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Abstract
Near-infrared spectroscopy and imaging using scattered light potentially evaluate the structural properties of the medium, like 
the average particle size, based on a relation between its structure and light scattering. A qualitative understanding of light 
scattering is crucial for developing optical imaging techniques. The scattering properties of dense colloidal suspensions have 
been extensively investigated using the electromagnetic theory (EMT). The colloidal suspensions are widely used in liquid 
tissue phantoms for optical imaging techniques and are encountered in various fields, such as the food and chemical industries. 
The interference between electric fields scattered by colloidal particles significantly influences the scattering properties, 
so-called the interference effects. Despite many efforts since the 1980s, a complete understanding of the interference effects 
has still not been achieved. The main reason is the complicated dependence of the interference on the optical wavelength, 
particle size, and so on. This paper briefly reviews numerical and theoretical studies of the interference effect based on the 
dependent scattering theory, one of the EMTs, and model equations.

Keywords  Near-infrared spectroscopy and imaging · Light scattering · Interference effect · Dependent scattering theory · 
Model equations

Mathematics Subject Classification  33-04 · 41-04 · 78-04 · 82-04 · 82D15

1  Introduction

Near-infrared spectroscopy and imaging (NIRS and NIRI) 
can evaluate nondestructively chemical components of 
water-rich dense media, such as biological tissues and agri-
cultural products. NIRS and NIRI are widely used in various 
application fields, such as biomedical diagnosis [1–3], the 
food industry [4, 5], and medical pharmacy [6]. On the other 
hand, NIRS and NIRI using scattered light can potentially 
evaluate structural properties, such as average particle size 
and firmness [7–9]. The optical techniques rely on a relation 
between the medium structure and light scattering.

In the near-infrared wavelength (600–1000 nm), light 
is strongly scattered by the media, resulting in frequent 
changes of light directions and spreading a light distribution 
[10–12]. Moreover, scattering spectra do not have a clear 
peak, unlike absorption spectra. These facts make it difficult 
to analyze the light propagation and evaluate the physico-
chemical properties of the medium compared to weakly scat-
tering media. For further developments of NIRS and NIRI, 
a quantitative understanding of light scattering is crucial 
by accurate evaluations of the scattering properties. As an 
example of the scattering properties, the reduced scatter-
ing coefficient quantifies the scattering event number at unit 
length and corresponds to the inverse of the photon mean 
free path at the diffusive regime.

The colloidal suspensions are encountered in numerous 
fields, such as fat emulsion in medical pharmacy, milk 
in food science, and slurry in chemical engineering. The 
materials are also used for a preliminary study of opti-
cal technology. The scattering properties are adjustable 
by changing the volume fraction and the colloidal particle 
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diameter [13]. Experimentally, the inverse analysis deter-
mines the scattering properties to minimize a difference in 
light intensity between measurement data and computational 
results by the radiative transfer theory (RTT) [14–16]. The 
RTT describes light propagation on a millimeter scale. [3, 17, 
18]. On the macroscopic scale, a medium can be considered as 
a continuous medium with a distribution of optical properties 
(scattering and absorption properties). Meanwhile, the scatter-
ing properties are calculated from the electromagnetic theory 
(EMT) on a sub-micrometer scale, where a structure size like 
a particle diameter is comparable to the optical wavelength 
[19–21]. On the microscopic scale, a medium is regarded as 
a system consisting of discrete particles in a background con-
tinuous medium. The comparison of the inverse analysis with 
the EMT calculation allows us to perform the validation test 
for the optical imaging techniques.

