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Abstract

Using a Digital Micromirror Device (DMD), the 3D-reconstruction of programmable rough particles (centrosymmetric or
non-centrosymmetric) are done from a set of 120 interferometric images. This can be done using the error-reduction (ER)
algorithm for the 2D shape reconstructions and the filtered back-projection for the 3D tomographic reconstruction.
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1. Introduction

The tomography of irregular rough particles in a flow is particularly interesting in domains such as
meteorology, biology, health, combustion and other concerned. In many domains a single-shot technique that
permit to “freeze” the particles on a sensor. A short light pulse is necessary because particles can reach important
speed in a flow. For example in airbone operation or in icing wind tunnels, the relative speed of the particles as
ice crystals or ashes due to the plane’s flight can exceed 200 m.s~1. In addition, an instrument should ideally
tend to real-time analysis. A configuration as a CT scan [1-5] (computed tomography scan) in medicine where
the object is fixed while the x-ray tube rotates around the object is not applicable. A setup where the particle is
illuminated by a unique short flash, while different sensors acquire simultaneously the signal delivered by the
particle in different directions, must be envisaged. Techniques based on light scattering properties are interesting
and in this family interferometric particle imaging [6-11] seems promising.

When illuminated by a laser pulse, particles scatter light. Using an out-of-focus imaging set-up, the images of
irregular rough particles are speckle patterns. The difficulty of the study lies in the nature of these interferometric
out-of-focus images. After 2D-Fourier transformation, these images give the 2D-autocorrelation of the contour of
the particle projected in the plane of the CCD sensor (corresponding to this angle of view), and not the contour of
the particle itself. These results have been validated in several experimental cases [12-18].

In a previous study, we have shown that the 3D-reconstruction of a particle can then be done from a set of
three simulated interferometric images of this particle (from three perpendicular angles of view). As the 2D-
autocorrelation of a 2D-shape does not give the 2D-shape of an object itself, each interferogram is analyzed using
a phase-retrieval algorithm: the error-reduction (ER) algorithm which enables to obtain a function f(x, y) from
measurements that give the modulus of its 2D-Fourier transform |F(u, v)| by reconstructing the phase of the 2D-
Fourier transform. The method has been tested on irregular rough particles programmed with a DMD and it
shows great potentiality.

To obtain a better estimate of the 3D-shape, it is necessary to reconstruct with more precision the 3D-contour
of the particle by adding new angles of view. However, the major difficulty in adding viewing angles is the rear
projection of the reconstructed 2D projections at different angles. The three-dimensional shape and volume of a
particle is estimated using tomographic reconstruction algorithms from the acquired projections.

It is well known that CT-scans in medicine acquire more than 100 angles of views to perform a high-accuracy
tomography of the patients. In this paper, we study whether a configuration where many CCD sensors would be
located around particles in a flow can be applied to perform a high-accuracy tomography of the particles using
interferometric imaging. The set-up under consideration is represented on figure 1 in the case of eight angles of
view regularly separated from each other.
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Fig. 1. Experimental configuration under study in this article: irregular rough particles are observed simultaneously from different angles of
view regularly separated from each other (8 cameras on this figure).

We will actually identify how many sensors would be necessary to obtain accurate 3D-reconstructions of the
particles. Experimentally, this study will be done using a specific set-up based on the use of a Digital
Micromirror Device (DMD): a rough particle is programmed on a DMD. It is illuminated by a laser beam. A
defocused imaging system records the scattered pattern, that reproduces the interferometric image of an irregular
rough particle. Section 2 will describe the experimental set-up used to record the interferometric images of
“‘programmed’’ rough particles, using the DMD [6,19]. In section 3, the interferometric images of a
“‘programmable’’ particle, observed from 120 angles of view separated by 3 degrees from each other, will be
presented and a 2D-reconstruction of each view, using the error-reduction algorithm, will be performed. Section
4 will propose a short theoretical part of the tomography reconstruction that has been developed to realize the
3D-reconstruction of particles. Section 5 will present the tomography reconstruction with only 8 angles of view
of a “programmed” particle and a comparison with a 3D reconstruction of this particle performed with 120
angles of view. The figure 2 summarizes these different steps that will be done and explained in the next
sections.

