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ABSTRACT

A very interesting e↵ect in light propagation through a disordered system is Anderson

localization of light, this phenomenon emerges as the result of multiple scattering of

waves by electric inhomogeneities like spatial variations of index of refraction; as the

amount of scattering is increased, light propagation is converted from quasi-di↵usive

to exponentially localized, with photons confined in a limited spatial region charac-

terized by a fundamental quantity known as localization length. Light localization is

strongly related to another interference phenomenon emerged from the multiple scat-

tering e↵ect: the coherent backscattering e↵ect. In multiple scattering of waves, in

fact, coherence is preserved in the backscattering direction and produces a reinforce-

ment of the field flux originating an observable peak in the backscattered intensity,

known as backscattering cone. The study of this peak provide quantitative informa-

tion about the transport properties of light in the material.

In this thesis we report a complete FDTD ab-initio study of light localization

and coherent backscattering. In particular, we consider a supercontinuum pulse im-

pinging on a sample composed of randomly positioned scatterers. We study coherent

backscattering by averaging over several realizations of the sample properties. We

study then the coherent backscattering cone properties as the relative permittivity of

the sample is changed, relating the latter with the light localization inside the sample.

We demonstrate important relationships between the width of the backscattering

cone and the localization length, which shows a linear proportionality in the strong
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localization regime.
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Chapter I

Introduction

I.1 Wave Scattering Fundamentals

Photons propagate through any electrically uniform medium in straight lines, as pro-

posed by Newton. Equivalently, a plane wave, the simplest of the possible solutions

to the wave equation derived from Maxwell’s equations, propagates in an idealized in-

finite isotropic lossless homogeneous medium with a certain direction of propagation

which does not varies with the pace of time and space. In a generic medium without

sources, Maxwell’s equations are:

r ·D = ⇢
m

, (I.1)

r ·B = 0, (I.2)

r⇥ E = �@B

@t
, (I.3)

r⇥H = �E+
@D

@t
(I.4)

Where D = ✏E the electric flux density, B = µH the magnetic flux density, E the

electric field, H the magnetic field, ✏ the electric permittivity of the medium and µ

its magnetic permeability. Considering a lossless source-free medium, taking the curl
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of Eq. (I.3), substituting Eq. (I.4) in Eq. (I.3) and considering the vector identity

r⇥r⇥ E = r(r · E)�r2E we can obtain the free-space wave equation:

r2E+ µ✏
@2E

@t2
= 0 (I.5)

The previous wave equation, Eq. (I.5) assumes an ideal homogeneous isotropic

medium and a linearly polarized electric field. Nevertheless, not all media possess

the very same electromagnetic properties at di↵erent points in space. In real media

non-homogeneities will always be present and their degree of e↵ective homogeneity

will be related to the spatial variations of the electric and magnetic properties of the

medium and the wavelength of the radiation propagating through it. If the variations

in a spatial region of extension larger than the wavelength are not very significant,

the medium can be assumed to be homogeneous. An inhomogeneity in a uniform

homogeneous medium is known to be a scatterer. When light or any kind of wave

impinges on a scatterer there is a change in its wave vector. In an inelastic light-

matter interaction there exists absorption of energy by the medium and the scattered

wave possesses a frequency distinct to that of the incident one. Conversely, when

the interaction is elastic, the frequency is preserved and there is only a change in the

direction of propagation.

In the presence of a several number of inhomogeneities the phenomenon is known

as multiple scattering. Indeed, any variation in the electric and magnetic properties of

the medium as space or time changes will produce wave scattering and the deviation

of the propagation of energy from its original direction. The amount of scattering

is proportional to the magnitude of the variations of the properties of the medium.

Multiple scattering of electromagnetic waves is a very common phenomenon whose

manifestations can be seen in the clouds, white paint, salt, smoke, dust, celestial

bodies and even in the beer [1].
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I.2 Single Scattering of Waves

A photon propagating in straight line with frequency ⌫ and wavevector k
0

changes

its momentum P as it interacts with another particle. Such interaction is known to

be a scattering event. After the interaction the photon is characterized by a di↵erent

wavevector k
f

and a di↵erent frequency ⌫
f

if the scattering is inelastic [2]. The

transfer of momentum is given by:

P = }k
i

� }k
f

(I.6)

And the energy trasferred is expressed as:

E = }(!
i

� !
f

) (I.7)

Where !
i

and !
f

are the angular frequencies of the incident and scattered wave

respectively. The energy and momentum acquired by the scatterer is the same as

that lost by the photon and vice versa as shown in the next figure:

Figure I.1: Transfer of momentum from a wave to a particle. The energy of the
incident wave is equal to the superposition of the energy transferred to the particle
and the energy of the scattered wave. [2].

In thesis we will be dealing only with elastic scattering, condition that is true

when |k
i

| = |k
f

| = 2⇡/�.

Let us address the problem of scattering when the size of the scatterer is smaller

than the wavelength. In such condition the scattered electric and magnetic fields can

be considered to be generated by oscillating electric and magnetic dipoles induced
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by the incident wave as follow: consider a monochromatic plane wave propagating in

the direction of the unit vector k̂0 which impinges o an scatterer located in free-space

(µ
r

= ✏
r

= 1). The incident electric and magnetic fields are given by [3]:

Ẽ
inc

= p̂0E0e
i(kk̂0·x�!t)

H̃
inc

=
k̂0 ⇥ Ẽ

inc

⌘0

(I.8)

Where x = xâ
x

+ yâ
y

+ zâ
z

and ⌘0 is the free-space wave impedance.

The fields that impinge on the small scatterer induce on it an electric p and mag-

netic m dipole moments which radiate isotropically. As derived in [3], the scattered

electric and magnetic fields observed at a point distant from the scatterer are given

by:

Ẽ
scatt

=
1

4⇡✏0
k2 e

ikr

r
(r⇥ p⇥ r� r⇥m/c)e�j!t

H̃
scatt

=
r⇥ Ẽ

scatt

⌘0

(I.9)

Where r is the distance from the scatterer to the point of observation and r is a unit

vector that points from the scatterer to the direction of observation as shown in Fig.

I.2. The fraction of the radiated power towards r direction with p̂
scatt

polarization

per unit solid angle, per unit incident flux towards k0 direction with p̂0 polarization

is known as the di↵erential scattering cross section d�/d⌦ and is expressed in Eq.

(I.10). In the case of particles like photons, the di↵erential scattering cross section

can be understood as the fraction of deflected particles emerging from the scatterer

towards a detector that subtends a unit solid angle at the sample, to the incident flux

of particles.
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d�

d⌦
=

r2 1
2⌘0

|p̂⇤
scatt

· Ẽ
scatt

|2

r2 1
2⌘0

|p̂⇤
0 · Ẽinc

|2
(I.10)

Using Eq. (I.9) and Eq. (I.10), the di↵erential scattering cross section can also

be expressed as:

d�

d⌦
=

k4

(4⇡✏0E0)2
|p̂⇤

scatt

· p+ (r⇥ p̂⇤
scatt

) ·m/c|2 (I.11)

From Eq. (I.11) it is evident that the scattering cross section is inversely proportional

to �4. As predicted by Lord Rayleigh, this result explains the colors that we can enjoy

from the sky when the Sun is in the zenith and also during sunset: the scattering of

light coming from the Sun will be stronger for shorter wavelengths than for longer

wavelength, giving to the sky a prevailing blue color [3].

Now let us consider the problem of a generic electric field applied to a dielectric

non-magnetic µ
r

= 1 sphere of radius a whose relative permittivity is isotropic and

constant at all points within the sphere. In contrast to the previous case, the size of

the sphere is now comparable to the wavelength of the applied field. As derived in

[3], the electric dipole moment induced on the sphere is expressed as:

p = 4⇡✏0

✓
✏
r

� 1

✏
r

+ 2

◆
a3E

inc

(I.12)

Using Eq. (I.11) and Eq. (I.12), the di↵erential scattering cross section whose SI

units are m2(sr)�1 is given by:

d�

d⌦
= k4a6

����
✏
r

� 1

✏
r

+ 2

����
2

|p̂⇤
scatt

· p̂0|2 (I.13)

In real life, the radiation that impinges on the scatterer is not polarized. In such case
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the di↵erential scattering cross sections paralell and perpendicular to the scattering

plane are found to be:

d�||

d⌦
=

k4a6

2

����
✏
r

� 1

✏
r

+ 2

����
2

cos2✓ (I.14)

d�?

d⌦
=

k4a6

2

����
✏
r

� 1

✏
r

+ 2

����
2

(I.15)

It is evident that if the propagation of the incident and the scattered wave are

both in the same direction, the polarization is preserved in the interaction, and the

scattering di↵erential cross section is maximum. Consider a polarized light source

illuminating a scatterer in the direction of k0. The intensity of the scattered radiation

will be larger for the waves scattered in the same direction of the incident light, and

will decrease as the angle ✓ approaches 90�. That is, at 90� the polarization of the

scattered radiation is linearly polarized with polarization vector only perpendicular

to the plane of scattering as shown in Fig. I.2.

Figure I.2: Scattering event. [3].

Considering the conservation of energy, the total intensity scattered in all direc-

tions is equal to the incident intensity and the scattering cross-section can be obtained
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by integrating over the whole solid angle:

� =

Z
d�

d⌦
=

8⇡

3
k4a6

����
✏
r

� 1

✏
r

+ 2

����
2

(I.16)

For spherical particles, the scattered flux in the direction of the detector is equal to

the di↵erential cross section times the incident flux:

I
scatt

=
d�

d!
I0 (I.17)

In the next section the problem of multiple scattering will be discussed.

I.3 Classical Modeling of Multiple Scattering of

Waves

Since it has been very complicated to calculate the multiple scattering of light in

terms of Maxwell’s equations, other representations have been proposed. An ordinary

simple model that represents this phenomenon is given by the di↵usion approach as

explained in this section.

