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ABSTRACT

This thesis is focused on novel measurement methods of the optical

properties of complex liquids. Complex liquids are liquids which

contain solid particles, gas bubbles or both. To obtain the optical

properties of complex liquids, novel techniques are introduced to

data analysis and measurement setups. Data analysis techniques

are presented to obtain the colour of dry ink, quality of biofuels,

number density of metallic nanoparticles, the optical properties of

nanoparticles and the complex refractive index of colloidal gold. A

novel measurement setup is presented for obtaining the turbidity

of liquids from absorbing liquids.

Keywords: optics; optical devices; nanoparticles; spectroscopy; turbidity;

biofuels

PACS Classification: 07.60.-j, 42.25.Bs, 42.25.Gy, 81.70.Fy, 82.70.-y

Universal Decimal Classification: 535.243, 535.32, 535.343.3, 535.65

Library of Congress Subject Headings: Optics; Optical instruments; Op-

tical measurements; Liquids; Complex fluids; Spectrum analysis; Optical

spectroscopy; Spectrophotometry; Colorimetry; Refractive index; Turbid-

ity; Nanoparticles; Printing ink; Fuel; Ethanol; Colloids; Colloidal gold

Yleinen suomalainen asiasanasto: optiikka; optiset laitteet; mittaus; mit-

tauslaitteet; nesteet; spektrianalyysi; spektroskopia; värit; sameus; nano-

hiukkaset; painovärit; biopolttoaineet; etanoli; kolloidit; kulta
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1 Introduction

In society, liquids have an important role in our everyday life. The

most obvious example is drinking water, the quality of which af-

fects our lives directly [5–7]. Society and industry produces a sig-

nificant amount of waste water, which needs to be decontaminated

and purified before it’s released back to the environment [8–11].

Another important category is liquid fuels, which are used in trans-

portation. Nowadays a major part of transportation is still running

on fossils fuels, although the amount of biofuels is rising [12, 13].

Besides transportation, the drinking-water supply and in environ-

mental protection liquids of different kinds are handled every day

in the health care sector. In many cases liquids can contain gas bub-

bles and solid particles, forming complex compositions, hence the

measurement of liquid properties is an arduous task to perform.

Although the above mentioned fields are quite different, all need

information about liquids for a decision making process. Arguably

the most convenient way to measure liquids is the optical method.

The basis of the optical method is that light, which the prop-

erties are known, are modulated by the material. The properties

of the material can be calculated from the modulated light which

is measured. In science, optical methods have been used for a long

time with success and the invention of the laser [14–17] and a charge

coupled device (CCD) [18] have made optical measurements rela-

tively cheap, versatile and reliable. The decrease in the costs of

the optical measurements have made it possible to utilize them in

industry [19]. It is also common practice in a variety of different

lines of business and in public services like environmental protec-

tion [20, 21] and health care [22–24].

In this thesis novel methods of measuring the properties of com-

plex liquids are presented. The methods can be divided into two

groups, data analysis and sensor development. In the data analysis,

data from common measurement devices is used in a novel way to

Dissertations in Forestry and Natural Sciences No 50 1



Ville Kontturi: Optical measurements of complex liquids

obtain the properties of the samples. In the sensor development

approach a new measurement setup is introduced to measure the

turbidity of the sample. In chapter 2 theories related to the pub-

lished papers are introduced. Chapter 2 is a brief review of the

physical phenomenon lying behind the measurements rather than

the full and complete description of the fundamental theories of

physics. Chapter 3 discusses published results. The point of view

of this chapter is to present limitations and applicability of meth-

ods in research and industry. Chapter 3 concludes with a summary

which includes proposals for improving the methods in the future.

The conclusion ending this thesis is presented in chapter 4.

2 Dissertations in Forestry and Natural Sciences No 50



2 On the optical properties of

materials

In this chapter theories related to the interaction between light and

matter are introduced. The focus of this chapter is on the theories

which are related to issues studied in the published papers.

2.1 PERMITTIVITY OF MATERIALS

Interaction between light and material is mainly focused on interac-

tion between the light and the electrons of the material. To charac-

terize the material’s response to incoming light the behaviour of the

electrons plays the crucial role. Electrons in a material can be di-

vided roughly into two groups, bound electrons and free electrons.

Free electrons are able to move relatively freely in the medium.

Bound electrons are unable to move in a material and are localized

near to nuclei. In the interaction of light with a material, both types

of electrons are contributing to the optical properties of the mate-

rial. The light is electromagnetic radiation which is composed of

oscillating electric and magnetic fields when light is propagating in

the vacuum or the medium. In the case of optical frequencies, in

general, only the electric field acts as a driving force of electrons.

2.1.1 Permittivity of bound electrons, Lorentz-model

Dielectrics are materials which do not conduct electricity when an

electric field is applied across the material. At the microscopic level,

it means that there are no free electrons present in the material. If

the material is linear, homogenous and isotropic, then the move-

ment of the electron has an analogy to a system of two bodies which

are connected to each other with a spring. The analogy to mechan-

ics is utilized using the Lorentz model for the permittivity. When

Dissertations in Forestry and Natural Sciences No 50 3
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the applied electromagnetic field is time varying and harmonic, the

displacement of the electron is written as follows [25, 26]

x(t) = − eE0

m

e−iωt

ω2
0 − ω2 − iΓω

, (2.1)

where m is the mass of the electron, Γ is a damping constant, e

is elementary charge, ω is the applied field circular frequency, t is

time and ω0 is the frequency of natural oscillation. The damping

constant describes the attenuation of electron oscillation due to col-

lision between the electron and the positive ion or other electrons.

Separation between the electron and atomic nucleus is called the

dipole moment and it is written as follows,

p(t) = −ex(t) =
e2

m

E0e−iωt

ω2
0 − ω2 − iΓω

(2.2)

However, it is impossible to obtain dipole moment information

about a single nucleus-electron pair. In the measurements, the re-

sult is the sum of all the individual electrons and it is known as

polarization, which is written as follows:

P(t) = Np(t), (2.3)

where N is the number density of electrons. On the other hand the

polarization can be expressed as [27]

P(t) = (ε0 − ε)E0e−iωt, (2.4)

where ε0 is the permittivity of the vacuum and ε is the permittiv-

ity of the material. Material permittivity describes the material’s

response to an applied electric field in comparison with vacuum.

Using equations (2.2), (2.4) and (2.3) we can obtain an expression

for the relative permittivity as follows:

Re{εr(ω)} = 1 +
Ne2

mε0

ω2
0 − ω2

(ω2
0 − ω2)2 + Γ2ω2

(2.5)

4 Dissertations in Forestry and Natural Sciences No 50
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Figure 2.1: The contribution of the bound electrons to the real and imaginary parts of the

relative permittivity of gold.

