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Abstract 

In materials where both absorption and scattering are present, measurement of absorption 

becomes difficult since it is not possible to decouple absorption from scattering using standard 

absorption spectroscopy techniques. Various authors have tried to use diffuse optical 

spectroscopy to address this. However these measurements involve computer intensive 

calculations to obtain optical parameters from the diffuse optical spectra. Kubelka-Munk (K-M) 

theory is a phenomenological light transport theory that provides analytical expressions for 

reflectance and transmittance of diffusive substrates. Many authors have derived relations 

between coefficients of K-M theory and that of the more fundamental radiative transfer 

equations (RTE). These relations are valid only in the diffusive light transport regime where 

scattering dominates over absorption. They also fail near boundaries where incident beams are 

not diffusive.  

In this thesis, we have developed an integrating sphere based diffuse optical measurement 

system. Using the system, we measured total transmittance and total reflectance of samples with 

varying optical parameters and obtained empirical relations between K-M coefficients and the 

radiative transport coefficients which are valid both in the diffusive and non-diffusive regimes. 

Our empirical relations show that the K-M scattering coefficients depend only on reduced 

scattering coefficient (s’) while the K-M absorption coefficient depends both on absorption (a) 

and reduced scattering (s’) coefficients of radiative transfer theory. We have shown that these 

empirical relations can predict total reflectance within an error of 10%. They also can be used to 

solve the inverse problem of obtaining multiple optical parameters such as chromophores 

concentration and sample thickness from the measured reflectance spectra with a maximum 

accuracy of 90-95%. 

We have also used our method to decouple the absorption and scattering properties of micron 

sized iron oxide particles which is not possible with standard absorption spectroscopy 

techniques. Our method is capable of measuring the specific absorption of iron oxide within 5-

10% error. This method along with the derived empirical relations can be further extended to UV 

regimes to study nanoparticles which are of relevance in various photonic applications.  
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Chapter 1 

INTRODUCTION: LIGHT TRANSPORT IN 

SCATTERING MEDIA 
 

When light enters any media, it undergoes various physical processes such as absorption, 

scattering etc. This chapter describes these mechanisms that govern light transport and 

interaction through an optical medium. Section 1.1 describes the concept of light absorption 

introducing laws and definitions relevant to its quantification and measurement. In Section 1.2 

the basic theory behind light scattering and the parameters used to define it are introduced. The 

discussion is limited to elastic scattering, in which there is no loss in energy of the scattered 

light. Section 1.3 discusses the Mie theory of scattering and the Rayleigh approximation. Section 

1.4 describes the case of absorption in the presence of scattering and the theories that are used to 

understand such systems viz. the Radiative Transport Equation and the Kubelka-Munk Theory 

1.1 Absorption 

When radiation is incident on a material, the discrete charges present in the material are forced to 

oscillate at the frequency of the incident electric field. When the frequency of the incident light is 

comparable to the natural frequencies at which atoms or molecules vibrate in the absence of an 

applied field, resonance will occur around the natural frequencies, whereby energy is transferred 

from the incident field to the system and its amplitude of vibration is greatly increased. These 

excited atoms seldom get a chance to lose this energy through radiative processes, mechanical 

collisions with their neighboring atoms happens much faster raising the kinetic energy of the 

other particles involved in the collisions. Hence, the energy associated with the incident field is 

most often dissipated as heat within the medium. This process is known as absorption. The 

overall effect of absorption is a reduction in the intensity of the light beam traversing the 

medium.  

 

In 1729, the French mathematician Pierre Bouguer obtained a relationship between the 

absorption of light in a purely absorbing medium and the thickness of the medium[1].This was 

formalized into a mathematical expression by Johann Lambert, now known as the Lambert-

Bouguer Law  
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I

dI
a                  (1.1) 

which describes how each successive layer dl of the medium absorbs the same fraction 
𝑑𝐼

𝐼
of the 

incident intensity I for a constant μa, the absorption coefficient. For incident intensity I0, 

therefore, the transmitted intensity I through a distance l will be  

𝐼 = 𝐼0 𝑒𝑥𝑝(−𝜇𝑎 . 𝑙)      (1.2) 

The absorption coefficient μa can be interpreted as the probability that a photon will be absorbed 

by the medium per unit length. The reciprocal of the absorption coefficient, known as the 

absorption length, is the distance required for the intensity of the beam to fall to 1/e of the initial 

intensity. This relationship was further extended by August Beer who related the absorption 

coefficient linearly to its concentration „c‟ [2] 

ca . 
               

