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Abstract

Digital In-Line Holography is a highly attractive optical
method for the simultaneous determination of the three-
dimensional positions and velocities, the shape and size of
particles (drops, bubbles, bacteria, etc.) dispersed in a
fluid. In this keynote, after a summary of the basics of the
DIH, the authors review their latest contributions to
further enhance its capabilities, and most notably on the
asymptotic modelling and understanding of hologram
formation, refractive index measurements and reduction of
the sensor filling rate.

1 Introduction
Digital in-Line Holography (DIH)
technique with unique features for the three-dimensional

is an optical

characterization of particulate media. By recording and
greyscale provides
simultaneously an estimate of the 3D positions, velocities,

analysing a simple image, it
shapes (2D), sizes and, as has recently been demonstrated,
the refractive index of particles in free space [1, 2] as well
as media with a degree of astigmatism [3]. In addition,
DIH can be operated either as a direct method (e.g. [3-13]),
with backpropagation and blob analysis methods, or as an
inverse method, parametric or not (e.g. [14-16]).

the precise
characterization of spherical (but also cylindrical and

Counter-intuitively, holographic
ellipsoidal) particles is made tricky by their high
symmetry. The latter induces morphologically dependent
resonances, grazing, surface and tunnelling effects that are
not considered by actual hologram formation models
based on the scalar diffraction theory. Naturally, the latter,
which do not take particle refractive index into account, is
also inappropriate to infer this particle property.

The Lorenz-Mie theory (LMT) [17] and the Debye series
expansion [18] are the reference when considering the
electromagnetic scattering of light by spherical particles.
However, both require large computational resources or
data storage capacities, which are not always compatible
with the development of fast and accurate inverse
analyses. This is especially true for particles with large size
parameters and changing optical properties. This explains
the renewed interest in the development of asymptotic
models, whether for the analysis of far-field scattering or
diffraction patterns [19-27], holograms [6, 28-32],

interferometric images [19-21], critical [24, 33-35] or
rainbow patterns [36-40].

In this keynote, after summarising the basics of the DIH
technique, the authors review their recent contributions to
the improvement of this optical particle characterisation
technique in terms of modelling and understanding of
hologram formation, refractive index measurement and
reduction of sensor filling rate.

2 Basics on DIH

2.1 Formation and recording of holograms

DIH records images of the so-called diffraction patterns
of the particles be characterised at finite distances |5, 12, 13,
41]. In most situations, the cloud of particles is illuminated
by a collimated and coherent beam. The detection system
is reduced to an intensity-based image sensor (usually
without optics) at a medium distance L from the
particles. A commonly accepted approximation is that, for
a single particle, the recorded pattern results from the
interference of the wave it scatters (probe wave, field
E, and intensity I, ), with the wave incident on the sensor
(reference wave, field E and intensity I, ), see Figure 1 a.
For a dilute particle medium, the incident wave is little
disturbed as it passes through, E, ~ E,and I, = I, = EF, ,
and the intensity of the scattered field is negligible
compared to that of the incident wave, I /I,=0 .
Measuring the intensity without particles I,, we have on
the sensor:

I/I,~1cRe{B, E+E, B}/, 1)

The term in brackets is a classic two-wave interference
term. However, it is referred to as a "hologram" because it
results mainly from the interference of diffractive
contributions with the reference wave. When £ particles
are scattered in the probe zone, the global hologram is
simply assumed to be the result of the coherent sum of all
contributions.

Two approaches are used to extract from this pattern
the three-dimensional position x,, y,,z, and radius a, of
these particles.

2.2 Restitution by backpropagation and image analysis
The global hologram is backpropagated over all

distances g < L. where particles are likely to be present (i.e.

the probed zone). Each image obtained (square of the
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reconstructed field) is analysed to determine the presence
of a particle in that plane and whether its reconstructed
image is in focus. This is determined using focusing
indicators based, for example, on the divergence of the
phase of the reconstructed field or the contrast of the
intensity profile [3, 7, 9, 32, 42]. For this reason, DIH is
often referred to as "digital refocusing” and "lensless
imaging". Once a particle has been localised in z,, classical
image processing tools (Hough transform, convolutional
methods...) are used to determine its centroid, x,, y, , and
shape (blob analysis).
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Figure 1 DIH: (a) classical recording setup and illustration of
the twin images problem; (b) Global hologram simulated with
LMT for ny=20 particles, with sizes between 80 and 170um, at a
mean distance (on to scale in this graph) of z=0.1m for the
sensor. (c) Illustration of the principle of the backpropagation

approach.

