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Three-dimensional cross correlation technique: influence of multiply
scattered light in the Rayleigh—Gans regime
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The correct interpretation of light scattering data requires knowledge of the extent to which multiple scattering
contributes to the measured signal. Generally, this information cannot easily be obtained in conventional light
scattering experiments. We demonstrate the difficulties which arise with this problem by experiments with
scatterers where the differential scattering cross section does not exhibit scattering minima. We investigate the
influence of multiple scattering by performing combined static and dynamic light scattering experiments using
the 3D cross correlation technique. We discuss that, despite the increase of the intensity ratio of multiply to
singly scattered light with increasing scattering angle, the dynamic properties are more strongly affected for

small scattering angles.

1 Introduction

Since the first experimental realization of a cross correlation
technique in 1989 by Phillies et al. various set-ups have been
realized. The results obtained by these different methods'—®
revealed that the cross correlation technique is a powerful tool
to suppress the undesired influence of multiple scattering in
dynamic light scattering. Overviews of the various techniques
are given in refs. 9 and 10.

In 1997 a new method was presented! which in addition to
the methods described so far allows the application of the 3D
cross correlation technique to static light scattering experi-
ments. This method (3D-SLS) is based on the fact that the
measured amplitudes of cross correlation functions depend on
the intensity ratio of the singly to the multiply scattered light.
Therefore, the evaluation of the amplitude yields information
about that part of the detected light intensity which in turbid
samples is scattered only once. In ref. 12 the comparison of
experimental results with theoretical models and Monte Carlo
simulations!? verifies that the 3D cross correlation technique
indeed provides a handy method for the determination of the
singly scattered light intensity and therefore for the investiga-
tion of turbid samples in static light scattering. One of the
most important applications of the 3D-SLS method is the
determination of the differential scattering cross section for
strongly scattering samples. The experimental performance,
outlined in detail in ref. 14, requires the normalization of the
amplitudes of the measured correlation functions with the so-
called overlap factor. This factor depends on the specific geo-
metric situation of the scattering experiment and can be
determined experimentally from measurements of the 3D
cross correlation function for weakly scattering samples. The
time averaged intensity of the singly scattered light is then
given by the product of the normalized amplitude and the
intensity of the total scattered light.
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The influence and importance of multiple scattering in con-
ventional light scattering experiments become especially clear
when the differential scattering cross section of the suspended
particles predicts scattering minima and the sample contains
particles with a sufficiently small size distribution. Then the
scattering minima are smeared out markedly even if rather
small amounts of multiply scattered light contribute to the
measured light intensity. With the 3D-SLS measurement
scheme the influence of multiply scattered light can be elimi-
nated by experimental means. The results obtained with this
method exhibit pronounced scattering minima even for highly
turbid samples and agree with the results obtained from
highly diluted systems. Moreover, the statistical uncertainty of
the results obtained by the 3D-SLS method is small enough to
perform a fitting procedure based on the Mie theory. In this
way the correct particle diameter can be determined even for
samples with high turbidity levels. Similar results were
obtained with a slightly different set-up.!®

Another possibility to obtain the intensity of the singly scat-
tered light from the measured light intensity is based on the
theoretical modelling of the scattering processes and a fitting
procedure to determine the free parameters in the theory.
These are at least the particle size and possibly the particle
concentration. Generally, these procedures start with an initial
particle size and the resulting scattering cross section. The
angular dependence of the total calculated scattered light
intensity is then compared with the measured one and—if
necessary—this calculation is repeated with the scattering
cross section of particles with different size. If the complex
refractive index of the particles is not known it must also be
taken as a parameter that has to be determined.

Although the minima in the differential scattering cross
section are a prominent feature that assists the successful per-
formance of the mentioned fitting procedure, a certain amount
of polydisperisty will lead to a very similar smearing-out of
the scattering minima as multiple scattered light and renders
an unambiguous result rather unlikely. The situation is even
more complicated with scatterers where the differential scat-
tering cross section does not predict any scattering minima. In
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this paper we demonstrate this difficulty by experiments per-
formed with standard latex particles which fulfill the
Rayleigh-Gans criterion.!®'7 We took advantage of the
properties of the amplitude of the 3D cross correlation func-
tion and determined the intensity ratio of multiply to singly
scattered light. This ratio is an important quantity for check-
ing the reliability of light scattering data and of theoretical
models intended for the calculation of singly scattered light
intensities. In this way the 3D-SLS method allows one to
investigate the influence of multiple scattering in conventional
dynamic and static light scattering. We show that this influ-
ence is different for static and dynamic properties of suspen-
sions with respect to particle size and scattering angle.