   (1.3) 

where α is known as the specific absorption coefficient. Substituting for μa in the Lambert 

Bouguer law(Eqn 1.2) gives what is known as the Beer-Lambert law 

     𝐼 = 𝐼0 𝑒𝑥𝑝(−𝛼. 𝑐. 𝑙)      (1.4) 

There are certain limiting conditions where the Beer-Lambert law works: firstly the light 

entering the medium must be perfectly collimated, and the medium itself must be completely 

homogenous.  

1.2 Light Scattering 

When charged particles in a medium are set into oscillatory motion by the electric field of the 

incident wave, and re-emit (as opposed to absorb) light of the same frequency as the primary 

wave, the process is called scattering. Scattering intensities are much weaker than absorption, as 

scattering occurs at non-resonance frequencies, since the forced vibrational amplitudes of the 

particles are much smaller than those at natural resonances.  
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The scattering cross-section, σs, is often used when studying scattering. It describes the ability of 

a particle to scatter light and is expressed as the effective surface area that a perfectly absorbing 

disk would have in order to produce the same attenuation of a collimated beam, measured by a 

collimated detector, as the scattering particle. The scattering coefficient and the scattering cross-

section are related as follows 

ss  .       (1.5) 

where ρ is the particle number density in the medium. 

1.3 Scattering Theories 

Mie solution to Maxwell's equations (also known as the Lorenz–Mie solution or Mie scattering) 

describes the scattering of electromagnetic radiation by a sphere. Mie's scattering model can be 

used to find the radial and angular distribution of intensity of the scattered radiation. The 

intensity of Mie scattered radiation is given by the summation of an infinite series which can be 

numerically calculated. It is named after Gustav Mie. 

Rayleigh scattering describes the elastic scattering of light by spheres which are much smaller 

than the wavelength of light. The intensity (I) of the scattered radiation is given by 

)cos1(
8 2

24

24

0 





R

N
II     (1.6) 

where I0 is the light intensity before the interaction with the particle, N is the number of 

scattering particles,  R is the distance between the particle and the observer, θ is the scattering 

angle, λ the wavelength of the incident light and α is the polarizability [3]. It can be seen from 

the above equation that Rayleigh scattering is strongly dependent upon the wavelength of the 

incident light. Furthermore, the intensity of Rayleigh scattered radiation is identical in the 

forward and reverse directions. 

The Rayleigh scattering model breaks down when the particle size becomes larger than around 

10% of the wavelength of the incident radiation. In the case of particles with dimensions greater 

than this, Mie‟s solutions can be used.  Mie scattering differs from Rayleigh scattering in several 
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respects; it is roughly independent of wavelength and it is larger in the forward direction than in 

the reverse direction. The greater the particle size, the more of the light is scattered in the 

forward direction. [4,5] 

Complete solutions to Mie scattering are known only for well-defined spherical shaped and 

uniformly sized particles. Scattering systems with irregular particles can only be understood 

using complex mathematical models and computer simulations 

1.4 Absorption in the Presence of Scattering 

A wide variety of real-world systems exhibit both absorption and scattering phenomena. The 

light that enters such media can undergo multiple scattering events before being absorbed by the 

media [6].  Light transport becomes randomized and does not travel in a straight line. Due to this 

randomization of light paths, quantification of absorption losses using Beer-Lambert‟s Law (Eqn 

1.4) is no longer possible. To study such systems we need to look at other theories and models 

which work well with absorption and scattering simultaneously. One such theory is the radiative 

transport equation.   

1.4 .1 Radiative Transport Equation 

Radiative transport equation (RTE) treats light as a form of radiation energy and models how the 

energy flows and interacts with the media. Consider a small packet of light energy L, defined by 

its position r and its direction of propagation 𝑠 , called the spectral radiance which acts as the 

fundamental quantity in RTE. The radiance L(r,ŝ) can be lost either by absorption or scattering. 

But it also can be gained from the light scattered into its direction from other directions 𝑠 ′. These 

two processes are captured by the radiative transport equation; 

  dsspsrLsrLs s
sa )'ˆ,ˆ(

4
)ˆ,()()ˆ,(.̂




   (1.7) 

Here the integral is over all solid angles and 𝑑Ω is the differential solid angle in the direction𝑠 . 

µa, µs’ are the absorption and scattering coefficients of the media also known as the radiative 

transport coefficients. 𝑝 𝑠 , 𝑠 ′  is the scattering phase function and it is defined as the probability 
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that photons travelling in the direction 𝑠  are scattered into the 𝑠 ′ direction[7,8]. The scattering 

phase function is normalized as  𝑝 𝑠 , 𝑠 ′ 𝑑𝛺 = 1 over all angles. 

RTE ignores wave amplitudes and phases and hence cannot describe wave phenomena like 

diffraction or interference. Formulation of the transport equation assumes that each scattering 

particle is sufficiently distant from its neighbors to prevent interactions between successive 

scattering effects. In theory, these scatterers and absorbers must be uniformly distributed 

throughout the medium. Calculations of light distribution based on the radiative transport 

equation require knowledge of the absorption and scattering coefficients, and the phase function. 