Fig. 2 : Diagram of the steps of the 3D reconstruction of a particle programmed with the DMD (in the case of 120 angles of view).

2. Experimental setup and image acquisition

It is not possible experimentally to generate a flow with irregular particles whose orientation is perfectly
known. We can eventually know the exact shape of the particles that are injected into a flow, but we are not able
to predict their exact orientation when they reach the field of view of an imaging set-up. It is thus not possible to
test rigorously tomographic reconstructions of perfectly known rough particles (in size, shape and orientation). In
this study, we have decided to record the interferometric images of perfectly known *‘programmable’’ particles.
To do it, figure 3 shows the set-up used. It is composed of a Digital Micromirror Device (DMD) that reproduces
a “‘programmed” rough particle’ illuminated by an HeNe laser (wavelength: 632.8 nm). The telescope is the
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association of a (X 10) microscope objective and a classical lens (focus length 10cm). It enlarges the beam
emitted by the laser to cover the whole surface of the DMD. With the DMD, the particles created are fixed. It is
thus not necessary to use a pulsed laser. A CW HeNe laser is preferred to illuminate the DMD and generate the
pattern, because it allows a better protection of the micromirror device. The DMD is composed of many pivoting
micromirrors (1920 x 1080 mirrors with a square geometry). The separation between the centers of two adjacent
mirrors is 7.56 pm. Each micromirror has two possible states (“on” and “off”), which correspond to two
inclinations (12° angle). The size of the whole DMD is 1.4 cm x 0.8 cm. The particle is composed of the
micromirrors that are programmed ‘‘on-state’’, i.e. that reflect the laser light into the direction of an imaging
system. Other micromirrors keep ‘‘off-state’’: i.e. no reflection in the direction of the imaging system. This
imaging system is composed of a lens and a CCD sensor. The lens (L3) of Fig.3. is a Nikon objective of focus
length =180 mm. Fig.3 is not at the real scale. In the set up used z;=42 cm and z,=37,8 cm (using extension
rings). The CCD sensor records the out-of-focus image of the particle programmed on the DMD, which is a
speckle pattern. This CCD sensor is a Thorlabs BC106N-VIS/M camera with 1360 x 1024 pixels, and a pixel size
of 6.45 umx6.45 pm.

Let us now explain the procedure used to reproduce an experiment of tomography with the set-up of Fig. 1.
We consider a perfectly known dendrite-like particle whose 3D-shape. This particle is then observed from 120
angles of view, as would be done with a CT-scanner. With our set-up, these 120 angles of view of the particle
correspond in practice to 120 orientations of the particle. These 120 orientations are programmed with the DMD.
For each angle of view, the particle is composed of a large number of on-state micromirrors. The choice of the
on-state micromirrors is done randomly for each view, but they are always located within the contour of the
dendrite-like particle, according to the rotation angle for each view. The difference between two successive
views is a rotation of the particle of 3° around the X-axis.

For each angle of view (i.e. for each orientation programmed on the DMD) a centered crop of the
interferometric image (Iview (x, y)) recorded on the CCD sensor is considered. The size of this crop of the
interferometric image is 680 X 680 pixels (the pixel size of the CCD sensor is 6.45 um). The particle’s
reconstructions will be done from these crops for the 120 interferometric images obtained experimentally.
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Fig. 3. Experimental set up to generate the interferometric images of « programmable » particles with a Digital Micromirror Device (the
speckle pattern recorded with the CCD sensor (right) is associated to the particle programmed on the DMD (left)).

3. Individual reconstructions of the 2D-projections

Assuming that irregular rough particles can be assimilated to a set of emitters on the envelope of the particle,
it has been shown in [15] that the contour of the projected shape of the particle in the CCD sensor's plane is



related to the 2D-Fourier transform of its interferometric out-of-focus image. This can be described by the
following scalar equation (1):
|FT2p [I](A Bror U, A Bror V)| ¢ |Azp[Gol(dx, dy)| (1)

Where [ is the intensity of the out-of-focus pattern of the particle under laser illumination, and Gy the electric
field emitted by the illuminated particle (a sum of Dirac point emitters). FT,, denotes the 2D-Fourier transform,
A,p the 2D-autocorrelation. A is the wavelength of the laser. AB;,; is the scaling factor between both functions.
B, 1s obtained from optical ray matrix formalism. During an interferometric particle imaging experiment, the
intensity I(x,y) is recorded on the CCD sensor. According to relation (1), its 2D-Fourier transform is then
assimilated to the 2D-autocorrelation of the envelope of the particle (for this angle of view). The threshold of the
2D-Fourier transform has been determined manually. But the same threshold is then applied for all particles, and
for all orientations programmed with the DMD.

