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ABSTRACT
Four-flux radiative transfer models have been extensively used to describe reflectance and trans-
mittance (R&T) spectra of light scattering and absorbing (S&A) media. Solutions to the differential
equations corresponding to the collimated fluxes are obtained by subsequent application of bound-
ary conditions. Explicit expressions for the collimated R&T of light are reported, when considering a
light S&Amediumcontainedbetween twoglass slides, anexperimental arrangementwhich is appro-
priate for liquid suspensions and viscous matrices containing solid particles. A spectral simulated
annealing method is applied to retrieve, from measured R&T spectra of collimated light under nor-
mal incident radiation, the scattering and absorption coefficients of the composite medium. First,
the accuracy of the method is established by applying it to synthetic collimated R&T data. Secondly,
we apply the method to experimental data and use it to determine the S&A coefficients of a layer of
TiO2 particles dispersed in a PVP/water matrix.

ARTICLE HISTORY
Received 3 March 2020
Accepted 18 July 2020

KEYWORDS
Radiative transfer; four-flux
model; light scattering;
simulated annealing;
collimated reflection;
collimated transmission

1. Introduction

N-flux radiative transfer models can be used to describe
the propagation of electromagnetic radiation through
light scattering and absorbing media, and are alternative
approaches to numerical solutions of the scalar and vec-
tor radiative transfer equations (RTEs) [1,2]. Most N-flux
models have been heuristic or phenomenologically estab-
lished from energy balance considerations [3]. Schus-
ter’s 2-flux approximationwas probably the first radiative
transfer model, and it was devised to consider the prop-
agation of diffuse radiation through stellar atmospheres
[4]. For the forward and backward diffuse fluxes, the
two differential equations defining the Schuster model
incorporate an emission term and they were written by
assuming that the scattering units are quite small and
scatter equal amounts of light in forward and backward
directions, i.e. the Schuster model holds in the Rayleigh
limit where a quasi-isotropic intensity pattern arises from
each single scattering event. Another 2-flux model is that
of Kubelka and Munk [5], which introduces two phe-
nomenological parameters, S and K, to characterize the
effective backscattering and absorption of diffuse light
when propagating through light diffusing media. These
two parameters, with dimension of 1/length, are assumed
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to be equal for the forward and backward diffuse light.
We will refer to this assumption as the symmetry condi-
tion. The 2-flux model of Sagan and Pollack incorporates
a parameter which quantifies in a relative average sense
the larger pathlength of the diffuse radiation as com-
pared with that of the collimated one: this is the average
pathlength parameter (APP) [6]. The authors assume the
value 31/2 for the APP characterizing both the forward
and backward diffuse radiation. This is perhaps the first
model that considers anisotropy in the diffuse intensity
patterns of the propagating radiation, but it assumes the
same anisotropy for the forward and backward diffuse
radiation. The 3-flux models consider the propagation of
a third flux of collimated nature, besides the two diffuse
ones. This collimated flux originates from a flux normally
incident onto the plane-parallel scattering and absorbing
medium. To some extent, different degrees of anisotropy
for the forward and backward diffuse radiation can be
incoporated into the description. The 3-flux model of
Reichman [7] assumes isotropic diffuse intensity patterns
for the forward and backward diffuse radiation. Under
this assumption, the flux is proportional to the intensity,
which is the parameter used to derive Reichman’s model
from the scalar RTE.
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Four-flux models [8,9] consider one collimated and
one diffuse flux propagating in the forward direction, as
well as one collimated and one diffuse flux propagating
in the reverse direction. The four-flux model of Maheu,
Letoulouzan, and Gouesbet (MLG) [8] is probably the
most frequently applied one. The model is very con-
venient to describe the optical properties of supported
layered materials like pigmented coatings for radiative
cooling [10], solar absorbing cermets with large metal-
lic inclusions [11,12], pigmented polymers and paints
[13], suspended particle devices [14,15], and multilayer
structures [16]. The four-flux model has been applied
to consider the improvement of visual appearance of 2-
dimensional prints [17] and to consider the feasibility of
plasmonic applications of surface oxidized noble metal
nanoparticles [18]. The MLG model contains explicit
expressions for the collimated-collimated, collimated-
diffuse, and diffuse-diffuse reflectance and transmittance
components, obtained from solving a set of four differen-
tial equations with application of appropriate boundary
conditions. Two equations correspond to the forward
and backward collimated flux components whose inten-
sities decay due to scattering and absorption through the
medium. The other two differential equations specify the
variation with depth of the diffuse fluxes according to an
energy balance due to the coupling of the four fluxes.
The symmetry condition is incorporated in the MLG
model through the assumption of equal values for the
APPs and forward scattering ratios (FSRs) for forward
and backward diffuse radiation. Within the MLGmodel,
the effective backscattering and absorption coefficients
are given by S = ξ (1-σ )sc andK = ξkc respectively (here
ξ = APP and σ = FSR), where sc and kc are the intrinsic
scattering and absorption coefficients, whichmay be cor-
related with the corresponding cross sections, Csca and
Cabs in the case of particulate media. For instance, within
the independent scattering approximation, and assum-
ing a non-absorbing matrix, sc = fα and kc = fβ with
α = Csca/V and β = Cabs/V, with f as the volume frac-
tion of the scattering and absorbing units and V as the
volume of each one. It is also assumed in theMLGmodel
that σ = σ c, i.e. the FSRs for collimated and diffuse radi-
ation impinging on a scattering and absorbing unit are
equal. The set of differential equations of theMLGmodel
is the following [8]:

dFIc
dz

= (sc + kc)FIc (1a)

dFJc
dz

= −(sc + kc)FJc (1b)

dFId
dz

= ξ [(1 − σc)sc + kc]FId − ξ(1 − σc)scFJd

− σcscFIc − (1 − σc)scFJc (1c)

dFJd
dz

= −ξ [(1 − σc)sc + kc]FJd + ξ(1 − σc)scFId

+ (1 − σc)scFIc + σcscFJc (1d)

where FIc and FId (FJc and FJd) are the forward (back-
ward) collimated and diffuse fluxes, respectively. The
z-coordinate is defined as the depth through the diffus-
ing medium, with values between 0 and h: z = 0 for the
back interface and z = h for the illuminated interface,
h being the thickness of the medium. This system has
been solved by assuming an unsupported plane parallel
diffusing medium, with a partially reflecting mirror par-
allel to the back side. The impinging light can be diffuse,
normally incident collimated radiation, or both. Solu-
tions of the first two equations, for the collimated fluxes,
are of the Bouguer-Beer–Lambert law [19–21] type. The
main aspects involved in the formulation of the previous
set of differential equations are attributed to the work of
Beasley, Atkins, and Billmeyer [22,23].