There are two kinds of EMTs for colloidal suspensions: 
the independent and dependent scattering theories (IST 
and DST). The IST considers no interaction of electric 
fields scattered by colloidal particles [22, 23]. Meanwhile, 
the DST treats the interference induced by a superposi-
tion of the scattering fields in the far-field [22, 23]. The 
IST nicely describes experimental results by the inverse 
analysis at a low volume fraction, approximately less than 
5% [24]. At a high volume fraction up to approximately 
20%, meanwhile, the DST describes well with experimen-
tal results [25, 26]. The DST results are usually smaller 
than the IST results at a high volume fraction region. The 
reduction of the scattering properties is so-called the inter-
ference effect. The interference effects have been experi-
mentally observed in various systems: polystyrene [27, 
28], silica [25], soybean milk [29], technical polymers [7], 
fat emulsions [30], snow layers [31], and so on, meaning 
the effects are general phenomena. Although the interfer-
ence effect has been extensively discussed since the 1980s 
[7, 21, 25, 27, 28, 30–34], the interference effect has not 
been fully understood. The main reason is that the inter-
ference effect depends on the optical wavelength, particle 
size distribution, etc., in a complicated way. Moreover, 
the DST does not explicitly provide the volume fraction 
dependence of the scattering properties. Recently, we have 
developed the model equations for the volume fraction 
dependence of the scattering properties [26]. The model 
equations allow us to conduct a simple and fast investiga-
tion of the interference effects.

This paper briefly reviews numerical and theoretical 
studies of the interference effect on the scattering proper-
ties of dense colloidal suspensions. Although great reviews 
and textbooks on the interference effect are available [22, 
23, 35, 36], we hope this review can help readers find new 
features of the interference effect.

2 � Theories and models

2.1 � Colloidal suspensions

Various colloidal suspensions have been used in 
examinations of light scattering properties; fat emulsions 
like Intralipid [19, 20, 24, 30], polystyrene [27, 28], alumina 
[37], silica [25], and titanium dioxide suspensions [38], 
soymilk [9, 29], milk [39] and etc. Chemical industrial 
materials, such as polystyrene and silica systems, can 
be regarded as monodisperse systems because the size 
distribution is sufficiently sharp. Then, the monodisperse 
EMT is applicable. Food materials, including fat emulsions, 
are polydisperse systems whose size distribution is broad 
and logarithmic. For such cases, the size polydispersity must 
be treated in the EMT.

2.2 � Scattering processes of colloidal suspensions

There are mainly two kinds of electromagnetic scattering 
processes in colloidal suspensions (many-particle systems) 
at the near-infrared wavelength: scattering by a single par-
ticle and interference between electric fields scattered from 
colloidal particles at the far-field. The EMT describes the 
scattering processes on the microscopic scale. The Mie the-
ory describes the former scattering with the size parameter 
[40]. The size parameter is defined as �dnb∕� with the col-
loidal particle size d, the refractive index of the background 
medium nb , and optical wavelength � . In the current cases 
of d in the order of sub-micrometer and � in the 600–1000 
nm range, the size parameter is O(1). Hence, applying the 
Rayleigh theory to single-particle scattering is limited in the 
current cases. The interference, the latter scattering, depends 
on the average particle configuration as shown in Fig. 1a. 
The two scattering processes are dominant over other scat-
tering processes, such as scattering by the solvent molecules 
and density fluctuation in a solvent medium [11].

We mainly discuss two scattering properties: the scat-
tering coefficient �s and the reduced scattering coefficient 
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Fig. 1   Scattering processes in colloidal suspensions on a the micro-
scopic and b macroscopic scales. The figure a is enlarged in the green 
square of the figure b, corresponding to an infinitesimal volume
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�′
s
 . The scattering and reduced scattering coefficients 

quantify the strengths of light scattering per length and 
correspond to the inverse of the photon mean free paths 
at ballistic and diffusive regimes of light propagation as 
shown in Fig. 1b. In the ballistic regime, near the light 
source, light is less scattered. In the diffusive regime, far 
from the light source, light can be diffusive because of 
the multiple scattering of light. The crossover length from 
the ballistic and diffusive regimes has been evaluated at 
approximately 10∕(��

s
+ �a) with the absorption coefficient 

�a [41, 42].

2.3 � Independent and dependent scattering 
theories (IST and DST)

The IST and DST provide formulations of the scattering 
properties of colloidal suspensions based on the EMT. 
The term  “dependent scattering” is a counterpart 
of the term  “independent scattering”. Although the 
term “dependent scattering” has been widely used, it has 
some ambiguity, pointed out by the reference [43]. This 
paper refers to the IST and DST as theories based on the 
zeroth-order and first-order expansions of the Foldy-Lax 
equation (FLE). The FLE is the expansion form of multiple 
scattering of electric fields and is equivalent to the 
Maxwell equations [23, 44, 45]. The concept of “multiple 
scattering of electric fields” is on the microscopic scale, 
and hence, it is quite different from that of  “multiple 
scattering of light” on the macroscopic scale.