The dendrite-shaped particle that is first considered is depicted on Figure 4. It is made of 2100 point emitters
distributed over the entire surface of the particle. It consists of six main branches, each being 567 um long and
37,8 um wide, with small secondary branches at their ends. Recent flight missions have shown that clouds with
high Ice Water Contents can contain crystals whose size is in the range 400 — 800 pm and peak values of up to
2 mm [20]. As the DMD set-up is well adapted to reproduce such dimensions (by addition of many micromirrors
whose individual size is 7.56 um), this choice of size has been done to carry our experiments. Note that the ER-
phase-reconstruction algorithm has been tested and validated in previous studies with similar parameters [21].
Figure 5.a) shows the face of the particle programmed first on the DMD (i.e. the specific orientation when the
dendrite is in the (X,Y)-plane), while Fig. 5(b) shows its interferometric image obtained on the CCD sensor. Part
(a) of visualization 1 presents then the particle programmed on the DMD, corresponding to 120 angles of view
(with a rotation angle of 3° between two successive angles of view). All interferometric images (corresponding to
all 120 orientations) recorded on the CCD sensor appear on part (b) of visualization 1, for each orientation of the
particle.

Figure 5.c) is the 2D reconstruction of the interferometric out-of-focus image of Fig. 5.b (for this angle of
view). The visualization 1 is the stacking of 120 2D-reconstructions for 120 angles of view. After application of
the scaling factor AB;,, (previously mentioned in Eq. (1)), the pixel size in figure 5.c) is 11 pm. Quantitatively,
the coefficient B;,, equals - 0.076 m. The scaling factor is already applied in Fig.5.c). It explains the offset of the
origin with the Fig.5.a), because the particle was not centered. But the reconstructed sizes are correct. Let us now
briefly recall the iterative phase retrieval algorithm used (the ER-algorithm) [22-24].
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Fig. 4. Three-dimensional representation of the 1134 pm wide dendrite-like particle that will be considered. (All axes in meters)

First step is to create a starting object g1(x,y). For this, a support S, obtained from the tri-intersection [25] of the
binarized form of the Fourier transform of the speckle image, is necessary. Let us briefly recall the tri-
intersection method that is used to do this. We start from a 2D object called A. It is duplicated twice and the copy
number 1 (resp. 2) is translated from vector wl (resp. 2). The copies of the initial object 4, translated from w;
and w, respectively, are called (4 + w;) and (4 + w,) respectively. The origin of the vector w; is the center of
A and this extremity is on the border of A. The origin of the vector w, is the center of A and this extremity is at
the intersection of the borders of A and (4 + wy). Finally, the tri-intersection B of the shape A (B =AN (A +
wl) N (A + w2)) has a 2D autocorrelation that matches the initial object A.



Once the support is created, the pixels belonging to this support (white pixels) are replaced by the corresponding
pixels in the image of the 2D Fourier transform of the speckle. This shortcut allows converging faster to a
solution using the phase of the Fourier transform restricted to the support of the tri-intersection object. The
error-reduction algorithm is then an iterative process that leads to the obtention of a good estimate g, (x,y) of
the particle’s shape after n iterations. The number of iterations is between 2 and 10. There is little or no evolution
beyond this value. More details can be found in reference [21].