Im{εr(ω)} =
Ne2

mε0

Γω

(ω2
0 − ω2)2 + Γ2ω2

(2.6)

In equations (2.5) and (2.6) εr = ε/ε0, Ne2

mε0
= ω2

p and ωp is the

plasma frequency which depends only on the electron density of

the material. In a real medium there are several fundamental oscil-

lator frequencies with different oscillator strengths and the permit-

tivity of bound electrons can be described as the sum of all these os-

cillators. The contribution of bound electrons to the real and imagi-

nary parts of the relative permittivity for bulk gold is shown in Fig.

2.1. Values were calculated similarly as in refs [28, 29].

Dissertations in Forestry and Natural Sciences No 50 5
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2.1.2 Permittivity of free electrons, Drude-model

In conductors there are electrons that can move rather freely and

hence the material can conduct an electric current. In the Drude

model electrons are assumed to move against a fixed background

of positive ions, forming the free electron gas. The electrons which

are not bound to nuclei do not have any restoring force and hence

oscillators have an undamped frequency ω0 = 0 in equation (2.1).

Lack of restoring force leads equations (2.5) and (2.6) to take the

following forms,

Re{εr(ω)} = 1 − Ne2

mε0

1

ω2 + Γ2
(2.7)

Im{εr(ω)} =
Ne2

mε0

Γω

ω4 + Γ2ω2
, (2.8)

where Γ = 1
τ , τ is relaxation time. The permittivity of gold aris-

ing from free electrons is shown in Fig. 2.2. In the Drude model,

electrical resistance occurs when electrons collide randomly with

the positive ion cores of the metal lattice. The time between colli-

sions is the relaxation time τ and the length which electrons travel

in the metal lattice between collisions is called the mean free path.

Both quantities are average values of the electron behavior in the

conductor. Equations (2.7) and (2.8) are valid for bulk metal but if

the metal contains structures with details that are smaller than the

mean free path, then the term Γ is no longer valid and needs to be

modified.

Size dependent permittivity

A good example of size dependent permittivity are the spherical

nanoparticles (NP). The NP’s are particles with a radius of a few

tens of nanometers, small enough that the model for bulk materials

describes the properties of the material poorly. The small size of the

particle causes the mean free path of the electrons to decrease due

6 Dissertations in Forestry and Natural Sciences No 50
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Figure 2.2: The contribution of the free electrons to the real and imaginary parts of the

relative permittivity of gold.

to collisions with the boundaries of the NP [30–33]. The boundary

effect can be taken into account by modification of the damping

constant of the free electrons as follows [28]:

Γ(R) = Γbulk +
CvF

R
, (2.9)

where, Γbulk is the damping constant of free electrons in the bulk

material, C is the scattering constant, vF is the electron speed at the

Fermi surface and R is the radius of the particle. In equation (2.9)

the scattering constant C is of the order the unity, however the exact

value of this constant is not free of controversy [34]. The effect of

the NP size to free electron contribution to real and imaginary part

of the relative permittivity of gold is shown in Fig. 2.3 and in Fig.

2.4, respectively.

Dissertations in Forestry and Natural Sciences No 50 7
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Figure 2.3: The free electron contribution

to the Re{εr} of gold with different particle

radius.
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Figure 2.4: The free electron contribution

to the Im{εr} of gold with different particle

radius.

Localized surface plasmon resonance

Another property arising from the small size of the particles, which

differs from the bulk material, is the so-called localized surface

plasmon resonance (LSPR). In the case of metallic NPs which are

smaller than the penetration depth of the electromagnetic field, the

incoming light can initiate a collective oscillation of electrons at a

certain resonance frequency. The connection between the bulk ma-

terials plasma frequency and the LSPR is written as follows [35]:

ωLSP =
ωp√

1 + 2ǫm

, (2.10)

where ωLSP is the circular frequency of the localized surface plas-

mon and ǫm is the permittivity of the medium. As can be seen from

the equation (2.10) the LSPR frequency is sensitive to the host mate-

rial’s permittivity where metallic NPs are embedded [36]. Usually

the frequency of the LSPR is approximately the frequency of the

maximum absorption, however the precise frequency is dependent

on the behaviour of the permittivity function ǫm.

8 Dissertations in Forestry and Natural Sciences No 50
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2.1.3 Permittivity of complex media, Maxwell Garnett

The permittivity of materials with different substances, for exam-

ple liquids with NP inclusion, cannot be modelled with the Lorentz

or the Drude models. In the evaluation of a complex liquid with

nano inclusion, both permittivities, the host and the inclusion, must

be taken into account. Theory for the permittivity of a compos-

ite medium was introduced by J. C. Maxwell Garnett, more than a

hundred years ago [37]. In the Maxwell Garnett (MG) model the as-

sumption is that small spherical particles are distributed randomly

in the host material. The equation of MG model for the effective

permittivity of composite material is written as follows:

εe f f − εh

εe f f + 2εh
= f

ε i − εh

ε i + 2εh
, (2.11)

where εe f f is the composite’s effective permittivity, εh is the permit-

tivity of the host material, ε i is the permittivity of the inclusions

and f is the volume fraction of the inclusion. The MG model works

best for a dilute system ( f < 0.1). The weakness of the MG model is

that it does not take into account the real size of the particle, hence

the model works only for nonscattering samples. However, the MG

model could be improved to take into account the real particle size,

by linking it with other theories [38, 39].

2.2 COMPLEX REFRACTIVE INDEX

The speed of light in the vacuum can be calculated from vacuum

permittivity and permeability as follows:

c =
1√
ε0µ0

, (2.12)

where µ0 is the vacuum permeability and c is the speed of light in

the vacuum. The refractive index of a material is defined as the

ratio between the speed of light in the vacuum and the speed of

Dissertations in Forestry and Natural Sciences No 50 9



Ville Kontturi: Optical measurements of complex liquids

light in a medium:

n =
c

v
, (2.13)

where v is the speed of light in the material. If the same notation is

used for the speed of light in the material as in the vacuum, we get

an equation for the complex refractive index as follows [40]:

ñ =

√
εµ

√
ε0µ0

, (2.14)

where µ is the permeability of the material. In the case of optical

frequencies and nonmagnetic material the ratio
µ
µ0

≈ 1, therefore ,

equation (2.14) reduces to:

ñ =

√

ε

ε0
=

√
εr = n + ik, (2.15)

where n is the real refractive index and the imaginary part k is the

extinction coefficient. As can be seen from Eq. (2.15) the complex

refractive index is related to the relative complex permittivity of the

material. In the complex refractive index, the real part of the refrac-

tive index is related to the speed of light in the material and the

imaginary part describes how light is attenuated when it is prop-

agating in the material. Relations between the real and imaginary

parts of the complex refractive index and the real and imaginary

parts of the relative complex permittivity are written as follows [35]

n =

√

√

√

√

√

ε2
r,real + ε2

r,imag + εr,real

2
(2.16)

k =

√

√

√

√

√

ε2
r,real + ε2

r,imag − εr,real

2
, (2.17)

where subscript real denotes to the real part and subscript imag

denotes to the imaginary part of the relative permittivity.