2 Basic principles of the 3D cross correlation
technique and the 3D-SLS method

The performance of our 3D cross correlation apparatus was
described in detail in refs. 5 and 14. Therefore in this paper we
restrict the description to the basic ideas of the method and
the set-up. The 3D cross correlation technique takes advan-
tage of the fact that the properties of singly scattered light
depend in a unique way on the scattering vector. The idea is
to perform simultaneously two scattering experiments in a
three-dimensional geometry in such a way that the two scat-
tering vectors and scattering volumes are the same, but the
corresponding wave vectors do not coincide. A sketch explain-
ing this idea in a somewhat oversimplified way is shown in
Fig. 1. The sample is illuminated by two laser beams tilted
against each other. On a screen in the farfield these two laser
beams produce two speckle patterns which are also shifted
with respect to each other. It is then obvious that the signals
of two detectors placed at the positions of equivalent speckles
are correlated. However, the correlation is not perfect, since
on the one hand both detectors also “see” light from the other
scattering experiment, and on the other hand, multiply scat-
tered light of the two incoming laser beams is totally uncor-
related. The two contributions to the detector signal, however,
do not contribute to the time dependent signal but to an
enhanced background.

The normalized 3D cross correlation function of the scat-
tered light intensity I(0, t) can be written in the form

14(8, 0)Ig(6, 1))
KIL0)><I5(0))

where <...) represents the ensemble average, which in ergodic
systems is equal to the time average. I ,(6, t) and Iy(0, t) are the
intensities of the scattered light detected by two detectors A
and B. (I, 3(0)) = I} (0)) + IR (0)) is the time averaged
intensity of the total scattered light, where the indices s and m
denote singly and multiply scattered light, respectively. G(0, t)

c@, 1= =1+ |R(O)GO, 1)|* 1)

sample

screen

Fig. 1 Schematic drawing of the 3D-SLS principle. Description is
given in the text.
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is the normalized correlation function of the electric field of
the singly scattered light. For suspensions containing spherical
non-interacting particles G(0, t) = exp(—I't) with T = D.gq>
where D is the diffusion coefficient of the particles,
q = 4nn sin(6/2)/4 the magnitude of the scattering vector, 4
the vacuum wavelength of the laser light, and n the refractive
index of the solvent. The amplitude R(f) depends strongly on
the intensity ratio of the singly to the total scattered light but
also on the geometric conditions of the experimental set-up
and misalignment effects. It is possible to determine its size by
doing measurements with decreasing concentration ¢ of the
scattering particles which in the limit ¢ — 0 gives a correlation
function for a sample without multiple scattering. The quan-
tity R(A) for that case will be denoted by R._(f) which is
solely determined by geometric properties of the optical
set-up. R,_,o(f) can now be taken to normalize the amplitude
R for an arbitrary sample to obtain R,(6) = R(0)/R,_, o(f). With
that normalized amplitude R,(f) we have the relation

<I¥0)) = R(0)X1(6)> @
where {I(0)) = ./<IA(0))<{Ig(0)). The intensity ratio of the
multiply to the singly scattered light is then given by

amey 1

<FO)y  R(0)

3)

3 Experimental set-up and measurements

In order to fulfil the condition of equal scattering vectors we
split the vertically polarized beam of a He—Ne laser (10 mW)
into two beams which are focussed into the centre of the cylin-
drical sample cell. On the detection side the scattered light is
collected by two monomode fibers and directed to a matched
pair of photomultipliers (ALV/SO-SIPD) working in the pulse
counting mode. The incoming beams and the two monomode
fibers are aligned in such a way as to collect the components
of the scattered light to the same scattering vector. Finally, the
signals of the photomultipliers are processed by a digital cor-
relator (ALV-5000) (for details see refs. 5 and 14).

The temperature of the thermostated cell in which the
quadratic sample cell (1 cm x 1 cm) was positioned was
20.6 + 0.2°C. We investigated samples containing spherical
standard latex particles (Dow, refractive index, n; = 1.59) sus-
pended in deionized water. The diameter of the latex spheres
was 69, 107 4+ 10.5 and 236 + 6.8 nm according to the specifi-
cation provided by the manufacturer which is based on elec-
tron microscopic (EM) measurements. The turbidity for the
differently concentrated samples was determined by measure-
ments of the transmitted intensity of the laser beam.

