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Abstract 

 

Scattering is the main phenomenon of light-matter interaction. In this thesis, we 

consider one specific case of light propagation in a material whose structure causes 

anisotropic optical scattering - transparent wood. As a substance with properties 

interesting for research in optics/photonics, this biocomposite material began to be used 

quite recently, even though it was initially developed for the study of the internal 

structure of wood a few decades ago. Besides the anisotropy, the structure has a 

hierarchal arrangement with features ranging from nanometers up to micrometer sizes, 

and demonstrates short and long-distance natural ordering which is neither perfect nor 

totally random. The main interest in transparent wood within the field of optics is due 

to its remarkable combination of unique structure and optical transparency. There has 

been much research done on light propagation in diffusive media and/or structurally 

ordered materials, and in this sense, transparent wood occupies an intermediate niche 

for investigation.  

Since transparent wood is a relatively new material, there is a lack of methods of 

reliable study of its properties. Although there have been some attempts to characterize 

the optical properties of transparent wood via transmittance and haze (for scattering 

properties), insufficient understanding of the physical processes behind light 

propagation within the substance, scattering in particular, leaves a gap in data 

interpretation for measured parameters and their correlation with the material structure. 

In this thesis, we present our efforts to fill this gap through means of a more detailed 

and physically justified description of light propagation in an anisotropically scattering 

medium.  

In order to familiarize readers with the subject, we provide a short summary of the 

structural features, fabrication technology and chemical composition of transparent 

wood. We discuss issues related to the conventionally applied approach of haze 

measuring as a characterization method of the scattering in such anisotropic materials 

as transparent wood. We demonstrate a certain limitation of the haze criterion 

applicability and instead, suggest a modified characterization routine and parameters, 

such as transport mean free path, and degree of anisotropic scattering, for estimation of 

scattering properties of the material.  

We also discuss the dependence of scattering efficiency on the polarization state of 

incident light. Due to polarization-dependent scattering, unpolarized light propagating 

through transparent wood becomes partially polarized, with the angle of polarization 

oriented perpendicularly to the largest structural components of wood (vessels) which 

are co-aligned with the wood fibers. At the same time, the polarization degree of 

completely polarized incident light decreases after propagating through the material. 

The depolarization of light is attributed to the collective scattering by cellulose fibrils 

organized in the lamellae of cell walls of the fibers, and is strongly dependent on mutual 
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orientation of oscillations of the electric field (polarization of light) relative to the long 

axes of fibers.  

Transparent wood with its sponge-like structure can be an attractive platform for 

doping with various additives. In our project, we demonstrate an example of doping of 

a transparent wood template with organic dye (Rhodamine 6G). The combination of 

high scattering and optical gain results in the possibility of obtaining laser emission. By 

analogy with random lasers, there is no external resonator, however, the optical 

feedback is provided via scattering on inhomogeneity of the internal structure of the 

medium combining transparent wood and dye. The wood structure has a natural 

ordering, whereas in random lasers, in general, scatterers are randomly distributed 

within an active material. Therefore, we refer to such a laser as a “quasi-random” laser, 

to emphasize this difference. Based on experimental results and the comparative 

analysis with a reference sample (a polymer-dye), we have shown that wood fibers with 

highly scattering walls that are the main structural components of the transparent wood 

can operate as small lasers not correlated with each other. The collective origin of the 

laser emission of a wood-dye laser is reflected in the emission-line broadening of 

several nanometers. Measured low spatial coherence and high radiation brightness 

make this type of laser attractive for the application of speckle-free imaging and 

illumination.  

The work demonstrated in this thesis can be useful for further investigation and 

simulations of light scattering inside the biocomposite and similar anisotropic media. 

Moreover, the demonstrably successful example of expanding transparent wood 

functionality definitely creates new opportunities for further research and application 

of this substance. 

 

Keywords: anisotropic light scattering, scattering material characterization, 

polarization dependent scattering, diffusive media, hierarchical structure, 

biocomposites, wood modification, transparent wood, microfibrils angle, organic 

materials, polymer active devices, dye lasers, coherence, polarization, degree of 

polarization.  
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Sammanfattning 

 

Spridning är det huvudsakliga fenomenet av interaktion mellan ljus och materia. I 

denna avhandling betraktar vi ett specifikt fall av fortplantning av ljus i ett material vars 

struktur orsakar anisotrop optisk spridning - transparent trä. Detta biokompositmaterial 

introducerades ganska nyligen som en substans med egenskaper som är intressanta för 

forskning inom optik/fotonik, trots att det ursprungligen utvecklades för studier av 

träets interna struktur för några decennier sedan. Förutom anisotropin har strukturen 

hierarkiska arrangemang med funktioner som varierar från nanometer upp till 

mikrometerstorlekar och visar kort- och långdistans naturlig ordning som inte är perfekt 

heller helt slumpmässig. Huvudintresset i det transparenta träet från optikperspektivet 

beror på dess anmärkningsvärda kombination av den unika strukturen och optisk 

transparens. Det har skett mycket forskning på ljusutbredning i diffusionsmedier 

eller/och strukturellt ordnade material, och i det här sammanhanget har det transparenta 

träet en mellanliggande nisch för undersökning. 

Eftersom transparent trä är ett relativt nytt material saknas metoder för tillförlitlig 

undersökning av dess egenskaper. Även om det har gjorts några försök att karakterisera 

optiska egenskaper hos transparent trä via transmittans och dis (för 

spridningsegenskaper) lämnade otillräcklig förståelse för de fysiska processerna bakom 

ljusutbredningen, och spridningen i synnerhet, ett gap i datatolkning för uppmätta 

parametrar och deras korrelation med materialstrukturen. I denna avhandling 

presenterar vi våra ansträngningar för att fylla detta gap genom en mer detaljerad och 

fysiskt motiverad beskrivning av ljusförökning i anisotropiskt spridningsmedier. 

För att få läsaren bekant med ämnet, ger vi en kort sammanfattning av strukturella 

egenskaper, tillverkningsteknik och kemisk sammansättning av transparent trä. Vi 

diskuterar frågor som hänför sig till det konventionella tillämpade tillvägagångssättet 

för dis mätningen som en karakteriseringsmetod för spridningen i ett sådant 

anisotropiskt material som transparent trä. Vi demonstrerar en viss begränsning av 

tillämpningsförmågan för dis-kriterium och föreslår istället en modifierad rutin och 

parametrar, såsom fria medelväglängden och grad av anisotropisk spridning, för 

uppskattning av materialets spridningsegenskaper. 

Vi diskuterar också beroendet av spridningseffektivitet av polariseringstillståndet för 

infallande ljus. På grund av polariseringsberoende spridning blir opolariserat ljust som 

propagerar genom transparent trä delvist polariserat vinkelrätt mot de största 

strukturella komponenterna i trä (kärl), som är i linje med träfibrerna. Samtidigt 

minskar polarisationsgraden för fullständigt polariserat infallande ljus efter materialet. 

Depolarisationen av ljus är hänförlig till den kollektiva spridningen av cellulosafibriller 

organiserade i lameller av cellväggar i fibrerna och är starkt beroende av ömsesidig 
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orientering av svängningar av elektriskt fält (polarisation av ljus) i förhållande till 

fibrernas långa axlar 

Genomskinligt trä med sin svampliknande struktur kan vara en attraktiv plattform 

för dopning med olika tillsatser. I vårt projekt demonstrerar vi ett exempel på dopning 

av en transparent trämall med organiskt färgämne (Rhodamine 6G). Kombinationen av 

hög spridning och optisk förstärkning resulterar i möjligheten att erhålla laser emission. 

I analogi med slumpmässiga lasrar finns ingen extern resonator i mediet som 

kombinerar transparent trä och färgämne, emellertid, den optiska återkopplingen 

tillhandahålls genom spridning av inhomogeniteten hos den interna materialstrukturen. 

Trästrukturen har emellertid en naturlig ordning, medan i slumpmässiga lasrar i 

allmänhet spridare är distribuerade slumpmässigt inom ett aktivt material. Därför 

hänvisar vi till en sådan laser som en "kvasi-slumpmässig" laser för att markera denna 

skillnad. Baserat på experimentella resultat och jämförande analys med ett referensprov 

(polymerfärg) har vi visat att träfibrer med starkt spridande väggar, som är de viktigaste 

strukturella komponenterna i det transparenta träet, kan fungera som små lasrar som 

inte är korrelerade med varandra. Det kollektiva ursprunget för laserutsläpp av 

träfärglaser reflekteras i emissionslinjeutbredningen med flera nanometrar. Låg spatial 

koherens och hög strålningsstyrka gör denna typ av laser attraktiv för tillämpning av 

fria bilder och belysning. 

Arbetet som demonstreras i denna avhandling kan vara användbart för vidare 

utredning och simulering av ljusspridning inom biokomposit och liknande anisotropa 

medier. Dessutom visar det demonstrerade framgångsrika exemplet att expandera den 

transparenta träfunktionaliteten definitivt nya möjligheter för vidare forskning och 

tillämpning av detta ämne. 

 

Nyckelord: anisotropisk ljusspridning, spridningsmaterialkaraktärisering, 

polarisationsberoende spridning, diffusionsmedium, hierarkisk struktur, biokompositer, 

trämodifiering, transparent trä, mikrofibriller vinkel, organiska material, polymeraktiva 

anordningar, färglaser, koherens, polarisation, polarisationsgrad. 
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Chapter 1 

 

1 Introduction 

 

This chapter gives an overview of the research project. It presents the motivation, 

tasks, and achievements of the work. The outline of this thesis is provided at the end of 

the chapter for the convenience of the readers. 

 

 

1.1 Background 

 

Optics is one of the fundamental sciences which studies properties of light, its 

interaction with matter, and instrumentation to investigate all phenomena related to 

these topics [1]. In terms of this definition, fundamental research on properties of light 

propagation in a material with anisotropic structure is covered in this dissertation. There 

has been theoretical research and experimental work focused on light propagation in 

media with either ordered [2-5] or randomly distributed scattering centers inside it [6-

8], whereas in this thesis we consider an intermediate case between these two, that 

makes the subject particularly important and attractive for the investigation.  

The medium considered in this work is transparent wood (TW). It is produced from 

natural wood by chemical modification [9-16]. This substance demonstrates improved 

mechanical parameters [17], and optical transparency which is the most interesting 

feature of the material for our consideration. An original wood structure is well 

preserved and represented as a hierarchical construction of wood components [18]: 

fibrils, vessels, rays, wood fibers [19], of sizes varying from a few nanometers up to 

hundreds of micrometers [20]. 

Transparent wood is a relatively new material whose optical properties are not yet 

thoroughly investigated or described. Typically, the material has been characterized 

with transparency and haze [12, 13, 21] (as the assessment of scattering), which are 

estimated using an integrating sphere in accordance with the American Society for 

Testing and Materials standard (ASTM D1003-13) [22]. In the detailed implementation 

of the measurement routine, however, there are some limitations related to the 

application of haze for the materials with anisotropic scattering such as transparent 

wood. Generally, haze is the percentage of transmitted light which is scattered so that 

its direction deviates more than a specified angle from the direction of the incident beam 

[22]. It can be thought as a ratio of scattered photons minus ballistic photons to the total 
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amount of photons propagated through a sample. Thus, a transport mean free path [23, 

24], which shows the length of the photon path before the light direction in a medium 

is totally randomized, should be accounted relatively to the sample thickness to get 

correct values of haze. Moreover, the influence of spatial anisotropy of the scattered 

light should be minimized assuring a limited size of the output port of an integrating 

sphere. Misleading results of light scattering inside TW, obtained with a conventional 

measurement routine, can be avoided by the use of alternative parameters for 

anisotropically scattered light. In this thesis, we have developed a modified 

experimental method and suggested a novel parameter – the degree of anisotropic 

scattering, which we consider to be more feasible for characterization of transparent 

wood. The degree of anisotropic scattering is determined from angular distribution of 

the scattered light for two orthogonal directions and quantifies anisotropy of scattered 

light intensity. We also demonstrate the dependence of scattering efficiency of the 

material on the state of polarization of incident light. Due to this, completely 

unpolarized light gains some polarization degree after propagating through TW. We 

establish depolarization properties of the material for totally polarized incident light 

affected by mutual orientation of wood features (vessels and fibers) and the polarization 

plane. We provide a semi-empirical model for the description of polarization dependent 

scattering properties of TW. The model is based on dipole scattering created by 

cellulose crystallites of fibrils organized in lamellae of cell walls of wood fibers.  

We discuss an application potential of the material as a host matrix for various 

compounds, for example, an organic dye Rhodamine 6G. This dye, which has been 

impregnated in the transparent wood template, is optically active. The high scattering 

in the transparent wood structure combined with an optical gain leads to laser action, 

which is quite similar to random lasers due to the fact that optical feedback is based on 

scattering, and an external resonator is absent. Because the structure of the host material 

possesses natural ordering in a certain direction (anisotropy), we introduce the term 

“quasi-random laser” to highlight its difference from the well-known random lasers. 

Analyzing the laser emission properties, we conclude that wood fibers operate as small 

lasers, and, thus, the output emission is the sum of laser emission generated by each 

small fiber/laser. Thus, due to the collective nature of the emission, a light source with 

simultaneously high brightness and low coherence is created. 

The results presented in this thesis can have generic value for the description of 

optical properties of structurally anisotropic materials, and is not only limited to the 

consideration of transparent wood. 

