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ABSTRACT
We describe a light scattering technique for characterizing colloidal samples under constant flow. It exploits the properties of speckles in the
deep Fresnel region—the so-called near field speckles—providing absolute scattering measurements of the static form factor of the sample, as
described extensively by Mazzoni et al. [Rev. Sci. Instrum. 84, 043704 (2013)] for static samples. We exploit a strongly astigmatic beam for
illuminating the scattering volume with a light sheet a few microns thick. This largely improves the sensitivity of the method to small signals.
Moreover, by flowing the sample in the direction perpendicular to the light sheet, the transit times are reduced to a minimum, allowing
for fast measurements. We tested the instrument with suspensions of calibrated colloidal polystyrene spheres with a size comparable to the
light wavelength. In particular, we recovered the static form factors of suspensions of spherical particles and the phase lag of the zero-angle
scattering amplitude, which both compare well to Mie theory predictions. We then applied the method to colloidal fractal aggregates of
sub-wavelength particles and measured their fractal dimension. The instrument is designed to be operational in continuous flow analysis
systems.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5138694., s

INTRODUCTION

In the last few years, considerable interest has been devoted to
the development and application of optical methods to the study of
nano- and microscopic particles suspended in fluids (Bigler et al.,
2011; Potenza et al., 2012; Palberg, 2014; Ferri et al., 2015; Shimizu
et al., 2016; and Garzonio et al., 2018). The main advantage of opti-
cal methods is to be non-invasive, thus allowing to monitor samples
undergoing an extended class of phenomena. Among the optical
methods, laser speckles and their properties have played a role since
the advent of laser light, such as the ubiquitous dynamic light scat-
tering. Giglio et al. (2000) designed a class of methods based on
the formation of speckle fields just downstream of a random sam-
ple illuminated by spatially coherent laser light. These have been
called near field speckles, since they are formed in the deep Fres-
nel region of the sample. At variance with the traditional far field
speckles, their features depend on the scatterers: information about
the two-point field–field correlation function of the field emitted by
the sample can be grasped through a statistical analysis of the inten-
sity distribution (Giglio et al., 2000). In the most commonly used

realization of the method, speckles are formed by the (stochastic)
interference between the faint light emerging from a random dis-
tribution of scattering centers and the intense, almost undisturbed
transmitted beam (Brogioli et al., 2002; Ferri et al., 2004; and Maz-
zoni et al., 2013). The method thus relies on a robust self-reference
interferometric optical scheme, where the intensity distribution is
proportional to the scattered field amplitude of the particles in the
sample. The power spectrum of the spatial intensity distribution of
the speckles gives the power spectrum of the intensity as a func-
tion of the scattering angle, hence the name of the method, Near
Field Scattering (NFS). This gives information about the two-point,
density–density correlation function of the sample or the static form
factor and allows us to perform absolute scattering measurements,
as described extensively in Mazzoni et al. (2013). NFS has been
extended to other wavelength ranges (Cerbino et al., 2008) with dif-
ferent applications such as the measurement of the spatio-temporal
coherence properties of wavefronts (Alaimo et al., 2009; 2014; and
Siano et al., 2015).

Among the advantages of near field scattering with respect to
other scattering methods, we enumerate its stability and simplicity of
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the optical layout. Precise alignment of the optical components is not
a critical requirement. The speckle size is constant with the distance
along the optical axis so that the positioning of the collection plane
is not very demanding. Moreover, a wide range of scattering angles
can be recorded simultaneously (essentially limited by the collection
optics), while stray light affecting measurements can be rigorously
subtracted during data processing. Dedicated data processing fur-
ther reduces the need for optical stability over time intervals of the
order of the time lapse between two acquisitions (Mazzoni et al.,
2013).

