the branch of Physics that studies the behavior of light, 

its characteristics and main manifestations and the construction of instruments that interact 

with light, whether using it or detecting it.  

The effects or phenomena within this broad group called optics can be divided into two 

models: the physical and the geometrical. Physical optics phenomena are those which can be 

explained with the electromagnetic description of light, it is to say, bearing in mind that light is 

an electromagnetic wave; however, geometrical optics phenomena can be explained without 

bearing in mind the hypothesis about light’s nature, through a set of purely geometric 

principles and treating the light as a collection of rays travelling in straight line. In other words, 

when the wavelength is considered to be negligible compared to the size of the objects which 

light interacts with, and bearing in mind that visible light has a wavelength range is from 4·10-7 

to 7·10-7m, then is when geometric optics is needed due to its simplicity to explain phenomena 

as refraction and reflection. 

4.2. Brief introduction to the optics history 

We daily receive a huge amount of information through our view. Since the ancient times that 

fact has let humanity to question how the eye works, which is light’s nature or if we should 

really trust what we are seeing. 

About optics knowledge we could go back to the first optical phenomenon discoveries such as 

reflection of images, the face in the river, or the first pyrite mirrors which shacked human 

curiosity. We can go back to the ancient Egypt where tombs were lighted using big mirrors, the 

oldest found in the Assyrian city of Niniveh, which redirected the light entering through a little 

window. 

During hundreds of years lenses were mostly used for their lighting properties despite the fact 

that their enhancing properties we know. During those years lenses weren’t build the way we 

now know, what is more, they were glass spheres filled with water. 

But let’s go through it from the beginning. First postulations in light’s nature were done during 

the ancient Greece time. Three main ideological trends predominate during those times; on 
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the one hand there was Plato22, Euclid and their respective followers who stated that the eye 

projected ocular beams which clashed to the objects. They thought that what people saw was 

the projection of those objects caused by the beams clashes. Based on this statements 

Euclid23feated Epicurus24 on his study of reflection were they deduced that the incident and 

the reflected ray were the same. On the other hand Pythagoras25 stated the opposite; the view 

was due to the incision of the light rays coming from the object to our eyes. Aristotle26 

rejected both theories and stated that the media was the most important explaining that, if 

the object could be excited when it was warmed, then the light could pass through it and 

colors could arrive to the eye but if that excitement did not occur then the media returned to 

repose and became opaque. 

The next advance was established by another Greek, Hero of Alexandria, S. II BC who 

established that a ray, reflected or not, always take the shortest way to the eye. This is one of 

the most important principles in optics and was postulated in a more extended way by Fermat 

in the XVIII century: 

“The path taken between two points by a ray of light is the path that can be traversed in the 

least time.” 

It was in the middle Ages when the most important discoveries, most of them by the Arabian, 

were made. Is then where optics father, Ibn Al-Haytham27, popularly known as Al-Hazen, is 

found. He was the first to distinguish between the eye as a light receptor and the light itself. 

He also considered, as Pythagoras did, that the light traveled from the object to the eye and 

not the other way around. He was one of the first scientists to study the eye and determine all 

the parts. As Da Vinci did some years after, he studied the “camera obscure” and also 

predicted the finite velocity of light. 

This lets us study the optics during the Renaissance. That was a really boom period for the 

science and particularly for the optics due to the interest of all scientist had in this field. But of 

course we cannot talk about optics during the Renaissance without emphasizing in Leonardo 

Da Vinci28. In what optics is concerned, Leonardo perfected the “camera obscure” and found a 

practical application for it. The only mistake that Leonardo made was considering that the 
                                                           
22Plato (Athens, Greece 428/427 BC – Athens, Greece, 348/347 BC) 
23Euclid (Alexandria, Greece) 
24 Epicurus (Archonship of Sosigenes, Greece, 341 BC – Archonship of Pytharatus, 273 BC) 
25 Pythagoras (Samos, Greece, 570 BC – Metapontum, Greece, 495BC) 
26 Aristotle (Stageira, Greece, 384 – Euboea, Greece, 322) 
27Ibn al-Haytham (Basra, Persia,965 – Cairo, Egypt, 1040) 
28Leonardo da Vinci (Vinci, Italy, 1452 – Amboise, France, 1519) 
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image was created at the crystalline, probably because in his drawings the idea of an inverted 

image at the retina of the eye didn’t seemed correct. 

For the next important discovery it is needed to jump a hundred of years in the timeline when 

Hans Lippershey29 in 1608 planned and built the first telescope. It was a year later when 

Galileo Galilei30 heard about the telescope. Galileo built his own 3xtelescope improving Hans 

one. The only problem he found was that the image was still inverted so he went a little bit 

further in his investigation and developed the 6x telescope but this time with an inverting lens 

which allowed seeing the right image. 

When Galileo’s telescope was improved he sent one to Johannes Kepler31 who modified it and 

created another one with the same characteristics but without an inversion lens which make 

the resulting images more clear. Apart from that, Kepler also modified Da Vinci’s explanation 

of the way images are created in our eye. It was in his book “Ad Vitellionem Parlipomena 

(1604)” where he stated that images are formed and proceeded in the retina in an inverse 

form so after  the brain inverse them again. 

But was then, in 1621 when Willebrord Snellius32postulated one of the most important laws in 

optics, the Snell’s Law. This law states that the ratio of the sinus of the angles of incidence and 

refraction of a wave front to traverse the surface separating two different media equals the 

ratio between the velocities of propagation of those wave fronts in the respective media. 

Some years later, Pierre de Fermat deduced and simplified Hero of Alexandria’s statement 

summarizing that the light takes the shortest path when traveling between two points but, in 

addition to Hero’s statement, he studied and demonstrated that in term of time instead of 

distance; that’s to say that when light changes media then the shortest way is not a straight 

line. This discovery is a possible start point for demonstrating Snell’s law. 

Isaac Newton, apart from his corpuscular theory, also worked with light spectrum. He 

experimented with prisms and realized that it actually does not modify the light but it separate 

colors based on what he called “reflectivity”. 

Despite the discussion between the two scientists mentioned above, it wasn’t until the latest 

seventeen hundreds that Thomas Young could proof Huygens wave theory with his double-

split experiment. 
                                                           
29Hans Lippershey (Wesel, Germany, 1570 – Middelburg, Netherlands, 1619) 
30 Galileo Galilei ( Pisa, Italy, 1564 – Arcetri, Italy, 1642) 
31Johannes Kepler (Weil der Stadt, Germany, 1571 – Regensburg, Germany, 1630) 
32Willebrord Snellius (Leiden, Netherlands, 1580 – Leiden, Netherlands, 1626) 
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It was not until the early 1800's when Carl Friedrich Gauss33 a German mathematician who first 

established a theory, based in refractions law and in geometric consideration, that allowed 

determining image position and size in lenses and mirroring based systems. 

In parallel investigations, Augustin Fresnel, a French physicist who ran lots of experiments on 

interferences and diffraction, could develop the wave theory over a rigorous mathematical 

base. 

Since 1849 after Fizeau (1819 - 1896) designed a stroboscopic method to measure light's 

velocity, Herschell (1738 - 1822) discovered the infrared light and Johann Wilhelm Ritter (1776 

- 1810) did the same with the ultraviolet rays, light was no longer the study of what we can 

see. 

Was Michael Faraday34 who found the first clue that light was related with both electric and 

magnetic phenomenon when he observed light's polarity change when going through a 

magnetized glass. That, some years later, was the base for light's electromagnetic theory, 

developed and expressed by the Scottish mathematician James C. Maxwell in his "Treatise on 

Electricity and Magnetism" (1873)  one of the most important book in modern history where 

Mr. Maxwell unifies all knowledge in electromagnetism, deducting why electromagnetic fields 

act like waves. He also deduced the electromagnetic wave behavior of light. 

Despite all this, very little is what we know about optics and light. Lots of research is being 

done to find out what, during hundreds of years, has motivated research to all the notable 

physicist worldwide. 

4.3. Concept of light ray 

First of all, it has to be understood that the concept of light ray does not refer to something 

physically real but it refers to a mathematical constructions line that represents the path that 

light follows when goes from one point A to another B. 

In chapter 3, dual nature of light was explained, but in order to study in depth the concept of 

light ray and find the connection between ray and wave both in a written way and through 

draws, some aspects related with the wave theory have to be remembered. 

Looking at figure 25 it can be seen that waves are emanated from a source, also called focus, 

located in a equidistant distance of each circumference, that represent the wave fronts, 

                                                           
33Carl Friedrich Gauss (Braunschweig, HolyRomanEmpire, 1777 – Götingen, Kingdom of Hanover, 1855) 
34 Michael Faraday (Newington Butts, England, 1791 – Fampton Court, England, 1867) 
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meaning by wave front the set of points that have the same vibrations’ characteristics. It also 

has to be commented that the distance between each wave front is the wavelength.  