 

 

1.2 Research goals and achievements 

 

In this dissertation, we describe light propagation in a relatively new material which 

has interesting potential for application in optics - transparent wood (TW). Considering 

its internal hierarchical structure which is neither perfectly ordered nor random, it is an 

interesting example for the analysis and description of light interaction with such 
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material. Considering the issues raised in the previous section, we set the following 

objectives for this work: 

 

 To analyze optical properties of the specific material: transparent wood. 

 To estimate the influence of the internal anisotropic hierarchical structure on the 

properties of light propagated through the material. 

 To understand and develop an experimental routine and parameters for the 

characterization of anisotropic scattering properties.  

 To demonstrate the potential of the material in optics. 

 

The following actions are implemented to achieve the project goals: 

 

 Restrictions of the use of the American Society for Testing and Materials (ASTM 

D1003-13) standard for plastic materials in the characterization of scattering 

properties of an anisotropically scattering medium (transparent wood), are 

discussed. 

 An alternative experimental routine and parameters for characterization of 

anisotropic scattering properties of the material are suggested. 

 Birefringent properties of the material are analyzed via polarization dependent 

scattering 

 Activation of a transparent wood matrix with an optical dye and emission 

properties of the composite are investigated. 

 

To broaden the functionality of the material, an optically active additive (dye) is 

impregnated into the TW template resulting in stimulated emission generation. The 

novel quasi-random laser is presented and its differences from random lasers are 

highlighted. The emission properties are analyzed under various pumping conditions. 

Also, it was established via spatial coherence measurements that the main structural 

components of wood – fibers – work as separate uncorrelated lasers. 

 

 

1.3 Thesis outline 

 

After the first chapter where the research topic and the challenges it encounters are 

introduced, the reader is directed to Chapter 2 which is dedicated to the fundamental 

concepts of light. The chapter starts with the basic description of duality of light as both 

a flow of particles and an electromagnetic wave. The main electrodynamics equations 

introduced by Maxwell for the description of light as a wave are discussed. The main 

concepts and definitions are explained. Fundamental characteristics such as coherence 

and polarization are considered in detail. The chapter is concluded with the discussion 

of light scattering which is a phenomenon of light-matter interaction.  

 The scope of Chapter 3 is limited to a specific anisotropic scattering medium we 

applied in this work – transparent wood, for short, TW. The chapter begins with the 

description of the hierarchical structure of the wood, chemical composition and material 
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preparation. Later, the reader is provided with an understanding of the structural 

features of the material. More detailed discussion about light interaction with such a 

anisotropically scattering medium follows. 

Chapter 4 presents transparent wood as an optically active material. The TW 

template doped with an optically active dye (Rhodamine 6G) is capable of producing 

laser emission without any external resonator. Such a behavior is typically attributed to 

random lasers, although there are some distinguishable differences between these two 

laser types. The focus of the chapter is in laser action in TW. The mechanism of laser 

emission as well as the properties of the emission are demonstrated. 

Chapter 5 summarizes the research results and proposes future work in the field.  
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Chapter 2 

 

2 Fundamentals of light 

 

This chapter outlines the main properties of light. We start with a basic description 

of light duality known as an inherent interplay of photonic quanta and electromagnetic 

waves. For the wave representation, Maxwell’s equations are introduced, and the main 

parameters (phase, frequency, group and phase velocities) of optical waves are 

discussed. Essential characteristics of light such as coherence and polarization are 

considered with some details. The chapter is concluded with the discussion of the 

phenomenon related to light-matter interaction and which is the focus of this thesis - 

light scattering.  

 

 

2.1 Light is an electromagnetic wave 

 

We all have an intuitive understanding of light - something that we utilize for many 

purposes, for example, to see our surroundings and feel the warmth; it is something we 

cannot imagine our life without. A formal definition of light is not easy, however. A 

majority of people probably will describe light properties referring to the source of light, 

like a bulb, a laser or sun, or its observable properties, such as color (green or red) or 

brightness. From a scientific point of view, it is known that light has a wave–particle 

duality that means it can be considered as both an electromagnetic wave and an 

ensemble of particles (photons). Depending on a particular case, these inherent 

properties of light can be more efficiently described with different terms. The wave 

property of light is usually characterized by spectrum, polarization, and coherence, to 

name a few. Quantum manifestation is coupled to photon energy, momentum, and light 

pressure. There are some optical phenomena, for example, interference, birefringence, 

reflection or refraction, which require treatment of the light as waves, whereas others 

are well explained by photon flux: the photoelectric effect, statistical properties, and 

entanglement states. It is good to keep in mind, however, that this dual nature of light 

is intrinsic. 

It has been experimentally established that light is a transverse electromagnetic wave 

(the Fresnel and Arago experiment) [25] which travels through space with constant 

speed, or a speed depending on the refractive index of the propagation media. As with 
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any electromagnetic wave, light can be described with the use of Maxwell’s formalism 

reflected in four equations below (for homogeneous isotropic media)  

 

𝛻 ∙ �⃗� =
𝜌

휀⁄  (2.1) 

𝛻 ∙ �⃗� = 0 (2.2) 

𝛻 × �⃗� = −
𝜕�⃗� 

𝜕𝑡
 (2.3) 

𝛻 × �⃗� = 𝜇𝐽 + 𝜇휀
𝜕�⃗� 

𝜕𝑡
 (2.4) 

 

where �⃗�  and �⃗�  are the vectors of the electric and magnetic fields respectively. Time 

is denoted as 𝑡, and 𝜇 and 휀 are permeability and permittivity of the media through 

which light propagates, 𝜌 is the density of electric charge, and 𝐽  is a displacement 

current.  

The first two equations are the summary of Gauss’s law related to the presence or 

absence (which is always the case with a magnetic field) of an isolated charge 

(monopole). The divergence shows the compression or expansion of the field lines next 

to the limited volume under consideration, or in other words, how much the field is 

compressed within the volume. The third equation is Faraday’s law which shows that a 

time-varying magnetic field produces a spatially varying electric field and vice versa. 

Finally, the fourth equation is Ampere’s law which states that a temporally varying 

electric field and current (in case there are free carriers in a medium where the field 

propagates) initiates a spatially varying magnetic field. The inverse statement is also 

valid, i.e. a spatially varying magnetic field produces a temporally varying electric field. 

For practical reasons, most optical phenomena are described with only the use of an 

electric field, because the current response to an electric field in detectors is 

incomparably stronger for the electric field, than for the magnetic component. To 

simplify the optical field description to an electrical component only, and to exclude 

the cross-coupling between electric and magnetic components Eq. 2.3 can be re-written 

as the so-called wave equation for an electric field traveling in free space (there is no 

charge or current) [25]: 

 

𝜕2�⃗� (𝑟 , 𝑡)

𝜕2𝑡
= 𝑐2𝛻2�⃗� (𝑟 , 𝑡),  (2.5) 

 

where 𝛻2  is the vector Laplacian, and 𝑐  is the speed of light in vacuum which is 

inversely proportional to the square root of the product of permittivity and permeability 

of the vacuum 𝑐 = 1/√𝜇0휀0. The wave equation solution is a plane wave represented in 

3D space as: 

�⃗� = �⃗� 0𝑐𝑜𝑠(�⃗� ∙  𝑟 − 𝜔𝑡 + 𝜑), (2.6) 
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where �⃗� 0 is the amplitude of the electric field, �⃗�  is wave vector defined as �⃗� = �̂�𝑘𝑥 +

𝒋̂𝑘𝑥 + �̂�𝑘𝑧 , 𝑟 = �̂�𝑥 + 𝒋̂𝑦 + �̂�𝑧  is position vector, 𝜔  is the angular frequency of the 

field, and 𝜑 is an initial phase, which depends on a chosen coordinate system. Vectors 

�⃗�  and �⃗�  are perpendicular to each other, and �⃗�  is perpendicular to both of them. Thus, 

these three vectors create a mutually orthogonal triad which follows the right-hand rule. 

The wave vector defines the wave propagation direction. Equation 2.6 is the one used 

in optics for the description of light as an electromagnetic wave. In a one-dimensional 

case (the wave propagating in z-direction), it might be rewritten: 

 

�⃗� (𝑧, 𝑡) = �⃗� 0𝑐𝑜𝑠(𝑘 ∙ 𝑧 − 𝜔𝑡 + 𝜑) (2.7) 

 

As it is seen from Eq. 2.7, the wave varies harmonically either with distance at a 

fixed time or with time at a fixed distance. The ratio of 𝜔/𝑘 is a phase velocity 𝑉𝑝. It 

shows the rate at which a fixed phase of the wave propagates in space. A single 

frequency wave is a mathematical idealization, however, because purely 

monochromatic light sources do not exist. Even for the sources with a very narrow 

emission line like lasers, there always exists some broadening of the spectral line owing 

to a variety of reasons (collisions, thermal vibrations etc.). Therefore, it is more relevant 

to describe light propagation with a term “group velocity” 𝑉𝑔 = 𝑑𝜔/𝑑𝑘  [26] which 

refers to the velocity of the wave envelope (amplitude) consisting of individual 

wavelets of slightly different wavelengths. In other words, each frequency component 

(wavelet) travels with its phase velocity (the same in free space), and the whole wave 

packet travels with the group velocity. In a medium, the phase and group velocities are 

altered by the refractive index of a medium n, thus phase velocity is determined by [26]: 

 

𝑉𝑝 = 𝑐/𝑛 (2.8) 

 

Group velocity can be written as [26]:  

 

𝑉𝑔 =
𝑑𝜔

𝑑𝑘
=

𝑑

𝑑𝑘
(
𝑐𝑘

𝑛
) =

𝑐

𝑛
−

𝑘𝑐

𝑛2

𝑑𝑛

𝑑𝑘
= 𝑉𝑝(1 −

𝑘

𝑛

𝑑𝑛

𝑑𝑘
) (2.9) 

 

and the refractive index n is frequency dependent, due to material dispersion. 

Depending on the signedness of 𝑑𝑛/𝑑𝑘, the group velocity in a medium can be either 

higher or lower than the phase velocity, whereas for free space these velocities are equal, 

since there the refractive index is independent of the frequency. In some cases, where 

𝑛1, phase velocity exceeds the velocity of light, but the group velocity (with which 

energy is carried) never exceeds the speed of light.  

 It does not follow directly from Maxwell’s equations that the refractive index is 

dependent on frequency. This has been observed experimentally, however, and is 

explained by the existence of charges in matter (for example, positively charged nuclei 

and electron clouds surrounding atoms). Here we briefly consider the nature of 

frequency dependent refractive index. Applying the model of a forced oscillator from 
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classical mechanics, electrons can be considered to behave as though they were held by 

strings next to the nucleus. Each atom is a simple oscillator that has a resonant 

frequency 𝜔0. When a material is exposed to an electric field, electrons are shifted 

relative to the nucleus (two opposing charges form an electric dipole), and an electric 

dipole moment (electric polarization) is induced. Since the electric field varies with 

time, the charges will oscillate with the frequency of the incident field and re-radiate 

light of the same frequency (elastic scattering). When the frequency of light matches 

the resonant frequency, an atom or molecule can reach an excited state, such that light 

will be absorbed. This dissipative absorption happens only at the resonant frequencies 

individually established by the energy levels of each material. In dense media, such as 

solids, liquids and gases (at pressures about 100 Pa), this excitation energy, most likely, 

will be then transferred via collisions as thermal energy before a photon can be 

spontaneously emitted.  

When light impinges on a material, each atom experiences a driving force 

proportional to the incident electric field ( 𝐸(𝑡) ), and a restoring force that is 

proportional to the displacement (𝑥) via an elastic constant. Applying Newton’s second 

law, one can calculate the displacement which varies with time in the same manner as 

the applied field 𝐸(𝑡). The total induced dipole moment is a sum of the dipole moments 

induced by each atom �⃗� = 𝑁𝑞𝑒𝑥 = (− 0)�⃗� , where 𝑞𝑒 is an electron charge, N is a 

number of contributing electrons per unit volume. For brevity of notation, we will not 

consider the deviation of the expression, but instead provide the final result for the 

refractive index. So, using the fact that 𝑛2 = /0 , the dispersion equation without 

damping will be [25]: 

 

𝑛2(𝜔) = 1 + 𝑁
𝑞𝑒

2

0𝑚𝑒

(
1

𝜔0
2 − 𝜔2

), (2.10) 

 

where 𝜔 is the frequency of incident light, and 𝑚𝑒 is the mass of an electron.  

In the case of dielectrics, there might exist atomic, ionic and orientational (in case 

of polar molecules) polarizations. As electrons have little inertia in comparison with 

molecules, their contribution will be more significant at higher frequencies. Thus, 

𝑛(𝜔) is governed by the interplay of various electric polarization mechanisms with 

different weighting factors (𝑓𝑗) contributing at a particular frequency of the incident 

light. Due to unavoidable losses, by how much the signal will be attenuated is indicated 

in the imaginary part of the refractive index. The final dispersion equation will be [25]: 

 

𝑛2(𝜔) = 1 + 𝑁
𝑞𝑒

2

0𝑚𝑒

∑
𝑓𝑗

𝜔0𝑗
2 − 𝜔2 + 𝑖

𝑗
𝜔

𝑗

= 𝑛0() + 𝑘0()𝑖, (2.11) 

 

where an oscillator strength satisfies the requirement ∑ 𝑓𝑗 = 1,𝑗  𝑛0 is the real part, the 

ordinary refractive index number which indicates the change of phase velocity (n is 

actually 𝑛0  in Eq.2.8-2.9), γj is the damping coefficient and 𝑘0  is the extinction 
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coefficient (not to be confused with wave vector �⃗�  ) which takes into consideration 

absorption and scattering of optical waves by the material. Depending on the frequency 

of the incident light, the refractive index has different values for the same material.  