One of the main drawbacks of the NFS methods is the need to
match a trade-off between two temporal conditions: (i) the expo-
sure time must be short with respect to any change in the speckle
pattern in order to prevent blurring and (ii) the time lag between
two subsequent acquisitions must be longer than the time needed
to refresh the entire speckle pattern, that is, to change the posi-
tions of the scattering centers enough to make the speckle patterns
completely uncorrelated (Ferri et al., 2004). In principle, if a single-
shot measurement is feasible, condition (ii) could be relaxed. This is
not, however, the usual case—especially with visible light—for two
concurrent reasons: multiple speckle patterns are needed to effec-
tively subtract stray light and accumulating enough statistics usually
requires collecting a large number of speckle patterns, particularly at
the lowest scattering angles (Ferri et al., 2004).

Although, in some particular cases, this limitation on the expo-
sure time and acquisition rate is not a concern (Siano et al., 2015),
care is needed to guarantee an adequate trade-off. Depending on the
kind of motion of the scattering centers, speckles can (a) translate
following the sample flow in a direction transversal to the optical axis
(Alaimo et al., 2006), (b) “boil” due to Brownian motions (Magatti
et al., 2008) or motions along the optical axis, and (c) change due to
Brownian rotations, which are a concern in the case of non-spherical
objects (Potenza et al., 2014; Mazzoni et al., 2013). Any combination
of these effects causes a change in the speckle pattern that must be
either avoided or taken care of during data analysis. Dealing with
Brownian motions can be particularly critical, since the minimum
time scale is imposed by the size of the single scattering center or
its internal structures that are in most cases unknown during the
measurement. Moreover, in the case of limited spatial coherence as
it is with non-optical radiation (Bonn et al., 2009), speckle stability
can depend on more complex features arising from the combina-
tion of the dynamics of the sample and the source coherence (Siano
et al., 2015). In order to measure the static form factor, it could be
convenient to flow the sample through the scattering volume, as it
is common practice in traditional low-angle light scattering (LALS)
measurements. This guarantees a fast refresh of the sample, reduc-
ing the time required for reliable measurements. In a traditional
NFS configuration, this would introduce substantial motion blur-
ring, canceling out part of or possibly all of the speckle field. We
stress that by implementing the NFS optical scheme with a typical
low power laser (5 mW), preventing motion blur by simply reduc-
ing the exposure time is not a viable option because of the limited
sensitivity of common imaging sensors.

Here, we report an optical layout capable of effectively over-
coming this limitation and appreciably improving the sensitivity,
still maintaining the basic approach and the advantages of the NFS
method. In order to prevent the signal from motion blurring, the cell
is transilluminated by an extremely astigmatic laser beam, focused

into the flow cell with the focal line orthogonal to the sample flow
(here assumed to be along the vertical direction). We largely opti-
mize the fast renewal of the scattering centers by strongly reducing
the extension of the illuminated region along the flow direction.
The vertical extension of the focal line imposes the minimum time
required for all the scattering centers to move outside the illumi-
nated region and consequently the minimum time-lag between two
subsequent acquisitions.

In terms of the system sensitivity, this approach introduces an
important advantage. In the traditional NFS with plane wave illu-
mination, the transmitted beam intensity and amplitude are con-
stant. The beam heterodynes the scattered fields emitted as spherical
waves, with their amplitudes decreasing considerably as the distance
of the observation plane from the scattering region increases. In the
present astigmatic case, the imbalance between the transmitted and
the power of the scattered field is partially compensated: the beam
expansion in the vertical direction reduces the intensity and the cor-
responding field amplitude. Scattered fields are emitted by particles
illuminated by the intense focal line, and the propagated spherical
wavefronts are heterodyned by the transmitted field that is much
fainter compared to the plane wave case. As a consequence, the
contrast of the interference patterns is appreciably enhanced with
respect to the traditional NFS configuration, and the system sensitiv-
ity is appreciably increased, making it much easier to measure very
diluted samples, for example.