 

Figure 25.  Difference between ray light and wave light 

Finally, to finish the review of the wave theory, the geometric wave front shape depends on 

the wave source shape as well as on the medium in which is propagated. If the focus is 

punctual and the medium is isotropic – same properties in all directions – then the wave fronts 

are concentric spheres whose common center is the source. On the other hand, if the focus is 

also punctual but the medium is two-dimensional instead of three-dimensional then wave 

fronts turn into concentric circumferences. Lastly, if the focus instead of being punctual is 

lineal, then the waves emanating from this source have a cylindrical shape. 

To study the light, the first of the three cases explained before should be taken into account, 

but bearing in mind that the wave fronts reaching the Earth are far enough from the main 

source, which is the Sun, then the spheres have a very big radius and can be considered as a 

plane. 

Once the wave theory has been reviewed and recovering the idea of light ray given in the 

beginning of this point, it can be said that a ray light is each line perpendicular to the 

successive wave fronts for which the propagation is transmitted. Therefore, a model of light 

ray would be like the figure 26, considering that rays to be parallel to an optical axis of a 

system and having no deviation through the same medium. 
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Figure 26. Model of light rays emanating from a source 

4.4. Laws of geometrical optics 

As it was said, there are two ways of studying optics. Firstly, the geometrical way, whichis 

studied in this chapter. Secondly, the electromagnetic way, which usually presents more 

difficulties and, as is not that important in this study, is not going to be considered. 

Although there is not unanimity in the exact number of laws of geometrical optics, the 

scientists who studied it stated some postulations that can be resumed in the following laws or 

axioms: 

• Law of reflection. 

• Law of refraction. 

• Principle of least time 

• The incident ray, the refracted and the reflected ray, as well as the normal, are in 

the same plane. 

• Light trajectories through both different and same media are reversible. It means 

that a trajectory between two points A and B, no matter if they are in the same 

medium, is the same whether if the ray goes from A to B or vice versa. 

• Independence law of light rays. It means that every single ray is independent of 

the rest. 

4.4.1. Law of reflection 

When a ray of light incises in a surface the reflection phenomenon occurs. That is to say that 

the ray is going to, totally or partially, change its direction without going through this surfaces, 

or what is the same, without changing the media where it is involved. 
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The reflection law states that any incident radiation to a surface in a determinate angle 𝛼 

changes its direction by having a reflected angle 𝛼′with the same value of 𝛼after the 

reflection.  

 

Figure 27. Reflection of a light ray 

In the image above it can be observed that both angles are considered respect from the 

normal. If a curved surface is considered instead, then the only difference is that the reflection 

will not be the same all along the surface and it will have to be considered in every single point 

through this surface since the normal will change. 

It has also been shown the example of a really smooth surface but despite the fact that some 

surfaces are really smooth there always are some irregularities that make a surface a bit rough. 

In those cases the reflection will present itself as diffuse because rays will be redirected in all 

directions. An example of that were the illumination mirrors of the pyramids in the ancient 

Egypt where using this principle, the reflected the rays from mirror to mirror and, as the 

surfaces were not perfectly smooth, they were able to light all the room. 

At this point and in order to being able to continue describing this phenomenon, an important 

parameter needs to be described. The refractive index, expressed as 

𝑛𝑛𝑎𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑒𝑑𝑖𝑎 𝑜𝑟 𝑎 𝑛𝑢𝑚𝑏𝑒𝑟, is a characteristic number that describes how well or bad, a 

light rayor any other radiation goes through a substance, in optics called media. This index is 

obtained by dividing the speed of light in vacuum by the speed of light in that media. 

𝑛 = 𝑐/𝑣     Eq. 14 

Some of the typical materials refractive indexes are expressed in table 1. 
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Table 1. Typical refractive index values. Source: Wikipedia 

Material Refractive Index n 

Gases at 0°C and 1 atm. pressure. 

Air 1.000293  

Helium 1.000036 

Hydrogen 1.000132 

Carbon Dioxide  1.00045 

Liquids at 20°C 

Water 1.333 

Ethanol 1.36 

Benzene 1.501 

Solids 

Ice 1.309 

Fused silica 1.46 

PMMA  1.49382 

Crown Glass 1.52 

Flint Glass 1.62 

Diamond 2.42 

 

4.4.1.1. Total reflection 

Another interesting phenomenon related to reflection is the total reflection. Based on this 

phenomenon light can be transported through an optical fiber.  

The total reflection law states that a radiation ray incident to a surface in an angle, respect the 

normal, greater that the critical angle 𝜃𝑐 will be reflected totally without any refraction. For 

this to occur the refractive index of the media in which the incident ray is involved 𝑛0 has to be 

bigger than the surface refractive index 𝑛1. 

As Snell’s law has not been explained yet the demonstration of this critical angle will be done 

later on this chapter. 

4.4.2. Law of refraction 

When a ray travelling through a media of refractive index 𝑛0 finds a change of media on its 

way, then it experiments a change of its direction. In 1621,Willebrord Snellius discovered the 

law that quantified this change of direction. 
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Snell’s law states that a light beam with an incidence angle 𝜃135
P on the first media will 

propagate in the second media at an angle of refraction 𝜃2 whose value is obtained by: 

𝑛1 · sin𝜃1 = 𝑛2 · sin𝜃2 

 

Figure 28. Refraction of a ray incident to a flat surface 

Modifying Snell’s Law, the following relation can be easily found: 

𝜃2 = 𝑎𝑟𝑐𝑠𝑖𝑛 �𝑛1
𝑛2

· 𝑠𝑖𝑛 𝜃1�    Eq. 15 

Now that Snell’s Law is known, the critical angle expression can be demonstrated. 

 

Figure 29. Multiple possibilities for different incidents angles of a ray in a plane surface 

                                                           
35The angle between the normal to the surface and the direction of propagation of the beam 
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As it can be seen in figure 29 the critical angle is that for which the refracted angles is 90°. 

Knowing that Snell’s Law for that case results as in equation 16. 

𝑛1 · 𝑠𝑖𝑛 𝜃𝑐 = 𝑛2 · 𝑠𝑖𝑛 90   Eq. 16 

Isolating θcfrom equation 17, it results: 

𝜃𝑐 = 𝑎𝑟𝑐𝑠𝑖𝑛 𝑛2
𝑛1

     Eq. 17 

4.4.3. Principle of least time 

This principle was firstly introduced by the Greek mathematician Hero of Alexandria36 and 

subsequently generalized by the French mathematician Pierre de Fermat37 who used it to 

prove the law of refraction. This principle postulate that the path taken between two points A 

and B by a ray of light is the path that can be traversed in the least time.  

It is known that in a homogeneous media (all the points have the same refractive index) light is 

propagated in straight line so the shortest path between two points is the straight line joining 

the two points, where the time for light to travel an infinitesimal distance in that media is: 

𝑡 = 𝑑𝑥
𝜐

      Eq. 18 

Bearing in mind that 𝜐 (velocity in the studied media) is  𝑐 𝑛⁄ , where c is the speed of light and 

n is the refractive index of the media, then: 

𝑡 = 𝑛·𝑑𝑥
𝑐

     Eq. 19 

Finally, if the distance required is not infinitesimal but measurable between two points A and 

B, then the time for light to travel that distance is: 

𝑡𝐴𝐵 = ∫ 𝑛
𝑐
𝑑𝑥𝐵

𝐴      Eq. 20 

Whereupon the Fermat Principle stems from finding the function extreme values: 

𝛿 ∫ 𝑛
𝑐
𝑑𝑥𝐵

𝐴 = 0     Eq. 21 

It should be noted that, although it has been affirmed above that principle postulate that the 

path taken between two points A and B by a ray of light is the path that can be traversed in the 

                                                           
36 Hero of Alexandria (Alexandria, 10 AC – 70 AC) 
37Pierre de Fermat (Beaumont-de-Lomagne, France, 1601 – Castres, Frances, 1665) 
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least time it has to be more precise, and tell that Fermat’s Principle requires the time to be an 

extreme, which can be a minimum, a maximum or stationary. 

Nevertheless, when the two points to join are not in the same media, the light doesn’t follow a 

straight line to join the points A and B, since if it did it would mean that the angle of refraction 

would have the same value than the angle of incidence, the light follows the patch which takes 

less time to traverse (Figure 30), so it has to be minimized. Mathematically it can be explained 

in the following way: 

𝑡 = 𝐴𝑂
𝜐1

+ 𝑂𝐵
𝜐2

     Eq. 22 

Where, 𝜐1 and 𝜐2 are the velocities in the media where light is incident and in the media 

where the light is refracted respectively. Looking at the figure 30, it can be seen that replacing 

the distances AO and OB by using the Pythagorean Theorem it has: 

𝑡 = √𝑎2+𝑥2

𝜐1
+ �𝑏2+(𝑐−𝑥)2

𝜐2
    Eq. 23 

Since the draw of the figure 30 it is a pattern and light can be chosen different paths to travel 

and the point O and de distance x vary, the time can be minimized by setting 𝑑𝑡
𝑑𝑥

= 0: 

𝑑𝑡
𝑑𝑥

= 𝑥
𝜐1·√𝑎2+𝑥2

+ 𝑐−𝑥
𝜐2·�𝑏2+(𝑐−𝑥)2

    Eq. 24 

Using trigonometry the previous equation can be simplified, since 𝑠𝑖𝑛𝜃𝑖 = 𝑥
√𝑎2+𝑥2

  and  

𝑠𝑖𝑛𝜃𝑟 = 𝑐−𝑥
�𝑏2+(𝑐−𝑥)2

 : 

𝑑𝑡
𝑑𝑥

= 𝑠𝑖𝑛𝜃𝑖
𝜐1

− 𝑠𝑖𝑛𝜃𝑟
𝜐2

= 0      Eq. 25 

Once it has this equation and remembering that the velocity in the studied media is  𝜐 = 𝑐
𝑛

,  it 

can be solved, reaching finally the Snell’s Law: 

𝑛1 · 𝑠𝑖𝑛𝜃𝑖 = 𝑛2 · 𝑠𝑖𝑛𝜃𝑟     Eq. 26 
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Figure 30.Principle of least time 
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4.5. Mirrors and lenses 

An optical system is a set of surfaces which separate media of different refraction indices.  