In summary, light is described as an electromagnetic wave, which is characterized 

with an amplitude, frequency (wavelength), phase, velocity, and wave vector �⃗�  (the 

electric field is a vector perpendicular to the wave vector �⃗�  ) directing the wave 

propagation, and obeys Maxwell’s formalism. Vector properties of the light are 

reflected in other fundamental characteristics such as polarization.  

 

 

2.2 Polarization 

 

The vector of an electric field oscillates while an electromagnetic wave propagates. 

If these oscillations are known to follow an established law, then light is considered to 

be polarized. During wave propagation, the tip of the electric field traces a figure in a 

plane perpendicular to field propagation. For instance, when the figure is a line, then 

light is called linearly polarized (Figure 2.1). In order to describe the polarization state, 

two representations are applied: the polarization ellipse and the Poincaré sphere (Figure 

2.1). 

The simplest way to describe polarization state is the concept of a polarization ellipse. 

Light is a transverse electromagnetic wave. Therefore, the vector of an electric field can 

be represented as the sum of two orthogonal vectors depicted in Figure 2.1, where for 

a one-dimensional case:  

 

�⃗� (𝑧, 𝑡) = �⃗� 𝑥(𝑧, 𝑡) + �⃗� 𝑦(𝑧, 𝑡) (2.12) 

�⃗� 𝑥(𝑧, 𝑡) = �̂�𝐸0𝑥𝑐𝑜𝑠(𝜏 + 𝛿𝑥)   (2.13) 

�⃗� 𝑦(𝑧, 𝑡) = 𝒋̂𝐸0𝑦𝑐𝑜𝑠(𝜏 + 𝛿𝑦),  (2.14) 

 

where 𝜏 = 𝜔𝑡 − 𝑘𝑧 is a propagator [27], 𝐸0𝑥 and 𝐸0𝑦 are the maximum amplitudes 

of corresponding components, and 𝛿𝑥 and 𝛿𝑦 are the phases.  

The polarization ellipse equation, presented here without deviation, is the following: 

 

𝐸𝑥
2

𝐸0𝑥
2 +

𝐸𝑦
2

𝐸0𝑦
2 − 2

𝐸𝑥𝐸𝑦

𝐸0𝑥𝐸0𝑦
𝑐𝑜𝑠𝛿 = 𝑠𝑖𝑛2𝛿 (2.15) 

 

𝛿 = 𝛿𝑥−𝛿𝑦  

  

(2.16) 

 

The cross term 𝐸𝑥𝐸𝑦 is associated with the rotated ellipse at the angle 𝜓 (Figure 2.1). 

The elliptical parameters from Eq.2.15 (𝐸0𝑥, 𝐸0𝑦 and 𝛿) are connected with the major 
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and minor axes of polarization ellipse (a, b), angle of rotation (ψ) and the ellipticity 

angle (χ) by the following equations: 

 

𝑡𝑎𝑛2𝜓 = (𝑡𝑎𝑛2𝛼)𝑐𝑜𝑠𝛿, 0 ≤ 𝜓 ≤ 𝜋  

 
(2.17) 

𝑠𝑖𝑛2𝜒 = (𝑠𝑖𝑛2𝛼)𝑠𝑖𝑛𝛿, −
𝜋

4
≤ 𝜒 ≤

𝜋

4
 

 

(2.18) 

𝑎2 + 𝑏2 = 𝐸0𝑥
2 + 𝐸0𝑦

2 

 

(2.19) 

tan (𝛼) =
𝐸0𝑦

𝐸0𝑥
, 0 ≤ 𝛼 ≤

𝜋

2
 

 

(2.20) 

𝑡𝑎𝑛𝜒 = ±
𝑏

𝑎
 (2.21) 

 

where 𝛼 is auxiliary angle.  

The polarization ellipse is either described by ellipticity (χ) and orientation angle (ψ 

azimuth) or by major and minor axes of an ellipse (𝑎 = 𝐸0𝑥, 𝑏 = 𝐸0𝑦) and phase shift 

between the orthogonal components of an electric field (𝛿 ). The handedness of 

polarization is determined by the direction of rotation of the electric field vector: 

clockwise (right-handed polarization) or counterclockwise (left-handed polarization) in 

a plane perpendicular to the wave propagation. The handedness is assigned to the sign 

of ellipticity (χ<0 for left-polarized light) or the value of the phase shift (𝛿). Elliptical 

polarization is a general polarization state with two degenerated cases: linear and 

circular. The values of the elliptical parameters for the distinguished cases of 

polarization are summarized in the table in Figure 2.1. 

Although, the presentation of polarization state within the polarization ellipse 

formalism is very simple and demonstrative, it has some limitations. The first limitation 

is that it is practically impossible to trace, and thereby observe the polarization ellipse 

[27]. The second is that the polarization ellipse concept is only applicable for 

completely polarized light. This is a critical drawback of the formalism as light is not 

always completely polarized. We will not discuss the origin of total or partial 

polarization in details here, but rather consider the other formalism applied for the 

description of partially polarized light.  

Light is partially polarized when part of an electric field oscillates in a random 

manner (unpolarized), while the rest of the field components follow a certain oscillation 

direction (polarized). Light is considered to be unpolarized or naturally polarized when 

there is no law followed by the electric field vector while propagating even though in 

every moment of time there is a certain orientation of the electric field [25].  

The alternative approach suggested for representation of totally, partially and 

naturally polarized (unpolarized) light was introduced by G.G. Stokes with the use of 

four parameters named after him [25, 27]. In this approach, direct measurement of 
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Stokes parameters by means of field intensity are performed and the final polarization 

state is described as a Stokes vector 𝑆  with coordinates [S0; S1; S2; S3]. The Stokes 

vectors for distinguished cases of polarization are mentioned in the table (Figure 2.1). 

The meaning of the Stokes parameters follows: S0 determines total intensity of light, S1 

shows intensity of horizontally polarized light, S2 is associated with intensity of light 

polarized at +450 (S2˃0) or -450 (S2< 0), S3 describes the amount of right (S3> 0) or 

left (S3< 0) circular polarization.  

 

 

Figure 2.1. Polarization description 

 

To determine the Stokes vector 𝑆  , one needs to measure the intensities (I(φ)) of 

incident light (of intensity 𝐼0 ) passed through the linear polarizers placed with the 

transmission axis oriented at the angle φ to the x-axis of Figure 2.1 and through the 

circular polarizer. The circular polarizer 𝐼(45°, 90°) consists of a quarter wave plate 

(with a phase shift of 90°) and the linear polarizer set to either at 𝜑 = 45° or 𝜑 =

−45° to the fast axis of the quarter-wave plate (QWP) to get right- (𝐼𝑅𝐶𝑃) or left- (𝐼𝐿𝐶𝑃) 

circularly polarized light respectively. Depending on the polarizer orientation relative 

to the fast axis of the QWP, it will either block left circularly polarized (LCP) or right-

circularly polarized (RCP) light. Thus, the Stokes parameters can be defined as [25, 28]: 

 

S0 = I(0°) + I(90°) = 𝐼0 (2.22) 

 

S1 = I(0°) − I(90°) 

 
(2.23) 
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S2 = I(45°) − I(135°) = 2I(45°) − 𝐼0   (2.24) 

 

S3 = 𝐼𝑅𝐶𝑃 − 𝐼𝐿𝐶𝑃 = 𝐼0 − 2I(45°, 90°), 

 

 (2.25) 

 

where I(0°)  is intensity of light propagated through the horizontal linear polarizer 

(𝜑 = 0°), I(90°), I(45°) and I(135°) are intensities of light propagated through the 

linear polarizer set at 𝜑 = 90°  (vertical),  𝜑 = 45°  and 𝜑 = 135° , respectively. 

I(45°, 90°)  is the intensity of light transmitted through the circular polarizer set to 

block RCP light (Eq.2.25). 

The Stokes vector can be normalized by the total light intensity 𝐼0, so 𝑆 = 𝐼0S⃗ 
∗, 

where S⃗ ∗ is the normalized Stokes vector [1, S1
∗, S2

∗ , S3
∗]. One needs to keep in mind that 

the equations described here are just one of the ways to measure Stokes parameters. 

Stokes parameters are the real quantities (intensities) which can be measured for totally, 

partially and naturally polarized light. They follow the conditions [29]: 

 

𝑆0
2 ≥ 𝑆1

2 + 𝑆2
2 + 𝑆3

2
, (2.26) 

 

where, for completely polarized light 𝑆0
2 = 𝑆1

2 + 𝑆2
2 + 𝑆3

2
; for partially polarized 

light 𝑆0
2 > 𝑆1

2 + 𝑆2
2 + 𝑆3

2
 ; and for totally unpolarized light 𝑆0

2 > 0,  𝑆1 = 𝑆2 =
𝑆3 = 0.  

The fraction of polarized light can be determined with the degree of polarization 

(DOP) varying from zero to unity for two extreme cases: from completely unpolarized 

light to totally polarized light. The intermediate values between the extremes 

correspond to the cases of partially polarized light. The degree of polarization (0 ≤
𝐷𝑂𝑃 ≤ 1 or 0% ≤ 𝐷𝑂𝑃 ≤ 100%) is defined as [29] 

 

𝐷𝑂𝑃 =
𝐼

𝐼0
=

√𝑆1
2 + 𝑆2

2 + 𝑆3
2

𝑆0
, 

 (2.27) 

 

where I is intensity of polarized light and total irradiation intensity 𝐼0.  

A visual representation of polarization connected with the Stokes formalisms is the 

Poincaré sphere. A normalized Stokes vector determines a point on the Poincaré sphere 

(Figure 2.1) which fully describes any state of polarization. The point has coordinates 

(S1
∗, S2

∗ , S3
∗ ), and the radius of the sphere is the polarization degree (DOP). Thus, the 

points on a surface of a sphere are attributed to the totally polarized light, in general, 

elliptically. The distinguished cases of linear and circular polarizations are located on 

an equator and on the poles of the sphere, respectively. The points inside the sphere are 

attributed to partially polarized light (0 < 𝐷𝑂𝑃 < 1) Figure 2.1, and the origin of the 

coordinates is assigned to unpolarized light (𝐷𝑂𝑃 = 0).  

The Stokes vector is connected with polarization ellipse parameters (angle of 

rotation (ψ) and the ellipticity angle (χ)) as follows 𝑆0 = 𝐼0 [27]: 
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𝑆 = 𝑆0 (

1
𝑐𝑜𝑠2𝜒𝑐𝑜𝑠2𝜓
𝑐𝑜𝑠2𝜒𝑠𝑖𝑛2𝜓

𝑠𝑖𝑛2𝜒

) (2.28) 

 

So, the polarization ellipse parameters can be derived as: 

 

tan2𝜓 =
S2

S1
, 𝜓 = 0.5 ∙ 𝑎𝑟𝑐𝑡𝑎𝑛2(𝑆2, 𝑆1) ∙ 180/𝜋 (2.29) 

 

sin2𝜒 =
S3

S0
,  

𝜒 = ±arctan (√0.5(𝐼0 − |𝑆1 + 𝑖𝑆2|)/√0.5(𝐼0 + |𝑆1 + 𝑖𝑆2|)) ∙ 180/𝜋 

(2.30) 

 

where the sign of the ellipticity 𝜒 is the same as for the third Stokes parameter 𝑆3.  

 One of the advantages of Stokes formalism is that by operating with vectors, one can 

estimate the influence of the optical system, an optical component, or a medium on the 

polarization of light via 4 × 4 Mueller matrices 𝑴 [27, 29], or a 4 × 4 instrumental 

matrix 𝑨  [30]. So, the output polarization state 𝑆 𝑜𝑢𝑡  can be predicted if the input 

polarization state 𝑆 𝑖𝑛 and Mueller matrix 𝑴 are known. 

 

𝑆 𝑜𝑢𝑡 = 𝑴𝑆 𝑖𝑛 (2.31)  

  

If there are several optical elements one after each other with the Muller 

matrices 𝑴𝟏,𝑴𝟐,𝑴𝟑, then the output polarization state is defined as 

 

𝑆 𝑜𝑢𝑡 = 𝑴𝟑𝑴𝟐𝑴𝟏𝑆 𝑖𝑛 (2.32) 

 

The same expressions can be applied for an instrumental matrix, by substituting 𝑴 

with 𝑨.  

The Stokes formalism can describe the polarization state of N independent beams, 

not correlated with each other by phase; in other words, beams do not interfere. So the 

final Stokes vector satisfies the additivity theory or the principle of incoherent 

superposition 𝑆 = ∑ 𝑆 (𝑖)𝑵
𝒊=𝟏  [29]. Therefore, unpolarized light can be represented as a 

superposition of two beams of equal intensities with orthogonal polarizations [27]. In 

the case where there is correlation between the beams (interference), the Jones matrix 

formalism should be applied. This approach operates with field complex amplitudes 

and a 2 × 2  Jones matrix 𝑱   and is applicable only for totally polarized light [27]. 

There are cases when either formalism can be applied, but typically the Muller approach 

is used for intensity superposition problems while the Jones method is applied in cases 

where amplitudes are superimposed. We mentioned these two approaches for the sake 
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of completeness, but will not discuss the topic in detail here. For more reading on the 

topic, see [27, 29].  

