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Abstract. We present an experimental scheme for determining the light transport properties of random
disordered materials. The sample is illuminated with a laser and the speckle patterns obtained at different
wavelengths are recorded with a camera. The transport mean free path is then deduced from the correlation
functions of the scattered intensities. This method is tested on two kinds of randommaterials: colloidal particles
dispersed into a polymeric matrix and on granular material made of glass beads. The possibility to image a
material with a disorder varying at large scale is finally presented.
1 Introduction

The transport of radiation into a multiply scattering
medium may be accurately described within the diffusion
approximation [1–3]. The knowledge of the corresponding
diffusion coefficient into the sample is important for at least
two major reasons. First, its value is linked with the
internal structure of the scattering medium [4–6], which
opens interesting applications in soft matter studies and in
the biomedical domain for imaging through scattering
tissues [7–12]. Secondly, the light diffusion coefficient
drives the probability for photons to follow a given path
into the sample. It is a fundamental parameter for
spectroscopic methods, such as the Diffusing Wave
Spectroscopy (DWS) [13,14], which assesses the dynamical
processes in scattering samples.

Different techniques have been used to measure the
diffusion coefficient of light (or the related transport mean
free path (TMFP) l*) into a scattering medium, whichmay
be classified in the following way [15]:
(i)
 Diffusing wave spectroscopy [16–18]
If the medium has a known temporal dynamics, the
characteristic timescale of the fluctuations of the scattered
intensity depends on the probability of path lengths, which
in turns depends on l*.
(ii)
 Response to a known illumination pattern [4]

The medium is illuminated locally, and the spatial

profile of the backscattered intensity is measured [4,5]. l*
may be determined from the comparison with theoretical
predictions [19]. Illumination with random patterns is also
possible [20,21]
erome.crassous@univ-rennes1.fr
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(iii)
-p1
Coherent backscattering cone [22]

Atvery small anglesaroundthebackscatteringdirection,

the scattered intensity is increased due to interferences

betweendifferent reversepaths.This intensity enhancement
occurs into a cone whose width depends on l*.
(iv)
 Static transmission [15,23]

The transmission of the light through a slab of the

scattering medium is measured as a function of its

thickness. l* may be obtained by fitting the transmission
with the appropriate theoretical expression.
(v)
 Time-of-flight measurements [24,25]

A light pulse entering into a diffusive material is

broadened during its propagation due to the distribution of

path lengths. Practical use of this method is hindered when
the typical broadening time is smaller than the nanosec-
ond, and a mode-locked laser is needed.
(vi)
 Frequency domain measurements [7,12,26,27]

As a complementary approach to the above technique,

an intensity-modulated light (∼100MHz to ∼100GHz) can

be used. Depending on the scattering properties of the
medium and its thickness, the detectedmodulated light has
a reduced modulation index and an additional phase,
allowing the scattering parameters to be estimated [7,28].
(vii)
 Wavelength correlations [24,25,29,30]

This last technique relies on the measurement of

intensity correlations between speckle patterns obtained at

different frequencies of illumination, from which the l*
value can be retrieved. We will use this method in our
study, and we will describe it extensively in the following.