10 Dissertations in Forestry and Natural Sciences No 50
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2.2.1 Kramers–Kronig relations

The refractive index n and the extinction coefficient k are depen-

dent on each other. The connection between the real and the imag-

inary parts of the complex refractive index can be expressed with

the Kramers–Kronig (KK) relations [41–43] which are written as fol-

lows:

n(ω′)− 1 =
2

π
P
∫

∞

0

ωk(ω)

ω2 − ω
′2 dω (2.18)

k(ω′) =
−2ω′

π
P
∫

∞

0

n(ω)− 1

ω2 − ω
′2 dω, (2.19)

where P is the Cauchy principal value and ω′ is the circular fre-

quency where n or k is examined. The KK relations state that it is

possible to obtain n if k can be measured and vice versa. A fun-

damental reason for the connection between n and k lies in causal-

ity [44, 45], which states that no action can happen before a stimu-

lus. The coupling of n and k can be seen also from the permittivity

equations (2.5) and (2.6) where the terms ω0, N, Γ, which govern

the permittivity response to the applied electric field, appear both

in the real and imaginary parts of the relative permittivity equa-

tions.

To use equation (2.18) in order to obtain the real part of the

complex refractive index one has to obtain the imaginary part of

the refractive index in the spectral range 0 → ∞, which is practi-

cally impossible. The conversion from k to n with the aid of the

KK relation with a limited spectral range leads to a result which

is more likely an estimate of the dispersion of the n than the real

absolute value. To overcome this measurement problem, a singly

substractive Kramers–Kronig (SSKK) method was developed [46].

In the SSKK pair of n and k is known a priori at a certain anchor

point in the measured spectral range. The utilization of known data

on the anchor point leads to a faster convergence of the KK integral.

The SSKK relations are written as follows:

Dissertations in Forestry and Natural Sciences No 50 11
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n(ω′)− n(ω′′) =
2(ω′2 − ω′′2)

π
P
∫

∞

0

ωk(ω)

(ω2 − ω
′2)(ω2 − ω

′′2)
dω

(2.20)

k(ω′)
ω′ − k(ω′′)

ω′′ =
2(ω′2 − ω′′2)

π
P
∫

∞

0

n(ω)− n∞

(ω2 − ω
′2)(ω2 − ω

′′2)
dω,

(2.21)

where n(ω′′) and k(ω′′) are implicit values at an anchor point ω′′

and n∞ = lim
ω→∞

n(ω).

2.2.2 Fresnel coefficients

Interaction of light in the interface between two different materials,

with a different refractive indices, causes a part of the incoming

light to reflect from the interface. Another part will be transmitted

through the interface and a part will be absorbed by the material

after the interface. If the interface is smooth, the amplitudes of

reflected and transmitted light can be calculated using the Fresnel

coefficients, which are written as follows [27].

R‖ =

[

ñtcosθi − ñicosθt

ñtcosθi + ñicosθt

]2

(2.22)

T‖ =

[

2ñtcosθi

ñtcosθi + ñicosθt

]2

(2.23)

R⊥ =

[

ñicosθi − ñtcosθt

ñicosθi + ñicosθt

]2

(2.24)

T⊥ =

[

2ñicosθi

ñtcosθt + ñicosθi

]2

, (2.25)
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where ñi is the complex refractive index of the material where light

is incoming to the interface, ñt is the complex refractive index of the

material where light penetrates after the interface and subscripts |
and ⊥ stand for parallel and perpendicular polarized light, respec-

tively. The symbols θi and θt are the angles of incoming and trans-

mitted light, respectively. Reflection and refraction of a light beam

at the interface of two materials is shown in Fig. 2.5. The relation

between θi and θt follows from the complex form of a Snell’s law

which is:

ñisinθi = ñtsinθt (2.26)

θiθi
θr

θt

ni

nt

Figure 2.5: Reflection and refraction of a light beam at the interface of two different mate-

rials.

A special case of the refraction of the transmitted beam is the

total internal reflection. At a certain incoming angle (known as the

critical angle), the transmitted beam refracts parallel to the interface

(θt = 90◦). Incoming angles higher than the critical angle cause the

incoming light to reflect completely. Total internal reflection may

occur only when the light comes from a higher refractive index

material to a lower refractive index material (ñi > ñt).
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Evanescent wave

In the case of the total internal reflection, the evanescent wave is

induced behind the interface. Some of the incoming field will pen-

etrate into the medium behind the interface, however the field will

not be able to propagate and will attenuate at a very short dis-

tance. Attenuation of the evanescent wave in the case of total inter-

nal reflection is shown in the Fig. 2.6. The penetration depth (dp ),

where the electric field is decayed to the value E0e−1, where e is the

Neper’s number, can be expressed as follows [47]:

dp =
λ1

2π
√

sin2θi − n2
21

, (2.27)

where λ1 = λ
n1

, n21 = n2
n1

and n1 and n2 are refractive indexes of

different materials and n1 > n2.

θi
θr

dp

n1

n2

Figure 2.6: Total internal reflection and amplitude of evanescent wave

2.3 BEER-LAMBERT LAW

Attenuation of an electromagnetic wave in a homogenous medium

is described by the Beer-Lambert law. The ratio between the incom-
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ing and transmitted light is:

T =
I

I0
= e−αl = e−σNl , (2.28)

where I0 is the intensity of incoming light, I is the intensity of trans-

mitted light, α is the absorption coefficient, l is the optical path

length, σ is the absorption cross section and N is the number den-

sity of the absorbers. The attenuation of an electromagnetic wave

can be expressed with the absorbance as follows [26, 48]:

A = −ln(
I

I0
) = αl = σNl (2.29)

The connection between the imaginary part of the complex re-

fractive index k and the absorption coefficient α is written as fol-

lows [35]:

α =
4πk

λ
(2.30)

The Beer-Lambert law works for clear and coloured samples and

it can be used to obtain the imaginary part of the complex refractive

index of the sample. However if the sample contains particles that

scatter light, the attenuation of transmitted light takes the form [35]:

T =
I

I0
= e−(αabs+αsca)l, (2.31)

where the subscript abs denotes light attenuation due to absorption

and subscript sca due to scattering. As can be seen from equation

(2.31) it is impossible to separate absorption and scattering by a

single measurement, because there are two independent variables

and one equation to solve. Liquids containing scattering particles

are called turbid liquids.