In many cases it is desirable to derive effective
optical parameters of light scattering materials from
experimental reflectance and transmittance data. Many
radiative transfer models have been used for inverting
optical measurements to obtain the spectral variation
of effective scattering and absorption coefficients. The
Kubelka–Munk model was used to obtain S and K from
diffuse reflectance measurements of paints containing
submicron sized black carbon or FeMnCuOx particles
[24] and of TiO2 pigmented paints [25]. An extended
Kubelka–Munk approach [26] has been used to retrieve
scattering and absorption coefficients of suspended parti-
cle devices [14,27] andnanoparticle–polymer composites
[28]. The Reichman model was applied to retrieve scat-
tering and absorption coefficients of powder glass and
porous sintered glass from reflectance and transmittance
measurements [29]. Another three-fluxmodel, similar to
the MLG model but neglecting the backward collimated
component, was used to invert intensities reflected by and
transmitted through leaves [30]. Inversion schemes based
on numerical solutions of the full RTE are computation-
ally demanding, but have nevertheless been frequently
used, mainly in the bio-medical field. By the inverse
adding-doubling (IAD) [31,32] and inverse Monte-Carlo
(IMC) methods [33,34], it is feasible to compare calcu-
lated and experimental reflectance as well as diffuse and
regular transmittance, in order to obtain Csca/V, Cabs/V
of a single particle as well as its scattering asymmetry
parameter. However, in order to obtain parameters char-
acterizing the scattering and absorption of single parti-
cles, these methods rely on the independent scattering
approximation. When particle clustering is pronounced,
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dependent scattering effects within clusters are impor-
tant, as we illustrate below in sections 4 and 6. In these
cases the IAD and IMC methods can only retrieve effec-
tive parameters characterizing the scattering and absorp-
tion by the clusters. In the present paper we use, instead,
the effective optical scattering and absorption parameters
of the 2- and 4-flux models for characterizing the mate-
rials under study. The 4-flux model is to be preferred as
a basis for an inversion scheme, because of its close cor-
respondence to Monte-Carlo simulations [35,36]. How-
ever, recent attempts on inverting reflectance and trans-
mittance spectra based on four fluxmodels rely on rough
approximations and do not appear to be reliable [27]. The
main objective of the present paper is to take the first
steps to remedy this situation and develop a consistent
scheme to obtain the parameters in the 4-flux equations
from experimental data.

In this paper we consider the extraction of intrinsic
scattering and absorption coefficients from experimental
data by inversion of theMLGequations for the collimated
fluxes. Despite the fact that the present paper consid-
ers only two collimated fluxes, these must be considered
within the formalism of the four-flux radiative transfer
model (with two collimated and two diffuse fluxes), in
order to avoid confusion with two-flux radiative trans-
fer models of the Kubelka–Munk type, which focus on
the diffuse fluxes. We consider a system consisting of
TiO2 particles dispersed in a matrix containing a weight
ratio of polyvinylpyrrolidone (PVP) to water [28] of
0.8:1. Reflectance (R) and transmittance (T) spectra for
these samples as well as for pure water and PVP/water
were measured by using a Perkin Elmer Lambda 900
spectrometer [28]. Section 2 describes the experimental
sample arrangement, consisting of the layer under study
sandwiched between two glass slides. We formulate a
model, starting from the matrix formalism of Pfrommer
et al. [37], to evaluate the reflectance and transmittance
of non-coherent collimated light through a three-layered
medium normally illuminated with non-polarized light.
This model is used to obtain the optical constants of
water and the PVP/water matrix from experimental R
and T spectra. The collimated-collimated components
of the 4-flux model are considered in Section 3, and
they are linked with the formalism of Section 2, through
the boundary conditions, to obtain explicit expressions
for the specular reflectance and regular transmittance,
Rcc and Tcc respectively. A simulated annealing opti-
mization method is described in Section 4, and used
to invert reflectance and transmittance spectra of col-
limated light obtained from normal illumination of a
particulate light diffusing layer between two glass slides.
From this inversion, the effective volume scattering and
absorption cross sections of the particles are obtained.

The method was validated by application to synthetic
spectra of Rcc and Tcc in order to show that the inver-
sion approach can retrieve the cross sections accurately
even in the presence of agglomeration effects. An exam-
ple of metallic gold particles in water is considered in
this Section. In Section 5, anatase (TiO2) submicron-
sized particles embedded in a matrix of PVP/water are
considered, in order to obtain scattering and absorption
coefficients by inversion ofmeasured specular reflectance
and regular transmittance spectra. In this way, average
volumetric scattering and absorption cross sections per
particle are obtained through the spectral range con-
sidered (0.3–1.3μm). In Section 6, we report calculated
volumetric cross sections of agglomerated anatase (TiO2)
particles in order to show the effect of clustering on their
spectral behavior. A comparison with Lorenz-Mie evalu-
ations and with the inverted experimental data obtained
by the spectral simulated annealing optimizationwas car-
ried out. We focus here our attention on the inversion of
the specular reflectance and regular transmittance spec-
tra to obtain the spectral behavior of volumetric scatter-
ing and absorption cross sections per particle contained
in a weakly absorbingmatrix. Themeasured diffuse com-
ponents of reflectance and transmittance will be neces-
sary in order to retrieve the other parameters of the 4-flux
theory, namely the APPs and FSRs. This inversion prob-
lem is more complex and is currently under study. It
should also be noted that the development of inversion
capabilities based on the specular reflectance and regular
transmittance opens the possibility to study the optical
properties of light diffusing materials more rigorously,
even in the absence of spectrophotometricmeasurements
based on the use of an integrating sphere [38,39].

2. The optical system: reflection and
transmission coefficients

In order to devise a model suitable to be applied to
plane-parallel unsupported light diffusing media, coat-
ings deposited on a substrate and media between two
supporting transparent sheets, for example suspended
particle devices [14,15], we are going to consider an opti-
cal system consisting of three elements, as shown in
Figure 1: a cover sheet that could be a glass slide or a poly-
mer coating (medium 2), the active layer (medium 3),
and a substrate that could be another glass slide (medium
4). There is air or vacuum at both sides of this three
element system (media 1 and 5). The cover and the sub-
strate are considered optically homogenous, i.e. they do
not scatter the radiation propagating through them. The
incident light impinges on the interface 1/2 from the left,
and it could be normally incident collimated light, diffuse
light, or a combination of both. According to the specific
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Figure 1. Schematic structure of the system being considered: a
thick coating, a light scattering and absorbing layer, and a thick
substrate. The single-interface reflection coefficients are denoted
by rij . Rij is the effective reflection of radiation at the interface
between media i and j into the medium i, Tij is the effective
transmission of light at the interface between media i and j into
medium j.

nature of the incident light (collimated or diffuse), the
single-interface reflection coefficients would correspond
to reflection coefficients for collimated radiation (rij with
a superscript letter c) or for diffuse light (rij with a super-
script letter d), when the propagating radiation goes from
medium i to medium j across the i/j interface.