2.3.1 � Monodisperse systems

The scattering coefficient is theoretically given by 
integrating the phase function over the whole solid angle. 
The monodisperse DST provides the formulation as

Here, the number density n0 is given as �∕v0 , where 
v0 = �d3∕6 is the particle volume, and � is the volume 
fraction of colloidal particles. �s,Mie and P̂Mie are the 
scattering cross section and normalized phase function 
using the Mie theory [40], and their products are called 
the form factor. The scattering angle � is set to be equal to 
a polar angle. SM is the static structure factor (SSF) for a 
monodisperse system.

The SSF is the Fourier transform of the radial distribu-
tion function (also called the pair correlation function), rep-
resenting the local particle configuration [46]. The SSF is 
averaged over ensembles of equilibrium states and depends 
on the volume fraction. Therefore, the above DST formula 
treats the interference by statistically averaged structure 
of the colloidal systems. The SSF calculation in the DST 
requires the interaction model between colloidal particles, 
and the Percus–Yevick (PY) model [47] has been widely 
used. The PY model treats the hard-sphere interaction and 
provides the analytical form of the SSF [46]. Although the 
PY model does not consider solvent molecules, the DST 
with the PY model describes well measurement data [25, 27, 
28]. This fact means that the influences of solvent molecules 
on the SSF are negligibly small. Figure 2 shows the SSF of 
the monodisperse PY model at volume fractions of 1% and 
20% as a function of the scattering angle. SM = 1 means no 
interference, and SM > 1 and SM < 1 correspond to the con-
structive and destructive interference, respectively. At the 
volume fraction of 1%, the SSF is almost unity for the scat-
tering angles, meaning the weak interference. Meanwhile, 
at the volume fraction of 20%, the SSF differs from unity, 
meaning strong interference.

The scattering coefficient of the monodisperse IST is given 
as n0�s,Mie from the DST formulation (Eq. (1)) by considering 

SM = 1 at all the scattering angles. The scattering and reduced 
scattering coefficients using the IST are linear as a function of 

(1)𝜇s = 2𝜋n0𝜎s,Mie ∫
𝜋

0

d𝜃 sin 𝜃P̂Mie(𝜃)SM(𝜃).

Fig. 2   Static structure factor 
(SSF) of the monodisperse PY 
model at volume fractions of 
a 1% and b 20% as a function 
of the scattering angle at the 
particle diameter of 300 nm and 
optical wavelength of 600 nm
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the volume fraction. As formulations of the DST and IST for 
the other scattering properties, please see the reference [25, 
27, 28].

2.3.2 � Polydisperse systems

As a size polydisperse system, we consider a discrete size 
distribution, whose total number of the diameter classes is Nd . 
We denote a particle diameter class by � or � . The scattering 
coefficient for the polydisperse DST is given by [48],

Here, � is the azimuthal angle; n� or n� is the number den-

sity for the �-class or the �-class; FMie
�

(�,�) is the scattering 
amplitude vector using the Mie theory [40]; FMie∗

�
(�,�) is 

the complex conjugate of FMie
�

(�,�) ; and S��(�) is the par-
tial SSF. The polydisperse PY model [47, 49] calculates the 
partial SSF. It is noted that L. Tsang’s group is a pioneer 
in developing the polydisperse DST at the remote sensing 
[23], but the formulation is more general with T-matrix and 
different from Eq. (2). We can reduce the polydisperse IST 
by considering S��(�) = ��� with the Kronecker delta func-
tion ���.