Yet, to arrive at these parameters, one must first have a solution of the radiative transport 

equation. Because of the difficulty of solving the transport equation exactly, several 

approximations are generally used.  

1.4.2 RTE in diffuse media 

Scattering by a single localized scattering center is called single scattering. However in real-

world systems the scattering centers are usually grouped together and the radiation is scattered 

more than once. This is called multiple scattering. Multiple scattering events cause the incoming 

radiation to be directionally randomized on interaction with the media. This light which has lost 

its initial directional properties due to multiple scattering events is called diffuse light. In the 

diffusive transport regime where scattering dominates over absorption (µs>>µa)the light photon 

undergoes multiple scattering events before either being absorbed or exiting the media. 

By the nature of RTE, every single absorption and scattering event that takes place in the media 

is considered in the equation (Eqn 1.7). In diffuse media where a photon will undergo multiple 

scattering events before being absorbed or exiting the media, it becomes very tedious and 

complex to understand each of the interactions. Although the RTE (Eqn 1.7) is theoretically 

complete, extracting meaningful solutions in such diffuse systems becomes computationally very 

intensive due to anisotropic multiple scattering events. To simplify this, these multiple scattering 

events are captured by the reduced scattering coefficient 𝜇𝑠′ which is the inverse of the path 

length required for the complete randomization of the photon direction and is defined as   

   )1(' gss  
             (1.8) 
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where g is the anisotropy factor defined as  

 'ˆ)cos()( sdpg 
   

    (1.9) 

g takes value from -1 to  +1. If the scattering is completely isotropic g will be equal to zero as p 

is equal for all angles. As the particle size increases, however, the intensity distribution increases 

in the forward direction and p for small angles is much higher than for all other angles. 

Therefore, the mean cosine tends towards a value of unity, the higher the g value the more 

forward-peaked the scattering. 

1.4.3 Kubelka-Munk Theory 

Another approach to studying light transport in highly scattering media is the phenomenological 

Kubelka-Munk(K-M) theory. K-M theory assumes a media which is completely homogenous, a 

plane layer of finite thickness but infinite width and length, which is illuminated by a perfectly 

diffuse and homogenous source of light. The radiation passing through the medium can be 

divided into two “diffuse fluxes” traveling in the forward and backward directions denoted as I 

 

Figure 1: Illustration of light transport in an optical medium modeled using the Kubelka-Munk 

theory. I and J depict diffuse fluxes traveling in the forward and backward directions, respectively. 

S and K are the backscattering and absorption coefficients 
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and J, respectively (see Figure 1). The K-M backscattering and absorption coefficients for these 

diffuse fluxes (denoted as S and K, respectively) are defined by two differential equations: 

)(.).()(

)(.).()(

dxxJISJSKxJ

xIJSISKdxxI




            (1.10) 

On integrating these equations over the complete thickness d of the media and applying 

boundary conditions [9], we obtain  
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22
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     (1.11) 

The KM equations relate the absorption and scattering properties of the media to its reflectance 

and transmittance. Due to its simplicity in computation, KM theory is widely used in many 

applications.  
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Chapter 2 

DEVELOPMENT OF RELATION BETWEEN KUBELKA 

–MUNK AND RADIATIVE TRANSFER COEFFICIENTS 

 

The Kubelka-Munk (K-M) equations are very powerful tools in extracting the absorption and 

scattering properties of the media using easily available transmittance and reflectance data. 

However the K-M coefficients are only phenomenological approximations because the theory 

assumes incident radiation is diffuse and that the scattering is isotropic. Similar to other diffusion 

approximation based models, K-M theory also assumes higher scattering compared to 

absorption. Though these conditions are not completely met in many of the real systems, the 

theory nonetheless provides a simple quantitative way of describing light transport in diffused 

medium. Many authors [10-13] have derived relations between the K-M coefficients and the 

more fundamental radiative transfer coefficients (µa, µs and g) as defined in chapter 1. In the 

diffusive approximation regime, where (µs>>µa), the general form of the relations between the 

K-M coefficients and the radiative transfer coefficients derived by different authors can be 

written as 

a

as

zK

yxS







 '

                                                           (2.1) 

For an isotropic medium, Klier [10] had shown Ka   and Ss    with the value of η varying 

from 0.5 to 1 while the value of χ varying from 4/3 to 3.33. van Gemert and Star [11] extended 

this further to show that the K-M coefficients can be related to the reduced scattering coefficient 

in an anisotropic medium. For an anisotropic and highly scattering medium, they showed 

aK 2  and 4/))1(3( as gS   . However, in most of the measurement geometries, the 

condition that the incident beam is diffusive is not met. It is either fully collimated or partly 

collimated and partly diffusive. 