Light transport through a multiple elastic scattering medium will strongly depend

on the relationship between two quantities: the average size S of the scatterers that

comprise the medium and the wavelength � of the radiation. If � >> S, the spatial

resolution of the wave does not let it resolve the inhomogeneities and the scattering

is weak. In this case the medium can be assumed to be locally homogeneous and to

possess and e↵ective relative permittivity. Indeed all uniform and non-uniform matter

is composed by discrete subatomic particles. Conversely, on a large medium, there

is an accumulation of scattering e↵ects and a di↵usive wave transport is established.

The di↵usion approximation, which considers the transport of photons as a random

walk process, discards the phase and interference of light in a heterogeneous medium.
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However, in some cases and under certain conditions, it o↵ers a correct representation

of light propagation in the presence of multiple scatterers.

In addition to the average size of the scatterers S and the �, another important

parameter used to characterize the turbidity of a medium in the di↵usion approxi-

mation is the transport mean free path l⇤, which is the average distance that light

travels after which the intensity distribution becomes isotropic. It can also be de-

fined as the average distance light penetrates the scattering medium preserving its

phase front and is a characteristic length in the regime of multiple scattering [4]. The

last but not least quantity involved in the propagation of light through a non-uniform

medium is the scattering mean free path l
s

, which is the average distance between two

scattering events. As mentioned before, multiple scattering of waves in macroscopic

samples is classically modeled as a di↵usive phenomenon with di↵usion constant equal

to D = l⇤v/3, where v is the average speed of propagation of the energy in the scat-

tering medium and l⇤ is the transport mean free path. The processes is modeled by

the following equation Eq. (I.18):

@�(r, t)

@t
= Dr2�(r, t) (I.18)

Where � is the density of photons and D is the di↵usion coe�cient. v can be smaller

than the speed of propagation of an electromagnetic wave in free-space. Actually

this model is not totally accurate because a multiple scattered wave, as solution of

the wave equation satisfying the corresponding boundary conditions, must always

maintain its inherent properties such as phase, the latter responsible of the so called

observed backscattering cone arising from the reinforced constructive interference

in the backward direction [5]. Wave interference is totally ignored in the di↵usion

approximation, and the reinforcement has to be taken into account because it tends

to decrease the di↵usion coe�cient from its classical value, thus producing an artificial
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turbidity. In fact, the decrease of the di↵usion constant is proportional to the turbidity

of the medium. When the density of scatterers present in the medium is low, waves are

transported through the system and this phenomenon can be modeled as a di↵usive

process. Otherwise, at high densities of scatterers, the di↵usive approach is not

valid and wave localization occurs [6, 7]. The backscattering e↵ect arises only in

time-reversal invariant systems and is totally e↵ective if the multiple scattering is

elastic [8] as explained in the next section. The time-reversal invariant property

of the sample can be broken in the presence of a magnetic field, which trims the

backscattering reinforcement and increases the reduced di↵usion coe�cient back to

its classical value [9].

I.4 Coherent Backscattering Fundamentals

Let us consider light impinging on the boundary between air and a semi-infinite

medium composed of several fixed randomly placed scatterers as shown in Fig. I.3.

The incident wave of amplitude A at the source point R
s

distant from the scatterers

with a wave vector k
i

enters the sample at point r1 and is multiply scattered inside the

sample following the path �1 defined by a series of scatterers whose position vectors

are r1, r2, r3, ..., rn and leaves the sample with a wave vector k
out

. Keeping track

of the phase accumulation when passing through path �1, the complex amplitude

of the exiting wave at the observation point R
o

is Ã0�1 = A exp[ik
i

· (r1 � R
s

) +

ik1,2 · (r2 � r1) + ... + ik
n�1,n · (r

n

� r
n�1) + ik

out

· (R
o

� r
n

)]. Due to time reversal

symmetry of the multiple scattering phenomenon, for each propagating wave through

such generic path �1 there exists a counter-propagating wave through path �2 that

visits the same scatterers but in reverse order. Therefore, the wave that follows path

�2 is: Ã0�2 = A exp[ik
i

· (r
n

�R
s

)� ik
n�1,n · (rn�1,n� r

n

)� ...� ik1,2 · (r1� r2)+ ik
out

·

(R
o

� r1)]. Comparing both previous equations, the phase accumulation is almost



17

identical. Taking the ratio of the wave through �1 to the scattered wave through �1:

Ã0�1

Ã0�2

= exp[i(k
i

+ k
out

) · (r1 � r
n

)] (I.19)

Indeed, taking the two rays Ã0�1 and Ã0�2 , the backscattered intensity is given by:

|Ã0�1 + Ã0�2 |2 = |Ã0�1 |2 + |Ã0�2 |2 + 2Re{Ã0�1Ã
⇤
0�2}

= 2A2{1 + cos[j(k
i

+ k
out

) · (r1 � r
n

)]}
(I.20)

The phase di↵erence between the scattered light emerged from the sample after trav-

eling through path �1 and that other emerged after traversing path �2 is (k
i

+ k
out

) ·

(r1 � r
n

), where r1 and r
n

are the position vectors of the boundary-points of the

multiple scattering track. Consequently, if k
i

6= k
out

there exists a phase di↵erence

between the two parallel rays emerged from the sample as shown in Eq. (I.20). On

average correlation does not occur and the background intensity is proportional to

|Ã0�1 |2 + |Ã0�2 |2. For each existing path �, there is a nonzero probability for the case

k
i

= �k
out

, for which there is no phase di↵erence between the two rays, this leads to a

reinforcement of the intensity (twice the background) in the exact backward direction.

This constitutes the fundamental e↵ect that leads to coherent backscattering. Such

reinforced backscattering produced by the constructive interference of the counter-

propagating paths is more likely to occur when there is a strongly scattering medium.

Coherent backscattering, also known as weak localization, is a self-interference e↵ect.

Due to the randomness of the medium, the scattered intensity presents amplitude

disparities called speckle. Such variations need to be averaged in order to washed

them out, and get the coherent backscattering cone.

The propagation regimes in heterogeneous media are characterized by the wave-

length �, the scattering mean free path l
s

, and the transport mean free path l⇤ [10].

For distances shorter than the scattering mean free path l
s

, the propagation of light
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is modeled by a wave propagating in a homogeneous medium. For propagation dis-

tances beyond l⇤ at � >> l⇤, the process is described by the di↵usion approximation.

The relationship between these three quantities �, l
s

and l⇤ directly a↵ects the distri-

bution of multiple-scattering paths which is strongly linked to the intensity cone that,

on average, emerges in the backward direction. In [10, 11] an analytical derivation of

the backscattering peak is presented.

Figure I.3: Multiple scattering of counter propagating light paths.

The first reported experimental manifestation of coherent interference in the backscat-

tering direction was observed by Kuga and Ishimaru in 1984 [12]. At that time the

scientific community was very interested in experimental and theoretical studies re-

lated to remote sensing, imaging and radar. Kuga and Ishiumaru measured the retro-

reflected light from a concentration of latex microspheres and observed a sharp peak

in the backscattered intensity when the volume density of the particles was above 1%.

The largest intensity enhancement measured at the retro-reflection direction was only

1.15, possibly because of their limited experimental resolution. They attributed the
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appearance of such peak to a double passing of the incident wave through the same

inhomogeneities, provoking coherent interference in the precise backward direction

[13]. This double scattering principle was further extended to multiple scattering

[14]. As described above, the constructive interference in the backscattering direction

is the basic e↵ect supporting the emerging of the so called backscattering cone. The

various contributions to the backscattered amplitude are constituted by the incoher-

ent multiple scattering, the coherent multiple scattering and the random intensity

fluctuations [10]. Consider an energy flux F0�(t) incident to the semi-infinite sample

shown in Fig. I.3 located at z > 0. The coherent backscattering cone expressed in

Eq. I.21, also known as albedo, is defined as the ratio of the emerging energy per

unit time, unit solid angle and unit interface surface in the direction of k
out

which is

the backscattering direction, to the incident energy flux towards the sample [11]. The

albedo arises from the in phase counter-propagating paths in the backscattering di-

rection. Therefore it depends on the average length of such paths, which is accounted

in Eq. (I.21) by the previously derived factor cos(q(r1 � r
n

)).

↵(k̂
i

, k̂
out

) = (c/4⇡l⇤2)

Z
dzdz0d2⇢ exp(�z/µ0l

⇤)1 + cos[(k
i

+ k
f

) · (r1 � r
n

)]Q(r1, rn) exp(�z0/µl⇤)

(I.21)

The factor l�1 exp(�z/µ0l⇤) of Eq. (I.21) represents the scattered energy per unit

time and volume to the incident energy at a given point. Q is the green’s function

of light transported from r1 to r
n

. For a detailed derivation of the equation of the

albedo see reference [11]. The final expression of the albedo is:

↵(✓) =
3

8⇡

⇢
7

3
+

1

(1 + ql⇤)2


1 +

1� exp(�(4/3)ql⇤)

ql⇤

��
(I.22)

where q = 3⇡✓.
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As seen in Eq. I.22, the variation of the albedo amplitude is linear nearby the pre-

cise backscattering direction giving to it the shape of a cone. At the exact backscat-

tering direction the contribution to the intensity is twice the contribution to the

background.

In a very strongly scattering system, closed paths inside the medium are highly

probable. These closed paths produce a decrease transport through the system, which

is related to the previously mentioned reduction of the di↵usion constant, l⇤ becomes

< � and Anderson Localization is expected to occur [15].

