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Chapter 1
Introduction

The group of optics and atomic physics at the Department of Physics and Technol-
ogy, University of Bergen has been actively involved in research and development of
non-invasive biomedical techniques to identify early stage malignant melanomas from
non-malignant or benign skin lesions. Such optical diagnostic technique [1,2] relies on
scalar radiative transfer theory, which has been developed and extensively used in the
field of atmospheric remote sensing based optical satellite measurements. In order to
use similar radiative transfer techniques in an optical probing thechnique to investigate
skin tissue disorders, one must take into account the interaction of electromagnetic ra-
diation with skin tissue. Having the correct knowledge of absorption and scattering
properties of heterogeneous skin tissue, one may optically probe a coupled air-skin sys-
tem in a similar manner as in satellite remote sensing of a coupled atmosphere-ocean
system. The only important difference between these two systems is that the skin is
a moderately denser optical medium than the ocean, implying that existing radiative
transfer models for coupled atmosphere-ocean remote sensing can be applied to an

air-skin system with some adjustments [3,4].

Investigations of atmospheric remote sensing have indicated that the use of scalar ra-
diative transfer models poses uncertainties in the calculation of the planetary scattering
phase function, which increase with the scattering angle [5] defined as the angle be-
tween the incident starlight and the observer. The polarization effects in scattered light
can provide useful information about scattering media. Thus, the use of polarized light
instead of natural or unpolarized light in optical sensing of a coupled air-skin system
can improve the characterization of size and shape distributions of scattering particles
in the skin.

The goal of this thesis is intended to investigate skin optics relevant for the transport

of polarized light into the layered structure of human skin.
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1.1 Light

Light illuminates objects around us, and the scattered light from objects make them
visible. Light is electromagnetic radiation in the wavelength range of A = 400 — 700
nm [see Fig 1.1]. Ounly this small range of the electromagnetic radiation spectrum is
visually sensitive to human eyes in different colors, whereas the spectral distribution of
entire electromagnetic radiation ranges from very short gamma rays (A < 107!2 nm) to
long radio waves (A > 10* m). The most important parts of the electromagnetic radia-
tion in our earth-atmosphere system belongs to the ultraviolet (UV), visible (VIS), and
near-infrared (NIR) spectral regions. The UV part of the electromagnetic radiation is
further divided into UVA radiation in the wavelength range from A = 400 to 320 nm,
UVB radiation in the wavelength range from A = 320 to 280 nm, and UVC radiation
in the wavelength range from A = 200 to 280 nm. All parts of the electromagnetic
radiation travel at a constant speed ¢ = 3 x 108 m/s in free space, and takes about 8.3
minutes to reach the earth from the sun (the earth-sun distance is 1 AU ~ 15 x 107
km. The propagation through any material medium is affected by the refractive index
n of the material in accordance with the relation v = ¢/n, where v is the speed of light
in a material medium. The value of n is 1.000 in vacuum and is greater than 1.000
in a material. However, the frequency v does not change, so that light of different

frequencies v travels at different speeds v in the same material medium.

Light can show both wave-like and particle-like character. The wave-particle duality,

is manifested in the following relation
h
A=— 1.1
p (1)

where h = 6.622607 x 10731 J s is Planck’s constant, and p = E/c is the momentum
of a photon with speed ¢ and energy E. The wavelength A in Eq. (1.1) associated
with a moving photon is called the de-Broglie wavelength [6], and the energy F carried
by each photon is quantized to discrete values of hr, where v is the frequency of the

radiation. Since Av = ¢, photos with high energy have short wavelength, and vice-versa.

The particle-wave duality is often attributed to a high energy photon. In this thesis,
the light is treated as electromagnetic wave whose spectral distribution is shown in
Fig. 1.1.
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Figure 1.1: Spectral distribution of electromagnetic radiation divided into different wave-

lengths and frequency bands. Adapted from Wikipedia [7].

1.2 Electromagnetic properties of light

Light consists of transverse electromagnetic waves, each comprised of an electric field
vector E and a magnetic induction or magnetic flux density vector B , which oscillate
mutually perpendicular to each other and to the direction of propagation. The direction
of propagation is given by their cross product S =Ex Bi where S is called the Poynting
vector after the name of J. H. Poynting (1852 - 1914). The S gives the instantaneous
value of the light energy flowing through a unit area that is perpendicular to the
propagation direction. The instantaneous energy carried by the electric and magnetic
field vectors is oscillating very rapidly with time. For example, red light with A = 700
nm oscillates 4.28x10* cycles in one second. Therefore, the light energy or irradiance
I is usually measured as the time averaged magnitude of the poynting vector, i.e.
[=<S8>= ? E?  [Wm™? (1.2)
where ¢ = 8.85 x 10712 Fm™! is the free space permitivity. The magnitudes of E
and B in free space are connected by F = ¢B. Thus, the Poynting vector gives the
direction of the electromagnetic energy flow, and the time-averaged magnitude of the

Poynting vector is the intensity or radiance.
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The behavior of the electromagnetic field vectors E and B in a material medium is
described by Maxwell’s equations [8], and the additional material equations or consti-

tutive relations

j=0E (1.3a)
D=c¢E (1.3b)
B=pul (1.3¢)

where j is the electric current density, o the electric conductivity, D the electrical
displacement, € the electric permittivity, u the magnetic permeability, and H the mag-
netic field.

The optical properties of a material medium depends on the quantities € and p through
the refractive index n, given by n = ,/eui. For frequencies in the visible range, most di-
electric materials have u ~ 1, so the optical properties are related only to the dielectric
permittivity. In a homogeneous and isotropic dielectric medium, € is a scalar constant
at a given frequency, implying that it does not vary with the position or with the di-
rection of light propagation, so that the speed of light is independent of its direction.
On the other hand, e varies with the propagation direction of light in an anisotropic
medium, so that the relation between D and E in Eq. (1.3b) does not hold. In such a
medium, the permittivity becomes a tensor, implying that Din general is not parallel
to E [9,10].

A substance with a negligible value of the conductivity o is called a dielectric.

1.3 Polarization properties of light

Natural light consists of a number of plane polarized waves, each oscillating rapidly in
such a way that its polarization is completely unpredictable. As mentioned previously,
red light of A = 700 nm will oscillate 4.28x10'* cycles per second. The response time
of a light detector to measure each cycle would have to be extremely short. Thus, a
detector with an integration time of the order of a millisecond will average over many

monochromatic oscillations.
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To account for the polarization, we need to consider the amplitude and the phase of
propagating light wave. The plane of polarization is determined by the direction of
oscillation of E and the direction of propagation. The end point of E rotates rapidly
and changes its magnitude in such a way that the locus of the points whose coordinates

are B, = a, cos(a+d;) and E,, = a, cos(a+0J2) trace out a conic section of the form [8,9]

2 2
<EZ> + <Ey) —2cos6 <ET> <E1’> = sin®6 (1.4)
Gy a/y Ay ay

where a, > 0 and a, > 0 are instantaneous E-field amplitudes along the & and ¢
directions, respectively, in a right-handed co-ordinate system where the direction of

propagation is along Z = & X g direction, which points out of the page in Fig. 1.2.

n A

\

————————— R D it T R R R

Figure 1.2: Elliptically polarized light. The end point of the electric field vector E traces
out a vibration ellipse as it oscillates. The angle x (0 < x < 7) gives the inclination of the

ellipse with respect to the x axis of the right-handed cartesian co-ordinate system.

The phase difference is given by § = d2 — d; and o = wt — kz is variable phase factor.

The angle x of inclination of the ellipse with the z axis is given by

2ab
tan 2y = QLbQCOS 0. (1.5)
aZ —
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When 6 = 7/2 and a, = ay, Eq. (1.4) reduces to the equation of a circle. For § =0
or m, Eq. (1.4) degenerates into straight lines of the form E, = +(a,/a,)E,, where
+(ay,/ay) is the slope. When the slope is positive (negative), light is linearly polarized

in the horizontal (vertical) plane.

The ratio of semi-major axis a and semi-minor axis b of the ellipse [see Fig 1.2], i.e.,
tan 8 = b/a where —7w/4 < [ < m/4, determines the shape of the ellipse. When
G = 7/4, the light becomes circularly polarized, and the circular polarization is right
handed if § = m/4 and left handed if 3 = —x/4. The sum of right-handed and
left-handed circular polarized light gives linearly polarized light. Thus, the general
polarization state of light, occurring when the x and y components of electric field
amplitudes are not equal and also when the phase difference § # +x/2, is elliptical
polarization. If we know the length of the semi-axes (a, b) and the orientation () of

the polarization ellipse, the phase difference can be determined [8] from Eq. (1.5).