OPTICAL LAYOUT AND FUNDAMENTALS
OF THE METHOD

A schematic of the optical layout is shown in Fig. 1. A He–
Ne, collimated, Gaussian beam (632.8 nm wavelength, 5 mW power,
and 0.5 mm beam waist) is spatially filtered, expanded, and colli-
mated through an achromatic doublet, 50 mm in focal length. The
beam, ∼8 mm in diameter, is then focused by a cylindrical lens (focal
length f = 80 mm), with the optical power in the vertical direction. It
shapes the beam into a focal line with its major and minor semi-axes
of 4 mm (horizontal, H) and ∼10 μm (vertical, V), respectively. The
effective horizontal size is limited by the width of the flow cell. The
vertical size of the light sheet adopted here is chosen to be larger than
the particles in the samples under consideration. It should be noted
that if a particle is larger than the vertical size of the light sheet, the
S(q) might not, in general, be measured correctly: one should ensure
that the number of such events is negligible. The focal line is pre-
cisely placed at the center of a plane parallel quartz flow-cell (Hellma
170.700 QS, 200 μm optical path) flown through by the sample to be
examined. This is the only alignment that is critical to the proper
functioning of the technique. It is also worth noting that the sam-
ple (cell) thickness is much smaller than the Rayleigh range of the
focal line so that the scattering centers are all illuminated by plane
waves with a negligible Gouy phase shift. The emerging beam and
the scattered wavefronts are collected 10 mm downstream the sam-
ple in the observation plane. This plane is placed much further than
the Rayleigh range of the focal line, thus guaranteeing the far field
conditions in the V direction while maintaining the deep Fresnel
conditions for the H direction. A collection optics composed by an
afocal, long distance microscope objective (Edmund Optics 59 878,
20×) and a field lens doublet forms a 15× magnified image of the
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FIG. 1. Schematic of the optical layout. A He–Ne laser (632.8 nm) beam is spatially filtered and expanded through a 20× objective and a collimating doublet, 50 mm focal
length. A cylindrical lens focuses the beam in the vertical direction at the center of a flow cell. The emerging light is collected at a distance of z = 10 mm by a microscope
objective, and a relay lens magnifies the image onto the CCD sensor.

observation plane onto the surface of a CCD sensor. Either a 2D pix-
elated sensor or a linear, 1D pixel array has been adopted to the aim,
as described below.

For the sake of clarity, let us refer to the observation plane,
the sensor being just collecting light intensity magnified through the
microscope. We will also restrict our considerations within a limited
extension in the V direction of the observation plane. This is par-
ticularly useful, especially from an experimental point of view, since
a sensor with the limited V extension offers substantial advantages
in terms of the acquisition speed: the number of pixels to be red is
much less than in the traditional NFS. Note that the focal line illu-
minates only particles within a very thin region in the V direction,
elongated in the H direction orthogonally to the optical axis.

Let us now briefly describe the phenomena in the focal region
and the observation plane from a more formal point of view. We
consider an astigmatic laser beam of wavelength λ focused in the y
direction (V direction) by a cylindrical lens of focal length f. The
vertical extension of the beam at the focal line (z = 0) and at the
observation plane at a distance z are

w0 =
λf
πwL

, w(z) = w0

√
1 + ( z

zR
)

2
, (1)

respectively, where wL is the width of the collimated laser beam
impinging on the cylindrical lens, while the Rayleigh range, zR, in
a medium with refractive index n is defined as usual,

zR = n
πw2

0

λ
. (2)

By using the properties of Gaussian beams, the field amplitude
impinging onto the particles within the focal line (|y| < w0 and |z|
< zR; k = 2π/λ) is

E0 ≃
√

wL

w0
ei(kz− 1

2 arc tan(z/zR)). (3)

On the other hand, on the observation plane, we can set y = 0
and assume z ≫ zR, hence arc tan(z/zR) ≃ π

2 . We then obtain the
reference field amplitude,

ER =
√

wL

w(z) ei(kz− π
4 ), (4)

and note that the astigmatic beam determines a phase shift of π
4 , at

variance with the value π
2 of a stigmatic one. Without entering into

more details, we just note that, on the observation plane, the super-
position of the reference field (4) and the field scattered by objects
illuminated by the field (3) will generate an intensity distribution.
Dividing by the incident intensity, I0, this assumes the following
form:

I(x) =
RRRRRRRRRRR
1 +

√
w(z)

w0
∑ spherical waves

RRRRRRRRRRR

2

≃ 1 + 2

√
w(z)

w0
∑ spherical waves. (5)

The prefactor
√

w(z)/w0 of the interference term shows the
enhancement of the contrast mentioned above. By introducing the
formal expressions for the spherical waves emerging from N (identi-
cal) scattering centers within the focal line, with some mathematics,
one obtains the power spectrum P(q) of the interference term in the
intensity distribution [Eq. (5)]. This provides the static form factor
multiplied by the enhancing term and the Talbot transfer function,
T(q), typical of deep Fresnel speckles (Mazzoni et al., 2013),

P(q) = N
λ
z
∣S(q)∣2

k2 ⋅ w(z)
w0
⋅ T(q), (6)

where S(q) represents the adimensional amplitude of the field scat-
tered at a wavevector q = 2k sin(θ/2) corresponding to a scattering
angle θ, as defined in Van de Hulst (1957). The transfer function
T(q) arises from the interference of multiple, spherical waves arising
from the scattering volume. A complete description of T(q) is given
in Eq. (7); further details can be found in Potenza et al. (2010) and
Mazzoni et al. (2013). We note that since w(z) ∼ z in the far field, P(q)
is independent of the distance from the sample, z. This feature makes
absolute scattering measurements possible even in the present case
of astigmatic illumination. Therefore, the setup introduced here is
able to reproduce the performances of the traditional NFS method,
with the added advantage of an enhanced sensitivity that is, within
some limits, even tunable.

Following the two approaches described in Ferri et al. (2004),
Mazzoni et al. (2013), and Potenza et al. (2010), we exploit the self-
reference interferometric scheme to extract independent informa-
tion about the static form factor from the spatial power spectrum (6)
and the phase lag φ = ArgS(0) of the scattered waves from the Tal-
bot oscillations, where S(0) is the scattering amplitude of the particle
(Van de Hulst, 1957). The optical layout described here gives access
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to the power spectrum up to q ∼ 4 μm−1. Two wavevector ranges
shall be considered: for q > 0.6 μm−1, the power spectrum gives the
static form factor of the scattering centers (Ferri et al., 2004; Mazzoni
et al., 2013). In the case of fractal aggregates, the asymptotic behav-
ior of the static form factor gives the independent measurement of
the fractal dimension (Weitz and Lin, 1986; Ferri et al., 2004; and
Mazzoni et al., 2013). On the other hand, the low-q region (q < 0.6
μm−1) is characterized by Talbot oscillations, delivering information
about the phase lag of the scattered waves. Following Potenza et al.
(2010) and Mazzoni et al. (2013), the experimental data in the low-q
region are fitted by the following function:

T(q) = 1 + cos(q2

k
z̃ − 2φ) ⋅ sin c(q2

2
L

nk
+
π
8

L
zR
), (7)

where z̃ ≃ z + L
2n is the effective distance between the focal line

and the observation plane, which takes into account the optical path
between the source and the observation plane, L is the cell thickness,
and n is the refractive index of water. The term including zR, defined
as in Eq. (2), is due to the focused incident field instead of a sim-
ple plane wave. The phase-lag introduced by the particles, φ, is the
only free parameter to be fitted to experimental data; it reaches val-
ues close to − π

2 in the Rayleigh regime up to values close to zero for
large particles falling in the diffraction regime. However, and most
interestingly, the phase-lag depends on the optical thickness of the
scatterer (Van de Hulst, 1957).

CALIBRATION AND EXPERIMENTAL RESULTS

The performances of the system have been evaluated by means
of many tests with diluted colloidal suspensions under different flow
conditions.