2.4 � Model equations in an exponential form

Although the interference effect has been examined using 
the DST since the 1980s, a full understanding of the interfer-
ence effect has not been achieved. The possible reasons are 
described in the following. First, in the DST, the contributions 
of the single-particle scattering and interference are coupled, 
resulting in the difficulty of evaluating the interference contri-
bution separately. Second, the DST calculation requires prior 
information, such as a particle size distribution. In measure-
ments, such prior information is sometimes unknown, so we 
cannot employ the DST in that case. Third, the DST has a 
complicated mathematical formulation based on the summa-
tion of the special function (e.g., the Riccati–Bessel function) 
and the SSF. This fact leads to unveiling the dependence of the 
interference on the volume fraction, optical wavelength, and 
so on. To tackle the above challenges, we developed simple 
model equations for the scattering properties [26].

The model equation for the scattering coefficient �s,M(�, �) 
is given as

(2)

�s =∫
�

0

d� ∫
2�

0

d� sin �

Nd
�

�=1

Nd
�

�=1

√

n�n�F
Mie
�

(�,�) ⋅ FMie∗
�

(�,�)S��(�).

(3)�s,M(�, �) = Cs1(�)� exp[−Cs2(�)�].

In the model equation, the interference part is approximated 
to an exponential form. The coefficient Cs1(�) represents the 
contribution of the single-particle scattering, regardless of 
the volume fraction � . The coefficient can be determined 
theoretically by the IST when we have the prior information,

with the scattering coefficient of the polydisperse IST, 
�s,IST (�) . Because �s,IST (�) linearly depends on � , Cs1(�) is 
independent of � . The coefficient Cs2(�) , referred to as the 
interference factor, represents the interference contribution 
independently of � . The interference factor includes the 
many-body correlations between particles because the 
PY model for the SSF treats the correlations [50]. We 
determined a value of Cs2(�) by fitting.

The model equation for the reduced scattering coefficient 
��
s,M

(�, �) is given as

where the coefficients Cp1(�) and Cp2(�) represent 
the contributions of the single-particle scattering and 
interference, respectively, as well as Cs1(�) and Cs2(�) . 
Theoretical value of Cp1(�) is calculated as

with the reduced scattering coefficient of the polydisperse 
IST, ��

s,IST
(�) . The model equations allow us to investigate 

the contributions of the single-particle scattering and 
interference, separately unlike the DST. We summarize the 
properties of our model equations in Table 1.

2.5 � Model equations in the Twersky form

Another formula of the model equations has been proposed 
by Aernouts et al. based on the Twersky theory, one of 
the DSTs [51]. The correction factor to account for the 
dependent scattering, the so-called Twersky factor, is given 
as

where p is the exponent and is theoretically given as integers 
for geometrical shapes: 1 for plate, 2 for cylinder, and 3 
for sphere [52, 53]. Meanwhile, in the model equations, 
the exponent p is regarded as a fitting parameter (usually 
a real number) and depends on the optical wavelength. The 
model equation for the scattering coefficient is obtained by 
multiplying the IST result with the Twersky factor,

(4)Cs1(�) = �s,IST (�)∕�,

(5)��
s,M

(�, �) = Cp1(�)� exp[−Cp2(�)�],

(6)Cp1(�) = ��
s,IST

(�)∕�,

(7)W(�, p) =
(1 − �)p+1

[

1 + �(p − 1)
]p−1

,

(8)�s,T (�, �) = �s,IST (�, �)W(�, p(�)).
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The model equation for the reduced scattering coefficient 
based on the Twersky factor has two kinds of forms in the 
following. Aernouts and coworkers developed the model 
equation as [51]

Here, gL = gIST + k� is the linear model equation for the 
anisotropy factor with the volume fraction, and k is another 
fitting parameter representing the interference and depends 
on the wavelength. The anisotropy factor characterizes the 
scattering anisotropy and ranges from -1 to 1. The above 
model equation needs to evaluate the fitting parameters p 
and k from the volume fraction dependence of the scattering 
coefficient and anisotropy factor before applying the results 
of the reduced scattering coefficient. These prior procedures 
are not always applicable because some measurements eval-
uate only the reduced scattering coefficient. To solve the 
challenge, they examined the wavelength dependence of the 
parameters [51]. However, the wavelength dependence for 
other systems is still unclear.