1.3.1 Stokes vector representation of polarized light

The polarization states of a quasi-monochromatic light wave can be represented by a
4 x 1 vector, called the Stokes vector S, whose elements I, @), U, and V are called the
Stokes parameters [8,11], originally after G. G. Stokes in 1852. The Stokes parameters
are independent of each other, separately measurable as intensities, and related to the
transverse components of complex electric field E:(EL+E“)ei(kZ’“t> in the following
form [10]

(E\E}) + (ELET)
(EVEj) — (ELET)
(B E7) + (ELE])

(B ET) — (ELET))

(1.6)

< O~

Here the electric field components £, and Ej are perpendicular and parallel to the
plane of scattering, i.e. the plane defined by the directions of the incident light and
the scattered light. The symbol asterisk denotes the complex conjugate, the notation

() indicates the time average, and ¢ = y/—1 is the imaginary unit.

The first parameter I > 0 is the total intensity, the parameters ¢ and the U describe
the directions of linear polarization, and the parameter V' describes the circular polar-

ization [12]. The Stokes parameters are real physical quantities of the same dimension.
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However, they can be normalized to I in order to make their values dimensionless in
the range between 1 and -1. Stokes vectors for different polarization states in the nor-

malized representation are given in Table 1.1.

Table 1.1: Normalized Stokes vectors for different polarization states.

Stockes  Horizontal Vertical +45°  -45° Right Left

parameters linear linear  linear linear circular circular
I 1 1 1 1 1 1
Q 1 -1 0 0 0 0
U 0 1 -1 0 0
\% 0 0 0 1 -1

The Stokes parameters satisfy the criterion 12 > Q2 + U? + V2 for any arbitrary po-
larization state of light. For completely polarized light, I? = Q? + U? + V2 and for
completely unpolarized light, Q = U = V = 0. Therefore, the degree to which the
light is polarized is given by the degree of polarization P which is defined as the ratio
of average intensity of completely polarized light to the averaged total intensity.

If the incident light is unpolarized, the degree of polarization P of the scattered light

is measured as
_L-

N I, + I” (1.7)
where I, = (E,E7) and Iy = (E|E}) are the perpendicular and parallel components
of the scattered intensity with respect to the plane of scattering. The intensity I of
natural light is equivalent to the sum of its orthogonal components I and I, i.e.
I = I+ I.. Generally, the polarization for which the E field is normal to the plane
of incidence is called s polarization (from German ”Senkrecht”) or TE (”transverse
electric”) polarization and that for which the E field is parallel to the plane of incidenc

is called p polarization or TM (”transverse magnetic”) polarization.

The value of the degree of polarization P lies in the range of —1 < P < 1. If P =0,
the light is unpolarized or depolarized and if |P| < 1, it is partially polarized. If
P > 0(P < 0), the light is polarized perpendicular (parallel) to the scattering plane,

and |P| = 1 corresponds to complete polarization.

The Stokes vector in Eq. (1.6) is given by S = {I Q U V}*, where I = I + I, and
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Q) = Ij — I.. The degree of polarization in terms of the Stokes parameters is given by

1
w for elliptical polarization
1
P = w for linear polarization ( - (1.8)
% for circular polarization

A monochromatic plane wave is completely polarized. An arbitrary state of polarized
light is the sum of a partially polarized part and completely polarized part. Polar-
ization states of light in terms of normalized Stokes parameters can be geometrically

represented on the surface of the Poincare sphere [9].

1.4 Interaction of light with matter

We observe objects around us by means of how light interacts with various materials
through absorption, reflection, and scattering. The interaction of light or an electro-
magnetic wave with matter is described in terms of absorption, reflection, refraction,
scattering, and dispersion. When light travels from one medium to another medium
of different refractive index, the light will be reflected and refracted at the interface

depending on the boundary conditions such that

(1) the normal component of B and tangential component of E are continuous across

the interface,

(2) the tangential component of H and the normal component of D may be discon-
tinuous cross the interface. The electric displacement vector D will change as the
result of a possible surface charge, and the magnetic field vector H will change

as the result of a possible surface current density [9].

Within the medium, the light can be extinguished due to absorption and scattering.
Moreover, the wavelength of the light changes when it propagates from one medium
to another medium of different refractive index, however the frequency remains un-
changed. The amplitude of a reflected or transmitted T'FE or TM plane waves is given
in terms of the amplitude of the correspondingly polarized incident plane wave by

Fresnel’s equations [10].

1.4.1 Reflection and refraction

When light falls on a surface, part of it is reflected and part is refracted, as shown

in the Fig 1.3(a). The reflection of light from a mirror-like surface is called specular
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reflection for which the angle of reflection 6, is equal to the angle of incidence 6;. In
the case of specular reflection, the incident, reflected, and transmitted directions lie in
the same plane, which is called the plane of incidence and is defined by the directions

of the incident light and the normal to the reflecting surface.

The light entering from the first medium into the second medium will continue in a

direction different from its initial direction [Fig. 1.3(a)]. The relation between the angle

Incident light

Incident light

12 Diffuse reflected light

ng > Ny

|
I
I
I
I
I
I
I
I
I
|
I
I
I
I
I
I
I
I
!
| Surface Interface
"
|
I
I
I
I
I
I
|
I
I
\
h
I
I
I
I
I
I
I
I
I

Rough surface

(b)

Figure 1.3: Reflection and refraction phenomena where (a) shows the reflection and refraction
of light incident upon a plane surface interface and (b) shows multiple reflections from random
micro-facets on a rough surface, for which 2 is the mean normal to the surface. In both cases

0; is the angle of incidence.

of incidence 6; and the angle of transmision 6; is given by Snell’s law
ny sin@; = ny sin ;. (1.9)
If ny > no, the light transmitted from the interface will propagate in a direction

defined by 6; such that 6; > 6;, and if the angle of incidence becomes larger than
;. = arcsin(ng/ny), the light will be totally reflected back to the same medium.

On the other hand, if ny > nq, then 6; < 6;, and total reflection will not occur. The

ratio between the amplitude of a reflected or refracted plane wave and that of the
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incident plane wave is given by

. :E‘V:nlcos@i—ngcosei (1.10)
I Ej;  mnycosf,+nycosb; '

or
y :%: 2n, cos b; (1.11)
I Eyi  nycost +ngcosb '

when the E field is parallel to the plane of incidence. Similarly, when the E field is

perpendicular to the plane of incidence, these ratios are

_ Ei,  njcosf; —nycost, (1.12)
" Ei; mycosb; + nsycosb, ’

rL

and
T 2n4 cos b;

ty (1.13)

E,; nycosh; +ngcosh,

The basic radiance (I/n?) of light in a medium of refractive index n is invariant [14]
provided that there is no reflecting interface along the light path. The basic radiance
of the reflected light (7,/n?) in the medium of refractive index n; or of the transmitted
light (I;/n3) in the medium of refractive index ny can be obtained by multiplying the
basic radiance of the incident light (I;/n?) with the reflectance R or the transmittance

T given by . .
_T‘|+TJ- ) _ngCOSaf,tH—’—tL

= 1.14
2 ’ nycosl; 2 ( )

If there is no absorption, then R+ T = 1.

When ns > ny, the reflected light of incident polarization parallel to the plane of
incidence vanishes at the particular value of §; = 0p for which 05 + 6,5 = 7/2 [see
Fig 1.4]. This particular angle of incidence 0 is referred to as the polarization angle or
Brewster angle. Unpolarized light incident upon an interface (ns > ny) at this angle of
incidence, will be linearly polarized perpendicular to the plane of incidence. Thus, the
polarization state of the reflected and transmitted light from a plane dielectric surface
is not necessarily the same as that of the incident light. Light polarization at 6p is
often employed in laser technology. If the incident light is circularly polarized, the

reflected light has reversed handedness of the polarization.

1.4.2 Absorption and scattering

The absorption and scattering by particles in a medium contribute to the extinction

of light as it propagates. The amount of light attenuation or extinction along the
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Figure 1.4: Electromagnetic radiation polarized at Brewster angle 6; = 0, from Ref. [13].

direction of propagation due to absorption and scattering depends on the density,
size, and refractive index of the particles. Electromagnetic radiation at a particular
frequency v propagating in the direction Q) in a medium of physical thickness h will be
exponentially attenuated due to absorption and scattering according to the following
extinction law [14]:

L(2,9Q) = 1,(0,Q) ™™ (1.15)
where I,,(0, Q) and 1,(z, Q) are the intensities at z = 0 and at z = h, respectively, and

where the optical path length 7(v) is given by

h
T:—/ udz. (1.16)
0

Here the minus sign indicates that 7 increases downwards from the upper boundary, u
is the extinction coefficient [m~!], which is equal to the sum of the absorption coeffi-
cient y, and the scattering coefficient p, of the medium, i.e. pu = pq+ps. If s = 0, the
exponential attenuation is due to absorption only. Absorption increases the internal
energy or the temperature of an absorbing medium. It depends on the imaginary part
n’ of the complex refractive index according to p, = 47n’ /A, where X is the wavelength
of the absorbed radiation in the medium [10]. Absorbed electromagnetic radiation will
be re-emitted according to Stefan-Boltzmann’s law [15], and the wavelength of maxi-
mum emitted radiation is given by A,,7 = 2897.8 pm K, where T is temperature of the

emitting body. Emissions from the earth, the atmosphere, and the human body are
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mostly thermal radiation in the infra-red spectral region. A optically opaque material

completely absorbs and stops the transmission of the irradiated light energy.

