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Abstract We present a mathematical formalism to predict the speckle-like out-of-focus patterns created by 

irregular particles present in an air flow, when they are illuminated by a laser sheet. We show that it is not 

necessary to describe rigorously the scattering properties of the irregular objects to predict some physical 

properties of their interferometric out-of-focus patterns. The objects are described by an ensemble of Dirac 

emitters.. The size of the central peak of the 2-dimensional autocorrelation of the pattern allows the prediction of 

the size of the scattering element. The method can be applied to particles in a size range from a tenth of 

micrometers to the millimeter. We discuss the conditions under which the speckle patterns are representative of 

the particle size, and the configurations where the speckle pattern is only linked to the aperture itself and to the 

defocus parameter. We show that the 2-dimensional Fourier transform of the speckle-like out-of-focus image of 

an irregular rough particle is given by the 2 dimensional-autocorrelation of the shape of the particle. Using a 

matrix transfer based-formulation, we further determine the exact scaling factors between both functions, 

whatever the imaging system is. The method is tested in a cooling chamber to measure the size of frozen 

droplets. Liquid droplets fall in the column, freeze and are transformed in irregular ice particles. Interferometric 

out-of-focus images are then recorded (through optical windows) and the characteristics of the ice particles are 

analyzed from the study of the speckle-like out-of-focus patterns.  

Keywords: Light scattering, Irregular particles, interferometric particle imaging 

 

1  Introduction 

The development of techniques that can characterize irregular particles is essential because they are 

commonly present in our environment: coal, sand, ashes, ice crystals…  Optical techniques are particularly 

interesting because the wavelength of visible light is well adapted to the micronic dimensions of many 

particles. Most simple optical technique is a direct visualization using conventional imaging. Many 

interferometric techniques can be further used: they are based on the interpretation of the light scattering 

properties of the particles. Some of them are particularly famous for droplet characterization as rainbow 

refractometry [1], interferometric out-of-focus imaging [2,3], digital holography [4-7]. Nevertheless, the use 

of most of them remains an important challenge for the characterization of irregular particles. There is 

indeed no theoretical model that can describe the light scattering properties of any irregularly-shaped particle 

[8]. It is necessary to make some assumptions about the light scattering process if we want to predict 

statistically some parameters of the interferometric patterns generated by the particles. Then characterization 

methods can be developed.  

We work on the development of an airborne instrument to characterize droplets in the atmosphere [9]. It is 

based on interferometric out-of-focus imaging [3,10-15]. This technique can indeed use real-time algorithms 

to deliver histograms of the sizes of droplets from a sole image [16]. The possible extension to the 

characterization of ashes or ice crystals would be particularly interesting. Unfortunately, it is first important 

to understand which kind of image can be observed, whether this image contains an information about the 

size of the particles, and whether it can be analyzed simply to deliver histograms of sizes of irregular 

particles. This is the aim of this paper. We will describe the work that we have developed in order to answer 

these questions. Using simplified assumptions, we will show that we can predict some properties of the out-

of-focus images of irregular rough particles. These characteristics will then be used to evaluate the size and 

some informations about the morphology of the particles. 
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2  Simplified theory of the light scattering by irregular rough particles 

There is no general theory that can describe the scattering properties of any arbitrarly-shaped rough particle 

when it is illuminated by a laser beam. Nevertheless, simplifications can be done which allow to obtain some 

quantitative informations on the particle from a scattering pattern. Figure 1 (left) shows the shadographic 

image of a sand particle.  Figure 1 (right) shows the image of the same particle when it is illuminated by a 

HeNe laser beam. In this case, the sand particle appears as if it was composed of a high number of emitting 

spots located all over the global shape of the particle [17-20]. From this observation, we assume that the 

electric field emitted by an irregular rough particle can be written [18,19]: 

 

𝐺0(𝑥0, 𝑦0) = ∑   𝛼𝑗
𝑁𝑔𝑝

𝑗=1
  𝑒𝑖 𝜑𝑗   𝛿(𝑥0 − 𝑎𝑗 , 𝑦0 − 𝑏𝑗)     (1) 

 

where the  functions are Dirac functions. aj and bj are the transverse coordinates of glare point denoted j. 

Ngp is the number of point emitters to be considered. They are located over the global shape of the particle. z 

represents the optical longitudinal axis of the imaging set-up. We assume that all glare points are located in 

the plane z=0. 𝑥0 and 𝑦0 denote the transverse axes in the plane of the particle.  
 

 

           

Fig. 1 Shadowgraphic image of a sand particle (left), image of the same sand particle when it is illuminated by a HeNe 

laser beam (right). 

