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Abstract. In an effort to understand complex scattering phenomena, characteristics of optical waves such
as polarization, angular spectrum, and temporal coherence have been extensively studied. In this article
we will review several applications where the coherence properties of broad-band radiation offer unique
sensing and diagnostic capabilities.

PACS. 42.25.-p Wave optics – 42.25.Kb Coherence – 42.25.Dd Wave propagation in random media –
42.25.Hz Interference

1 Introduction

Phenomena related to light propagation in optically in-
homogeneous media are being studied for many purposes.
Amongst them, the medical applications occupy a special
place, since it has been proven that scattering of optical
radiation can be used as a noninvasive investigation tool.
Remarkable advances in fundamental understanding and
experimental methodologies proved that techniques based
on multiple light scattering offer unprecedented capabili-
ties in different areas of material sciences.

Due to characteristics such as beam directionality and
intensity, the use of highly coherent radiation produced by
lasers has been the undisputed choice for many light scat-
tering procedures. Recent developments in light sources
and detection techniques offer new, more sophisticated ex-
perimental possibilities. For instance, the use of radiation
with adjustable spatial and temporal coherence proper-
ties determines scattering regimes which can be uniquely
related to the structure of a scattering system.

In this article we will review some recent developments
in using broadband (low-coherence) radiation for evaluat-
ing different characteristics of scattering media of practi-
cal interest. We will show how, by adjusting the coherence
properties of light, one can use interferometric approaches
to select specific orders of scattering and we will illustrate
these capabilities in several applications. We will discuss
aspects related to both the direct scattering and the in-
verse problem where the specific interaction is used to
infer structural properties in static and dynamic systems,
in weakly and strongly scattering media.

a e-mail: adogariu@mail.ucf.edu

Fig. 1. Electromagnetic field scattering on a dielectric
structure.

2 Scattering of low-coherence radiation

We will start by reviewing the phenomenology associated
with optical scattering. A typical experiment is illustrated
in Figure 1 where a plane wave E0 with the wave vector
k = ω/c is incident on a spatially random medium occu-
pying a finite volume V . Light is scattered by local inho-
mogeneities of the dielectric constant ε (r) and the basic
theory provides the link between the experimentally ac-
cessible intensity Is (R) = |Es (R)|2 and the microscopic
structure of the random medium.

The starting point of the scattering theory is to de-
scribe the total electric field E (r) as a summation of the
incoming and scattered fields and to consider that it sat-
isfies

(�2 + k2
)
E (r) = −4πV(r)E (r), where V (r) rep-

resents a generic scattering potential. This equation can
be converted into an integral form and, for R sufficiently
far from the scattering volume, one eventually obtains the
general result [1,2]

Es (R) =
eikR

R

k2

4π

×
∫

(V )

dr {−ks × [ks × (ε (r) − 1) ·E (r)]} e−iks·r, (1)
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where ks is the scattering vector. This expression repre-
sents the scattered field as an outgoing spherical wave that
depends on the direction and magnitude of the total field
inside the scattering volume V .

Approximate solutions can be obtained for the case
of weak fluctuations of the dielectric constant. One can
expand the field E (r) = E0 (r) + E1 (r) + E2 (r) + ... in
terms of increasing orders of the scattering potential and
use successive approximations of E (r) in equation (1) to
obtain the so-called Born series. In the spirit of a first iter-
ation, one replaces E (r) with E0 (r) and obtains the first
Born approximation that describes the regime of single
scattering.

Alternatively, one can write E (r) = exp [Ψ (r)] and
develop the series solution for Ψ (r) in terms of increasing
orders of the scattering potential. This is the Rytov’s series
of exponential approximations, an alternative to the alge-
braic series representation of the Born method. The two
approaches are almost equivalent; however, preference is
sometimes given to Rytov’s method because an exponen-
tial representation is believed to be more appropriate to
describe waves in line-of-sight propagation problems [3–5].

It is worth pointing out here that equation (1) can be
regarded as an integral equation for the total field and,
because the total field is a superposition of the incident
field and contributions originating from scattering from
all volume V , this generic equation includes all possible
multiple scattering effects [2,6].

2.1 Weakly scattering media

2.1.1 Structure and form functions

When a sparse distribution of scattering centers is
contained in the volume V , all the scattering cen-
ters are practically exposed only to the incident field,
E (r) = E0 (r) = E0e0eik·r where E0 is the field magni-
tude, e0 is the polarization direction, and k is the wave
vector. A considerable simplification is introduced when
the magnitude of the scattered field is much smaller than
that of the incident field, such that the total field inside
the medium can be everywhere approximated with the
incident field. This is the condition of the first Born ap-
proximation for tenuous media that practically neglects
multiple scattering effects inside the scattering volume V .
From equation (1), it follows that

Es (R) = E0 eikR

R

k2

4π

×
∫

(V )

dr
[
es · (ε (r) − 1) · e0

]
e−iks·r. (2)

For instance, in the case of a system of N identical parti-
cles, equation (2) is evaluated to give

Es (R) = E0 eikR

R

k2

4π

N∑
j=1

e−iks·rj

×
∫

(Vj)

dr
[
es · (ε (r) − 1) · e0

]
e−iks·r, (3)

where Vj is the volume of the j-th particle located at rj . In
terms of the scattering wave vector q = ks−k, the integral
in equation (3) has the meaning of the single-scattering
amplitude of the j-th particle, F (q) = |f | ·B (q), and de-
pends on the forward scattering amplitude f and a scat-
tering amplitude normalized such that B (0) = 1. The
ratio between the refractive index of the particles np and
of the suspending medium ns determines the scattering
strength f of an individual scatterer while its shape and
size are accounted for in B(q).

For a collection of discrete scattering centers, the total
scattered intensity of equation (3) factorizes like [7]

I (q) =
(

Ei
eikR

R

k2

4π

)2

N F 2 (q)

×
N∑

i,j=1

e−iq·(ri−rj) ∼ NP (q)S (q) , (4)

where we separated the single-scattering form factor P (q)
from the interference function or the static structure fac-
tor S (q) =

∑N
i,j=1 e−iq·(ri−rj). The structure factor quan-

tifies the phase-dependent contributions due to different
locations of scattering centers. When an ensemble average
is taken over the volume V and after separating out the
diagonal terms, the static structure factor can be written
as [7,8]

S (q) =1 +
〈
e−iq·(ri−rj)

〉
=1 + ρ

∫
G (r) e−iq·rdr (5)

in terms of the pair-correlation function G(r) (where r is
the distance between two particles) describing the statisti-
cal properties of the spatial arrangement of scattering cen-
ters. It is through S (q) that the link is made between the
statistical mechanics description of the inhomogeneities
and the measurable quantities in a scattering experiment.

As can be seen from equation (5), for the case of par-
ticles separated by distances much larger than the wave-
length, S (q) becomes unity; the situation corresponds to
G(r) ≡ 1, i.e. constant probability to find scattering cen-
ters anywhere in the scattering volume. This regime char-
acterized by S (q) = 1 is also called the incoherent case
of volume scattering where I (q) is a simple, intensity-
based summation of individual contributions originating
from different scattering centers.
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Fig. 2. Spectrum of the scattered light in the far field at differ-
ent angles of scattering, calculated for monodispersed systems
of spherical particles with radius a = 150 nm and volume frac-
tion 45%. The spectrum of the incident field has a Gaussian
shape with 70 nm FWHM , centered at λ = 500 nm.

2.1.2 Spectral changes due to spatial correlations

When radiation with spectral density �(0) (ω) is incident
on a generic scattering potential, the far-field spectrum of
the scattered radiation is determined by both the incident
field and the spatial correlation of the scattering potential
and depends on both the incident and scattering directions

� (q, ω) =
1
r2

F̃ (−q, ω)W (0) (ω) , (6)

where F̃ represents the Fourier transform of the two-
point correlation function of the scattering potential. For
a review of correlation-induced spectral changes see refer-
ence [9].

Using equation (4), one immediately infers that in the
case of discrete random media, the far-field spectrum be-
comes [10]

� (q, ω) =
V

r2
S (q − q0)

∣∣∣F̃ (q, ω)
∣∣∣2 �(0) (ω) . (7)

To illustrate this effect, Figure 2 presents the spectrum
of the scattered light in the far field at different an-
gles of scattering, calculated for a monodisperse system
of spherical particles with radius 150 nm and a volume
fraction 45%. The spectrum of the incident field has a
Gaussian shape with 70-nm FWHM, and it is centered at
λ = 500 nm.

2.2 Strong scattering

So far, we introduced the basic description of the single
scattering process, which applies to sparse distributions of
particles. For the single scattering regime to be applicable,
the average dimension of the scattering medium must be
smaller than the mean free path ls. However, in many situ-
ations this is not the case and the light travels through the
medium over distances much longer than ls and encoun-
ters many scattering events during the propagation. In
this case, the simple treatment presented earlier does not
apply and the complexity of the problem is significantly
increased. A full vector solution to the field propagation

Fig. 3. Scattering medium under transport conditions.

in dense media is not yet available and even for scalar
theories, analytical results can only be found for special,
limiting cases of multiple scattering regimes.

2.2.1 Radiative transport equation

The transport description in the case of a highly scatter-
ing medium is based on a photon random walk picture
which is similar to that used in other areas of physics,
such as solid state physics and nuclear reactor physics [11].
The wave correlations that may survive this heavy scatter-
ing regime are completely neglected, while each individual
scattering event is considered an independent process.

Using the energy (photon) conservation principle, the
final goal of the transport theory is to find the time-
dependent photon distribution at each point in the scat-
tering medium.

In order to write the transport equation, we first iden-
tify all the contributions that affect the photon balance
within a specific volume V , as depicted in Figure 3. Thus,
we obtain the following transport equation in its integral
form:⎧⎨⎩
∫
V

dn

dt
+ vΩ∇n + vµn (r,Ω, t)

−
∫
4π

[v′µs (Ω′ → Ω)n(r,Ω′, t)] dΩ′ − s(r,Ω, t)

⎫⎬⎭ d3rdΩ = 0.

