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Abstract

Multiple light scattering experiments in backscattering geometry are performed on highly viscous and solid turbid media
which contain macroscopic inclusions of a low viscosity colloidal suspension. We demonstrate that the intensity probability

Ž .distribution P I of the multiple scattering speckle patterns can be used to image an inclusion even if its photon transport
mean free path matches the value of the surrounding medium. The main difference between solid and liquid samples is
discussed.

Dynamic speckle fluctuations of multiple scattered light
w xhave been widely investigated during the last years 1 . It

has been shown that the normalized autocorrelation func-
Ž .tion of the multiple scattered electric field g t provides1

accurate information about motion of the scattering parti-
cles in turbid suspensions. In recent work, the position-de-
pendence of these dynamic fluctuations of multiple scat-
tered light from macroscopically heterogeneous samples
has been used to obtain images of objects which are
hidden several photon transport mean free paths 1 l )

w xinside a turbid medium 2–4 .
On the other hand, the probability density of multiple

w xlight scattered speckles has been measured 5 and was
shown to agree with the well-known situation of the
scattered electric field in the single scattering case with a
negative exponential distribution for the intensity.

In this paper we show how images of objects with
internal dynamics can be generated from the determination
of the speckle statistics. A new method is presented to
visualize such a dynamic object buried in a turbid environ-
ment without explicitly probing the dynamics of the scat-

1 The length over which the direction of propagation of diffus-
ing light inside the sample is randomized.

tering particles inside the object. We demonstrate, that
with simple static intensity measurements of the scattered
light at different points of the sample’s surface, it is
possible to image an object even if its l ) perfectly matches
the value of its environment. The principle works as
follows: Photons crossing the inclusion on their way
through the multiple scattering medium pick up phase
shifts due to the rapid brownian motion of scatterers inside
the inclusion. We time-average the corresponding fast
intensity fluctuations of the scattered light which gives a
constant intensity value D I. This intensity is treated as an
incoherent background to the intensity statistics resolved
on a slower time scale and resulting from the slower
brownian motion of the scatterers of the environment
medium. We show that this intensity shift D I is position
dependent and can be used to create an image of dynamic
heterogeneities. Thus, perhaps surprisingly, an object that
does not provide any static scattering contrast can be
visualized in a static light scattering experiment.

When coherent light is reflected from a rough surface
or is scattered by a medium with random fluctuating
refractive index, a random interference pattern is generated

w xin the scattered light intensity 6 . This phenomenon, known
as speckle, occurs in multiple light scattering when the
coherence length of the used light source is larger than a
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typical photon path length inside the highly scattering
medium. The statistical properties of speckle patterns have
been widely investigated. Under the assumption of uncor-
related scatterers and uncorrelated scattering paths, the
multiple scattered electric fields are independent random
variables. According to the central limit theorem their sum
Ž .the total scattered electric field has a Gaussian density
function and hence, a negative exponential for the scat-

Ž .tered intensity distribution P I is obtained:

² : ² :P I s 1r I exp yIr I . 1Ž . Ž .Ž . Ž .

In a light scattering experiment the negative exponen-
tial density function is slightly modified: Because of the
necessarily finite angular aperture of detection, light from
more than exactly one speckle spot, or coherence area, hits
the detector. This effect can be described approximately by

w xa G-density distribution of the intensity 6 :
m my1² : ² :mr I I exp ymIr IŽ . Ž .

P I s . 2Ž . Ž .
G mŽ .

The parameter m is proportional to the number of
detected coherence areas and thus controls the crossover

Ž . Žfrom the negative exponential distribution of Eq. 1 m™
.1, detector aperture goes to zero to a narrow Gaussian
² :density function centered around I , corresponding to a

completely averaged speckle pattern at very large aperture
Ž .m™` . For a G-density distribution the following rela-

² 2: ² :2 Ž .tion is valid: I r I s mq1 rm. Thus, m can be
Ž .extracted directly either by fitting a data set of P I to Eq.

Ž .2 , or by extrapolating the measured time autocorrelation
Ž . ² Ž . Ž .: ² Ž .:2function g t :s I 0 I t r I 0 to zero time.2

In our experimental setup, a vertically polarized beam
q Žof a mono-mode Ar -laser ls514.5 nm, beam waist

.wf1 mm is delivered on the light scattering cell as
sketched in Fig. 1. To improve imaging of a buried object,
the contribution of long scattering paths is increased by

Ždetecting only depolarized scattered light V–H-scattering
.geometry . This excludes single scattering and reduces low

order scattering paths since several scattering events are
needed to change the polarization of the incoming light. A
digital autocorrelator is used to determine the mean scat-

² :tered intensity I and to measure the intensity correlation
Ž . Ž .function g t for a consistency check. Region A of our2