 

 

According to references [18-20], and neglecting the role of the aperture of the imaging system (big aperture), 

the electric field  can be evaluated in the plane of the CCD sensor from a generalized Huygens Fresnel 

integral. We obtain the following expression of the electric field in the plane of the CCD sensor :  

 

𝐺(𝑥, 𝑦, 𝑧) = ∑   
𝛼𝑗

𝑖 𝜆 𝐵 

𝑁𝑔𝑝

𝑗=1
 𝑒𝑖(𝜃𝑗+𝜑𝑗)𝑒

𝑖 (
2𝜋

𝜆
  ∆(𝑧))

       (2) 

 

where z is the longitudinal position of the CCD sensor, x and y are the transverse coordinates in the plane of 

the CCD sensor. 

 

𝜃𝑗 =
𝜋

𝜆𝐵
[𝐴(𝑎𝑗

2 + 𝑏𝑗
2) − 2(𝑎𝑗  𝑥 + 𝑏𝑗 𝑦) + 𝐷(𝑥2 + 𝑦2)]     (3) 

 

The different A, B, C and D parameters are the coefficients of the optical transfer matrix between the plane 

of the different emitters and the plane where the aperture is located. ∆(𝑧) is the optical path between these 

two planes. The expression of the intensity in the plane of the CCD sensor is given by: 𝐼(𝑥, 𝑦, 𝑧) ∝
𝐺(𝑥, 𝑦, 𝑧). 𝐺(𝑥, 𝑦, 𝑧)∗. We can then define 𝑇𝐹2𝐷[𝐼(𝑥, 𝑦)](𝑢, 𝑣) the 2 dimensional Fourier transform of the 

intensity 𝐼(𝑥, 𝑦, 𝑧)  and 𝐴2𝐷[𝐺0(𝑥0, 𝑦0)](∆𝑥 , ∆𝑦)  the 2-dimensional autocorrelation function of the initial 
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electric field (i.e. the repartition of the emitters on the scattering object). According to relations (1), (2) and 

(3), we can demonstrate that [20]: 

 

|𝑇𝐹2𝐷[𝐼](𝜆 𝐵 𝑢, 𝜆 𝐵 𝑣)| ∝ |𝐴2𝐷[𝐺0](∆𝑥, ∆𝑦)|       (4) 

 

 

 

Fig. 2 Shadowgraphic image of a sand particle (left), 2D-autorrelation of the binarized shape of the particle (middle), 

2D-Fourier transform of the experimental interferometric out-of-focus image of this particle (right). 

 

Figure 2 illustrates this relation. It shows first the shadowgraphic image of a sand particle (left), the 2D-

autorrelation of the binarized shape of the particle (middle) and the 2D-Fourier transform of the experimental 

interferometric out-of-focus image of this particle (right). The parameters and scaling factors are those of the 

experiment and satisfy relation (4). Other sand particles were tested. In all cases, the relation (4) is satisfied, 

and the scaling factors match well [20]. 

In a second step, it is possible to simulate the influence of the exact aperture of the set-up. It can be done 

using a simple description of the aperture, using geometrical optics [21], an exact description of the aperture 

using an expansion of the Airy function over the basis of Bessel functions [21], or an approached expression 

using the expansion of the aperture over a basis a Gaussian functions [18,19].  

3 Simplified analysis for the determination of the size of irregular rough particles from their speckle-

like interferometric out-of-focus image 

Qualitatively, the main information (contained in relation (4)) is that the speck of light of the speckle-like out 

of-focus image of an irregular rough particle is inversely proportional to the size of the particle. Figure 3 

illustrates this. It shows the interferometric out-of-focus images of rough particles described by an ensemble 

of 40 emitting spots randomly located over an half-sphere of radius 20 m (left), 40 m (middle) and 80 m 

(right). 

 

Fig. 3 Three simulated out-of-focus images of spherical particles: the particles are assimilated to an ensemble of 50 

Dirac emitters randomly located over an half-sphere of radius 20 m (left), 40 m (middle) and 80 m (right). 
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In a speckle pattern, the size of the speck of light can be defined through the 2D-autocorrelation of the 

pattern [22]. The 2D-autocorrelations of the three patterns presented in figure 3 are shown in figure 4. In all 

cases, we observe an intense central peak whose size gives the statistical dimension of the speck of light. 

This central peak is centered on a much larger 2D-pedestal. These curves confirm the inverse relation which 

links size of particle and size of the speck of light in the speckle-like patterns. 

 

 

Fig. 4 2D-Autocorrelations of the interferometric out-of-focus patterns of figures 3. All axes are expressed in meters. 