The corresponding single-interface transmission coef-
ficients are denoted by tij. The reflectance and trans-
mittance of the structure depicted in Figure 1 can be
obtained from the matrix formalism of Pfrommer et al.
[37]. For non-scatteringmaterials, and in the case of non-
coherent radiation, the interface (I) and layer (L)matrices
are given by

Ii,j =
(

1/tij −rij/tij
rij/tij (tijtji − rijrji)/tij

)
(2a)

and

Li =
(

eτi 0
0 e−τi

)
(2b)

respectively, where τ i is the optical thickness of the ith

medium, which is given by τ i = 4πki/λ, with ki as the
extinction coefficient of the medium and λ as the wave-
length of the incident radiation. The characteristicmatrix
of the three-layer stack in Figure 1 is obtained from

M = I1,2L2I2,3L3I3,4L4I4,5 (2c)

The transmittance and reflectance of the stack are
given by

T = 1/M11 and R = M21/M11 (2d)

respectively. However, in order to combine this approach
with the four-flux theory, as applied to the central layer,
an iterative calculation of R and T is more conve-
nient. To this end we introduce effective reflection and
transmission coefficients through the interface i/j which
are denoted by Rij and Tij respectively. The effective
reflectance Rij contains the effect of all layers and inter-
faces to the right of and including the interface i/j in
Figure 1. Similarly Tij contains the effect on the trans-
mittance of all interfaces and layers to the left of and
including i/j. The iterative equation is obtained by con-
sidering only one layer, j, and the interfaces j-1,j and j,
j+1 in Equations (2a–d). Hence this evaluation involves
two successive interfaces containing multiple reflections
in between them. Within the non-coherent approxima-
tion, by assuming collimated incident radiation and a
non-scattering medium 3, the reflection (relative inten-
sity of the light propagating in the backward direction at
the interface between media i and j) is given by [37,40]

Rij = rcij +
(1 − rcij)Rjk(1 − rcji)e

−2τj

1 − rcijRjke
−2τj

(3a)

with i = j-1 and k = j+1. The transmission (relative
intensity of the light propagating in the forward direction
at the interface between media j and k) is given by

Tjk =
Tij(1 − rcij)e

−τj

1 − rcijRjke
−2τj

(3b)

where

rcij = rcji = |(mi − mj)/(mi + mj)|2

= [(ni − nj)2 + (ki − kj)2]/[(ni + nj)2 + (ki + kj)2]
(3c)

is the reflection coefficient when collimated light nor-
mally impinges onto medium j from i, or i from j [41,42].
The complex refractive indices of the two media are
mi = ni+iki and mj = nj+ikj, respectively. In this way,
the contribution from multiple reflections inside the
jth medium is accounted for. From this formalism, the
reflectance of the system is given by

R = R12 = rc12 + (1 − rc12)R23(1 − rc21)e
−2τ2

1 − rc12R23e−2τ2
(4a)

where τ 2 = 4πk2h2/λ is the optical thickness of the front
glass slide or coating whose thickness is h2, with k2 as
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the extinction coefficient.Moreover,R23 is obtained from
R34, which is obtained from the reflection coefficient at
the interface 4/5 for collimated radiation, by successive
application of Equation (3a), with the optical thickness of
the medium 3 as τ 3 = 4πk3h3/λ with k3 as its extinction
coefficient, and τ 4 = τ 2 for the symmetric configuration
we consider in this paper. Similarly, the transmittance is
given by

T = T45 = T34(1 − rc45)e
−τ4

1 − rc34r
c
45e−2τ4

(4b)

where T34 is obtained from T23, which is finally
obtained from T12 = (1 − rc12), by repeated application
of Equation (3b). If medium 3 scatters and absorbs light,
the previous expression for τ 3 does not hold. It will be
obtained from the intrinsic scattering and absorption
coefficients, as shown in Section 3.

Now, we focus on applications of the previous formal-
ism.An inversion approach is followed to evaluate optical
constants from reflectance and transmittance spectra of
a homogeneous layer between glass slides, by application
of the previously described characteristic matrix formal-
ism. The calculated spectra are compared with literature
data, for the case of a water layer, in order to test the
reliability of the formalism and its accuracy in the case
of the challenging symmetric configuration. Application
of Equation (4) requires the optical constants of glass
which can be easily obtained from the reflectance R and
transmittance T spectra of one glass slide when normally
illuminatedwith non-polarized radiation. Figure 2 shows
both spectra. For a thick slab, normally illuminated with
non-polarized light, the reflectance and transmittance are
given by [43]

R = r0 + r0(1 − r0)2e−2αshs

1 − r02e−2αshs
, T = (1 − r0)2e−αshs

1 − r02e−2αshs

(5a)

where ro is the square modulus of (m-1)/(m+1), i.e. the
reflection coefficient at the interface between air and the
slab whose complex refractive index is m = n+ ik, hs is
the slab’s thickness, and αs is its absorption coefficient
[αs = 4πk/λ]. From the spectra displayed in Figure 2, the
optical constants of a single glass slide can be obtained in
the following way [44,45]:

k = − λ

4πh
ln

(
R − ro
ro T

)
(5b)

n =
(
1 + ro
1 − ro

) ⎧⎨
⎩1 +

√
1 −

(
1 − ro
1 + ro

)2
(1 + k2)

⎫⎬
⎭ (5c)

Figure 2. Reflectance (R) and transmittance (T) of light through
a glass slide 1mm thick normally illuminated with non-polarized
light. These spectra are used to obtain the optical constants of the
glass by application of Equation (5).

ro = (T2 + 2) − (R − 1)2

2(2 − R)

−
√(

(T2 + 2) − (R − 1)2

2(2 − R)

)2

− R
2 − R

(5d)

Figure 3 depicts the optical constants, n and k, for
glass as obtained from the reflectance and transmittance
spectra shown in Figure 2. The refractive index displays
normal dispersion over the whole solar spectral range,
while the absorption is quite small with a minimum
around 0.40μm in wavelength, together with an absorp-
tion edge in the near-ultraviolet. The obtained values of k
are close to the detection limit at the minimum, but oth-
erwise well above. In the context of Figure 1, the optical
constants of the glass correspond to those of media 2 and
4 (n = n2 = n4 and k = k2 = k4). Obtaining the opti-
cal constants of medium 3 is a more difficult problem,
because of the low refractive index contrast between glass
and most liquids, gels and polymers which can be used
as host material to encapsulate scattering and absorb-
ing particles. For the imaginary part of the refractive
index, k, experimental accuracy together with the layer
thickness, puts a lower bound to the values that are pos-
sible to evaluate from photometric experimental data.
For a 80μm thick layer, we estimate that the detection
limit for k ranges from about 3× 10−7 at λ = 0.3μm to
2.5× 10−6 at λ = 2.5μm. In order to evaluate the accu-
racy of the inversion method, a layer of water between
two glass slides with 1mm in thickness is considered in
terms of its reflectance and transmittance spectra over
the solar spectral range, which are shown in Figure 4(a).
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Figure 3. Optical constants of glass (refractive indexnandextinc-
tion coefficient k) obtained from application of Equation (5) and
using the reflectance and transmittance spectra displayed in
Figure 2.