2.3.1 f -sum rule and Smakula’s formula

The absorption of the electromagnetic wave in a material is a re-

sult of different absorption processes. Incoming photons can be
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absorbed by phonons, conduction electrons, valence electrons or

core electrons. The general absorption spectrum of a material is the

sum of all of the absorbing processes mentioned above. To obtain

a better picture of the material it is necessary to analyze a spec-

trum in the proper spectral range in order to get knowledge about

the underlying process of absorption. Analyzing a spectrum in a

certain spectral range is useful with a finite frequency sum rule (f -

sum rule). The requirement for the utilization of the f -sum rule is

that the examined absorption peak is isolated from other absorp-

tion peaks and from the background. The f -sum rule is written as

follows [49]:

∫ ω2

ω1

ωk(ω)dω ≈
πω2

pi

4n
, (2.32)

where ωpi is the plasma frequency associated with the isolated ab-

sorption peak, n is the refractive index of background and ω1 and

ω2 are the integration limits marking the isolated absorption peak.

A similar approach to the f -sum rule is the so called Smakula’s

formula. It can be use to calculate the number density of defect

absorbers in a medium. The assumption is that there are small

absorbing centers in the transparent medium and the concentration

of absorbers is low. The Smakula’s formula is written as follows

[49–51]:

ρ f = S
n

(n2 + 2)2
αe f f ,maxW, (2.33)

where ρ is the density of absorbing centers, f is the oscillator strength,

n is the refractive index of the host material, αe f f ,max is the maxi-

mum of the absorption peak, W is the full width at half maximum

of the absorption peak and S is the shape factor which is 1.57 for a

Lorenzian line shape and 1.07 for a Gaussian line shape [52].
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2.4 COLOUR THEORY

Colour theory exploits how the wavelength dependence of absorp-

tion, reflection or transmission of a material is observed by a human

and what kind of stimulus it awakes in the brain. The colour stim-

ulus in the brain is always an individual experience and it is related

to a persons capability to see colours and his or her early experi-

ences of colours. Because colour stimulus is based on early expe-

riences, at least a part of the stimulus is dependent on the cultural

background of the observer. To standardize the methods, results

and concepts in colour theory, it is common to use spectral mea-

surements and the so called colour-matching functions of the aver-

age observer to calculate and estimate the stimulus of the different

spectral response. Colour-matching functions are experimentally

measured sensitivity functions for three different light sensitive cell

types in the human eye. There are two colour-matching function

groups in use. One is formed from observer data from Wrigth

(1928-1929) [53] and Guild (1931) [54], one from observer data from

Stiles and Burch(1959) [55] and Speranskaya (1959) [56, 57]. These

groups are foundations of the CIE 1931 and CIE 1964 colorimetric

systems. The colour-matching functions are shown in the Fig. 2.7.

From the physical point of view the colour stimulus of the object

is always a summary of three contributions: the spectral properties

of illuminating light, the spectral properties of the object itself and

the properties of the detector response. Three values calculated

from the above-mentioned properties are called tristimulus values

XYZ and equations for these are written as follows:

X = K
∫

λ
s(λ)S(λ)x̄(λ)dλ (2.34)

Y = K
∫

λ
s(λ)S(λ)ȳ(λ)dλ (2.35)

Z = K
∫

λ
s(λ)S(λ)z̄(λ)dλ, (2.36)
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Figure 2.7: Colour-matching functions x̄, ȳ and z̄ of CIE 1931 and CIE 1964 observers

[58].

where K is the normalizing factor

K =
100

∫

λ
S(λ)ȳ(λ)dλ

, (2.37)

and where s(λ) is the spectral energy distribution of the illuminant,

S(λ) the spectral response of the object, and x̄, ȳ, and z̄ are the

colour-matching functions of human vision.

Tristimulus values describe colour stimulus in a rather abstract

way and to describe the actual colour one can use terms like the hue

and the saturation of the colour. One method for obtaining these

terms from tristimulus values is to use a CIE (x,y)-chromaticity di-

agram.
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2.4.1 CIE (x,y)-chromaticity diagram

The use of the chromaticity diagram reduces the effect of the bright-

ness from the colour and hence the full description of the colour

cannot be retrieved from the diagram. However, the diagram is a

useful tool for obtaining the hue and the saturation of the colour.

The connection between tristimulus values X,Y,Z and chromaticity

coordinates is written as follows:

x =
X

X + Y + Z
(2.38)

y =
Y

X + Y + Z
, (2.39)

where x and y are chromaticity values. In the chromaticity diagram,

shown in the Fig. 2.8, the outer boundary is the spectral locus com-

posed of monochromatic light from the band of 380-700 nm. Wave-

lengths 380 nm and 700 nm are connected to each other with the

so called purple line and there are no monochromatic counter parts

for colors in the purple line. If two or more points are chosen from

the chromaticity diagram, all colours which lie in the line between

the points or in the area limited by chosen points can be produced

by changing the ratio of colours in chosen points. The area which

is limited by chosen points is called the gamut. In the center area

in the chromaticity diagram is the neutral point, which represents

the colour stimuli of the illuminating light source.

In the CIE (x,y)-chromaticity diagram the colour of the object

can be expressed as the dominant wavelength which corresponds

to the hue and the excitation purity which corresponds to the sat-

uration of the colour. The dominant wavelength, wd in the Fig. 2.8

is found where the line drawn from the neutral point, through the

objects chromaticity coordinates and spectral locus intersects. If the

intersect is found in the purple line, then the line is extended in

an opposite direction so that the monochromatic wavelength can be
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Figure 2.8: CIE (x,y)-chromaticity diagram.

obtained from the spectral locus. The negative values of the dom-

inant wavelength denotes that the hue lies in the direction of the

purple line [59]. The excitation purity can be expressed as follows:

pe =

√

(x − xNP)2 + (y − yNP)2

(xb − xNP)2 + (yb − yNP)2
, (2.40)

where pe is the excitation purity, x and y are the chromaticity values

of the colour, xNP and yNP are the chromaticity values of neutral

point, and xb and yb are the chromaticity values of the dominant

wavelength.
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3 Measurement results

In this chapter measurement results are discussed and some new

results are introduced. The chapter is divided into sections by mea-

sured samples. Each section considers different measured sam-

ples and discussion about the results and boundary conditions.

The chapter concludes with a future outlook, where some possi-

ble themes for research related to this thesis are introduced.