I.5 Localization of Waves

In the field of solid state physics localization of electrons has been previously studied

and strong localization of such particles was thought to be a quantum e↵ect. Nev-

ertheless, now it is known to be the result of wave interference [1]. As described by

Ohm’s law, the di↵usion of electrons through a resistor follows a linear decrease in

transmission proportional to the inverse thickness of the system. The same occurs

for photons di↵using through a media composed by multiple scatterers such as fog.

However, in the transition to a localized state, the transmission coe�cient decreases

exponentially [16], faster than the decrease in transmission in a lossy medium.

According to the scaling theory of localization [17] the conductance g of an elec-

tronic disordered system is a function of the length scale L and the dimension d of the

system: g(L) / Ld�2, i.e., for d 0 2 as the length of the system increases, the conduc-

tance will decrease exponentially and localization will always be present. For d = 3

there is an evident transition from a di↵usive conductance where the transmission

changes linearly with sample thickness g / 1/L to localization g / exp(�L). If the

scattering is weak, the di↵usion constant does not depend on the size of the sample.

If the scattering is strong, as the size of the sample increases, the di↵usion constant
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vanishes. This is very intuitive with simple life experience. As the size of a turbid

sample increase it becomes more opaque, there is less transmission and therefore more

backscattering. The theory of localization is said to be scalar because the results of

such theory do not depend on the specific details and assumptions of the physical

model used to develop it. For example, in the case of solid state physics or condensed

matter physics, no matter the type of lattice used to develop the theory, the results

will be general and applicable to any kind of lattice. Similarly its conclusions are

also valid no matter the type of random scattering. An additional characteristic of

a scaling theory is its dependence on the physical size of the medium, as its name

suggests: the conductance or transmission of the system changes as the size of the

medium varies.

One of the predictions of the scaling theory is that waves are localized in 1D and

2D samples even if the scattering is weak. However some conditions in the relationship

between the size of the sample, wavelength and size of the scatterers apply. Let us

assume a heterogeneous medium of length L, R is the average size of the scatterers

and � is the wavelength of the wave incident to the medium. If L ! 1 , as � !

1 the wave cannot resolve the scatterers �/R ! 1 and a homogeneous e↵ective

medium is locally a good approximation. Therefore as the sample size increases

progressively, the transport evolves from propagation to di↵usion. When the sample

is even larger, di↵erential amounts of scattering are accumulated and the net e↵ect

produces localization. Since every real life sample and computer models have a finite

extension, it is possible to study the transition to localization at di↵erent amounts of

disorder in 2D by selecting a suitable sample size.

In disordered systems there is an additional dimensional quantity known as lo-

calization length, which changes according to the amount of disorder present in the

sample medium and is a parameter directly reated to the conduction properties of

the system. The localization length tells us the energy’s or wave’s deepness of pene-
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tration inside the sample in the regime of localization. Let us consider a plane wave

impinging on a finite dimensional disordered sample in the strong localization regime.

The dimensions of the sample are larger than the localization length. If we measure

the energy at the output of the sample we would not record anything since the energy

is localized within the localization length, that is, the transmission has been totally

halted. If the thickness of the sample is smaller than the localization length, pho-

tons will be able to move within that length and there will be transmission, but this

transmission will not follow a linear decrease as sample thickness changes like in the

classical di↵usion. It will follow an exponential decrease. This is the reason why the

size of the sample is relevant in the e↵ect of strong localization.

It has been demonstrated that immobilization of electrons is possible to happen in

a random potential as a result of the coherent interference of such particles in a mul-

tiple scattering regime caused by the non-homogeneous defects or non-homogeneous

potential present in the medium, transforming the extended eigen-modes into modes

exponentially localized [18] as displayed in Fig. I.4. In 1958, Anderson proposed that

at a certain large amount of disorder in a random potential, di↵usion of electrons

vanishes [7] and the material behaves as an insulator. Similarly this halt of di↵usion

can occur in particles that, in contrast to electrons, do not interact with one another

such as photons [16]. Extending these concepts to optics, ballistic transport of pho-

tons in a homogeneous medium is transformed into a di↵usion process in the presence

of little disorder. At a su�ciently amount of disorder immobilization of photons is

anticipated to occur. However there are some artifacts one might be aware of, espe-

cially when doing experiments, that also produces a decreased transport that can be

mistaken as localization of light, such as material absorption [1].
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Figure I.4: (a) Extended eigen-mode; (b) Exponentially localized mode.[19].

I.6 Experiments and State of the Art Research on

Coherent Backscattering and Light Localiza-

tion

Coherent backscattering of light in a disordered medium was first observed in 1985 by

Pierre Wolf and Georg Maret, in agreement with theoretical predictions [20]. In [20] a

visible light argon laser was used to shine an aqueous suspension of polystyrene spheres

with diameters of 0.109, 0.35, 0.46 and .8 µm. Since such spheres do not interact

with visible light their absorption can be neglected and the scattering is assumed to

be elastic. It was experimentally found, as shown in Fig. I.5a, that at a solid fraction

of 10%, when the density of scatterers is reduced, the coherent backscattering e↵ect

is diminished. Additionally the e↵ective width W of the backscattering cone, defied

as the ratio of the area under the peak to the incoherent intensity background, is

reduced proportionally to the density of scatterers as expected in theory W / �/l⇤.

This behavior is shown in the graph of angular e↵ective width versus solid fraction,

also shown in Fig. I.5b. When the density of scatterers is too small, the height of

the peak drops because its width gets closer to the angular instrumental resolution.

After these first observations of coherent backscattering of waves in a disordered
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medium, several experiments on coherent backscattering and measurements close to

the Anderson localization regime have been done. Some of them are described below.

Figure I.5: (a) Coherent backscattering cone at di↵erent solid fractions. Diameter
of polystyrene spheres is .46µm. Curve 1, 11%; curve 2, 6.6%; curve 3, 2.6%, curve
4, 0.4% ; (b) Cone’s e↵ective width at various solid fractions.[20].

The size of the scattering medium makes an important role in the enhancement

of the backscattered intensity. Making an analogy with the double slit experiment, a

central intensity enhancement and a narrower interference pattern is expected as the

separation between the slits is increased. In [5] it has been analytically demonstrated

that the scattered intensity is reduced as the width of the sample is decreased due

to the reduction of long paths. Therefore, if the width of the medium is increased,

longer scattering paths exists in the sample and the central aperture of the cone is

reinforced due to the contribution of such long paths as shown in Fig. I.6a. A similar

termination of long paths occur in the presence of absorption in the sample: the cone

peak is reduced as the absorption constant is increased as shown in Fig. I.6b.
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Figure I.6: Coherent backscattering cone. (a) Cone’s height dependance on the width
W of the scattering medium; (b) Cone’s enhancement at various absorptions ⇠ with
absorption length l.[5].

A parameter often used to measure disorder and determine the limit of the lo-

calization regime is kl⇤, being l⇤ the transport mean free path of the light in the

sample. For highly turbid samples, kl⇤ << 1, condition known as the Io↵e-Regel

criterion and localization is expected to occur. However, it is not easy to conceive an

absorption-free and strong enough scattering medium. In [16] enhanced backscatter-

ing experiments on a strongly scattering sample composed of lossless semiconductor

powders are reported. The high refractive index of GaAs n = 3.48 and its extremely

small absorption for its bandgap wavelengths makes it a suitable crystal to produce

a strongly scattering media when suspended in methanol. In this experimental setup

the sample was illuminated with a 1064nm laser and the coherent backscattered in-

tensity collected. The experiment was performed for two cases: coarse grains with a

particle diameter of 10µm and fine grains of diameter of 1µm. The transport mean

free path was obtained from the backscattering cones. For the coarse grains kl⇤ = 76

and l⇤ = 8.5µm whereas for the fine grains kl⇤ = 1.5 and l = 0.17µm. The backscat-

tering cones for both coarse and fine grains are shown in Fig. I.7. Transmission

measurements through the sample were also made. For both cases the transmission

coe�cient was measured as a function of sample thickness. In theory, Ohm’s law
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is expected at a low dielectric powder density and the propagation of light is con-

sequently characterized by a di↵usive process. For the sample with particle size of

10µm the change in the transmission coe�cient as a function of inverse thickness was

linear as expected in the weak scattering regime whereas for the sample of diameter

1µm the transmission coe�cient decreased exponentially with thickness like in Fig.

I.8, as expected theoretically at the transition to localization.

Figure I.7: Backscattered intensity at two di↵erent particle’s size. (a) 10µm, Low
scattering regime; (b) 1µm, Near the transition to localization [16].

Figure I.8: Transmission coe�cient behavior. (a) Particle size 10µm; (b) Particle size
1µm [16].

From Fig. I.8 it results evident that as the solid fraction of scatterers is increased,

the amount of disorder also increases, the transport mean free path decreases and
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the cone’s aperture increases, as foreseen theoretically. For any turbid sample, the

amount of scattering is possible to be varied by controlling the size of the scatterers,

their density, their refractive index and the wavelength of the light.

In order to be in the localization regime, the mean free path must be smaller than

the wavelength. It is very di�cult to reach such condition l⇤ << � at optical frequen-

cies. However it is possible to get l⇤ v �. In [15] nematic liquid crystals (NLCs) are

driven by external electric fields to create a complex fluid whose chaotic characteris-

tics lead to a multiple scattering regime producing an enhanced backscattered cone.

Thermal fluctuations make the relative permittivity tensor vary spatially within the

liquid sample resulting in a strong light localization due to recurrent multiple scatter-

ing. The scattering mean free path is voltage controlled. No analysis of the chaotic

regime is reported in this experimental work and only weak localization was achieved.

With a sinusoidal time harmonic electric field of frequency 70Hz, the stochasticity of

the NLC can be changed. Tuning the amplitude of the applied external field it was

possible to go from a space periodic index of refraction to a partially turbulent regime

and even to strongly turbulent index variations, as shown in Fig. I.9.