Both reflectance and transmittance spectra show mini-
mum values at the spectral positions of the two largest
absorption peaks, with decreasing values towards the
near-infrared.

The abrupt decrease in the near-ultraviolet, for
wavelengths lower than 0.33μm (energies larger than
3.75 eV), is due to the absorption edge of the glass slides
probably due to the presence of traces of metal ions like
Fe or Cu [46]. The extinction coefficient of water taken
from literature [47–49] is displayed in Figure 4(b). A first
inversion to obtain the optical constants of water was
based on the Pfrommer et al. matrix formalism given
by Equation (2). In this case a non-spectral approach
was followed, i.e. the following set of two equations
with two unknowns (refractive index and extinction
coefficient) was numerically solved at each wavelength:
Rcalc(λi)-Rexp(λi) = 0 and Tcalc(λi)-Texp(λi) = 0, with
i = 1,2, . . . ,N. The obtained imaginary part was used
as a first approximation in the subsequent application of
a Spectral Projected Gradient Method (SPGM) [50,51].
The corresponding refractive index did not display the
expected normal dispersion in the whole wavelength
range considered, since it exhibited anomalous disper-
sion at short wavelengths and some irregular oscillations
of small amplitude and large spectral periods. For this
reason, we used as the first approximation to the refrac-
tive index of water the values obtained from the fitting
carried out by Djurisic and Stanic [52]. They described
the dielectric function of water by a Lorentzmodel whose
parameters were optimized by a genetic algorithm, in the
spectral range from 200 nm to 200μm. Using this first
approximation as input, we use the SPGM to retrieve

the optimal values of the refractive index and extinc-
tion coefficient of a layer of water, 71μm thick, posi-
tioned between two glass slides, whose reflectance (Rexp)
and transmittance (Texp) spectra were measured in the
solar spectral range. Some of thesemeasurements are dis-
played by dots in Figure 4(a). The SPGM minimizes the
merit function

F = G ·
N∑
i=1

|Rcalc(λi) − Rexp(λi)|2

+ |Tcalc(λi) − Texp(λi)|2 (6)

with G = 1/(2N-1) and where Rcalc and Tcalc are the
reflectance and transmittance spectra calculated from
the formalism of Equations (3) and (4), which is also
the starting point to obtain the gradient components
of the merit function. The number of degrees of free-
dom, i.e. the number of terms that can change in the
minimization of F is 2N, minus 1 due to the numerical
constriction of minimizing the F value itself. The num-
ber of spectral points is N = 1101. This definition of
the merit function allows us to retrieve both the refrac-
tive index and extinction coefficient simultaneously with
minimal error throughout the spectral range considered.
F = 4.9× 10−7 when evaluatedwith the first approxima-
tion for the water’s optical constants and F = 3.6× 10−7

after the optimization. Figure 4(b) compares the spectral
dependence of the optimized optical constants with those
taken as first approximation. Water’s refractive index
shows normal dispersion over the solar spectral range,
with more absorption of light than that of the glass slides
beyond the visible. In the mid visible, water shows less
absorption than glass, but our retrieved values for k are
actually below the detection limit for λ∼0.5–1μm. The
largest two absorption peaks are displayed at wavelenghts
of 1.44 and 1.93μm, with an absorption tail towards
the near-infrared. The absorption structure displayed
through the spectral range considered is due to over-
tones of the fundamental vibration modes of the H2O
molecules [53]. At short wavelength, our values for the
absorption of the water is larger than that corresponding
to the optical constants taken from the literature. This
could result from errors due to the detection limit, as
mentioned above, or be due to the presence of impuri-
ties. However, it is seen that the SPGMmethod is capable
of giving qualitatively realistic optical constants, even in
difficult wavelength ranges.

The samples that we will use in Section 5 for calcu-
lation of scattering and absorption coefficients consist
of anatase (TiO2) particles dispersed in a PVP/water
matrix. The reflectance and transmittance spectra of a
layer of PVP/water of thickness 144μm and sandwiched
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Figure 4. (a) Experimental (dots) and fitted (solid lines) reflectance and transmittance spectra of a layer of water 71μm thick between
two glass slides. (b) Optical constants of the water layer retrieved by a SPGM (solid lines) with the first approximation obtained from the
matrix formalism of Pfrommer et al. [37]. The extinction coefficient of water taken from the literature (dashed line) is also shown [47–49].

Figure 5. (a) Experimental (dots) and fitted (solid lines) reflectance and transmittance spectra of a layer of PVP/water 144μm thick
between two glass slides. (b) Optical constants of the PVP/water layer retrieved by a SPGM fit (solid lines), depicting also the first
approximation obtained as discussed in the text.

between two glass slides were measured spectrophoto-
metrically as shown in Figure 5(a). Following a simi-
lar procedure to that considered to obtain the optical
constants of water, an inversion from the formalism of
Pfrommer et al. was applied to carry out a non-spectral
inversion of the reflectance and transmittance spectra of
the glass-PVP/water-glass system.

The obtained imaginary part was used as first approx-
imation in the subsequent application of the SPGM.
As in the case of water, the corresponding refractive
index was difficult to determine by this method because
the values were close to that of glass. The calculations
did not display the expected normal dispersion through
the whole wavelength range considered, with anoma-
lous dispersion at short wavelengths and some irreg-
ular oscillations of small amplitudes around a Cauchy
fitting applied for wavelengths between 0.5 and 1.7μm.