3.1 INK

Printed information applies to a very large number of people, even

nowadays when digital information is making inroads into con-

sumer products with giant leaps. The main concern of the printed

product is the visual quality of the end product. The quality of

printed products consists of the quality of the printing process, pa-

per and printing ink. A printing ink can be described as the mixture

of colorant, vehicle, additive and carrier substances. The vehicle en-

sures that ink remains on the paper, additive affects the printability

of ink, a carrier substance works as transport for colorant and the

colorant defines the colour of the ink [60]. To produce very pure

colors the colorant should have a sharp absorption peak and thus

the absorption should cut off very quickly outside of the peak. Even

if the complex refractive index is not a primary quantity in the pa-

per and printing industry, knowledge of the ink’s optical properties

play a crucial role in the development of new printing inks and dif-

ferent products with different prints.

3.1.1 Ink samples

In Paper I cyan (Premoterm 2000) and black (Flint Schmidt) heatset

offset inks were used. The inks were spread on the measurement

prism with densities of 3.6
g

m2 for black and 14.7
g

m2 for cyan ink.

After spreading, samples were dried in the laboratory oven at a
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temperature of 130◦C for about one hour. The procedure made

samples surface flat and optically thick.

3.1.2 Colour of the ink

In Paper I we measured the complex refractive index of dry black

and cyan offset inks with a multifunction spectrophotometer (MFS)

[61] and calculated the hue and saturation of scattered light. As can

be seen from the Fig. 3.1 the intensity of scattered light is different

for s- and p-polarized light for both samples. In Paper I the average

of different polarizations of scattered light were used to obtain the

colour of the unpolarized light. The colour of the s- and p- polar-

ized light was obtained in a similar manner as described in section

2.4 and is presented in the Table 3.1.
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Figure 3.1: The spectra of scattered light of s- and p-polarized and average of s- and p-

polarized light from (a)cyan and (b)black ink sample.

As can be seen from Table 3.1 s- and p-polarized light produce

colors with slightly different dominant wavelength and excitation

purity. The average of the s- and p-polarizations and s-polarized

light produces almost identical x- and y-values, the difference lies

in the third decimal, but the difference can be seen in the dominant

wavelength and the excitation purity. The difference arises from

different coupling efficiencies of the evanescent wave for different

polarizations.
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Table 3.1: Chromaticity values x and y, dominant wavelength and excitation purity for

average of s- and p-polarized, s- and p-polarized light. The data were calculated from

scattering spectra.

Average of s- and p-polarized light

Colour x value y value
Dominant

wavelength (nm)

Excitation

purity (%)

Cyan 0.18 0.10 455.0 79.4

Black 0.28 0.31 476.0 16.7

s-polarized light

Colour x value y value
Dominant

wavelength (nm)

Excitation

purity (%)

Cyan 0.18 0.10 456 80.5

Black 0.28 0.31 476.5 17.1

p-polarized light

Colour x value y value
Dominant

wavelength (nm)

Excitation

purity (%)

Cyan 0.19 0.12 455.5 74.6

Black 0.28 0.31 475 15.3

3.1.3 Discussion

In Paper I the complex refractive index of dry cyan and black inks

was measured. The dominant wavelength and excitation purity of

the inks were calculated from the spectrum of scattered light. When

total internal reflectance measurements are used in colour determi-

nation, extra care should be used when interpreting the measure-

ments due to the different results for s- and p-polarized light. The

main difference in the colour of s- and p-polarized light is the exci-

tation purity. In the ink development the colour difference of the s-

and p-polarized light have some significance, but at the end product

there is no effect on the visual appearance due to the unpolarized

light.
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3.2 BIOFUEL

The bio based fuels are one of the key technologies to provide an en-

vironmentally friendly way to transport people and goods [62, 63].

For fossil fuels, the quality is well controlled due to the mature

level of the technology, but quality control of biofuels is not fully

developed. A spectroscopic measurement is a convenient way to

determine absorbing or scattering foreign matter in biofuels, how-

ever a problem arises if the unwanted substances are non-scattering

and non-absorbing.

3.2.1 Samples

The samples used in Paper II were biologically and chemically

treated Chilean Lenga tree and wheat samples in an ethanol ma-

trix. The full description of the sample treatment can be found in

Paper II. The amount of the dry sample comparing with the volume

of ethanol was negligible, hence samples were not scattering.

3.2.2 Refractive index ratio in general case

In Paper II we presented how the refractive index ratio can be ob-

tained from transmissions measurements. The assumption for ob-

taining the refractive index ratio from transmission spectra is that

the sample is non-absorbing. If the assumption is fulfilled then

detected light attenuation comes from cuvette-sample interface re-

flectance, which is governed by the Fresnel coefficients described in

section 2.2.2. If the sample is less reflecting and absorbing than the

reference then the measured transmittance increases and vice versa.

A special case occurs if the sample is less reflecting and it has a

higher absorption than the reference, this produces 100% transmit-

tance but the sample can differ from the reference. The equation

used in Paper II describing the absorbance difference is written as

follows:

∆αd = (αr − αs)d, (3.1)
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where αr is the absorption coefficient of the reference, αs is the ab-

sorption coefficient of the sample and d is the thickness of the sam-

ple. The absorption coefficients in Eq. (3.1) can be divided in to two

parts: α = αA + αR/d, where subscript A denotes the measured ab-

sorption coefficient due to the real absorption and subscript R de-

notes the measured absorption coefficient due to the reflection. The

equation for ∆α in terms of the real absorption and the detected

absorption due to the reflection is written as follows:

∆αd = ((αrA + αrR/d)− (αsA + αsR/d))d (3.2)

An example of the behaviour of the measured refractive index ratio

in the general case, where the assumption of non-absorbing refer-

ence and sample are not fulfilled, is shown in the Fig. 3.2. In the

example the following refractive indexes are used: 1.46 for the cu-

vette, from 1 to 2 for the sample and 1.79 (or 1.19) for the reference,

producing the measured absorbance of 0.01 due to the reflection. In

the calculation a single interface was taken into account.

In the Fig. 3.2 the curved line indicates the measured unity of

the refractive index ratio and the horizontal line is zero absorp-

tion difference in the frame of the real absorption. In Fig. 3.2 the

vertical line is the zero reflection, where the sample and the cu-

vette have a perfect refractive index match. The red circles mark

the intersections of the zero absorption difference line and mea-

sured refractive index unity curve. These intersections correspond

to the perfect match between the sample and the reference. The

two points where the sample and the reference produce a similar

transmittance response, a rise from the square power form of the

equations (2.22) and (2.24). From the measurement perspective, two

correct values indicate that it is impossible to obtain the refractive

index ratio of the sample and the reference without earlier knowl-

edge of the refractive indices of the sample, cuvette, and reference.

However, in real measurements the refractive indices of the cuvette

and reference are known.
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Figure 3.2: Measured and calculated refractive index ratio as a function of the measured

absorbance difference between the sample and the reference. The y-axis is the absorbance

difference due to the real absorption and the x-axis is the absorbance difference due to the

surface reflections. In the x-axis on top of the figure is the refractive index ratio of the

sample and cuvette.