(8)

In the equation above, n is the photon density, while µ
and µs are the total and scattering coefficient, respec-
tively. The first term denotes the rate of change in the
energy density, the second term represents the total leak-
age out of the boundary, the third term is the loss due to
scattering, the fourth term accounts for the photons that
are scattered into the direction Ω, while the last term rep-
resents the possible source of photons inside the volume.
Using the fact that the volume V was arbitrarily chosen,
the integral of equation (8) is identically zero if and only if
the integrand vanishes. Thus, the differential form of the
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transport equation is obtained as:

dn

dt
+ vΩ∇n + vµn(r,Ω, t)

−
∫

4π

[v′µs(Ω′ → Ω)n(r,Ω′, t)] dΩ′ − s(r,Ω, t) = 0. (9)

The same equation can be expressed in terms of the an-
gular flux ϕ(r,Ω, t) = v · n(r,Ω, t):

1
v

dϕ

dt
+ Ω∇ϕ + µϕ(r,Ω, t)

−
∫

4π

[µs(Ω′ → Ω)ϕ(r,Ω′, t)] dΩ′ − s(r,Ω, t) = 0. (10)

The initial condition for this equation is
ϕ(r,Ω, 0) = ϕ0(r,Ω), while the boundary condition
is ϕ(rs,Ω, t)rs∈S = 0, if Ωes < 0. The transport equa-
tion, although just an approximation of the real physical
problem, can be solved in most cases only numerically. As
we will see in the next section, further simplifications to
this equations are capable of providing solutions in closed
forms and will, therefore, receive a special attention.

2.2.2 Diffusion approximation of the transport theory

Equation (10) can be integrated with respect to the solid
angle Ω, such that the result can be expressed in terms of
the photon flux Φ and the current density J as a continuity
equation:

1
v

dΦ

dt
+ ∇J(r, t) + µΦ(r, t) = µsΦ(r, t) + s(r, t). (11)

As can be seen, equation (11) contains two independent
variables Φ and J

Φ(r, t) =
∫
4π

ϕ(r,Ω, t)dΩ (12)

J(r, t) =
∫
4π

Ωϕ(r,Ω, t)dΩ ,

and, therefore, an additional assumption is needed to
make the computations tractable. In most cases, one can
assume that the angular flux ϕ is only linearly anisotropic

ϕ(r,Ω, t) � 1
4π

Φ(r, t) +
3
4π

J(r, t) · Ω. (13)

The equation above represents the first order Legendre
expansion of the angular flux and is the key approxima-
tion that allows obtaining the diffusion equation. It is also
referred to as the P1 approximation, since it represents a
Legendre polynomial Pl, for l = 1. In addition, the pho-
ton source is considered to be isotropic and the photon
current to vary slowly with time: (1/ |J|)(∂J/∂t) << vµt.

Under these conditions, the equation that relates J and Φ
can be derived, which is known as the Fick’s law

J(r, t) = − 1
3µt

· ∇Φ(r, t) = −D(r)∇Φ(r, t). (14)

In the equation above, µt = µ− gµs is the transport coef-
ficient. The parameter g represents the anisotropy factor,
i.e. the average cosine of the scattering angle which is de-
fined in terms of elementary solid angles before and after
scattering as g = 〈Ω · Ω′〉. The parameter g accounts for
the fact that, for large particles, the scattering pattern is
not isotropic. In equation (14), D(r) is the diffusion coeffi-
cient of photons in the medium and is the only parameter
that contains information about the scattering medium.
At this point, combining equations (11, 14), one obtains
the diffusion equation, which has been extensively used in
solving scattering problems

1
v

∂Φ

∂t
−∇ [D(r)∇Φ(r, t)] + µa(r)Φ(r, t) = S(r, t). (15)

In the equation above, µa represents the absorption coef-
ficient and S(r, t) is the photon source considered to be
isotropic. Note that the diffusion equation breaks down for
short times of evolution, i.e. for t < lt/c. In other words,
it takes a finite amount of time for the diffusion regime to
establish. Although restricted to a particular situation of
multiple light scattering, the diffusion treatment finds im-
portant applications in practice. The diffusion description
of waves propagating in random media will be extensively
used in the next chapters.

Using appropriate boundary conditions, equation (15)
can be solved for particular geometries. Once the pho-
ton flux Φ is calculated, the current density J can be ob-
tained using Fick’s law [11]. The current density J(r, t) is
the measurable quantity in a scattering experiment and
thus deserves special attention. The total optical power
measured by a detector is proportional with the integral
of J(r, t) over the area of detection. The temporal vari-
able t represents the time of flight for a photon between
the moment of emission and that of detection. When
a constant group velocity is assumed, this variable can
be transformed into an equivalent one- the optical path-
length, s = vt. Thus, the path-length probability density

P (s) = J(s)/
∞∫
0

J(s)ds, i.e. the probability that the pho-

tons traveled within the sample an equivalent optical path-
length in the interval (s, s + ds), can also be evaluated.
The path-length distribution P (s) is the central quantity
in evaluating various statistical averages describing the
regime of strong multiple scattering.

3 Low-coherence interferometry techniques

Interference is the fundamental phenomenon by which
electromagnetic fields interact with one another. Interfer-
ometric methods have found important applications in in-
vestigating a wide range of phenomena, from the nature of
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light itself to spectroscopy and material characterization.
Let us consider a given complex field as a superposition
of field components

E(r, t) =
∑

i

Ei(r, t). (16)

The intensity of the total field, which is the measur-
able quantity, is thus the time average of the modu-
lus squared associated with the total complex amplitude,
I(r, t) =

〈
|E(r, t)|2

〉
. For only two interfering fields, the

result simplifies to

I(r, t) =
〈
|E1|2

〉
+
〈
|E2|2

〉
+ 〈|E1 ·E∗

2|〉 + 〈|E∗
1 · E2|〉 ,

(17)
where I1 and I2 are the intensities of the two fields. For
monochromatic fields of parallel polarizations and identi-
cal optical frequencies, the intensity of the interference is

I(r, τ) = |E1|2 + |E2|2 + 2 |E1| |E2| cos [∆φ(r, τ )] , (18)

where ∆φ is the phase difference between the two fields.
The interference term in equation (18) is particularly

relevant for practical applications. If for instance, one field
is frequency shifted with respect to the other, such that the
phase of the interference term becomes ∆φ = ∆ωτ + δφ,
the interference term will be oscillating at a selected fre-
quency permitting high-fidelity measurements. Since the
measured signal is proportional to the product of two
fields, one of which can be used as an amplifier, very low-
amplitude fields can be detected. Additionally, because
the interference term depends only on the squared root
of each intensity, interferometric measurements allow for
high dynamic range measurements.

Recent developments in the light source technology al-
lowed generation of broad spectrum light with high power
levels, which become suitable for scattering experiments.
Such sources with broad band spectra include light emit-
ting diodes (LED), superluminescent diodes (SLD), and
femtosecond laser sources. The electric field associated
with a polychromatic radiation

E(ω, r) = E0(ω) · e−i·(ωt−kr) (19)

has a spectral density (optical spectrum)

S(ω) = 〈E0(ω) · E0(ω)∗〉 , (20)

where the angular brackets stand for ensemble average
and * for complex conjugation. Typically, an optical spec-
trum is characterized by its bandwidth ∆ω, convention-
ally defined as the full width half maximum and a cen-
tral frequency ω0. A particular class of broad-band light
is the so called quasi-monochromatic radiation for which
∆ω/ω0 
 1. This condition is equivalent to requiring that
the envelope of a short pulse (or of the autocorrelation
function for continuous wave) varies much slower in time
than the oscillations of the central frequency (carrier).
This situation is also known as the slowly varying enve-
lope approximation, commonly used for describing various

Fig. 4. Michelson interferometry with partially coherent light.

processes of light matter interaction. The low-coherence
radiation used in the following chapters can be considered
as quasi-monochromatic light.

The fundamental difference in nature between
monochromatic and polychromatic radiation appears
most clearly in the regime of multiple scattering. The
multiple scattering of coherent light creates a complicated
distribution of maxima and minima with a very sharp in-
tensity contrast, known as speckles. This distribution is a
signature of the medium and can be used to character-
ize its structure. In similar conditions of scattering, low-
coherence light will generate a distribution of maxima and
minima with much lower contrast, i.e. a smeared speckle
pattern. This phenomenon, can be easily explained by rec-
ognizing that a distribution of speckles is nothing more
than a complicated fringe pattern generated by the super-
position of waves that traveled in the medium over dif-
ferent trajectories, accumulating different optical phases.
While in the case of coherent light, waves with arbitrary
phase distributions produce interference, the maximum
phase difference between interfering low-coherence waves
is limited by the coherence length of the radiation.

The creation of speckles is a rather well understood
phenomenon. Its fundamental principle of interference un-
covers the main difference in nature between monochro-
matic and polychromatic light. The lack of interference
can be beneficial when one tries to suppress multiple scat-
tering. It is precisely the interference phenomenon that
isolates the specifics of low-coherence versus monochro-
matic light in specific applications dealing with media
characterization. The example of speckles has shown al-
ready that, in the multiple scattering regime, the limited
temporal coherence acts as a band pass filter in the op-
tical path-length domain suppressing the multiple scat-
tering component from the interfering signal. This is the
underlaying principle for the optical techniques described
in the following.

3.1 Michelson interferometry

Let us consider that the light beam emerging from a source
S is divided into two beams by a beam splitter BS, as
illustrated in Figure 4. The two beams are reflected by
the mirrors M1 and M2 and subsequently recombined
at the detector D. Considering that the time delay be-
tween the two beams is ∆τ , the condition to obtain inter-
ference fringes can be simply stated as

∆τ · ∆ω ≤ 1, (21)



78 The European Physical Journal Applied Physics

where ∆ω is the bandwidth of light. In order to describe
the interference phenomenon, let us introduce the real
electric field in its Fourier representation [12]:

E(r)(r, t) =

+∞∫
−∞

E(r, ω) · exp(−iωt)dω. (22)

An important property of the real signal E(r)(r, t) is
that its Fourier pair E(r, ω) is a Hermitian function, i.e.
E(r,−ω) = E*(r, ω), meaning that the negative frequency
components (ω < 0) do not provide any information which
is not already contained in the positive ones (ω > 0).
Thus, the so-called complex analytic signal associated
with E(r)(r, t) can be employed

E(r, t) =

+∞∫
0

�
E(r, ω) · exp(−iωt)dω. (23)

This means that, in the absence of negative frequency
components, each Cartesian component of E, considered
as a function of complex variable t, will be analytic and
regular in the lower half of the complex t-plane. From
equations (22, 23), it follows that

E(r, t) =
1
2

[
E(r)(r, t) + iE(i)(r, t)

]
, (24)

where the real and imaginary parts of E form a Hilbert
pair

E(i)(r, t) =
P

π

+∞∫
−∞

E(r)(r, t′)
t′ − t

dt′ (25)

E(r)(r, t) = −P

π

+∞∫
−∞

E(i)(r, t′)
t′ − t

dt′.