Light scattering processes are valuable for probing the optical properties of various
media. Scattering can be used to characterize the size, shape, and refractive index
of scattering particles [16]. Scattering processes can be described in terms of classi-
cal physics by treating the light as transverse electromagnetic waves and in terms of
quantum physics by visualizing the light as a stream of particles called photons. In
quantum theory, light absorption, emission, and scattering are given in discrete packets
of energy hv per photon, which are associated with the discrete changes in the energy
levels of atoms and molecules. The classical scattering theory explains the scatter-
ing as radiation emitted from the oscillation of atomic dipoles that are induced by
the incident electric field of a light wave. Though the quantum description is superior,

the classical description of scattering is still useful due to its pedagogical simplicity [14].

Scattering occurs due to spatial inhomogeneities of the refractive index and also due to
multiple reflections at surfaces. Surface scattering is related to the nature of the sur-
face roughness, whereas scattering due to aggregates of particles within a given volume
depends on their number density, refractive index, and geometry. The initial direction
of light is generally changed after scattering, but often the frequency is not altered.
However, if the frequency is changed, light is inelastically scattered. For example, when

UVA radiation illuminates our nails, it will generate fluorescent emission of visible light.

Z.

\V

Figure 1.5: Simple illustration of light scattered by different sized spherical particle [20].
Left: Rayleigh scattering, middle and right: Mie scattering. The direction of incident light
is from the left to right and the size of particle at the right > the particle in between > the
particle at the left.

The effective size of particles is very important in describing the scattering process in
a medium. For a sphere of radius r, the effective scattering size or size parameter x

is given by the ratio of the circumference of the particle to the wavelength A in the
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medium, i.e. x = 27r/A. Light scattered by spherical particles can be computed using
Mie scattering theory [10,17]. However, there are many non-spherically shaped parti-
cles such as aerosols, ice, and several types of biological particles which scatter light
differently than spherical particles. The shape of spheroidal particles is characterized
by the aspect ratio, and scattering by such non-spherical particles can be described by
the T-matrix method [18,19] as long as the shape does not deviate too much from that

of a sphere and the size is not too large.

Small particles
When a particle is sufficiently small, i.e. when x < 1, the scattering is described by
Rayleigh scattering theory [17], according to which the intensity I of the scattered light

due to unpolarized incident light of intensity I, is given by

(o2 (27 Y1+ cos?O
= (%) ()\) — D (1.17)

where R is the distance from the scattering particle to the observation point at a direc-
tion specified by the scattering angle ©, and «, is the polarizability of the scattering
particle and is constant for an isotropic particle. The scattering angle © which is func-
tion of polar angle (0 < 6 < 7) and azimuth angle (0 < ¢ < 27) is defined in terms of
6 and ¢ [see Fig. 1.6] such that

cos © = cosf cos# + sinfsin &’ cos(¢’ — ¢) (1.18)

where ¢ — ¢ is the difference between the azimuth angles associated to incident and

scattered directions.

Eq. (1.17) shows that the intensity of scattering by particles in the Rayleigh regime is
proportional to A™%. So, blue light of A = 400 nm will be scattered five times more than
red light of A = 600 nm, which is the reason why the clear sky looks blue. Rayleigh
scattering is independent of the particle shape [10] as long as the condition z < 1 is
fulfilled. The analytical expression for the Rayleigh scattering cross section is given
by [21]

. 8t /2m\* 9
Qsca (Raylelgh)ZE ) % (1.19)

where the polarizability «,, of the particle is given by

m?—1 .
=5 27»‘. (1.20)
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Figure 1.6: Scattering by a volume element located at the center of co-ordinate system. The
direction of scattering is specified by 0 < 6 < 7/2 and 0 < ¢ — ¢’ < 7 measured in the

clockwise sense.

Here m is the relative refractive index of particle with respect to the surrounding

medium.

Natural light scattered by a Rayleigh scattering medium becomes plane polarized par-
allel and perpendicular to the scattering plane in the ratio of cos? © : 1. If the incident
light is s polarized, the scattered light is isotropically distributed in all directions. Such
scattering is azimuthally independent, implying that © becomes independent of ¢ in
Eq. (1.18). On the other hand, if the incident light is p polarized, the scattered inten-
sity shows maximum peaks towards the forward and backward directions, but vanishes
at © = w/2. Therefore, the angular distribution of natural light scattered by small
particles show a symmetrical scattering pattern around © = 7/2, and the degree of
linear polarization P is given by
LI 1—cos?O
It +1) 1+cos?O

(1.21)

where the value of P is always positive. For media with anisotropic «,, the value of
P depends on the anisotropy effect [10,12], and the light scattered at © = 7/2 is
not completely polarized. In Rayleigh scattering, the scattering particle or molecule is
considered as an individual dipole whose induced dipole moment is proportional to the

electric field vector.

Large particle

When x ~ 1, scattering of light by a homogeneous spherical particle is computed
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using Mie theory [10,17,22]. Mie theory computes the scattered light field at a point
inside or outside the scattering spherical particle as function of the size parameter z
and relative refractive index m. In Mie calculations, the mathematical representation

of scattered light including polarization is given by

E”S eth(r=2) SQ(@) 0 EHi
(Em) —ikr ( 0 Sl(@)> <En> (1-22)

where 0 < © < 7 gives the scattered direction relative to the incident direction in

the plane of scattering. S1(©) and S3(©) are amplitude functions [17] of the single
scattered waves for s and p polarizations and are given by

o0

50) =3 %[anwn(cos 0) + byr(cos O)] (1.23a)
S5(0) = Z %[anm(ms ©) + by (cos O)) (1.23b)

n=1

where n is summation index. The quantities a,, and b,, are Mie coefficients, which are
function of the size parameter and the relative refractive index of the scattering spher-
ical particle, and 7, and 7, are angular functions related to the associated Legendre

polynomials [23], which determine the © dependence of the scattered field.

In the forward direction (© = 0), S; and Sy become identical. Therefore, the light
extinction by an isotropic and homogeneous spherical particle is independent of polar-

ization, and the extinction along the incident direction becomes
4
Qeat = ﬁ%{S(@ =0)} (1.24)

where Q.. is the extinction efficiency factor, i.e. the ratio of the extinction cross
section to the geometrical cross-section of a sphere and # denotes the real part. In
terms of the Mie coefficients, the extinction and scattering efficiency factors per particle

is given by [17]

2 o0

Qent = ;(% + 1)Re(ay + by) (1.25a)
2 - 2 2

Quea = =5 S (20 1)(Janf + 1) (1.25b)

n=1
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Egs. (1.25b) shows that Qs., depends on the size parameter = and the absolute values
squared of the Mie coefficients a,, and b,,, suggesting that only the real part of the
complex refractive index is involved in scattering. When x — 0, Qg and Q. rapidly
vanishes, but for x > 0, Q.. increases to a maximum value of 4 when z ~ A, and

deceases to an asymptotic values of 2 when the particle is very large, i.e. when z > 1.

For large particles, the incident light can be represented by a set of geometrical rays.
Since the refractive index of the scattering particle differs from that of its surround-
ings, light will be reflected and refracted according to Snell’s law and Fresnel’s laws.
The amount of the incident light that is extinguished from the propagation direction
is proportional to Q.. of the scattering particle. Very large spherical particles show
additional Q.. due to diffraction near the surface of the sphere. Therefore, the total
extinction by a larg particle becomes twice the value Q.¢, which is known as the ex-
tinction paradox. Therefore, for very large particles, a sharp intensity peak occurs in
the forward direction due to diffraction, and the intensity of this peak is proportional

to the geometrical cross section of the scattering particle.

Qez¢ for a spherical particle is independent of the polarization state of the incident
light. However, Q..; depends on the polarization state of the incident light when the

scattering particle is non-spherical.

Extinction and scattering efficiencies are dimensionless. But each of the extinction and
scattering cross sections of a particle of radius 7 has the dimension of an area, and are
given by C.pr = m12Qeqt and Cyeq = T72Qscq, Where Cyqq is the ratio of the scattered

light intensity to the incident light intensity per unit of area.

The net extinction is the sum of the extinction due to scattering and that due to
absorption. If the extinction does not involve absorption, then C.,; = C,,. In such a
case, the single-scattering albedo is equal to unity. However, the extinction generally

involves absorption C,, and

C(abs = Cext - Csca‘ (126)

Therefore, the value of single-scattering albedo 0 < w < 1 per particle is given by
CSCCL
Cabs + Csca, ( )

Mie scattering calculations are actually valid for homogeneous spheres of any size.