Figure I.9: NLCs driven at di↵erent regimes. (a) Periodic index of refraction; (b)
Weak turbulent index spatial variations; (c) Strong turbulent variations. [15].

The experiment was performed using a He-Ne laser with emission wavelength of

632.8nm which impinged onto the NLC set in an o↵-centered rotational system. When
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the light source was turned on the coherent backscattering cone appeared. At low

voltages (regime of periodic index of refraction) the FWHM of the cone is 2mrad. At

higher voltages the aperture of the cone increases and for the strong turbulent regime

of the NLC the measured FWHM is 12mrad as shown in Fig. I.10. This is consistent

with the theoretical predictions shown above: the amount of disorder or amount of

stochasticity is proportional to the FWHM of the backscattering cone.

Figure I.10: Intensity backscattered by a NLC driven at the strongly turbulent regime
[15].

As mentioned before, in 1 and 2 dimensional systems localization will always be

present for any disordered system. Therefore the most suitable systems to study lo-

calization are 3D systems where Anderson localization occurs after a critical amount

of disorder is conceived. However, selecting an adequate sample it is possible to study

the transition to localization in a 2-D system as shown next. In [18] Anderson lo-

calization is demonstrated in the transverse section of a two-dimensional photonic

lattice. Using a technique called optical induction, random fluctuations in the trans-

verse index of refraction n(x, y) of the lattice were produced. The index of refraction

does not change in z direction. The disorder in these structures is introduced by a

speckled beam and is controlled by the intensity of the beam. The resulting struc-

ture can range from periodic lattices to highly disordered lattices. To perform the
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experiments a laser beam impinges orthogonal to the transverse plane of the lattice

and the light is collected with a CCD camera on the output of the system. Since

there are several intensity fluctuations in the output of the lattice 100 realizations of

disordered media where averaged to obtain the experimental results. Such results are

shown in Fig. I.11. Their results were confirmed through computer simulations and

Anderson localization was reported as observed in their disordered photonic lattices.

Figure I.11: (a) E↵ective width against disorder; (b) Inverse participation ratio
against disorder. (c)-(e) Intensity distribution measured at the output of the sam-
ple averaged over 100 realizations. (c) Absence of disorder; (d) 15% and (e) 45% of
relative disorder. [18].

Most of the models of multiple scattering assume that for every wave scattered in

the exact backward direction from a semi-infinite turbid sample a counter-propagating

wave travels the same path in the time-reversed direction. However, as the disorder of

the sample increases, it becomes more probable for a multiple-scattered photon path

to re-visit the same scatter, i.e., to be scattered by the same scatter more than once.

This condition is known as a recurrent multiple scattering event and its existence

can be neglected in the weak scattering regime, but must be taken into account in
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the case of strongly scattering samples as suggested in [21]. It has experimentally

been observed, by comparing the backscattering cone of weak scattering regime to

that of strongly scattering, that the enhancement factor is reduced as the turbidity

of the sample increases. In the Letter [21] the authors argue that the contribu-

tion of a recurrent multiple scattering path and its respective time-revered path to

the backscattering interference is zero, and it only contributes to the background.

Therefore the existence of such recurrent events produces an underestimation of the

coherent interference, observed as a reduction in the backscattering cone. Such e↵ect

is more significant as kl⇤ decreases, as shown in Fig. I.12.

Figure I.12: Backscattered intensity as a function of scattering angle. The enhance-
ment factor of the wide cone with kl⇤ = 22 is smaller than that of the narrow cone
of kl⇤ = 5.8. [21].

I.7 Coherent Backscattering in Atom Clouds

Coherent backscattering in a cold cloud of atoms was first observed in the experi-

ments reported in [6]. Using a laser cooling technique a magneto-optically trapped

cloud of cold rubidium atoms with multiple scattering capabilities was used as a
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sample. Measurements of the backscattered intensity were carried out for a linear

and circularly polarization in the helicity preserving, parallel and orthogonal channel.

The maximum enhancement factor of the tip of the cone referred to the background

intensity was found to be 1.11 for the helicity non-preserving channel, which indeed

corresponds to the same polarization since the helicity is changed when the light is

reflected from the sample, as shown in Fig. I.13. Such enhancement factor in cold

atoms is dramatically smaller than those found when using powders suspended in a

solution. This occurs due to the inherent nature of the atomic internal structure of

the rubidium atoms, which in each light-atom interaction changes the polarization of

light scattered in the backward direction. Another fact that must be considered is the

non-uniform distribution of scatterers in the cold cloud which is close to be Gaussian.

Additionally, due to Raman scattering, there is a nonzero probability of a photon to

be scattered non-elastically. Such absorption also contributes to the reduction of the

enhancement factor. In [22] the phenomenon of coherence backscattering is modeled

theoretically considering an ultra-cold Rb cloud confined in a magneto-optical trap.

Such predictions are in agreement with the small enhancement factors reported in [6].

In [23] the very small enhancement factor in Rb cold clouds is once more predicted

through Monte Carlo numerical simulations.
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Figure I.13: Intensity backscattered by a cold cloud of rubidium atoms. The small
enhancement factor arises from the interaction between light and rubidum atoms.
[23].

Similarly to the experiments on ultra-cold rubidium atomic clouds, in [24] the

coherent cone is observed using a cold strontium cloud confined in a magneto-optical

trap. An enhancement factor of 1.86 in the helicity preserving channel is measured

experimentally and confirmed through Monte Carlo simulations as shown in Fig.

I.14. The huge di↵erence between the enhancement factor of the backscattering cone

of rubidium and strontium clouds is mainly produced by the degenerate ground state

of the rubidium atom and the non-degenerate ground state of strontium, which results

in the later as an elastic interaction with light.
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Figure I.14: Intensity in the helicity preserving channel backscattered by a cold cloud
of strontium atoms confined in a magneto-optical trap. The enhancement factor is
1.86. [24].

An inherent characteristic of an electrically inhomogeneity located in a homoge-

neous medium is its possession of a relative permittivity di↵erent to that of the host

medium. Therefore, in a sample composed of several of these scatterers, there is an

index mismatch between the host medium and the sample. In [25] the e↵ect of this

index di↵erence in the coherent backscattering is investigated. What was found is a

broadening of the path length distribution due to internal reflections in the sample

produced by such index mismatch which in turn causes a narrowing of the backscat-

tering cone. In [25] a correction of such reflections in the FWHM of the backscattering

cone was found to be:

FWHM�1 =

✓
2

3
+

2(1 +R)

3(1�R)
kl⇤

◆
(I.23)

I.8 Coherent Backscattering in Mechanical Waves

The phenomenon of weak localization of waves is not exclusive of electromagnetic

waves as in optics, or electronic waves as in condensed-matter physics. In [26] coherent
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backscattering is observed in seismic waves. Their experiment took place in a remote

location in order to avoid noise generated by human activity and near a volcano

because their composition is known to be very inhomogeneous, giving the possibility

of multiple scattering to arise. The experiment consisted on hitting with a hammer

an aluminum plate set on the ground. Each strike produced an impulse with spectral

content ranging from 15 to 30Hz. These seismic waves were estimated to possess

wavelengths in the range between 9m to 40m. In order to measure the scattered

waves a set of geophones separated by a distance of 2.5m where located in line having

the strike location in the center. The data were collected by the geophones at di↵erent

times after the strike and at di↵erent source-to-receiver distances. It can be observed

in Fig. I.15 that the early measured intensity correspond to the reflected wave, and a

cone emerges from the longest paths, which is attributable to coherent backscattering

and weak localization. The estimated phase velocity at 20Hz is 260m/s, and the

scattering mean free path, obtained from the cone, is around 200m.

Figure I.15: Backscattered intensity at three di↵erent time measurements. The co-
herent cone emerges from the longest paths. [26].
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I.9 Applications of Coherent Backscattering

All of the experiments mentioned until now have been performed in non-biological

medium. However the phenomena of multiple scattering and coherent backscattering

possess a wide range of applications particularly in bio-imaging and bio-photonics for

ex vivo and in vivo tissue characterization and for the morphological assessment of

cellular nucleus and near epithelium subcellular structures [27]. Knowledge on the

structure of tissues and their deviation from their in vivo healthy reference stands

as the basis of the diagnosis of diseases. Example of this is the analysis of angular,

azimuthal and spectral distribution of the backscattered intensity from a tissue in a

non-invasive way in order to detect pre-invasive cancer cells which were previously

impossible to discover without the use of tissue extraction techniques such as biopsy

[28, 29]. The relevance of such characterization lies in the fact that more than 85%

of cancers start in the layer that coats all the structures and organs of the body:

the epithelium [28, 29, 30]. At an early stage, before it is invasive and when it is

still treatable, cancer is known as dysplasia and alters primarily the structure of the

epithelial cells [29]. Non-dysplastic cells have a nucleus whose diameter is 5-10µm

while the nuclei of dysplastic cells can be enlarged up to 20µm. The morphological

changes of cells that evolve from normal to dysplastic are not only in the size of their

nuclei but also in the shape of their nucleus.

The relevance of this thesis lies in the fact that current biopsy characterization

techniques are unable to detect early pre-dysplastic lessons. However, as demon-

strated in [29] and as shown in the next paragraphs, advances in bio-photonic tech-

niques have made it possible to discern the di↵erences between healthy and ill tissues.

Several experiments on the analysis of forward and backward scattering of tissues such

as epithelium have been performed [28, 29, 30], however those are just a description

of what was observed and only few of them such as [31] attempt to study analytically

the e↵ects of morphological changes and index of refraction changes in the backscat-
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tering phenomenon. Therefore we need to understand and develop a theory that

relates the variations in the electromagnetic properties of tissues, such as index of

refraction changes or scatterer’s size fluctuations and their corresponding alterations

on disorder, localization and scattering in order to associate morphological changes

with measureable quantities.