Various authors have extended this model further to include collimated incident flux and have 

shown that the K-M theory is also applicable in the case of collimated beam [14-16]. Thennadil 
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Figure 2: Schematic for the experimental procedure followed to arrive at the empirical relation 

 

[16] has shown that, for a collimated incident beam in the high scattering regime, S depends only 

on scattering, however the relation should be modified to include a function dependent on the 

anisotropy factor, S=12µs’/(4.8446+.472g-.114g
2
)
2
. However, here again, the theory is valid 

only in the diffusive regime, where scattering dominates absorption. 

In most of the measurement systems, the incident beam is a broad collimated beam. While some 

of the theories mentioned above [14-16] have limitations due to various approximations 

involved, there are no existing relations between the K-M and radiative transfer coefficients both 

in the diffusive and non-diffusive regimes. In many systems, the diffusive regime is valid only in 

narrow range of wavelengths where scattering dominates absorption. For example in media 

which show a strong absorption in the blue region, the diffusion approximation based theories 

are not valid limiting the applicability of the theories. In this thesis, we wanted to develop an 

empirical relationship between the K-M and the radiative transfer coefficients for a broad 

collimated incident beam (standard in many measurement systems) which is valid for both 

diffusive (µa>> µs’) and non diffusive (µa< µs’) regime. The approach we have followed is 

schematically shown in Figure 2.  
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Samples with wide range of scattering and absorption properties (µa, µs’) were prepared. The 

total transmittance (collimated and diffuse) T and total reflectance (specular and diffuse) R of the 

samples were measured. Using the values and T and R, equation 1.11 was solved to obtain 

corresponding K-M coefficient K and S. The empirical relations between the (K, S) and (µa, µs’) 

were obtained. We have used this empirical relation to obtain optical parameters of scattering 

samples from measured reflectance spectrum. We have also used this relation to decouple the 

scattering and absorption properties of inorganic particles such as iron oxide which cannot be 

measured using standard absorption spectroscopy measurements.  
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Chapter 3 

MATERIALS AND METHODS 

 

3.1 Sample Preparation 

Samples with different optical parameters were prepared in a 750 micron thick glass cuvette by 

dispersing known concentrations of polystyrene microspheres and one of the two brown colored 

dyes in milliQ water. The Premium Dark Chocolate dye was procured from Devarsons Industries 

Private Ltd, India and the Chocolate Brown TAS dyes was procured from Roha Dyechem 

Private Ltd, India. Polystyrene microspheres of 0.5 and 1 micron diameter were procured from 

Duke scientific, USA. Absorption coefficient of the dye and the scattering coefficient of the 

polystyrene spheres were measured using a Perkin Elmer Lamda900 UV-Vis spectrophotometer. 

The wavelength dependent absorption coefficients of the two dyes for 10 ppm concentration are 

shown in Figure 3.The anisotropy factor g was calculated using a web based Mie scattering 

calculator developed by Philip Laven [17]. The reduced scattering coefficients were calculated 

using Equation 1.8 

 

Figure 3. Absorption spectra of the dye used. (a) Chocolate Brown TAS dye. (b) Premium 

Dark Chocolate dye 
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3.2 Development of the diffuse optical measurement system 

3.2.1 Single wavelength measurements 

Total transmittance (collimated and diffused)T and total reflectance (specular and diffused)R, at 

488nm, of the samples were measured using an Ar-ion laser (LEXEL, USA), a 90 mm diameter 

integrating sphere (Labsphere, USA) and a spectrometer (ILT 900 from International light, 

USA). The configurations used in these measurements are shown in Figure 4a and 4b.  

 

 

Figure 4. Schematic of the single wavelength measurements. (a) Reflectance and (b) Transmittance 

 

 

(a) 

(b) 
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Reflectance was measured relative to a Spectralon® reflectance standard with a reflectance value 

of 99% in the 400-650nm range. For reflectance measurement, the sample was held 8 degrees 

with respect to the direction of normal incidence in order to include the specular component of 

the reflected beam. The specular and the diffuse reflected light was collected by the integrating 

sphere and measured using the spectrometer. During total transmittance measurement, the 

transmitted light was collected by an integrating sphere and measured using a spectrometer. 

A water filled cuvette was used as reference during transmittance measurements in order to 

account for reflectance losses from the cuvette walls. Reflectance from a water filled reference 

cuvette was subtracted from the measured reflectance in order to obtain reflectance from the 

sample alone. 