However, the following distinctiions occur when the scattering particles are so small
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that Rayleigh scattering occurs.

a) For Rayleigh scattering the forward and backward intensity peaks are symmetric,
whereas for Mie scattering, the angular distribution of the scattering is peaked

towards the forward direction.

b) For Rayleigh scattering, the polarization is symmetric with respect to ©. However,
for Mie scattering, the maximum polarization is reduced and shifted towards a larger

value of © as x increases.

¢) From Mie scattering calculations, the size of the particles can be determined. How-
ever, the size of the particles can not be determined from Rayleigh scattering since

the scattering diagram becomes similar for all small particles.

1.4.3 Scattering phase function

The scattering phase function describes the angular distribution of the scattered radia-
tion in terms of the scattering angle ©, which is angle between the direction of incident
radiation and that of the scattered radiation. The single scattering phase function

p(cos ©) can be normalized such that

ﬁ . dwp(cos®) =1 (1.28)

where dw is the differential solid angle centered around the direction of scattering. The

phase function is usually expanded as a finite series of Legendres polynomial [14].

2N-1

plrp) = Y (20 + 1)xi(7) Py (1.29)

=0

where 7 is the optical depth, p = cos©, and x,(7) is ¢-th expansion coefficient of the

form

1 1
Xe(T) = 5/ dP,p(r,pn), ¢€=0,1,..N (1.30)
1

and the ¢-th polynomial is given by Rodrigues’ formula for Legendre polynomial [24]

1 d

Pe= o dT/[(NZ - 1)1 (1.31)

whose first three terms are given by Py =1,P, = u, and P, = %(3#2 —1). The more
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asymmetric the scattering phase function, the more expansion terms are required. The
zeroth moment xj in (1.30) represents scattering phase function for isotropic scattering.
The first moment y; characterizes the shape of the scattering phase function, and is
called the asymmetry factor g, which is given by

g=a(r) =3 [ dupira) (1.52)

where g is the average of the cosine of the scattering angle, i.e. g = (cos®). g is
dimensionless with values lying between -1 and +1. The scattering phase function
due to particles with a large size parameter x is peaked towards the forward direction,
and the value of g in such cases is within the range of 0 < g < 1. g = +1 for
complete forward scattering, and g = —1 for complete backward scattering. If g = 0,
the scattering of unpolarized incident light is symmetric around © = 7/2 (Rayleigh

scattering). Thus, for Rayleigh scattering, the scattering phase function is given by
. 3
p(cos ©) Rayleigh = I (1+ cos*©) (1.33)
and the asymmetry factor g is zero since the scattering phase function is symmetric

around © = 7/2.

Another commonly used scattering phase function in radiative transfer modeling is the

Henyey-Greenstein phase function [25]

1—g?
14 g2 — 2gcos©)3/2°

puc(cos©,7) = ( (1.34)

This scattering phase function has no physical basis, but may provide a good approx-
imation to a measured scattering phase function. The Henyey-Greenstein (HG) phase
function differs from that for Mie scattering particularly in the forward and backward
directions, since the HG function does not show any backward peak. The Legendre

expansion coefficients for the HG phase function are given by x,(r) = g°.

Observation directions for which © > 7/2 are called forward scattering directions, and
observation directions around © = 7 are called backscattering directions. Backscatter-

ing is useful in radar and lidar technology for remote sensing of particles.

Collection of particles
An optical medium usually consists of a collection of particles whose size, shape, ori-
entation, and location can be distributed in a random manner. If the collection of

particles in a medium are sufficiently far from each other so that the distance between
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them is larger than the wavelength of the incident light, then the light scattered by
one particle will only to a negligible degree influence the light scattered by other par-
ticles. For such an independent scattering process, the scattered intensities due to the
different scattering particles can be added. Then the extinction coefficient per unit
volume due to a collection of N independently scattering identical particles is given by
N - Coyt, where Cyyy is the extinction cross section for a single particle.

Optical media consisting of mono-dispersed particles of identical size and shape are
rare in the nature. Natural optical media are composed of polydispersed particles, i.e.
particles of various shapes. For such media, the scattering per particle is given by the
ensemble averaged scattering cross-section (Ce.;) where ( ) denotes averaging over a
size distribution of particles. For a random distribution of particles of various sizes the

averaging can be performed using a size distribution function [26,27], such that

?

/ " () = N (1.35)

Tmin

where n(r) [m™*] is the number of particles per unit volume per unit size interval.

Thus, n(r)dr gives the number density [m™3] of particles in the size interval between
r and r + dr, and N [m~3] is the total number of particles per unit volume in the size

interval between 7, and 7maz-

The wavelength dependent extinction coefficient p;(A) and the scattering coefficient

1s(A) for a size distribution particles are given by

w(A) =7 /Tmz 72 Qept( N, 7) () dr (1.36a)
e(A) = 7 / 200 ) dr (1.36b)

and the corresponding wavelength dependent absorption coefficient is g, (A) = pe(A) —

ps(A). Similarly, the ensemble averaged asymmetry factor g is given by

g —L " r r)n(r)dr
i =g [ Calm gt nr)a (137

The quantities j,, i, and g are specific to a particular optical medium and are called
inherent optical properties (IOPs). In radiative transfer problems for plane parallel

geometries, the IOPs are generally expressed by the following dimensionless parameters

fs(A)

v = ta(A) + ps(A)

P /0 () + s (V)]d2 (1.38)
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where 0 < @ < 1 is size-averaged single-scattering albedo, and 7 is the extinction
path length along the physical thickness z of the medium. Both 7 and z are measured
vertically downward from the upper boundary, and dr = —[u,(A\) + us(N)]dz contains
information about the absorption and scattering properties at different depths in the
vertical direction. In an optically homogeneous plane parallel slab, © and the scatter-

ing phase functions are independent of 7.

Surface scattering

Light scattering from rough surfaces becomes diffuse due to multiple reflections in
random directions. Artificial rough surfaces may consist of a spatial distribution of
heights and valleys whose dimension ranges from atomic scales to several microme-
ters [28]. Such a microscopic topography may consist of randomly oriented V-shaped
cavities whose oppositely faced planar micro-facets multiply reflect the incident light
according to Snell’s law into random directions so that the light reflected from the

rough surface becomes mostly diffuse [29].

The extent of light diffusion due to rough surface scattering depends on the roughness
parameters, which are measured as a height distribution h and a slope distribution
a, as shown in Figs. 1.7(a) and 1.7(b), each being a statistically fluctuating vari-
able [30,31]. Whether a given surface is to be considered smooth or rough, depends
also on the wavelength and direction of the incident light. A rough surface will be-
have as a smooth surface if the wavelength of the incident light is large relative to the
roughness parameter [32]. Similarly, the same surface will behave smoother for small

grazing angles (m/2 — 6;) than for large grazing angles. These analytical explanations

Figure 1.7: Rough surface as a collection of V-shaped cavities [30]. In (a), the surface height
h as a random function of spatial coordinate and, in (b) the surface is modeled as a collection

of micro-facets where n is normal to the surface and « is the slope of the facet
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of rough surface scattering is valid in both ray optics and wave optics. The ray optics
approximation is useful for explaining shadowing and masking when the source and
detector are not in the direction of the surface normal. However, the geometrical ap-
proximation does not account for interference and diffraction properties of light, which
are explained by the wave approach of light propagation. Polarized light is usually de-
polarized due to surface scattering. However, the degree of depolarization depends on

the nature of the surface roughness, the angle of incidence, and the angle of observation.

Light that is multiply scattered either from a surface or due to volume scattering be-
neath the surface will be randomized and loose its initial direction [see Fig 1.3(b)]
so that the direction of the reflected light can be anywhere within a hemisphere
(0 < © < 7). For a given direction and wavelength of the incident light, the reflected
light in a specific direction is described by the Bidirectional Reflectance Distribution
Function (BRDF) [sr~!], which is the ratio of the reflected radiance [W m=2 sr~!] in
a specific direction from a given surface area to the incident irradiance [W m~=2] upon
the same area [33]. The BRDF has the unit of st™!, can have any value greater than

zero, and should be measured by a detector with small field of view.

A homogenous surface that scatters light isotropically in all directions is called a Lam-
bert surface. The reflected radiance from an ideal Lambert surface is independent of
the viewing direction. However, such an ideal surface does not exist in nature. There-
fore, light scattering from rough surfaces as well as from a volume inside the surface
show directional properties, i.e. it is a function of the directions of the incident and
scattered light. Spectralon is an artificial diffuse reflectance material that is widely
used as a best available light diffuser for practical purposes. We have measured the
BRDF for a Spectralon white reflectance standard for incoherent illumination at dif-
ferent directions for wavelengths of 405 and 680 nm of unpolarized and plane polarized
light. Our measurements showed deviations of the BRDF for the Spectralon white
reflectance standard from that of a Lambertian reflector. These deviations depended
both on the angle of incidence and the polarization states of the incident and detected
light [34].