In summary, the vector nature of light is described in terms of polarization that 

defines the law of oscillations of an electric field. The tip of an electric field traces the 

locus of points in a plane perpendicular to its propagation direction. These points form 

geometrical shapes such as a line, an ellipse, and/or a circle, thus light can be considered 

linearly, elliptically or circularly polarized. Depending on the source origin, light can 

be either naturally-, partially- or totally-polarized. The percentage of polarized light 

within a beam is characterized by a degree of polarization. There are several visual 

representations of polarization state: the polarization ellipse (the polarization ellipse 

formalism) and the Poincaré sphere (the Stokes formalism). The polarization ellipse 

formalism is applied only for totally polarized light, while the Stokes approach can be 

applied to any polarization state. Moreover, the Stokes formalism together with the 

Muller matrix is a powerful instrument for prediction of polarization transformation of 

light passing through optical system(s) or media. In case of several beams, the Stokes 

formalism can be applied if the beams are not correlated (do not interfere) otherwise 

the Jones matrix approach should be used.  

 

 

2.3. Coherence 

 

The term coherence usually refers to the possibility of waves to produce an 

interference pattern. This statement holds true for scalar optics (a beam is fully 

polarized), where the degree of coherence is directly related to the visibility of 

interference fringes in the Young double pinhole experiment [31] or the Michelson 

interferometer [32]. Thus, the absence of spatial intensity modulation indicates that 

beams are uncorrelated or incoherent. Although in case of electromagnetic beams where 

there is spatial distribution of polarization within the beam or the beam is partially 

polarized, the absence of interference fringes does not necessarily indicate that light is 

incoherent. In this case, coherence is reflected in polarization modulation rather than 

intensity fringes. Therefore, it is more justified to relate the coherence of two waves to 

the correlation between their phases. In other words, light is coherent when the phase 

difference between two waves is known and established. There are two types of 

coherence distinguished: temporal or so-called longitudinal coherence and spatial or 

transversal coherence. Temporal coherence reflects the phase correlation of an optical 

field at different moments in time at the same location in space, while spatial coherence 

describes the phase correlation of an optical field at different points in space at the same 

moment of time.  

The theory of optical interference is still tightly related to coherence; thus, we will 

consider it first. It is based on the linear superposition of the electric fields, meaning 

the total electric field produced at any point is a vector sum of all electric fields co-

existing at that point: 

 

𝑬 =  ∑ 𝑬𝑛𝑛 , (2.33) 
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where the total field 𝑬 at a point in empty space is produced by several (n is integer) 

different sources 𝑬𝑛. Equation 2.33 holds true for an empty space. For some media it 

is not true as there may be nonlinear optical phenomena due to high intensities [26]. 

This is not in the scope of our work, however, and will not be considered here.  

Let us consider two harmonic waves 𝑬1 and 𝑬2 following Eq.2.6. The irradiance 

𝐼 produced by these two fields at the same point is: 

 

𝐼 = |𝑬|2 = 𝑬 ∙ 𝑬∗ = ⟨(𝑬1 + 𝑬𝟐) ∙ (𝑬1
∗ + 𝑬2

∗)⟩ = 

= ⟨|𝑬1|
2 + |𝑬2|

2 + 2𝑅𝑒(𝑬1 ∙ 𝑬2
∗)⟩, 

(2.34) 

 

where the angular brackets denote time averaging and the asterisk denotes a complex 

conjugate. 

It should be mentioned that as natural light emitted by a hot object is a superposition 

of emissions from a large number of atoms radiating independently (different 

frequencies and phases), it should be described by statistical methods. Therefore, we 

use statistical averaging (angular brackets) over many field random realizations. Here 

we consider a stationary field that means time averaging is independent from the origin 

of time but rather depends on a time interval (average value is constant), and different 

frequency components are not correlated with each other (by definition of stationary 

sources). The term 2𝑅𝑒(𝑬1 ∙ 𝑬2
∗)  is associated with the interference of two waves 

which depends on their frequencies, polarizations, time and spatial coordinates. If two 

waves have the same polarization, the vector nature of the field can be ignored (scalar 

optics), and the interference term becomes a scalar value. The mutual coherence 

function or the correlation function between two fields will be: 

 

12 = ⟨𝑬1∙ 𝑬2
∗⟩ (2.35) 

 

The autocorrelation function or self-correlation function for the field 𝑬1 is equal to 

the field intensity:  

 

11 = ⟨𝑬1∙ 𝑬1
∗⟩ = 𝐼1 (2.36) 

 

The corresponding self-correlation function of the field 𝑬2  is equal to intensity 

22 = 𝐼2. For a quasi-monochromatic stationary beam, spatiotemporal coherence can 

be described by the 22 mutual coherence matrix defined as: 

 

(𝒓1, 𝒓2, ) = ⟨𝑬∗(𝒓1, 𝑡)𝑬
𝑇(𝒓2, 𝑡 + )⟩, (2.37) 

 

where T denotes the transpose of the matrix, and asterisk is the complex conjugate, 𝒓𝟏,𝟐 

represent points in space, t is time and  is a time difference caused the difference in 

path length. The matrix elements are defined as (for more details [31]): 

 

𝑖𝑗(𝒓1, 𝒓2, ) = ⟨𝐸𝑖
∗(𝒓𝟏, 𝑡)𝐸𝑗(𝒓2, 𝑡 + )⟩, (𝑖, 𝑗)𝜖(𝑥, 𝑦) (2.38) 
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The mutual coherence function is a statistical property that is a temporal correlation 

of an electric field at two different points in space. If a field is polarized, stationary and 

quasi-monochromatic, then in case of temporal coherence, the mutual correlation 

function is a function of time (𝒓, ) or for brevity (), while for spatial coherence 

it depends on the spatial coordinates (𝒓1, 𝒓2, 0) or (𝒓1, 𝒓2). 

The normalized correlation function of two fields (Eq.2.35) is the degree of 

coherence 
12

 whose modulus scales from zero (for incoherent light) to unity (for fully 

coherent light) Eq.2.39. The values falling in between these two extremes correspond 

to partially coherent light. The degree of coherence can be defined as either the degree 

of spatial 
12

(𝒓1, 𝒓2)  or temporal coherence 
12

(𝜏)  in accordance with the proper 

correlation function ((𝒓1, 𝒓2) or ()), respectively. For brevity of notation, we will 

define the general formula for γ12 without identifying the certain correlation function, 

so we will just use notation 12. In general, 
12

 is defined as: 

 


12

= 12/√𝐼1𝐼2,  0 ≤ |
12

| ≤ 1 (2.39) 

 

With the use of the equation above, Eq. 2.34 can be re-written as: 

 

𝐼 =  𝐼1 + 𝐼2 + 2√𝐼1𝐼2𝑅𝑒
12

 (2.40) 

 

As it can be inferred from the equation above, the intensity of the interference pattern 

varies between two limits (𝐼𝑚𝑖𝑛 ≤ 𝐼 ≤ 𝐼𝑚𝑎𝑥 ). Thus, we can define visibility of the 

interference fringes as [26]: 

 

𝑉 =
𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥 + 𝐼𝑚𝑖𝑛
= 

2√𝐼1𝐼2|12
|

(𝐼1 + 𝐼2)
 (2.41) 

 

In the case of equal intensities of two fields, the visibility of the fringes will be equal 

to the degree of coherence. This is the key result when one needs to measure the degree 

of spatial and/or temporal coherence of a scalar quasi-monochromatic beam, so one 

should measure visibility of the intensity pattern. Strictly speaking, the analysis of an 

interference pattern is applied in the case of vector fields as well, but the procedure is 

more complex.  

Traditionally, in scalar optics, temporal coherence is numerically characterized by 

either the coherence length or the coherence time (besides the degree of temporal 

coherence). It can be determined in a simple experiment based on the Michelson 

interferometer [32] . The difference in the lengths of the interferometer arms, at which 

the interference pattern disappeared or its visibility reaches minimum, establishes the 

coherence length that can be easily recalculated to the coherence time [25]: 

 

𝑙𝑐 = 𝑐𝜏0 (2.42) 
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 The origin of temporal coherence is associated with the random nature of light 

emission produced by an ensemble of particles. Thus, the actual value of coherence 

time (or length) is the averaged 〈𝜏0〉 over the individual coherence times (or lengths). 

Within coherence time, the wave (its phase and amplitude) is predictable and can be 

approximated as, for example, a harmonic function. 

By the definition of coherence time, it can be shown that temporal coherence is 

inversely proportional to the width of emission spectrum ∆𝜈. According to Eq.2.43 

given without the proof [33], the temporal coherence of nearly monochromatic light 

produced by lasers is significantly higher than for light sources with broader bandwidth. 

Nevertheless, emission linewidth is always finite (and so temporal coherence is limited) 

due to emission line broadening caused by, for example, the Doppler effect, atomic 

collisions, natural broadening (the uncertainty principle), the Stark effect [25, 34, 35]. 

This is very reasonable as the broader the bandwidth of a light source, the more waves 

it contains and the faster they decorrelate in phase. Thus, a narrow band filter can be 

applied (wavelength filtering) in order to increase temporal coherence of light.  

 

〈𝜏0〉 =
1

∆𝜈
 (2.43) 

  

In comparison with temporal coherence, spatial coherence is more complicated to 

define. It is associated with uniformity of the wavefront. Typically, two pinholes 

separated by a certain distance as in Young’s double-slit experiment are used to estimate 

this type of coherence [25]. We will discuss the measurements in more detail in Chapter 

4. The degree of spatial coherence, which is not a single number but rather a function 

of separation between two pinholes, is applied. For the majority of light sources, the 

degree of coherence decreases as this separation increases [36], and approaches unity 

as the pinholes approach each other.  

An important light feature concerning spatial coherence is the Van Cittert-Zernike 

theorem which states that an incoherent source might give rise to a coherent or partially 

coherent wavefront at distances far away from the source [37]. The theorem results 

from the fact that both the degree of spatial coherence and the Fraunhofer diffraction 

can be presented with the same Fourier transform of the source irradiance distribution 

[37]. The spatial coherence area 𝐴𝑐 is given by [38]: 

 

𝐴𝑐 =
𝐷2𝜆2

𝑟2𝜋
 (2.44) 

 

where r is the radius of a circular incoherent source of light and 𝐷 is the distance away 

from the source. Basically, as a wave-front smooths out as light propagates away from 

the source, its spatial coherence might increase. In other words, light can gain spatial 

coherence travelling through the optical system or a space. Thus, spatial coherence 

might be increased with the use of an aperture which is smaller than the coherence area 

(spatial filtering), so light that has passed through the aperture will gain spatial 

coherence. 
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In this thesis, we operate with scalar beams. For the completeness of the topic, 

however, it is worthwhile mentioning that in case of electromagnetic beams (vector 

fields) or partially polarized light, the spatial or temporal correlations are established 

via so-called polarization modulation rather than an interference pattern (intensity 

modulations). Then the correlation function becomes a 22 correlation matrix or 

coherency matrix with the elements connected with the Stokes parameters [32, 39]. 

Thus, it is now known that the coherence properties of a beam affect its polarization 

and vice versa [39]. 

To summarize the above, a real wavetrain exhibits variations in frequencies 

(wavelengths) and phase with time and space. Due to the random nature of light 

emission, the statistical approach should be applied to describe the behavior of different 

light sources. Therefore, coherence theory is a study of the correlation properties of 

random light which is also known as statistical optics. In the study of coherence, the 

statistical approach is represented by the coherence function which is a second order 

average of the properties of the electric field. Thus, to study the coherence properties 

of a source, the coherence function (a scalar beam) or coherence matrix (an 

electromagnetic beam) should be analyzed. In this work, we focus on scalar beams, so 

we narrow the discussion at this point to the coherence function. The estimation of the 

normalized value of the coherence function (the degree of coherence) is associated with 

direct measurements of visibility of the interference pattern formed by two replicas of 

an initial light beam. The degree of coherence varies between two extremes - from zero 

(incoherent light) to one (coherent light), and values in-between are attributed to 

partially coherent light. The mutual coherence function is defined in space and time 

domains. Alternatively, a Fourier transform of the coherence function connects spectral 

and temporal domains and is defined as the cross-spectral density (CSD) function [36]. 

There are temporal and spatial coherences distinguished depending on whether the 

coherence function is a function of time or space. Thus, the behavior of the visibility 

reduction associated with monochromaticity of a light source is the effect of temporal 

coherence. Meanwhile, the visibility reduction as a function of a light source size is 

attributed to spatial coherence. 

 

 

2.4. Scattering of light 

 

Scattering is a fundamental phenomenon of light interaction with a material [25]. 

Considering the refractive index, we have mentioned that while electromagnetic waves 

propagate in a material, atoms and molecules behave as electric dipoles, which can be 

described by an oscillator model. For incident light of an arbitrary wavelength 

(frequency), these dipoles respond with oscillations re-emitting the optical waves of the 

same frequency, or the light is said to be elastically scattered. If the light frequency 

matches any resonant frequency of the material (for example, atomic or molecular 

transitions), the light is absorbed and re-emitted at frequencies different to that of the 

resonant frequency, or inelastically scattered. The examples of inelastic scattering are 

Raman scattering, where part of the light is absorbed by optical phonons (vibrational 
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and rotational states of molecules) and re-emitted with a set of frequencies located on 

both spectral sides of the incident light frequency (Stokes and anti-Stokes components), 

or Brillouin scattering when light is absorbed by acoustic phonons (vibrations of a 

crystal lattice). 

An electric dipole response is strongest when the dipole moment (and so, oscillation) 

is co-aligned with the excitation field, and weakest when it is perpendicular. The 

maximum of radiation is emitted at right angles to the dipole axis, and no radiation is 

emitted along it (Figure 2.2 on the left) [25]. Dipole radiation is linearly polarized along 

the direction of the dipole axis. Unpolarized light can be represented as a mixture of 

two orthogonal polarizations, randomly changing in time relative to each other. 