3.2.2 Single port measurements 

The transmittance and reflectance values of varying concentrations of purely scattering 

polystyrene beads were recorded at 488 nm. The values are shown in table 1. In the absence of 

any absorption, the sum of transmittance and reflectance values is expected to be 100%. 

However it was observed that the sum of T and R was consistently higher than 100% indicating 

inaccuracies in the measurements.  

 

 

 

 

 

 

 

On closer scrutiny it was found that the differences in the reflective properties of our sample and 

reference cuvettes were leading to errors in the transmittance measurements. In the initial 

measurement of the water reference, the light is transmitted through the water samples, internally 

Table 1: Transmittance (T) and Reflectance (R) values for polystyrene beads using a single port 

measurement system 
 

Sample Transmittance (T) Reflectance (R) T+R 

Concentration 1 82% 24% 106% 

Concentration 2 76% 31% 107% 

Concentration 3 73% 34% 107% 
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reflected multiple times in the integrating sphere and a small fraction of the light is transmitted 

back outside the sphere (see Figure 5a).However, in the case of the scattering sample, only a 

very small fraction of light is transmitted back from the inside of the integrating sphere and most 

of the light is reflected back (see Figure 5b) into the sphere itself. This causes a mismatch in the 

amount of light that is lost from the integrating sphere due to reflection in the two cases. A 

higher amount of light is collected in the sample measurement and thus the transmittance 

measurements are overestimated.  

3.2.3 Dual port measurements 

To rectify the single port measurement error, we used a dual port measurement system as shown 

in Figure 6.When taking the reference measurement, the reference cuvette was placed at the 

entry port and the sample cuvette was placed at the dummy port of the integrating sphere. In the 

sample measurement their positions were reversed. This ensures that the amount of light lost 

from the integrating sphere in both the measurements is nearly the same, resulting in 

minimization of measurement errors. 

 

 

 

Figure 5: Single port measurements (a) Reference measurement and (b) sample measurement 
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When the T and R of non absorbing samples with varying concentration were measured using 

the dual port method, we found that the errors in measurement were considerably reduced 

(Table2).  The total of T and R values were close to 100%. 

3.2.4 Full spectrum reflectance and transmittance measurements 

The wavelength dependent reflectance spectra were measured using a handheld 

spectrophotometer (CM-2600d, Minolta, Japan). It is equipped with a Xenon light source and a 

52 mm diameter integrating sphere. The sample was illuminated through an 8 mm diameter 

 

Figure 6: Dual port measurement system for decreasing measurement errors. (a) Reference 

Measurement (b) Sample Measurement 

 

 

 

Table 2: The transmittance and reflectance values of purely scattering polystyrene samples in the 

dual port geometry 

Sample  Transmittance (T) Reflectance (R) T+R 

Concentration 1 75% 24% 99% 

Concentration 2   69% 31% 99% 

Concentration 3 66% 34% 100% 
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aperture. The integrating sphere and the small aperture ensure that a broad collimated beam is 

incident on the sample. The reflected light is collected through the same aperture in the 8 degree 

viewing angle and is analyzed using a diffraction grating and a photodiode array. The reflectance 

was measured in the wavelength range of 400 nm to 650 nm with a spectral resolution of 10 nm.  

To measure the wavelength transmittance, we developed an in house transmittance measurement 

system which is shown in Figure 7. A 1 Watt LED torch acted as the light source. The diverging 

beam was collimated using an achromatic lens system(Edmund Optics, USA)and the size of the 

light beam was regulated using an iris aperture system. A 90 mm diameter integrating sphere 

(Labsphere, USA) was used to collect the transmitted light. A spectrometer (ILT 900 from 

International light, USA) was used to analyze the collected light intensities at different 

wavelengths. 

 

Figure 7: Custom built full spectrum transmittance system 
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Chapter 4 

RESULTS AND DISCUSSIONS  

 

4.1 Empirical relations between K-M and radiative transfer 

coefficients 

The method used to obtain the empirical relations between the radiative transfer and K-M 

coefficients is schematically shown in Figure 2. First, the total reflectance (R) and total 

transmittance (T) values of a diffusive layer were measured for various sets of a and s‟. For a 

given set of R and T values, there is a unique set of K and S values which can be obtained by 

solving the coupled relations shown in equation 1.11. Finally, empirical relationships are 

obtained between the calculated sets of K and S values and the sets of radiative transfer 

coefficients (a and s‟) used in the samples. 