For this reason, a different approach was considered to
obtain a first approximation for the refractive index of the
PVP/water matrix (nPVP/water). For each spectral point,
it was calculated from the refractive indices of water
(nw) and PVP (nPVP), i.e. nPVP/water = f PVP nPVP+(1-
f PVP) nw. The nw-values were taken from the previ-
ous optimization (see Figure 4(b)). A Cauchy formula
[54] from the literature was used to obtain the nPVP-
values: nPVP = ρrel[A+B/λ2+C/λ4] with A = 1.5151,
B = 0.00279μm2 and C = 5.0756× 10−4 μm4 [55]. We
have introduced here a fitting parameter ρrel to account
for the fact that the PVP powder involved in our work
does not necessarily coincide with the PVP used in
the research work from which the Cauchy formula was
taken, in terms of the average molecular weight and
corresponding mass density. The merit function reaches
the value F = 1.10× 10−7 when evaluated with the
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optimized optical constants, using an optimal value of
ρrel = 1.0885. Figure 5(b) displays the solution. The
extinction coefficient is dominated by absorption in the
water phase and shows peaks at the same positions as
in Figure 4(b). As in the case of water, the values of
k for λ∼0.5–1μm are below the detection limit and
hence very uncertain. At short wavelengths, lower than
0.5μm, it is about half an order of magnitude larger
than that of the pure water. This fact agrees well with
the observed spectral variation of the PVP absorption
coefficient which shows an absorption edge due to indi-
rect transitions when approaching 0.3μm inwavelength,
together with an absorption tail in the visible [56]. The
optimized values of the refractive index are somewhat
lower than those of glass which ensures a low opti-
cal mismatch at the interfaces glass-PVP/water. Due to
this small contrast the reflection coefficients at the inter-
faces 2/3 and 3/4 are very small, with an average value
close to 0.0020±0.0002 throughout the spectral range
considered.

3. Collimated components of the flux
propagating through a diffusingmedium

In this Section, we link the formulation given in Section 2
with an approach required in the context of the 4-flux
model to account for the presence of a non-homogeneous
medium 3 in the system. Under illumination with col-
limated and diffuse radiation, the energy flux through
medium 3 can be considered as consisting of four com-
ponents: two collimated ones (FIc and FJc) and two dif-
fuse fluxes (FId and FJd), as indicated in Figure 1. The
subscript letter I (J) is used to denote the flux compo-
nent propagating in the forward (backward) direction
with respect to the incidence direction. As indicated
before, these four flux components are coupled according
to a system of first order differential equations specify-
ing the decay of the collimated components owing to
scattering and absorption, the transfer of energy from
the collimated components to the diffuse ones, and the
transfer of energy due to scattering from a diffuse flux
to the other diffuse one. The two differential equations
corresponding to the collimated components have been
specified in Equations (1a) and (1b), which can be eas-
ily solved to obtain that FIc(z) = C1 exp[(sc+kc)z] and
FJc(z) = C2 exp[-(sc+kc)z] where z ∈[0,h] is the physi-
cal depth through the medium measured from the back
interface, and the constants C1 and C2 can be obtained
from the following boundary conditions:

FIc(h) = (1 − rc23)F
(h)
Ic + rc32FJc(h) (7a)

FJc(0) = R34FIc(0) (7b)

where F(h)
Ic is the collimated flux impinging on the inter-

face between the front glass slide or coating and the
non-homogenous medium. When both collimated and
diffuse (F(h)

Id ) radiation fluxes are incident on the illumi-
nated front interface, both reflectance and transmittance
must be normalized in terms of the corresponding frac-
tions: η = F(h)

Ic /(F(h)
Ic + F(h)

Id ) and 1 − η = F(h)
Id /(F(h)

Ic +
F(h)
Id ). The integration constants are given by

C1 = (1 − rc23)F
(h)
Ic e−τ3

1 − rc32R34e−2τ3
, C2 = (1 − rc23)R34F

(h)
Ic e−τ3

1 − rc32R34e−2τ3

(8)

with τ 3 = (sc+kc)h as the optical thickness of the dif-
fusing medium 3, in the presence of a non-absorbing
matrix. When collimated and diffuse incident radiation
are involved, the effective collimated reflectance at the
front interface between glass and the diffusing medium
is given by

R23 = rc23
F(h)
Ic

F(h)
Ic + F(h)

Id

+ (1 − rc32)
FJc(z = h)

F(h)
Ic + F(h)

Id

= η ·
[
rc23 + (1 − rc23)R34(1 − rc32)e

−2τ3

1 − rc32R34e−2τ3

]
(9)

with rc32 = rc23. When there is only collimated incident
light, η = 1, and Equation (9) is consistent with Equation
(3a) for R23. The reflection of the whole system is equal
to R12 and is given by applying Equation (4a) together
with Equation (9). When there is no front glass slide,
rc12 = 0, and the reflectance becomes equal to Equation
(70) in [8]. The forward collimated flux at the back inter-
face between the aqueous medium and the second glass
slide or substrate is given by

FIc(0) = (1 − rc23)F
(h)
Ic e−τ3

1 − rc32R34e−2τ3
(10)

According to Equation (4), the transmittance through
the whole system is given by

T45 =
[

(1 − rc12)χ2

1 − rc21R23χ
2
2

] [
(1 − rc23)e

−τ3

1 − rc32R34e−2τ3

]

×
[

(1 − rc34)χ4

1 − rc43r
c
45χ

2
4

]
(1 − rc45)

=
[

(1 − rc12)χ2

1 − rc21R23χ
2
2

]
FIc(0)

F(h)
Ic

×
[

(1 − rc34)χ4

1 − rc43r
c
45χ

2
4

]
(1 − rc45) (11)
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with χ2 = exp(-τ 2) and χ4 = exp(-τ 4). For η = 1,
this equation is equal to Equation (55) for collimated-
collimated transmittance in [8], when there is no front
glass slide or coating.

4. Inversion of synthetic reflection and
transmission spectra of metal particles in a
weakly absorbingmatrix

The total reflectance and transmittance have collimated-
collimated and collimated-diffuse components, when
assuming normal illumination with non-polarized radi-
ation. In this section, the collimated-collimated spectra
will be used in the framework of an Acceptance-
Probability-Controlled Simulated Annealing (APCSA)
optimization method [57–60] to obtain the spectra of
the size averaged volumetric scattering and absorption
cross sections of clusters of particles dispersed in aweakly
absorbing matrix. Simulated annealing (SA) methods
are based on making random changes to values of the
unknown parameters in amodel used to build a so-called
merit function. Thismerit function is to beminimized by
the SA procedure and its value is analogous to energy in
the context of SA methods. Variations giving decreased
values of themerit function in comparison to its previous
value are accepted, and those giving increased values can
be either accepted or rejected; the choice ismade through
the application of the Metropolis algorithm [61,62]. The
acceptance of variations giving positive changes to the
merit function, allows these optimization schemes to get
out of the neighborhood of local minima, and to move
towards solutions in the neighborhood of the global min-
imum. As the global minimum is approached, the effec-
tive temperature of the system decreases according to the
specific scheme that characterizes the SA method being
used. Temperature in the context of the present simu-
lated annealing method is a ‘measure’ of the dispersion
of the accepted merit function (energy) values corre-
sponding to random variations of the parameters being
optimized. These considerations, together with the large
initial value of the merit function (which corresponds
to a large energy value of the system due to an initial
annealing) has led to the use of the word annealing to be
associated with this type of optimization methods.