Therefore, when unpolarized light impinges on a scattering medium (we assume 

random dipole orientations inside), the scattered light will have a higher polarization 

degree in the lateral direction of propagation, and will be unpolarized in the direction 

of propagation (Figure 2.2 on the right). The example in Figure 2.2 shows molecular 

scattering of unpolarized light in an arbitrary gas volume, where each molecule acts as 

an electric dipole. When polarized light passes through the scattering material, 

polarization is partially destroyed, because secondary waves have different polarization 

states depending on electric dipole orientations. Thus, the transmitted beam is a mixture 

of secondary waves and a part of the initial wave, and the resulting polarization degree 

is diminished. 

 

 
Figure 2.2. Schematic illustration of dipole radiation (on the left) and molecular scattering of 

unpolarized incident light in an arbitrary gas volume (on the right).  

 

For elastic scattering, the closer the light frequency to media resonances, the stronger 

the oscillators’ response. It was also established that scattering depends on the size of 

scattering particles. It was initially demonstrated by Rayleigh that for particles of a size 

much smaller than the wavelength of incident light (≪ 𝜆), the intensity of scattered 

light is inversely proportional to the light wavelength in the fourth power (~𝜆−4)[25, 

40]. Rayleigh scattering is attributed to molecular behavior. Later, it was shown by A. 

Einstein and M. Smoluchowski that local fluctuations [25] of matter density give an 

effect similar to Rayleigh scattering. Thus, the Rayleigh scattering theory can be applied 
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for a microscopic volume of matter with refractive index variations caused by density, 

temperature, or pressure fluctuations, if the volume is much smaller than 𝜆3. Thus, the 

intensity of light 𝐼 scattered by volume V is [34]:  

 

𝐼 = 9휀0
2(

휀 − 휀0

휀 + 2휀0
)2

𝑉1
2

𝜆4

1 + 𝑐𝑜𝑠2𝜃

2𝑟2
𝑁𝑉𝐼0, (2.45) 

 

where 𝐼0 and 𝐼 are intensities of incident and scattered light respectively, 휀 and 휀0 

are dielectric constants of scattering particles and its surrounding medium, 𝑉1  is 

volume of a scatterer, 𝜆 is wavelength of light, 𝜃 is scattering angle, r is distance 

from the scattering volume and 𝑁 is the average number of particles per unit volume, 

V is scattering volume. 

For scatterers (or volumes), comparable to or larger than the light wavelength (or 𝜆3 

correspondingly), the Mie scattering theory is applied [41]. The Mie formalism 

considers scattering of light on a spherical particle, and it is not strongly dependent on 

a particle size, when compared with Rayleigh scattering. In the Mie theory, scattered 

electric and magnetic fields are represented as infinite series in the vector spherical 

harmonics (electromagnetic normal modes) with weight coefficients. The coefficients 

expressed with Ricatti-Bessel, Hankel and Bessel functions [41]. The spherical 

harmonics include the angle-dependent functions which are expressed as Legendre 

polynomial series [41]. We will not consider the Mie formalism in detail due to the 

complexity of the analysis that is beyond this thesis, but rather recommend the 

references for further reading on the topic [41, 42].  

 

 

a) b) c) 

Figure 2.3. Angular distribution of polarized and unpolarized light (wavelength of 650 nm) scattered 

on a non-absorbing sphere of a radius (r): a) 𝑟 = 0.01 𝑚 (Rayleigh scattering); b) 𝑟 = 0.09 𝑚 

(transition from Rayleigh to Mie scattering) and c) 𝑟 = 1 𝑚  (Mie scattering). The figures are 

simulated with the use of open-source software MiePlot [43]. Curve notation: perpendicular (parallel) 

– the plane of observation is perpendicular (parallel) to the linear polarization of incident light; 

unpolarized – angular distribution of scattered light that was initially unpolarized. 

 

The example of angular distributions of scattered light were simulated with the use 

of open-source software MiePlot [43] for both the Rayleigh and Mie theories (Figure 
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2.3) for two extreme cases of totally linear polarized and unpolarized incident light. The 

scattered light distribution produced by a particle within Rayleigh theory for polarized 

incident light (Figure 2.3a) is similar to the radiation pattern of an electric dipole 

considered above (Figure 2.2). The evolution of scattered light distribution described 

by the Mie theory shows that for a large scatterer, the Mie theory converges to geometric 

optics, where a light beam is considered as a ray (Figure 2.3b, c). 

   Particular cases of elastic scattering associated with geometric or ray optics are 

refraction, reflection, transmission, and diffraction, to name a few. We will not discuss 

each of them, but rather give an overview of their basic mechanism. Light waves re-

emitted by dipoles are referred to as secondary waves, emitted according to the dipole 

radiation diagram. Depending on particular medium conditions and state (liquid, gas or 

solid), those waves can be either correlated in phase (dense media or crystal structure), 

or experience random phase lag (tenuous media). In any media, secondary wavelets 

depend on each other in a forward direction, so constructive interference occurs – 

transmission. If an optical beam traverses a uniform boundary of two materials with 

different refractive indices (𝑛1 and 𝑛2), constructive interference occurs in a certain 

direction within the second medium, different from the initial one, such that the incident 

light beam is refracted. A part of light is reflected back to the medium of incidence at 

the interface of the two materials, due to the interference of secondary waves 

(reflection). The angles of refraction, reflection and incidence are related with the 

refractive indices of media by Snell’s law [44]: 

 

sin(𝜃𝑖) 𝑛1 = sin(𝜃𝑡) 𝑛2 (2.46) 

 

𝜃𝑖 = 𝜃𝑟 = 𝜃, (2.47) 

 

where 𝜃𝑟 is the angle of reflection, 𝜃𝑖 is angle of incidence, 𝜃𝑡 is angle of refraction, 

𝑛1  is the refractive index of the material which light propagates first, 𝑛2 is the 

refractive index of the second medium. 

Diffraction of light obeys the Huygens-Fresnel principle according to which every 

point on a wave front is a source of secondary waves which interfere upon propagation 

(Figure 2.4). In fact, this principle is an efficient formalism rather than a real physical 

effect, but it describes the diffraction phenomena rather well. Diffraction is associated 

with the blurred shadowing, or bending the light beams behind the edges of an obstacle 

or an aperture (of a size comparable with the wavelength) into the region of its 

geometrical shadow. In other words, an obstacle scatters light waves which interfere 

and, thus, produce a shadow which differs from a simple geometrical projection of the 

obstacle.  

There are different types of diffraction distinguished, depending on the obstacle 

shape: diffraction at a slit, an aperture, periodic structures composed by slits or grooves, 

or another periodic element, for example, pillars, pyramids, etc. Certain structures with 

periodical modulation of the refractive index are called diffractive gratings. Diffraction 

gratings are dispersive components, and their working principle is presented in Figure 

2.4. If a plane wave traverses a transmission diffractive grating, every point of the 
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original wave front is a source of secondary waves which interfere constructively or 

destructively. The interference maxima, so-called orders of diffraction, are determined 

by equation Eq 2.48. It is worth mentioning that different wavelengths will have slightly 

different angles 𝜃𝑚 due to dispersion of the refractive index. 

 

𝑑(𝑠𝑖𝑛𝜃𝑖 − 𝑠𝑖𝑛𝜃𝑚) = 𝑚𝜆𝑛 (2.48) 

 

where 𝑑 is the size of the spacing between slits, 𝜆 is wavelength of incident light, 

𝜃𝑖 is angle of light incidence, m is an integer number, or the diffraction order number, 

with the corresponding 𝜃𝑚  angles, at which diffracted light has maxima, 𝑛  is the 

refractive index at the wavelength 𝜆.  

 

 

Figure 2.4. The schematics of the working principle of a diffraction grating (m is order of diffraction). 

 

The overall efficiency of a grating depends on several parameters, such as 

wavelength, and polarization of incident light. The efficiency is also affected by the 

grating design parameters, such as blaze angle for the ruled gratings and profile depth 

for the holographic gratings. 

To summarize, scattering is a fundamental phenomenon for the description of light-

matter interaction upon light propagation. Besides the fundamental properties defining 

the intensity of scattered light and its deviation from the direction of original 

propagation, one should consider possible change of light polarization caused by 

scattering. Unpolarized light can gain some polarization after transmission through a 

scattering medium, or vice versa, initially totally polarized light becomes partially 

depolarized meaning that light polarization degree decreases. Such polarization or/and 

depolarization behavior is attributed to the dipole radiation pattern. More details on this 

effect will be considered in Sections 3.2 and 3.3 which describe the experimental 

results. 
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Chapter 3 

 

3 Light scattering in transparent wood 

 

This chapter is focused on light interaction with a strongly scattering medium - 

transparent wood (TW). This material, unusual for research within optics, possesses a 

hierarchical and anisotropic structure which is neither perfectly ordered nor random. In 

this chapter, we give an overview of transparent wood, in particular, its chemical 

composition, fabrication process and internal structure features directly linked to its 

optical properties. 

 

 

3.1 Material overview 

 

As the name implies, TW is based on natural wood which has then been chemically 

modified to allow light propagation, or transmission. Natural wood consists of different 

chemical compounds where the main ones are hemicellulose, cellulose, and lignin. 

Cellulose is a core component of wood which occupies about 40-50 wt% of its content 

depending on wood species [20], and is present in wood in the form of cellulose fibrils. 

Hemicellulose is an amorphous hetero-polysaccharide that serves to prevent cellulose 

agglomeration and physically links cellulose fibrils together. It is allocated in cell walls 

and takes about 20-40 wt% of wood [45]. Lignin is mainly distributed in cell walls, yet 

with high concentration in the middle lamella and cell wall corners [46, 47]. It is an 

aromatic component rich in phenols which provides stiffness to cell walls, and thus the 

whole wood structure [48].  

Cellulose and hemicellulose are optically colorless, and thus, transparent in the 

visible range of light, while lignin has a brownish color. Lignin is responsible for 80-

95% from the total light absorption by the material [49] and the rest of light is absorbed 

by chlorophyll, tannins etc. To exclude the main absorption by lignin one can either 

deactivate the chromophores within lignin [21] or remove lignin (by delignification)[9, 

10, 12, 13]. The lignin removal process is not perfect, so about 3% of the lignin remains 

in the wood structure which introduces light absorption [50].  
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a) 

 

b) c) 

Figure 3.1. a) original wood template; b) bleached wood; c) balsa transparent wood of thickness ca 1 

mm placed on top of printed "KTH" logo. 

 

After chemical treatment, the brownish color of wood (Figure 3.1a) faded and 

transforms to white (Figure 3.1b). The template now is decolorized. Well-preserved 

structural wood morphology [10, 13] has features ranging from micrometers (vessels, 

rays, and fibers in Figure 3.2a) down to a few nanometers (cellulose nanofibrils)[51, 

52]. The wood fibers and vessels are oriented preferably parallel to the tree stem 

whereas rays are perpendicular to them. Decolorized wood is not transparent due to 

strong scattering within the porous structure at the solid/gas interfaces (Figure 3.1b and 

SEM Figure 3.2a). To make wood transparent, scattering has to be eliminated. One 

possibility to decrease scattering, and thus, make the material transparent, is infiltration 

of a wood template with a refractive index matching polymer [16, 50], for example, 

commonly applied polymethyl methacrylate (PMMA) [10, 53], (Figure 3.1c and SEM 

Figure 3.2b). The fabrication process of TW described in brief is as follows: first, 

eliminate absorption of light by lignin by any mentioned means (during this process, 

the wood structure becomes white and more porous) and then fill the pores (air-voids) 

with a polymer to drastically reduce scattering at air/matter interface. The detailed 

description of the preparation process and detailed TW material overview can be found 

in Paper I.   

 

 

a) 

 

b) 

Figure 3.2. SEM Images of balsa wood: a) bleached wood template (without polymer); b) wood 

template infiltrated with polymer. 

 

Although transmission of light by TW can be higher than 90% [11, 14, 21] (the 

particular transmission values vary between samples of different thickness, species, or 
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those produced via different technological steps), it never reaches 100% due to residual 

absorption (by lignin) and scattering. As mentioned, wood is a complex compound. It 

contains many chemical components with slightly different refractive indices, for 

example, cellulose (1.525 with light propagating perpendicularly to the wood fibers, 

and 1.596 along with the fibers), hemicellulose (1.532) and lignin (1.61)[9, 54]. Thus, 

the averaged refractive index value is applied to a wood template (n≈1.53). The 

infiltrated polymer (PMMA n≈1.49 in our experiments) does not perfectly match to the 

average refractive index or to that of each element, so there is always a minor refractive 

index mismatch and, thus, residual scattering. Another possible source of scattering is 

air-filled voids that appear due to incompatibility between wood cell walls and the 

polymer as well as polymer shrinkage during polymerization (Figure 3.2b highlighted 

in red) [15, 54]. Considering the observations above, scattering and transmission (as 

related to absorption) of light should be characterized in order to describe the optical 

properties of TW. 

 

 

3.2 Scattering properties of TW 

 

In previous studies, optical properties of TW were described with the use of 

transmittance and haze values [12, 13, 21]. The measurement routine applied was in 

accordance with the one established by the American Society for Testing and Materials 

ASTM D1003-13 for plastic materials [22]. This method uses an integrating sphere 

with a few openings (Figure 3.3a): an entrance port, and the ports where a white light 

standard and a detector (power meter or spectrometer) are located. There are restrictions 

applied to the size of the ports and their location relative to each other as well as the 

pump beam diameter. For instance, the overall port opening area should not exceed 4% 

of the total area of the reflective surface. We will omit detailed discussion of the ASTM 

standard here, but for a detailed description, we recommend the reader to consult [22].  