Although numerous papers report the measurement of
l*, there is, to our knowledge, no systematic comparisons
between those different methods in the literature. The
reason is that the precision of the extracted l* values
significantly differs depending of the method. DWS
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Fig. 1. (a) Schematic view of the light propagation inside a
highly diffusing material. (b) Boundary condition for the density
of photons inside the material. The beam behaves as a point
source located at a distance z0 inside the material, and the
density of photons extrapolates to 0 at a distance ze outside the
material.
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method (i) is widely used, but needs a system with a
known internal dynamics, excluding any static systems.
The method (ii) that exploits the properties of the
diffusion equation in backscattering geometry is sensitive
to the boundary conditions [4], whereas transmission
geometries which probe the bulk of the sample are less
dependent on boundary conditions. The shape of the
enhanced backscattering cone, used in (iii), is difficult to
obtain due to many experimental drawbacks [22]. The
commonly used method of static transmission (iv) needs a
sample of a given thickness, which may imply the
destruction by cutting the sample into slices and doesn’t
allow remote and quick measurements. Moreover, the
variation of the scattered intensity with the angular
direction is dependent on the scattering material [31]. So
the transmitted intensity can only be obtained by
integration of the scattered intensity on a full half-space
(2p sr). The use of (v) needs pulsed laser, a setup which is
not easily accessible. The methods (vi) and (vii) may be
viewed as analogous to DWS techniques. In DWS, the
phase shifts are due to the internal dynamics of the
sample, and temporal correlation functions are measured.
In (vi) and (vii), the phase shifts are due to an external
change of the frequency or wavelength. Methods (vi) and
(vii) may also be used in any scattering geometries,
including transmission and backscattering. An important
advantage of the backscattering geometry [32] is that it
enables to transpose to imaging scenarios, where one aims
at resolving the spatial distribution of the diffusion
coefficient or the TMFP. It should be noted that when a
diffusing material is illuminated, the light penetrates
inside the material, and this holds even in a backscattering
geometry. This situation is different from scattering from
a rough surface where the changes of the path length with
a variation of wavelength are due to the roughness of the
surfaces [33,34].

The time of flight and wavelength correlations
measurements are not frequently used, mostly due to
the expensive cost of tunable laser sources. We demon-
strated in a previous study that cheap tunable He–Ne gas
lasers may be used in this method [30]. In this experiment,
the laser frequency was tuned by changing the cavity
length of a single longitudinal mode laser. The drawback
of this laser source was the very small range of laser
frequency shift. In the present study, we report the use of
an easily available near infrared laser diode at telecom
wavelength (1.55mm). The cavity length, and hence
the laser frequency shift may be largely tuned without
mode hopping. As we shall demonstrate in this article, the
use of such laser source allows to perform l* measurements
very easily, and also enables imaging of the TMFP of
scattering materials.

The paper is organized in the following way. We first
begin with a theoretical part which recalls the principle of
wavelength shift measurements. Analytical expressions for
correlation functions in the backscattering geometry are
given. In the next section, we present the experimental
setup used and a typical raw experimental measurement.
We then perform experiments on two different kinds of
scattering materials: TiO2 particles dispersed into PDMS
gel and packing of dielectric spheres, and we analyze the
30701
data into the theoretical framework. Finally, we present in
the last section a modification of the setup showing that the
spatial variations of the transport mean free path may be
imaged with this technique.
2 Theory

2.1 Principle of the experiment

We consider the propagation of light into a heterogeneous
medium. Due to the scattering, the light follows various
optical paths while propagating in the material as shown
schematically in Figure 1a. At a given observation point,
the electromagnetic field can be expressed as a sum on the
different paths: E ðlÞ ¼ P

jEje
iFj ðlÞ , where j labels a

given path, Ej the amplitude of the scattered electromag-
netic field along the path j , FjðlÞ is the phase shift between
the observation and the illumination points, and l the
optical wavelength. We now vary the optical wavelength,
and let E ðlþ DlÞ denote the new electromagnetic field.
The product of the two fields is:

E ðlÞ ⋅E� ð lþ DlÞ ¼
X
j; k

Ej ⋅E�
ke

i ½Fjð lÞ �Fk ðlþDlÞ� ð1aÞ

¼
X
j

Ej ⋅E�
j e

i ½Fj ðlÞ �Fj ðlþDl Þ� ð1bÞ

þ
X
j≠ k

Ej ⋅E�
ke

i½ðFj ðlÞ �Fkð lþDlÞ� ð1cÞ

When averaged on many different observation points,
we obtain:

〈EðlÞ ⋅E ðlþ DlÞ 〉 ¼
DX

j

Ej ⋅E�
j e

�iDFj

E
ð2Þ

with DFj ¼ Fjðlþ DlÞ �FjðlÞ. We suppose for this that
the phase differences FjðlÞ �Fkðlþ DlÞ are uniformly
distributed on [0 ;2p]. This assumption holds for the light
-p2
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emerging from a highly diffusing material because the
path lengths of photons are very large compared to l in
this case.