This approach is not restricted to spherical particles. In
all cases, the reconstructed images are pixelated and
particles with dimensions close to those of the pixels
cannot be characterised with this approach. The latter is
also very sensitive to the thresholds used to eliminate
background noise and detect the particles. Similarly, the
images obtained are surrounded by spurious fringes due
to the finite size of the sensor and the loss of phase of the
recorded interference field, Figure 1 (c). In fact, the
bracketed term in Eq. (1) contains two opposing terms. It is
as if one term corresponds to the probed particles and the
other to virtual particles located symmetrically behind the
camera sensor [43]. During the reconstruction process of a
particle located at z,, its image is superimposed by the
diffraction pattern of its corresponding virtual particle
(also called "twin particle") located at =2 —x,..

These fringe artefacts are annoying [44, 45], but not
necessarily redhibitory for many applications.

2.3 Restitution by inverse methods

Particles are characterised iteratively by minimising the
differences between experimental holograms and those
simulated with a scalar diffraction approximation [46-49].
To converge to a global physical solution, this algebraic
minimisation requires regularisation based on all available
data and a priori (prior measurement of image noise,
particle shape, expected bounds on particle size and
spatial distribution, etc.). Inverse approaches are no longer
limited by the size of the pixels in the particle plane, but
rather by the accuracy of the scattering model, the
convergence capabilities and the stability of the
minimisation method. Particles in the wavelength range
can be characterised using the LMT and an optical
microscope [7, 46, 50-54]. Particles whose centroid lies
outside the surface defined by the matrix sensor can also
be characterised to some extent. In this approach, the
phase and noise generated by the twin images can even be
subtracted computationally [30, 44, 45, 55]. Unfortunately,
inverse approaches are extremely expensive in term of
computational resources and probably more limited in
terms of the density of the particulate medium.

2.4 Basic setup

The simplest setup consists of an unpolarized laser (He-
Ne type) of a few milliwatts to tens of milliwatts whose
coherence length exceeds the dimensions of the particles.
The beam is to clear-up its profile (i.e. monomode fibre,
optical pinhole), magnified and collimated. Enlarging the
beam attenuates the illumination gradients due to its
Gaussian profile, while collimation produces a quasi-
planar wavefront at the measurement zone. The high-
resolution, high-dynamic CCD or CMOS camera is
equipped with the largest possible sensor (1 Mpixel and 12
bits are a minimum). In fact, with no optics in front of the
camera, it is the dimensions of the sensor and the width of
the beam that determine the lateral dimensions of the
observed field. Prior the actual measurements, the
intensity I, of the particle-free reference wave and I, that
of the electronic noise are measured. The normalised
holograms are then given by (I-1,)/(1,-1,).

3 Holograms simulations with LMT

3.1 Basics

The three components (r,6,4) of the incident electrical
field E", By By, from a linear or non-polarized incident
plane wave, as well as the internal E",E,",E;" and
scattered E,E;, ;" electrical fields are calculated with
series of Legendre's polynomials, Bessel and Hankel
functions [17, 56, 57]. Classically, these series are truncated
for expansion parameters such as #x#, [58], with
=INT(«

n,, .»)T1 where o =7zD/A stands for the particle
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size parameter in the considered medium (refractive index

m,, ) and for the incident wavelength in the embedding
1/3

medium A =24,/m,, with, for instance, o, =a+ 4.05a
+2, forax € ]8,4200].

(@) (b)

Figure 2 Parameters of spherically symmetric particles [57]

3.2 Speeding up calculations under Matlab’s
environement

The present authors have developed and made available a
set of routines and a MATLAB® application (with a
Graphical Unit Interface, GUI), to compute holograms
with the LMT in an efficient and convenient way, see
Figure 3. The first window allows to manage the
calculations, select the interpolation resolution, the output
type (scattered or total field), etc. The second allows
generation (or import) of different types of particle size
distributions, as well as the particle spatial distribution.
The third allows the selection the particle material
properties, while the fourth collects other setup
parameters: sensor distance, pixel size and number,
wavelength...
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Figure 3 Main windows of the GUI ‘DIHMie 1.1

The particle properties are their 3D coordinates
(x, J”z)p with respect to a laboratory coordinate system
(Onz) , a single complex refractive index (m,£) and
diameter D for homogeneous spheres, two complex
refractive indices (m,,4;m,,k,) and two diameters
(D,,D,) for coated spheres and a single diameter with up
to typically [.=5000 complex refractive indices
(7,,4;30=1,2,---L) for radially inhomogeneous spheres,
see Figure 2.