The results obtained are summarized on Figure 5(c) and on part (c) of visualization 1. In summary, we have
obtained 120 2D-reconstructions of the dendrite-like particle, from its 120 interferometric images, corresponding
to observations from 120 different angles of view. Next step is now to proceed to the 3D reconstruction of the
3D-particle from these 120 individual 2D-reconstructions.
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Fig. 5. In a) projection of the particle in the (x,y) plan, in b) the center of the out-of-focus interferometric image, and in c¢) the 2D-projection
reconstructed, (see Visualization 1). (All axes in meters)
4. Theory: Tomographic reconstruction

The 3D-reconstruction will be done slice by slice. This is illustrated on figures 1 and 6 where each horizontal
plane represents one of these slices. The whole 3D-particle will then be reconstructed stacking these different
slices of the reconstructed particle. Let us thus detail the principle of the reconstruction in one slice.



Fig. 6. Illustration of the reconstruction of the 3D-shape of the particle obtained by sequential reconstruction of the parallel sections

4.1. Introduction to tomographic reconstruction

The different views correspond to a rotation around axis X (see previous sections 2 and 3). The transverse
sections of figure 6 are thus (Y,Z) sections. Consider a section of the particle: we can define the function f (y, z)
that represents the particle. It should be equal to zero outside the particle. The camera rotates around the particle.
For each rotation angle that has been programmed, the shape’s reconstruction from the interferometric image has
lead to horizontal projections of this slice of the reconstructed particle. In Figure 7, function f(y, z) is expressed
in the fixed Cartesian coordinate system (0,7, z). For the rotation angle 6, the horizontal projection pgy(u) of
function f(y, z) on the rotating axis u (see figure 5) is expressed as a Radon transform:

+00

po(u) = f+ mf(y, z)dv = f(ucos(8) —vsin(0),usin(f) + v cos(0)) dv

— 00

= ReH W) Q)

R denotes the operator of the radon transform [26,27]. The Radon transform pg(u) of the distribution f(y, z)
represents the integral of lines of the values of f(y, z) along the line inclined at an angle 8 with respect to the y-
axis.
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Fig. 7. Projection p(u,0) de la distribution d'intensité f(y,z) sous l'angle 6
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The problem of tomographic reconstruction consists in moving from Radon space to the spatial domain. The
Radon transform has to be inverted in order to estimate the object f(y,z) from the projections pg(u) obtained
experimentally after reconstruction for each angle 8. Solving the tomographic reconstruction problem consists in
obtaining the particle’s distribution f by applying the inverse operator of the Radon transform R~ to the set of
acquired projections:

fO,2) = R Ref N, 2) ®)

In theory, it is necessary to know the continuous projections over the whole interval [0; ] {pg(u)| 0 < 6 < 1},
which means for all angles 6 in this interval. Experimentally we have used a finite number of angles (120). In
addition, the detectors are of finite size, which leads to sampling of the projections. Alternative methods have
thus to be used to estimate the inverse Radon transform. They fall into three classes: analytics, algebraic and
statistics methods. We will use analytical methods for the reconstruction of the particles.

4.2. Analytical reconstruction method

The simplest method to reconstruct an object from its projections is to backproject the value of each projection
pe (1) onto the reconstruction plane. For a given angle, the value of pg(u) is assigned to all pixels that lie along
the integration line. The image f*(y, z) obtained after rear projection is not exactly the image sought since it is
accompanied by a blur (star artifact) which distorts the result obtained, particularly when the number of angles of
view is low. A method that eliminates these star artefacts has then to be used: it uses the Fourier transform of a
two-dimensional image. The Fourier central slice theorem [26-28] shows that the Fourier transform Py (U) of a
projection pg(u) is equal to the Fourier transform of the image in the central slice perpendicular to the direction
of projection, which writes:

Py(U) = F (Uy = Ucos(8),U, = Usin(H)) (10)

The central slice theorem [26-28] makes it possible to consider the reconstruction of the tomographic slice
directly using an inverse Fourier transform. However, as the number of projections is not infinite, the filling of
the frequency plane is often highly incomplete, especially for high frequencies; there are still gaps that must be
filled by linear interpolations. This step of filling the Fourier planes is long and complex, which makes this
tomographic reconstruction method unattractive and therefore very rarely used.