Recently, Pilvar and coworkers proposed the model equa-
tion for the reduced scattering coefficient [54], to solve the 
challenge,

(9)
��
s,Ae

(�, �) =�s,T (�, �)
[

1 − gL(�, �)
]

=�s,IST (�, �)W(�, p)
[

1 − gIST (�, �) − k(�)�
]

.

(10)��
s,Pi

= ��
s,IST

(�, �)W(�, q(�)).

The parameter q can be directly determined from the results 
of the reduced scattering coefficient, so the q value is gener-
ally different from the p value of Eq. (9). This model equa-
tion seems to omit the high order term, �s,ISTWk� , in �′

s,Ae
 

(Eq. (9)). They reported that the model equation describes 
measurement data of lipoproteins in blood [54]. We sum-
marize the properties of the model equations in the Twersky 
form in Table 2.

This paper examined the DST results using the model 
equations in the Twersky and exponential forms. Because 
we can calculate the anisotropy factor using the DST, we can 
compare the three model equations for the reduced scattering 
coefficient: Eqs. (9), (10), and (5).

3 � Numerical results

3.1 � Results of the DST and IST

We calculated the scattering properties using the polydis-
perse DST and IST at different volume fractions from 0.1% 
to 20% and wavelengths from 600 to 980 nm. We used the 
particle size distribution of Intralipid-20% (fat emulsion) 
based on the reference [55]. The average particle diameter is 
214.3 nm, and Nd is 34. The numerical calculation considers 
the wavelength-dependent refractive indices for the colloi-
dal particle and water by the Cauchy dispersion equation. 

Table 1   Model equations in the 
exponential form, developed by 
us [26] for the scattering and 
reduced scattering coefficients, 
�
s
 and �′

s
 , in two cases where 

the prior information (e.g., a 
particle size distribution) is 
known to calculate the IST or 
not

Quantity Model Fitting Note
parameter

�
s

Eq. (3) C
s2

C
s1

 can be calculated by the IST with the 
prior information

Direct �
s
 analysis is possible

C
s1

 , C
s2

The prior information is not needed
Direct �

s
 analysis is possible

�′
s

Eq. (5) C
p2

C
p1

 can be calculated by the IST with the 
prior information

Direct �′
s
 analysis is possible

C
p1

 , C
p2

The prior information is not needed
Direct �′

s
 analysis is possible

Table 2   Model equations in the 
Twersky form

Quantity Model Fitting Note
parameter

�
s

Eq. (8) p IST calculation is needed
by Aernouts et al. [51] Direct �

s
 analysis is possible

�′
s

Eq. (9) p, k IST calculation is needed
by Aernouts et al. [51] Analysis for �

s
 and g is needed

Eq. (10) q IST calculation is needed
by Pilvar et al. [54] Direct �′

s
 analysis is possible
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Although not shown here, our previous study [26] demon-
strated that the polydisperse DST results nicely agree with 
the measurement data by G. Zaccanti and coworkers [30].

Figure 3 shows that as the volume fraction increases, all 
the results become significant because of the increase in 
the scatterer number. At a low volume fraction region of 
approximately less than 5%, the IST results are similar to 
the DST results. Meanwhile, at the high volume fraction 
region, the DST results are smaller than the IST results, 
meaning a reduction of scattering strength by destructive 
interference. Although not shown here, the anisotropy 
factor also decreases at the high volume fraction region. 
These reductions in the scattering coefficients are called the 
interference effect.

At a long wavelength, the scattering coefficients become 
smaller. This result is roughly explained in terms of the size 
parameter; the long wavelength corresponds to the small 
particle size. A minimum volume fraction where the IST 
results differ from the DST results seems not to depend on 
the wavelength strongly. In other words, we did not observe 
a strong wavelength dependence on the interference effect. 
The wavelength dependence of the scattering coefficients is 
mainly ascribed to the single-particle scattering.