Calculations can be sequential or parallel. Basically, the
main output is the intensity of the electromagnetic field on
a plane (x, y,z) mimicking the surface of the sensor that
is perpendicular to the z-axis and at located at a distance
. The intensity-based sensor, linear, is defined by its pixel
size and number. The electromagnetic field considered can
be either the incident (reference wave) or, more
interestingly, the scattered or the total (scattered plus
incident) field of a single particle or a cloud of #, particles
(D, 1,k x, y,g)ﬁ. For a cloud of particles, the routines
allow accounting for the interference between the fields
scattered by all the particles to be considered as if they
were alone. In other words, the perturbation of the
incident wave by each particle is not neglected, an optical
dilute regime is assumed. Other interesting outputs are,
for example, the near-field intensity and phase maps or
profiles, see Figure 4.
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Figure 4 LMT: near-field of a methanol droplet in air with radius
a=101.6um and m=1.3145 (1=0.532um, z=0.1m). (a) Logarithm
of the mnormalized electromagnetic intensity and (b)
corresponding transverse profiles; corresponding (c) phase map
and transverse profiles.

Even with the parallelization option, high-resolution
holograms of large particles can take a long time to
compute, especially if the particles are far away from the
sensor. The latter limitation is due to the difficulty of
accurately computing the Hankel functions at large
distances from the particle. To reduce the computational
effort, four solutions have been implemented. They allow
the total computational time to be significantly reduced
without noticeable loss of accuracy:

- For large distances, the Hankel function is computed
using asymptotic expressions [59] instead of downward
recurrence.
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- Since the hologram of spherical particles is also
rotationally symmetric, a special numerical scheme has
been developed to interpolate the electromagnetic field
components, over the entire sensor surface, from their
values calculated along the CCD sensor diagonal.

- To account for the lateral shift of the particle
coordinates (x, y), with respect to the CCD coordinate
system (x,y) , the electromagnetic calculations for each
particle are performed only for the diagonal of the sensor
surface.

- The three complex components of each electric field
are interpolated using a bilinear interpolation method
before the Poynting vector is used to calculate the local
electromagnetic intensity.
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Figure 5 Debye expansion: logarithm of the normalized
electromagnetic near-field intensity around a methanol droplet
in air with radius a=101.6um and m=1.3145 (1=0.532um,
ze=0.1m): (a) all scattering processes included; (b) only p=0a
term: specular reflection, surface waves and tunnelling
contributions; (c) only pure diffraction; (d) only single refraction
and p=0a terms.

3.3 Debye expansion and localized principle

For DIH operating in the small angle scattering regime,
it is commonly assumed that holograms result exclusively
from a pure diffraction process. This is an implicit
assumption when, for example, the opaque disc model is
used to model the wavefront exiting the particle [60]. In
fact, this term, denoted here as p=0an, includes several

contributions: the pure diffraction term (independent from
the material properties and denoted here as p=0uitf), which
does not depend on the material properties of the particle
(i.e. the refractive index) [61, 62]); specular reflection below
and above the grazing incidence region, tunnelling and
surface waves. As mentioned above, except for the term
p=0ait;, all other optical phenomena are generally neglected
in the DIH literature - without any clear justification.
Meanwhile, the PJM (see below) is a clear proof that it is
mandatory to consider the term p=1 (single refraction) [1-
3]. The results obtained with the Debye expansion,
combined with the localisation principle, show that this
term is not sufficient to reproduce all the fine structure of
the PJ. To achieve this, it is necessary to consider the
interference of the terms p=0ar and p=1 on the DIH sensor,
while the influence of higher refractive terms (p>1) is
consistently less critical, as shown in Figure 5.

3.4 Asymptotic models for hologram formation

Following the previous remarks, the authors have
developed an asymptotic model for the forward scattering
of spherical particles. In this model, the contributions of
pure diffraction, specular reflection and surface waves are
described by an approximation, derived by Nussensweig
[63], of the first two terms of the Debye expansion. These
terms can be rewritten, using Fraunhofer or Rayleigh-
Sommerfeld integrals, as a diffraction problem involving
an opaque disc and a thin concentric ring with a complex
outer radius. This complex boundary allows some of the
effects associated with the refractive index of the particle
to be taken into account in the forward scattering.

10"
o ==Diffraction only
- e LMT
‘5 ) «==Model 1
g 1077} + Model 2
=
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.E
5101t
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K100
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Figure 6 Scattering of a plane wave (A=0.633um) by a water
droplet in air, with radius a=45um, observed at a distance of
z=10cm. Comparison of the logarithm of the normalised
electromagnetic near-field intensity obtained with LMT and
three models: pure diffraction, opaque disk and annular ring
approximation with Fresnel integrals (Model 1) and Rayleigh-
Sommerfeld integrals (Model 2). The thumbnail shows the
corresponding holograms.

The other part, induced by the rays hitting the surface
of the particle, is modelled with a Geometric Optics
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Approximation (GOA) valid in the near and the far field.
Figure 6 shows a typical result for a water drop observed
at z=10 cm. An extensive numerical study has
demonstrated the efficiency and accuracy of this model
(Model 2) over a wide range of distances, particle sizes,
and refractive indices. More details will be provided
during this conference, with the work presented by
Chabrol and Onofri [64].