In this thesis we study how changes such as index of refraction variations have

repercussions in the multiple scattering phenomena. We also study the possibility

of existence of light localization in highly disordered systems in which the disorder

is changed by increasing the index of refraction. The understanding of such physics

behind backscattering will move humanity one step forward in biological structure’s

characterization and tissue diagnosis.

In [29] a method to instrumentally measure the backscattered light by biological

tissues is presented. This technique has the potential to diagnose and identify changes

in the epithelium at an early precancerous stage and characterize the microarchitec-

ture of the tissues by analyzing the information measured from the spectral, angular

and azimuthal distribution of the light backscattered by the sample under study. For

their experiment three rats were injected twice with a colon-specific carcinogen named

azoxymethane. The inter-injection time was 1 week. Azoxymethane was selected for

being a substance that produces colon cancer on rats with faithful similarities to

the morphological changes occurring in human colon cancer. Another three rats, the

control set, were injected just with a saline solution. Two weeks after the second

injection, when there is not yet morphological evidence of dysplasia emergence us-

ing conventional biopsy detection methods, all rats were sacrificed and their colons

were extracted. The scattered light was collected from di↵erent regions of the colon

from which cancer is expected to appear at an advanced stage of the carcinogenic

process. Measurements were collected from both the rats treated with saline solution

and those treated with azoxymethane and were compared. The main conclusion of



37

their experiments and measurements is that using their backscattering analysis, at

a very early pre-cancer stage di↵erences between the healthy and the premalignant

colon tissue were detected. The detailed description of their results can be consulted

in [29].

In [32] using a low coherent light source, the phenomenon of low coherent en-

hanced backscattering (LEBS) is explored in in-vivo and ex-vivo biological tissues

and applications for colon cancer screening are proposed. An experimental challenge

for the study of coherent backscattering in biological tissues is the extremely narrow

angular width of the enhanced backscattering cone. Since the l⇤ of biological tissues

ranges between 300 to 2000µm, the angular width is of the order of .001� [33].

In all the previous experiments the light is assumed to be monochromatic and

also to possess a coherence length that is larger than the distance of the longest path

of photons multiple scattered in the sample, assuring coherence in the backscattering

direction no matter how large is the sample. In [32] the observation of coherence

backscattering of light by tissues has been simplified by employing a low spatial

coherence source. When light with a finite spatial coherence length L
coh

impinges on

the sample, there will be constructive interference only if the time-reversed paths are

spatially coherent. Otherwise constructive interference will be absent. Therefore in

the case of low coherence there is a degree of spatial coherence that has to be taken into

account in the theoretical modeling of the coherent backscattered intensity. In [32] a

significant broadening of several orders of magnitude in the enhanced backscattering

cone is claimed to exist when the coherence length is smaller than the transport mean

free path. This impressive increase of angular width cannot be predicted by previous

di↵usive models of coherent backscattering. In their experiment, a collimated beam

emerged from a continuous wave broad-band Xeon lamp was used as a light source

with a spatial coherence tunable within the 200 to 35µm range. Using a spectrograph

and a CCD camera, a backscattered intensity at di↵erent wavelengths and scattering
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angles was recorded, from -5� to 5� and 400 to 700nm in wavelength.

In the intensity measurements, speckle arose from the random interference of

backscattered photons. In conventional coherent backscattering experiments with

monochromatic sources, the speckle hides the enhancement peak, as shown in Fig.

I.16a and several measurements need to be averaged. In the absence of Brownian

motion of the scatterers, as in the case of biological tissue, the sample is rotated in

order to wash out the speckle. In the case of LEBS the speckle is claimed to be

negligible and the backscattering cone is easily observed in Fig. I.16.

Figure I.16: Backscattered intensity against backscattering angle in LEBS. (a) Single
measurement with significant speckle. (b) Speckle is whashed out by averaging several
measurements. [32].

Additionally to speckle reduction, an anomalous broadening of the backscattering

cone (more than 100 times the expected width) is reported via the LEBS technique,

making possible the observation of the coherent scattered cone in biological medium

with very small l⇤. Using LEBS it is possible to control the depth of light in the

tissue by coherence length. Employing low coherence, the tissue penetration depth

of photons that contribute to the coherent backscattering cone is limited by the

coherence length and can also be discriminated by analyzing the scattered intensity

at di↵erent angles. Larger angles correspond to paths of smaller length and smaller

angles to longest paths. This depth selective technique was demonstrated to be useful
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for the detection of colon-rectal cancer whose detection was possible at a depth of

70µm.

I.10 Objectives, Scope and Contributions

The purpose of this thesis is to analyze theoretically and through ab-initio simulations

the phenomenon of multiple scattering of waves in a lossless sample composed of small

cylindrical scatterers randomly located at di↵erent amount of disorder, seeking for

a relationship between localization length, the scattering mean free path and other

observables that can be experimentally accessed. In particular, we vary disorder

by changing the index of refraction of the scatterers present in the medium and

study the localization properties of the sample and its relation to the backscattering

wave. We demonstrated the possibility to measure the localization depth from the

backscattering cone. This is a very important result as the former quantity is a

fundamental quantity not directly accessible in experiments, while the later can be

easily detected. This will open new applications in biophotonics.

This thesis is divided in the following sections: Chapter I presents the basic fun-

damentals of single and multiple wave scattering, explores deeply multiple scattering

and explains its relationship with coherent backscattering and light localization. Crit-

ical quantities directly related to multiple scattering of waves will be presented. The

di↵usion approach used to model multiple scattering at a small scattering regime

will also be reviewed. Subsequently Anderson localization will be introduced and

localization of waves at a su�cient amount of disorder and its transition from little

scattering regime to strongly scattering regime will be explained. A description of

the research done in this field is also discussed and the most relevant applications of

this magnificent phenomenon are also reviewed. Chapter II expresses the importance

of numerical simulations in the study of multiple scattering of waves, in particular
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FDTD simulations to numerically solve Maxwells equations and presents an analysis

of the mathematical and physical basis behind FDTD simulations. Experiments on

coherent backscattering through computational modeling will be presented. An intro-

duction to FDTD direct simulation and solving of discretized Maxwell’s equation will

also be shown. Chapter III provides a detailed description of the multiple scattering

simulations executed in this work for samples of di↵erent refractive indices. This

Chapter also shows the provoked changes in the backscattering field due to index of

refraction variations and presents the obtained results as well as the inferred theory.

Analysis of the transmission properties of the sample and localization length at dif-

ferent ammounts of disorder is also reported. The last section of this thesis shows the

general conclusions and future work on this field that can be done starting from the

achievements of this thesis.



Chapter II

Numerical Simulations in

Electrodynamics

II.1 FDTD Fundamentals

In the general case almost all the electromagnetic problems deal with sources, di↵er-

ent types of media and several structures composed of diverse materials with arbi-

trary shape and electrical properties such as conductivity, electric permittivity and

magnetic permeability tensors. However, a general solution of the time-dependent

Maxwell’s equations is only conceivable for a very limited number of cases. Such

impossibility to find a solution arises when trying to meet the boundary conditions.

The study of multiple scattering phenomena required in this thesis lies in those com-

plicated boundary-value problems. A solution for the electric and magnetic fields can

only be achieved by numerically solving Maxwell’s equations.

In its early beginning, frequency domain numerical techniques were used to solve

for the sinusoidal steady-state Maxwell’s equations. However such techniques experi-

ence several di�culties specially when dealing with complex non-metallic structures.

Time harmonic integral methods require the solution of system of equations which

41
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limits the size and complexity of the model [34].

An alternative was found out and proposed by Yee in 1966 [35] which allows the

direct numerical solution of discretized Maxwell’s curl equations in the time domain.

This technique is currently known as finite di↵erence in the time domain (FDTD).

FDTD utilizes the finite di↵erence method which is a numerical procedure that trans-

forms boundary-value partial di↵erential equations into algebraic equations for which

a solution to the boundary value problem can be obtained if the vector field compo-

nents are evaluated at the appropriate points in a leapfrog manner. To do so, the

spatial and temporal domain is discretized in a grid in which a generic spatial point

is represented as p(i, j, k) = (i�x, j�y, k�z). Finite di↵erence simply approximates

the di↵erential operators of a partial di↵erential equation by employing the definition

of the derivative of a function f(x) and by using Taylor’s expansion of a function,

leading to the finite forward di↵erencing, backward di↵erencing and central di↵erenc-

ing equations, evaluating them at the points of the grid as shown in Eqs. (II.1), (II.2)

and (II.3) respectively:

f 0(x0) =
f(x0 +�x)� f(x0)

�x
+O(�x) (II.1)

f 0(x0) =
f(x0)� f(x0 ��x)

�x
+O(�x) (II.2)

f 0(x0) =
f(x0 +�x)� f(x0 ��x)

2�x
+O(�x) (II.3)

Higher order derivative can also be achieved by di↵erencing iteratively and by using

Taylor’s series expansion it is possible to discard the higher order terms out of the

numerical approximation.
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II.2 Maxwell’s Equations and their Finite Di↵er-

ence Approximation

With the previous insight in mind now it is adequate to introduce Maxwell’s curl

equations in any lossy, isotropic, nondispersive linear media:

@H

@t
= � 1

µ
r⇥ E� 1

µ
(M

source

+ �⇤H) (II.4)

@E

@t
=

1

✏
r⇥H� 1

✏
(J

source

+ �E) (II.5)

Each of the two previous equations have three vector components, which are given

by:
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Using the finite di↵erence method and considering the Yee algorithm, it is possible to

obtain the respective finite di↵erence equations of Eq. (II.6) to (II.11). For example,

the finite diference equation of Eq. (II.9) for a lossless source-free medium is given
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by:
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From each one of the six finite di↵erence equations (above only one is shown)

it is very straightforward to derive and obtain explicitly their respective six field

componets (E
x

, E
y

, E
z

, H
x

, H
y

and H
z

) required to characterize the electrodynamical

phenomenon at any spatio-temporal point of the discrete computational domain. The

accuracy of the finite di↵erence approximation will be closely related to the chosen

values of �x, �y and �z. However, using the magic time-step finite di↵erence is

exact.