Hence, we are assuming dependent scattering within
clusters, but the clusters are assumed to scatter indepen-
dently. The decay of the propagating collimated fluxes
through the diffusing particulate medium is due to scat-
tering and to absorption by the particle clusters and the
weakly absorbingmatrix also. The optical thickness of the
particulate medium 3 is given by τ 3 = f (α+β)h+αmh
where αm is the absorption coefficient of the matrix

wherein the particles are dispersed. It is important to real-
ize that the cross-sections are effective ones, in general
taking into account dependent scattering within clusters.
Lorenz-Mie (LM) evaluations of the volumetric scatter-
ing and absorption cross section of a single particle were
used as initial values for use in the framework of the
spectral APCSA approach where the α and β values per
spectral wavelength considered are the parameters to be
optimized. In this way, the APCSA method becomes an
approach with two parameters to be optimized, per spec-
tral wavelength considered. The merit function being
optimized is given by Equation (6) with G = 1/[2N-
(Np+1)],whereN is the number of spectral points,Np is
the number of optimization parameters per wavelength
being considered, and Rexp and Texp are the measured
reflectance and transmittance spectra, respectively. The
dependence of collimated reflectance and transmittance
on α and β enters in the formalism through expo-
nential functions: exp[-f(α+β)h-αmh] = exp[-fαh]exp
[-fβ(1+αm/β)h]. The light absorption due to the matrix
introduces a difference in the form that reflectance and
transmittance depend on α and β . This fact allows the
spectral APCSA approach to discriminate between the
wavelength dependences of α and β in the optimization
process. The APCSA method has a characteristic feature
that improves its performance as compared with other
simulated annealing approaches. At each finished tem-
perature cycle, frequencies of change are calculated to be
used during the next cycle. These frequencies ‘measure’
how sensitive the merit function is to changes in each
one of the corresponding parameters being optimized
[63]. Due to the spectral character of the current APCSA
approach, these frequencies of change are implicitly cor-
related with the spectral variation of α and β .

For the system schematically depicted in Figure 1,
Rcalc = R12 = Rcc and Tcalc = T45 = Tcc. We initially
make a rigorous test of the spectral APCSAmethod using
syntheticRcc andTcc spectra.We use the generalized ver-
sion of the Lorenz-Mie theory devised by Gérardy and
Ausloos (GA) [64] to evaluate the extinction and scat-
tering cross sections of a small cluster of almost touch-
ing gold (Au) particles. These cross sections, for weakly
absorbing matrices, are given by the expressions [65]

Cext = − 1
k2o

∑
i,n,m

Re[ai0nmc
i∗
nm + bi0nmd

i∗
nm] (12a)

Csca = 1
k2o

∑
i,n,m

{
|cinm|2 + |dinm|2+Re

[(
cinm
�i
n

− ai0nm

)
ci∗nm

+
(
dinm
i

n
− bi0nm

)
di∗nm

]}
(12b)
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Figure 6. Spectral variationsof effective averagevolumetric cross sectionsofAuparticles (average radius 0.10μm) immersed in a layer of
water 100μm thick and sandwiched between two silica glasses, 1mm thick. The volume fraction of the particles was set to f = 0.075%.
LM (GA) stands for values obtained from the Lorenz-Mie (Gérardy-Ausloos) theory, while APCSA denotes the values retrieved by the
spectral simulated annealing optimization approach.

where ai0qp and bi0qp are the coefficients involved in the
multipolar expansion of the electromagnetic incident
fields in a basis of vector spherical harmonics, and ciqp
and diqp are specifying the expansions of the scattered
fields. They are obtained from application of bound-
ary conditions for the electromagnetic fields at the sur-
faces of the spheres in the cluster. The wave-vector of
the incident radiation is ko = 2πnm/λ, nm being the
refractive index of the matrix. In the case of signifi-
cantly light absorbing matrices, ko becomes a complex
number, ko = 2π(nm+ikm)/λ, and the presence of ko
in Equation (12) must be changed to the modulus of
ko [65]. The absorption cross section is obtained from
Cabs = Cext-Csca. The scattering coefficients, an and bn,
obtained from the Lorentz-Mie theory for an isolated
sphere [66,67], are directly related to i

n and �i
n respec-

tively, i.e.i
n = −an(mi, xi) and�i

n = −bn(mi, xi)where
xi is the size parameter of the ith spherical particle of
radius ri [xi = kori], andmi is the relative refractive index
of the particle:mi = (ni+iki)/nm. The evaluations of the
scattering and absorption cross sections per unit vol-
ume were carried out within the 24-polar approximation.
Our example consists of clusters of three Au submicron-
sized particles immersed in water and situated between
two silica slides. The optical constants of Au and sil-
ica were obtained from the literature [68,69]. We use
for water the optical constants obtained in Section 2.
A small correction of the dielectric function of the
Au particles, due to internal surface scattering of the
conduction electrons, was applied by using the param-
eters (energy plasma frequency �ωp = 8.71 eV, Fermi
velocity vF = 13.82× 105 m/s, and intrinsic mean free
path LF = 37.7 nm) taken from the literature [70,71].
The particles in a cluster were taken to be distributed

according to the following positions given in rectangular
coordinates (x,y,z): a(0,0,0), a(0,1,0), and a(0,0,1), where
a = (2+δ)r with r as the radius of the particles. We set
the average radius to r = 0.10μm and used δ = 0.05 to
consider almost touching or agglomerated particles. A
log-normal size distribution was assumed to evaluate the
cross sections from LM and GA theories, with a dimen-
sionless standard deviation σ o = 0.15 which means that
we consider particle radii between 0.08 and 0.13μm.
The incident light travels along the x-axis. Two inde-
pendent polarizations were considered, with the incident
electric field parallel to the z-axis or to the y-axis. An
arithmetic average of the results corresponding to these
polarizations was carried out.