A real image of an object occurs when an object “O” is placed in front of an optical system and 

light rays issuing from it intersect at a point “O’” being converged. A virtual image of an object 

occurs when an object "O" is placed in front of an optical system and reflected or refracted 

rays are not cut, because they are divergent, having reflected or refracted in the system, but so 

their extensions do in the opposite direction. 

4.5.1. Plane mirrors 

A plane mirror is a plane and smoothly polished surface with a high reflecting power able to 

reflect in only one direction a beam of parallel rays. 

Mirrors are usually produced adding a glass layer over a really thin layer of silver stamped over 

a dark layer of paint. 

In figure 31 the way an image is created in a point "O" is shown: 

 

 

Figure 31. Creation of an image. ©Thomson- Brook Cole 

The obtained image is a virtual image of this point "O". 

4.5.2. Curved mirrors 

They are mirrors whose surface is curved. The most common are the parabolic and spherical. If 

they are polished inside then they are called concave, whereas if they are so on the outside 

they are convex. 
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Figure 32. Parabolic mirror. ©Thomson- Brook Cole 

Some important parts of these mirrors are: 

• Curvature center "C": is the center of the spherical surface. 

• Center of the figure "S": The pole cap. 

• Focus "F": is the midpoint between the center of curvature "C" and the center of the 

figure "S". 

• Main axis: The line connecting the center of curvature "C" and the center of the figure 

"S". 

• Secondary axis: Any line through "C" (except the main axis). 

There are some rules that have to be considered in the construction of concave spherical 

mirror images: 

a) Any light ray which follows the major axis direction or any secondary axis is reflected in 

the same direction because it incises normal to the spherical surface. 

b) Any light ray incident on the mirror along a direction parallel to the main axis is 

reflected through the focus. 

c) All beams incident on the mirror in a direction which contains the focus, is reflected 

parallel to the main axis. 

 

Figure 33. Concave spherical mirror. ©Thomson- Brook Cole 
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4.5.3. Construction of images in concave spherical mirrors 

Considering the above-mentioned rules images of objects are constructed, distinguishing the 

following cases. 

a) Object placed between “C” and “-∞4T”. 

A real image is obtained, smaller than the object, inverted and placed between "F" and 

"C". 

b) Object placed between “F” and “S”. 

A virtual image is obtained, larger than the object, and located right between "S" and 

"∞" (behind the mirror). 

c) Object placed in “C”. 

Areal image is obtained, the same size as the object, inverted and located in "C". 

d) Object places between “C” and “F”. 

A real image is obtained, larger than the object, inverted and located between "C" and “-

∞4T”. 

e) Object placed between “F” and “S”. 

A virtual image is obtained, larger than the object, and located right between "S" and 

"∞" (behind the mirror). 
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Figure 34. Example of the creation of an image in concave spherical mirror. ©2003 Thomson – Brooks Cole 

4.5.4. Construction of images in convex spherical mirrors 

The images are always virtual, smaller than the object, placed right and situated between the 

focus and the mirror. 

 

 

Figure 35. Construction of images in convex spherical mirrors. ©2003 Thomson-Brooks Cole 

4.6. Lenses 

The lenses are refracting media portions bounded by two surfaces, one of which, at least, must 

be curved. The most common lenses are glass-made, which tend to be spherical surfaces. The 

line joining the centers of curvature of the faces of the lenses called the optical axis of the lens. 

The distance between the faces, measured along the optical axis is the thickness of the lens. If 

the radius of the faces of the lens are large compared to the thickness of the lens, then the 

lens is thin. If the opposite occurs, the lens is thick. Depending on its behavior towards the 

light, the lenses can be classified into converging lenses and diverging lenses. Converging 

lenses are thicker in the middle than at the edges. According to its form, they can be classified 

into biconvex, plane-convex and concave-convex. 
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Figure 36. Classification of converging lenses. ©Thomson Brook-Cole 

Converging lenses are converging parallel light rays incident on them. Divergent lenses are 

thinner in the middle than at the edges. According to their shape, can be classified as 

biconcave, and convex-concave plane-concave. 

 

Figure 37.Classification of concave lenses. ©Thomson Brook-Cole 

Divergent lenses separate parallel light rays that reach them. As a result, are the prolongations 

of the rays emerging from the lens, in the opposite direction, which are cut to form images. 

4.6.1. Rules to construct images in lenses 

a) Every ray of light that passes through the lens, going through the optical center 

(geometric center of the lens), is refracted without deviation. 

b) Any beam incident on the lens along a direction parallel to the optical axis is refracted 

such that it, or its extension in the opposite direction, passes through a point called 

the optical axis of the lens image focus (F '). 

c) All light beams leaving the lens parallel to its optical axis has to pass through is a point 

called the optical axis of the lens focus object (F) before incising the lens. 

The focuses are significant points of the optical axis of special importance in optical 

lenses. There are two of them. The object focuses and image focus. The object focus is 

a point of the optical axis whose image is formed at infinity and the axis. The image 
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focus is a point on the optical axis which is the image of a point located at infinity and 

the axis. 

To obtain the image of a point that is not in the main axis, is needed to proceed as 

indicated in the following figure 38 and figure 39. 

 

Figure 38.Basic rules to construct images in lenses. ©Thomson- Brook-Cole 

4.6.2. Construction of images in convergent lenses 

If the above-mentioned rules are considered then the following situations must be considered. 

a) Object placed between −∞ and 2F. 

The image produced is inverted, real, smaller than the object and is located between F 

and 2F. 

b) Object placed in -2F. 

In this case an inverted image is obtained, real, equal in size to the object and located 

at 2F'. 

c) Object placed between -2F and –F. 

The image is now inverted, larger than the object and is located between2Fand∞. This 

is what happens when a film is projected in the cinema. 

d) Object placed in –F. 

The resulting image is upright, virtual, larger than the object and is located between -

∞and the lens. 
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Figure 39.Creation of images in convergent lenses. ©Thomson- Brook Cole 

4.6.3. Construction of images in divergent lenses 

 

 

Figure 40.Creation of images in a divergent lens. ©Thomson- Brook Cole 

For any position of the object, the image is upright, virtual, smaller than the object and is 

located between the focus F 'and lens. Note that in the diverging lens, the image focus, F ', is 

always virtual. 
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5. Fiber optics basics 

5.1. Introduction 

An optical fiber can be defined, in few words, as a guidance system which is cylindrical in 

shape. If a beam of electromagnetic energy enters this system through one end-face of the 

cylinder, then a significant portion of this energy, in our case and most cases light, will be 

trapped within the system and be guided through it to emerge in the other end-face with little 

loses38. 

Trapping this electromagnetic beam inside the fiber optic can be achieved by causing the beam 

to be multiply reflected at the cylinder walls, and, since the beam goes through a large number 

of reflections, total internal reflection is used to provide a high reflectivity. 

 

Figure 41.Green light laser bouncing down a PMMA rod illustrating the total internal reflection of light in a 

multimode optical fiber. Source: Wikipedia 

Physically we can define an optical fiber as a transparent dielectric cylinder- shaped material 

with refractive index 𝑛1, whose walls are in contact with a second dielectric material of lower 

refractive index 𝑛2 P38F

39
P. Generalizing, it will be assumed that the fiber is immersed in a third 

dielectric material of refractive index𝑛0, which is normally air. It has to be taken into account 

that between the material or medium of refractive index 𝑛0 and the one of refractive index 𝑛2 

there is normally a thin layer of another material whose mission is to protect the fiber from 

external agents. 

Attending to what has been said before, a typical optical fiber is geometrically characterized by 

all the parts specified in figure 42. 

                                                           
38 "FIBER OPTIC WEIGHING MACHINE, SENSORS & ACTUATORS STRATEGIC PROGRAMME" H.E YEO AND 
A/P A.ASUNDI [on-line article] http://www.ntu.edu.sg/home/masundi/projects/nurp/yeohe.htm 
39 “Fiber Optics: Handbook & Buyers guide” (1990) Volume XI pg 77 
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Figure 42.Structure of a typical single-mode fiber. Source: fiberbaya.blogspot.se 

In figure 42 three different parts of a single-mode fiber can be distinguished: the core, the 

cladding and the outside jacket.  