For a given point in the discretized space, the time variation of the E field depends

only on the E field of the previous time step evaluated at the same point and the

finite spatial derivative (spatial variation) of the H field around the current point

of interest. Similarly occurs for the H field time variation. Therefore, In the Yee

algorithm the discretization is perform employing a rectangular grid for which the

points of evaluation of the E field are surrounded by points of evaluation of the H

field and vice versa as shown in Fig. II.1.
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Figure II.1: Unit cell of the Yee space lattice. Location of the vector componets of
the electric and magnetic fields. [34].

Since the creation of Yee algorithm, engineers started exploiting the capabilities

provided by such method and after decades of computer processing and memory

capacity improvements current FDTD methods are very popular for modeling elec-

trodynamics phenomena.

FDTD techniques possess several advantages over ordinary frequency domain

methods and are suitable for modeling the multiple scattering of waves in disor-

dered media, as required in this work. Since it is a time-domain technique, FDTD

can model broadband sources and calculate the impulse response of electrodynamical

systems. It is also able to deal with non-linear behavior which may arise in some

cases. However the principal weakness of FDTD rests in its inherent computational
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domain discretization, which must be fine enough to resolve the smallest structures

present in the model and the smallest wavelength. Simulation time can become very

huge if the Yee lattice is large. Fortunately FDTD field computation can be scaled

using parallel processors speeding up the simulation time linearly with the number of

processors. Indeed in this project a large computational domain is required (maxi-

mum 37895x16842 points for the case of scatter whose index of refraction is 3.5) and

KAUST supercomputer resources were necessary.

In this work we have been dealing only with elastic scattering and lossless media.

II.2.1 Total-Field Scattered-Field Technique

The total-field scattered-field approach solves the problem of generating a plane wave

source in the Yee lattice. It allows the introduction of any arbitrary incident wave to

the Yee lattice.

In the total-field scattered-field approach the linearity of Maxwell’s equations is

used to express the total electric and magnetic fields as shown in Eq. (II.14) and Eq.

(II.15):

E
total

= E
inc

+ E
scatt

(II.14)

H
total

= H
inc

+H
scatt

(II.15)

Where E
inc

and H
inc

represent the incident wave fields or sources which are as-

sumed to be known at every spatio-temporal point of the time-space lattice. E
scatt

andH
scatt

are the scattered waves that at the begining of the simulation are unknown.

These scattered waves are produced by the interaction of the incident fields with any

inhomogenitiy present in the lattice domain.

The total-field scattered-field formulation applies the Yee algorithm to the inci-
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dent, scattered and total fields respectively. Consequently, the Yee lattice is divided

into two di↵erent regions as shown in Fig II.2. Region 1 is where the structure of

study is located and where the Yee algorithm is applied to the total field compo-

nents, which incudes the incident and scattered fields. In region 2 the Yee algorithm

operates only on the scattered field components. The outer layer of region 2 is the

absorbing boundary condition or perfectly mathched layer, and is where the far-field

is computed.

Figure II.2: Total-field scattered-field regions. [34].

II.2.2 Far-Field

In the FDTD numerical technique, the far-field is obtained from the tangential

equivalent electric and magnetic sources located on a contour that sorrounds a two-

dimensional domain in which a TM
z

wave interacts with the structure of interest.

This principle is known as the surface equivalence theorem [36]. By this theorem it

is possible to obtain the fields outside an imaginary closed surface by locating on it

adequate electric and magnetic current desities satisfying the boundary conditions.

The selection of the currents must imply that the fields are zero inside the surface

and outside are the same as those produced by the real sources.

The surface equivalence theorem is applied as follow: The actual sources J1 and
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M1 flowing on an arbitrary structure generate the electric and magnetic fields E1, H1

at every point in space Fig. II.3. Then we assume that the sources are removed and a

new electric and magnetic field E, H exists inside a closed surface S that contains the

structure under study. Now we need to meet the boundary conditions that will allow

the existance of the same electric field and magnetic field produced by the original

sources and we end up obtaining the equivalent non-physical electric and magnetic

currents J
S

and M
S

flowing along surface S.
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Figure II.3: Surface equivalent theorem formulation [34].
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II.3 Numerical Simulations on Coherent Backscat-

tering

The purpose of section III.1 and III.2 was to present the fundamental mathematics

in the discretization and solution of partial di↵erential equations by employing the

definition of the derivative applied to Maxwell’s equations. In the past, enhanced

backscattering of light has been simulated considering the propagation of light in

disordered media as di↵usion phenomena by employing statistical techniques which

treats the interaction of light with the scatterers as independent scattering events.

However these analytical techniques cannot deal with complex conditions where scat-

terers are inhomogeneous or have an arbitrary shape. For this kind of problems a

numerical solution of Maxwell’s equations is required.

In [37] a pseudo-spectral time domain numerical technique is used to simulate the

problem of 2D multiple scattering of waves in a disordered medium constituted by

dielectric cylinders with circular cross section randomly positioned in the x-y plane.

The simulation domain has a rectangular shape whose dimensions are 800x400µm.

The refractive index of the scatterers is 1.25, they lie in air and their diameter is

1.2µm. The average edge to edge space between scatterers is 2.8µm. The monochro-

matic wave launched towards the simulated sample impinges on the sample with an

angle of 15�. This pseudo-spectral method performs 50 simulations of monochromatic

waves evenly spaced in frequency, which is equivalent to use a supercontinuum source

(broadband source) with a coherence length of 10µm. An average of the backscattered

intensity is done over the 50 di↵erent frequencies and also an average of 40 di↵erent

rectangular samples is computed to reduce speckle produced by random interference.

What has been demonstrated in this paper is the observation of a good agreement

between the simulations and theory. Additionally it has been shown that the speckle

in the backscattered intensity is reduced by using this frequency averaging technique,
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which is assumed to be equivalent to using a supercontinuum source.

As it will be explained in the next chapter, the study proposed in this work consists

on the modeling of multiple scattered waves in a finite 2D sample medium at di↵erent

amounts of disorder through numerical FDTD simulations.



Chapter III

FDTD Analysis of Multiple

Scattering

III.1 Modeling Procedure

In this thesis we investigate numerically in a 2-dimensional computational domain

the phenomenon of coherent backscattering of light produced by an assemble of cir-

cularly shaped scatterers. In particular we analyze within a 16� range around the

exact backscattering direction, the light backscattered by samples composed of ram-

domly positioned scatterers in order to study the e↵ects of index of refraction changes

in the angular distribution of the backscattered intensity. The indices of refraction

considered in this work range from 1.25 to 3.5. It is known that the behavior of the

multiple scattering phenomenon depends on the relative permitivity of the scatter-

ers, enhancing the multiple scattering e↵ect as the index of refraction increases [16].

Therefore we change the disorder characteristic of the sample by varying the relative

permitivity of the scatterers. Speckle arises in the backscattered intensity as a result

of random fluctuations in the multiple scattering e↵ect. For this reason, for a fixed

relative permitivity, an average over 45 di↵erent backscattered intensities using dis-

52
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tinct samples with the same disorder characteristics is performed to reduce speckle

and unveil the backscattering cone.

In addition to the collection of the backscattered intensity, energy propagation

through the sample is also analyzed. In order to characterize quantitatively the

localization e↵ect in the sample, the inverse participation ratio, which is directly

related to the localization length as it will be shown, is computed. The transmission

coe�cient at di↵erent sample’s widths is also analyzed.

It has been explained in the introduction that the tip of the backscattering cone

emerges from the constructive interference of the longest multiple-scattering wave-

paths in the sample. Therefore to accurately study the variations of the scattering

mean free path, which is directly related to the cone’s shape, a very large compu-

tational domain is required. Additionally, the presence of scatterers smaller than

the wavelength requires a precise spatial resolution which is accounted in the FDTD

model by a very fine grid. Therefore, for this study of light propagation through

strongly scattering media, the use of a supercomputer is a must.

All the simulations made for this work were performed utilizing a unique elec-

trodynamic FDTD simulator named NANOC++ which solves numerically Maxwell’s

equations for any given arbitrary geometry. In NANOC++ several sources are avail-

able such as point sources, Gaussian, supercontinuum plane waves, spherical wave

sources, among others. This ab-initio parallel simulator can be scaled up to thousands

of cores and can simulate samples composed of scatterers of arbitrary electromagnetic

properties, shape, size and location. Therefore it is suitable for this investigation on

coherent backscattering. The simulation campaign is done using KAUST supercom-

puting research facilities, in particular KAUST Shaheen supercomputer, a 16 racks

IBM Blue Gene supercomputer with 65,536 compute cores and 64TB of memory. A

two-dimensional domain is utilized in this work. However NANOC++ can also be

used to perform simulation in three dimensional spaces.
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Preliminary setup simulations are made to determine the suitable size of the do-

main and the number of time steps required to adequately analyze the backscattering

phenomenon. Hence, the size of the domain is increased in both x and y dimensions

until the backscattering cone is nearly 2 for a low density of scatterers at a low index

of refraction (n = 1.25) and no significant enhancement in the backscattering cone is

reached beyond that size. Similarly, the number of time steps is increased until reach-

ing a steady state in the propagation of light within the sample. The total physical

time duration of the simulation is 7µs.