Figure 6 shows the results for the spectral dependence
of the average volumetric scattering ( <Csca/V > ) and
absorption ( <Cabs/V > ) cross sections per particle
obtained from the GA theory and the single-particle LM
theory. The most pronounced effects of aggregation are
seen to be a shift of the peak of the volumetric scatter-
ing cross section per particle to longer wavelengths, and
a decrease of the volumetric absorption cross section per
particle at short wavelengths probably due to electromag-
netic screening. The LM spectra were used as start values
for the APCSA optimization of parameters, which was
carried out by fitting to the reflectance and transmittance
spectra calculated from the volumetric cross sections per
particle obtained by the GA theory. The APCSA vol-
umetric scattering and absorption cross sections were
obtained from averaging 33 runs carried out with dif-
ferent sequences of pseudo-random numbers. Each run
consists in turn of 33 solutions which reach the pre-
defined numerical tolerance. From this set of solutions,
an average value is calculated for each parameter to have,
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Figure 7. Synthetic (solid lines) and optimized (dots) reflectance
and transmittance spectra corresponding to the volumetric cross
sections depicted in the previous figure indicated with the labels
GA and APCSA, respectively.

per wavelength, a unique value contributing to the set
of 33 average values and standard deviations. Each run
was carried out until obtaining merit function values F
lower than 5× 10−5, with N = 208 spectral points. It
is seen that the APCSA results, obtained from the sim-
ulated annealing optimization reproduces very well the
GA cross sections which incorporates interparticle inter-
actions due to agglomeration. In addition, the optimized
spectral variation of the scattering and absorbing cross
section per unit volumewere used to calculate reflectance
and transmittance spectra and the results approach very
well the synthetic corresponding spectra, as shown in
Figure 7.

5. Inversion of collimated-collimated
reflectance and transmittance spectra of an
experimental particle-matrix system

An experimental sample configuration is considered in
this Section: a polymeric medium containing submicron
sized anatase (TiO2) particles between two glass slides.
We analyze reflectance and transmittance measurements
in the wavelength range from 0.3 to 1.3μm [28] carried
out on this configuration. Besides the optical constants
of the glass slides and of the PVP/water medium, those
of the anatase (TiO2) particles are required for theoret-
ical modelling of the optical properties. The latter ones
have been taken from the literature [72] and they are
displayed in Figure 8. Anatase (TiO2) is a wide band
gap semiconductor characterized by electronic indirect
transitions [73], with a band gap of 3.23 eV [74]; its

absorption, as consequence, is negligible through the vis-
ible and infrared spectral ranges. For wavelengths larger
than 0.39μm the extinction coefficient of the particles
is lower than 10−4 with values around 10−10 at long
wavelengths of the visible. In the near ultraviolet range
considered (0.3-0.4μm), the intrinsic absorption coeffi-
cient of the anatase (TiO2) particles should be dominat-
ing. On the other hand, the absorption by the PVP/water
matrix may be dominant throughout the visible and near
infrared. The thickness of the TiO2-PVP/water layer is
h = 97μm, and the volume fraction of the particles
is f 1 = 0.066% as mentioned before [28]. The simu-
lated annealing optimization is carried out in a similar
way as explained in the previous example of Au par-
ticles in water but using the measured reflectance and
transmittance spectra shown in Figure 9. These spectra
were also measured using a commercial Perkin Elmer
Lambda 900 spectrophotometer [28]. Each optimization
run was carried out until obtaining a merit function
value F lower than 5.0× 10−6, with N = 208 spectral
points. Initial values of the volumetric cross sections
were calculated from Lorenz-Mie theory by assuming a
log-normal size distribution of the particles, with sizes
between 0.16 and 0.25μm, the average diameter being
0.20μm, according to the scanning electron microscope
characterization carried out previously [28]. The initial
values of α and β , used as seeds in the framework of
the spectral APCSA method, have been evaluated from
the optical constants of the anatase (TiO2) particles, as
well as from the matrix’s optical constants obtained from
the inversion of reflectance and transmittance spectra
of a glass-PVP/water-glass system (Section 2). Figure 10
shows the results for the spectral dependence of the opti-
mized parameters. These data are affected by two types of
uncertainties. First, the largest standard deviations of the
APCSA solutions were obtained at the ultraviolet short
wavelengths, being close to 0.6 μm−1 for both scattering
and absorption; these values decreased throughout the
visible and near-infrared wavelength ranges. Secondly
we have the sensitivity to experimental errors in trans-
mittance and reflectance spectra. Additional calculations
were performed by varyingT by±0.001 andR by±0.002.
These variations gave errors of 2-3% at short wavelengths
which decrease with increasing wavelength and were one
order of magnitude smaller at the longest wavelengths.

The absorption component of the volumetric extinc-
tion cross section of the particulate layer is lower than
that predicted by Lorenz-Mie theory [see Figure 10(b)],
probably due to electromagnetic screening between
neighboring particles. The volumetric scattering cross
section is lower, as compared to the Lorenz-Mie eval-
uation, at short wavelengths and in the major part of
the visible region, while it is larger in the near infrared,
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Figure 8. Optical constants [(a) refractive index and (b) extinction coefficient] of anatase (TiO2) as taken from the literature [72].

Figure 9. Measured (dots) and fitted (solid lines) specular
reflectance (R) and regular transmittance (T) spectra of the
system shown in Figure 1. It consists of a PVP/water layer with
97μm thickness containing anatase (TiO2) particles at a volume
concentration of 0.066%, and positioned between two glass
slides. The average diameter of the particles is 0.20μm. Themerit
function given by Equation (6) takes the value F = 3.08× 10−6.

exhibiting a crossover at a wavelength of about 0.5μm
(Figure 11(a)). The experimental transmittance curve
intersects at a wavelength close to 0.5μm with the one
calculated from α and β evaluated by LM theory, like
the corresponding spectra of the volumetric extinction
cross section (see Figure 11). A similar spectral behav-
ior in the transmittance spectra has been observed for
other particulatematerials [75], and it has been attributed
to interaction between neighboring particles which, as
shown here, modify the scattering and absorption cross
sections of each individual particle with respect to those
corresponding to isolated ones. Figure 12(a) displays

the spectral dependence of the intrinsic scattering and
absorption coefficients of the compositemedium: sc = fα
and kc = fβ+αm. At short wavelengths, the absorption is
dominated by the anatase particles, and beyond 0.4μm, it
is due to the PVP/watermatrix. Themaximum scattering
is displayed at 0.50μm, with the minimum absorption
at about 0.70μm. As shown in Figure 12(b), the largest
absorption-dominated optical thickness of the diffusing
medium it to be found at the shortest wavelength con-
sidered while the largest scattering-dominated optical
thickness is displayed at about 0.50μm, with values close
to unity. It decreases towards the near infrared where its
minimum value, 0.34, is displayed at the largest wave-
length considered.

