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Abstract

The aim of this paper is to present some new developments in particle characterization. More precisely, the paper will be focused
on the description of some progresses in the characterization of particles by interferometric methods which are generally
considered as the most accurate ones. Three standard configurations will be presented and discussed: i) Interference between
scattered light from a particle and a single reference beam (holography), ii) Interference between different kinds of light scattered
by a single particle (ILIDS), iii) Interference between the light scattered from different particles. A special attention will be
devoted to the possibility to obtain 3D information on the particle location.
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Nomenclature

A;, A, The amplitude scattered by one particle on a detector pixel, the total amplitude on a single pixel
DLS  Dynamic Light Scattering

FII Fourier Interferometric Imaging

I; The total intensity on a pixel of the detector

ILIDS Interferometric Laser Imaging Droplet Sizing

MSD  Mean squared displacement

MSDV Mean squared distance variation

N The number of particles in the control volume

PDA  Phase Doppler Anemometer

<X 2 > The mean squared displacement of the ith particle

<X izj > The mean squared distance variation between particle i and j

1. Introduction

The characterization of the discrete phase of multiphase flows is still a challenge for fundamental studies as well
as industrial applications. By characterization of particles we mean the measurement or the estimation of their size,
velocity, shape, refractive index (i.e. temperature and composition), ...

To characterize the discrete phase (the particles), a huge number of techniques exists based on different physical
principles. If we focus on the optical techniques, they can be sorted in two large families: i) Techniques working on
a single particle as Holography, PDA, imaging, ILIDS, standard rainbow refractometry, ... ii) Techniques giving an
averaged information on a cloud section as diffractometry, global rainbow technique, turbidimetry, DLS....

Among these techniques, the most accurate ones are based on the use of interferences. These interferences can be
between the different kind of light interaction with the particle as for ILIDS and Standard rainbow refractometry,
between the light scattered from different sources as for PDA or between the scattered light and a reference beam as
for holography.

Nowadays, the development of interferometric techniques to characterize single particle is an active field of
research. Nevertheless, it is also possible to design section of cloud measurement based in the recording of the
interference field. We expect that all the particles in a section of a cloud can be measured with the same accuracy
than a single particle.

Accordingly this paper will be organized as follows. Section 2 will recall the measurement of inclusion inside a
spherical droplet by holography. Section 3 will be devoted to recall the extension of ILIDS to the measurement of
spherical particles 3D position as well as the characterization of irregular particles. Section 4 will be the introduction
of FII to characterize directly a section of cloud by recording and processing the interference field in a given
direction. Then practical applications to small or large particles will be described. Section 5 is a conclusion.

2. Interference between one particle and a reference beam

Basically, in particle measurement, holography is based on the recording of the interference fringes created by
the scattered light interfering with a reference beam. The quality of the measurement (3D location, particle size, ..) is
strongly connected to the knowledge of the reference beam. Accordingly, in the special case where we want to
measure the properties of small particles embedded in a larger droplet, the reference beam as well as the
illumination of the inclusion are unknown: the reference beam impinging on the detector depends on the droplet size
and shape, the local light field on the inclusion depends both on the particle size and shape AND on the inclusion
location inside the droplet. Nevertheless, we have recently developed an inversion strategy; based on 2 Dimensional
FRactional Fourier Transform (2D-FRFT) which permits to process such images [1, 2, 3]. Figure 2.1 displays an
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example of recorded hologram while figure 2.2 displays an example of reconstructed plane. In figure 2.1, on the
right, the circular fringes correspond to the effect of the large droplet while the traces closer to the center correspond
to the hologram of the inclusion inside this large droplet. Reconstruction of the hologram can then be realized using
the 2D-FRFT [4, 5]. In figure 2.2 obtained after reconstruction of an hologram, four particles can be identified: two
are in focus, two are out of focus. The two particles in focus are identified by a black circle. By using the fractional
Fourier transform they have been located in the host water droplet at distance 14.4 mm from the CCD sensor.
Moreover, each particle is represented by a spot and a long dash. This is due to a specific illumination scheme: a
double pulse acquisition (short and long pulse) in order to identify the displacement direction [6]. The short pulse
acts as a precursor. The small spot corresponds to the origin position of the inclusion. The long pulse allows then to
observe the following part of the inclusion trajectory.