4.1.1 Measurement of total reflectance and transmittance 

For R and T measurements, we prepared samples with five different s’ values 0, 0.22, 0.41, 

0.54, 0.81 and 1.63 mm
-1

 by varying the concentration of the 0.5 micron diameter microspheres, 

For a constant s’, a was varied from 0 to 0.25 mm
-1

 by varying the concentration of the 

Premium Dark Chocolate dye shown in Figure 3. The measured total transmittance (T) and total 

reflectance (R) values for various values of a and s‟ at 488 nm were measured in a 750 micron 

cuvette and are shown in Figure 8.  For increasing a, both R and T decrease. With increasing s’, 

T decreases while R increases. The measured R and T values are functions of K and S as shown 

in equation 1.11, which in turn depend on a and s’.  

4.1.2 Calculation of K-M coefficients K and S 

Earlier authors [13-16] have shown that the K-M theory is also applicable to collimated incident 

beam in the regime where s’ >>a. In the current measurement geometry, the incident beam is 

collimated. However, not all the samples fall in the regime s’ >>a. Assuming that K-M theory 

is applicable for all ranges of a and s‟, including a ≥ s’, the values of K and S were calculated 

by solving the coupled equations in equation 1.11 for various values of R and T. The calculated 
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Sand K values are plotted as a function of a for constant values of s’ and are shown in Figure 

9a and 9b respectively. From Figure 9a, it is clear that S depends strongly on s’ and not on a 

even in the diffusive regime s’ >>a. Figure 9b shows the dependence of K as a function of a 

and s’. Unlike S, K depends on both a and s’.  K-M absorption coefficient K increases as a 

increases. 

 

Figure 8: Measured values of total transmittance (a) and total reflectance (b) of samples for various 

values of µa and µs’ at 488nm 

 

 

(b)

(a)
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Figure 9: (a) K-M scattering coefficient S and (b) K-M absorption coefficient K for samples 

with various values of μa and μs‘. K and S were obtained from the measured total reflectance 

(R) and total transmittance (T) 

 

 

(a)

(b)
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4.1.3 Empirical relation between K-M and Radiative transfer coefficients 

From Figure 9a, it is clear that S depends strongly on s’ and not on a even in the diffusive 

regime s’ >>a. This is different from earlier reports which showed that the S depends on a and 

s’ as shown in equation 2.1. Our measurement agrees with Gate‟s [13] and Thennadil‟s [16] 

derivation where y was zero. By fitting the experimental values to equation 2.1, we find the value 

of x to be 0.408. 

S = 0.408 s’      (4.1) 

Figure 9b shows the dependence of K as a function of a and s’. Unlike S, K depends on both a 

and s’.  K-M absorption coefficient K increases as a increases. In the absence of scattering, K 

is equivalent to the absorption coefficient a. Increasing s’ at a given a further increases K. In 

the presence of scattering, K has an additional term which we can attribute to the absorption due 

to scattered photons. The absorption of the scattered photon depends not only on the absorption 

coefficient of the medium but also on the mean average distance travelled by the scattered 

photon which is proportional to its scattering coefficient [18]. A photon in a highly scattering 

medium will travel larger distances compared to a photon in a low-scattering medium. Hence the 

effective absorption of the scattered photon will depend both on the absorption coefficient and 

the scattering coefficient. We find that K follows the following empirical relation 

b

saa aK )( '      (4.2) 

where a and s’ are expressed in units of mm
-1

. By fitting our data to the above empirical 

relation, we find the parameter values as a=2.43 and b=0.72. We have shown in Figure 10 

predicted values of S and K using the empirical relations in equation 4.1and 4.2 against values of 

S and K calculated from measured R and T values using equation 1.11. We see an excellent fit 

with R
2
 values of 0.99 for both K and S implying that our empirical relation is applicable to a 

wide range of a and s’. 
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4.1.4 Validation of Empirical Relations 

To validate the applicability of the empirical relations in equations 4.1 and 4.2, diffusive samples 

were prepared using one micron polystyrene spheres and five different concentrations (0 ppm, 10 

ppm, 20 ppm, 30 ppm and 40 ppm) of the Chocolate Brown TAS dye. The scattering properties 

of these samples were calculated using the Philip-Laven calculator [17]. Total reflectance of 

these diffusive samples was measured in the wavelength range of 400 to 650 nm using a 

commercial spectrophotometer. In this range, there is large variation of absorption as a function 

 

Figure 10: Predicted values of S and K using the empirical relations in Eqs. (4.1) and (4.2) as a 

function of S and K values calculated from measured R and T using Eq. (1.14) 

 

(a) 

(b) 
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of wavelength. While in certain regions a<s’, in other regions a≥s’. Since s’ and a of these 

samples are known for all the wavelengths, K and S values can be calculated using equations 4.1 

and 4.2 and the reflectance for the entire wavelength range can then be predicted using equation 

1.11. In Figure11a, the measured reflectance spectra (dots) of the samples with various dye 

concentration are shown along with the reflectance spectra predicted (solid lines) using equations 

4.1 and 4.2. Good agreement was obtained between the predicted and measured reflectance 

spectra. The errors in the predictions are shown in Figure 11b. The maximum error in prediction 

was about 8% implying that the empirical relation between the optical parameters and K-M 

coefficient is valid over a wide range of optical parameters. 