Fig. 2 shows 3D cross correlations functions for two
samples containing particles of different size. The EM diam-
eter of the suspended particles (69 nm) in (A) is small com-
pared to the wavelength of the laser beam (632.8 nm) whereas
the particle size in (B) lies in the Rayleigh—-Gans regime (236
nm). Both samples are of moderate turbidity with values for
the transmission 7, of the laser beams: (A) T, = 35.4%, (B)
T, = 44.8%.

We introduce the modified correlation function G0, t)
which is related to C(0, t) in the following way:

[C@O, 1) — 11"

G,0,t)=R,G(0, ) Ro0) “4)
In that way it can be seen directly that G,(0, t) is a simple
exponential for all 3D cross correlation functions, as expected
for correlation functions caused by singly scattered light only.
The 3D cross correlation functions are measured for different
scattering angles (6 = 30°, 60°, 90°, 120°). As the decay con-
stant I’ = D.g? is proportional to the square of the scattering
vector and to the diffusion constant D of the particles, the
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Fig. 2 3D cross correlation functions of suspended latex particles for
different scattering angles 8 = 30° (O), 60° ([7), 90° (4), 120° ({): (A)
particle diameter 69.0 nm (EM), T, = 354%; (B) particle diameter
236.0 + 6.8 nm (EM), T, = 44.8%.

measured data show a faster decay for larger scattering angles
and for smaller latex particles. The decay constant I" was
evaluated using the Stokes—FEinstein relation D = kg T/3nna,
where kg is the Boltzmann constant and # is the viscosity of
the medium. In this way we obtained values for the particle
diameter a of 65.0 + 2.0 and 246 + 10.0 in good agreement
with the EM value provided by the manufacturer.

The data plotted in Fig. 2 are normalized with R,_ ().
Therefore, values at t = 0 are just the ratios of the singly scat-
tered to the total scattered intensities. It can be seen that the
angular dependence of R,(f) is different for the two particle
sizes. For the 69 nm (EM) latex spheres R,(f) is almost inde-
pendent of § whereas for the 236 nm (EM) latex spheres R,(6)
shows a significant decrease for larger scattering angles 6. This
can directly be understood by considering the differential scat-
tering cross section () of these particles. As 69 nm is about
10 times smaller than the wavelength of the laser light the
differential scattering cross section o(f) of these particles is
nearly independent of 6. Consequently, the multiply scattered
light also knows almost no angular dependence. This leads to
an R,(0) which can approximately be considered independent
of 0. In contrast to that, the differential scattering cross
section ¢(0) of the 236 nm (EM) particles predicts strong scat-
tering in forward directions and a lower probability for scat-
tering at larger angles (see also Fig. 5). Therefore, the influence
of multiply scattered light which has a less pronounced
angular dependence is stronger for scattering angles where the
intensity of singly scattered light is small. Therefore R,(6)
decreases with increasing 6. At 8 = 30° about 90% of the total
scattered light stems from single scattering processes, whereas
at 6 = 120° the relative contribution of the singly scattered
light is reduced to 70%.

4 Evaluation

The increasing influence of multiply scattered light becomes
more clear if the intensity ratio of multiply to singly scattered
light is considered. As mentioned above this quantity can be
calculated from the normalized amplitude R,(6) using eqn. (3).
The results for highly diluted up to strongly scattering
samples are shown in Fig. 3. It can be seen that the contribu-

View Article Online

2,

151 T
A 1’ Vv [ ]
2 yyvy "7 S
o v [ ]
Y087~
Y 571
03] w®"" Lt
To2] esse’

- A

s

0.1

20 40 60 80 100 120 140
scattering angle, 6/°

Fig. 3 Intensity ratio <I™(0))/{I(f)) of multiply to singly scattered
light. The particle diameter is 236 nm (EM). The transmission of the
investigated samples is T, = 5.4% (V), 20.3% (M), 44.8% (A) and
67.8% (@).

tions of multiply scattered light for all samples investigated
are rather large at large scattering angles. The intensity ratio
of multiply to singly scattered light is not negligible even for
fairly transparent samples. It varies from about 0.5 for the
most transparent sample (T, = 67.7%) to about 2 for the
sample with T, = 5.4%. This is completely different for scat-
tering in forward directions where the contributions of multi-
ply scattered light are significantly smaller.