- In the middle of the fiber there is the core, a cylinder of glass or plastic that runs along 

the fiber's length through which the light goes. This material has the above-mentioned 

refractive index n1.  

- The core is always surrounded by a second dielectric material, the cladding, which has 

a refractive index n2 always lower than n1. The purpose of this part of the fiber is to 

allow the total reflection phenomena to occur.  

- In single-mode fibers there is a third part, the jacket, usually made of plastic added just 

to protect the fiber from external agents. 

5.2. Numerical Aperture 

In an optical system, the numerical aperture, from now on NA, is understood to be the 

adimensional number that characterizes the angle rang for which the system accepts light. Its 

characteristically expression is the following: 

𝑁.𝐴. = 𝑛 · 𝑠𝑖𝑛 𝜉     Eq. 27 

Where 𝑛 is the refraction index in which the fiber is immersed and 𝜉 is the half of the 

maximum acceptance angle. 

Optical fibers only guide light that comes into them in a determinate acceptance cone. In this 

case 𝜉 will be the half of the maximum angle of the acceptance cone(𝜃𝑚𝑎𝑥). That is to say: 

𝑁.𝐴. = 𝑛 · 𝑠𝑖𝑛 �𝜃𝑚𝑎𝑥
2
� = �𝑛𝑛2 − 𝑛𝑐2    Eq. 28 

Where nn is the refraction index of the core of the fiber optic and nc is the refraction index of 

the cladding. 



62 
 

5.3. Types of rays within the fiber 

When studying the behavior of light rays inside a fiber optic wire, two main types can be 

considered. On the one hand the rays whose passage through the fiber is contended only in a 

single plane, known as meridional rays. On the other hand, the rays whose passage through 

the fiber is not contended in a single plane but in multiple, known as screw rays. 

5.3.1. Meridional rays 

A meridional ray, also called tangential, is a ray that is confined to the plane containing the 

system's optical axis and the object point from which the ray is originated. To mathematically 

analyze this kind of rays the above-mentioned plane has to be taken. This plane is normal to 

the tangent plane to the surface in the incident point of the ray. 

By far, the most common configuration of an optical fiber is the circular cylinder so the plane 

that has to be considered will be the same in all the incident rays. 

From now on, the end-faces of the fiber will be considered normal to the axis of the above-

mentioned in order to simplify the understanding of the system as it can be seen in the figure 

43, which also shows the fiber optic with all the considerations and planes mentioned. 

 

Figure 43.The passage of a light ray into an optical fiber. 

In the following lines and looking at figure 43, the total reflection phenomenon is 

mathematically demonstrated. From Snell’s law: 

  𝑛0 𝑠𝑖𝑛 𝜃 = 𝑛1 𝑠𝑖𝑛 𝜃′ = 𝑛1 𝑐𝑜𝑠 𝜑   Eq. 29 

In order to have total reflection, the following must be satisfied: 

𝑠𝑖𝑛 𝜑 > 𝑛2/𝑛1     Eq. 30 

http://en.wikipedia.org/wiki/Optical_axis
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i.e.   

    𝑐𝑜𝑠 𝜑 < �1 − 𝑛22
𝑛12
� �

2

   Eq. 31 

If a substitution for inequality 31 is made, the following expression is obtained: 

𝑛0 𝑠𝑖𝑛 𝜃 < (𝑛12 − 𝑛22)
1
2    Eq. 32 

The inequality 32 gives the angular condition which must be satisfied by a meridional ray 

before internal reflection can occur. Dividing this inequality by 𝑛0: 

𝑠𝑖𝑛 𝜃 < 1
𝑛0

(𝑛12 − 𝑛22)
1
2    Eq. 33 

The right part of this inequality will only be greater than a unit if: 

𝑛12 > 𝑛22 + 𝑛02     Eq. 34 

According to this demonstration, the absolute direction of a ray when going out of the optical 

fiber will depend on the number of reflections experienced by the ray during its passage 

through the optical fiber. If the number is even, then the ray emerges parallel to the incident 

ray into the entrance end-face. On the other hand, if the number is odd, then the ray emerges 

at an angle of −𝜃 to its original direction. In figure 44 the passage of two rays through a fiber 

optic with different number of reflections is shown. 

 

Figure 44.The passage of two parallel rays through an optical fiber, where the number of reflections differs by 

one. 
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5.3.2. Skew Rays 

Skew rays are those whose passage through the fiber is not contended in a single plane but in 

multiple one.  

 

Figure 45. Light skew ray through an optical fiber. 

In the last section where meridional rays were discussed, a great deep of the calculations were 

accomplished owing to the relative simplicity of all the mathematical description. This type of 

rays will not be described due to the complexity of the mathematical calculations needed for 

it. 

5.4. Angled end-faces 

Several reasons can imply end-faces of and optical fiber not to be flat and perpendicular to the 

fiber optic axis. In that case, obtaining the 𝜑 angle to calculate the internal reflection is not as 

obvious (figure 46). 

 

Figure 46.Total reflection in angled end-faced optical fiber 



65 
 

Snell’s law establishes that: 

𝑛0 · 𝑠𝑖𝑛 𝜃 = 𝑛1 · 𝑠𝑖𝑛 𝜃′     Eq. 35 

If: 

𝛼 − 𝜃 = 𝛿     Eq. 36 

Then: 

𝑛0 · 𝑠𝑖𝑛 𝛿 = 𝑛1 · 𝑠𝑖𝑛(𝛼 − 𝜃′)     Eq. 37 

Where (𝜃′ + 𝛼) is the angle of the refracted ray to the fiber axis. In figure 46 is clear that: 

(𝛼 − 𝜃′) = (90 − 𝜑)     Eq. 38 

As 𝛿 is a known parameter and also n0 and n1 are, the equation results as follows: 

𝑛0 · 𝑠𝑖𝑛 𝛿 = 𝑛1 · 𝑠𝑖𝑛(90 −𝜑)     Eq. 39 

If 𝜑 is isoleted from the equation above then the angle to work with in the internal reflection is 

given by the following equation. 

𝜑 = 90 − 𝑎𝑟𝑐𝑠𝑖𝑛(𝑛0·𝑠𝑖𝑛 𝛿
𝑛1

)     Eq. 40 

As 𝛿, 𝑛0 and 𝑛1 are known parameters of the system to study, the equation above directly 

gives the first reflection angle. 

5.5. Bending a fiber 

One of the main advantages of using an optical fiber is that it can bended to transport light 

wherever you want. Then, the first question that comes to our mind is how much an optical 

fiber can be bended until light goes out of it. In order to answer this question, the scheme 

shown in the figure 47 is needed. 
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Figure 47.Bended fiber transporting light rays. 

In this figure, 𝑟 represents the bending radius, 𝑑 the diameter of the fiber optic, 𝑅 the external 

bending radius and 𝜉 the angle of the internal reflection of a beam of light on the bended part. 

Inside the disposition in figure 47 two more dispositions can be found (Figure 48). 

 

 

 

 

 

Figure 48.Triangle dispositions. 

Attending to those dispositions above, three relations can be found: 

𝑅2 = 𝐶2 + (𝑟 + 𝑑 + ℎ)2    Eq. 41 

𝑠𝑖𝑛 𝛽 = 𝐶
𝑅

     Eq. 42 

𝑡𝑎𝑛 𝜉 = 𝑑−ℎ
𝐶

     Eq. 43 

If (𝑑 − ℎ) is isolated from eq. 43: 

𝑑 − ℎ = 𝑡𝑎𝑛 𝜉 · 𝐶    Eq. 44 
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Isolating C from eq.42: 

𝐶 = 𝑠𝑖𝑛 𝛽 · 𝑅     Eq. 45 

If C is also isolated from eq. 41, then: 

𝐶 = �𝑅2 − (𝑟 + 𝑑 + ℎ)2    Eq. 46 

Replacing C from eq.45 in eq.44 and including this value into eq.46, it turns out: 

𝐶 = �𝑅2 − (𝑟 + 𝑅 ∗ 𝑠𝑖𝑛 𝛽 ∗ 𝑡𝑎𝑛 𝜉)2    Eq. 47 

Both sides of equation 47 are squared so to get rid of the square root and then eq.45 is 

squared and introduced becoming: 

(𝑠𝑖𝑛 𝛽)2 · 𝑅2 = 𝑅2 − (𝑟2 + 2 · 𝑟 · 𝑅 · 𝑠𝑖𝑛 𝛽 · 𝑡𝑎𝑛 𝜉 + 𝑅2 · (𝑠𝑖𝑛 𝛽)2 · (𝑡𝑎𝑛 𝜉)2) Eq. 48 

For being able to work with eq. 48,sin𝛽 and its powers have to be taken as common 

multipliers: 

𝑠𝑖𝑛2 𝛽 · (𝑅2 + 𝑅2 · 𝑡𝑎𝑛2 𝜉) + 𝑠𝑖𝑛 𝛽 · (2 · 𝑟 · 𝑅 · 𝑡𝑎𝑛 𝜉) + (𝑟2 − 𝑅2) = 0 Eq. 49 

Eq.49 presents the shape of a quadratic equation so it can be solved as it follows: 

𝑎 · 𝑥2 + 𝑏 · 𝑥 + 𝑐 = 0
𝑠𝑜𝑙𝑣𝑖𝑛𝑔
������ 𝑥 = −𝑏±√𝑏2−4·𝑎·𝑐

2·𝑎
   Eq. 50 

In equation 50: 

𝑎 = 𝑅2 + 𝑅2 · 𝑡𝑎𝑛2 𝜉     Eq. 51 

𝑏 = 2 · 𝑟 · 𝑅 · 𝑡𝑎𝑛 𝜉     Eq. 52 

𝑐 = (𝑟2 − 𝑅2)      Eq. 53 

Using these values, sinβ is obtained: 

𝑠𝑖𝑛 𝛽 = −(2·𝑟·𝑅·𝑡𝑎𝑛 𝜉)±�4·𝑟2·𝑅2·𝑡𝑎𝑛2 𝜉−4·(𝑅2+𝑅2·𝑡𝑎𝑛2 𝜉)·(𝑟2−𝑅2)
2·𝑅2+2·𝑅2·𝑡𝑎𝑛2 𝜉

  Eq. 54 

At this point 𝜉 needs to be known to proceed with the calculations. The following figure 49 

shows the relation between 𝜉 and the angle of the incident ray of light into one of the fiber 

optics end-face surface. 
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Figure 49.Incident ray at the end-face of the fiber. 