The normalized correlation function gEðl; lþ DlÞ ¼
〈EðlÞ ⋅E� ðlþ DlÞ 〉 =jEj2 is then:

gEðl; lþ DlÞ ¼
DX

j

e�iDFj

E
: ð3Þ

The phase shift may be expressed as Fj ¼ 2p~nsj=l,
where sj is the path length and ~n the refractive index of the
material. It follows that DFj=Fj ¼ �Dl=l, and we note
wavelength modulation e ¼ Dl=l. Taking the normalized
distribution of optical path length P (s), we finally obtain,
by replacing the discrete summation on the various paths
by an integral:

gEðeÞ ¼
Z

PðsÞe�i2p~n es
l ds: ð4Þ

The correlation function of the scattered electromag-
netic field can be obtained from the distribution of the
photon path length using the Fourier transformation.
2.2 Propagation into a scattering medium

When light propagates through a highly scattering
material, the photons follow different optical paths that
consist in multiple scattering events. Their trajectories
can be represented as a random walk and therefore the
light propagation can be described as a diffusion of
photons in the material. The path length distribution P(s)
is then linked to the diffusion coefficient (or the related
transport mean free path l*) of the light. Theoretical
analysis shows that the bulk propagation of light into the
medium depends on the TMFP and on the absorption
properties of the material given by the absorption length
la. The boundary conditions of the diffusion equation set
two other length-scales shown in Figure 1b. The first one
is the location of the source of the diffusing intensity at the
distance z0 inside the illuminated face, which is commonly
assumed to be equal to l� [18]. The second one is the
extrapolation length ze that sets the diffuse photon
concentration field. ze depends on the refractive nature of
the sample boundary [31] and is of the order of a few l*. In
the present experimental conditions, we used ze=1.9l *
(see below). Solving the diffusion equation for the light
propagation with the right boundary conditions enables to
determine P (s). This function depends on the experimen-
tal geometry such as transmission though a parallel slab or
backscattering. For the particular case of backscattering
from a semi-infinite half-space without absorption la≫l� ,
the Laplace transform of the path length distribution
f (p) = ∫ P (s) epsds may be expressed as [17,35]:

fðpÞ≈ e�jðz0þzeÞ
ffiffiffiffiffiffiffiffi
3p=l�

p
ð5Þ

and the correlation function (4) is therefore:

gEðeÞ≈ e�ðz0þzeÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i6p~ne=ll�

p
: ð6Þ
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Because the mean phase shift 〈DFj 〉 is not zero, this
correlation function is complex. However, in practice one
does not measure the amplitude of the electric field but the
intensity of the scattered light. The normalized correlation
function of the scattered intensity is defined as:

gIðeÞ ¼
〈 IðlÞIðlþ DlÞ 〉

I2
: ð7Þ

If the phase Fj is uniformly distributed on [0 ;2p], then
gI=1+b|gE|

2, with b a numerical factor depending on the
polarisation of the scattered fields Ej. We then finally
obtain:

lnðjgEðeÞj2Þ≈ � 2ðz0 þ zeÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3p~n~e=ll�

p
: ð8Þ

In the case where some light absorption takes place, the
correlation function may be calculated [30,36], with the
following limit behaviors:

lnðjgEj2Þ≈ 0 if e≪l=la ð9aÞ

lnðjgEj2Þ≈ � 2ðz0 þ zeÞffiffiffiffiffiffiffiffiffiffiffiffi
3p~n e
ll�

r
�

ffiffiffiffiffiffiffiffi
3

lal
�

r" #
if e≫ l=la: ð9bÞ

3 Experimental section

3.1 Optical setup

The experimental setup used is sketched in Figure 2. It
represents a conventional arrangement of DWS in
backscattering configuration. As an illumination source,
we used a fibred distributed feedback (DFB) laser (1)
commonly used for fibred telecommunications applications
at 1.55mm. Combined with a quality laser control unit, it
was possible to modulate the incident wavelength from
1555.70 nm to 1557.05 nm without mode hopping by finely
tuning the temperature of the semiconductor laser chip.
We used a “butterfly” laser module (PowerSource 1905
LMI), containing the DFB laser (Avanex, USA) with the
laser diode controller (LDC-3744, ILX LightWave, USA)
to tune the wavelength and the power of the emitted light.
With such a source, we may vary jej ¼ jDl=lj over
8.5� 10−4 with steps of 1.1� 10−5. The spectral width of
the laser diode is<5MHz, giving a coherence length>60m
which is very large compared to the total path length inside
the material. This means that the contrast of the speckle
pattern does not dependent on the spectral width of the
laser. Using an illumination in the near infrared diapason
requires a special type of detector (4). We recorded the
intensity fluctuations (speckle pattern) with an InGaAs
short-wave infrared (SWIR) camera (OWL 320, Raptor
Photonics, Northern Ireland) that provides 318 px� 254 px
resolution with a pixel size of 15mm� 15mm. Together
with the sample slab (3), this set of components is enough
to retrieve the value of l* without spatial resolution.
-p3



Fig. 2. Experimental set-up: (1) DFB laser, (2) expanding lens,
(3) sample slab, (4) infrared camera, (5) objective lens,
(6) diaphragm.
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The quantity |gE|
2 is obtained from the scattered intensities

I1 and I2 at wavelength l and l+Dl:

jgEj2 ¼
〈I1I2〉 � 〈I1〉 〈I2〉ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

〈I21〉 � 〈I1〉 2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〈I22〉 � 〈I2〉 2

q : ð10Þ

We take for this gI=1+b|gE|
2 and gE (e=0) =1, so

that b= 〈I2〉/〈 I 〉 2� 1. In practice, we found a coherence
factor b≃ 0.41 which is slightly below the theoretical
value b=0.5 expected for an unpolarized scattered light.
We made sure that this value varies only of few percent if
the speckle size is larger than 2 pixels. This latter
experimental condition was kept throughout the experi-
ments reported below.

For the experiment in the imaging regime, the laser
beam was expanded with a diverging lens (2) to illuminate
fully the probing sample area. The image of the sample
surface was formed using a lens (5) with a magnification
ratio gt=0.2 on the camera sensor, and the average size of
a speckle spot was set to approximately 3 pixels per speckle
by adjusting the aperture of a diaphragm (6) in front of the
camera. The spatial resolution was obtained by dividing
the registered images in square zones of N�N pixels of the
camera matrix. The correlation function was then
calculated for these metapixels using equation (10). In
the last section of this article, we also provide the analysis
of a reasonable size of metapixels balancing the resolution
quality of the estimated TMFP image and the measure-
ment precision.
3.2 Scattering material preparation and properties

Two different kinds of scattering samples have been
investigated.

The first kind consists of colloidal particles fixed in
PDMS matrix. The procedure of their preparation was
taken from [37]. The scattering particles are TiO2 (mon-
droguiste.com, mean diameter d=0.3mm) and the PDMS
kit is Sylgard 184 Silicone Elastomer from Dow Corning
Corporation, Germany. Following [37], the particles were
dispersed into the curing agent which was then mixed with
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the elastomer. The volume fraction of the particles into
PDMS has been chosen as 3.4� 10�4 and 1.3� 10�3 so that
the expected difference in the value of l* is approximately
4 times for the two samples prepared. The higher the
particle content, the more opaque is the material.
Therefore, to differentiate the samples in the following,
we will refer to the one with lower volume fraction of TiO2
as turbid slab, and to the one with the higher volume
fraction as white slab. The samples have been prepared in
such a mold that the sample face has the dimensions of
6.5 cm� 6.5 cm and the final thickness of the samples is
9mm and 19mm for the white and for the turbid samples,
respectively. Since the size polydispersity of the TiO2
particles is not well known, we could not compute l* from
Mie theory. We then measured l* with an absolute
transmission method detailed in Appendix A. The
measured values of the transport mean free path with this
reference experiment were l� ¼ 3:76± 0:1 mm for the
turbid sample, and l� ¼1:02± 0:05mm for the white
sample. The PDMS refraction index at the operating
wavelength is n=1.39 [38]. We supposed that the absorp-
tion is only due to the PDMS matrix. Indeed the TiO2
absorption is negligible, and in contrast to [37], we did not
add any ink into the PDMS during preparation of the
sample. Spectroscopic data gives a tabulated absorption
length for PDMS of la=27.7mm [38].