In equation (25), P denotes the Cauchy principal value.
From now on, the spatial variable will be dropped, i.e.

we will consider that r = r1 = r2, since in the experi-
mental geometries of interest here the fields are spatially
coherent and overlapped at the detector. We also assumed
that the interfering fields are stationary. In the conditions
of the Michelson interferometer depicted in Figure 4, the
total electric field at the detector D is

E(t) = E1(t) + E2(t + τ). (26)

The detected intensity is evaluated as a ensemble average
over the realizations of the total field and takes the form:

I = 〈E(t) · E*(t)〉 , (27)

where ∗ denotes the complex conjugation. It follows from
equations (26, 27) that

I(τ) = I1 + I2 + 2 Re [Γ (τ)] (28)

where
Γ (τ) = 〈E1(t) · E∗

2 (t + τ)〉 . (29)

When the fields on the two arms are identical, the func-
tion Γ (τ) is known as the field autocorrelation function.
The normalized degree of coherence, γ(τ) = Γ (τ)/Γ (0),
is a measure of the sharpness of the interference fringes; it
takes values between zero and unity which are associated
with completely decorrelated and fully coherent fields, re-
spectively. The dependence of γ on τ measures the spread
in the time delay over which the interference can be ob-
served. As we will discuss in the next sections, for specific
applications, a very narrow interference pattern is desired,
corresponding to distance delays in the range of several
microns. A basic theorem of stochastic processes, called
the Wiener-Khintchine theorem, states that the power
spectrum (spectral density) �(ω) of the random process
and its autocorrelation function Γ (τ) form a Fourier trans-
form pair [12]:

Γ (τ) =

∞∫
0

�(ω) exp(−iωτ)dω (30)

�(ω) =

∞∫
−∞

Γ (τ) exp(iωτ)dτ.

In equation (30), �(ω) represents the spectrum of light at
the detector and the Wiener-Khintchine theorem asserts
that it can be fully reconstructed from the field autocor-
relation function Γ .

Low-coherence interferometry provides certain prac-
tical advantages as compared with interferometric tech-
niques involving laser radiation. It is apparent from equa-
tion (30) that there is a reciprocal relationship between
the spectral composition of an optical field and its co-
herence properties. Thus, measuring one property, offers
experimental access to the other.

Fourier transform infrared (FTIR) spectroscopy is one
important interferometric application, where spectral in-
formation is obtained by measuring the cross-correlation
function of two fields interfering in a Michelson geome-
try. Various related techniques have been developed dur-
ing the past years (for a review, see [13] and references
therein). FTIR spectroscopy has been established as a
standard technique for measuring the infrared absorption
and emission spectra of most materials, with substantial
advantages in signal-to-noise ratio, resolution, speed, and
detection limits. Practically, all compounds show charac-
teristic absorption/emission in the IR and, thus, can be
analyzed efficiently by FTIR.

A broad optical spectrum implies a short coherence
time, as suggested by equation (30). Thus, LCI is suit-
able for optical gating applications. Optical time-domain
reflectometry (OTDR) uses this principle for measuring
depth-resolved reflectance [14]. This technique has found
important applications especially in characterizing the lo-
cation and the magnitude of losses due to scattering within
waveguide media, sites which were previously inaccessible
for measurement.
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Optical coherence tomography (OCT) has been devel-
oped as an extension of OTDR for biological tissue inves-
tigation [15]. In OCT, the end result consists of a set of
cross correlations between a reference wave and the field
scattered from biological tissue. In this case, the short co-
herence length of the field allows mapping the tissue under
investigation in terms of its scattering properties. Espe-
cially due to its integration with optical fibers, OCT has
become widely popular and various biomedical diagnostic
applications (for a review, see [16]).

In Fourier domain OCT, the mechanical scanning of
the reference mirror, which is instrumental in reconstruct-
ing the cross-correlation function, is replaced with a sin-
gle spectrum measurement provided by a spectrometer, as
demonstrated with spectral interferometry [17]. This type
of measurement can be regarded as the FTIR measure-
ment principle in reverse. However, it has been recently
shown that, using a broad spectrum for experiments on
scattering media, one has to be careful in interpreting the
detected signal, as the detection efficiency is drastically
influenced by the spectral content of the field [18].

Spectroscopic OCT is an extension to the traditional
method, which provides spatially-resolved spectroscopic
information about the biological structure [19]. Phase
dispersion and absolute phase measurements have also
been proven to have a great potential for investigating
transparent biological structures in both static and dy-
namic conditions [20,21]. More recently, new methods
for quantitative phase imaging with both low- and high-
coherence fields have been proposed as powerful biological
tools for studying structure and dynamics [22–24].

3.2 Sagnac interferometry

As discussed earlier, light scattering from optically inho-
mogeneous media is in general a complicated phenomenon
resulting in different orders of scattering ranging from sin-
gle to heavily multiple scattering components. Due to the
limited coherence length associated with broad band radi-
ation, low-coherence interferometry can be efficiently used
to filter out specific components of the scattered light. In
the following, we will present an interferometric geometry
which is used to suppress the scattered light in a trans-
mission geometry.

Sagnac interferometers rely on overlapping two
counter-propagating beams as opposed to Michelson type
geometries where the two interfering fields propagate
along different physical paths. The experimental setup is
depicted in Figure 5 and can be described as a Sagnac-
Michelson interferometer, as it combines both a counter-
propagating geometry and a separate reference field. A
broadband source emits light with a central wavelength of
1.33 µm and a FWHM bandwidth of 60 nm [25].

The light is coupled into a single-mode optical fiber
that enters the 2× 2 fiber coupler FC1 and, on the probe
arm, the beam is divided once more by the 1 × 2 fiber
coupler FC2. The power delivered in the coupler FC2 is
about 60 µW. The two fiber ends are connected to the
collimators C1 and C2, which are aligned such that they

Fig. 5. Experimental setup: S source, FC’s fiber couplers, C’s
collimaters, M mirror, s the path-length delay due to the scan-
ning mirror, D detector. The interference peaks correspond to
different interfaces, as indicated.

send the parallel beams in counter-propagating directions,
as in a Sagnac interferometer. The main components of the
electric field reaching the detector are

ED(t) = E0(t)eiks + E11(t)eikL11 + E12(t)eikL12

+ E21(t)eikL21 + E22(t)eikL22 , (31)

where E11 and E22 correspond to the paths that involve
reflections on C1 and C2, respectively, while E12 repre-
sents the field emitted through C1 and coupled by C2,
and E21 is the time-reversed counterpart of E12. In equa-
tion (31), k is the wave vector, Lij , i, j = 1, 2, are the
optical path-lengths associated with the fields Eij , and s
is the optical path-length traveled on the reference arm.
Using equation (31), the expression for the irradiance at
the detector, as a function of the optical path-length set
by the reference mirror, takes the form

ID(s) = I0 +
1,2∑
i,j

Iij

∣∣∣γ[k(s − Lij)]
∣∣∣ cos[k(s − Lij)] (32)

where Iij is the amplitude of the interference term be-
tween the field Eij and the reference, while γ is the com-
plex degree of coherence associated with the source. This
equation determines the position of the interference peaks
as the mirror M sweeps the reference arm. The positions
of the interference peaks are denoted in Figure 5.

Since
−

L12 =
−

L21, the peaks associated with I12 and I21

are spatially overlapped. In this configuration, the fiber
lengths differ by about 2.5 cm and, therefore, P1 and P2
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appear at different positions. When an object with re-
flecting boundaries is inserted between C1 and C2, two
additional dielectric interfaces are present and two peaks
will appear accordingly, denoted in Figure 5 by P ′

1 and
P ′

2, thus both the position of the object and its thickness
can be measured with an accuracy limited only by the co-
herence length. If the object is transparent, the shift in
the position of P12 will measure the optical path-length of
the object. We will show in the following that this specific
geometry is quite efficient in suppressing the undesired
scattered light and isolating accurately the ballistic com-
ponents in dense scattering media.

3.2.1 Measurement of ballistic attenuation

The customary description of the attenuation suffered
by a monochromatic light beam propagating in a
scattering, non-absorbing medium is given by the
Lambert-Beer law: P = P0 exp(−L/ls), where P0 is the
initial power, P is the remaining power after traveling
a distance L, while ls is the scattering mean free path
that characterizes the inhomogeneous medium. When ab-
sorption is present, there a similar exponential decay, but
the decay rate is replaced by 1/ls + 1/la, with la the ab-
sorption length. Deviations from the Lambert-Beer law
due to multiple scattering have been quantified [26] and
corrections have been proposed [27]. Various techniques
for filtering out the scattered light have been explored,
including heterodyne detection [29], confocal spatial fil-
tering [28] temporal gating [30–32], and polarization fil-
tering [33]. Modifications of classical Lambert-Beer depen-
dence of light attenuation have also been observed in the
case of highly-correlated scattering systems [34].