 

If Snell’s Law is applied: 

𝑛0 · 𝑠𝑖𝑛 𝛼1 = 𝑛𝑓 · 𝑠𝑖𝑛 𝛼2    Eq. 55 

Paying attention to figure 47 is obvious that 𝜉 corresponds to 𝛼2. Isolating 𝛼2 from eq. 55 it 

results: 

𝛼2 = 𝜉 = 𝑎𝑟𝑐𝑠𝑖𝑛 𝑛0·𝑠𝑖𝑛𝛼1
𝑛𝑓

    Eq. 56 

Where 𝛼1 is the angle of the incident ray to the normal, 𝛼2 is the refracted angle of the ray, 

𝑛0the refraction index of the surrounding media and 𝑛𝑓 the refraction index of the optical 

fiber. 

As it has been explained above in this chapter, 𝑛0 · sin𝛼1is the numerical aperture N.A. 

In chapter 4, total internal reflection was explained. Taking back Snell’s equation from that 

chapter the only condition for total internal reflection to occur is: 

𝑛𝑐/𝑛𝑓 ≤ 𝑠𝑖𝑛(90 − 𝜉 − 𝛽)    Eq. 57 

Where 𝑛𝑐is the refraction index of the cladding and 𝑛𝑓 the refraction index of the fiber. 

Having eq.50, 55 and 56 and calculating the values of the variables for every different 𝛼1 and 

bending radius 𝑟,we obtain a table with the suitable bending radius depending on every 𝛼1 

(Appendice2). 
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5.6. Attenuations and losses 

5.6.1. Attenuation 

Attenuation in fiber optics40, is the reduction in the intensity of the light beam compared to 

the distance traveled through a determinate media. Attenuation in fiber optics usually uses 

units of dB/m or dB/km. 

Attenuation is a factor that has to be considered seriously if distances are long, but if working 

in relatively small distances then it loses importance. For what has been explained so far, 

attenuation in optical fiber can be caused primarily by both scattering and absorption both 

explained in chapter 6. 

Despite the fact that the two attenuations causes above-mentioned have their importance, the 

most important cause of attenuation is the human interaction with the fiber. That means that 

if the fiber is attached to another one or if during its length energy from another fiber joins the 

main one, then huge imperfections appear and the losses increase. 

5.6.2. Fresnel reflection losses 

These losses are incurred at the input and output faces of the fiber and are due to the 

difference in refractive index between the core (glass or plastic) and the immersion media 

(usually air). 

Despite calculating the fraction of the incident light that is reflected is quite complicated, there 

is a sufficiently accurate way of approximating this value. The following equation 58 gives this 

fraction of reflected rays in a normal incident ray. 

𝐴𝐹 = (𝑛1−𝑛0)2

(𝑛1+𝑛0)2     Eq. 58 

Where 𝑛1 and 𝑛0 are the refractive index for both the core and the immersion media and 𝐴𝐹 is 

the fraction of the incident light that is reflected. 

5.6.3. Absorption losses 

As the core is not perfectly transparent, the transmission through a length L of the core is 

given by: 

𝑇𝛼 = 𝑒−𝛼·𝐿     Eq. 59 

                                                           
40Some books and papers name the concept of attenuation as transmission losses. 
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Where α is the absorption coefficient and the path length L is given by the following 

expression: 

𝐿 = 𝑛1

�𝑛12−𝑠𝑖𝑛2 𝜃�
1
2
     Eq. 60 

Where 𝑛1 is the refractive index of the core, 𝜃is the incidence angle and 𝑛0, that does not 

appear in the expression as it is considered to be air. 

5.6.4. Interface losses 

If there are imperfections in the interface or if the cladding is absorbing then the reflection 

phenomena will not have an efficiency of unity. In 1963 Potter measured41 the reflection 

coefficient for a number of optical fibers and found a value of around 0.9995 for glass fibers 

and 0.99 for plastic ones. 

Despite having the above-mentioned coefficient, the cladding thickness also has a lot to do 

with interface losses but calculating it presents huge difficulties. 

5.7. Types of fiber optic cables 

There are two main types of optical fibers, multimode and single-mode. Where multimode 

fiber is best designed for short transmission distances, single-mode fiber is best designed for 

longer transmission distances. 

5.7.1. Multimode fibers 

Multimode fibers were the first to be manufactured and commercialized. The term multimode 

means that numerous modes or light rays are carried simultaneously through the waveguide 

system. 

The concept mode can be understood thanks to the fact that light only propagate through the 

fiber core at discrete angles within the above-explained cone of acceptance. 

As explained before, there are multiple ways for a ray to enter inside the fiber core. Despite 

the fact that the ray can travel following the center of the core, the most usual is to have 

multiple rays reflected in the core surface. This fact will cause that in the end of the fiber, rays 

that entered in the fiber at the same time exit from it in different times. This disparity between 

                                                           
41 “Light-collecting properties of a perfect circular optical fiber” ROBERT J. POTTER, ERIC DONATI, and 
RICHARD TYNAN (1963) 
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arrival times is known as dispersion. These kind of multimode fibers are called step-index 

because the index remains constant in all the directions inside the core. 

On the other hand, graded-index refers to the fact that the refractive index of the core 

gradually decreases if it is checked from the center of the core to the perimeter. The increased 

refraction index in the center of the core slows the speed of light rays allowing then the rays 

that go through longer distances to go faster than shorter distances. This graduation of the 

refraction index is done so to reduce the difference in arrival time of the rays.  

5.7.2. Single-mode fibers 

Despite the fact that a single mode guarantees no dispersion in the transmission of data 

through the optical fiber, the smaller core diameter needed makes coupling light into the core 

much more difficult. 

One really important subtype of single-mode fiber is polarization-maintaining (PM) fiber. PM 

fiber is designed to propagate only one polarization of the input light in the fiber optic. 

This type of fiber contains a unique feature. Besides the core, there are two rods called stress 

rods. These stress rods create stress all along the core of the fiber such that the transmission 

of only one polarization plane of light is possible.  
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6. Lucifer 

6.1. Introduction 

6.1.1. Description 

The solar collector, also known as Lucifer, is the element responsible for directing, due to 

refraction, the Sun beams to its lower tip. This element collects the beams perpendicularly to 

its base and with the refraction, first between air and the material of the cone that later on will 

be explained and subsequently between the material of the cone and the air. They are 

directed through the rear edge of it to its final, where another refraction between the cone 

and the air takes place (figure 50). It is there where the Sun beams are supposed to go out with 

an angle which its value has to accomplish the acceptance cone of the fiber optic. 

 

Figure 50. Scheme of the solar collector 

The two most important things in order to achieve a functional cone with the less possible 

losses are the material of which the cone is made and the angles of all the elements of the 
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cone, a characteristic which is also closely linked to its material as it will be seen later on, 

together with all the calculations. 

In this thesis, to determine the material of the cone, any callculation has been followed since it 

had already been given in a technical report done by Mats O.E. Mattsson and by a prototipe 

already built. The used material is Poly(methyl methacrylate) also known as PMMA. 

6.1.2. Characteristics of PMMA42 

PMMA is a strong and lightweight material. It has a density of 1.17–1.20 g/cm3, which is less 

than half that of glass. It also has good impact strength, higher than both glass and 

polystyrene; however, PMMA's impact strength is still significantly lower than polycarbonate 

and some engineered polymers. PMMA ignites at 460°C and burns, forming carbon dioxide, 

water, carbon monoxide and low-molecular-weight compounds. 

PMMA transmits up to 92% of visible light (3 mm thickness), and gives a reflection of about 4% 

from each of its surfaces on account of its refractive index (1.4914 at 587.6 nm). It filters 

ultraviolet(UV) light at wavelengths below about 300 nm. PMMA passes infrared light of up to 

2800 nm and blocks IR of longer wavelengths up to 25000 nm. Colored PMMA varieties allow 

specific IR wavelengths to pass while blocking visible light. 