1.4.4 Scalar radiative transfer equation

Light can be multiply scattered if the path length between the scattering particles
becomes longer than the mean free path between scattering events. In such cases, the

light scattered by individual particles will no longer be independent. Simple radiative
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transfer of multiple scattering processes in a slab of infinite horizontal extension was
formulated by Kubelka and Munk [35, 36] based on the assumption that the distribu-
tion of scattered light is vertically upward and downward from the surface. This model
does not account for the Fresnel reflection at the surface interface. A change in the
refractive index at the interface causes errors in the diffuse limit of scattering [37]. The
Monte Carlo method [38] for modeling radiative transfer includes the interface effects.
However, this probabilistic approach is found computationally slower [39] compared to
the DIscrete Ordinate Radiative Transfer (DISORT) method. DISORT is an efficient
and reliable numerical method to model scalar radiation transport in plane-parallel
layered medium [40, 41] including the refractive and reflective effects at the surface

boundary provided that the IOPs are constant within each of the layers.
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Figure 1.8: Schematic model of a plane parallel optical medium. The inherent optical
properties are different in different layers, but they are constant within each layer of given

optical thickness 7; (i = 0,1,2,3) and complex refractive index n; (1 = a,1,2,3).
The scalar equation for transfer of radiation in a plane parallel scattering medium is
given by [40,42]

dI(7, p, o)
4
=

w(r)

27 +1
= I(Tmuad)) - T/ dd)l du/p(T', U, (ba ulv¢/)[(T7 u/7¢/) - S*(T> U, (b)
T Jo -1
(1.39)
where I(7, i, ¢) is the scalar radiance at a given frequency v and vertical optical depth
T, @ is the size-averaged single-scattering albedo, p(7, u, ¢; «', ¢') is the scattering phase

function describing the scattering from an incident direction (v = cos€’,¢’) to an



1.4. INTERACTION OF LIGHT WITH MATTER 23

observation direction (u = cosf,¢), and the term S*(7,u,¢) is a source function of

scattering given by

(T
S p 0) = %p(ﬂ 1, &; o, do) FOe™/H0 4 S, (1.40)

Here F° is the intensity of incident light beam from the direction (uo = cos by, ¢),
and S is the diffuse light due to thermal emission into the direction of the incident
radiation. For a coupled atmosphere-ocean or air-skin tissue system, the refractive
index of air is always less than that of ocean water or skin tissue. If we consider the

case of a coupled air-skin system, the single-scattering source term in Eq. (1.40) in the

air is
* w(r) 0,=7/10
air(T7 122 ¢) = ?P(ﬂ H, ¢7 — Mo, ¢O)F €
w(T
+ 4( )R(_MOanrel)FO
us
X p(7, 1, &5 o, Go)e” BT TTHO 4 5, (1.41)

Where 7, is the optical depth of air at the skin surface, pg = cos g, where 6y the polar
angle of the incident radiation, R(—f,nre) is the reflectance from the interface as
given by Eq. (1.14), and n, is the refractive index of skin relative to that of air. The
first term on the right hand side of Eq. (1.42) gives the downward incident beam and
the second term describes the upward beam reflected due to the change in the refractive
index at the surface boundary. Below the interface, the single-scattering source term

becomes [43]

* w T) Ho
Sskin(7-7/l‘7¢) = 4(7 NTT(_,UO?nreZ)FO
X p(T> 1, ¢a —Hon, ¢0)
x Tl em (i (1.42)

where p, is the cosine of the angle of transmission 6y, in the skin and 7'(—pg, 1rer) is

transmittance through the interface.

If we restrict our attention to a plane-parallel slab of thickness 7 and consider the

azimuthally averaged intensity, Eq. (1.39) simplifies to

udlg;u) = I(7,1) = %/_1%'17(77 w ) (pm) = S* (7, ) (1.43)

where I(7, ) is azimuthally averaged diffuse radiance or intensity at optical depth

7. For isotropic scattering, the scattering phase function p is equal to unity, and the
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single-scattering source function in Eq. (1.40) simplifies to (&/4w) Fse~™/Ho 4+ S,

The radiative transfer equation in (1.39) or (1.43) has no analytical solution; it is solved
by numerical methods. One of the common numerical methods is the discrete ordinate
method involving Gaussian quadrature, as discussed by Gary and Stamnes [14], Jin
et al. [40], and Frette et al. [42], where the integro-differential equation is decomposed

into 2N coupled differential equations, which are solved using methods of linear algebra.

Research in atmospheric remote sensing has shown that the model based only on scalar
radiative transfer are erroneous [5,44]. Such errors can be significantly reduced if po-
larization effects are included in the radiative transfer models [45]. Besides, the polar-
ization of the scattered light contains extra information related to the size and shape
of scattering particles. Thus, light transport models including polarization effects will
be more appropriate for the analysis of light backscattered from thin layered scattering
media. However, the measurement of polarized light scattering is not suitable for thick
layered multiple scattering media, as the polarization will be completely randomized
after few multiple scattering events [46,47,48]. The Stokes scattering matrix gives
information about the polarization properties of an optical medium. Stokes scattering
matrix for light scattering by an elementary skin tissue volume that contains a random
distribution of scattering particles is discussed in the third research paper included in

this dessertation.



Chapter 2

Light and Human Skin

2.1 Human skin

Skin is the largest organ of the human body with functions in protection, sensation,
and thermoregulation. Human skin is composed of three layers: epidermis, dermis,
and subcutaneous layers [see Fig. 2.1]. The thickness of each of the three layers varies
with body site. Thus, the skin is thicker on the soles and palms and thinner on the
eyelids. The epidermis, which is the outermost thin layer, is directly exposed to the

outer world.
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Figure 2.1: Cross-sectional overview of normal human skin with epidermis, dermis, and

subcutaneous layers. Picture from Wikimedia commons.

Overexposure of human skin to the short-wavelength part of solar radiation can increase
risk of skin cancer, particularly for caucasians. On the other hand, short-time exposure
of UVB (A = 280-315 nm) radiation is beneficial because it synthesizes vitamin D [49,

25
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50], which is essential for the development of the human bone structure as well as
for the immune system. In terms of color, human skin is categorized into different
types as shown in Table 2.1. The skin color varies with the concentration of melanin
pigmentation, which acts as a barrier to the penetration of solar UV radiation into the

skin.

Table 2.1: Types of human skin classified according to its relative response to solar

exposure [51].

Skin type Color  Description Sensibilities to skin cancer
I White Never tans, always burns High

II White Sometimes tans, usually burns High

111 White Usually tans, may burn Low

v Olive  Always tans, rarely burns Low

A% Brown Moderately pigmentated, no burning Very low

VI Black  Highly pigmented, no sun burning Very low

2.1.1 Epidermis layer

The epidermis layer is 0.01-0.1 mm thick and contains melanin pigments and ker-
atin [52,53] as its main scattering and absorbing particles. This layer has no blood
vessels and is fed via the dermis layer, which is below the epidermis. The epidermis
is divided into five sub-layers as shown in Fig. 2.2. In the bottom sub-layer, called
Stratum basale, new melanosome cells are produced that gradually migrate upwards.
The size of the melanosomes decreases as they move upwards from basal layer. Cells in
the Stratum spinosum sub-layer are called squamous cells. These cells lose their nuclei
and are transported to the stratum corneum sub-layer, which is 10-15 pum thick and
composed of dead squamous cells that are glued together with keratin. The melanin
concentration varies with the skin type as well as with the body site and gender of
individuals [54]. The penetration of solar radiation into the underlying structure of the
skin is stongly regulated by the amount of melanin in the epidermis [51,55]. Therefore,

the epidermis layer is also called the melanin layer.

2.1.2 Dermis layer

The dermis layer is below the epidermis and is 1 to 3 mm thick. It contains connective

tissues, such as blood vessels, sensitive nerves, sebaceous glands, sweat glands, and hair
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Figure 2.2: Cross-sectional diagram of epidermis with five different sub-layers. From Wiki-

media commons.

follicles. The collagen tissues are the most important structural protein tissues in the
dermis, making the skin strong and elastic. Collagen, which can represent up to 75%
of dermis tissues, show birefringent optical properties [56] due to linear anisotropy of
the collagen fibrous structure [57]. The dermis layer regulates the body temperature
and transports nutrition by means of blood flow. The nerves give sensations to the
brain system of the external environment, such as temperature and injuries. Therefore,
the dermis layer is an important layer of the skin. Blood haemoglobin is found in the

dermis, and therefore the dermis is also called the hemoglobin layer.