 

Figure 11: Measured and predicted reflectance spectra for 5 different samples (a) Reflectance 

values (b) Error in predicted reflectance 
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4.2 Applications 

4.2.1 Extracting optical parameters from measured reflectance 

Since the empirical relations in equations 4.1 and 4.2 are valid over wide range of optical 

parameters and wavelengths, it is possible to solve the inverse problem of extracting various 

optical parameters from the measured reflectance spectra. For example, parameters such as 

concentration of the chromophores and thickness of the scattering layer can be extracted 

simultaneously from the measured reflectance if the scattering parameters are known. This is 

feasible since at different wavelengths, relations in equations 4.1 and 4.2 are valid and 

independent of each other. One needs to solve for two unknown parameters using more than two 

equations.  

To verify the feasibility of simultaneously extracting dye concentration and layer thickness from 

the measured reflectance, tissue phantoms of two different thicknesses (450 microns and 750 

 

Figure 12: Solving for optical parameters from the measured reflectance spectra of tissue 

phantoms. The best fits were obtained by varying two fitting parameters, namely dye 

concentration and layer thickness. The symbols show measured reflectance, and solid lines 

show the best fit from the model. The actual parameter values and the predicted values are 

shown in Table 3   
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microns) were prepared using 1000 nm polystyrene spheres and different concentrations of the 

Chocolate Brown TAS dye. The reflectance of the tissue phantoms in the range of 400-650 nm 

was measured and best fit to the reflectance curves were obtained using equations 1.11, 4.1 and 

4.2 by freely varying the two fitting parameters namely the concentration of the dye and 

thickness of the sample. The best fit obtained is shown in Figure 12  and the parameters used to 

obtain the best fit are shown in table 3 along with the actual parameters. While the extracted 

concentration values were within an error of 2-10%, the extracted thickness values were within 

2% error. 

 

4.2.2 Measurement of absorption coefficient of highly scattering particles 

One of the key challenges in absorption spectroscopy is eliminating interference from scattering 

due to particles present in the samples. Many of the naturally occurring chromophores such as 

chlorophyll in leaves coexist with various scatterers. To quantify these chromophores, one needs 

to extract chromophores from the scattering samples through a complex extraction process. In 

the case of micro and nano sized inorganic particles both scattering and absorption coexist and 

we need a large single crystalline material to measure their absorption properties. In case of nano 

particles, quantum effects play a role in determining the absorption properties and are different 

from the bulk absorption properties. To address some of these issues, we need a method capable 

of decoupling absorption from scattering. We wanted to use the method that was developed here 

on materials which could not be studied using standard absorption spectroscopy techniques.  

Table 3 Actual and predicted values of concentration and sample thickness along with error in 

prediction 

Concentration Thickness 

Actual (ppm) Predicted (ppm) Error (%) Actual (ppm) Predicted (ppm) Error (%) 

35 32 8.6 450 444 1.3 

50 49 2.0 450 455 1.1 

20 18.1 9.5 750 752 0.3 

43 45 4.7 750 763 1.7 
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Colored pigments of micron and submicron sizes are heavily used in paint and cosmetic 

industries. Iron oxide [19] is one such pigment used in cosmetic industry. It is critical to 

understand the absorption and scattering properties of these materials individually in order to 

evaluate the benefits of the final product containing iron oxide. As an application of our 

methodology discussed in the earlier sections, we have used our technique to decouple the 

scattering and absorption of cosmetic grade iron oxide and the results are reported in this section. 

Iron Oxide particles(procured from Kobo Products, USA) were dispersed in pentacyclo-siloxane 

oil (DC-245, Dow Corning) and stabilized using surfactants(Triethoxycaprylylsilane, Tocopherol 

Acetate) which do not absorb in the visible spectrum. Iron oxide particles appear red in color as 

shown in Figure 13 indicating that they should absorb strongly in blue and green regions.  

 

The absorption spectra of the iron oxide particles were measured initially using standard 

absorption spectroscopy techniques(UV-Vis spectrophotometer) and the spectra is shown in 

Figure 14 along with the absorption spectra of a standard red colored dye (Allura Red). While 

the absorption spectra of the dye shows a strong absorption in the blue and green region (450-

600 nm), the iron oxide spectra is broad, extending into the red region also. What the UV-Vis 

spectrophotometer measures in the case of the iron oxide is not just the absorption but the 

 

Figure 13: Iron Oxide particles dispersed in pentacyclo-siloxane oil 
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combined effects of scattering and absorption. This clearly shows that standard absorption 

spectroscopy cannot be used to measure absorption alone but can only be used to study 

extinction which is the combined effect of absorption and scattering. 