6.2. Calculations 

Before starting with the calculation of the angles of the cone, the characteristics of the media 

involved to obtain the total reflection effect and direction of the Sun’s beams have to be 

defined. 

It is known that in order to get the total reflection effect, two different materials are needed. 

In the studied case, those materials are air and PMMA and since the values of their index of 

refraction vary depending on some variables such as temperature, pressure and moisture of 

the surrounding, wavelength of the incident radiation, etc. some assumptions of these values 

were made: 

- Air. Value of the index refraction at a temperature of 0ºC and at a pressure of 1atm:  

n0 =1.00029 

- PMMA. To determine this value firstly has to be known that the normal solar radiation 

incident on the Earth's atmosphere has a spectral distribution. The X-rays and other 

very short-wave radiations of the solar spectrum are absorbed high in the ionosphere 

                                                           
42Taken from http://en.wikipedia.org/wiki/Poly(methyl_methacrylate)#Properties 

http://en.wikipedia.org/wiki/Transmittance
http://en.wikipedia.org/wiki/Visible_light
http://en.wikipedia.org/wiki/Visible_spectrum
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by nitrogen, oxygen, and other atmospheric components; most of the UV radiation is 

absorbed by O3. At wavelengths greater than about 300 nm, a combination of low 

extraterrestrial radiation and the strong absorption by CO2 and H2O means that very 

little energy reaches the ground. Thus, from the viewpoint of terrestrial applications of 

solar energy, only radiation of wavelengths between 300 and 3000 nm need to be 

considered43. More specifically in this thesis, the values within the visible light range 

are taken to calculate a mean value of the index of refraction as it can be seen in the 

table 2. 

Table 2.Refraction index of PMMA at different wavelengths 

 

Violet Red Mean value 

Wavelength (nm) 380 750 547 

Index refraction 1,5025 1,48514 1,49382 

 

n1 = 1.49382 

Once the indices of refraction are known, the following step is to define all the variables used 

in the calculations. 

Figure 51 represents the first scheme used to calculate all the variables needed, not the 

scheme of the cone. A similar scheme to the one shown in this figure was firstly done by Mats 

O.E. Mattsson in 201044 and the objective of this thesis is to recalculate all the angles in the 

cone in order to, on the one hand obtain the total reflection effect and, on the other hand 

make the Sun beams leave the cone in a certain angle so to they obey the acceptance cone of 

the fiber optic. 

As it was explained before 𝑛0 and 𝑛1 are the indices of refraction of air and PMMA 

respectivetely. The angle 𝛼1 is the first inclination that the cone needs to have in order to 

deviate the beam to subsequently, with the second deviation, the total reflection takes 

place.The angle 𝜃1 is the incident angle between the Sun’s beam and the normal to the 

inclinated surface already explained. The angle 𝜃2is the refracted angle in the first deviation. 

The angle 𝜃3 is the incident angle to the outer surface of the cone. Finally, the angle 𝛽 is the 

inclination of the cone. Note that the refracted angle in the outer surface is 90 degrees. 

                                                           
43 Taken from the notes of the course at LTU of Solar energy systems 
44Mattson, Mats O.E. Technical report of the Solar system CPE2011. Sweden, 2011 
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Figure 51. Scheme used to calculates de variables of the cone. 

The last step before starting with the calculations, is to know the other variables used in the 

calculations corresponding to the tip of the cone. As it can be seen in figure 52, the angle𝜎 is 

the incident angle and is equal to (90 -𝛽)and the angle 𝜉 is the acceptance cone angle divided 

by two. 

 

Figure 52. Tip of the cone 
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After defining all the variables needed we can start with the calculations. Then, the knowledge 

of the critical angle produced in the second refraction is essential to continue with the 

determination of all the other angles. To find it, it is necessary to use the Snell’s law: 

𝑛1 · 𝑠𝑖𝑛(𝜃3) = 𝑛0 · 𝑠𝑖𝑛 (90)    Eq. 61 

Isolating 𝜃3from the equation: 

𝜃3 = 𝑎𝑟𝑐𝑠𝑖𝑛 �𝑛0
𝑛1
�      Eq. 62 

Solving the equation above knowing that 𝑛0 = 1.00029and𝑛1 = 1.49382 : 

𝜽𝟑 = 𝟒𝟐.𝟎𝟑𝟕𝟔𝟓𝟐𝟕° 

Once the value of 𝜃3 is known, it is necessary to find the value of 𝛽, it is to say, the inclination 

of the cone. Looking at figure 52, the relation can we found again with the Snell’s law: 

𝑛1 · 𝑠𝑖𝑛(𝜎) = 𝑛0 · 𝑠𝑖𝑛 (𝜉)    Eq. 63 

Knowing that 𝜎 = 90 − 𝛽 and 𝜉 = 𝐴𝑐𝑐𝑒𝑝𝑡𝑎𝑛𝑐𝑒𝑐𝑜𝑛𝑒
2

, where the acceptance cone depends on the 

fiber optic (since in the studied case the fiber optic assumed is standard, which its  cone of 

acceptance is 60º), then: 

𝑛1 · 𝑠𝑖𝑛(90 − 𝛽) = 𝑛0 · 𝑠𝑖𝑛 (𝜉)   Eq. 64 

Isolating 𝛽 from the equation: 

𝛽 = 90 − 𝑎𝑟𝑐𝑠𝑖𝑛 ( 𝑛0
𝑛1

· 𝑠𝑖𝑛(𝜉))    Eq. 65 

Solving the equation: 

𝜷 = 𝟕𝟎.𝟒𝟑𝟗𝟎𝟓𝟏° 

This solution is the reason why the cone has such a tilted shape. So that the beam leaves the 

cone with a certain angle that accomplishes the acceptance cone of the assumed standard 

fiber, it should have at least, an inclination of 70.44º. It can be noticed that the bigger the 

acceptance cone is, the lower the inclination is (figure 53). 
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Figure 53. Relation between 𝜷and the acceptance cone 

Once the inclination of the cone is known, the next step is studying the refraction effect that 

takes place in the incidence surface with Snell’s law: 

𝑛0 · 𝑠𝑖𝑛(𝜃1) = 𝑛1 · 𝑠𝑖𝑛 (𝜃2)    Eq. 66 

It can be observed that we do not have neither 𝜃1nor 𝜃2, so it is necessary to find a relation 

between them and the known variables. Looking at figure 54and using trigonometry these 

relations can be easily found: 

𝜃1 = 𝛼1 − 𝛽      Eq. 67 

𝜃2 = 𝛼1 − 𝜃3      Eq. 68 
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Figure 54. Relation between angles 

As β and θ3 are known variables, we just need to substitute the relations found by 𝜃1 and 𝜃2on 

eq.66, we get: 

𝑛0 · 𝑠𝑖𝑛(𝛼1 − 𝛽) = 𝑛1 · 𝑠𝑖𝑛 (𝛼1 − 𝜃3)   Eq. 69 

𝑛0 · [𝑠𝑖𝑛(𝛼1 ) · 𝑐𝑜𝑠(𝛽) − 𝑐𝑜𝑠(𝛼1 ) · 𝑠𝑖𝑛(𝛽)] = 𝑛1 · [𝑠𝑖𝑛(𝛼1 ) · 𝑐𝑜𝑠(𝜃3)− 𝑐𝑜𝑠(𝛼1 ) · 𝑠𝑖𝑛(𝜃3)]

 Eq. 70 

𝑛0 · [𝑠𝑖𝑛(𝛼1 )·𝑐𝑜𝑠(𝛽)−𝑐𝑜𝑠(𝛼1 )·𝑠𝑖𝑛(𝛽)]
𝑐𝑜𝑠(𝛼1 )

= 𝑛1 · [𝑠𝑖𝑛(𝛼1 )·𝑐𝑜𝑠(𝜃3)−𝑐𝑜𝑠(𝛼1 )·𝑠𝑖𝑛(𝜃3)]
𝑐𝑜𝑠(𝛼1 )

  Eq. 71 

𝑛0 · [𝑡𝑎𝑛(𝛼1 ) · 𝑐𝑜𝑠(𝛽) − 𝑠𝑖𝑛(𝛽)] = 𝑛1 · [𝑡𝑎𝑛(𝛼1 ) · 𝑐𝑜𝑠(𝜃3)− 𝑠𝑖𝑛(𝜃3)] Eq. 72 

𝑡𝑎𝑛(𝛼1 ) · [𝑛0 · 𝑐𝑜𝑠(𝛽) − 𝑛1 · 𝑐𝑜𝑠(𝜃3)] = 𝑛0 · 𝑠𝑖𝑛(𝛽)− 𝑛1 · 𝑠𝑖𝑛(𝜃3)  Eq. 73 

Isolating 𝛼1 from eq. 73: 

  𝛼1 = 𝑎𝑟𝑐𝑡𝑎𝑛 �𝑛0·𝑠𝑖𝑛(𝛽)−𝑛1·𝑠𝑖𝑛(𝜃3)
𝑛0·𝑐𝑜𝑠(𝛽)−𝑛1·𝑐𝑜𝑠(𝜃3)�   Eq. 74 

Solving eq. 74: 

𝜶𝟏 = 𝟒.𝟐𝟔𝟑° 

Substituting this value on eq.74, the values of incident and refracted angles are found: 
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𝜃1 = −66.176051° 

𝜃2 = −37.7746527° 

Note that these values mean that, in order to get the total reflection effect, Sun beams have to 

strike the incidence surface with an angle, between them and the normal, of -66. 18o. 