We will describe here how LCI can be used for measur-
ing this ballistic component. When a scattering medium
is placed between C1 and C2, the magnitude of the peak
P12 describes quantitatively the beam attenuation due to
the scattering process. Using the heterodyne detection,
one can evaluate this attenuation over a dynamic range
of more than 80 dB and the short coherence length of
the light offers the temporal selectivity necessary to iso-
late the early-arriving ballistic waves. Figure 6 illustrates
the transmission results for different scattering media con-
sisting of suspensions of particle (0.121 µm, 0.356 µm,
and 3.135 µm, in diameter) for which the scattering cross-
sections, σs, are 9.78 × 10−14 cm2, 5.0 × 10−11 cm2, and
2.83×10−7 cm2, respectively. As it can be seen, the exper-
imental decay sharply ends at the noise level of the device,
indicating that the filtering of scattered light is virtually
complete due to both the coherence and angular gating.
However, a disagreement can be observed between the ex-
perimental data and the expectation of the Lambert-Beer
law, denoted by dashed lines in Figure 6. One should also
notice that the deviation from the negative exponential
behavior becomes more important for samples of smaller
particle size. This particle size dependence of the ballis-
tic light attenuation is unexpected and an interpretation
more refined than the conventional Lambert-Beer law is
needed. As opposed to the monochromatic case described

Fig. 6. Ballistic attenuation for suspensions of different par-
ticle sizes. The data is scaled as indicated; the dashed lines
represent negative exponentials, while the solid lines are given
by the convolution model. The inset shows the relative differ-
ence between the transmission given by the model and that of
Lambert-Beer law as a function of optical thickness L/ls.

by the Lambert-Beer law, the spectral density in our mea-
surements approaches a Gaussian with a FWHM of about
60 nm, centered at λ0 = 1.33 µm. In this case, the trans-
mission coefficient, defined as the ratio between the trans-
mitted and the incident power, takes the form:

T∆λ(λ0) =

+∞∫
−∞

S∆λ(λ − λ0) exp [−Nσs(λ)L] dλ. (33)

Equation (33) asserts that the overall transmitted light
is given by the summation of the contributions from all
the frequency components, weighted by the initial optical
spectrum and it takes the form of a convolution between
the Lambert-Beer transmission and the incident spectral
density S∆λ(λ − λ0), of central frequency λ0 and width
∆λ. It can be easily seen in Figure 6 that the dependence
of equation (33), which is indicated by continuous lines,
describes much better the experimental results for all the
particle sizes. As shown in the inset of Figure 6, where
the relative difference ∆ε = (T∆λ −T0)/T0, with T0 being
the Lambert-Beer transmission function, is plotted as a
function of optical density, the correction brought to the
Lambert-Beer law by equation (33) has an increasing im-
portance as the particle size decreases and becomes neg-
ligible for large particles. The reason is that the scatter-
ing cross-section depends stronger on the size parameter
2πR/λ, for smaller values of the particle radius R. There-
fore, in this range of size parameters, the particles are
characterized by different scattering cross sections corre-
sponding to each frequency component of the optical spec-
trum. For large particle sizes, the cross sections associated
with individual spectral components do not change signif-
icantly over the incident spectrum and, thus, the overall
attenuation approaches the negative exponential decay, as
in the case of monochromatic light.
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It is worth mentioning that time-gated measurements
can also provide the path-length selectivity necessary to
isolate the ballistic light component [30]. However, the het-
erodyne detection provides a considerable dynamic range;
the decay of the ballistically transmitted light is limited
only by the noise level of the device and not by the diffu-
sive component of light. One should also be aware of the
fact that the dynamic range available in our particular ex-
periments does not represent a fundamental limit of the
interferometer performance being still far from the shot-
noise limit [30]. We found that, due to the broad spec-
trum, the ballistic transmission behavior data deviates
from the Lambert-Beer law with an increasing amount for
smaller scatterers. This is explained by considering that
the propagating light is a superposition of monochromatic
components, which attenuate at different rates. It should
be noted that the quantitative analysis in low-coherence
imaging techniques relies heavily on the validity of con-
ventional Lambert-Beer attenuation for light propagating
toward and scattering back from a target surrounded by a
turbid medium. The technique described here should find
applications for characterization of random media as well
as for medical and biological investigation.

The ability to efficiently suppress the multiple scatter-
ing light suggested that the present geometry can be used
to investigate the sedimentation process of highly dense
colloidal particles. This particular application will be pre-
sented in the next section, in the context of retrieving the
size distribution of particles in dense colloidal suspensions.

3.2.2 Measurement of particle sedimentation

The Sagnac-Michelson interferometric technique pre-
sented earlier is filtering efficiently the scattered light
from the ballistic component transmitted through a dense
scattering medium. The beam is collimated and passes
through the sample parallel to the liquid surface, at a dis-
tance h below this plane, as shown in Figure 7. The detec-
tor monitors the transmission of light through the sample
as it evolves in time. For a heterogeneous distribution of
particle sizes, the transmission has the Lambert-Beer form

T = exp

(
−L
∑

i

Niσi

)
, (34)

where L is the thickness of the sample, Ni and σi are the
concentration and scattering cross section of the class of
particles characterized by the radius Ri. Equation (34) is
valid provided that the concentration of the suspension is
not very high. For a certain period of time, the transmis-
sion through the sample has a constant value, as long as
at the depth h below the surface the overall concentration
of particles is constant. However, after a time t1 necessary
for the largest particles in the suspension to fall the dis-
tance h, the transmission will increase, since the class of
largest particles is no longer present in the region where
the light beam is passing through the sample. Similarly,
at a later time t2, a class of smaller particles depletes the

Fig. 7. Sedimentation process in a three-modal suspension.

investigated region, such that another increase in the mea-
sured transmission is recorded. This process is illustrated
in Figure 7 for a three-modal distribution of particles.

Since the measurements are taken at discrete times
tk, using equation (34), we relate the transmission at two
successive moments by

ln(Tk) = ln(Tk−1) + LNkσk (35)

where Tk and Tk−1 are the transmissions measured at the
moments tk and tk−1, respectively, while Nk and σk char-
acterize the particles that depleted the region of inves-
tigation during the period ∆tk = tk − tk−1. Thus, the
concentration of these particles can be inferred as

Nk =
1

Lσk
ln
[

Tk

Tk−1

]
. (36)

For determining Nk, the only unknown is now σk. How-
ever, using the Stokes equation, one can calculate the di-
mension of the particle that traveled the distance h in a
time tk

Rk =
[

9ηh

2(ρs − ρl)g
· 1
tk

]
, (37)

where η is the viscosity coefficient of the suspending liq-
uid, ρs, ρl are the densities of the particle and liquid,
respectively, and g is the gravitational acceleration. Us-
ing the information of refractive index for both the liquid
and particles, the cross section σk can be calculated from
Mie theory at each moment of time. Thus, monitoring the
transmission evolution in time, one can infer the sizes of
the particles present in the mixture and the particle con-
centration associated with each size.

It should be noted that no approximations are involved
in evaluating the scattering cross sections of the particles.
During the measurement, each moment corresponds to a
specific class of particle sizes that just exited the beam,
which can be evaluated and used further to calculate ex-
actly the corresponding cross section. This can be eas-
ily obtained using a simple computer routine. In using
this method, no information about initial concentration
of particles is needed. Due to the large dynamic range of
the detection used, the particle size distribution can be
obtained for concentrated suspensions.

This methodology was applied to standard polystyrene
suspensions (Duke Scientific) of 3.7 µm having a refractive
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Fig. 8. Time-resolved transmission (a) and particle size distribution (b) inferred, for a suspension of polystyrene particles with
the diameter of 3.7 µm. The vertical lines represent the expected size interval provided by the manufacturer.

index of 1.59 and a density of 1.05 relative to water. Fig-
ure 8a shows the time evolution of the measured transmis-
sion over a period of 10 hours. The sharp jump seen in the
experimental curve of Figure 8a suggests that the suspen-
sion is highly monodisperse. This is indeed the situation
shown by Figure 8b, in which the particle size distribution
is reconstructed using the procedure described in earlier.
It can be seen that the experimental results on this sta-
bilized suspension agree very well with the specifications
provided by the company.

The method is further illustrated in the case of alu-
mina powders of (10.2∓ 0.4) µm. A solution was made by
mixing the powder with deionized water and the sample
has been sonicated for several minutes to limit the aggre-
gation process. Figure 9 shows the experimental results for
the time-dependent transmission and particle size distri-
bution. It can be seen that the size distribution is broader
than that indicated by the company. There are several
possible reasons for this result. First, the finite size of the
illuminated beam determines a certain smooting of the
resulting size distribution. Second, the suspension created
was by no means stabilized, which explains the presence
of large particle resulted from agglomeration. The third
possible reason is that the particles as provided by the
manufacturer are not spherical in shape. The model used
assumes spherical particles, for which both the Mie scat-
tering and Stokes velocity models are valid. Therefore, the
result obtained with this method is the size distribution of
equivalent spherical particles, i.e. characterized by certain
hydrodynamic diameters. In many applications, this in-
formation is sufficient, since the details of particle shapes
are hardly achievable and not critical. To reduce the mea-
surement time for suspensions of small particles one can
apply simultaneous centrifugation, which is quite a com-
mon procedure for sedimentation investigation.

4 Optical pathlength spectroscopy
and applications

As discussed in Section 2, the diffusive wave propagation
depends on characteristics of the specific scattering ge-
ometry and can be characterized by the probability den-

Fig. 9. Time-resolved transmission (a) and particle size distri-
bution (b) inferred, for a suspension of alumina particles with
the average diameter of 10.2 µm.

sity P (s) of optical pathlengths through the medium. In
general, P (s) can be theoretically estimated for different
experimental configurations but, so far, direct experimen-
tal studies regarding optical pathlengths distribution have
been limited to investigations of temporal broadening of
short light pulses that propagate diffusively. Based on the
LCI principle, we will describe a technique called optical
pathlengths spectroscopy (OPS) which infers directly the
pathlengths distribution P (s) of waves backscattered from
multiple scattering media [35]. From the shape of this dis-
tribution, characteristics of the scattering process such as
the transport mean free path can be determined.

A typical OPS signal consists of backscattered inten-
sity contributions corresponding to waves scattered along
closed loops that have the same optical pathlengths and,
in addition, have the total momentum transfer of these
waves equal to 4π/λ (backscattering). This is somewhat
similar to the information obtained in time-resolved re-
flectance measurements where the diffusion approxima-
tion makes a reasonable description of the experimental
data. It should be noted that, as long as the waves propa-
gate with a constant average velocity, even for stationary
sources, the waves characterized by the same optical path-
lengths, can be considered as being emitted at the same
moment. Thus, the pathlengths probability density does
not change if a steady-state source is replaced by a short
pulse emitted at t0. In OPS, only the class of waves that
have traveled an optical distance which corresponds to the
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length of the reference arm is able to produce fringes and
is, therefore, detected. In the optical pathlength domain,
the interferometer acts as a band-pass filter with a band-
width given by the coherence length of the source. Ac-
cordingly, the shorter the coherence length, the narrower
the optical pathlengths interval of backscattered light that
will produce detectable fringes. Now, if we let the refer-
ence mirror sweep the reference arm, waves with different
optical pathlengths through the medium are detected and
an optical pathlength distribution is reconstructed. Ex-
perimentally, OPS is limited by the fact that the signal
corresponding to long paths within the medium is weak
and a large dynamic range is needed for accurate mea-
surements of pathlengths distribution tails. However, as
opposed to dynamic techniques, the measurements can be
extended over longer periods of time and there is no need
for sophisticated time-of-flight configurations.