3.2.3 Refractive index ratio of samples

In the measurements of Paper II the fused silica cuvettes refractive

index was 1.45 at the wavelength 740 nm, which is in the mid-

dle of the studied spectral range, and the reference was ethanol

with refractive index 1.36, which was also used to dilute the solid

biosamples. The refractive index ratio of the samples was higher

than unity almost in every sample. The average of the refractive

index ratio from 680nm - 815nm is shown in Table 3.2.

Values larger than unity indicate that the samples have higher

transmittance than the reference, hence samples are less reflecting

than the reference. The decrease in the sample’s reflectance is due

to refractive index that is closer to the cuvette than to the refer-

ence. The increase of the samples refractive index can be caused

26 Dissertations in Forestry and Natural Sciences No 50



Measurement results

Table 3.2: Refractive index ratio data ns/nr of Lenga and Wheat samples from the spectral

range of 680 - 815 nm.

Lenga Wheat

Sample Average Std Average Std

1 1.0021 0.0001 1.0016 0.0002

2 1.0005 0.0001 1.0009 0.0001

3 1.0015 0.0002 0.9997 0.0001

4 1.0011 0.0002 1.0003 0.0001

5 1.0015 0.0001 1.0010 0.0001

6 1.0008 0.0001 1.0034 0.0001

7 1.0021 0.0001 0.9998 0.0001

8 1.0019 0.0003 1.0019 0.0001

9 1.0016 0.0002 1.0022 0.0002

10 1.0016 0.0003 1.0021 0.0001

11 1.0023 0.0003 1.0024 0.0001

12 1.0050 0.0003 1.0012 0.0000

13 1.0032 0.0000 1.0006 0.0001

14 1.0025 0.0001 1.0008 0.0001

15 1.0021 0.0001 1.0005 0.0001

16 1.0004 0.0001

by different sugars for which the refractive indices are higher than

that of ethanol. Refractive index ratio values lower than unity indi-

cates that the samples reflectance is higher than the reference. The

source of higher reflectance can be water contamination in the sam-

ple. The refractive index of water is 1.33 at the wavelength 740 nm,

hence higher amounts of water increase the reflectance. Another

explanation for values lower than unity is that the assumption that

the sample is non-absorbing is not fulfilled and the transmittance

difference is due to the real absorption.

3.2.4 Discussion

In Paper II the transmission spectra of the biofuel samples were

measured and the method of obtaining the refractive index ratio

of the sample and the reference was introduced. Without prior

knowledge of the refractive indices of the sample, reference and

cuvette the interpretation of the transmission spectra will provide

ambiguous results. However, in practical measurements previous
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knowledge of references and cuvettes provides enough informa-

tion, in general, to discard incorrect results. The refractive index

ratio method can be used to provide information from the sample

in addition to traditional spectral analysis methods. The method

has a great potential to be exploited in plants where bioethanol is

produced.
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3.3 GOLD COLLOID

Metallic nanoparticles (NP) are in the center of research due to their

promising properties in areas like medicine [64–66], optics [67–69]

and chemistry [70–72]. One focus in the research is the measure-

ment of the NPs optical properties. The optical properties play a

crucial role in the field of optics and in the detection and control

of the NPs in the human body and in the environment [73–75]. In

general, the studies are carried out using spectroscopy and the NPs

are located in a liquid host, forming a colloid.

3.3.1 Gold colloid sample

The gold colloid sample used in Papers III and IV was purchased

from Nanocs Inc. (NY, USA). The company provided information

about the number density of gold NPs (7 × 1011 particles/ml). The

gold NPs had an average diameter of 20 nm and a spherical shape.

The NPs host liquid was water.

3.3.2 Permittivity of gold NP

In Paper III the complex permittivity of the NPs was obtained. The

real part of the complex refractive index of the gold colloid was

measured with a home-built reflectometer (REM) [76]. The gold col-

loid’s imaginary part of the complex refractive index was obtained

from transmission spectra and with the aid of equations (2.28) and

(2.30). The NPs were in water solution and the real part of the com-

plex refractive index was estimated using Partington’s formula [77]

and the imaginary part of the complex refractive index of water was

estimated to be negligible. The above mentioned data was used in

the Maxwell-Garnet model (2.11) and the complex permittivity of

the gold NP was obtained. The validity of the results can be esti-

mated by calculating the theoretical extinction spectra with the aid

of the Mie theory using the complex permittivity of the NP ob-

tained from the measurements and utilization of the MG model.
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The equation used in Mie theory is written as follows [78, 79]:

α =
18πNsVn3

waterǫim/λ

(ǫreal + 2n2
water)

2 + ǫ2
im

, (3.3)

where Ns is the number density of the NPs, V is the volume of the

NP, nwater is the refractive index of water obtained from Partington’s

formula, ǫim is the imaginary part of the permittivity of the NP, ǫreal

is the real part of the permittivity of the NP and λ is the wavelength.

The measured and calculated extinction spectra of the gold colloid

(100%, non-diluted) is shown in the Fig. 3.3. The calculated values

correspond very closely to the measurement results, the difference

spectrum of measured and calculated results is shown in Fig. 3.4.
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Figure 3.3: Measured and calculated effective absorption spectrum of non-diluted gold

colloid.

In Fig. 3.4 the difference of the measured and calculated spec-

trum is increasing from 500nm to 300nm. One explanation of the

low error is that the assumption of negligible absorption of water

is not fulfilled in that region.

30 Dissertations in Forestry and Natural Sciences No 50



Measurement results

0  

 

wavelength [nm]

300 350 400 450 500 550 600 650 700 750 800

2

4

6

8

10

12

14

x 10-5

Difference
△

α
e

f
f[

cm
−

1
]

Figure 3.4: Difference of the measured and the calculated effective absorption spectrum of

100 % gold colloid.

3.3.3 Complex refractive index of gold colloid

In Paper IV the same commercial gold colloid samples were used as

in Paper III. The dispersion of the refractive index of different dilu-

tions of the gold colloid was obtained from the transmission spectra

and with the aid of the Kramers–Kronig (KK) equation (2.18). The

complex refractive index was also obtained for 100% gold colloid

with the aid of the transmission spectroscopy and singly substrac-

tive Kramers–Kronig (SSKK) equation (2.20). The anchor point for

the SSKK was measured with a commercial Abbe refractometer.

The real and imaginary parts of the complex refractive index of the

100 % gold colloid are shown in Fig. 3.5.

In the Fig. 3.5 the absorption due to the SPR is clearly observed

near the wavelength of 520 nm. A rapid drop of the real part of the

complex refractive index near 300 nm is not a real property of the

gold colloid, it is due to error in numerical evaluation of the SSKK.
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Figure 3.5: Real and imaginary part of the refractive index of 100 % gold colloid.