6. Evaluation of cross sections of a small cluster
of anatase (TiO2) particles

We next consider whether the deviations between the
APSCA and Lorenz-Mie values of the cross-sections in
Figures 10 and 11, are consistent with dependent scatter-
ing within clusters of particles. We use the generalized
version of the Lorenz-Mie theory devised by Gérardy
and Ausloos [64,65] to evaluate the extinction and scat-
tering cross sections of a small three-particle cluster of
almost touching (δ = 0.05) anatase (TiO2) spheres in the
PVP/water matrix of refractive index nm. In a rectan-
gular coordinate system, the particles in a cluster were
distributed according in the following positions (x,y,z):
a(0,0,0), a(0,0,1), and a(0.5

√
3,0,0.5), where a = (2+δ)r

with r as the radius of the particles. The evaluation was
carried out using themethod described in Section 4 using
published optical constants of anatase titanium diox-
ide [72] (see Figure 8), as well as values for PVP/water
from Section 2. The average diameter of the particles was
0.2μm, and we include size distribution effects through
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Figure 10. Optimized values of the average volumetric (a) scattering and (b) absorption cross sections per particle of the anatase
(TiO2) particles immersed in a water & PVP matrix with 97μm thickness, as obtained from a spectral APCSA optimization method. The
evaluations from Lorenz-Mie theory are included for comparison purposes.

Figure 11. (a) Average volumetric extinction cross sections per particle [< Cext/V > = < Csca/V >+< Cabs/V > ] as evaluated from
Lorenz-Mie theory and as obtained from the spectral APCSA optimization method. (b) Comparisons between measured specular
reflectance and regular transmittance spectra (Rexp and Texp) with the corresponding ones (RLM and TLM) obtained from the average
extinction cross section evaluated from Lorenz-Mie theory.

Figure 12. (a) Intrinsic scattering (sc) and absorption (kc) coefficients obtained from the optimized volumetric cross sections, for a com-
posite PVP/water layer containing anatase (TiO2) submicron particles. (b) Spectral dependence of the optical thickness of the particulate
TiO2 – PVP/water layer.
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Figure 13. Average extinction cross sections per particle in a three-particle cluster of almost touching anatase (TiO2, 0.2μm in average
diameter) spheres whose geometric arrangement and polarization of the incident light are shown in the insets. The incident field is
parallel to (a) the z-axis or (b) to the y-axis, with the arithmetic average shown in figure (c)

a log normal size distribution with a standard deviation
of 0.15, which leads to values of the diameter of the par-
ticles between 0.15 and 0.26μm. Particle sizes in each
cluster were assumed equal and the size distribution was
taken over clusters having equal diameters of the primary
particles. Our aim with these calculations is to show that
screening of a particle in a small cluster decreases the
average extinction cross section per particle for wave-
lengths lower than 0.5μm, while an increase is displayed
at larger wavelengths. This fact opens the possibility of
qualitatively explaining the spectral features observed
in the optimized values of < Cext/V > obtained from
the spectral APCSA approach. The arrangement of the
cluster considered is shown in the insets of Figure 13,
depicting the two polarizations for the incident electric
field, with the three particles in the XZ plane. The figure
also shows the results in terms of the average volumet-
ric extinction cross section per particle in the cluster:
Figure 13(a) for the polarization parallel to the z-axis,

Figure 13(b) for the polarization parallel to the y-axis,
and Figure 13(c) depicts the arithmetic average of the
two polarizations. The evaluations have been carried out
within the 25-polar approximation.

When one compares Figure 13(c) with Figure 10(a),
the assumption that the spectral behavior of <Cext/V >

displayed by the spectral APCSA solution is significantly
influenced by agglomeration of anatase particles seems
to be feasible. This agglomeration leads to a screening
of some of the particles, decreasing the extinction at
short wavelengths while the larger size of the compos-
ite clusters increases the scattering at large wavelengths.
Figure 14 displays the results in terms of the volumet-
ric scattering and absorption contributing to extinction.
By comparing with Figure 10, the cross sections calcu-
lated from the GA theory qualitatively display similar
spectral characteristics to those seen in the correspond-
ing cross sections obtained from the spectral APCSA
optimization.
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Figure 14. Average scattering (a) and absorption (b) cross section per particle in the cluster shown in the insets of the previous figure.
The Lorenz-Mie solution is included for comparison purposes.

7. Summary and conclusions

A method has been devised to obtain intrinsic absorp-
tion and scattering coefficients from experimental data
using the collimated-collimated equations of the four-
flux radiative transfermodel. The expressions for the cor-
responding reflectance (Rcc) and transmittane (Tcc) were
extended to account for the presence of a cover mate-
rial and a substrate one, with a light diffusing medium in
between. A spectral APCSA simulated annealingmethod
was applied to recover the average scattering and absorp-
tion cross sections of the inhomogeneities in the light
diffusing medium from Rcc and Tcc spectra. First, syn-
thetic spectra of reflectance and transmittance, generated
by assuming the presence of small particle clusters of
Au spheres in water, were considered. The implemented
strategy was shown to be versatile enough to retrieve
the volumetric cross sections of the Au particles from
Rcc and Tcc spectra in the presence of agglomeration.
Subsequently, measured reflectance and transmittance
spectra of anatase-TiO2 particles in a polymeric matrix
(PVP/water) were inverted. The spectral behavior of the
retrieved volumetric scattering and absorption cross sec-
tions was interpreted in terms of the presence of sig-
nificant agglomeration of the anatase particles. This was
inferred from a qualitative agreement with evaluations of
the volumetric cross sections with an extended Lorenz-
Mie theory which accounts for the interaction between
neighboring particles in small particle clusters.

The methodology reported in this paper opens new
possibilities to obtain the intrinsic scattering and absorp-
tion coefficients of light scattering and absorbing media.
Firstly, these coefficients are obtained using experimental
regular transmittance and specular reflectance spectra,
only. Hence the scattering and absorption coefficients

can be obtained from spectrophotometric measurements
without the use of an integrating sphere. The avail-
ability of our method will thus significantly simplify
experimental studies of the intrinsic optical parameters
of inhomogeneous materials. This method is however
restricted to inhomogeneous materials where the scat-
tering and absorbing inhomogeneities are well-defined
particles dispersed in a weakly absorbing matrix. When
the particles are non-spherical, more elaborate evalua-
tions of the starting values used in theAPSCAare needed,
for example evaluations of orientational averages of the
cross sections from transition matrix formalisms [76]
when considering particles with axial symmetry, from
the discrete dipole approximation [77] or from numer-
ical solutions to Maxwell’s equations for particles with
more complicated shapes [78]. Cross-sections of fractal
structured materials can be estimated within the context
of Rayleigh and Rayleigh-Debye-Gans approximations,
scaling arguments, and structure factors [79]. Our main
objective is however to pave the way for a method to
obtain spectra of all parameters in the four-flux the-
ory from experimental data. The method reported here
will be a starting point for inverting spectra of the dif-
fuse components of reflectance and transmittance. This
will open the possibility to obtain, from experimental
measurements using an integrating sphere, the spectral
dependence of the APPs and FSRs characterizing the
intensity of the propagating diffuse radiation and its
interaction with the inhomogeneities in light diffusing
media.
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