We report here the results obtained with diluted colloidal
samples constituted by monodisperse suspensions of polystyrene
spheres 0.6 μm, 2 μm, and 2.9 μm in diameter, almost monodisperse
(σ/⟨d⟩ = 3%, 4%, and 5%, respectively). Data are compared to the
corresponding Mie curves. Two acquisition approaches have been
adopted: (1) a digital CCD camera recording a region of interest
(ROI) 1048 × 16 pixels2, small enough to be transferred and stored
in short times allowing a fast acquisition of independent frames
(100 frames/s); (2) a digital mono-dimensional CCD array with 2000
pixels, transferring up to 18 k frames/s to accelerate the fluid flow
and acquisition rate further. The former, two-dimensional sensor
is much more convenient in terms of the alignment procedure and
signal to noise ratio. Averaging the pixel values along the vertical
direction reduces the signal noise (mainly caused by shot noise). In
Fig. 2, an example of the intensity distribution within the ROI is
shown. The latter sensor suffers from the lack of vertical informa-
tion on the observation plane, which is a strong limitation in the

alignment procedure, although allowing for a significant reduc-
tion in the measurement time. The results reported here have been
obtained with the former approach.

The constant flow is obtained by draining the sample from a
container at normal pressure, as in Alaimo et al. (2006). A 2 mm
internal diameter tube delivers the liquid to the quartz flow-cell. A
flow of ∼1 ml/min provides a speed of 20 ∼ mm/s at the center of
the cell (i.e., at the maximum speed of the Poiseuille flow). Consis-
tently with the width of the focal line, the time required to renew
the sample in the illuminated region shortens down to ∼1 ms. When
operating the one-dimensional CCD array, the speed was increased
by more than an order of magnitude, allowing the acquisition rate to
be increased accordingly. Tuning the fluid speed into the cell allows
imposing different shear conditions to the sample. When measur-
ing colloidal aggregates, we exploited this possibility to find proper
conditions under which their structure factor was not appreciably
affected by shear. More generally, this technique may be used to
check the effects of shear stress on flowing samples populated by
fragile particles such as aggregate structures.

As described in Ferri et al. (2004) and Mazzoni et al. (2013),
calibration is needed in order to characterize, and compensate for,
the modulation transfer function (MTF) of the whole optical system.
This clearly affects the amplitude of the interference patterns at dif-
ferent q values and therefore the measured power spectrum and the
corresponding static form factor, hereinafter indicated with Ss(q).

The calibration procedure is straightforward. We first acquired
an extensive dataset with a flow of pure, filtered water as a base-
line. The average power spectrum has then subtracted to all the
spectra retrieved afterward. We then measured calibrated spherical
particles with an almost flat power spectrum. The particle size was
chosen in order to avoid unnecessary features in the expected spec-
trum while ensuring a good signal to noise ratio. In Fig. 3, we report
the power spectrum of the NFS speckles formed by polystyrene
spheres 600 nm in diameter (Thermo Fisher Scientific). Experimen-
tal (uncalibrated) data are reported as green dots, compared with the
Mie curve [black solid line in Fig. 3(a)]. The plots are the normal-
ized average of the power spectra obtained from 104 independent
images (frames), each averaged over the 10 pixel vertical extension of
the ROI.

For q > 0.6 μm−1, data have been adapted to the expected
Mie curve by multiplying by a smooth function [solid gray line in
Fig. 3(a)]. This gives the MTF needed to calibrate the power spectra,
whereby we obtain the calibrated experimental data (red squares)
with the corresponding error bars (the pink area).

In Fig. 3(b), details of the oscillations in the low-q region
(q < 0.6 μm−1) are given (red dots connected by the red solid line).
Oscillations ascribable to the Talbot transfer function are well visi-
ble up to approximately q ∼ 0.6 μm−1: the phase lag of the particles
in the sample can be retrieved by fitting Eq. (7) to data (green solid