 

  

 

a) 

 

b) 

Figure 3.3. a) Integrating sphere setup for transmittance and haze characterization according to ASTM 

standard; b) Photo of scattered light distribution taken post TW sample. 

 

Transmittance measurement is quite straightforward. A TW sample is located in the 

contact with the entrance port, and the light source is placed outside of the integrating 

sphere, so light impinges normally on the sample surface. Transmittance is defined as 
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a ratio of intensities measured with and without a specimen placed at the entrance port. 

The measured transmittance is higher than direct transmittance, as the output signal is 

integrated over the scattering cone by the sphere. In order, to measure the direct 

transmittance a sample has to be placed at a distance from the entrance port. 

The haze value established by the same ASTM standard was traditionally applied 

for scattering characterization of TW [22] in terms of image content, i.e. how clearly 

(sharply) the image which is projected through the TW can be observed. In order to 

measure haze, four intensity measurements should be taken: the first one is without the 

sample and with the white light standard placed (to find total intensity of light entering 

the sphere T1); the second one is with the sample placed and white light standard (light 

transmitted through the sample T2); the third one is with the sample placed and the 

white light standard substituted with a light trap (to find the scattered light by sample 

without ballistic photons T3); and the last one is without the sample and with the light 

trap placed (to estimate the scattering by the sphere itself T4). Thus, the haze value is 

characterized as the ratio between scattered intensity without ballistic photons (diffused 

transmittance) to the total transmitted intensity by a sample with the correction of the 

sphere imperfections (T1 and T4). For further reading on the topic see [22]. 

 

𝐻𝑎𝑧𝑒 = (
𝑇3

𝑇2
−

𝑇4

𝑇1
) × 100% (3.1) 

 

The structural anisotropy of TW is revealed in the asymmetry of the scattered light 

distribution (Figure 3.3b). To investigate the anisotropy of the scattering properties of 

TW we have measured scattering distribution in two orthogonal directions (horizontal 

and vertical). We have chosen vessels that are clearly seen by the naked eye as a visible 

reference for TW sample orientation.  

 

 

Figure 3.4. The schematics of the setup for angular scattered light distribution measurements. Inset: 

photo of part of the setup for general understanding. LP – linear polarizer, QWP – quarter wave plate, 

TW – sample of transparent wood, PM – power meter.  
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The measurement setup for the angular scattered light distribution (Figure 3.4) 

consists of He-Ne CW laser beam circularly polarized with the use of a linear polarizer 

(LP) and a quarter-wave plate (QWP). In order to measure the scattering intensity 

distribution in two orthogonal directions, the balsa TW sample was rotated in a way 

that wood fibers/vessels are oriented to the plane of measurement (angular scanning of 

the detector) either parallelly (scanning in the horizontal direction) or perpendicularly 

(vertical scanning). The scattered light is collected with the power meter (PM) placed 

on a stage for angular scanning (radius of 13.6 mm) (Figure 3.4 photo), and having an 

aperture of 1.8 mm to avoid measured intensity convolution. 

 

 

Figure 3.5. Angular scattered light distribution for samples of different thickness. Inset: photo of the 

samples of balsa transparent wood. 

 

The scattering distribution is strongly dependent on the thickness of the sample 

(Figure 3.5) and its orientation, or in other words the direction of scanning. The 

scattering is dominant in the direction perpendicular to vessels, and thus, to wood fibers 

co-aligned with them (fibers can be misaligned from vessels by up to 6 degrees for balsa 

[55]). As fibers are the main structural component they occupy a higher volume fraction 

in comparison with rays located perpendicularly to them, thus, they contribute more 

significantly to scattering. Alternatively, one can consider a TW structure as the one 

consisting of a few diffraction gratings with different pitch size and weight coefficient 

formed by rays in one direction and vessels and fibers in the other. In order to 

understand scattering distribution better, we have analyzed the width of the scattering 

curve by applying the full-width half maximum (FWHM) value.  

The dependence of the FWHM on sample thickness, for two orthogonal sample 

orientations, has two distinguishable regions (Figure 3.6). For samples which are 
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thinner than 2 mm, FWHM is almost independent of the sample thickness for both 

horizontal and vertical orientations, with a slightly broader distribution in the vertical 

direction. For thicker samples, however, the transmitted beam expands significantly. 

The different rates are established for both orientations. It is obvious that the scattering 

regime changes at a certain thickness (in our case about 2mm). We associate this value 

with transport mean free path (TMFP) [56], meaning that, when the thickness of the 

sample reaches TMFP, there are no ballistic photons within the beam, thus light 

propagation direction is totally randomized. As seen from the corresponding photos of 

the samples (Figure 3.5 insets), the image behind a TW piece blurs significantly for the 

samples whose thickness exceeds 2 mm. 

 

 
Figure 3.6. a) Dependence of FWHM for horizontal and vertical sample orientations from the sample 

thickness 

 

The discussion above raises the question concerning the applicability of haze and 

transmittance values for characterization of optical properties of TW due to the 

following reasons: the ASTM standard assumes uniform scattered light distribution; 

haze is roughly determined as a ratio of ballistic photons to the total amount of photons, 

but if a sample is thicker than the TMFP value, there are no ballistic photons at all; the 

measured data (for both values) is strongly dependent on the entrance port diameter 

relative to the beam size and sample thickness, because part of light can be blocked by 

the port size in one direction due to anisotropic scattering (the beam expands faster in 

directions perpendicular to fibers/vessels). Considering the reasoning above, it is 

obvious that implementation of the ASTM standard originally created for the 

transparent plastics characterization might lead to incorrect values measured. Therefore, 

instead of haze, it would be feasible to apply another parameter for scattering 

characterization. For example, a completely new characteristic, the degree of 

anisotropic scattering. 

The suggested parameter, degree of anisotropic scattering, for horizontal and vertical 

sample orientations is determined as the ratio of corresponding FWHM (horizontal or 

vertical) to the sum of FWHMs of both distributions (Figure 3.7). The meaning of the 

introduced degree is as follows: if it equals 0.5 for both directions, it symbolizes 

uniform scattering; its value tends to unity when case scattering is preferable in that 

direction, thus it approaches zero for the direction of minor scattering. Its dependence 
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on the sample thickness is constant, that demonstrates the applicability of the parameter 

for the comparative analysis of samples regardless of their thickness in contrast to haze, 

where values presented in literature vary quite inconsistently with thickness (Paper I 

for more details). Indeed, the wood structure varies for different wood species (ash, 

birch, balsa, etc.) and wood types (hardwood, softwood) as well as earlywood and 

latewood (depending on the season). In the latter case, size variation of the structural 

features is not that significant, so scattering efficiency is not affected much and thus the 

degree value still remains the same within experimental accuracy. Therefore, the degree 

of anisotropic scattering can be potentially applied as a characteristic scattering constant 

for different wood species. For more discussion on the topic, we recommend to consult 

Paper II.  

 
Figure 3.7. Dependence of degree of anisotropic scattering for vertical and horizontal sample 

orientation from the thickness of the TW piece. 

 

 

3.3. Polarization properties of TW 

 

Since TW is a highly scattering material, it modifies polarization properties of the 

light propagating through it. In order to investigate this effect, we examined spatial 

polarization distribution of transmitted light at the TW sample surface. The polarization 

state at each spatial point on the sample surface was retrieved via estimation of Stokes 

parameters with a resolution of 5 µm per pixel limited by magnification of the imaging 

optics and CCD pixel size.  

The experimental setup (Figure 3.8a) consists of a light source, a broad band green 

light emitting diode (LED), a CCD camera, and a set of polarizers (linear and circular). 

The LED had peak wavelength at 528 nm with FWHM of about 30 nm (Figure 3.8b) 

and the beam diameter was about 8 mm. Such a light source was chosen due to its low 

coherence to avoid any interference pattern which could possibly be produced by the 

scattered light. According to Eq. 2.42 and 2.43, coherence time of the LED is about 32 

ps, which corresponds to a coherence length about 94 m. Ensuring low coherence of 

light, we avoided errors in the measurements which were produced by possible speckle 

patterns due to interference. The measured Stokes parameters are intensities, thus 
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redistribution of the intensity over the sample surface would have led to incorrect 

measurement of the Stokes vector or polarization state at every point on the sample. 

 

 
a) 

 
b) 

Figure 3.8. a) Experimental setup. The dashed grey line indicates the part of the setup which was later 

substituted with a polarimeter. LP - linear polarizer, CP - circular polarizer, DG - diffused glass, MO 

- microscope objective, CCD - charge-coupled device; b) Emission spectrum of the green LED. 

 

To reconstruct the initial state of polarization, four Stokes parameters described in 

Chapter 2 (Eq. 2.22 - 2.25) were estimated. The measurement procedure is described 

as follows: at first, we measured the reference beam without any components; after this, 

three measurements with linear polarizers set at 0°, 45° and 90° angles were completed. 

The last measurement was done with the circular polarizer that blocks right-circular 

polarized light (a fast axis of QWP at -45° to the axis of a linear polarizer, so left-

circular polarized is transmitted at its best). Possible image displacement caused by 

change of components was compensated at the data processing stage with the use of a 

reference mark placed on the sample surface. Thus, we ensure that image pixels are 

spatially matched with the same pixels for all measurements. 

 

 
a) 

 

b) 

 

c) 
 

d) 

Figure 3.9. Spatial distribution of polarization parameters over the sample surface: a) The degree of 

polarization (DOP, %); b) The angle of rotation (ψ, degree) of polarization ellipse; c) The ellipticity 

angle of polarization ellipse (χ, degree); d) Scattered light intensity over the sample surface (counts). 

The samples were oriented in such a way that vessels are in a horizontal position. The reference mark 

is seen on the left side. Light source - green LED (528 nm). Incident light is unpolarized. 

 

Stokes parameters give full information about the light’s state of polarization (SOP) 

and degree of polarization (DOP) (Figure 3.9a). If the Stokes vector is known, the 
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parameters of a polarization ellipse for the polarized part of light (angle of rotation ψ 

(Figure 3.9b) and ellipticity χ (Figure 3.9c)) can be retrieved (Eq.2.29-2.30). Although 

the distribution of SOP parameters over the surface is quite uniform (Figure 3.9b, c), it 

has some areas of smaller values where wood features i.e. vessels can be clearly seen 

(Figure 3.9a and 3.9d). Since the incident beam is unpolarized, low values of DOP 

indicate negligible light scattering by vessels. The averaged value of DOP over the 

measured area (3×3 mm) is about 50% (Figure 3.9a), thus unpolarized light from the 

LED source gains some polarization after propagation through TW. The polarized part 

of the transmitted light is oriented perpendicular to vessels (located horizontally in 

Figure 3.9). The unpolarized light can be represented as a mixture of two orthogonal 

polarizations. Thus, light of polarization parallel to wood vessels and fibers (fibers can 

be misaligned from vessels by up to 6 degrees [55]) is scattered differently in 

comparison to perpendicular polarization, in particular – more efficiently. In other 

words, unpolarized light passed through the TW structure becomes partially polarized 

due to polarization dependent scattering. 

 

a)  

 

b)  

Figure 3.10. a) The dependence of output linear polarization state (angle of polarization ellipse rotation 

ψ, degrees) on the orientation of wood fibers estimated with two techniques: CCD (results are 

averaged over the measured area) and the polarimeter; b) The dependence of the DOP from the 

orientation of wood fibers estimated with two techniques. Orientation angle is established relative to 

the horizontal axis of the lab frame, thus orientation angle of 0°- horizontal orientation of the vessels, 

and 90°- vertical orientation. Light source - green LED (528 nm). Incident light is unpolarized. 

 

The same conclusion can be derived from the analysis of the dependences of output 

SOP and DOP from the orientation of the sample (Figure 3.10). The presented results 

have been obtained by averaging measured data with the CCD over the sample surface 

(red circles) and by a commercial polarimeter (Polarization Analyzer System PAN 

5710VIS from Thorlabs Inc.). The output polarization of the polarized part of scattered 

light (Figure 3.10a) varies with the rotation of the sample relative to the horizontal axis 

of the lab frame, and, as predicted, the DOP is independent on sample orientation 

(Figure 3.10b). In addition, the angular distribution of scattered light supports the 

arguments about the dependence of scattering efficiency on the mutual orientation of 

wood fibers and oscillations of electric field (Figure 3.11). The distribution was 
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measured with linearly polarized incident light of a He-Ne laser, with details on the 

experimental setup discussed above (Figure 3.4).  

 

 
Figure 3.11. Normalized angular intensity distribution of scattered light for balsa TW of 1.2 mm 

thickness at different input linear light polarizations: P0 – horizontal, P45 – 45 degrees, P90 - vertical. 

The sample is located in a way to make the vessels vertically oriented. Light source - He-Ne laser 

(633 nm). Incident light is linearly polarized. 

 

The reason for such polarization dependent scattering properties of the structure is 

related to the orientation of wood fibers which are almost parallel to vessels (fibers can 

be misaligned from vessels by up to 6 degrees for balsa wood [55]). TW mainly consists 

of wood fibers each of which has three secondary layers (S1, S2, and S3) [19, 20] of 

microfibrils within a cell wall (Figure 3.12). In fact, the microfibrils are a few 

nanometers in diameter, but this term is well-established in the literature [57, 58]. The 

microfibrils are organized in lamellae and oriented at a particular angle, the so-called 

microfibril angle (MFA), inside each secondary layer (shown for the S2 layer on Figure 

3.12). The MFA angle depends on wood species as well as variation by a wood during 

its lifetime in response to environmental stresses [59]. Therefore, even samples taken 

from different parts of a wood might have slightly different values of MFAs. The S2 

layer occupies most of a cell wall [58, 60], and thus it determines the mechanical 

properties of the wood, such as modulus of elasticity, strain and extensibility [61, 62].    