4.1 Colloidal systems

In the following, we will illustrate how OPS is used to eval-
uate to structural characteristics of granular media, liquid
and solid systems highly scattering media. An example of
OPS signal is shown in Figure 10, where the pathlength-
resolved backscattered intensities corresponding to wa-
ter suspensions of polystyrene microspheres with particle
diameter of 0.46 µm and various volume fractions are
shown. The values of normalized backscattered intensi-
ties have been compared with the corresponding solutions
of the diffusion approximation, as described in [35]. In
obtaining these results, absorption effects have been ne-
glected because the absorption lengths of the media are
roughly two orders of magnitude longer than the corre-
sponding scattering lengths. As can be seen, the diffu-
sion theory makes a good description of the experimental
data corresponding to different volume fractions, i.e. dif-
ferent scattering properties. Applying the Mie scattering
theory, one can calculate the values of transport mean
free paths for the media examined in Figure 10. Excellent
agreement is obtained between the Mie-based estimations
of l∗ and the results obtained by fitting the measurement
data within the diffusion approximation. For example, for
the samples shown in Figure 10, the measured l∗ values of
197, 101, and 49.2 µm are to be compared with, respec-
tively, 206, 103, and 51.5 µm obtained from Mie theory.
The error of our lt measurements was evaluated to be of
about 5%. The remarkable agreement proves that reliable
measurements of photon transport mean free path can be
based on OPS.

4.2 Porous media

Another example of is presented in Figure 11 where OPS
is applied to characterize the structure of porous me-
dia such as thin membranes (mixtures of cellulose esters,
polyvinylidene fluoride and polycarbonate). The mem-
branes consist of interconnected networks of pores which
are strong light scatterers with the strength depending on

Fig. 10. OPS data for polystyrene suspensions of different
concentrations. The curves are scaled as indicated.

Fig. 11. Optical pathlength distributions in porous media un-
der wet and dry conditions as indicated.

the refractive index contrast and, therefore, on the mem-
brane water content. As can be seen in Figure 11, the
presence of water diminishes the refractive index contrast
which reduces the scattering ability and leads to shorter
average optical pathlength in comparison with the highly
scattering (dry) case [36].

The measured OPS signals are well described, at least
the tails of the pathlength distributions, by solutions of the
diffusion approximation applied to slabs of finite thick-
ness. The results of fitting the measured OPS with the
prediction of the diffusion approximation are also shown
in Figure 11. Once a reliable structural model is avail-
able, the measured pathlength spectra, or just moments
of the distribution, can be further used to determine vari-
ous characteristics related to pore sizes or overall porosity
of random media [37]. OPS has been also used to study the
diffusion process in bounded media, in particular the in-
fluence of the scattering anisotropy on the boundary con-
ditions associated with the diffusion equation [38].
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4.3 Dynamic processes

The technique of dynamic light scattering (DLS) has been
established as a powerful method for investigating dy-
namic processes. Measuring the temporal fluctuations of
the scattered light, detailed information about the dynam-
ics of the scattering medium can be extracted [39]. Orig-
inally, DLS applications were limited to weakly scatter-
ing media, where the light propagation could be described
by a single-scattering model. An important breakthrough
in the field of dynamic light scattering is represented by
the extension of DLS to strongly scattering media [40–51].
The technique is referred to as diffusing wave spectroscopy
(DWS). In DWS, the intensity of the scattered light is a
summation over all the possible scattering trajectories in
the medium, while the phase correlations are neglected.
Therefore, the coherence length of the radiation used must
exceed the longest scattering path detected. If λ is the
wavelength of light and N the typical number of scatter-
ing events light undergoes in the medium, the character-
istic decay time of the temporal autocorrelation function
is given by the time it takes for a scatterer to move over a
distance of λ/

√
N . This characteristic time is much longer

in typical DLS experiments, since it is set by the time re-
quired by the scatterers to move over a distance of q−1,
where q is the wave vector.

The description of the DWS signal relies on a photon
diffusion model to obtain the optical pathlength distri-
bution P (s) of waves propagating in the medium. This
distribution is usually obtained by assuming a diffusive
propagation of optical waves and solving the associated
diffusion equation. This technique has been used to study
particle motion in concentrated fluids such as colloids, mi-
croemulsions, and other systems which are characterized
by strong multiple scattering. More recently, important re-
sults have been obtained with measurements on viscoelas-
tic fluids [42], magnetorheological suspensions [43], peri-
odically strained suspensions [44], proteins [45], etc. The
technique has also been successfully applied to studying
non-ergodic systems, such as particles in gel matrix [46].

However, many of the dynamic systems of practical
interest, although multiple scattering, are not optically
diffusive, and, therefore, cannot be characterized by the
DWS treatment presented above. The region of transi-
tion from single to diffusive scattering regime, in the con-
text of dynamic light scattering experiments, has been
studied and the experimental data have been described
using a combination of cumulants weighted by empiri-
cal constants [47]. More recently, the theory of DWS was
extended using the Poisson photon distribution and nu-
merical solutions to the transport equation [48]. Model-
ing the light transport with a telegrapher equation and
using a discontinuous source model, the technique has
been applied to optically thin samples, in a transmis-
sion geometry [50]. However, this model is exact only for
the one-dimensional case and has limited applicability to
describing general, three-dimensional problems of light
transport. Thus, so far, dynamic light scattering has found
little application for characterizing media which are nei-
ther single scattering, nor diffusive. Accordingly, in order

to assess accurately the dynamic structure, it is highly de-
sirable to provide a simultaneous and independent mea-
surement of photon pathlength distribution. As we have
shown before, P (s) can be obtained experimentally using
OPS and, therefore, DWS limits of applicability can be
extended to systems which are not optically diffusive.

In quantifying the temporal fluctuations of the light
scattered from a dynamic suspension, one has to evaluate
the associated field autocorrelation function. For a fluctu-
ating electromagnetic field that scattered multiple times,
the normalized autocorrelation function has the form of
an average over all possible paths weighted by the optical
pathlength probability density [51]:

g(1)(τ) =
∫ ∞

0

P (s) exp
[
−2τ

τ0

s

lt

]
ds. (38)

In equation (38), τ0 = (Dk0)−1, with D being the diffu-
sion coefficient of the scatterers in the suspending fluid
and k0 the wave vector associated with the optical field.
For Brownian particles of diameter d, the diffusion coeffi-
cient relates to the temperature T and the viscosity η of
the medium through the well known Stokes-Einstein ex-
pression D = kBT/(3πηd), where kB is the Boltzmann’s
constant. In practice, the intensity rather than the field
autocorrelation function is measured and, therefore, a re-
lationship between the two autocorrelation functions is
always needed.

A typical experimental setup for dynamic scatter-
ing measurements is presented in Figure 12 [49]. An
Ar+ laser with the central wavelength of 467 nm is
coupled into a single mode fiber which represents one
arm of a 1 × 2 fiber coupler. The output of the
coupler is immersed in the colloidal suspension un-
der investigation and the backscattered light is col-
lected through the same fiber. Without additional
optical components, the signal is detected by a photo-
multiplier, connected to a digital correlator. Due to the
refractive index contrast between the fiber core and the
suspension solvent, the detected signal has two compo-
nents: the light backscattered from the dynamic system,
Es, and the one due to the Fresnel reflection at the
fiber/medium interface, EF . The total intensity detected
can be written as:

I(t) = Is(t) + IF (t)2 Re {Es(t)E∗
F (t) exp[iΦ(t)]} , (39)

where Is and IF are the intensities associated with the
scattered and specular component, respectively, while Φ
is the phase of the Fresnel reflected field. In our geometry,
the specular field is static both in phase and amplitude,
thus, neglecting the rapidly varying terms, the intensity
autocorrelation function becomes:

G(2)(τ) = 〈I(t)I(t + τ)∗〉
= I2

F + 2IF 〈Is〉 + 〈Is(t)Is(t + τ)∗〉
+ IF

[
G(1)(τ) + G(1)(τ)∗

]
. (40)

In equation (42), G(1) stands for the autocorrelation func-
tion of the scattered field, and the squared brackets for
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Fig. 12. Experimental set-up for dynamic scattering measure-
ments: FC-fiber coupler, PM-photomultiplier, BI9000-digital
correlator, PC-computer.

time averaging. In most practical cases, the Fresnel com-
ponent is always much stronger than the scattered field
and the relationship between the normalized intensity and
amplitude autocorrelation functions takes a simple form

g(2)(τ) = 1 + 2β Re
{

g(1)(τ)
}

, (41)

where β = 〈Is〉/IF 
 1. Thus, by measuring the inten-
sity autocorrelation function, one can determine the am-
plitude autocorrelation and obtain information about the
dynamic properties of the colloidal suspension through
equation (38). The main goal is to use the distribution
P (s) measured with OPS, rather than calculating it from
a diffusion model. When combining equations (38, 41),
both P (s) and g(2)(τ) are experimentally measured and,
therefore, the dynamic properties of the colloid, i.e. τ0,
can be inferred without assuming a diffusive transport of
light.

Systematic experiments proved the validity of this ap-
proach. Polystyrene microspheres with the diameter of
0.121 µm were suspended in water and their concentra-
tion has been adjusted by controlled mixing with deion-
ized water. The dimensions of the samples were the same
as in the OPS experiments. However, as the particle con-
centration is decreasing, the diffusion model is expected to
give a less reliable description of the light propagation in
these media. Figure 13 shows the pathlength distributions
obtained using OPS for suspensions with different values
of transport mean free path, as indicated. The solid curves
represent the analytic result, corresponding to these trans-
port mean free paths values. As can be seen, the agree-
ment of the experimental data with the diffusion model
diminishes considerably as the value of lt increases. We
conclude that for samples of lower concentrations, the dif-
fusion equation does not make a satisfactory description
of the optical pathlength distribution. On the other hand,
the experimental curves in Figure 13 do not have a simple
negative exponential decay meaning that they contain sig-
nificant multiple scattering features. These scattering me-
dia can be characterized as multiple scattering but not yet
diffusive; the light scattered by such systems is said to be
in a sub-diffusive regime. If, in order to describe the inten-
sity autocorrelation function, one uses equation (38) with
P (s) estimated from the diffusion equation, erroneous re-
sults are to be expected.