FIG. 2. (a) Example of an image captured by the camera 16 × 1024 pixels2. The width of the image is 6.8 mm. Note that the intensity modulation is almost uniform vertically.
(b) The same image after removing the baseline, revealing the speckle field. The images are reported enlarged in the vertical direction for graphical clarity.
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FIG. 3. (a) Average of 10 normalized
spectra obtained with polystyrene parti-
cles 600 nm in diameter (red squares),
compared to the corresponding Mie
curve (black line). The pink area cor-
responds to the error bars. This mea-
surement has been used for calibrating
the instrument. For comparison, uncal-
ibrated data are shown as green dots,
whereas the MTF is reported as a solid
gray line. (b) Details of the oscillations
in the low q region. Talbot-like oscilla-
tions are well visible up to q ∼ 0.6 μm−1.
The phase lag can be retrieved by fit-
ting Eq. (7) to data (green solid line) and
gives φ ≃ −1 rad, in good agreement
with the expected value.

line). This yields φ = −1.00 ± 0.03 rad, in good agreement with the
expected value φ ≃ −1.05 rad. We stress that this result does not
depend on the calibration, since it involves the lower range of q: it
constitutes an independent result.

The calibration has been validated with polystyrene beads
500 nm in diameter, with equivalent results: compensating raw data
with the MTF obtained above gave good agreement with Mie theory.
Moreover, by fitting data with Eq. (7), we obtained φ = −1.10 ± 0.03
rad, compared with φ = −1.15 rad. Here, we report the results from
larger particles, which exhibit some interesting distinctive traits in
their spectra. In Figs. 4 and 5, experimental results are reported
for colloidal samples 2.0 μm and 2.9 μm in diameter, respectively.
The same data analysis procedure has been followed: the baseline
has been removed, and the MTF has been compensated for with
the calibration curve obtained above. Results are then compared to
the Mie curves without any free parameter with which data are in
good agreement. In this respect, we note the discrepancy close to the
local minima at q = 3.3 μm−1 and q = 1.8 μm−1, respectively, may
be ascribed to the small size polydispersity of the colloidal samples,
causing a slight variability of the wavevector at which the intensity
vanishes. Subsequent measurements all gave the same result. Fitting
the Talbot oscillations to data gives φ = 0.27 ± 0.05 rad and φ = 0.33

± 0.05 rad, respectively, a mild overestimation of the phase lag of
the particles. This small discrepancy with respect to theory may be
ascribed to polydispersity as well.

Finally, we tested the instrument on samples containing fractal
structures formed by the salt-induced aggregation process in a water
suspension of polystyrene beads. Samples have been prepared as
follows: Monodisperse polystyrene spheres of sub-wavelength diam-
eter (100 nm monomers, Thermo Fisher Scientific, 3100A) were
suspended in a beaker of pure water at room temperature. The
number concentration was ∼5 ⋅ 1010 particles per ml. Aggregation
was triggered by adding a water solution of salt (magnesium chlo-
ride, MgCl2) to the suspension. Adapting the procedure used by
Carpineti et al. (1990) to our samples, we employed a water solu-
tion of MgCl2 at a concentration 38 mM, which ensures aggrega-
tion in some minutes following the Diffusion Limited Aggregation
(DLA) process [see Witter and Sander (1983)]: the aggregation char-
acteristic time was of the order of 3 s–4 s. At the very early stages
of the process, the suspension was mixed by slowly spinning the
beaker. The samples were ready to be measured after a few tens
of minutes: small portions of the sample were gently picked up at
different stages of the aggregation process and diluted with pure
water 1 to 5–10, in order to stop the aggregation process, and then

FIG. 4. (a) Average of 10 spectra
obtained with polystyrene particles 2 μm
in diameter (red squares connected by
the red solid line). The filled area cor-
responds to the experimental error bars.
The data are in good agreement with the
corresponding Mie curve (black line). (b)
Enlargement of the oscillations in the low
q region fitted by Eq. (7) (green solid
line).
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FIG. 5. Same as in Fig. 4 for spectra
obtained with polystyrene particles 2.9
μm in diameter.