The secondkindof investigated samples is adensepacking
of dielectric spheres. The beads (obtained from Silibeads) are
made of sodalime glass and are dispersed in air. Two sizes of
beads with mean diameter of d ¼ 55mm and d ¼ 200 mm
havebeenused.Togetherwithotheramorphousmediasuchas
foams, emulsions and porous materials, they form a broad
class of scattering materials that can be represented as a
packing of particles that are large compared to the optical
wavelength. When propagated through such materials,
photons also perform a random walk reaching the diffusive
limit. In this case, the light transport is described by the
geometrical optics, if dDn≫l, where Dn ¼ nint � next is the
difference of refractive indices between the beads nint and
the surrounding medium next. The model links the two
lengthscales, l� and d, through a non-dimensional function
l�=d ¼ fðnint;next;’Þ of both refractive indices and of the
solid volume fraction of the particles ’. In the case of a 3D
packing of solid spheres this function has been obtained
numericallyusingaray-tracingalgorithm[39].Forglassbeads
(nint ¼ 1:5) inair (next ¼ 1)at’=0.64, it is found l�=d ¼ 3:3.
Absorption lengths are unknown.

4 Experimental results

4.1 Measurements of homogeneous samples

We first discuss the experiments performed on the samples
containing particles of TiO2 embedded in the PDMS
matrix. In this case the particles are fixed, there is no
Brownian motion and the scattered speckle pattern is
static. However, the modulation of the incident wavelength
introduces a variation in the optical path lengths, and
hence a variation of the scattered intensity. As a
consequence, the corresponding decorrelation of the signal
can be followed using function gI of equation (7). The loss of
-p4



Fig. 3. Decorrelation of the scattered intensity with the
wavelength modulation of the incident light for the samples of
TiO2 particles embedded in PDMS matrix. Symbols stand for the
experimental points and the lines correspond to the fitting curves
obtained from equation (8): blue circles � “turbid slab”, black
squares � “white slab”.
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correlation with the imposed shift in e is shown in Figure 3
with symbols. The data is presented in the coordinates
lnðgIÞ �

ffiffi
e

p
, which naturally emerge from equation (8). For

small values of
ffiffi
e

p
(typically

ffiffi
e

p
< 3 � 10�3), lnðgIÞ≈ 0,

which corresponds to the small e limit (see Eq. (9a)). For
larger values of e, lnðgIÞ decays linearly with

ffiffi
e

p
in

agreement with equation (9b). The slope of the decay is
different for the “turbid” and the “white slab”, highlighting
directly the difference in l*.

We have fitted the experimental data presented in
Figure 3 with the theoretical expression of equation (8).
The corresponding curves are shown with lines of the same
graph. We have taken the refractive index of the scattering
medium to be equal to the value ~n=1.39 for the PDMS
bulk, since the volume fraction of the colloidal particles is
too low to affect it. The value of ze depends on the sample
boundary reflectivity and, under given conditions, is
approximately equal to 1.9 l� [31].

The retrieved values of TMFP are l� ¼ 1:26± 0:05mm
for the “white” sample, and l� ¼ 3:18± 0:12mm for the
“turbid” sample. The uncertainty is obtained by varying
the fitting range and measuring the difference between
extracted values of fitting parameters. Those valuesmay be
compared with those obtained with the static transmission
method, i.e. l� ¼1:02± 0:05mm for the “white” sample,
and l� ¼ 3:76± 0:1 mm for the “turbid” sample. The
absorption length la has been taken as another adjusting
parameter for the fitting procedure. We expect that the
light is mostly absorbed by PDMS and therefore, the value
of la should be close for both samples. This is also visible
from Figure 3: the shift that originates from the absorption
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and precedes the linear decay is quite similar for both
curves. Indeed, the retrieved values are in agreement:
17.4± 0.9mm for the “white” slab and 15.9± 0.9mm for the
“turbid” one.

The obtained results demonstrate that the proposed
technique allows the TMFP l� to be easily and directly
measured by modulating the wavelength of the illumina-
tion source. The method is rapid, not destructive and
doesn’t require any special sample preparation, and
therefore, it can be applied to a broad range of materials.