2.1.3 Subcutaneous layer

The subcutaneous layer is below the dermis and is typically 3 mm thick. This layer
is also known as the hypo-dermis and is composed mainly of adipose tissues, which
consist of connective tissues and fat. The subcutaneous layer acts as insulator and
protects the internal organs from external temperature variations. This layer stores

energy in the form of fat and is therefore called the fatty layer.
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2.2 Optics of human skin tissue

Human skin is a heterogeneous and turbid optical medium in which the propagation
of electromagnetic radiation is regulated by its wavelength-dependent absorption and
scattering properties. Skin tissues are characterized by stronger scattering than ab-
sorption, and the overall absorption properties in the VIS and NIR spectral ranges
are determined by the contents of melanin, keratin, blood, and water. These major
chromophores show their characteristic photo-biological responses in different spectral
bands of interaction with electromagnetic radiation. In the UV spectral band where
A < 400 nm, the photobiological effects include erythema, photo-carcinogenesis, and
melanogenesis [51,58]. The absorption of light due to melanin and keratin occurs in
the epidermis, and this absorption is highest in UV spectral region. Moreover, at
short wavelengths, the epidermal transmission is highly influenced by the fluorescence
excitation of keratin, an effect that is not very sensitive to radiation at wavelengths
greater than 320 nm [52]. The absorption coefficient of melanin in the VIS spectral

band decreases with increasing wavelength according to [59]

A

—3.48
A CoA> : :
1500 nm) ;A >330 nm (2.1)

Hamel = 6~17mm_1 (

and the absorption of keratin is much higher at wavelengths below 300 nm in the UV

spectral region [60].

Oxygenated (HbOy) and de-oxygenated (Hb) hemoglobin in blood tissues have absorp-
tion peaks in the VIS spectral region [61] with maximum absorption at around A =
405 nm. Water, which is another major component of tissues, has low absorption in
the VIS spectral band but its absorption increases with A in the NIR spectral band.
Thus, the transport of electromagnetic radiation through different depths of skin tis-
sue is highly wavelength dependent. The spectral range having largest penetration
within the VIS and NIR spectral bands is known as the optical window [62], and is
also called the therapeutic window [63]. From the spectral position of this window
shown in Fig. 2.3, it is clear that red light and NIR radiation propagate deeper into
the skin than VIS light at shorter wavelengths. Using light at these red and NIR wave-

lengths, one may be able to extract information non-invasively about deep tissue layers.

The absorption coefficient j1,(A\) [m™1] as a function of X in a medium is given by

ta(A) = fattap(A) + (1 = fa) pran(A) (2.2)
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Figure 2.3: Optical window in skin tissue due to reduced absorption of visible and near

infrared wavelengths [62].

where f, is the volume fraction occupied by the absorbing particle, and where p, ()
and i, () are the absorption coefficients of the particle and the host medium, respec-

tively.

The absorption reduces the intensity of light beam transversing the medium where the
absorption coefficient can be experimentally determined by measuring the transmit-

tance T through a tissue slab of thickness z [64]. Thus,

o = éln (;) (2.3)

where p, is seen to vary inversely with the physical thickness, implying that it should
be small for measurement on samples having large p,. The transmittance, which is
the ratio of transmitted power I(z) through a thickness z to the incident power 7(0)

is given by

T = —+= =exp(—pa2). (2.4)

When .2z = 1, only 37% of light is penetrated through the thickness z, and 63% of
the incident light is extinguished due to absorption. The extinction of VIS and NIR

radiation in human skin tissue due to absorption is much less than the extinction due
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to scattering [52,64]. Before penetration into the tissue volume, a small part of the in-
cident light (~=5%) is reflected from the air-skin interface due to the difference between

the refractive indices of air and skin.

Melanosomes and haemoglobin particles in skin tissue both scatter and absorb light.
Therefore, the refractive index of these particles is complex. When the host medium
is non-absorbing, light absorption is only due to suspended particles. On other hand,
when the host medium is absorbing, both the incident and the scattered light will
be absorbed depending on the size of the imaginary part of the refractive index. In-
vestigations have shown that an absorbing host medium affects the scattering phase
function [65]. Since more than 50% of the volume of biological tissue is filled with
water, the host medium or the extra-cellular fluid in skin may have a refractive index
that is very close to that of water. The real part of the complex refractive index of
the extra-cellular fluid in skin is close to 1.36 in the VIS spectral band [66], and the
absorption coefficient of water in the spectral range of A = 350-700 nm is of the order
of 1075 to 107" [mm™'], which is very small [67].

By considering spherical particles that are embedded in a host medium of real refrac-
tive index, one can describe light scattering in skin layers by Mie scattering theory for
particles with sizes comparable to the wavelength of the incident light, and Rayleigh
scattering theory for particles that are small compared to the wavelength of the inci-
dent light. The scattering coefficient p,(\) [m~!] due to contributions from both Mie

scattering and Rayleigh scattering can then be expressed by
ps(A) = FATP (1= f)A™ (2.5)

where f; is the fraction of particles contributing to Mie scattering and (1 — f;) is the
fraction of particles contributing to Rayleigh scattering. The exponent b indicates the
wavelength dependence of Mie scattering and depends on the size of the particles.
Jacques [68] showed that the value of b was the same for particles in the epidermis
and the dermis and equal to 0.838. Rayleigh scattering depends on A™*, and can be
expressed as

My Ray(A) = KA, (2.6)

where the factor K indicates the magnitude of the Rayleigh scattering component.

Skin tissue consists of randomly positioned particles with shapes that are not well
known. The number density and size distribution of particles as well as their refractive

indices may vary with position. Thus, the absorption and scattering properties for a
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set of polydispersed particles within a unit volume of skin must be averaged according

to Eq. (1.35) to provide size averaged optical properties.

Light impinging on the skin surface will be partly transmitted into the underlying
skin layers where it will be absorbed and multiply scattered in a random fashion by
particles at random positions. Such scattering diffuses the incident light into multiple
directions, so that the light backscattered from the skin surface will be anisotropically
diffused with anisotropy factor g in the range from 0.7 to 0.95 in the VIS spectral
band [64,68]. As already mentioned, absorption and scattering vary with the size
distribution, the refractive index, and the number density of particles. Therefore,
the epidermis, dermis, and sub-cutis layers of human skin have different characteristic
inherent optical properties. How far a photon will move into the various layers depends
on the layer thicknesses dz and the number density of particles in the various layers.
The penetration depth of VIS light is not larger than 3 mm [69].

2.2.1 Polarization effects

Natural light, which may be considered to consist of a random mixture of light with
different plane polarization states, becomes linearly polarized when it passes through a
linear polarizer. An ideal polarizer has complete transmission of one particular polar-
ization state and zero transmission for all other polarization states. Biological tissues
are optically anisotropic and show birefringence effects [56,70], which are most likely to

occur in the dermis layer mainly due to the presence of non-spherical collagen particles.

Polarized light that propagates in an inhomogeneous skin medium becomes mostly
depolarized due to multiple scattering processes. However, if the propagation distance
z is such that z < (where | = 1/pus., is the transport mean free path for scattering),
then single scattering dominates, and single scattering preserves the polarization state
of the incident light. On the other hand, if z > [, multiple scattering occurs, and the
polarization state of the incident light will be scrambled. In a scattering medium with
spatially uncorrelated Rayleigh scattering particles, the degree of linear and circular

polarization due to depolarization of the initial polarization is given by [71]

P, ~ 2Tzsinh(é)ea:p(—g) (2.7)

where the characteristic depolarization length (; is given by

_ (e
o= (%)
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Here the subscripts ¢ = L and ¢ = C stand for linear and circular polarization, re-
spectively. For z > (;, multiple scattering prevails, and then the numerical values
for ¢;, and (¢ can be approximately related by (r, ~ 2¢c [9]. Thus, the characteristic
depolarization length &, for linearly polarized light is 1.4 times longer than the corre-
sponding depolarization length ¢ for circular polarized light. Eq. (2.7) is also valid
for large spherical particles [9,71] provided the transport mean free path [ is replaced
by I* = 1/, where pil., = pisea(1 — g) is the reduced scattering coefficient, which de-
scribes the diffusion of light in a random scattering process by including the asymetry

factor g.

The radiance of light scattered from skin tissue can be measured for different angular
positions of the detector. Light reflected from a skin surface generally consists of a large
fraction of diffuse light mixed with a smaller fraction of Fresnel-reflected light. Thus,
light backscattered from a skin surface consists of (1) surface glare, which consists of
about 5% of the incident light that is Fresnel-reflected, (2) a fraction of light that has
been subjected to single scattering from the superficial skin layer and has retained its
polarization state, and (3) a large fraction of diffusely backscattered, depolarized light

due to multiple scattering in the underlying tissue volume.

The scattered light due to linearly polarized incident light can be measured by setting
a polarizer and an analyzer at parallel and perpendicular orientations with respect to
the plane of scattering. Parallel orientations of the polarizer and analyzer will transmit
both the single-scattering component R, and the multiple-scattering component Ry,
whereas orthogonal orientations of the polarizer and analyzer will transmit only the
R4 component by filtering out the R, component. Thus, by measuring the scattered
intensity I for parallel orientations of the polarizer and analyzer and the intensity
I, for perpendicular orientations of the polarizer and analyzer, we can separate the

single-scattering component R from the diffuse-scattering component, such that [72]
RSO(IH 7]J_. (2.8)

The degree to which the scattered light retains its initial polarization is given by

P_I”—[L_ R,
_I‘|+IL_RS+Rd

(2.9)

where P is the degree of linear polarization, whose absolute value is bounded by
0 < P < 1, with values zero and one corresponding to completely unpolarized (Rs — 0)
and completely polarized (R4 — 0) light, respectively. Measurements of polarized light

scattering can enable one to discriminate the effect of superficial scattering from the
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effect of scattering by deeper tissue structures [73,74]. Such measurements constitute
a non-destructive technique that can be used to investigate skin tumors and micro-

circulations in the dermis.