Cellulose microfibrils are helices that wrap around a long axis of the wood fiber 

(Figure 3.12). Fibrils in the S2 layer are always oriented in a right handed helix along 

the fiber in a longitudinal direction, whereas microfibrils in S1 and S3 layers can be 

oriented in opposite helical directions [63]. The fibrils contain both crystalline and 

amorphous regions, with the degree of crystallinity in the order of 40–60 % for both 

softwoods and hardwoods [64-66]. As there is some crystallinity degree, we refer to it 

here as cellulose crystallites that possess birefringence [67, 68]. The crystallites consist 

of highly oriented cellulose molecules with long-range ordering [67]. Cellulose has a 

permanent electric dipole moment due to the asymmetric nature of the polar 

glucopyranosyl monomers, i.e. the chemical polarity of the cellulose chains, and the 

parallel, non-centrosymmetric structure of the chains in native cellulose inside cellulose 

crystals [57]. 
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Figure 3.12. Sketch of the cell wall structure of a wood fiber (left) (reproduced from [20]); schematic 

representation of the cell wall of a tubular wood fiber (right side).  

 

The efficiency of the dipole scattering is proportional to the projection of the vector 

of electric field on the dipole axis. Thus scattering is most efficient when oscillations 

of electric field are oriented along the dipole axis (Chapter 2.4). Mathematically, the 

scattering efficiency is proportional to the cosine of the angle between dipole and 

electric field (Figure 3.12): 

 

𝑐𝑜𝑠(𝛿) =
�⃗� ∙ �⃗� 

|�⃗� ||�⃗� |
= 𝐸𝑥𝑃𝑥 + 𝐸𝑦𝑃𝑦 + 𝐸𝑧𝑃𝑧 (3.2) 

 

Since the dipoles follow helical curves in layers, they keep their MFA constant within 

a S-layer relative to the longitudinal direction of the fiber, while angle β between local 

dipole direction and electric field is changing in the laboratory frame. For brevity of 

notation, we show only a final equation for the cosine-factor of the efficiency of dipole 

scattering by a S-layer. More technical details are given in Paper III. Since the electric 

field has no z-component (Figure 3.12), equation 3.2 can be re-written as: 

 

cos(𝛿) = cos(𝛾) cos(α) + sin(𝛾) sin(α) cos(𝛽) (3.3) 

 

where α is the MFA, 𝛾 is the polarization angle, 𝛽 - the variable angle relating 

to the direction between a local dipole and field polarization (Figure 3.12), and 𝛿 is 

the angle between electric field and local dipole. 

 Equation 3.3 considers scattering of light by microfibrils of the individual S-layer 

since angle α is different for each of them. For balsa wood, typical values of MFA for 

S1-S3 layers are 45, 7.4 and 80 [55]. The MFA angle of the S2 layer (6.4 ± 0.4°) 

was measured for our sample by wide angle X-ray scattering (WAXS) [69]. The 

simulation of corresponding curves of scattering efficiency are presented in Figure 

3.13a. Therefore, the total scattering efficiency should consider contributions from all 

layers (S1, S2 and S3) with proper weighting coefficients (Figure 3.13a red curve). 

 The degree of polarization is defined as the ratio of polarized light intensity to the 

total light intensity (Eq.3.4). The dipole radiation pattern presented in Figure 2.2 shows, 

that only a small part of light scattered by every dipole will be collected by the detector 
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placed behind a TW sample within a solid angle which is defined by the detector 

aperture and distance from the sample.  

 

DOP =
𝐼𝑝𝑜𝑙

𝐼𝑡𝑜𝑡
=

1 − 𝐼𝑑𝑖𝑝 ∙ 𝑘

1 − 𝐼𝑑𝑖𝑝 ∙ 𝑘 + 𝐼0 ∙ 𝑐
, (3.4) 

 

where 𝐼𝑝𝑜𝑙 is normalized intensity of the polarized part of light, 𝐼𝑡𝑜𝑡 is normalized 

total intensity, 𝐼𝑑𝑖𝑝 is intensity of light scattered by dipoles into a full solid angle, 𝐼0 

is intensity of scattered light reaching the detector area, k is a coefficient which depends 

on scattering cross-section and sample thickness, and c is a coefficient which depends 

on material thickness for the polarized part of the scattered light. Coefficients k and c 

are the fitting parameters. Figure 3.13b shows the dependence of simulated DOP from 

the polarization of light with the properly adjusted coefficients (k and c). Paper III for 

more details.  

 

 

a) b) 

Figure 3.13 a) Calculated dependence of normalized scattered light intensity from the angle of input 

linear polarization for each of three secondary-levels of a wood fiber (MFA values of 45, 6 and 80,) 

and for the total contribution of all layers; b) Dependence of simulated DOP on the input linear 

polarization of light. 

 

The predictions (Figure 3.13b) are in reasonable agreement with the experimental 

data, although the model is oversimplified (Figure 3.14a). The minima of DOP are 

observed at angles of incident polarization (25° and 155°) where contribution of fibrils 

of the secondary levels is highest. The examples of spatial distribution of DOP 

measured for two input linear polarizations (25° and 70°) are presented in Figure 3.14b. 

The DOP distribution shows a significant decrease of the DOP value at the incident 

light polarization of 25° for balsa TW, while for the input polarization of 70°, DOP is 

about 90-100%. Also, the DOP distributions (Figure 3.14b) differ significantly from the 

DOP distribution for unpolarized light (Figure 3.9a). 
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a) 

 
b) 

Figure 3.14. a) The dependence of degree of polarization (DOP) from the input linear polarization b) 

Spatial distribution of DOP for balsa TW over the sample surface for linear input polarization of 25° 

and 70°. The vessels are in horizontal position. Light source - green LED (528 nm).  

 

It is interesting to notice that we have observed a different behavior of the angle of 

polarization ellipse rotation (ψ) for the case of polarized input emission (Figure 3.15a) 

in comparison to unpolarized (Figure 3.10a). The change of input polarization angle is 

equivalent to the rotation of the sample in the laboratory frame. With continuous change 

of the input linear polarization, the output polarization remains constant (horizontal 

polarization parallel to the fibers) until a certain value of the angle (25° and 155°), 

where it rapidly changes the polarization state to an orthogonal one (vertical) (Figure 

3.15a). The values of the angle of input polarization are the same where the DOP 

dependence has minima (Figure 3.14a). The dependence of ellipticity angles (Figure 

3.15b) also changes its behavior at these angles of input polarization, symbolizing the 

highest delay between two orthogonal electric field components, and thus highest 

birefringence.  

 

 

a) 
 

b) 

Figure 3.15. Measured dependence of parameters of output polarization state from the input linear 

polarization: a) rotation angle of polarization ellipse (ψ); b) ellipticity angle of polarization ellipse (χ). 

The orientation of wood fibers is horizontal. Light source - green LED (528 nm). Incident light is 

linearly polarized.  
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In a particular experiment (Figure 3.16) carried with the setup (Figure 3.8a), the 

initial light polarization of the LED was set to 60° referring to the horizontal direction. 

After light propagated through the TW, it became partially depolarized where the DOP 

dropped from 100% down to 65% (in average). According to the discussion in Section 

2.4, such depolarization due to scattering is expected and explained by different 

polarization states of the secondary waves, produced as a result of multiple scattering. 

This trend is clearly seen in Figure 3.16c, where the angle of polarization ellipse (ψ) 

changes from pixel to pixel, where 88° is the most probable value. Due to scattering 

inside the material, the process of random photon walk inside the material is stochastic, 

meaning that the change of polarization at each spatial coordinate on a sample surface 

is also stochastic. Besides change of inclination of polarization (ψ), it becomes slightly 

elliptical (with the average ellipticity about 2-3°), which symbolizes some birefringence 

of the material. The birefringence can be attributed to the birefringent properties of the 

cellulose nanocrystals located in the cellulose fibrils [67, 68].   

 

 

a) 
 

b) 

 

c) 

Figure 3.16. a) the angle of rotation (ψ) of polarization ellipse; b) the ellipticity angle of polarization 

ellipse (χ); c) the degree of polarization DOP. Input polarization is linear (ψ =60° χ=0°). Averaged 

values integrated over CCD area are ψ=88°, χ=2.3° and DOP=65%. Light source - green LED. 

 

To summarize, TW has a well-preserved hierarchical wood structure that has distinct 

ordering, albeit quite random. Although TW has a high transparency in the visible light 

spectrum, it also exhibits strong light scattering. Traditionally, optical properties of 

materials are characterized with transmittance and haze values determined by the 

ASTM standard. Scattering distribution of light transmitted through the TW is highly 

anisotropic. Thus, applicability of ASTM standard to TW materials is questionable. 

Instead, a new parameter for characterization of scattering, the degree of anisotropic 

scattering, can be used. The characteristic values of the degree are independent from 

the sample thickness and can potentially be applied to comparative data analysis of 

scattering properties of different wood species. Scattering properties of TW are 

dependent on the polarization of incident light. Light with polarization co-aligned to 

wood fibers is scattered more strongly. The effect can also be observed as an increase 

in polarization degree of totally unpolarized light propagating through the material. For 

polarized incident light, the effect is the opposite – the degree of polarization of the 

transmitted light is decreased. The depolarization efficiency of TW is determined by 

mutual orientation of electric field polarization and the direction of wood fibers. 
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Chapter 4 

 

4 Transparent wood as an active material   

 

In this chapter, we discuss the optical properties of a dye-transparent wood 

composite. The active dye brings optical gain in a highly scattering, naturally ordered, 

transparent wood template that results in the generation of laser emission. This chapter 

discusses the origin of the lasing in dye-TW material as well as the properties of the 

laser emission such as emission spectrum and spatial coherence. 

 

 

4.1 Quasi-random laser based on dye-TW 

 

Transparent wood with its hierarchical sponge-like template is a perfect platform for 

multi-functionalization. During the last few years, it was demonstrated that TW can 

gain some additional functionalities and optical properties via doping with additives. In 

literature, there are examples of TW matrices incorporated with: nanoparticles 

(magnetic Fe3O4 [16], CsxWO3 for IR shielding [50]), luminescent magnetic additives 

(γ-Fe2O3@YVO4:Eu3+) [15], silicon or CdSe quantum dots QDs [54], carbon dots CDs 

[70] and dyes (Paper IV). The later example of a gain material, such as a dye 

impregnated in the highly-scattering TW template, led to the very interesting 

mechanism of lasing action that we refer to here as quasi-random lasing. 

There is an interesting class of lasers, so-called random lasers (RL) [71-73], where 

optical feedback is provided not by the external resonator as in conventional lasers, but 

rather by the multiple scattering of emission within the gain media. In random lasers, 

generally, the scatterers are randomly distributed in an active material [74-76] or in 

some cases a gain medium is represented in the form of a powder [77-79]. In the case 

of TW impregnated with a dye, the structure of the host material (TW) is neither 

perfectly ordered (imperfection due to natural ordering) nor random, and optical 

feedback is provided via scattering inside the active material (dye-TW). Thus, the 

concept of laser action in a dye-TW composite is quite similar to RLs (optical feedback 

realized via scattering), but still different (naturally ordered and highly scattering 

structure of TW rather than randomly distributed scattering centers), and referred to 

here as a quasi-random laser to avoid terminology confusion.  

In brief, the fabrication process of a dye-TW material is very similar to the one used 

for TW. The only additional step is impregnation of an organic dye Rhodamine 6G 
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(Rh6G) [80] in a solution of a monomer methyl methacrylate (MMA) before 

polymerization (see Paper IV for more details). Figure 4.1 shows the samples at the 

different fabrication stages. As Rhodamine 6G has high optical gain, its integration into 

a TW matrix makes the material optically active. 

In order to estimate the emission properties of the dye-TW composite, we have used 

the variable stripe length (VSL) method that is typically applied for estimation of 

optical gain of a material [81, 82]. Experimental setup (Figure 4.1) includes a Q-

switched Nd:YAG laser (Quantel Brio) with the second harmonic generation (SHG) (5 

Hz, 4 ns, 7.5 mJ , λ = 532 nm) at the output, passing through a beam expander and a 

diaphragm for uniform illumination. A cylindrical lens focuses the pump light into the 

line of 200 µm-width whose length is selected with a shield position. The pump stripe 

is located along wood fibers in the longitudinal direction. Pump power is controlled 

with a set of neutral density filters. Fluorescence from the dye-TW sample is collected 

with a multi-mode fiber (MM fiber) from the sample’s facet perpendicular to the 

pumping direction, and analyzed with a spectrometer triggered for a single shot 

acquisition via a synchronization port (for more details Paper IV). 

 

 

Figure 4.1. Schematics of the experimental setup. Inset: photo of samples. ND filter - neutral density 

filter, MMF - multi-mode fiber, OSA - optical spectrum analyzer. 

 

To estimate the influence of wood structure on emission properties, we performed a 

comparative analysis of emission spectra of the dye-TW and dye-polymer (the 

reference) materials. The reference sample was prepared with the same polymer 

(PMMA) and the same dye concentration as used for the fabrication of dye-TW sample. 

The geometrical parameters of the samples were similar. Thus, the samples tested were 

identical except for the presence of a wood structure in one of the specimens.  