Clearly, the strong influence of multiple scattering in the
backward direction influences the angular dependence of the
measured data for the total scattered intensity (I(6)). In order
to interpret the measured light intensity by means of the Mie
theory the data must be normalized to the effective scattering
volume, which can be determined by measuring the scattered
light intensity of nearly transparent samples containing par-
ticles with diameters a very small compared to the wavelength
J of the scattered light.!* Furthermore, as we used sample
cells with square cross section the measured data have also to
be corrected for the loss due to the turbidity of the medium
because the light path within the cell changes with the scat-
tering angle. For clarity of representation and in order to
demonstrate the difficulties arising in commonly performed
light scattering experiments we corrected not only the inten-
sities for singly scattered light for turbidity losses but also the
values of the total scattered light even if these are affected by
multiple scattering.

Fig. 4 shows the normalized and corrected intensities for
the total scattered light which is denoted by <iy(0)>. The
results for different concentrations exhibit small differences
only. Nevertheless, it can be observed that the data for the
optically turbid samples show a less pronounced decrease of
{iy(0)> when compared to the data of the highly diluted sus-
pension. Fitting the data by the Mie theory reveals that the
data of the turbid samples can be well described by the
angular dependence of singly scattered light but with reduced
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Fig. 4 Total scattered light intensity <iy(6)> normalized to the effec-
tive scattering volume and correlated for the loss due to the turbidity
of the medium. The values for the transmission and corresponding
labels are the same as in Fig. 3.
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Fig. 5 Singly scattered light intensity {i§(0)) determined from <iy(6))
and by evaluating the normalized amplitude R, (6) of the 3D cross
correlation function [see eqn. (5)]. The values for the transmission and
corresponding labels are the same as in Fig. 3.

particle sizes a: T, = 67.6%, a = 232.0 + 2.0 nm; T, = 44.8%,
a=230.0+20 nm; T, =20.3%, a=2240+20 nm; T, =
54%,a =212.0 + 2.0 nm.

The values for the particle diameters obtained in this way
show a deviation from the real particle size up to 10%. Note
that even for the weakly scattering sample the calculated value
for a is too small. This means that the influence of multiple
scattering is not observable by comparing the experimental
data with the results obtained from Mie calculations. There-
fore, if one does not know to what extent the measured data
are affected by multiple scattering one cannot easily extract
the proper particle sizes from these data. As mentioned above
this is critical if the data should be corrected by Mie calcu-
lations. In that case and without knowledge of the amount of
multiple scattered light wrong estimates of the particle diam-
eter would be obtained.

By application of the 3D-SLS method the intensity of the
singly scattered light can easily be obtained from the total
scattered light intensity and the normalized amplitude R,(6)
[eqn. (2)]. Fig. 5 shows the results for the normalized and tur-
bidity corrected values of the singly scattered light intensity
{i3(0)>. As expected, all data yield the correct values for the
particle diameter a even for the very turbid sample: T, =
67.6%, a =236.0 + 2.0 nm; T, = 44.8%, a = 238.0 + 2.0 nm;
T, = 20.3%, a =236.0 £ 2.0 nm; T, = 54%, a = 240.0 + 2.0
nm.

5 Summary and discussion

In this paper we investigated the influence of multiple scat-
tering for scatterers in the Rayleigh-Gans regime. For that
purpose we measured samples containing standard latex par-
ticles with a diameter of 236.0 + 6.8 nm. We determined the
time averaged intensity of the scattered light and the normal-
ized amplitude of 3D cross correlation functions. In order to
obtain information on the influence of multiple scattering we
determined the intensity ratio of multiply to singly scattered
light and found that this quantity increases with increasing
scattering angle. Despite this, it is not possible to quantify the
influence of multiple scattering by fitting the angular depen-
dence of the measured intensity with theoretical models like
the Mie theory. The reason is that multiple scattering just
leads to a slightly flattened angular dependence of the total
scattered light intensity which is essentially identical to the
one which results from the differential scattering cross section
of smaller particles. This is the reason why the evaluation of
data obtained in conventional static light scattering experi-
ments with Rayleigh-Gans scatterers can be problematic. In
such cases the question whether and to what extent multiple
scattering affects the measured data can only be answered by
a detailed theoretical analysis of the specific scattering experi-
ment.
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Generally, the mentioned difficulties are not restricted to
Rayleigh—Gans scatterers but always arise when the influence
of multiply scattered light leads to angular dependences of the
total scattered light intensity which could also be caused by
other effects such as polydispersity or non-spherical shapes of
the particles. With the evaluation of the normalized amplitude
R,(0) the 3D cross correlation technique provides a handy tool
for the determination of the contributions of multiply scat-
tered light. Furthermore, the time averaged intensity of that
part to the light which in turbid media is scattered only once
can be selected just by multiplying R,(6) with the intensity of
the total scattered light. In this way the static light scattering
properties can be measured even for very strongly scattering
samples.