Fig. 13. P (s) measured for suspensions with different values
of lt, as indicated. The continuous lines are obtained from the
diffusion model.

Fig. 14. Normalized field autocorrelation functions for col-
loidal suspensions of different lt, as indicated. The continuous
lines are the best fit to data obtained by evaluating numeri-
cally the Laplace transform of equation (5.1.) with measured
P (s) distributions. The dashed lines correspond to the DWS
description, as described in text.

In order to overcome this difficulty, one can use the
P (s) functions experimentally obtained with OPS, as de-
scribed earlier. In equation (38), we evaluate numerically
the Laplace transform for an interval of values for the
characteristic time τ0. The Laplace transforms are then
compared with the data, and the best fit is retained. The
results obtained for samples with the same l′ts as those
presented in Figure 13 are summarized in Figure 14. The
continuous curves are obtained using the procedure out-
lined here, while the dashed curves are generated by us-
ing pathlengths distributions obtained from the diffusion
equation, i.e. the conventional DWS treatment. As can be
seen, the data is accurately described by our approach for
all the samples. Thus, the procedure proposed here can
be regarded as a new methodology to obtain the values of
τ0 for any multiple scattering media, without relying on a
diffusion model.
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Fig. 15. The relative error of the experimental value τ exp
0 with

respect to the theoretical one τ0 for a series of colloidal sus-
pensions characterized by different parameters sm/lt.

The same approach was applied to systems at various
levels of dilution. Of course, the errors introduced by using
pathlength distributions given by the diffusion equation
are more significant as the transport mean free path in-
creases. The results obtained in terms of the characteristic
time associated with colloidal suspensions of same parti-
cles over a broader range concentrations, are summarized
in Figure 15. For comparison, the results of the best fit
obtained using the diffusion model to infer P (s) are also
shown on the same graph. The value of τ0 = (Dk0)−1

has been calculated for a water viscosity of η = 0.95 cp,
corresponding to our working temperature of 22 ◦C. The
plot shows the relative error of the measured τexp

0 with
respect to the expected value τ0. The abscissa represents
the maximum optical pathlength sm detected with OPS,
normalized to the transport mean free path. In practice,
the maximum detectable pathlength is limited by the sen-
sitivity of the detection system and it usually differs from
one sample to another.

We would like to point out that, in transmission mea-
surements, the ratio between the thickness of the sample
and the transport mean free path is the parameter used to
measure the scattering strength of a medium. This ratio
is usually referred to as the optical density of the medium.
In a backscattering geometry on the other hand, such a
geometrical constraint is usually missing, thus, the ratio
N = sm/lt seems to be the appropriate parameter that
can be used instead. From the results summarized in Fig-
ure 15, it can be seen that our approach brings a signifi-
cant improvement over the conventional treatment based
on the diffusion model. As the single scattering regime is
approached (lower values of N in Fig. 15), the error of our
technique increases also, approaching a value of 20%. This
is expected, as equation (38) was obtained for s > lt. Nev-
ertheless, our results clearly demonstrate that measuring
P (s) experimentally for the particular geometry of the
DWS experiments, produces more accurate results than
simply using the calculated P (s) distribution. It should
be noted that, due to the particular geometry of our mea-
surements, i.e. fiber immersed in suspension, the effects
of the anisotropy factor g on the light propagation, which

were studied in detail in reference [38], are not likely to be
significant. However, if, for other geometries, such subtle
corrections are needed, their effect should already be con-
tained in the measured P (s) and no without further data
processing is required.

In practice, there are many dynamic systems that mul-
tiply scatter light and yet are not optically diffusive. For
this class of media, using the technique of DWS, which is
based on a diffusion model, inherently gives erroneous re-
sults because the pathlength distribution P (s) provided by
the diffusion equation fails to describe the light transport
in the low-order multiple scattering regime. Using the ex-
perimentally determined P (s) permits expanding the use
of dynamic light scattering techniques to the intermediate
domain of optical densities which is not covered by either
DLS or DWS.

5 Dynamic scattering in localized coherence
volumes

Due to their flexibility and their extended applicability,
many modern experimental geometries of dynamic light
scattering involve single-mode optical fibers [52]. Detect-
ing the light with a single-mode optical fiber allows the
collection of the fluctuating signal from a spatially co-
herent area, determined by the properties of the optical
waveguide. On the other hand, the temporal coherence of
the incident light is known to influence the properties of
the dynamic signals in the context of multiple light scat-
tering [53]. Using partially coherent light in an interfer-
ometric geometry, Brownian motion of colloidal particles
has been investigated in highly scattering media [54]. It
is to be expected that tuning the coherence properties of
incident radiation could add a new dimension to the scat-
tering process and, therefore, lead to novel investigation
techniques for situations which can not be tackled with
conventional approaches.

As discussed in the previous section, one of the yet
to be solved problems is the scattering from inhomoge-
neous media that are neither single scattering nor highly
diffusive. For a range of practical applications, the scat-
tering regime falls in the transition domain between a low
optical density regime, where DLS has been successfully
applied for many years, and the regime of high optical
density, where DWS approach can give an accurate de-
scription. Optical probing of such scattering systems is of
considerable interest and in the following section we will
describe another approach based on isolating a small scat-
tering volume within a larger multiple scattering medium.
The main feature of this approach is that by the intrin-
sic coherence properties of the broad band light used, the
dynamic scattering signal collected is limited to a region
comparable in size with the coherence length of the source
(lc = 30 µm). Thus, as long as ls > lc, which holds even for
highly scattering media, the data can modelled within the
framework of single scattering. This technique has there-
fore a broad applicability range and also permits spatially-
resolved characterization of inhomogeneous systems. The
ability to investigate complex fluids will be also addressed.
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Fig. 16. The coherence volume (CV) determined by the single
mode fiber and the properties of the broad-band radiation.

5.1 Measurement of structural properties of highly
diffusive materials

Let us start by describing a fiber optics-based technique
which permits collecting the backscattered light from a
small volume localized at the end of the optical waveg-
uide [25]. A pigtailed super-luminescent diode with a cen-
tral wavelength of 824 nm and a coherence length of 30 µm
is coupled into a single-mode optical fiber, which repre-
sents one arm of a 1 × 2 fiber coupler. The output of
the coupler is immersed in the colloidal suspension un-
der investigation and the backscattered light is collected
through the same fiber. Without additional optical com-
ponents, the signal is detected and further analyzed in
the frequency domain by a spectrum analyzer. Due to the
refractive index contrast between the fiber core and the
suspension solvent, the signal detected has two compo-
nents: the light backscattered from the dynamic sys-
tem and the one due to the Fresnel reflection at the
fiber/medium interface, as shown in Figure 16. The co-
herence length and the transversal dimension of the fiber
core define a coherence volume where the optical fields pre-
serve relative phase correlations. This volume of minute
dimensions has a specific relevance for our experiment; the
fluctuating scattered light originates in this spatial region
only, as will be shown in the following section.

Considering the terms that survive the time averaging,
the expression for the intensity auto-correlation function
can be derived as

G(2)(τ) = I2
0 + 2I0Is + Is

2 (42)

+ I0

∑
j

Ij [gj(τ) + gj(τ)∗] · exp
[
−2 (sj − s0)

2
/l2c

]
+
∑
k �=l

IkIl · gk(τ)gl(τ)∗ · exp
[
−2 (sk − sl)

2
/l2c

]
.

In equation (42), I0 and Is =
∑
j

Ij are the average in-

tensities of the specular and scattered component, respec-
tively, while Ij is the intensity associated to the backscat-
tered component of trajectory j; gj represents the nor-
malized first order correlation function corresponding to

this component, defined as gj(τ) = 〈Ej(τ)Ej(t + τ)∗〉 /Ij ,
with the angular brackets denoting time averaging and the
symbol ∗ complex conjugation. The optical path-lengths
associated with the scattered component j and the spec-
ular field are denoted by sj and s0, respectively, while lc
is the coherence length. It is worth mentioning that for
the limit of I0 = 0, equation (42) is consistent with the
result derived in reference [53], for a self-beating geome-
try. An important consequence of equation (42) is that,
for scattering media with mean free paths longer than
lc/2, the backscattered light undergoes in average only
one scattering event in the coherence volume, which is de-
fined approximately by the coherence length and the area
of the fiber core. Consequently, the auto-correlation func-
tions gj are independent of the length of the scattering
trajectory and are given by the well established formula
for the quasi-elastic light scattering. If Is 
 I0, which is
the case in all our experiments, the last (self-beating) term
of equation (42) becomes negligible. With these assump-
tions, equation (42) can be arranged to give the normal-
ized auto-correlation function

g(2)(τ) = 1 + 2
I0I

CV
s

(I0 + ICV
s )2

g1 (τ) . (43)

In equation (43), g(1)(τ) = exp[−q2Dτ ], with D, the parti-
cle diffusion coefficient and q, the scattering vector, which,
for our backscattering geometry, equals twice the wave
number (4π/λ). For Brownian particles of diameter d,
the diffusion coefficient relates to the temperature T and
the viscosity η of the medium through the well known
Stokes-Einstein expression D = kBT/3πηd, where kB is
Boltzmann’s constant. The quantity ICV

s that appears in
equation (43) represents the average intensity of the light
scattered from the coherence volume:

ICV
s =

∑
j

Ij exp
[
−2 (sj − s0)

2
/l2c

]
. (44)

For all the real light sources, the coherence length has a
finite value and, therefore, the inequality ICV

s < Is always
applies.