In order to measure the absorption of the iron oxide excluding the scattering, we prepared 4 

samples of different iron oxide concentrations (0.55mg/mL, 0.87 mg/mL, 1.19 mg/mL and 1.49 

mg/mL) by dispersing in pentacyclo siloxane oil. The total reflectance (R) and total transmittance 

(T) of the samples were measured using the integrating sphere geometry described in sections 3.2 

and 3.3. The measured T and R for the four different concentrations are shown in Figure 15. The 

total reflectance value increases as the concentration of iron oxide increases. The reflectance 

values are very low in the wavelength range of 450-550 nm. The reflectance values are higher in 

the red region of 600-650 nm. The total transmittance value decreases as the concentration of 

iron oxide increases. The transmittance value is lower in the 450-550 nm range compared to the 

600-650 nm range.  

 

Figure 14: Measured values of absorbance of iron oxide dispersion and Allura red dye 

measured using a standard UV-Vis absorption spectrometer. 
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The T and R values were converted to K and S values using equation 1.11 and then using the 

empirical relationships shown in equations 4.1 and 4.2 described earlier, their µs’ and µa   were 

calculated for the wavelength range of 450-650 nm. 

 

 

Figure 15: Measured values of  (a) total reflectance R and (b) total transmittance T of 4 

different concentrations of  iron oxide dispersion over 450-650 nm range. 
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The absorption and scattering coefficients obtained this way are shown in Figure 16. From the 

Figure, it is evident that the iron oxide has a clear absorption in the blue-green region which is 

consistent with its red color.  We also observe that the scattering of the iron oxide particles is low 

in the blue-green region and highly scattering in the red region. 

 

Figure 16: (a) Absorption coefficient and (b) scattering coefficient for the 4 concentrations of 

iron oxide dispersions. µa and µs’ were obtained using equations (4.1) and (4.2) from the 

measured total reflectance(R) and total transmittance (T) in Figure 15 
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The specific absorption coefficient of the media is defined as the absorption coefficient per unit 

concentration. It is independent of the concentration. We have calculated the average of the 

specific absorption coefficient of the four samples and shown in Figure 17. 

 

It is evident that our method is capable of measuring the specific absorption coefficient of iron 

oxide within a 5-10% error. Further our method is capable of decoupling the specific absorption 

and scattering coefficients, irrespective of the concentrations used, within an error range of 5-

10%  

 

Figure 17: Specific Absorption coefficient of iron oxide particles. Error bars indicate 

standard deviation of four different concentrations. 
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Chapter 5 

CONCLUSION 

One of the key challenges in strongly scattering media is to decouple absorption from scattering. 

Various authors have tried to use diffuse optical spectroscopy to address this. However, these 

measurements involve computer intensive calculations to obtain optical parameters from the 

diffuse optical spectra. To address this, in this thesis, we wanted to obtain a simple empirical 

relation which can relate the optical parameters to the measured diffuse reflectance and 

transmittance spectra.  

We have developed an integrating sphere based diffuse optical measurement system. Using the 

system, we measured total transmittance and total reflectance of samples with varying optical 

parameters and obtained empirical relations between K-M coefficients and the radiative transport 

coefficients which are valid both in the diffusive and non-diffusive regimes. Our empirical 

relations show that the K-M scattering coefficients depend only on  reduced scattering 

coefficient (s’) while the K-M absorption coefficient depends both on absorption (a) and 

reduced scattering (s’)  coefficients of radiative transfer theory. We have shown that these 

empirical relations can predict total reflectance within an error of 10%. They also can be used to 

solve the inverse problem of obtaining multiple optical parameters such as chromophores 

concentration and sample thickness from the measured reflectance spectra with a maximum 

accuracy of 90-95%. 

We have also used our method to decouple the absorption and scattering properties of micron 

sized iron oxide particles which is not possible with standard absorption spectroscopy 

techniques. Our method is capable of measuring the specific absorption of iron oxide within 5-

10% error. This method along with the derived empirical relations can be further extended to UV 

regimes to study nanoparticles which are of relevance in various photonic applications.   
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APPENDIX 

 

A portion of the results described above have been published in the November 2012 issue of the 

Journal of Bio-Medical Optics titled “Empirical relationship between Kubelka–Munk and 

radiative transfer coefficients for extracting optical parameters of tissues in diffusive and 

nondiffusive regimes”; authored by Arindam Roy, Rajagopal Ramasubramaniam and 

Harshavardhan A. Gaonkar 

http://dx.doi.org/10.1117/1.JBO.17.11.115006 
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