Despite the fact that the influence of multiple scattering on
the light scattered by Rayleigh—Gans scatterers increases with
increasing scattering angles, multiple scattering affects the
time dependence of conventional autocorrelation functions
more strongly at small scattering angles. This is demonstrated
in Fig. 6 which compares values of the reciprocal diffusion
constant D obtained from the initial slope I" of autocorrela-
tion functions by the relation D = I'/q2. For clarity of repre-
sentation, the values of D are normalized with D,, which is
the average diffusion constant and was obtained from 3D
cross correlation functions for various particle concentrations
(54% < T, < 67.7%).**

The data shown in Fig. 6 represent the results for moder-
ately turbid samples with roughly equal turbidities but for dif-
ferent EM particle sizes: 69 nm (Q), 107 nm ([J) and 236 nm
(A). The values obtained for D are generally too small.
Clearly, this is an artefact because non-interacting particles do
not move faster with increasing particle concentration. These
observed deviations are caused by the influence of multiple
scattering which obviously increases for smaller particle sizes.
Moreover, it can clearly be seen that multiple scattering
affects the time dependence of the measured autocorrelation
functions much more strongly for small scattering angles. This
can be understood in the following way: In a multiple scat-
tering process the resultant scattering vector g is the sum of all
intermediate scattering vectors.! If the scattered light is mea-
sured at small angles 0, there is a high probability that some
of the intermediate scattering vectors are considerably larger
than the resulting scattering vector g. The result is a rather
rapidly decreasing correlation function which leads to too
large values for I'. For larger scattering angles, both larger as
well as smaller intermediate scattering vectors occur and a
partical cancelling of their influence will result. With increas-
ing particle size the differential scattering cross section pre-
dicts enhanced forward scattering. Therefore, small angle
intermediate scattering processes are favoured and the mecha-
nism just mentioned becomes less important for larger par-

40 60 80 100 120 140
scattering angle,8/°

Fig. 6 Influence of multiply scattered light on the evaluation of con-
ventional dynamic light scattering data. The symbols represent the
diffusion constant obtained from the initial slope of autocorrelation
functions. The EM value of the particle diameter is: 69.0 nm, T, =
14.7% (4A); 107.0 £ 10.5 nm, T, = 13.0% (O); and 236.0 + 6.8 nm,
T, = 20.3% (O).
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ticles. This reasoning qualitatively explains why the influence
of multiple scattering decreases with increasing particle size
and is much more pronounced for forward scattering. As a
result we find that the suppression of the influence of multiple
scattered light in dynamic light scattering is of increasing
importance for decreasing particle size.

6 Outlook

Together with the results of two previous papers we have
demonstrated convincingly that the procedure for how to
select that part of the scattered light which in turbid samples
is scattered only once is completely understood and allows the
quantitative determination of the singly scattered light inten-
sity. This opens up the possibility for studying optically turbid
samples in static light scattering experiments. Furthermore,
the evaluation of the time dependence of the 3D cross corre-
lation functions yields reliable results for the effective diffusion
coefficient. Therefore, the possibility of combining 3D-SLS
measurements with the evaluation of the dynamic properties
of the suspended particles in dynamic light scattering leads to
a wide field of new applications in light scattering experiments
with strongly scattering samples. For example, hydrodynamic
and electrostatic interaction processes occurring in turbid
samples can now be fully investigated. This is important to get
information about aggregation and stability of colloidal sus-
pensions. The 3D set-up presented in refs. 5 and 14 was found
to run stably and was designed to allow easy handling and
straightforward measurements. Therefore, our next aim is to
optimize the 3D set-up for industrial applications.
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