Žsample consists of monodisperse polystyrene beads par-
.ticle diameter ds2.03 mm suspended in a mixture of

Ž . Ž .water 60% and glycerol 40% resulting in a photon
transport mean free path of 400 mm. The buried capillary
Ž .B is filled with a suspension of smaller PS-beads in pure

Ž . )water ds0.12 mm , matching the l -value of the envi-
Ž .ronment A and therefore creates a dynamic heterogeneity

w x4 . The photon transport mean free paths were checked
independently by dynamic multiple light scattering experi-

w xments in transmission geometry 1 .
Fig. 2 shows typical autocorrelation functions which

are measured in the described backscattering geometry. If

ŽFig. 1. Side view of the experimental setup. A large cell 5 cm =
. Ž . Ž5 cm = 2 cm is filled with a colloidal suspension A . For the

case of a liquid inclusion inside a stationary medium, this cell is
. Ž .replaced by a solid block of Teflon. A cylindrical cavity B of

diameter 1.5 mm and 10 mm wall thickness contains a different
suspension and can be placed at arbitrary positions inside the cell
Ž ys0 denotes centered laser entrance with respect to the capil-
lary and for xs0, the wall of the cylinder is in contact with the

.inner frontside of the cell . The scattering cell can be rotated by
about "58 with respect to the detector axis.

the capillary is positioned inside the cell, there are two
Ž . Žcontributions to the decay of g t . The faster one tf52

y5 .=10 s corresponds to the brownian motion of the
small scatterers inside the capillary. The second decay
Ž y2 .tf10 s is due to the slower brownian motion of the
scatterers in the higher viscous mixture of glycerol and

Ž Ž .. Ž .water region A . We emphasize that the value g 0 of2
the measured autocorrelation functions serve as an inde-
pendent check of the m-parameter of the speckle distribu-

Ž Ž ..tion function Eq. 2 but are not exploited in this work to
image the buried capillary.

Ž .The intensity distribution P I is determined with a
time resolution of 0.4096=10y3 s. The value of the time
interval used for averaging is indicated in Fig. 2 and lies
well between the two decays of the correlation functions.
Hence, the fast speckle fluctuations due to the brownian
motion of the small scatterers are completely averaged.
However, on this time scale the speckle pattern due to the
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Ž . Ž .Fig. 2. Autocorrelation functions g t for centered incidence of the laser beam with respect to the capillary’s position ys0 and different2
Ž . Ž . Ž .depths of the capillary inside the liquid environment. I xs1.5 mm; q xs2.5 mm. , Homogeneous sample without included

Ž .capillary. The vertical dashed line indicates the average time used for the static intensity measurements to determinate P I .

slower brownian motion of the scattering particles in re-
Ž .gion A is not yet averaged. Note, that this averaging is

quite different from the angular preaveraging due to the
Ž .finite detector size described by Eq. 2 . The angular

average leads to a finite probability for any intensity value
I)0. However, the averaging due to the fast brownian
motion of the scatterers theoretically results in a zero
probability for small intensities 2 up to a value D I which
is directly related to the fraction of backscattered photons

Ž .that crossed region B on their way through the sample.
We take this empirically into account by introducing D I as

Ž .a shift-parameter in Eq. 2 :
m my1² :P I s mr I IyD IŽ . Ž .Ž .

=
² :w xexp ym IyD I r IŽ .

. 3Ž .
G mŽ .

Ž .Typical experimental intensity distributions P I are
presented in Fig. 3. The measured intensities are normal-

² :ized with respect to the mean scattered intensity I . The
observed difference between data and theoretical curves is
typical for experimentally determined probability distribu-

Ž . w xtions P I 5,6 . This can be explained with the influence
Ž .of geometric details form of aperture, size of light spot of

Ž . Ž .the intensity detection. Thus, Eqs. 1 and 2 are only
coarse approximations. The m-parameter was obtained in-

2 As seen from Fig. 3, this zero probability is not completely
obtained experimentally.

Ž .dependently by fitting the P I -data without included
Ž .capillary with Eq. 2 , resulting in ms1.36 which is in

good agreement with the intercept of the autocorrelation
functions in Fig. 2. This m-value was used as a fixed

Ž .parameter for the description of the data with Eq. 3 and
therefore the solid curves in Fig. 3 are one-parameter-fits,
D I being the only adjustable parameter. The position
dependence of the obtained values D I is evident from Fig.
3. If the laser enters the sample centered with respect to
the capillary, a higher fraction of photons scanned the

Ž .region B . Due to the fast brownian motion of the small
beads, these photons pick up additional dynamic phase
shifts. This results in a more blurred speckle pattern close

Ž .to the capillary and therefore the probability density P I
becomes position dependent. This approach is confirmed
by Fig. 4, where in addition to D I the points of inflection

Ž .I of the increasing part of the P I -data are presentedinf
Ž . Ž^ . The points of inflection are normalized to coincide