Finally, next graphic shows the relations between all the variables implied in the calculation 

depending on the cone of acceptance of the optical fiber.  

 

Figure 55.Relation between de acceptance cone and the angles implied in the design of the collector. 

Nevertheless, if instead of taking into consideration the acceptance cones of the fiber optic, 

only the characteristics of the collector itself are taken, then the following graphic shows the 

relation between the angles 𝛼1 and 𝛽 in order to make the collector direct the Sun beams to 

the tip thanks to total reflection. 
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Figure 56. Relation between 𝒂𝟏 and 𝜷 

6.3. Losses 

Once the measures of the cone have been calculated, the transmittance and the losses due to 

reflection and absorption can be calculated. All these calculations are function of the incoming 

radiation, thickness, refractive index, and absorption coefficient of the material. Despite the 

fact that the refractive index and absorption coefficient of the material are function of the 

wavelength of the incoming radiation, all the values will be calculated assuming an average 

wavelength of 547 nm, corresponding to green light45. Moreover, polarization has also to be 

considered, by taking into consideration the Fresnel equations, which describe the behavior of 

light when it passes through two different media. This means that, although all the calculations 

made in the previous chapter were done considering only optical geometric assumptions, to 

calculate the transmittance and losses, physical optics assumptions will have to be considered. 

As it was explained before, light polarization has to be taken into account bearing in mind the 

electromagnetic behavior of light46: 

- The electric field contained in the plane of the interface, and that from then on it will 

be denoted as ∥. 

- The electric field contained in a plane perpendicular to the direction described above, 

from then on denoted as⊥. 

Once that is known and returning to the Fresnel equations, the reflection coefficients are given 

by: 

                                                           
45The one with higher intensity 
46Remembering chapter 3.1.5.3, in polarization only the electric field is considered. 
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𝑟∥ = �𝑛0·𝑐𝑜𝑠 𝜃1−𝑛1·𝑐𝑜𝑠 𝜃2
𝑛0·𝑐𝑜𝑠 𝜃1+𝑛1·𝑐𝑜𝑠 𝜃2

�
2

= 𝑠𝑖𝑛2(𝜃2−𝜃1)
𝑠𝑖𝑛2(𝜃2+𝜃1)

    Eq. 75 

𝑟⊥ = �𝑛0·𝑐𝑜𝑠 𝜃2−𝑛1·𝑐𝑜𝑠 𝜃1
𝑛0·𝑐𝑜𝑠 𝜃2+𝑛1·𝑐𝑜𝑠 𝜃1

�
2

= 𝑡𝑎𝑛2(𝜃2−𝜃1)
𝑡𝑎𝑛2(𝜃2+𝜃1)

    Eq. 76 

Where 𝑛0 and 𝑛1 are the refractive indices of the first and second medium respectively, 𝜃1 is 

the incident angle and 𝜃2 is the refracted angle. 

The reflection coefficient is given by the average value of the sum of both components: 

𝑟 = 1
2

· (𝑟∥ + 𝑟⊥)     Eq. 77 

For radiations at a normal incidence, since both 𝜃1 and 𝜃2 are 0, the reflection coefficient can 

be reduced to: 

𝑟 = �𝑛1−𝑛2
𝑛1+𝑛2

�
2

      Eq. 78 

 

Figure 57. Reflection coeficient of a PMMA surface depending on the angle of incidence 

The knowledge of the reflection coefficient allows the knowledge of the transmittance of the 

materials as well as the losses for absorption for reflection, both known as absorptance and 

reflectance respectively. 

To know de transmittance of the material, a similar procedure than the one done to obtain the 

reflection coefficient has to be done since both components of the transmittance have to be 
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calculated. These calculations have to be done on the one hand bearing in mind only the losses 

of reflection and on the other hand only considering absorption losses. 

Looking at figure 58 and first neglecting absorption in the material, the radiation that reaches 

the second interface is (1-r) of the incoming one and of this, (1-r)2 is refracted and (1-r)·r is 

reflected back to the first interface, and so on.  

 

Figure 58. Transmission taking into consideration reflection losses 

It can be seen that the reflected light is not completely lost in so much as it is going to be 

reflected and a little part can be exploited. Summing all the transmitted terms, the 

transmittance for both components of polarization is: 

𝜏⊥ = (1 − 𝑟⊥)2 ∑ 𝑟⊥2𝑛 = (1−𝑟⊥)2

1−𝑟⊥2
= 1−𝑟⊥

1+𝑟⊥
∞
𝑛=0    Eq. 79 

 

𝜏∥ = (1 − 𝑟∥)2 ∑ 𝑟∥2𝑛 = �1−𝑟∥�
2

1−𝑟∥
2 = 1−𝑟∥

1+𝑟∥
∞
𝑛=0    Eq. 80 

Since both components are not equals, the final value of the transmittance considering only 

reflection losses is: 

𝜏𝑟 = 1
2

· (𝜏⊥ + 𝜏∥)     Eq. 81 

Once transmission of radiation taking into consideration only reflection losses, is already 

calculated, then it is necessary to calculate de transmission taking into consideration only 
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absorption losses. In this case it is necessary to know the Beer-Lambert’s47 law, which states 

the proportionality of the final radiation with the incoming radiation and the distance that has 

to pass through:  

𝑑𝐼 = −𝐼 · 𝛼′ · 𝑑𝑥     Eq. 82 

Integrating this equation along the path that the light has to travel through, the transmission 

can be found. However, there is a difficulty in the calculation of the limits of the integration 

since the distance between the two interfaces is not constant but, due to the variation is of 

few millimeters it can be assumed that this path is constant with a value of 𝑥 = 𝐿
cos𝜃2

, where L 

is the assumed constant thickness (in this case is 8mm) and 𝜃2 is the refracted angle.  

Then: 

𝜏𝑎 = 𝑒𝑥𝑝 �−𝛼
′·𝐿

𝑐𝑜𝑠 𝜃2
�     Eq. 83 

Where 𝛼 ʹ is the absorption coefficient and it can be obtained using the following equation: 

𝛼′ =
2.303·𝑙𝑜𝑔�1 𝜏′� �

𝐿
     Eq. 84 

Where𝜏 ʹ is the average transmittance of the material. Since the resolution of these equations 

becomes into a loop due to the fact that transmittance is dependent on the absorption 

coefficient and vice versa, some results from studies already done are picked and it is found 

that PMMA can have a transmittance of 92%, that together with an assumed thickness of 

8mm, entails a value of the absorption coefficient of: 

𝛼 ʹ = 10,411 𝑚−1 

Finally, if the losses for absorption as well as the losses for reflection are taken into 

consideration, then the values of transmittance, absorptance and reflectance according to 

both components of the polarization can be calculated. 

The value of the transmittance is: 

𝜏 = 1
2

· (𝜏⊥ + 𝜏∥)     Eq. 85 

 

                                                           
47 Known as the Bouguer’s law too 
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Where: 

𝜏⊥ = 𝜏𝑎·(1−𝑟⊥)2

1−(𝑟⊥·𝜏𝑎)2      Eq. 86 

𝜏∥ = 𝜏𝑎·�1−𝑟∥�
2

1−�𝑟∥·𝜏𝑎�
2      Eq. 87 

The value of the reflectance, or losses for reflection, is: 

𝜌 = 1
2

· (𝜌⊥ + 𝜌∥)     Eq. 88 

Where: 

𝜌⊥ = 𝑟⊥ · (1 + 𝜏𝑎 · 𝜏⊥)     Eq. 89 

𝜌∥ = 𝑟∥ · (1 + 𝜏𝑎 · 𝜏∥)     Eq. 90 

One consideration has to be done with the reflectance, and is that from all the reflection losses 

calculated, a little part can be recovered if the rays which are double reflected impact to the 

outer surface with the critical angle above-calculated. 

The value of the absorptance, or losses for absorption, is: 

𝛼 = 1
2

· (𝛼⊥ + 𝛼∥)     Eq. 91 

Where: 

𝛼⊥ = (1 − 𝜏𝑎) · � 1−𝑟⊥
1−𝑟⊥·𝜏𝑎

�    Eq. 92 

𝛼∥ = (1 − 𝜏𝑎) · � 1−𝑟∥
1−𝑟∥·𝜏𝑎

�    Eq. 93 

The figure 59, shows the values of these three coefficients according to the angle of incidence. 

Notice that 𝜏 + 𝛼 + 𝜌 = 1, or what is the same𝜏 + 𝛼 + 𝜌 = 100 % 
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Figure 59. Percentage of transmittance, reflectance and absorptance according to the incidence angle 
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7. Conclusions 

Lucifer is a really temptress idea. Talking about Lucifer is talking about renewable energies, 

sustainability and safe environment. 