III.2 Enhanced Backscattering Simulations

The FDTD simulations accomplished for this work are performed in a 2-D compu-

tational domain divided into an equally spaced rectangular grid. The physical size

of the domain is 520x230 µm. For all the simulations a resolution of 20 points per

wavelength inside the scattering material is selected to make sure that there are at

least 20 points per internal wavelength in the high index of refraction material. No

other simulation on enhanced backscattering has ever been done before using such

a fine resolution in such a large size of domain. The simulation models an assem-

ble of infinitely long non-magnetic cylinder scatterers of refractive index di↵erent to

one, randomly positioned in air as shown in Fig. III.1. This assemble of scatter-

ers compose what from here to the end of the document will be referred to as the

sample. The sample has a quasi-rectangular shape with a triangular side tilted 15�

as shown in Fig. III.1 in order to avoid specular reflections within the angles for

which the backscattered intensity is computed. The sample is illuminated by a plane

wave produced by a supercontinuum source of central frequency equal to 300THz

and free space wavelength of 1µm as displayed in Fig. III.2. The polarization of the

field launched towards the scatter and that collected in the backscattering direction
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is orthogonal to the 2-D plane that contains the sample. For locating the scatterers,

the sample is divided into equally-sized small cells. As it will be noted later on, the

size of the cells is directly related to the density of scatterers in the sample and the

maximum permissible size of the scatterers. In these simulations all scatterers have

the same size. Every scatter is located in each of the cells of the sample randomly de-

viating it from the center of the cell by following a normal distribution. The amount

of randomness of the sample is controlled by the standard deviation of the Gaussian

distribution of scatterers.

Figure III.1: 2-D sample used in our multiple scattering model. One side is tilted 15�

to remove the specular reflection from the backscatered intensity.

III.2.1 Sample Parameters

In all the simulations reported in this work, the solid fraction density of the scatterers

is 5.6%. The size of each cell is .9µm, the diameter of each scatter is .3µm, the mini-

mum admissible distance between the center of scatterers is .33µm and the standard
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deviation of the random shift in the position of the scatterers is .18µm.

The campaign of simulations consisted in modeling multiple scattering phenomena

and coherent backscattering of light by samples of di↵erent index of refraction. To

do so, the indices of refraction selected for such simulations were: 1.250 1.500, 1.560,

1.600, 1.700, 2.000, 2.125, 2.250, 2.330, 2.400, 2.500, 2.750, 3.000, 3.250 and 3.500.

Due to the random location of scatterers in the sample there are random fluctuations

in the far field intensity. For this reason, an averaging over several realizations of

scatter with the same disorder parameter (same standard deviation) is required. For

a same index of refraction, the minimum number of realization of the sample is

45, so there are at least 45 simulations (one for each sample realization) and the

backscattering cone is obtained from the far field at 100 di↵erent angles around the

exact backscattering direction (from 172� to 188�). The backscattering cone is fitted

with its theoretical equation. The number of realizations required is determined by

admitting a RMSE of the fitted curve no larger than .05, but keeping a limit of 50

realizations at most.

Since the physical size of the domain is maintained constant, what is varied to

keep the resolution of 20 points per wavelength inside the material is the number of

cells of the domain. The di↵erential computational space (�x) is given by the box size

divided by the number of cells. In a homogeneous medium the wavelength is given by

the free-space wavelength divided by the square root of the relative permittivity. Since

the number of points per wavelength in the random medium should be larger than 20,

the number of cells required to meet the same spatial resolution for di↵erent refractive

indices is: number of cells=20nS/�0. The wavelength of the supercontinuum source

used in these simulations is 1µm. Where n is the index of refraction of the scatterers,

and S is the box size of the domain.

In the simulation, everytime the spatial resolution is changed, the temporal res-

olution changes aswell. Consequently, the total number of time steps is also varied
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in order to keep constant the total time. Therefore, all the simulations are done

maintaining the very same phyisical conditions for all the refractive indices. This in-

variance of physical conditions is what allow us to study the e↵ects on the transport

mean free path, localization length, coherent enhancement and transmission behavior

produced exclusively by the changes of refractive index.

For all the simulations the free space wavelength is 1µm and the radius of the scat-

terers is .15µm. The diamater of the scatterers is one thrid the free-space wavelength.

The wave propagates through the sample with an e↵ective wavelength smaller than

the wavelength in vaccum. Therefore these simulations lie in the case of scattering

where the wavelength is comparable to the size of the scatter, as explained in the

introduction.

Figure III.6 shows the coherent backscattering cone for di↵erent values of index

of refraction: 1.25, 2, 2.5, 3 and 3.5. As the index of refraction increases, multiple

scattering in enhanced and the sample becomes more turbid. We can see how the

height of the backscattering cone is reduced as the sample becomes more turbid,

which is consistent with the explanation shown in [5] and with the experimental and

theoretical predictions summarized in Chapter I.

III.2.2 Supercontinuum Source

In our model, the sample is illuminated by a supercontinuum light source, which is

characterized by the summation of a finite number of plane waves evenly spaced in

frequency as shown in the following equation:

S(t) =
(N�1)/2X

n=�(N�1)/2

ei(!0+n�!)t (III.1)

Where N is the number of waves equally spaced in frequency, !0 is the central fre-

quency of the supercontinuum and �! is the frequency spacing. In these simulations,
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N=50, the central wavelength is 1µm, and the 50 evenly spaced wavelengths are

contained within the .95µm to 1.05µm range.

In electromagnetics, when an electric field is applied to a dielectric, the polariza-

tion vector induced on the dielectric can be expanded as a Taylor series in which the

high order electric susceptibilities are discarded at small field intensities. At higher

intensities, high order components become significant and nonlinear e↵ects arise in

the presence of a multiple frequency excitation. Additionally, advantage can be taken

from the spatial coherence of the source as in the case of di↵using wave spectroscopy

[38]. Although we are not studying the nonlinear e↵ects in multiple scattering phe-

nomenon, we use a supercontinuum source to take advantage of the FDTD capability

of managing broadband models. This supercontinuum source is equivalent to the use

of the pseudospectral technique done by Taflove in [37], in which the backscattering

intensity is obtained from several single frequency simulations of samples with the

same disorder parameters. In our case, no average of several frequency simulations is

required. Regarding the coherence length of the supercontinuum source of our model,

it is much more larger than the size of the sample, therefore we can certaintly assume

that the light in our simulations is spatially coherent. Indeed, if the coherence length

of the source were smaller than the sample, the backscattering cone would not be

manifested in the backscattered intensity.
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Figure III.2: Supercontinuum pulse impinging on the sample. The wave is multiple
scattered in the sample.

III.3 E↵ect of Refractive Index Variations

III.3.1 Coherent cone enhancement

We illuminate the sample with a supercontinuum source and collected the backscat-

tered light in an angular aperture of 16� around the backscattering direction. The

plane wave pulse impinges on the sample at a 15� angle in order to remove the re-

flectios from the backscattering direction. For each index of refraction we obtain 45

backscattering intensity which are averaged to wash out speckle. Figure III.3 shows

an example of a single measured backscattered intensity in which speckle is evident.

Figure III.4 shows the backscattered intensity averaged over 45 realizations. Speckle

is suppresed and on average coherent interference dominates, appearing the backscat-

tering cone as seen in Fig. III.6.
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Figure III.3: Backscatered intensities measured from two realizations of the sample.
Speckle arises due to random fluctuations in the multiple scattering process.
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Figure III.4: Coherent backscattering cone and its theoretical fit. Average of 45
backscattered intensity like those shown in Fig. III.3. Index of refraction 1.25.

The simulated data is fitted with the theoretical equation of the coherent backscat-

terg cone Eq. (II.4). From the fitted cones shown in Fig. III.5, the transport mean

free path is obtained. Figure III.6 shows the backscattering cone for some of the

refractive indices considered in this thesis. As it can be observed and as shown in

Table III.1, the width of the backscattering cone increases as the index of refraction

increases. Moreover, the heigth of the backscattering cone decreases as the index of

refraction increases. This occurs because a larger ammount of disorder increases scat-

tering reducing the localization length, halting the contribution of the longest multiple

scattering paths to the backscattering cone. However, as shown in Fig. III.6, the en-

hancement of the backscattering cone does not continue increasing beyond index 2.25.

This happens because as the index of refraction is increased, the mismatch between
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free-space and the sample is larger provoking a greater contribution of the reflected

wave which appears in the backscattering cone as an increased background intensity

for angles below 0�, being 0� the exact backscattering dierction.

Figure III.5: Experimental coherent backscattering cones and their respective fitted
equation. For symplicity only some of the cones are shown. The backscattering
angle 0� corresponds to the exact backscattering direction. The enhancement of the
backscattering e↵ect is reduced as the relative permitivity of the sample increases.
This occurs because as the turbidity of the sample increases, the longest light paths
which contribute to the coherent intensity at the retroreflected direction are broken.
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Table III.1: Refractive index, enhancement factor and FWHM
Refractive Index Enhancement Factor FWHM[�] kl⇤

1.25 2.00 0.46 55.5
1.50 1.89 1.50 15.5
1.56 1.79 3.77 8.9
1.60 1.76 3.10 6.6
1.70 1.76 3.13 6.5
2.00 1.74 2.83 7.1
2.125 1.78 2.71 7.4
2.25 1.78 3.43 6.2
2.33 1.77 3.45 5.7
2.50 1.73 4.5 4.5
2.75 1.77 6.48 3.3
3.00 1.78 6.21 3.3
3.25 1.74 5.95 3.3
3.50 1.76 5.05 4.0

Figure III.6: Coherent backscattering cone at di↵erent amounts of disorder. The
experimental data obtained from the simulations is fitted with the equation of the
coherent cone to obtain the shown curves. The enhancement of the backscattering
e↵ect is reduced as the relative permitivity of the sample increases. The size and
width of the cone increases as the relative permitivity of the sample increases.
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III.3.2 Disorder Variations

As stated in [16], it is possible to vary the ammount of scattering by changing the

size of the scatterers, their solid fraction, the wavelength of the incident light or as

in this case, the relative permitivity of the scatterers present in the sample. Disorder

variations by chaging the relative permitivity of the scatterers occur because higher

index of refraction variations between the scatterers and their host medium (in this

case free-space) strengthens the scattering e↵ect, increasing the disorder of the sample.