.with D I for large y-positions. As seen from Fig. 4 both
D I and I change systematically with the capillary’sinf
position and therefore can be used to localize the hetero-
geneity. The qualitative agreement of the position depen-
dence of D I and I confirms the approach of using theinf

Ž . Ž . Ž .approximative Eqs. 2 and 3 to describe the P I -data.
In our case, where the depth x is comparable to the
diameter of the hidden tube, one gets a blurred profile of
the hidden cylinder and the widths of these curves corre-
spond approximately to the diameter of the tube. The
values of D I are about 5% of the average intensity, so the
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Fig. 3. Intensity probability distribution of the depolarized backscattered intensity for different capillary positions inside the higher viscous
Ž . Ž . Ž . Ž . Ž .liquid I ysy3.0 mm; q ysy2.0 mm; , ysy1.5 mm; v ysy1.0 mm; ^ ys0. The solid line is an empirical fit to

Ž .obtain the points of inflection of the P I -data for different positions of the capillary. The capillary is positioned at xs1.5 mm. Inset: Full
Ž . Ž . Ž Ž ..range of the P I -data ys3.0 mm and ys0 , dashed lines are experimental and solid lines are theoretical curves Eq. 3 .

relative effect has the same order of magnitude than the
contrast-parameter D g of the dynamic autocorrelation

w xfunction in our previous work 4 .
We now extend the described speckle method of imag-

ing to the case of a brownian inclusion inside a solid
Ž .medium. Hence, in Fig. 1 region A is replaced by a solid

Ž ) .block of Teflon l s280 mm containing a cylindrical
Ž .cavity B with a diameter of 2 mm which is located at

xs1.5 mm. The cylinder is filled with a monodisperse
Žsuspension of polystyrene beads particle diameter: 1.14

Fig. 4. Position dependence of the intensity parameter D I intro-
Ž . Ž .duced in Eq. 3 for two different depths x of the capillary. ,
Ž . Ž .xs1.5 mm; I xs2.5 mm. ^ I values of the points ofinf

Ž . Ž .inflection of the P I -data xs1.5 mm . ==== denotes the
actual capillary position inside the surrounding colloidal suspen-
sion.

. )

mm with the same value of l as in the solid environ-
ment. In this case, brownian motion of the scatterers

Ž .occurs only in the confined region B and photons that did
not scan this region create a stationary speckle pattern. The
ensemble average is not performed ‘‘automatically’’ by the

Ž .brownian motion of the scatterers in region A and the
Ž .system becomes non-ergodic. To get the P I -data, differ-

ent points of the stationary speckle pattern are detected by
Ž .rotating the block by about ws"58 cf. Fig. 1 with

respect to the detector axis. The rotation time of 150 s
Ž . y1results in a relaxation time in g t of the order of 10 s.2

Different values of the static intensity are measured again
with a time resolution of 0.4096=10y3 s. In this way,

Fig. 5. D I as a function of the y-position of the cylinder inside the
Teflon block. The cylinder is positioned at xs1.5 mm. The
position of the inclusion is indicated by ====.
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ergodicity in the fluctuating light intensity is recovered.
Using the same data analysis as above, we obtain the
D I-values shown in Fig. 5. As in the case of the liquid
environment, D I depends systematically on the position of
the brownian inclusion. It therefore provides a means to
image the buried cylindrical cavity. However, due to the
restricted accuracy of the determination of the mean scat-

² :tered intensity I by a solid sample, the error bars in Fig.
5 are larger than those in Fig. 4. The angular speckle size

w x y4is approximately given by 6 lrwf5=10 rad. Hence,
by rotating the sample by Dws108s0.175 rad, about
340 speckle spots are averaged which results in an error of

'the mean intensity of "1r 340 which is about 5%. This
leads to the uncertainty in the measured intensity shifts
D I. Therefore, if the cylindrical inclusion is positioned
deeper inside the Teflon block, the error bars are as large
as the detected intensity shifts D I and the buried capillary
can no longer be detected by analyzing the generated
speckle patterns.

In conclusion, we have presented a new principle to
image objects in multiple light scattering samples. This
method based on measurements of the intensity distribu-

Ž .tion P I and exploiting only static scattering intensities
was applied to buried cavities inside turbid liquid and solid
environments which do not provide static scattering con-
trast. Visualization of these cavities was possible by com-

Ž .paring with a slightly modified theoretical expression 3 .
The limits of this approach are presented. This simple
method could be extended to obtain images in biological
or medical applications. The speckle patterns could be
detected by common equipment such as photo diodes or

video cameras. However, our data evaluation using well-
known expressions for the intensity probability distribution
Ž .P I is only approximative. This calls for further theoreti-

cal work about speckle statistics from multiple scattering
media, containing macroscopical inclusions.
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