In order to analyze the origin of the optical feedback, the behavior of emission 

spectra was analyzed at the fixed pump power and varying length of the pump line. The 

reference sample demonstrated typical behavior for a conventional dye laser with a 

Fabry-Perot resonator. Although the external mirrors were missing, the change of the 

refraction index on the borders between the sample (n≈1.5) and surrounding (air) gives 

rise to minor reflection (roughly 4-5% for normal incidence according to Fresnel’s 
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equation) [25] established optical feedback. Owing very high quantum yield of the dye 

(99%) [80], amplification was enough to overcome optical losses due to low reflection 

of the facets (serving as cavity mirrors), and/or low Q-factor of the resonator. The 

emission spectrum of the reference sample evolves with the increase of the stripe length 

from the photoluminescence (FWHM≈50 nm) via amplified spontaneous (FWHM≈15 

nm) emission ASE to stimulated emission (with sharp laser peaks on top of ASE) 

(Figure 4.2a). 

In comparison with the reference, the dye-TW sample demonstrated different 

behavior (Figure 4.2b). The shape and the width of the emission spectrum are 

insignificantly affected by the length of the pump line. The reason for such a behavior 

is the different feedback origin. The sponge-like structure of TW mostly consisting of 

wood fibers with highly scattering walls (refractive index mismatch and air-filled pores) 

is filled with the active material (dye). Thus, wood fibers can be considered as 

individual lasers. By varying the length of the pump line, the number of the lasers being 

active, differs. At the short length of the pump stripe, the individual contributions of the 

fibers/lasers are seen via small peaks which vanish with the increase of the length of 

the pump stripe.  

 

 

a) 
 

b) 

Figure 4.2. The evolution of emission spectrum at fixed pump energy (6mJ) and varying pump line 

length for: a) reference dye-PMMA sample (the spectral lines are shown with proper scaling 

coefficients); b) dye-TW sample. Pump light - SHG of Nd:YAG laser (532 nm). 

 

At the next step, we fully illuminated the samples with a pump stripe and traced the 

evolution of the emission spectrum while changing the pump power. Pump power was 

controlled with neutral density filters of differing transmission percentage. The 

reference sample demonstrated peaks of laser emission which were observed in addition 

to amplified spontaneous emission ASE, whose position was fixed due to the presence 

of preferable lasing modes (Figure 4.3a). The Dye-TW sample demonstrated a smooth 

emission spectrum for different pump energies with an emission line width of about 5-

7 nm (Figure 4.3b). The collective nature of emission of the dye-TW material is 

revealed in the broadening of the emission line to several nanometers (for more detailed 

discussion, see Paper IV). 
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a) 

 
b) 

Figure 4.3. The evolution of emission spectrum for samples fully illuminated with the stripe at 

varying pump energy for: a) reference dye-PMMA sample with pump stripe length of 3.5 mm; b) dye-

TW sample with pump stripe length of 9 mm. Pump light - SHG of Nd:YAG laser (532 nm). 

 

Besides emission spectra, the lasing curve, and threshold pump energy of the quasi-

random laser based on dye-TW material, were estimated. For more information about 

the measured data and procedure, we recommend the reader refer to Paper IV. We will 

not consider it in detail here as it is not of significance for the discussion of the origin 

of laser emission in the material. Instead, we devote attention to the spatial coherence 

of the emission of such a unique light source.  

 

 

4.2. Spatial coherence properties of the quasi-random laser  

 

As discussed in the introduction section, coherence is one of the fundamental 

properties of light. In particular, spatial coherence establishes the phase correlation 

between light waves produced by different point sources within the light source. 

Therefore, in order to estimate the correlation between individual lasers (the fibers) 

within a dye-TW structure, the spatial coherence should be evaluated. 

The experimental setup for two-dimensional spatial coherence measurements can be 

divided into two sections (Figure 4.4). One section is a VSL-setup (described above in 

detail) which was used to obtain quasi-random laser emission. The other section is 

attributed to the design of an interferometer applied for estimation of spatial coherence 

whose value is equal to the visibility of an interference pattern produced by two replicas 

of the beams of equal intensity (Eq. 2.41).  

 Briefly, the setup working principle can be described as follows (Figure 4.4). A 

Dye-TW sample is pumped with a green laser beam shaped as a stripe of uniform 

intensity (VSL design). The emission produced by the sample is collected at the side 

with a lens (L2) and pump light is filtered out with a long pass filter (F). Grating G1 is 

used to split the input beam into two identical replicas, while grating G2 combines these 

replicas together to form an interference pattern. Electronic shutters (ES) are applied 

for corrections of the measured data as two beams might have slightly different 

intensities. The interference picture is collected with the microscope objective and the 

detector. Gratings are located on the moving stage, so displacement of the beams is 
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established via the relative position of the stage and microscope objective. For example, 

the stage is moved in such a way that the microscope objective is positioned in the plane 

marked with a red dashed line (Figure 4.4), so the beams overlap partially. It should be 

noted, that such a setup design provides zero path difference for the beams and thus, 

the influence of temporal coherence on the measurement results is avoided. One should 

notice, that during the scanning performed along the z-direction, the stage moves, but 

the overall distance which light propagates is approximately constant. Thus, the 

dependence of coherence on the propagation distance according to the Van Cittert–

Zernike theorem [31] is avoided as the setup geometry is compact (tens of cm).  

 

 

Figure 4.4. Schematics of the setup for spatial coherence measurements. L1 and L2 – lenses; A – 

aperture; CL – cylindrical lens; F – long pass filter to filter out the pump; G1 and G2 – binary phase 

gratings; ES1 and ES2 – electronic shutters; MO – microscope objective; CCD – charge-coupled 

device (detector).  

 

There are a few cases depicted in Figure 4.5a (the top 3 pictures) for an intuitive 

understanding of the setup operation. The measurements start at zero displacement of 

two replicas of the input beam (Δ𝑥 = 0 ). The origin of the coordinate system is 

attributed to the middle of the beams overlapped, thus 𝑥 is spatial coordinates of the 

points inside the beam. The displacement Δ𝑥  between the beams can be either a 

positive or negative value depending on the scanning direction. By scanning the beams 

(varying the displacement) at different points (spatial coordinates 𝑥), and analyzing the 

interference pattern, the spatial coherence function can be evaluated (Figure 4.5a). The 

values of the degree of spatial coherence are represented with the color bar.  

The overall degree of spatial coherence is quite low, with the averaged value of the 

degree |�̅�| = 0.16 ± 0.01 ; it reaches unity at zero separation between the beams, 

although already at very small displacements the interference pattern vanishes. It is 

clearly seen in Figure 4.5b that represents the image of the emitting surface of the 

sample where the walls of separated fibers can be distinguished, as most of the dye, and 

thus highest emission intensity, is located there. The corresponding images of the 
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interference patterns at zero, and 10-m displacements of the replicas of the input beam 

are presented below. Such a vague interference pattern is attributed to low values of 

spatial coherence that, in its turn, indicates negligible phase correlation between 

individual fibers/lasers. Readers can find more details about coherence measurements 

and comparison of the spatial coherence results of a dye-TW with the reference dye-

PMMA sample in Paper V.  

 

 

a) 

b) 

Figure 4.5. The measurement of the degree of spatial coherence where its amplitude is indicated with 

the color bar. Inset of the figure gives intuitive understanding of the measurements.  

 

 To summarize, as it follows from the experimental results discussed here and above, 

dye-TW materials work as a quasi-random laser, where closed-loop optical feedback is 

provided by scattering, mostly, on the walls of wood fibers. Each cellulose fiber works 

as an individual resonator, thus providing multimode lasing of the dye-TW sample. The 

measured degree of spatial coherence is low, which symbolizes the absence of phase 

correlation between the individual fiber-based emitters. The emission line of several 

nanometers is the result of individual laser peak contributions. Low spatial coherence 

of quasi-random laser emission together with quite a narrow emission spectrum, and 

thus high brightness, creates the potential for the application of the dye-TW material in 

areas where high brightness and low spatial coherence are required, for example, in 

speckle-free imaging. 
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Chapter 5 

 

5 Conclusions and future work 

 

 

5.1 Conclusions 

 

In this dissertation, we present the study of light interaction with an anisotropically 

scattering medium, namely, transparent wood (TW). It is a very interesting material that 

retains its scalability in bulk volumes due to its hierarchical and anisotropic internal 

structure of nano-/micro-meter size features. The optical transparency of such an 

organic substance as wood reveals much novelty in its optical properties and high 

potential in various applications. There are many works dedicated to the investigation 

of light interaction with either random or ordered structures, whereas for TW, the 

structure possesses only partial ordering due to natural growth, and makes an 

intermediate case between the two extreme examples. As TW is quite a unique material, 

we include a brief review of its internal structure and chemical composition, as well as 

some details of the fabrication technology. Knowledge of the internal structure of TW 

is key for understanding its optical properties. 

In order to describe light interaction with the material we briefly mentioned the basic 

concepts of electromagnetic waves and Maxwell’s equations. The main definitions and 

terms which we use for presentation and discussion of the experimental results are also 

covered in the scope of the thesis. Here we bring theoretical background for the 

understanding of fundamental concepts based on the electromagnetic nature of light, 

such as coherence, polarization, interference, and scattering. The latter two phenomena 

are essential for the description of light-matter interaction, whereas the coherence and 

polarization are more related to emission properties of a light source, but can also 

provide more information about the material where light propagates. 

For an estimation of optical properties of TW, we revise the method based on the 

American Society for Testing and Materials standard (ASTM D1003-13) for plastic 

materials which has typically been applied for characterization of scattering in diffusive 

media with such parameters as haze and transmission. We briefly describe the method, 

providing the reader with a basic understanding of the measurement routine. We discuss 

and highlight the issues one should be aware of when applying these parameters to 

materials with highly anisotropic scattering properties.  
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Instead of the ASTM, we suggest an alternative measurement scheme and 

parameters such as transport mean free path (TMFP) and anisotropic scattering degree 

for two orthogonal directions, which takes into account the anisotropy of scattering 

properties. The transport mean free path value is a known characteristic attributed to 

thickness of material where the photon walk inside the material is randomized, which 

was around 2 mm in the balsa TW investigated in this project. Since scattering is 

dominant in the direction perpendicular to the vessels and/or wood fibers, the degree of 

anisotropic scattering was found to be about 0.7 and 0.3 for the orthogonal direction 

(scattering along the fibers). 

Scattering in anisotropic media is also polarization dependent. To include 

polarization in our investigations, we provide a detailed description of the vector nature 

of light. Representations of polarization states implementing the Poincaré sphere, the 

Stokes formalism, and the polarization ellipse are discussed and applied for in the 

analysis of the birefringent properties of a transparent wood. We experimentally 

demonstrate that scattering is most efficient for oscillations of electric field 

(polarization) co-aligned with the vessels/fibers. As a result, completely unpolarized 

light propagated through a TW sample gains a polarization degree of almost 50%. 

Totally polarized light incident on a sample becomes partially polarized and the extent 

of its depolarization is strongly dependent on the mutual orientation of the polarization 

vector and wood fibers/vessels. We provide a semi-empirical model of dipole scattering 

created by cellulose crystallites of fibrils. The fibrils are organized in the lamellae of 

cell walls of wood fibers, where three secondary-layers of differing thickness and with 

differing microfibril angles are distinguished. The polarization dependent scattering 

properties of TW result from the mutual scattering of light by fibrils of the layers, whose 

scattering response depends on the light polarization. 

A sponge-like structure of TW offers a unique platform for impregnating it with 

various additives. In this work, we consider activation of the transparent wood matrix 

with the dye (Rhodamine 6G). Creation of an optically active material with highly 

scattering internal structure initiates laser-like action which is in a way similar but still 

different from the random lasers (generally speaking, active medium with randomly 

distributed scatterers inside). We discuss the origin of the laser action in the TW-dye 

composite, and introduce a new concept of a “quasi-random” laser to highlight its 

difference in comparison to the laser properties of a known class of random lasers. We 

speculate on wood fibers acting as individual tiny lasers inside the material volume, 

and for proof of concept, we performed a series of experiments where we analyze the 

evolution of the emission spectrum under different pumping conditions and spatial 

coherence properties. The emission line width of the quasi-random laser was found to 

be about 6 nm, which was attributed to the collective contributions of the lasing from 

separate lasers. We have carried out the same series of experiments for the reference 

sample containing polymer-dye composition only (without wood structure inside), and 

have done a comparative analysis of the results to exclude any Fabry-Perrot formation 

and its influence on dye-TW sample. The low resulting value of spatial coherence 

degree produced by the measurements of the spatial coherence function of the emission 
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of the quasi-random laser that we made, symbolizes the absence of correlation between 

individual fibers/lasers.    

 

 

5.2 Future work 

 

For future work on the subject, we consider the following topics of high interest: 

 Development of a rigorous model of light scattering inside TW. In this case, 

one can consider the structure from the perspective of single scattering events 

by applying the Monte Carlo method (Event model) and calculating the 

scattering probability. Accounting for size distribution of wood features 

inside the structure, the Mie scattering theory can be applied, and thus, each 

scattering event will be affected by the size of a scatterer. Also, one should 

consider that some structural components are dominant (wood fibers), so 

their weight coefficients should be included properly. 

 An alternative mathematical model would be based on photon propagation 

inside TW as a diffusion process. 

 Investigation of the polarization properties of the quasi-random laser 

emission using the TW-dye material as an optically amplifying medium. 

Polarization properties of individual fiber-based lasers can be measured with 

the use of a CCD detector matrix and a set of polarizers for estimation of 

Stokes parameters with high spatial resolution.  
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