3.2 � Examinations by the model equations

We investigated the DST results using the model equations 
in the exponential form (Eqs. (3) and (5)) developed by 
us, as shown in Fig. 4. Here, the coefficients of Cs1 and 
Cp1 (single-particle contribution) are calculated by the IST 
(Eqs. (4) and (6)), while the coefficients of Cs2 and Cp2 are 
determined by fitting. We preliminarily confirmed that when 
Cs1 and Cp1 are fitting parameters, the evaluated values of Cs1 
and Cp1 are almost the same as the theoretical values. The 
model equations describe the DST results well at all the 
wavelengths in the R-squared values from 0.995 to 0.999.

Figure 5a shows the wavelength dependence of the coef-
ficients in the model equations. Here, Cs1 and Cp1 are nor-
malized by the inverse wavelength 1∕� to be dimensionless 
as well as Cs2 and Cp2 . �Cs1 and �Cp1 are almost constant 
for the wavelength (especially in �Cp1 ), meaning the wave-
length dependence of the coefficients is in the form of 1∕� . 
Meanwhile, Cs2 and Cp2 are almost linearly proportional to 
the wavelength and their slope values are positive. Hence, 
the interference effects are enhanced at longer wavelengths, 
although the enhancement is not so strong compared with 
the single-particle scattering.

Fig. 3   Volume fraction depend-
ence of the scattering coef-
ficients using the DST (Eq. (2)) 
and IST at different optical 
wavelengths of 680, 785, and 
900 nm: a scattering coefficients 
�
s
 and b reduced scattering 

coefficients �′
s
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Fig. 4   Investigations of the DST 
results using the model equa-
tions in the exponential form 
(Eqs. (3) and (5)) developed by 
us. Other details are the same as 
in Fig. 3
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The positive values of Cs2 and Cp2 mean the negative 
exponential function to the volume fraction works in the 
scattering coefficients. The negative exponential function 
reflects the main contribution of the destructive interfer-
ence rather than the constructive interference. Because the 
interference relates to the structural properties, such as the 
average diameter and particle interaction, Cs2 and Cp2 include 
the structure information.

We can perform the dimensionless analysis of the 
scattering coefficients using the model equations in the 
following. We can consider the normalized forms of 
the model equations using the two coefficients for each 
scattering coefficient

The normalized forms suggest that when the DST results at 
different wavelengths are normalized in the above way, they 
would coincide on the single curve 𝜂̂ exp(−𝜂̂) , independently 
of the wavelengths. Figure 5b shows the nice coincidence of 
the results on the single curve, implying the general feature 
of the interference, regardless of the wavelengths. The same 
normalized forms in both scattering coefficients suggest the 
same scattering mechanism in both coefficients. Although 
not shown here, we confirmed the nice coincidences of the 
anisotropy factors at different wavelengths by the dimen-
sionless analysis [26]. It is a future work whether our model 
equations can be applied to other dense systems.

We investigated the DST results using the model 
equations in the Twersky form. Figure 6a shows that the 
model equation for the scattering coefficient (Eq. (8)) nicely 
describes the DST results as well as ours (Eq. (3)). This 
result means that the Twersky factor (Eq. (7)) describes 
well the interference in the scattering coefficient. Figure 6b 
compares the model equations for the reduced scattering 
coefficient (Eqs.  (9) and (10)). The model equation by 

(11)
𝜇̂s,M =𝜂̂ exp(−𝜂̂), 𝜇̂s,M = 𝜇s,MCs2∕Cs1,

𝜂̂ =Cs2𝜂,

(12)
𝜇̂�
s,M

=𝜂̂ exp(−𝜂̂), 𝜇̂�
s,M

= 𝜇�
s,M

Cp2∕Cp1,

𝜂̂ =Cp2𝜂.

Aernouts et al. agrees well with the DST results. Despite 
the accuracy, the equation requires the prior analysis for the 
scattering coefficient and anisotropy factor. Although not 
shown here, the fitting parameters k in the anisotropy factor 
were prior evaluated from the DST results in addition to the 
evaluation of the parameter p in the scattering coefficient. 
Meanwhile, the model equation by Pilvar et al. can directly 
analyze data of the reduced scattering coefficient. However, 
this model equation does not describe well the DST results, 
although it describes well measurement data of lipoproteins 
in blood [54]. This result suggests that the application of the 
Twersky factor to the reduced scattering coefficient seems to 
be limited. The applicability of the Twersky factor should be 
examined in future work.