4.2 Spatially resolved measurements

As an interesting extension of this method, we investigate
its ability to measure the spatial variations of l* in a
backscattering geometry. In this section we perform
imaging measurements on granular materials that are
disordered samples. The material is illuminated as
described at the end of Section 3.1, and the backscattered
light is still recorded by the camera. The correlation
function gI is then calculated for each square zone (so called
metapixel) of N�N pixels following equation (7). We first
consider experiments performed on a “homogeneous
sample” with only one value of the TMFP. This sample
is composed of one kind of glass beads with a mean
diameter d ¼ 55mm.

Figure 4a shows the correlation function for 6 different
metapixels, the size of the metapixel beeing set to N�
N=96� 96 pixels. We may notice that all correlation
functions decrease with e, but they decay to different and
non-vanishing values for large e. This may be linked with
the light detection setup. Indeed, the illumination of the
sample and the imaging lens make the average illumination
power on the image very inhomogeneous. The correlation
of the illumination heterogeneity is then responsible for
residual correlation of the recorded intensity. This residual
correlation would remain even though the random speckle
pattern was completely averaged out, and thereby would
bias our estimation of the correlation function gE. In order
to take this effect into account, we consider a very simple
radiometric model where the recorded intensity on a
pixel p may be written as I (p, l)=c (p) Ih (p, l). Ih (p, l)
represents the recorded speckle intensity pattern that would
be obtained if the sample was homogeneously illuminated,
and c (p) is the mean illumination on the pixel p. To
obtain c (p) we first average many different speckle images
taken at different l. Then, we blur the average image with a
blur-radius of few pixels. The slowly varying mean image
c (p) is only dependent of the illumination field. A direct
calculus shows that the measured correlation function |gE|

2

may be fairly approximated for each metapixel by:

jgEj2 ≃
ðg � 1Þ=gbþ jgEh

j2
ðg � 1Þ=gbþ 1

ð11Þ

where jgEhj
2 is the normalized correlation function for

homogeneous illumination. The parameters g and b
respectively read g= 〈c2 (p) 〉/〈c (p) 〉 2 and
b ¼ 〈 I2h 〉 = 〈 Ih 〉

2 � 1, the average being performed over
the N�N pixels of each metapixel. In the limit e!∞,
-p5



Fig. 4. (a) Correlation functions |gE|
2 vs. |e| for six different metapixels of size 96� 96 px. (b) Correlation function for homogeneous

illumination as computed from (11).
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jgEh
j2 ! 0, and (g� 1)/bg may be obtained from the

baseline of |gE|
2. Then jgEh

j2 may be obtained for every
metapixel using (11).

Figure 4b shows the estimated jgEh
j2 function for the

sample containing beads with the size of 55mm. The six
curves corresponding to different zones collapse, indicating
that correlation functions may be correctly measured
locally. The local value of l� is then obtained by a fit of the
correlation function with

jgEh
ðeÞj2 ¼ ð1�BÞjgðtheoÞE ðeÞj2 þB; ð12Þ

with the baseline B as a free parameter, and g
ðtheoÞ
E ðeÞ the

theoretical correlation function given in equation (9a).
Because of the limited areaof the cameramatrix,wehave

to interplay between the metapixel size, and hence the
resolution of resulting image, and the precision of
the measurement. The size of metapixel N�N should be
large enough to contain a number of speckle spots that is
sufficienttoprovide reasonable statistical count.Atthesame
time, large metapixels decrease the resolution of the final
TMFP maps. We characterized this error by measuring the
standard deviation of the measured values of l� on different
pixels for a sample made of an homogeneous material.
Figure 5 shows that the relative error on the measured l�

naturally growswith adecrease of themetapixel size.Taking
20% as a reasonable deviation value, we have chosen the
resolution of 32� 32px for the following experiments. Under
these conditions, the mean value of l� is 166mm for the
sample of smaller bead size. This is compatible with
theoretical value of 181mm in the given confidence interval.
4.3 Characterization of an heterogeneous system