4 Measurement of particle refractive index

4.1 Background

In various realms of industry,
understanding the composition of particles holds
significant importance. With DIH, there are three different
approaches to this measurement. The first one relies on
morphological assessments, which necessitate stringent
geometric-compositional relationships to size and classify
suspended particles [11]. The second involves direct
comparisons, such as using a best-fitting technique,
between experimental holograms and their numerical
simulations utilizing rigorous electromagnetic light
scattering theories such as LMT [65, 66]. However, the
computational requirements associated with these
comparisons may prove prohibitive, especially for large
particles in the range of few tens to several thousand
micrometres, as pertinent to our investigations on
multiphase flows. The third approach is the Photonic jet

method (PJM) [1-3].

research and
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Figure 7 Principle of the photonic jet method in DIH: (a) direct
calculation with LMT of the near-field of a droplet (a=0.55mm,
m=1.0825) and (d) corresponding hologram (ze=10cm,
A=0.475um); (e) similar experimental hologram and (b)
reconstructed mear-field by the backpropagation of the
experimental hologram; (c) evolution of the focusing indicators
identifying the particle position and the focusing point.

4.2 Photonic jet method (PJM)

The PJM builds upon the concept that the forward
contribution of the term p=1 of a large, transparent and
spherical particle closely resembles that of the focusing of
a ball lens with focal length, /. In the paraxial

approximation, its focal length is contingent to its radius
and real refractive index [60]:
f=ma/(2(m-1)) @
Leveraging classical DIH back-propagation techniques
enables the determination of the radius « and axial
position of the particle. By localizing the focal point in
(also referred as the maximum of the geometric caustic in
physical optics [67] or ‘photonic jet' (PJ) in
electromagnetism [68]) of the ball lens, it can be directly
estimated from the focal equation, Eq. (2). Tian et al. [4]
were probably among the first to report the possibility to
use this phenomenon to determine the refractive index of
droplets and bubbles. Choi and Lee [12] have also utilized
the ball lens analogy to refine the positioning of particles
with known refractive indices. However, the present
authors have independently advocated and demonstrated
its capabilities for particle material recognition and
estimate their refractive index.
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Figure 8 Numerical evaluation of the expected resolution of the
PJM, using the ball lens equation, for a wide range of particle
relative index and size ranges.
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Figure 9 Experimental evaluation of the size and relative
refractive index of air bubbles, Isane droplets and glass beads
flowing in water.

Now referred as to the "photonic jet method" (PJM) in
the DIH, it works well for both refractive particles (m>1,
e.g. droplets and beads in gas or liquids) and reflective
particles (m<1, gas bubbles in liquids or some liquid
droplets in liquids). As shown in Figure 8, simulations
show that the PJM allows to obtain, with almost no
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additional computational cost, an accuracy of +3.7 103 on
the refractive index of liquid-liquid particles with radius in
the range [30-1250] um. This order of magnitude has been
confirmed by experimental work on a four-phase flow, see
Figure 9.

To further improve the performance and accuracy of
the PJM, it is essential to develop a more sophisticated
model for the so-called focal equation. This is precisely the
aim of the work that is being carried out on asymptotic
models of the forward scattering patterns, §3.3 and &3.4.

5 Reduction of the sensor filling rate

The maximum density of the particle field that can be
characterised by DIH depends on many factors. These
include DIH assumptions such as the absence of multiple
scattering and an unperturbed incident wave, the
resolution of direct or inverse restitution methods, the
actual density of the particle cloud and the homogeneity of
its spatial distribution, the observation distance, or the
dynamic range of the sensor. There is little in the literature
on this large and complex problem. However, the authors
have recently investigated the possibility of using
compression optics to reduce the fill rate & of the sensor by
holograms. As an illustration of the method, Figure 10
compares the holograms recorded without and with
compression optics for a stream of droplets. As a rough
approximation, the gain of the method is of the order of
(gz [z, )71 , 1.e. the inverse of the Fresnel number.

Figure 10 Experimental evidence of the ability of compression
optics to reduce the sensor fill rate: left, free space; right, with
compression optics. The droplets in these two experiments are
similar but not identical.

6 Conclusion

After summarizing the basics of the DIH, the authors
review their recent contributions to further enhance its
capabilities, particularly in the asymptotic modelling and
understanding of hologram formation, refractive index
measurements, and sensor filling rate reduction.

This work was partially supported by the Nuclear
Energy Division of CEA (program DISN/PAREC); the
French government, grants managed by the Agence
Nationale de la Recherche (reference ANR-23-CE51-0023,
ANR-13-BS09-0008).
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