We started this bachelor thesis without having heard about this system, but once we started 

working on it we realized that it could work in a really efficient way. Once we received the 

prototype we made some tests on it using a laser pointer in order to prove its performance. 

Since our tests did not show positive results we decided to ask Fiberson AB, an expert 

company in Hudiksvall, to test the prototype again with more precise and sophisticated 

devices. As their results turned negative another time, we decided that some corrections were 

needed. 

The problems that we could notice on the results given by Fiberson were that the main 

principle of the collector was not accomplished. Since all the rays were either reflected or 

refracted instead of being transmitted through the outer surface taking advantage of the total 

reflection in its critical angle, the prototype needed to be recalculated. 

At that moment, we had to start looking for the mistake but as we did not know where it was  

we decided to start checking if the election of PMMA as the construction material was correct. 

After checking some technical documents about PMMA’s properties we concluded that it was 

better than glass (the other suitable option we checked) in this application due to the 

following aspects: 

 It is as clear as the finest optical glass. 

 It is lighter in weight. 

 Higher breakage resistance. 

 It is easier to manufacture. 

 Its high light transmittance (up to 92%). 

In what thickness is concerned, despite the fact that we know that the lower it is the lower the 

absorbance looses are48, we have not modified this value into a thinner one because we were 

requested to maintain it due to structural reasons. 

                                                           
48In the calculations, as there were no exact values for the absorption coefficient, the most suitable 
guess was to use an equation that took the thickness out of the main equation letting to conclude that 
thickness is not important in absorption, which is false. 
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As we checked that the material election was correct we concluded that the mistake had to 

come from the design.  Knowing that, we have modified the tilt of the cone (𝛽) as well as the 

tilt of the “steps” that originate the first refraction ( 𝛼1). 

We have decided that, in a first stage of the cone, it has to be taken into account that the 

design has to be though for domestic applications including lighting and thermal energy 

production and in a second stage, if the ratio efficiency-price results positive enough, it would 

be considered for industrial both thermal energy storage and electricity generation 

applications. 

Back to the domestic applications idea, and with all the calculations done, we give our 

proposal of how Lucifer should be (Table 3) 

Table 3. Lucifer dimensions49 of domestic applications design. 

High 214.35 m.u. 

Diameter 147.58 m.u. 

𝜷 70.44 ° 

𝜶𝟏 4.26 ° 

 

Note that in table 3 some units are expressed in m.u. (metric units). That means that any 

International System units will fit if they keep the same for all values. 

For the values of 𝛼 and 𝛽 we have taken into consideration the A.N. of the optical fiber that 

has to be connected at the tip of the cone. As we do not know yet which kind of fiber is going 

to be used, all the values in table 3 are calculated for an acceptance cone of a standard optical 

fiber, 60°. 

It can be noticed that the wider the acceptance cone is the smaller the tilt of the cone has to 

be and the higher the “step” angle has to be. What is the same, the biggest acceptance cone 

we can have the more surface we can cover with the less high. 

With these dimensions, the cone is supposed to work. Despite the fact that we do not have 

any prototype to test it, we already know that there will be some looses when it starts to 

operate. There are several ways of calculating these losses but to make the most accurate 

                                                           
49All calculations made at a calculated incident angle of 66° 
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study possible both the electric field contained in the plane of the interface and the electric 

field contained in a plane perpendicular to that direction have been taken into account. 

We also have to consider that the wavelength of the light going through Lucifer will not be 

constant and that will cause some rays do not to follow the path they are supposed to. As is 

completely impossible to make a cone that suits perfect to all kinds of light, in this design we 

have considered that the best way is to make a cone that works perfect with green light. That 

is because green light has the maximum intensity. 

There are several ways for light to do not follow the path we have designed. Firstly, in the 

incidence surface of the cone, due to reflections, there will be losses up to 12%50. In spite of 

not being calculated in this paper, we have considered that an antireflection coat would be the 

best way to minimize these looses. 

If we add to these first reflection looses the ones inside the cone it results a total of 19.3% of 

looses by reflection. 

Other important losses occur during the transmission of light through the cone itself. As all the 

materials PMMA has some imperfections inside that would let the dispersion and scattering 

phenomena to occur but as they depend on every single cone produced it is impossible to give 

an exact value of them. 

Furthermore, all the materials, when light goes through them, tend to absorb a determined 

amount of energy that can be calculated. In this case it results to be a 9.8% 

Summarizing, if we consider both absorption and reflection losses it turns out a total value of 

29.1% (table 4). Despite the fact that these results seem quite high, It has to be considered 

that the thickness is 8 mm and the incidence angle differs quiet a lot from the optimum one 

which is 0o. However, we can conclude that theses losses can be reduced. 

Table 4. Losses in the solar collector 

Reflectance (incidence surface + inside reflections) 19.3% 

Absorptance 9.8% 

Total  20.1% 

 

                                                           
50All calculations made at a calculated incident angle of 66° 
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Despite these losses, there should also be taken into consideration the losses at the tip of the 

cone and in the end-faces of the optical fiber. If all this is considered, a good estimation of the 

overall losses of the system can be done. 

Summarizing, in spite of all the future work that needs to be done, Lucifer is a great potential 

solar collector which, in a near future will perform, in a really efficient way, in all the roofs. 
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8. Future work 

Despite having been working on this thesis for five months and have obtained some 

theoretical results, the fact that we could not check the veracity of these results let future 

researches that want to work with the collector the mission of making some extra research 

and lab experimentation in order to know the exact values of all the coefficients and 

assumptions made. 

In order to clarify the work that has to be done in the future, the authors will give a guide of 

the weakest points of the actual project dividing them according to how the installation is 

going to be. For these reason, it is necessary to remember the first picture presented in the 

thesis 

 

 

When talking about Lucifer the following points have to be taken into account in a future work: 

 Since in this project we were given a prototype that we had to improve, we did not 

change the initial thickness. An study of thickness optimization, knowing the 

properties of the material and the production system, should be done. 

 A very important aspect is the acceptance number of the fiber optic since all the 

calculations have been done according to it. It can be studied that instead of making all 

the calculations according to the acceptance number, the introduction of a lens at the 

tip of the cone so to redirect the rays into the fiber optic following the wanted 

direction and make all the collector measures calculation just bearing in mind to get 

the critical angle in the outer edge. To do so there is a guide in the theory of this thesis 

with the basics in lenses and mirrors. 

Lucifer 

Fiber optic 

-   Energy storage 

-   Electricity production 

-   Heat production 

-   Lighting 
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 Since we have only studied in detail the solar collector and Sun beams collection, 

another aspect that has to be studied in the future is how to regulate the total amount 

of energy that reaches the final part of the system, it is to say, neither every day will 

have the same solar radiation at the same spot nor everywhere this solar radiation is 

going to be the same. So, the energy destined to storage or both electricity and heat 

production will not be constant. 

 Once the cone is designed, if it is going to be tested to get some results it has to be 

taken into account that it entails a periodic maintenance since the possible dirt that 

can be deposited over the surface can modify the ray trajectory and subsequently do 

not get the critical angle in the outer surface. 

 Moreover, two other important aspects that have to be studied is on the one hand, 

the cone holding system and on the other hand the Sun tracking system. 

 Finally, there is the possibility of not getting the desired results even with all the 

recommendations previously mentioned and with the new aspect introduced by the 

new researches. If this happens, the new researches should study the possibility of 

modifying the concept we nowadays have about Lucifer by introducing a new layer in 

the outer surface. This layer has to be made of a different material than PMMA and its 

mission would be to act like a fiber optic, it is to say, through total reflection (bouncing 

in both edges, not only following the path of just one) drive the rays to the real optical 

fiber. 

Despite the fact that the losses are a topic that should be inside Lucifer recommendations, we 

have found that are enough important to be separated from the ones above-mentioned: 

 The first aspect that has to be commented is the absorption coefficient. In the 

calculations of these losses we took a value that is not verified, since to know it we 

needed either some data obtained from data test or the extinction coefficient, the 

imaginary part of the refractive index of one material. Since we could not obtain 

neither one nor the other, we found an equation that related the absorption 

coefficient to the transmittance, which at the same time is function of the absorption 

coefficient. Summarizing, in order to avoid this looping, we assumed an average 

transmittance which means making mistakes. So, in a future work it would be 

necessary to know the real value to get more accurate losses results. 

 The second aspect is that in this thesis we only took into consideration the beam or 

direct radiation without bearing in mind the diffuse one, it is to say, we just considered 

the one received from the Sun without change of solar radiation, not the one that 
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change its direction by scattering in the atmosphere which, during cloudy days, is of 

huge importance. So, to get more accurate values in a future work, this diffuse 

radiation should be also taken into account. 

 To finalize with the losses, the last aspect we want to comment is that in a future work 

the introduction of an antireflectance coating in the outer surface that gets the 

radiation should be studied since the losses for reflectance would be reduced around a 

4-6%. 

It is true that we have studied theoretically the fiber optic but since we could not make any lab 

test, in this report we cannot give any exact recommendations for future researchers. 
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