Filtered back projection [28], that is classically used in scanners and that will be used in this work, is an
analytical method derived from the central section theorem. To perform a filtered back projection, it is necessary
to transpose the problem into Fourier space. The inverse Fourier transform allows to estimate f(y,z)
from F(U,, U,) according to:



+00 ~+400
f(y, Z) = f f F(Uy, Uz)eiZTL'(yUy+zUz)dedUZ (11)

Using the central section theorem (equation 10), we can replace F(U,,U,) by the Fourier transform of the
projections Py (U):

+0 ~+o0
f.2) = f f Py(U)e?™ 0%V qy du, (12)

We then proceed to the transition in polar coordinates. The change to polar coordinates leads to :
2M 40
f(y, Z) = f f P, (U)ei27rU(ycos(9)+zsin(9))UdUdg (14)
0 —

Limits of integration for the variable 8 become 0 and 2m. Moreover, due to the symmetry with respect to the
origin, the point (U, 8) has the same value as the point (—U, 8 + m): we can therefore use the absolute value of
U to traverse the frequency plane and vary 8 from 0 to . We then get:

f,2) =f f_ Py (U)e'*™U%|U|dUde (15)

The internal integral represents the inverse Fourier transform of the Fourier transform of the projection,
multiplied by the absolute value of U: this internal integral is a filtered projection pg (u):

+oo
Po(u) = f Py (U)e 2™ U] dU (16)

It is therefore possible to reconstruct f(x,y) by:

£0.2) = | oo 7
0

which is the back projection of filtered projections. The principle of filtered backprojection requires multiplying
the Fourier transform of the projections by the absolute value of U, which is called the ramp filter. This filter sets
the DC component to zero and therefore introduces negative values. The role of these negative values is to
gradually erase the star artefacts left by other projections during the spreading operation.

4.3. Discretization problem

In practice, the data are sampled with regard to the number of projections as well as the number of points per
projection. Moreover, the image reconstructed in tomography is by nature a digital image, represented by its
coordinates in a given basis. The continuous inversion formulas and operators presented above require some
adaptation in order to be applied to the discrete case. It is thus necessary to define a discrete back-projection
operator, which involves an approximation of the integral and interpolation models [29].

The “iradon” function (in Matlab) is used to calculate the inverse Radon transform of the Radon transform of
f(y,z). This function is an implementation of the discrete filtered backprojection algorithm. It takes as
arguments, the matrix of projections, the angle theta of back-projections, the interpolation algorithm (linear
interpolation in our case) used in the back-projection phase and the filter (Ram-Lak filter in our case) used to
filter the projections.

5. Results of the 3D tomography reconstruction of a centrosymmetric particle with 120 angles of
view and comparison with the 3D-shape obtained from 8 angles of view

5.1. 3D tomography reconstruction with 120 angles of view
Using the 120 2D-projections reconstructed in section 3, we reconstruct the 3D-shape of the dendrite particle.

The dimensions of the 2D-projection images are 680 X 680 pixels. We reconstruct thus 680 parallel horizontal
slices (i.e. the number of lines of the selected part of each interferometric image) in order to reconstruct slice by



slice the 3D shape. The final 3D shape of the particle is obtained by stacking these 680 parallel horizontal
reconstructed slices (see illustration in Fig. 6). A 2D-view of the reconstructed particle is presented in figure 8
(arbitrary projection). The 3D-shape reconstructed from 120 views is closed to the initial dendrite presented in
figure 4. Visualization 2 shows the reconstructed particle from different angles of view. The main branches are
clearly identifiable. The secondary branches (at the extremities of the six main branches) are less identifiable.
We just observe compact blocks at the extremity of each main branch. The main branches of the 3D
reconstruction are around 590 um (+20 ym) long and 45 pm (+£10 wm) wide, if we compare with the
programmed particle (567 pum long and 37.8 pm wide), the dimensions are closed. The over-estimation of the
size of the dendrite comes essentially from the threshold fixed to calculate the new support at each iteration [21].
Even if some of the 2D shapes reconstructed with the phase retrieval algorithm are less precise, the combination
of the 120 views enables a 3D-reconstruction with more details. The ER algorithm takes between ten seconds
and one minute for one reconstruction (depending on the portable computer used, and on the number of
iterations chosen). Here, we use a computer with a processor Intel Core i7-8850H @2.60GHz. The 120
reconstructions require between twenty minutes (using 3 iterations) and two hours (using 10 iterations). Once the
120 reconstructions are done, the tomographic reconstruction takes two minutes to compute the 3D-shape of the
particle.