The error is inevitable because the measurement range is limited

and values outside the measurement range must be extrapolated.

3.3.4 Number density of NPs

The normalized number density of NPs was calculated in Paper III

using Smakula’s formula. The number of the absorbing units in

the gold colloid was 6800 times higher than the number of NPs in

the sample. The number of gold atoms in the NP is several thou-

sands, hence the number of absorbing units is reasonable. In Paper

IV the number density of dispersion electrons in the sample was

calculated with the f -sum rule. Both Smakula’s formula and the f -

sum rule produce results with a linear relationship with the dilution

ratio and hence the same number of the NPs. The normalized num-

ber density of NPs calculated with Smakula’s formula and with the

f -sum rule are presented in Fig. 3.6.

As can be seen from Fig. 3.6 the f -sum rule and Smakula’s for-
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Figure 3.6: Normalized number density of NPs calculated with f-sum rule and Smakulas

formula. Error is estimated to 5 % due to inaccuracy in dilution.

mula produce quite similar results. The reason for this is that basi-

cally both are measuring the same quantity. The difference is that

the f -sum rule is an integral form and Smakula’s formula utilizes

the concepts of the full width at half maximum (FWHM). Also, the

absorption peak of the SPR is close to a Lorentzian shape so the

assumption of a Lorentzian line shape is fulfilled. If the absorption

peak is not Gaussian or Lorentzian, the f -sum rule would produce

a better result. For well behaving absorption peaks, the Smakula’s

formula is an easier choice due to the minimum amount of calcula-

tions.

3.3.5 Discussion

The complex permittivity of gold NP was obtained in Paper III.

The obtained permittivity of the NP produces almost identical ab-

sorption spectra according to the Mie theory, hence the method is
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accurate to describe the complex permittivity of NPs. Assumptions

for the method are, the sample should be diluted and the extinction

coefficient of the host liquid in the measurement range should be

negligible.

In Paper IV the complex refractive index of the gold colloid was

obtained with the aid of transmission spectroscopy, KK and SSKK

analysis. The shape of the dispersion curve is very similar as in the

article [80] where small silver NPs were embedded in the glass host.

The similar shape of the dispersion curves originates from NPs in

both samples (in Paper IV and [80]). In both cases the measured

absorption is due to the SPR, which produces a similar peak, but in

a different position of the spectrum.

The normalized number density of NPs was measured in Paper

III and the number density of dispersion electrons was measured in

Paper IV. In Paper III Smakula’s formula was used and in Paper IV

the f -sum rule was utilized. Both produce a linear relationship with

the dilution relationship and there are no big differences between

the results. The f -sum rule is a more general method for obtaining

the amount of the NPs in the sample, however Smakula’s formula

is easier to use at least if the studied absorption peak fits either a

Gaussian or Lorentzian lineshape.

3.4 TURBIDITY AND FORMAZINE

Turbidity is the haziness or cloudiness of a liquid caused by small

particles which scatter light. The measurement of the turbidity

is standardized for example by the International Organization for

Standardization (ISO) [81], American Society for Testing and Ma-

terials (ASTM) [82] and the United States Environmental Protec-

tion Agency (USEPA) [83]. In the standards, the scattered light is

measured at 90◦ relative to the incoming light, and the amount of

scattered light is compared with the measurement result from the

formazine standard. However, standard methods do not necessarily

produce accurate results due to the complex nature of the sample

and scattering phenomena. To overcome the complexity problem it
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Table 3.3: Properties of water matrices and their expected effect on turbidity measurement

[84]

Properties of

water matrix

Effect on the measurement Direction of

effect on the

measurement

Instrument designs

to compensate for

effect

Colored parti-

cles

Absorption of light beam Negative Near IR (780-900

nm) light source

Multiple detectors

Colour, dis-

solved (in the

matrix)

Absorption of light beam

(if the incident light wave-

lengths overlap the absorp-

tive spectra within the sam-

ple matrix)

Negative Near IR (780-900

nm) light source

Multiple detectors

Particle size: Wavelength dependent.

Large particles Scatter long wavelengths

of light more readily than

small particles

Positive (for

near IR light

source, 820-900

nm)

White light (broad

spectrum) light

source

Small particles Scatter short wavelengths of

light more efficiently than

long wavelengths

Positive (for

broad spectrum

light source,

such as white

light)

Near IR (780-900

nm) light source

Particle Density Increases forward and back-

ward scattering of light at

high densities

Negative Multiple detectors

Backscattering

is possible to use different measurement geometries, multiple detec-

tors and different measurement wavelengths to get a better picture

from the sample. Some effects on measurement result and compen-

sation methods for the water host sample are shown in the Table

3.3.

Formazine is a standard reference for turbidity measurements

and it is used to estimate the turbidity of unknown samples. For-

mazine (C2H4N2) standard is made by mixing 5 g/l hydrazine sul-

fate (H6N2O4S) and 50 g/l hexamethylenetetramine (C6H12N4). The

above-mentioned ratio produces a formazine sample with the tur-

bidity of 4000 FTU. To produce samples with a lower turbidity, the

original sample should be diluted with ultra pure water.
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3.4.1 Samples

The formazine sample of 4000 FTU used in Paper V was purchased

from Hach LANGE Gmbh (Düsseldorf,Germany). The formazine

sample was used to produce turbidities 1 (clear water) to 800 FTU.

Blue food-colouring dye was used to produce an absorbing host

liquid. Different absorbing levels of host liquid were obtained using

0.02, 0.04, and 0.06 ml of food-colouring dye.

3.4.2 Measurement results

In Paper V, we demonstrated the measurement setup to minimize

the effect of colored host liquid on the turbidity reading, utilizing

evanscent field scattering from particles in the liquid. The standard

deviation of dynamic speckle [85, 86] was found to correlate well

with the turbidity of the sample. In Table 3.3 it is proposed to use a

near IR light source to overcome the absorbance problem of the host

liquid. However, in the general case it does not work, because the

host liquid can absorb in the chosen spectral range. As can be seen

from Fig. 3.7 the absorbance from the host liquid has some effect on

the turbidity reading. The maximum error of standard deviation of

dynamic speckle between colourless and the dye colored host liquid

was 2.2 %, 2.2 % and 3.6 %.

From Fig. 3.7 it can be seen also that the relationship between

the dynamic speckle and the turbidity value is not linear. The

non-linear relationship indicates that for high turbidity values the

dynamic speckle underestimates the real turbidity of the sample

and eventually becomes insensitive to turbidity changes. The first

derivatives of the fitting curves are shown in Fig. 3.8. From Fig. 3.8

it can be seen that near 800 FTU the change of dynamic speckle as a

function of turbidity is near zero and hence the system is insensitive

to the change of turbidity in higher levels.
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Figure 3.7: Standard deviation of dynamic speckle as a function of turbidity for clear and

colored samples.