To illustrate the potential of the technique, we have
applied it to a more complex sample that we designed using
beads of two different sizes. The beads were placed in a cell
of thickness 25mm and with an illuminated glass surface of
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8 cm� 10 cm. To prepare a simple phantom, we divided the
measuring cell in halves with a wall and separately filled
both parts with the beads of mentioned diameters. Then
the wall was carefully removed in a way that the border
between different beads stack remained sufficiently sharp.
Figure 6a shows the speckle pattern corresponding to the
two sub-parts of the image. Figure 6b shows the spatially
resolved map of the l* distribution. The size of the zone on
which every value of l* is measured is chosen here to be
32� 32 pixels. Despite the poor detailing obtained with a
low-resolution InGaAs detector, the border between the
locations of the beads with different diameters is very
explicit and the values of l* corresponds to the predicted
ones with a good accuracy.

5 Conclusions

We presented a method to measure transport mean free
path l* based on theuse of a cheap tunable laser source.The
scattered intensity correlation function with the incident
wavelength modulation is measured using a multi-speckle
setup. The method allows probing samples in non-destruc-
tive way, simple and cost-effective in its arrangement and
fast in data processing. Interestingly, we demonstrated that
it can be readily modified in a way to provide spatially
resolved measurements and, thus, can be applied for the
measurements in non-homogeneous samples. The statistical
noisemay be reduced if the size of thematrix of the detecting
camera is increased, or by performing another kind of
ensemble average. The method has been demonstrated here
with a near-IRDFB laser, but may be easily performed with
760 or 780 nm chip which allow the use of visible camera.
Alternate laser source may also be gas laser with an
adjustable cavity length, or an optical parametric oscillator.
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Fig. 5. Relative error on the determination of the value of the
TMFP as a function of the metapixel size.

Fig. 6. (a) The observed speckle pattern for a sample made of
two different materials. The dotted and dashed zones correspond
to two different beads diameters, and hence to two different
values of l*. (b) Extracted values of l*. The size of each square is
32� 32 pixels, corresponding to 7.5� 7.5mm on the sample.

A. Mikhailovskaya et al.: Eur. Phys. J. Appl. Phys. 85, 30701 (2019) 7
Marchi for helping us to prepare PDMS samples, Patrick Chales
for the help with the data acquisition and Axelle Amon for
scientific discussions.
Author contribution statement

J.C. provided the idea of measuring the transportmean free
path with wavelength variations and supervised the work.
A.M., J.C. and J.F. designed the experiments. A.M. carried
out the experiments. J.F. and A.M. made the theoretical
analysis of experimental data. All authors participated to
the redaction of the manuscript.
Appendix A

The method of the static transmission consists in
measuring the total transmitted optical power through
the sample. This method allows the measurement of
transport mean free path without the use of any reference
sample with known scattering mean free path. The sample
is a parallel slab of thickness L that was illuminated with a
focused light beam with wavelength of 1556 nm. The
scattered transmitted light was measured using an InGaAs
photodiode (OSI Optoelectronics, FCI-InGaAs-1000). In
order to diminish the electronic noise, the beam was
mechanically chopped, and measurements were done using
a lock-in detection. The transmitted scattered intensity
was measured in directions making different angles with
respect to the output normal of the slab. From those
measurements, the total transmitted intensity was
obtained. The incident intensity was obtained by focussing
the beam on the photodiode.
30701
The transmission through a scattering slab is [36]:

T ¼ ð1þ hzeÞexpðhz0Þ � ð1� hzeÞexpð�hz0Þ
ð1þ hzeÞ2expðhLÞ � ð1� hzeÞ2expð�hLÞ ; ðA:1Þ

with h ¼ ffiffiffiffiffiffiffiffiffiffiffiffi
3=lal

�p
. This result is obtained for a model point

source of diffusing light located at a distance z0 behind the
illuminated face of the slab. For PDMS, the absorption
length is la=27.7 mm [38], ze ¼ 1:9l� [31] and we take
z0 ¼ l� . The thickness being known, the value of l* may be
obtained from the value of the transmission T. The relative
uncertainty on transmission is obtained with repeated
experiments and is 4%, leading to a relative uncertainty
on l* of 5%.
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