2.2.2 Mueller matrix

The polarization properties of a scattering medium can be represented by a 4 x 4
matrix, known as the Mueller matriz, which charaterizes its optical properties. The
elements of the Mueller matrix are mathemathically related to the Stokes vector S; of

the incident light and the Stokes vector Sg of the scattered light according to
S, = M(1) S, (2.10)
where M(p) is the Mueller matrix of the form [75,76]

mix M2 M1z Mig
Mo1 Mg Ma3 Moy

M(p) = (2.11)
Mgz M3z M3z M34

My Maz Ma3 Mysa

where (p) is defined by Fig. 1.6 and given in Eq. (1.18). Each elements of M(p) give
polarization information related to elastic scattering, which depends on the scattering
direction, the refractive index of the medium, the wavelength of the incident light, and
the orientation of the scattering volume relative to the polarization direction of the inci-

dent light. The elements m;; (where i, j=1, 2, 3, 4) are normalized to |m;;| < m; < 1.

Not all 16 elements of Mueller matrix are independent, i.e. some elements will be zero
or equal to other elements due to symmetry relations. For example, my; = miy =
Moy = Moy = 1, and the remaining elements are zero for a horizontal linear polarizer.
Similarly, mq; = mgs = 1 and mi3 = mo; = —1, and the remaining elements are zero
for a vertical linear polarizer. Elements in the third row and third column describes
linear polarization along +45°. Thus, linear polarization effects can be completely de-

scribed by 3 x 3 sub-group elements at the upper left corner of the Mueller matrix.

For a right circular polarizer, mi; = myy = my; = mys=1, and other elements are zero.
Similarly, for a left circular polarizer, my; = mgy = 1 and myy = my; = —1 , and the
rest of the elements are zero [77]. Thus, circular polarization is described by elements

in the fourth row and fourth column of M.
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The Mueller matrix of a reflecting isotropic surface or a single-scattering dipole is di-
agonal [78]. For a perfect depolarizer, which can depolarize the incident polarized light
completely, all Mueller matrix elements will be zero, except for the first element my;.
But in practice, such a perfect depolarizer does not exist. Biological tissues consist of
a collection of particles and have anisotropic scattering properties implying that not
all off-diagonal elements of M are zero. For example, the non-zero off-diagonal ele-
ments mq2 and mgy; characterize the linear polarization of the scattered light resulting
from incident unpolarized light and are always equal when the particles in the scat-
tering medium are spherical. Moreover, when the scattering particles are spherical,
M1l = Mag, M3z = Mg, and mzy = —myz. If may/mq; # 1, the scattering medium
contains aspherical particles. Thus, departure of the ratio mas/ms; from unity is a
measure of non-sphericity of the scattering particles. The elements my4y and mg3 de-
scribe the ellipticity of the scattered light. For spherical particles, they are equal. The
element mgy is positive at forward and backward scattering angles and is negative at
intermediate scattering angles [79] for randomly shaped, large particles. However, for
small particles pertaining to Rayleigh scattering, ms4 and mys tend to zero. In the
case of Rayleigh scattering, the Mueller matrix elements m;; depend on the scattering

angle but are independent of the size and shape of the particles.

A plane electromagnetic wave that is scattered only once by a single particle is ap-
proximately given as a plane wave locally in the far field zone. However, in a multiple
scattering medium, particles in an elementary volume can be illuminated both by di-
rect incident light and diffuse light which has already been scattered by other particles.
If the scattering by a single particle in a suspension of particles is independent of scat-
tering by other particles in the suspension, the Stokes parameters of the scattered
light due to the individual particles can be added, so that the Mueller matrix for the
suspension of particles is given by the superposition of the Mueller matrices for the in-
dividual particles [80]. Mueller matrix can be determined experimentally by measuring

the scattered light transmitted through different orientations of polarizer at far field .

2.2.3 Scattering matrix

The ensemble-averaged Mueller matrix, which is the sum of the matrices of the indi-
vidual particles in the volume dv, is referred to as the Stokes scattering matrix F. If
(i) each randomly oriented particle in the elementary volume has a plane of symmetry,
(ii) each unit volume contains the same number of particles and their mirror parti-
cles in random orientation, and (iii) particles are small compared to the wavelength

of the incident light, then the scattering matrix contains the following eight non-zero
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independent elements:

aq bl 0 0
b 0 0
F=|7 ® (2.12)
0 0 as b2
0 0 _b2 ay

The element Fi; = aq, which is the scattering phase function, represents the scattering
of unpolarized light, and is the only element required when polarization effects are ig-
nored. It satisfies the normalization condition of Eq. (1.28) where p(cos O) is replaced
by a;. The elements of F, other than a;, modify the Stokes vector of the incident light
into the Stokes vector of the scattered light. Thus, the matrix elements of Eq.(2.12)

are required to solve the radiative transfer equation for polarized light in a medium.

Since the shapes of individual scattering particles in skin tissue are not well known, we
may assume the scattering particles of skin tissue to be polydispersed spheres imbed-
ded in a non-absorbing host medium of constant refractive index [66]. In Paper II of
this thesis, we assumed human skin to be a non-absorbing host medium that contained
ensembles of absorbing and scattering spherical particles so that Mie theory could be
used to compute the size averaged asymmetry factor of the scattering phase function,
as well as the size averaged absorption and scattering coefficients for a specified size
distribution of particles having a wavelength-dependent complex refractive index [81].
Using an optimization scheme, we determined a particle size distribution with complex
wavelength-dependent refractive-index for each of the four skin layers so as to obtain
best possible agreement between the optimized IOPs and those given by an existing

bio-optical model [82].

For spherical particles and also for rotationally symmetric particles, a; = as and ag = ay
in Eq. (2.12). Thus, the scattering matrix for a medium consisting of spherical particle

has only the following four independent elements:

aq b1 0 0
b 0 0
F— | ® (2.13)
0 0 as bg
0 0 —bg as

where ay, az, by, and by are related to amplitude functions S; and Sy [see Egs. (1.23a)
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and (1.23b)] associated with the electric-field components of the scattered wave.

As already mentioned, the ratio by/a; gives the degree of linear polarization of incident
unpolarized light. At very large scattering angles, the degree of linear polarization
due to larger scattering particles becomes negative due to constructive interference of
coherently scattered light, whereas the scattering by spheroidal leads to positive degree
of linear polarization. Similarly, the ratio as/a; in the scattering matrix (2.12) provides
a measure of the non-sphericity of the scattering particles. Thus, the ratio becomes
equal to 1 for spherical particles, but differs from unity for non-spherical particles and
shows different values at different scattering angles for differently shaped particles so

that prolate and oblate spheroids can be discriminated [19].

The Stokes vectors of the incident and scattered radiation are defined with respect to
the plane of scattering, i.e. the plane defined by the directions of the incident and the
scattered radiation. However, in a multiple-scattering process, the plane of scattering
changes from one scattering event to another. Therefore, the meridional plane, i.e.
the plane containing the direction of the incident (scattered) radiation and the surface
normal is used as the reference plane for the Stokes vector of the incident (scattered)
radiation. In a multiple-scattering process, each of these meridional planes of reference
should be transformed to a fixed laboratory reference frame by rotation [12,83]. The
scattering matrix obtained upon transformation from the local scattering plane to a
fixed laboratory frame of reference, is called the phase matrix. The phase matrix is

required to solve the radiative transfer equation for polarized light.

2.2.4 Dermatological aspects of polarized light

Skin optics has special relevance to how light can be utilized in skin cancer diagnosis [84]
and photodynamic therapy [85]. Light scattered by skin tissue contains morphological
information which can be exploited to identify histo-pathological stages of skin de-
seases, such as cancers and dysplasia' without performing a biopsy procedure. Many
of the dysplastic? nevi are indistinguishable from their sorrounding tissues in situ and
difficult to detect [86] in their early stages. Malignant melanoma is deadly form of
skin cancer which may start to develop from a pigmented nevus. It has been reported
that nearly 1000 Norwegians are diagnosed having the Malignant Melonama type of
skin cancer every year [87]. Corresponding numbers on a global basis are very large.

According to the World Health Organization (WHO) report, one in every three cancers

labnormal alteration in size, shape and growth of adult cells
2mole whose appearance is different from that of common moles
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diagnosed is skin cancer [88].