In the experiments described here the coherence length
is about 30 µm, which means that the investigated me-
dia can be optically dense but still analyzed by a single
scattering model, as described in equation (43). The fluc-
tuations of the scattered light have been analyzed in the
frequency domain, based on the Fourier transform rela-
tionship between the intensity auto-correlation function
G(2)(τ) and the power spectrum P (ω). The associated
power spectrum has a Lorentzian shape [39]

P (ω) =
A0

Ω
· 1
1 + (ω/Ω)2

, (45)

where Ω = Dq2 and A0 is the spectrum amplitude, pro-
portional with the product I0I

CV
s . Thus, the amplitude

A0 of the power spectrum cis simply A0 = αρQb/d, where
d is the diameter of the particle, Qb is the backscattering
efficiency, ρ is the density of particles by volume, while α is
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Fig. 17. Power spectra associated with suspensions of particles
with different diameters, as indicated. The continuous lines
represent the fit with the theoretical description.

an experimental constant. Since the dimension of the par-
ticle can be determined from the width of the power spec-
trum, as described earlier, the backscattering efficiency Qb

can be calculated for particles with known optical proper-
ties. Consequently, the particle concentration is obtained
by simply measuring the amplitude A0 and calibrating for
the experimental constant α.

Both the line width Ω and the amplitude A0 of the
measured power spectra were accurately determined by
fitting the data with equation (45). Typical power spectra
fitted with the Lorentzian functional dependence are pre-
sented in Figure 17. As can be seen, the single scattering
model presented above makes a very good description of
the experimental data. Figure 18a shows the line width Ω
of the power spectrum for polystyrene microsphere aque-
ous suspensions with various volume fractions (ρ) and
three particle dimensions, as indicated. Remarkably, for
the whole concentration interval, the results are within
4% of error with respect to the values calculated with Mie
theory, which are represented by the solid lines. The in-
dependence of power spectrum line width on the volume
fraction undoubtedly proves that the single-scattering de-
scription given by equation (43) is correct and that our
technique can be used for dynamic systems over a broad
range of concentrations. Dynamic light scattering in local-
ized coherence volumes should find important applications
for characterizing sub-diffusive or inhomogeneous scatter-
ing systems, where dynamic light scattering with coherent
light cannot be applied. Due to (i) the inherent high dy-
namic range of the heterodyne detection, (ii) the efficient
operation in single-mode optical fibers, and (iii) the effec-
tive isolation of the measurement volume, the technique
presented here allows for a simultaneous determination of
both particle size and concentration.

Figure 18b shows the measured values of the power
spectrum amplitude A0 for all the samples. As can be
seen that A0 depends linearly on the volume fraction ρ
for all the particle dimensions. Moreover, the slope of the
linear dependent is a function of the particle diameter, as
shown in the logarithmic plot of Figure 18b. The curves
have been further normalized by Qb/d for each particle
dimension and, as a result, all the experimental depen-
dences collapsed into a single curve, as indicated by the
inset of Figure 18b. This remarkable result permits to find

Fig. 18. Power spectrum line width (a) and amplitude (b)
as a function of volume fraction, for colloidal suspensions of
different particle sizes, as indicated. The inset of (b) shows the
curves A0(ρ) collapsing into a unique dependence, after the
normalization with Qb/d.

the experimental constant α, which, in turn, gives access
to the information regarding the particle concentration.
Alternatively, for a medium with known density, the ad-
ditional information contained in the spectrum amplitude
provides the backscattering efficiency Qb, which can be
further related to the optical properties of the particles.

5.2 Microrheology using LCI

Soft materials, which include polymer solutions, surfac-
tant solutions, and biological materials, among others, are
characterized by complex structures with multiple char-
acteristic time and length scales; as a consequence, their
response to external strains has a non-trivial time depen-
dence. One of the most important descriptors of these
properties is the complex shear modulus G(t), which is
typically measured in the frequency domain ω. The real
part G′(ω) in the frequency domain describes the elas-
tic (storage) property of the system, while the imaginary
part G′′(ω) is a measure of the viscous (loss) behavior.
The ability to measure locally how a material responds to
an applied shear strain has a variety of applications, espe-
cially in biology, where the mechanical properties of the
cells and intracellular matter are of utmost importance.

Recently a number of techniques have been devel-
oped or suggested for probing the rheological properties of
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complex materials at a microscopic scale [56] – an area
that has come to be known as microrheology. Most of
the microrheological techniques rely on applying a strain
to the fluid through embedded ‘probe’ particles, and the
strains result either from the (Brownian) thermal noise im-
parted through the probe or from a suitable, externally im-
posed force on the probe. Microrheological measurements
have been reported in the last few years for a number
of materials, e.g., colloidal dispersions, polymer solutions,
and biological cells and materials. For example, numerous
experiments on acting networks have shown non-trivial
high-frequency dependence of the shear modulus and
models have been proposed to explain such behavior [57–
61]. It is commonly agreed that most of the viscoelastic flu-
ids have shear moduli that follow a power law dependence
in the high-frequency region, but the actual value of the
exponent appears to vary depending on the materials and,
sometimes, the experimental technique used. Therefore, it
is of great interest to find complementary investigation
methods for high-frequency viscoelastic behavior of com-
plex fluids at microscopic scales.

5.2.1 Principle of the technique

Using the principle of dynamic light scattering in localized
coherence volumes presented earlier, we will describe a
technique that relies on quantifying the motion of thermal
particles embedded in the fluid under investigation [65].
Combining the properties of partially coherent light that
is guided through a single-mode optical fiber, one can ex-
tract, from the intensity of the scattered light, the high-
frequency limit of the power spectral density of the mean-
squared displacements

〈
∆r2(ω)

〉
of the embedded, probe

particles. The measurement volume becomes of the order
of a tenth of a picoliter, which is about 5 to 6 orders of
magnitude smaller than the one needed, for instance, in
DWS-based techniques. The microrheological information
is then obtained using the fluctuation-dissipation theorem
that relates

〈
∆r2(ω)

〉
with the loss response χ′′(ω) that

characterizes the fluid through

χ′′(ω) =
ω

2kBT
· 〈∆r2(ω)

〉
, (46)

where kB is Boltzmann’s constant, and T is the absolute
temperature of the material. Due to causality, the storage
(memory) component χ′(ω) and loss (dissipative) com-
ponent χ′′(ω) of the response function χ(ω) are related
through the Kramers-Kronig equation:

χ′(ω) =
2
π
P

∞∫
0

χ′′(ξ)
ξ

ξ2 − ω2
dξ, (47)

where P indicates the principal value integral. The causal-
ity principle is often used in optics when one relates the
real and the imaginary parts of the electric susceptibility.
Thus, in spectroscopic applications, it is common to infer
the spectral dependence of the refractive index of a mate-
rial from the spectral characteristics of absorption, using
a Kramers-Kronig relationship.

The main characteristic of this dynamic light scatter-
ing scheme is that the properties of the system under in-
vestigation are probed locally, which can reveal detailed
information about its morphology. In addition, the use of
an optical fiber allows a high degree of experimental flex-
ibility, thereby enhancing the range of applicability of the
technique. It is also important to emphasize another sig-
nificant advantage offered by the elimination of multiple
scattering effects in the proposed technique. The analy-
sis of multiple scattering in DWS-based microrheological
studies is based on the assumption that the photon path
length is Gaussian. In systems in which the scatterers (ei-
ther naturally present scatterers or embedded probe par-
ticles) are not in large enough concentration to justify the
Gaussian assumption, DWS-based analyses of the data in-
troduce numerical artifacts in the extracted complex mod-
uli. Such artifacts, when not accounted for in the analysis
of the data, are attributed to the frequency-dependence
of the material properties of the fluid. In contrast, the
low-coherence technique described before eliminates the
multiple scattering effects so that the extracted modulus
reflects the true property of the material.

In the following we will show how the local loss and
elastic response of a complex fluid can be extracted from
the response of the fluid to the thermal excitation commu-
nicated by the probe particles. The experimental setup is
similar to the one described in Section 5.1. The intensity
fluctuations are detected only from the coherence volume
that is defined by the coherence length and the transver-
sal dimension of the fiber core, in which the optical fields
preserve relative phase correlations. The sensitivity of the
technique is enhanced due to several reasons. First, the
backscattered intensity is a product of the field ampli-
tude of the scattered light and that of the Fresnel re-
flection. Therefore, the specular reflection amplifies the
backscattering signal, as noted in the text. In addition,
as in any heterodyne technique, the dynamic range is in-
creased since the measured intensity is proportional to the
squared root of the backscattered intensity and not to the
intensity itself. Secondly, although the incident beam un-
dergoes only single scattering due to the reduced dimen-
sions of the coherence volume, the total detected signal is
the result of backscattering from a collection of particles.
Lastly, because the measurements are made directly in the
frequency domain, the electrical noise is reduced dramati-
cally by narrowing the bandwidth of the measurement and
by extensive averaging.

The relationship between the normalized intensity and
amplitude autocorrelation function has been shown in the
previous chapter to have the form:

g(2)(τ) = 1 + γg(1) (τ) , (48)

where γ = 2I0I
CV
s

(
I0 + ICV

s

)2, with I0 and ICV
s the total

average intensities associated with the Fresnel component
and the scattered light from the coherence volume (su-
perscript “CV”), respectively. In all the experiments, the
photon mean free path in the medium was always much
longer than the coherence length of the light used. Thus,
within the coherence volume, the single scattering regime
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applies and the first-order autocorrelation function g(1)(τ)
can be written as

g(1)(τ) = exp
[
−1

6
q2
〈
∆r2(τ)

〉]
, (49)

where q = 4π/λ is the magnitude of the scattering
vector associated with our backscattering geometry, and〈
∆r2(τ)

〉
is the mean-squared displacement of the par-

ticles under thermal motion. The quantity measured in
the experiment is the power spectrum of the scattered
light fluctuations P (ω), which is the Fourier counterpart
of g(2)(τ). At this point, we make the observation that,
in the high-frequency region, P (ω) is directly related to
the power spectral density of the particle displacements〈
∆r2(ω)

〉
through

P (ω) =
γq2

6
〈
∆r2(ω)

〉
. (50)

Equation (50) holds true for times of evolution much
shorter that the characteristic decaying time of the auto-
correlation function, when equation (38) can be linearized
as g(1)(τ) = 1 − q2

〈
∆r2(τ)

〉
/6. This approximation is

similar to the first cumulant expansion used in deriv-
ing the Laplace relationship between the autocorrelation
function and the pathlength probability distribution in
the context of DWS [58]. With this approximation, it be-
comes apparent that the high-frequency dependence of the
shear modulus G(ω) can be obtained by combining equa-
tions (45–46) using the relationship between the response
function χ(ω) and G(ω):

G(ω) =
1

6πa

1
χ(ω)

, (51)

where a is the radius of the probe particles. Equation (51)
is often referred to as the generalized Stokes-Einstein equa-
tion, and it is valid only under restricted conditions.