E £
£ %
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06 04 02 0 02 04 06
x(mm) x(mm)
Figure 2.1: Example of in-line hologram of Figure 2.2: an optimal reconstructed plane
micronic inclusions in a spherical droplet within the droplet

3. Interference between the light scattered by one particle

ILIDS technique has been introduced by Glover et al. [7] to measure the droplet 2D position in a plane and the
particle size in sparse cloud and free space. Its principle is to record the out of focus image of the light scattered by
spherical droplet on which a laser sheet impinges (see figure 3.1). Then, on the recorder, each particle creates a
circular image where vertical fringes code the size information. First a general simulator based on optical transfer
matrices has been developed in order to describe a wide range of imaging configurations [8].
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Figure 3.1: Typical set-up of ILIDS Figure 3.2: Out-of-focus pattern of spherical droplets in a

cylindrical imaging system for 3D location of the droplets

We have then demonstrated (numerically and experimentally) that by adding the appropriate cylindrical lens, the
third dimensional position of spherical droplet can be evaluated from the fringes rotation (see figure 3.2) [9]. These
first experiments have been realized with droplets in air. Similar configurations have been performed to characterize
bubbles in a liquid: water or glycerin [10, 11].

Moreover, the extension of ILIDS to the characterization of irregular particles has also been realized [12, 13]. In
this case the basic experimental configuration is the classical one, but the processing is based on the 2D
autocorrelation of the image. Figure 3.3 is an example of a ILIDS image for an irregular particle with its associated
2D autocorrelation. The interferometric out-of-focus pattern of the irregular rough particle is a speckle-like pattern.
The size of the speck of light has been shown to be analytically linked to the size of the irregular particle. The size
of the speck of light is obtained after a 2 Dimensional autocorrelation of the speckle-like pattern. The dimension of
the central peak is then inversely proportional to the dimension of the particle [13].

+2:5:=2=)5:=1~05:0 0.5 1 L5 2 :25

o
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Figure 3.3 Typical Out-of-focus pattern of an irregular rough particle and the central peak of its 2D-autocorrelation
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4. Interference between light scattered by several particles

Let us assume that the field of interference created by the light scattered from a section of a cloud on a detector
surface is recorded. In this case, the amplitude on a single pixel of the detector is given by:

4=>4 1

where A,is the amplitude of the light scattered by a single particle and N the number of particles in the control
volume. Accordingly, the total intensity is:

I,:A,oA;=iAi0A:+ﬁ:ZAi0A; Q)
i=1

i=1 j=lli;

The major novelty of Fourier Interferometric Imaging (FII) is to work with the A7 ° A; terms [14]. To do that, as
exemplified in figure 4.1, the 2D FFT of the interference field is computed. Each trace in the 2D FFT corresponds to
aterm 4, @ A; which has the following properties:

1. The distance between a trace and the image center is directly proportional to the distance between the
two particles constituting this pair,

2. The number of traces is given by the number of combinations 2 at 2 of the particles in the control
volume, that is to say Nx(N-1) where N is the number of particles in the control volume. This means
that each particle can be measured up to N-/ times on one recording.

3. The intensity of one trace is proportional to the square root of the product of both intensities scattered
by each particle. The signal is no more proportional to d” or d° according if the particle is larger or
smaller than the incident wavelength.

The processing of such images will depend on the size of the particles. When the particles are larger than the
wavelength, the scattering diagram is complex as different ‘kinds of light’ issued from the same particle interfere
together (i.e. externally reflected light, two times refracted light, two times refracted light with internal reflections).
Accordingly, the parameters describing the particles can be extracted from each recorded interference field. On the
opposite, for particles smaller than the wavelength, the scattering diagram is very regular and it is difficult to extract
any information directly from the trace on a single recorded interference field. The information on the particle must
be searched from the time evolution in a series of recorded interference fields due to the Brownian motion.

Figure 4.1: A typical interference field and its associated 2D FFT (computed for nano particles).

4.1) Particles larger than the wavelength
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When the particles are larger than the wavelength, the size information is coded in the shape of trace.
Accordingly, the trace will be processed. The processing, based on the properties of the 2D FFT, is schematized in
figure 4.2. Starting from a recorded interference field, the 2D FFT is computed. It can be viewed as two matrices
one for the real part, one for the imaginary part. From these two matrices, a magnitude matrix can be computed
where the different traces of interaction can be identified. At an identified trace, it is possible to associate a mask
with a transmittance of one for the trace and zero around. This mask can be applied to the real and imaginary
matrices, and from the weighted matrices, by computing the inverse 2D FFT the scattering diagram corresponding to
this pair of particles can be computed. From three interacting particles, the scattering diagram of each individual
particle can be extracted, and processed to obtain its size and refractive index.

Composite
:  scattering
diagram for
a couple of
particle

Figure 4.2: Schema of the FII image processing.

To prove the validity of the proposed approach a first series of experiments has been carried out with lines of
monodispersed droplets, created by a droplet generator from the company FMT Technology Gmbh. Figure 4.3
displays a typical line of monodispersed droplets. From the image, taking into account the magnification, the
droplets diameter is estimated to be equal to about 200 um and the distance between particles to be equal to 400 pm.
The droplet line was lighted by a laser pulse (wavelength 532 nm, duration 10 ns). The scattered light was
simultaneously recorded by two cameras (Balster, 2048 x 2048 pixels). One camera was in forward scattering
configuration (45°) while the second was in backward configuration (142°).