It is noted that dimensionless analysis using the model 
equations in the Twersky form is more difficult than our 
model equations because of the difficulty in finding the nor-
malization factors of the scattering coefficients and volume 
fraction.

4 � Numerical studies of the interference 
effect on light propagation

This paper focuses on the interference effect on the scatter-
ing coefficients so far. Meanwhile, the interference influ-
ences light propagation as well. This section briefly dis-
cusses numerical studies of the interference effect on light 
propagation and related phenomena.

The interference effect on light propagation has been 
numerically studied using the radiative transfer theory 
(RTT) combined with the DST in snow layers [21, 23, 31], 
and colloidal suspensions [48, 56]. The RTT describes light 
propagation on a millimeter scale in terms of light intensity 
and mainly has the radiative transfer and photon diffusion 
equations [17]. The combined model uses the scattering 
properties calculated from the DST in the calculation of 
light propagation. Numerical studies have shown strong 
interference effects on the light intensity on the macroscopic 
scale. This fact suggests the significance of the interference 

Fig. 5   a Coefficients of the 
model equations in the expo-
nential form. C

s1
 and C

p1
 are 

normalized by the inverse of 
the optical wavelength � to be 
dimensionless. b Dimension-
less analysis of the DST results. 
The scattering coefficients and 
volume fraction are normalized 
by the coefficients of the model 
equations. Colors represent the 
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effects in static light scattering techniques like NIRS. To 
examine data on the light intensity, we have developed the 
model equation for the peak time of the temporal profile of 
the light intensity [26].

Diffusing-wave spectroscopy, also called diffuse 
correlation spectroscopy, extends the dynamic light 
scattering method to turbid media like dense colloidal 
suspensions [57, 58]. By measuring the light intensity 
fluctuation, this technique evaluates transport properties 
of the media, such as short-time self-diffusion coefficient 
[27, 28], elastic modulus [59], and blood flow rate [60]. 
This technique requires modeling of light scattering, light 
propagation, and particle transport. Fraden et al. and Rojas 
et al. have applied the DST in this technique, implying the 
significance of the interference effect on the light intensity 
fluctuation [27, 28].

Photoacoustic imaging (PAI), also called optoacoustic 
imaging, can evaluate chemical components for biological 
tissues and foods, e.g.,   hemoglobin concentration, 
better than pure optical imaging [10, 12, 61, 62]. Among 
various PAIs, quantitative PAI is still growing, which 
aims for the quantitative evaluation deeply inside the 
media by introducing a model of initial photoacoustic 
pressure [63–67]. Photoacoustic pressure is generated via 
several physicochemical processes: laser irradiation, light 
propagation, light absorption, conversion from optical 
energy to thermal energy, thermal expansion, etc. We have 
developed the initial pressure model using the DST [68] and 
showed the strong interference effect on the initial pressure 
generated inside media.

5 � Conclusions

Using the DST and model equations, we briefly discuss 
numerical studies of the interference effect on the scattering 
properties. Our model equations have the following five 
advantages. 

1)	 Analytical expression (Fig. 4): the equations describe 
the volume fraction dependence of the scattering 
coefficients based on the elementary functions.

2)	 Evaluations of the contributions of single-particle 
scattering and interference (Fig.  5a): the equations 
can evaluate the two contributions separately as single 
effective parameters.

3)	 Fast calculations: the calculations of the model equations 
take within a few seconds in a condition where the DST 
calculations take a few days.

4)	 Versatility: the model equations analyze the 
experimental results without prior information, such as 
a particle size distribution, while the DST requires the 
information.

5)	 Dimensionless analysis (Fig. 5b): the model equations 
enable the performing of the dimensionless analysis 
to find general features of the scattering properties, 
independently of optical wavelength and so on.

These advantages help us understand the interference effect, 
which encounters dense systems.
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Fig. 6   Investigations of the 
DST results using the model 
equations in the Twersky form 
for a the scattering coefficient 
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scattering coefficient (Eqs. (9) 
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Pilvar et al., respectively. Other 
details are the same as in Fig. 3
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