5.2.2 Investigation of purely viscous fluids

We will first illustrate the application of LCI
microrheology on simple (i.e., purely viscous) fluids.
For this, solutions of ethylene glycol (EG) in water at
various concentrations were mixed with polystyrene
microspheres of diameter 0.1 µm and 0.2 µm, at a volume
fraction of 10−2, as probe particles. The bandwidth of
the measurement was 2 Hz, and each power spectrum
was averaged typically over 100 measurements in order
to increase the signal-to-noise ratio. The high-frequency
(tail) regions of the power spectra were found to exhibit a
power-law dependence of the form ωβ , and a least-square
analysis of the data with this functional form led to
β = −2 ± 0.01 for all the EG solutions and water. Note
that this result is what one would expect for the power
spectra associated with purely viscous fluids at large
frequencies, i.e., for viscous fluids P (ω) should have a
Lorentzian shape, which, for high frequencies, implies

Fig. 19. Loss moduli for water and aqueous solutions of ethy-
lene glycol (EG) at two different concentrations, as indicated.
The dashed line indicates the ω1 behavior. The viscosity ρ
obtained from the fit is shown for each data set. The corre-
sponding viscosities obtained using a mechanical viscometer
are: η = 1.02, 2.01, and 3.9 for water and ethylene glycol solu-
tions of concentrations 25% (vol.) and 50% (vol.), respectively.

a ω−2-dependence. In order to compute the real and
imaginary parts of the response function, we used the
functional forms obtained from the fit over the frequency
domain where they describe the experimental results ac-
curately. This result, in combination with equations (46,
50), leads directly to χ′′(ω), from which one then obtains
the memory component χ′(ω) using the Kramers-Kronig
relation, equation (47).

In order to perform the Kramers-Kronig integration in
equation (47), the power-law dependence of P (ω) on fre-
quency has been assumed to be valid beyond the actual
frequency interval measured. This is a common procedure
necessary to avoid the effects of a limited bandwidth. The
value of the integral was evaluated for points within the
measurement interval. The results obtained are shown in
terms of the loss modulus G′′(ω) in Figure 19, for water
and EG solutions at two different concentrations. The re-
sults shown are for probe particles of diameter 0.2 µm.
A comparison of the results with the line of unit slope
shown on the figure demonstrates the linear dependence
of G′′(ω) in all cases, consistent with what is expected for
purely viscous fluids. The intercepts of linear fits of the
data give the viscosities of the fluids and are also indi-
cated in Figure 19. The results obtained (η = 1.06, 1.92,
and 3.56 centipoise for pure water and EG concentrations
of 25% and 50% by volume, respectively) are within 10%
of values measured independently using a mechanical vis-
cometer (η = 1.02, 2.01, and 3.9 centipoise, respectively).
The corresponding storage moduli G′(ω) are essentially
zero, as one would expect for purely viscous materials,
and are not shown in the figure.

It is worth noting that the lower limit of the frequen-
cies accessible in the experiments is determined by the
frequency at which the experimental power spectrum devi-
ates significantly from the power law behavior. The upper
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limit of the frequency interval is set by the measurement
noise and does not represent a limitation of the method
itself, as the range could be extended with improved in-
strumentation and noise reduction. In all the experiments,
we could obtain the shear modulus over a typical range of
at least two orders of magnitude in frequency.

5.2.3 Viscoelasticity in localized volumes

We will now illustrate the use of the LCI technique
for measuring the local response of viscoelastic materi-
als such as polyethylene oxide (PEO) solutions of various
concentrations and molecular weights. PEO is a water-
soluble polymer available in a range of molecular weights
(e.g., 103–107), and its local viscoelastic properties in
concentrated solutions have been investigated previ-
ously [42]. Figure 20 shows two examples of raw power
spectra P (ω) for aqueous solutions of PEO with an av-
erage molecular weight of 3 × 106 (denoted by PEO-3M,
where the suffix 3M, for 3 million, identifies the molecular
weight) at concentrations of 0.125% and 1.0% by weight,
as indicated. As evident from Figure 20, the functional de-
pendence of the measured power spectrum changes from a
power of −1.91 (0.125 %) to −1.66 (1%) for large frequen-
cies, indicating deviations from the response of a purely
viscous fluid (for which one expects a Lorentzian for P (ω),
corresponding to a ω−2 behavior at large frequencies, as
discussed in the previous section). The above power spec-
tra are converted to G′(ω) and G′′(ω) as discussed in the
previous section and the results are plotted in Figure 21.
First, one notes that the relative behavior of G′′(ω) and
G′(ω) is consistent with what one would expect. In par-
ticular, the elastic component is much smaller than the
loss modulus for the 0.125%-solution relative to the case
of the 1%-solution, since the lower polymer concentration
only marginally perturbs the essentially viscous behav-
ior of the solution. Correspondingly, the slope of the loss
modulus G′′(ω) with respect to the frequency ω is about
0.91 – a small deviation from a slope of unity expected
for purely viscous behavior. For the larger concentration,
G′(ω) is noticeably larger than the one for the lower con-
centration, indicating stronger elasticity. One also notices
that the corresponding G′′(ω) increases more slowly with
ω (as ∼ ω0.66) than for the lower concentration.

In general, the ratio G′′/G′ = tan δ, known as the loss
tangent, provides a measure of the material fluidity of vis-
coelastic fluids. The real and imaginary parts of G(ω) for
each solution appear to have almost identical dependence
on frequency, as suggested by the results shown in Fig-
ure 21; therefore, the loss tangent has a weak dependence
on frequency for both concentrations in the range of fre-
quency shown. However, the magnitude of the loss tangent
does decrease considerably with polymer concentration,
as expected. In general, the loss tangent should approach
infinity for a purely viscous material such as water and
decrease to zero as the system tends to a perfectly elastic
material, such as a gel.

Fig. 20. The raw power spectra for PEO-3M solutions of two
different concentrations (0.125% and 1% by weight) obtained
using 0.2 µm particles.

Fig. 21. The storage modulus G′ and the loss modulus G′′

for PEO-3M solutions at two different concentrations obtained
using 0.2 µm particles. The results obtained with 0.1 µm on
the same samples are represented by the solid lines.

5.2.4 Microrheology at interfaces of complex systems

A remarkable capability of the LCI technique is the pos-
sibility of probing changes in viscoelasticity through an
interface as a function of spatial position within the inter-
face. So far, we have demonstrated the ability to measure
the rheological properties of complex fluids within small
coherence volumes, and it has been shown that detailed in-
formation about the liquid-gel transition can be obtained
with the approach proposed. The information about the
fluid under investigation is retrieved from a measurement
volume of the order of a tenth of a picoliter. This unique
feature of our technique makes the method appealing for
investigating systems with heterogeneities existing on a
much smaller scale than could be measured with any other
method. To illustrate this, we considered a test system
with a gradient in the constitutive properties along one
spatial coordinate, created by placing two different so-
lutions in contact so that an interfacial region of about
2000 µm is formed. More specifically, an aqueous solution
of ethylene glycol (25% by volume) was placed in contact
with a polymer solution of PEO-8M (0.5% by mass) in a
capillary tube of 1 mm diameter. The optical fiber (125 µm
diameter) was then immersed in the liquid and succes-
sive measurements were taken at various depths, along the
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Fig. 22. Loss tangent as a function z-coordinate, as the optical
fiber goes from a layer of simple viscous liquid [25% (vol.) of
ethylene glycol] to a viscoelastic fluid [0.5% (wt.) of PEO-8M].

spatial concentration gradient created. The results for the
loss tangent as a function of depth z are summarized in
Figure 22. The figure demonstrates that there is a clear
transition from a region of high loss tangent values asso-
ciated with the viscous liquid (the ethylene glycol solu-
tion) to the low values characteristic of viscoelastic fluids
(PEO-8M); the transition occurs over a distance of about
2000 µm. It can be seen that at the two extreme ends
(above and below the interface), the values of the loss tan-
gent show almost no dependence on z, thereby identifying
homogeneity at the two extremes. The corresponding val-
ues of the loss tangent are in excellent agreement with the
ones measured for each fluid independently. This remark-
able result proves that the optical fiber slips through the
fluid, without substantially carrying solute molecules from
one solution to the other. A full three-dimensional map-
ping of the microrheological properties in highly hetero-
geneous complex fluids can be obtained thereby opening
a new class of potential applications.

6 Summary

Light scattering is the method of choice for numerous sens-
ing procedures. In this article, we have reviewed recent
advancements in using low-coherence radiation for deter-
mining properties of various scattering media.

Starting from the characteristics of light scattering by
individual particles, we have discussed the particularities
of different scattering regimes Most interesting situations
of practical interest are such that the light propagation
is subject to scattering at many different locations within
the probed volume. For a long time, the intensity and
phase fluctuations which are determined by multiple light
scattering were regarded as optical noise that degrades
the radiation’s properties. Several remarkable advances
in experimental methodologies using broadband radiation
proved that techniques based on multiple light scatter-
ing offer unprecedented capabilities. In particular, we have
shown here that by adjusting the coherence properties of
light, one can use interferometric approaches to select spe-
cific orders of scattering. As a result, spatial and temporal
characteristics of optically inhomogeneous media could be

determined in regimes of light-matter interaction ranging
from single scattering to strong multiple scattering.

Based on the use of optical fibers, several sensing tech-
niques have been described and their capabilities have
been discussed in the context of characterizing the struc-
tural properties of static and dynamic scattering media.
For instance, the physical properties of colloidal systems or
porous media were determined noninvasively using optical
procedures which rely on the properties of broadband ra-
diation. Notably, the use of coherence gating has also been
successfully used to determine the rheological properties
of soft materials within picoliter volumes. Developments
in light sources with adjustable coherence properties and
advances in integrating optical devices will nevertheless
offer more and more possibilities for developing fast and
reliable sensing technologies based on optical scattering.
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