In order to do so, we have varied the index of refraction of the sample from 1.25 to

3.5 in an attemp to go from a weak multiple scattering phenomenon to a strongly

scattering e↵ect near Anderson localization of light.

Through our simulations we demonstrate that the increase of the index of refrac-

tion contrast raises the amount of disorder in the sample, leading to light localization

which is near Anderson localization when the index of refraction is larger than 2.5.

This result can be explained as follow: A higher index of refraction increases the

di↵erential scattering cross section shown in Eq. (I.14) and Eq. (I.15), enhancing the

scattering e↵ect. More scattering produces more closed loops and the eigenmodes of

the sample are transformed from spread to localized. In colloquial terms, the sample

becomes more turbid which can be seen as a decrease in the scattering mean free

path. The coherent backscattering cone gets wider and its amplitude is reduced as

shown in Fig. III.6. Aditionally, the transport coe�cient decreases and the transport

through the sample breaks beyond the so called localization length. This produces

a decrease in both the localization length and the transport mean free path as the

index of refraction increases, as can be seen from the simulated measurements shown

in Fig. III.8 and Fig. III.7.
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Figure III.7: Transport mean free path against index of refraction. As the chaoticity
of the sample is increased, the sample becomes more turbid and the transport mean
free path is reduced.
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Figure III.8: Normalized localization length against index of refraction. In this plot
the localization length is obtained using the normalized inverse participation ratio
shown in Eq. III.2 of the energy distribution of each of the samples. Some of those
energy distributions are shown in Fig. III.9. Increase of disorder allows the propaga-
tion of light through the sample just within a decreasing limited spatial region.

III.3.3 Localization Length

As explained in Chapter I within the localization length conduction through the

sample existis. That is, photons will propagate within that length. Beyond the

localization length no light is transmitted. The concept of localization length can be

better undestood by looking at Fig. III.9. As the index of refraction is increased, the

scattering phenomenon is stronger and closed paths are produced inside the sample,

limiting the propagation through the sample to a smaller spatial region.
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Figure III.9: Localization of photons. As the scattering is enhanced, recurrent scatter-
ing occurs and closed loops are formed inside the sample, restricting the conductance
of the medium. As disorder is increased, the sample is transformed from conducting
to insulating.

The localization length is obtained by calculating the inverse participation ratio

(ipr) of the distribution of electromagnetic energy density E in the sample [18, 39]

which in our case is computed using the following expression:

ipr =

⌧
(
R

s

dsE)2R
s

dsE2

�
(III.2)

In addition to the localization length, the conduction property of the sample is also

characterized. The transmission coe�cient at diferent sample’s width is measured

from the energy distribution shown in Fig III.9. The simulated data shows an ex-

ponetial decay in the transmission for all the indices of refraction (from 1.25 to 3.5).

The measured data is fitted with the theoretical exponential curve Eq. (III.3):
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Table III.2: Measured quantities at di↵erent refractive indices
Refractive Index l⇤[µm] l

locipr

l
loctrans

[µm]

1.25 8.83 1.00 -
1.50 2.47 0.99 92
1.56 1.42 0.97 86
1.60 1.05 0.95 84
1.70 1.03 0.90 73
2.00 1.13 0.78 67
2.125 1.17 0.65 60
2.25 0.98 0.63 56
2.33 0.91 0.58 48
2.40 0.80 0.53 44
2.50 0.72 0.46 42
2.75 0.53 0.41 30
3.00 0.53 0.45 34
3.25 0.53 0.41 31
3.50 0.64 0.48 36

T (L) = T0 exp(�L/l
loc

) (III.3)

From the previous equation Eq. (III.3) [1], we get the decayment constant at

diferent refractive indices. the obtained data is summarized in Table III.2. The

encountered transmission behavior is show in Fig. III.10. To visualize better the

exponential decay of transmission see Fig. III.11. The measured data in Fig. III.11

fits Eq. (III.3). The theoretical curves of the encountered transmission behavior are

shown in Fig. III.12.
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Figure III.10: Transmission coe�cient against sample width. Experimental data
obtained through simulations is fitted with equation (III.3). To avoid confusion due
to multiple plots, only some transmission curves are shown. As disorder increases the
exponential decayment of the transmission constant becomes more significant.
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Figure III.11: Transmission coe�cient against sample width (Semilog plot). Experi-
mental data obtained through simulations is fitted with equation (III.3).
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Figure III.12: Transmission coe�cient against sample width. As disorder increases
the exponential decayment of the transmission constant is enhanced.

From III.12, we can see that the transmission through the sample decays more

rapidly with distance as the index of refraction is increased, just as expected theo-

retically. Moreover we have also obtained the localization length not only from the

inverse participation ratio, but also from the simulated data fitted with the curve Eq.

(III.3). The obtained values are shown in Fig. III.13. We can see that the behav-

ior of the localization length as the index of refraction is varied is totally consisted

with that shown in Fig. III.8 in which the localization length was estimated using

the inverse participation ratio. This means that the inverse participation ratio is a

quantity that accurately and consistently assesses the localization length in this light

transport phenomenon.
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Figure III.13: Localization length against index of refraction. In this plot the lo-
calization length is obtained from the data fitted to the Eq. (III.3), not from the
inverse participation ratio (III.2). Increase of disorder allows the propagation of light
through the sample just within a limited spatial region.

To show once more that the inverse participation ratio is a measure that accurately

assesses the localization length, Fig. III.14 shows the normalized inverse participation

ratio obtained from Fig. III.9 using equation Eq. (III.2) against that obtained from

the transmission fitted with equation Eq. (III.3). The linear relationship supports

this fact.
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Figure III.14: Localization length obtained from the exponentially decaying equa-
tion of transmission Eq. (III.3) as a function of localization length obtained using
the inverse participation ratio Eq. (III.2). The linearity indicates that the inverse
participation ratio is a quantity adequate to assess the localization length.

III.3.4 Relationship Between L
loc

and l⇤

We have described above how the transport mean free path and the localization length

decrease as the disorder of the sample grows. Now it is time to show the relation-

ship between both quantities. As shown in Fig. III.15 there is a linear relationship

between the transport mean free path and the localization length near the strong lo-

calization regime, which occurs in this case at an index of refraction larger than 2.25.

This result has not been demonstrated before and has many implications in all the

phenomena of light and waves transport through inhomogeneous media. Indeed, in a

real experiment, we are not able to measure directly the energy distribution through

the sample as shown in Fig. III.9. This is a remarkable result because now we can
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infer, in an experimental setup, information regarding light localization by simply

analyzing the angular distribution of the light backscattered by the sample.

Figure III.15: Transport mean free path against localization length. There is a linear
behavior as the system approaches strong Localization.



Chapter IV

Concluding Remarks

IV.1 Summary

Through FDTD ab-initio simulations we have modeled multiple scattering of waves in

inhomogeneous scattering media at the transition to Anderson localization, reaching

a kl⇤ of ⇡. We have measured the most relevant quantities that characterize light

transport through scattering media: backscattering cone enhancement, l⇤, l
loc

, cone’s

FWHM and transmission coe�cient. No other numerical modeling of multiple scat-

tering of waves and analysis of coherent backscattering with such a fine resolution (20

points per wavelength inside the material) has been performed before.

A boost in the scattering e↵ect as the index of refraction of the sample increases,

has been reported. Theferore it is possible to vary the amount of disorder by changing

the index of refraction of the scatterers.

A reduction in the l⇤ as disorder increases has been observed as expected the-

oretically. This occurs because scattering enhacement reduces the longest multiple

scattering paths that contributes to the central reinforcement of the backscattering

cone. The same phenomenon produces recurrent multiple scattering, which reduces

the depth of penetration of the waves inside the material, reducing l
loc

.
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We have demonstrated that by varying the refractive index of the sample it is

possible to go from a quasi-di↵usive propagation to a strongly localized regime. We

have been able to change the conductance properties of the sample from conductive

to insulating.

We have also shown that the inverse participation ratio is a quantity that correctly

assesses the localization length because the measured ipr and the localization length

obtained from the fitted exponentially decaying curve of the transmission coe�cient

were both consistent in our simulations. There is a clear linear behavior between

these two quantities ans shown in Chapter III.

At a su�cient amount of disorder, near Anderson localization regime, we have

found a linear relationship between the scattering mean free path and the localization

length. This phenomenon has not been reported before, and is a remarkable result

because it will let us predict or obtain information regarding localization just by

analyzing the backscattering cone.

IV.2 Future Research Work

The work presented in this thesis provides several insights in the understanding of

light propagation in strongly scattering media. However there is still much work to

be done in order to fully characterize the quantities involved in the phenomenon of

Anderson localization.

A future research work which would extend our interpretation of Anderson local-

ization of photons consists in the increase of disorder not only by augmenting the

index of refraction constrast between the scatterers and the host medium, but also

by enlarging the density of scatterers present in the sample. In this work, the solid

fraction portion of scatterers is only of 5%. By raising this value we can achieve a

stronger scattering and get even closer to Anderson regime.



77

Another pending study with relevant implications to biophotonics is the analysis

of disorder variation by changing the shape of the scatterers. Many diseases such as

cancer produces not only alterations in the dielectric properties of the tissues, but

also morphological deformations of the cells present on them. therefore it is very

important to be able to characterize and develop the necessary theory that will let

us understand the relationship between the measured backscattering intensity, light

localization, penetration properties in tissues, and changes in the size and shape of

the scatterers.
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