Investigations have reported that more than 85% of cancer originate in the epithelial
lining and grow downwards [47,86] and many of them are indistinguishable from their
surroundings in their early stages. Melanoma that is only confined to the epidermis
layer in-situ has no risk of death, but the survival rates of cancer patients depend on an
early diagnosis. The most common procedure for early diagnosis is to carry out a med-
ical biopsy by a trained dermatologist, but biopsy becomes problematic for patients
with a larger number of atypical nevi, also called dysplastic nevi. Medical biopsy may
become practically impossible [89] when moles are spread over a larger area with 100 or
more in number and only few of them turn into melanoma skin cancer [90]. Moreover,
the surgical removal of one or few of such moles would not prevent the development of

melanoma cancer [91].

Doctors use the ABCD rule for visual identification of malignant melanoma [92], but
this rule is not sufficient when a lesion of possible malignant melanoma is at an early
stage. Dermatoscopy, which is also known as epiluminescence microscopy, can magnify
the feature of the skin lesion and assists dermatologists to visually decide whether the
suspected lesion should be surgically removed for laboratory examination. Dermoscopic
images obtained from polarized light scattered from the skin can provide characteristic
information related to the morphology of skin tissue. Polarized light scattered from
the superficial layer is less depolarized than that emerging from the underlying tissues
where the polarization becomes greatly deteriorated. Skin images obtained using po-
larized light can enable one to visualize the true margins of skin cancer which are not
visible to dermatologists. Thus, the polarized light scattered from the superficial skin
layer can characterize dysplasia carcinomas in situ (CIS), which is an early stage cancer
that has not yet invaded into the deeper tissues. Polarized optical coherent tomogra-
phy (OCT) of skin tissues can reveal birefringence properties [93] and microcirculation
in the dermis. Exposure of biological tissues to polarized light has also been used to
stimulate biological responses of the immune system [69] to heal some dermatological
diseases by BIOPTRON light therapy.

Ther inteaction of light with skin tissue has been intensively investigated to develop

non-invasive diagnostic methods [1,2] for detecting cancer of skin.

The most effective method of protection against the development of melanoma is min-
imization of ultraviolet exposure from sunlight. Thus, protection from the sun’s rays

plays a critical role in prevention of malignant melanoma.
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Chapter 3

Overview of reseach papers and

conclusions

In the previous chapters, the general bevavior of visible and near-infrared electromag-
netic radiation in human skin tissues, including absorption, scattering, and polarization
is discussed. The knowledge of how light interacts with human skin tissue and is trans-
ported through different tissue layers is important for the development of non-invasive
optical methods that can be used to evaluate the physiological state of normal and
abnormal skin tissues. This thesis includes four research papers that are dealing with
the optical nature of highly scattering media, such as Spectralon reflecting standards

and normal skin tissue.

3.1 Research papers

Paper 1

Bidirectional reflectance distribution function of Spectralon white reflectance standard
lluminated by incoherent unpolarized and plane-polarized light.
Published in Applied Optics 50, 2431-2442 (2011).

In this paper, we discuss measurements and descriptions of the Bidirectional Re-
flectance Distribution Function (BRDF) of a Spectralon white reflectance standard,
which is CIE (International Commission on Illumination) recommended light diffusing
standard that is widely used as a reference standard for the calibration of photometric
instruments on the ground as well as on-board satellites. In the visible spectral range,

the hemispherical reflectance of this reflectance standard is claimed to be larger than
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98% with Lambertian characteristics. In this paper it is discussed how the angular dis-
tribution of the scattered light varies when light of two different wavelengths is incident
from different directions, and is either plane polarized or unpolarized. This knowledge
constitues a fundamental step towards the understanding of how incoherent unpolar-
ized or plane polarized light is scattered by a Spectralon white reflectance standard,

which is assumed to an isotropically scattering surface.

I performed the measurements and analyzed the data, and I wrote the manuscript of
this paper together with the co-authors. The starting ideas came from my supervisor
Jakob Stamnes.

Paper 11

Modeling optical properties of human skin using Mie theory for particles with different
size distributions and refractive indices.
Published in Optics Express 19, 14549-14567 (2011).

In this paper, we used size distributions of spherical particles with complex, wavelength-
dependent refractive index to compute the inherent optical properties (IOPs) in four
different layers of human skin at ten different wavelengths in the visible and near-
infrared spectral bands. Since the sizes and shapes of particles in skin tissues are not
well known, we considered the particles to be randomly distributed spheres of differ-
ent sizes, so that we could apply Mie theory to compute the IOPs. Further, we used
an optimization scheme to compare the IOPs obtained from Mie computations with
those obtained from a bio-optical model. The optimized, size-averaged absorption co-
efficient, scattering coefficient, and asymmetry factor for the collection of particles in a
host medium can be used to compute the Stokes scattering matrix, which is a required

input to model polarized light transport in human skin tissue.

The main ideas came from Jakob Stamnes and Knut Stamnes. I calculated the IOPs
using Mie theory and optimized them through comparisons with the IOPs obtained
from a bio-optical model. Bgrge Hamre made a major contribution to the bio-optical

model. I wrote the manuscript in collaboration with all co-authors.

Paper 111

The Stokes scattering matriz for human skin.
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To be submitted for publication.

In this paper, we used a layered model of human skin, as explained in Paper II, to
compute the Stokes scattering matrix at five different wavelengths in the visible spec-
tral band. The Stokes scattering matrix explains how the polarization state of light
that is incident upon a scattering medium and given in terms of an incident Stokes
vector, is transformed to provide the polarization state of the scattered light, given by
the scattered Stokes vector, for scattering by particles in a turbid medium, such as a

biological tissue.

The ideas follow as a continuation of those in Paper II. I calculated the particle size
distribution and their wavelength-dependent complex refractive indices in each layer
according to the method explained in Paper II and used the optimized particles size
distributions and refractive indices in a FORTRAN code to find the elements of the
scattering matrix. Snorre Stamnes made a major contribution to revise and implement

the FORTRAN code.

The Stokes scattering matrices presented in this paper are to be used in a polarized
radiative transfer code for the coupled air-tissue system to compute the polarized re-
flectance, and examine how it depends on the vertical structure of skin inherent optical
properties including the phase matrix. Since the radiative transfer model that we plan
to use for polarized radiative transfer in a coupled air-skin system is not yet fully tested,
the work mentioned above will be performed in the near future, after which this paper

will be submitted for publication.

Paper 1V

Spectral radiance imaging of human skin tissue: theoretical aspects and empirical re-
sults.

Presented at Optical Imaging 2006 - Fifth Inter- Institute Workshop on Optical Diag-
nostic Imaging from Bench to Beside at the National Institutes of Health. Organized
by SPIE (2006). Abstract at p. 101 of workshop program.

In this paper, we presented measured spectral radiances reflected from skin that in-
cluded a pigmented nevus, which was illuminated from different directions. The image
analysis included calibration and the application of the discrete ordinate solution of

the radiative transfer equation for modeling measured results.
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I contributed to scan several pigmented skin lesions at the Haukeland University Hospi-
tal in order verify the reprodicibility of a prototype skin camera that was designed and
developed by the optics group of the Department of Physics and Technology, University
of Bergen. Moreover, my contribution included the calibration of scanned images with

reference to the Spectralon white reflectance standard discussed in Paper 1.

3.2 Conlusions

This research project is related to an extensive research activity initiated by my su-
pervisor Jakob Stamnes with the goal to design and develop a medical device that can
be used by doctors to diagnose skin cancer. The diagnostic procedure is theoretically
based on transport of light in a coupled air-skin system and the use of an instrument
that scans images of skin containing one or more suspicious lesions. These images
needs to be calibrated against a known reflectance standard. Spectralon white stan-
dards, which are thought to be perfect, industrially produced light scattering objects
are used to calibrate raw images of skin lesions. We examined the scattering nature of
such a Spectralon white standard using polarized and unpolarized incident light and
found that the scattering by Spectralon varied strongly with the angle of incidence,
the angle of scattering, and the polarization state of the incident light. Our conclu-
sion from this work is that the Spectralon will show isotropic scattering only when the

direction of incidence is close to being parallel with the normal to the scattering surface.

Skin tissue is an inhomogeneous optical medium due to the variation of the refractive
index for various constituent particles. Skin tissue is composed of random particles
of different types, each type having specific inherent optical properties (IOPs) deter-
mined by their sizes, shapes, and refractive indices. We considered skin particles to
be spheres of different sizes and wavelength-dependent refractive indices, and used a
lognormal size distribution to determine the IOPs of each skin layer. The IOPs, i.e.
the absorption and scattering coefficients and the scattering phase function of skin at
different wavelengths, are of interest to skin biologists and dermatologists as well as to

the cosmetic skin industry.

With polarization measurements it is possible to separate the surface glare and in-depth
diffuse reflection from the subsurface singly-scattered reflected light, which reveals in-
formation with a better contrast of the subsurface topography, where skin tissue dis-

orders usually originate. The computed size distributions and wavelength-dependent
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refractive indices presented in this thesis can be used to model polarized radiation
transport in skin tissues by considering it to be composed of several homogeneous

layers, each having its own specific IOPs.