FIG. 6. (a) NFS data from colloidal
fractal aggregates formed by 100 nm
polystyrene beads after 50 min at room
temperature (red squares). The pink
area corresponds to the experimental
error bars. Fitting data with a Fisher–
Burford curve (black solid line), the slope
of the spectrum at high q is compatible
with a fractal dimension of df = 1.76. (b)
Talbot-like oscillations provide the phase
lag by fitting data with Eq. (7) (green solid
line) about 0.2 ± 0.05 rad.

measured immediately. Samples have been flown at a flow rate of
∼0.7 ml/min, which correspond to a speed of ∼20 mm/s through the
flow
cell.

The results of the measurements on colloidal aggregates are
shown in Fig. 6. Despite the size polydispersity, the oscillations at
low q are well visible in each measurement (Fig. 6). This suggests
that the phase lag of the field amplitude is almost the same for all
the aggregates in the population; otherwise, the oscillations would
cancel out, as discussed in Potenza et al. (2010). As with the cali-
brated samples in Figs. 3–5, polydispersity affects the agreement of
experimental data to the model in Eq. (7) at low q, reducing the
accuracy of the estimate of the phase-lag. This is even enhanced
here due to the size polydispersity of the aggregates. Measurements
taken at several aggregation stages consistently give the same phase
lag, φ = 0.16 ± 0.03 rad. We stress that this value is appreciably
larger than the phase-lag for 100 nm polystyrene monomers, i.e.,
φ = 0.02 rad, as expected for scatterers with an internal structure
(Sorensen, 2001).

The structure factor of such particles is commonly approxi-
mated by a Fisher–Burford curve. As a matter of fact, many mod-
els are concurrently adopted in the literature (Sorensen, 2001).
Since here we are only interested in the fractal dimension of the

population, we analyze the power law trend of the spectra at high-
q, which is independent of the specific model. In our log–log plots,
we just evaluate the slope: the high-q asymptotic behavior yields
a fractal dimension of df = 1.76, which is compatible with the
expected value for such systems (Weitz and Lin, 1986) and in
agreement with independent measurements performed with small
angle light scattering (Ferri et al., 1989). Furthermore, this is an
indication that the imposed flow does not damage the structure
of such particles appreciably. We repeated the procedure outlined
above with aggregates of particles 70 nm in diameter with equiv-
alent results. By our initial observations, flow rates higher than
∼10 ml/min yield spectra that lose the well-defined, straight trend
in the log–log plots, which typify fractal aggregates. This suggests
a possible disruption/compaction of the fractal aggregates under
shear. Such a flow rate corresponds to a shear stress of the order
of 10−1 Pa s.

CONCLUSIONS

In this work, we have described a non-invasive, robust optical
technique based on the self-reference near field scattering method,
adapted to work on colloidal samples under imposed flow of up to
some ml⋅min−1 at a speed of tens of mm/s. The instrument is suitable
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to work in line with other optical or electronic instruments, hence in
continuous flow analysis systems, for example. From the power spec-
trum of the randomly speckled intensity fluctuations, we are able to
retrieve the absolute measurement of the static form factor over a
wavevector range from 0.02 μm−1 to 4 μm−1 and the phase lag of the
forward scattering amplitude. The method can be successfully used
on polydisperse samples characterized by a complex structure as the
fractal aggregates considered here. Thanks to the highly astigmatic
beam, the scattering volume covers the whole cell width, maximizing
the throughput of the system. Moreover, focusing in the direction
parallel to the flow ensures an appreciable optimization of the con-
trast, ultimately enhancing the sensitivity. This optical layout is suit-
able for measurements of diluted suspensions characterized by low
particle concentrations; the vertical size of the light sheet should be
chosen according to the desired application. A tight focusing favors a
high signal to noise ratio and extends downward the lower size limit
for the particles detectable by the instrument. Similarly, the beam
waist establishes an upper size limit, as large objects may surpass
the vertical size of the light sheet. Finally, a possible application of
this device may also include the study of the effects of shear on soft
aggregate samples. From a more technical point of view, the number
of optical components is kept to a minimum and the system does not
require any precise alignment and no more than a sporadic check of
the calibration.
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