Fig. 8. 3D shape visualization of the dendrite created from 120 angles of view (see visualization 2)
5.2. Comparison with the 3D-shape obtained from 8 angles of view

In practice, it seams impossible to synchronize 120 sensors all around the region of interest. In this subsection a
3D reconstruction is done using only 8 angles of view (we take thus into account only eight views of the 120 2D-
reconstructions of figure 5, those corresponding to a rotation angle of 45° between two successive angles of
view) in order to be as close as possible to a potential experimental study that could be done in a configuration
with eight cameras. A 3D-shape is obtained from the 2D reconstructions of the 8 angles of view. A 2D-view of
the reconstructed particle is presented in figure 9 (projection in the plane of the main face of the dendrite).
Visualization 3 shows the reconstructed particle from different angles of view. Compared to the 3D-shape
reconstructed with 120 angles of view, the dimensions of the main branches is still 590 pm (£20 um) long and
45 pm (£10 um) wide but the separations between these branches are more blurred. Noise is visible around the
particle due to the artifact caused by the lack of angles of view. The increase in the number of views makes it
possible to refine the 3D shape obtained and reduce the noise. However, we observed that even if the
reconstruction is more noisy, it remains remarkable and promising to perform a well accuracy tomography of the
centrosymmetric particles using interferometric imaging.



Fig. 9. 3D shape visualization of the dendrite created from 8 angles of view (see visualization 3)

6. Results of the 3D tomography reconstruction for a non-centrosymmetric particle obtained from
120 and 15 angles of view.

The particle that is now considered is a reverse Y-like rough particle, this shape is non-centrosymmetric. The
reversed Y-shaped particle that is now considered is depicted on Figure 10. It is made of 1500 on-state
micromirrors randomly located over the entire surface of the particle. It consists of three main branches, each
being 652 pm long and 30 um wide that make an angle of 120° two by two.
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Fig. 10. Three-dimensional representation of reversed Y-like particle that will be considered. (All axes in meters)

The principle is the same that for the previous particle. The individual 2D-reconstructions are done for the 120
views using the error-reduction algorithm and the final 3D reconstruction using the filtered backprojection. Two
3D-reconstruction are done, one with the 120 views at 3° from each other, a 2D-view of the reconstructed
particle is presented in figure 11 (arbitrary projection) and the second one with only 15 views at 24° from each
other (see Fig. 12.). Visualizations 4 and 5 show respectively the reconstructed particle from different angles of
view using 120 and 15 angles of view respectively. The three branches of the reversed Y-like particle is clearly
identifiable on the first visualization. On the second visualization, noise is visible around the branches as for the
3D reconstruction of the dendrite but the three branches are clearly identifiable. We also observed the birth of
what appears to be a fourth branch between the two lower branches in the two 3D-reconstructions. This branch is
probably a piece of the twin image [21] of the reversed Y. It is only seen very weakly because it is not present in
all 2D-reconstructions. In conclusion, the 3D tomographic reconstruction for non-centrosymmetric particles
remains promising for an experimental work even if the numbers of cameras has to be more important.
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Fig. 11. 3D shape visualization of the Y particle created from 120 angles of view (see visualization 4)

Fig. 12. 3D shape visualization of the Y particle created from 15 angles of view (see visualization 5)

Before to conclude, let us try to identify some difficulties that could occur in a real set-up.

First, in a real configuration, we can suspect that a unique direction of illumination would not be enough for any
kind of particle. In particular in the case of opaque rough particles, auto-shadowed areas could be produced, as
already observed with ashes [16]. The use of multiple directions of illumination would be probably necessary.

Second, the different images of a particle would not be perfectly centered. In a real image, the interferometric
image of one particle has first to be identified, isolated and cropped for each angle of view. At this stage of our
study, the image processing applied to these selected parts of the images recovers the center of the speckle
patterns before each 2D-reconstruction. Afterwards, all 2D-reconstructions are centered again before the filtered
back-projection and the 3D-reconstruction. A correct 3D-reconstruction is thus ensured. Nevertheless, a non-
centered position of the particle in the field of view would induce an uncertainty in the exact knowledge of each
angle of view (limited to the field of view of the imaging set-up). A limitation of the accuracy of the 3D-
reconstruction is thus expected. It will be studied in more detail in the future.