3.4.3 Discussion

In Paper V the evanescent field scattering from colored- and water-

formazine samples was measured. The standard deviation of dy-

namic speckle was found to be in good correlation with the tur-

bidity of formazine samples. The setup has some sensitivity to the

colour of the host liquid. The upper limit of the dynamic range of

measurement was found to be 800 FTU with the current measure-

ment geometry.

3.5 SUMMARY AND OUTLOOK

The MFS in Paper I is reliable and an accurate way to measure the

optical properties of a liquid and it can be used with success in the

future. In the future, research on the complex refractive index of

formazine, especially how it will change change over time, would
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Figure 3.8: The first derivatives of the fitting functions of the measured standard deviation

of the dynamic speckle from clear and colored samples.

be interesting.

Refractive index ratio measurement with the aid of the trans-

mission spectra proposed in Paper II is not fully developed. The

drawback of the proposed method, in the general case, is the am-

biguous results obtained, and more work needs to be done to over-

come this issue. Another challenge is to find a way to be sure that

in the studied spectral range, absorption is not taking place, and

that the assumption for the non-absorbing sample is fulfilled. If

these issues can be solved then the method can be used to obtain

the refractive index n, at least, in some part of the spectral range.

The obtained refractive index can be used in the SSKK as the an-

chor point. The combination can give a good picture of the sample

in terms of n and k in a relatively large spectral range. The benefit

of using the spectrophotometer is not that it gives the most accu-

rate measurement of the refractive index, but to provide a new way
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to utilize an instrument that is used in a wide variety of different

industrial fields.

The usage of the f -sum rule and Smakula’s formula are well

known and they can be used to estimate the number density of the

NPs in the liquid, as was presented in Papers III and IV. Also, the

KK and the SSKK analysis are convenient ways to get the optical

properties of the colloids. The utilization of the MG model and the

measured refractive index and extinction of gold colloid provides

good results compared with the Mie’s theory. The final test for

the method would be to obtain similar NPs in two different host

liquids and measure optical properties of the NPs, as described in

Paper III. The measured optical properties of NPs should be used

to calculate the absorbance spectra of the sample, with different

host liquids. The procedure would give an estimate for the effect of

host liquid on the measured optical properties of the NPs.

The measurement setup in Paper V was used to measure the

turbidity of a liquid using a dynamic speckle. In the future, one in-

teresting study would be the temporal evolution of a static speckle.

The study of a static part of the speckle may provide information

of the fouling of the measurement prism. Also, how the different

setup geometries affect the sensitivity and dynamic of the measure-

ments should be studied.
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4 Conclusions

New methods of obtaining the optical properties of complex liq-

uids have been presented in this thesis. The methods can be di-

vided in to two groups. The first group consists of data analysis

and measurement techniques that can be executed with existing

instruments (Papers I-IV). The second group includes a novel mea-

surement technique to study complex liquids (Paper V).

The complex refractive indices and colours of black and cyan

inks were obtained with MFS in Paper I. The method can be treated

as a fully developed method and can be used in the future. The

colour of the inks varies slightly, depending on which polarization

is used in the calculations. If the method is used in the future in

colour measurements, extra attention should be paid to the inter-

pretation of the results.

In Paper II a method to estimate a refractive index ratio of a bio-

fuel sample was presented. The method is not fully developed and

needs more research to be evolved into a fully functional practical

method of measurement. In a general case results will be ambigu-

ous and advance knowledge from the sample, cuvettes and refer-

ence must be obtained.

The complex permittivity of spherical gold NPs was obtained

in Paper III. The complex permittivity obtained produces good re-

sults when used in Mie’s theory. The method is very promising in

obtaining optical properties of spherical NPs.

The number density of NPs from colloidal gold was obtained

in Papers III and IV with the aid of Smakula’s formula and f -sum

rule. Both methods produce similar results, due to the well behaved

absorption peak of the SPR. In Paper IV the complex refractive in-

dex of colloidal gold was obtained with the transmission spectra

and using KK and SSKK analysis. The results are in line with pre-

vious results and the method can be used with success to obtain the

optical properties of colloidal NPs.
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Turbidity of the dyed formazine samples was measured with the

new measurement setup in Paper V. The measurement is based on

evanescent field scattering from solid particles in a host liquid. The

scattered field produces a dynamic speckle pattern to CCD camera.

The standard deviation of the dynamic speckle correlates with the

turbidity of a formazine sample. The results have some dependency

on the absorbance due to the dyed host liquid.
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[51] A. Smakula, “Über Erregung und Entfärbung lichtelektrisch

leitender Alkalihalogenide,” Z. Phys. A: Hadrons Nucl. 59, 603–

614 (1930).

[52] W. Doyle, “Optical Absorption by F Centers in Alkali Halides,”

Phys. Rev. 111, 1072–1077 (1958).

[53] W. D. Wright, “A re-determination of the trichromatic coef-

ficients of the spectral colours,” Trans. Opt. Soc. 30, 141–164

(1929).

[54] J. Guild, “The Colorimetric Properties of the Spectrum,” Philos.

Trans. R. Soc. London, Ser. A 230, 149–187 (1932).

[55] W. S. Stiles and J. M. Burch, “N.P.L. Colour-matching Investi-

gation: Final Report (1958),” J. Mod. Opt. 6, 1–26 (1959).

[56] N. I. Speranskaya, “Determination of spectrum color co-

ordinates for twenty-seven normal observers,” OPT SPEC-

TROSC+ 7, 424–428 (1959).

[57] G. Wyszecki, Color Science : concepts and methods, quantitative

data and formulae., 2nd ed. (Wiley, New York, 2000).

[58] Comission Internationale de l’Eclairage, “Selected colorimet-

ric tables,” http://www.cie.co.at/index.php/LEFTMENUE/

DOWNLOADS (valid 27.5.2011).

[59] N. Pauler, Paper optics (AB Lorentzen & Wettre, Kista Sweden,

2000).

[60] H. Kipphan, Handbook of print media : technologies and production

methods (Springer, Berlin, 2001).

48 Dissertations in Forestry and Natural Sciences No 50



Bibliography
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In this thesis novel methods of 

measuring optical properties of 

complex liquids are presented. The 

methods can be divided in to two 

groups, data analysis and sensor 

development. In the data analysis, 

data from common measurement 

devices is used in a novel way to 

obtain optical properties of the 

samples. In the sensor development 

approach a new measurement setup 

is introduced to measure the turbidity 

of the sample. The presented methods 

have possible applications in a 

different line of industry, healthcare 

and environment protection.
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