Figure 4.3: A typical line of monodispersed droplets.

n
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Forward interference field Backward interference field
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Figure 4.4: Comparison between forward and backward FII images processing.

The first line of figure 4.4 displays the recorded interference fields corresponding to forward or backward
scattering. In the backward, the rainbow structure is easily recognizable.
The second line of figure 4.4 displays the associated 2DFFT of the interference fields. The 2DFFT associated to
forward and backward scatterings are very similar.
Then the central 2DFFT trace and the first lateral trace are selected (identified by red and blue rectangles in the
second line), and the mask corresponding to these traces is applied to the whole 2DFFT field and the inverse 2DFFT
is computed. The results are displayed in line 3 and 4.
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The figures displayed in line 3 correspond to the inverse 2DFFT of the central trace, then according to formula (2) to
the summation of the intensities scattered by all the particles in the control volume. In the particular case of
backward scattering, the signal is the global rainbow signal from which a mean refractive index and a size
distribution can be extracted.

The figures displayed in line 4 correspond to the inverse 2DFFT of the first lateral trace: particles separated by one
elementary step. On these two figures large interference bands are visible, corresponding to interference between
particles with a small modification of the inter-particle distance. From such interference bands modifications smaller
than one micron over 400 um have been measured.

4.2) Particles smaller than the wavelength.

When the particles are smaller than the wavelength, the trace shape doesn’t provide information about the size.
The information on the size will then be extracted from the temporal behavior of the trace. In particle size
measurement based on Brownian motion (tracking, DLS, ..), the mean squared displacement (MSD) is measured.
The MSD is defined as:

Z('xi (t) _‘xi(o))2

(ro)==—F G)

In FII, the measurement is not the location of the particle but the distance between the two particles of a pair.

Accordingly, the mean squared distance variation (MSDV) <X 12’2> is measured, which is related to the MSD by:

() ={x7)+(43) @

To simulate an FII experiment, a Lorenz-Mie code predicting the interference field on a CCD detector in an
arbitrary direction has been used [15, 16]. This code has been coupled with a numerical simulation of the Brownian
motion to predict the displacement of the particles. With this code, the temporal behavior of a particles cloud has
been simulated. The interference field has been computed for each time step. In this paper, the time step between
two records is assumed to be equal to 0.01 second and 500 steps have been computed corresponding to a 5 seconds
experiment. Then the 2DFFT of each interference field has been computed, and the location of the traces in the
associated 2DFFT space has been measured for each time step, permitting to directly measure the MSDV.
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Figure 4.5: MSDV versus particle diameter. Figure 4.6: Trace intensity

Figure 4.5 plots the logarithm of the MSDV versus the logarithm of the diameter of one particle of a pair.

The studied parameter is the size of the second particle of the pair. Moreover, the MSD (<X 12> ) for the first
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particle of the pair is plotted as a dashed red line as well as two times this value which is plotted as a blue
continuous line. A first remark is that the blue line fits perfectly the MSDV measured for pairs of particles of the
same size, verifying equation (2). A second remark is that when the particle pair consists in a large particle and a
small particle, the MSDV corresponds to the MSD of the smallest particle. For example, for a pair with a 5 pm
diameter particle (green triangles), the FII measures directly the MSD of the particles smallest than 0.2 pm.

Figure 4.6 plots the intensity versus the trace. For clarity reasons, only 6 particles of three different sizes have
been selected for this figure: 2 particles of 0.02 pm, 2 particles of 0.5 um and 2 particles of 5 um. 30 traces
correspond to that configuration (30 = 6 x 5). Taking into account the 2DFFT symmetry, the study can be limited to
15 traces. In figure 4.3, the bars with a uniform color (bar 1, 10 and 15) correspond to pairs with two identical
particles. The intensity of the trace is identical to the intensity measured with classical imaging approach, that is to
say proportional to d°. The difference of intensities between the 0.02 pm and 5 pm particles is equal to 16 (in log
units). On the contrary, the bar with two colors corresponds to trace for two different sizes of the particles (traces 2,
3, 4 and 5: pair 0.02 and 0.5 pm; traces 6, 7, 8 and 9: pair 0.02 and 5 um; traces 11, 12, 13 and 14: pair 0.5 and 5
um). Then to measure all the particles of this cloud it is sufficient to process the traces 2 to 9. For these four traces
the difference of intensity is only 2 (in log units). This result demonstrates the efficiency of FII approach to increase
the signals of the smallest particles.

Conclusion

The accurate measurement of single particle and particles fields is a challenge. In this paper, some recent
progresses on the characterization of such configuration by interferometric techniques are reported. Examples are
given for three configurations: i) Interferences between the scattered field and a reference field, ii) interferences
between the different kinds of light scattered by a single particles, iii) interferences between the fields scattered by
several particles. The advantages, disadvantages and originalities of each of these techniques are discussed.
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