One can further wonder what would happen if two particles were present in the region of interest. Different cases
could occur:

- the interferograms of the two particles never overlap (for all angles of view). The 3D-reconstruction of
both particles could then be done separately, as explained in this article.
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- The interferograms overlap for all angles of view. Some methods, based on reference [29] could be
proposed to perform the 2D-reconstructions of both particles. Nevertheless, preliminary studies show
that the twin image problem, already encountered with one particle using the ER-algorithm, has to be
solved in the case of a pair of particles.

- The interferograms overlap for some angles of view and not for the others: it would lead to a very
complex procedure of reconstruction that has not been established now.

It will be interesting in the future to study the solutions that would propose a deep learning approach [31,32]

7. Conclusion

The 3D-tomography of irregular particles in a flow would be of great interest in many domains as meteorology,
aircraft safety, environmental research, health, biology, nuclear safety. In 3D-tomography, the acquisition of
many angles of view, requires specific set-ups. However, contrary to medicine where the patient is motionless,
as in a CT-scan, particles are moving fast in a flow. A single-shot technique, with synchronized sensors
disseminated around the particle appears necessary. Interferometric particle imaging is a potential candidate to
develop such systems. But different difficulties have to be solved. First, in this case, the images that are recorded
do not give the particle’s shape directly, but its 2D-autocorrrelation. Reconstruction methods are thus required.
In these conditions, the possibility to perform accurate 3D-reconstructions from different views is not obvious
and has to be demonstrated using simplified set-ups. We have shown in previous studies that a Digital
Micromirror Device (DMD) can be used to reproduce artificially the interferometric images that would be given
by a real rough particle. Such a set-up offers the opportunity to test the feasibility of 3D-particle’s tomography
from a wide number of interferometric images of the same particle with different angles of view, at a low cost. In
the present paper we have shown that an accurate 3D-reconstruction of a “programmed” rough particle can be
done from a set of 120 interferometric images, as in a CT-scan configuration, with an angular separation of 3°
between two views. Different steps are necessary:

- the production of 120 interferometric images of the same particle from different angles of view. This
has been done with synthetic particles “programmed” with a DMD.

- for each of these 120 views, the reconstruction of the 2D-projection of the particle from the
corresponding interferometric image using a phase retrieval algorithm (the error-reduction (ER)
algorithm in this study).

- The 3D-reconstruction of the particle from the 120 2D-projections obtained in previous step. The
filtered back projection is used for this step of tomographic reconstruction. It requires multiplying the
Fourier transform of the 2D-projections by a filter ramp before back projection.

The method has been first tested on a dendrite-like rough particle (centrosymmetric image) and then on a reverse
Y-like rough particle (non-centrosymmetric shape). The case of non-centrosymmetric shapes is more complex
because the reconstruction of each 2D-projection using the ER-algorithm suffers the twin-image problem that
has to be solved. Our results show the possibility to perform an accurate quantitative 3D-reconstruction of these
particles from the acquisition of 120 interferometric images.

In the perspective of a simplified configuration that would require less angles of view, the same procedure has
been tested considering only 8 or 15 angles of view, regularly chosen around the particle. The 3D-reconstruction
of the particles has been shown to be less precise and more noisy, but still well accurate. This study demonstrates
the potentiality of interferometric particle imaging to perform the 3D-tomography of rough particles in a flow,
considering only a relatively low number of angles of view (between 8 and 15).

Nevertheless, different aspects need to be addressed in the future to identify and solve some possible limitations:
the use of different directions of illumination in the case of opaque particles that could produce auto-shadowed
areas using only one illumination direction; the 3D-reconstruction of neighbored particles whose interferometric
images overlap completely or partially; the description of sources of noise as the influence of the exact 3D-
position of the particle in the volume of interest. Deep learning methods [31, 32] can probably offer very
interesting solutions to some of these problems that will be addressed in future works. With an expansion of the
data set with more complex shapes to train the network, the method seems indeed interesting to improve the
convergence of the reconstruction and to deal with the sources of noise.
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