  

Quantitatively, the distance  between the two farthest emitters describing the irregular particle is 

approximately given by [19]:  

 

∆= 𝛼𝜆𝐵/𝛿𝑠𝑝𝑒𝑐𝑘         (5) 

 

where 𝛿𝑠𝑝𝑒𝑐𝑘 is the width of the central peak of the 2D-autocorrelation (the width is evaluated between the 

two points at 70% of the peak’s maximum), B is the B-coefficient of the optical transfer matrix describing 

the imaging system from the particle to the plane of the CCD sensor,  is the wavelength of the illuminating 

laser, and  is a correction factor due to autocorrelation operation (around 0.9). Note that this procedure can 

be extended to a 2D-analysis, considering an elliptic repartition of the emitters when the particle is not 

circular but has an ellipsoidal shape. We determine then the orientation of the big- and small- axes of the 

central peak of the 2D-autocorrelation of the speckle-pattern. We then deduce the size of the particle along 

these two axes using relation (5) separately for both axes [19,20].  

As an example, figure 5(a) shows the experimental interferometric out-of-focus image of a NaCl salt crystal. 

Using previously described procedure, we evaluate the size and the ellipticity of the speck of light, and then 

the size and ellipticity of an equivalent particle represented by 80 punctual emitters located over an half-

ellipsoid of dimensions 600x400 micrometers. The simulated out-of-focus pattern is presented in figure 5(b). 

Its speck of light has same size and ellipticity (statistically).  

 

Fig. 5 Experimental out-of-focus image of a NaCl salt particle (a) and simulated out-of-focus image of an ensemble of 

80 Dirac emitters randomly distributed on a half-ellipsoid of dimensions 600x400 micrometers (b). Axes in meters. 
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It must be noted that the aperture of the imaging system plays an important role in the limits of the method: 

when the size of the particle is so big that the out-of-focus images of the farthest spots do not interfere 

anymore, the speckle pattern that is observed is no more representative of the size of the particle but on the 

set of parameters : aperture, defocus parameter p. In the case represented in figure 6, this limit size of the 

particle is represented by parameter Xmax. 

 

 

 
 

Fig. 6 Size limit of the irregular rough particles to be measured using interferometric out-of-focus imaging. 

 

 

4 Analysis of the interferometric out-of-focus images of frozen droplets 

In previous studies, this formalism has been applied to the experimental characterization of NaCl salt crystals 

or sand particles. Let us now see if this formalism can be applied to the characterization of ice particles. In 

order to analyze frozen droplets, we have realized a cold chamber as done by Barkey and coworkers [23]. It 

consists of an refrigerated cylindrical column (750 mm tall, 110 mm large). Water droplets from a MD-K 

140 728 Microdrop generator (approximately 100 m diameter) fall from the top of the column and are 

cooled. Three BK7 windows are positioned at the bottom of the chamber. They allow optical measurement of 

light scattering by liquid and frozen droplets. The global set-up is presented in figure 7. 

First, 4 ns, 532 nm pulses (from a frequency-doubled Nd:YAG laser) are sent into the cold chamber. The 

beam is collimated in order to obtain a plane wave illumination inside the column. The field scattered by the 

inside-particles is observed around the scattering angle =90°. It is imaged through the window with a lens 

(focus length f) on a CCD sensor. The CCD sensor operates in an out-of-focus plane. The out-of-focus 

images are recorded with a 2048x2048 camera and the pixel's size is 5.5 m. 

A digital in-line holography set-up is added: the light source is a CW HeNe laser diode emitting at the 

wavelength 632.8 nm. Holograms are recorded with a second camera (similar to the first one). We use an in-

line configuration, which means that the CCD sensor is located after the particles and the output window in 

the direction of the He-Ne laser beam. Numerical reconstruction of the holograms is performed using a 

classical Fresnel transform. Both cameras are synchronized temporally. They both consider the same volume 

in the column. It means that the same column can be viewed from out-of-focus imaging at 90° scattering 

angle, and from hologram reconstruction in the forward direction. 

Figure 8 shows the reconstruction of the digital hologram of a frozen droplet while figure 9 shows the 

corresponding interferometric out-of-focus image of the same particle. From the reconstructed hologram, we 

deduce that the size of the frozen droplet is 120 ± 10𝜇𝑚 along the vertical axis. From the out-of-focus 

image, we evaluate the 2D-autocorrelation of the speckle-like pattern. We present then in figure 9 (right) the 

zoom of the central peak of this 2D-autocorrelation function. From the size of the central peak, we can 

deduce the size of the frozen droplet along the vertical axis, respecting the method described in previous 

section. We obtain is 125 ± 15𝜇𝑚. Both values obtained using digital holography and out-of-focus imaging 

are near. The evaluation using interferometric particle imaging (IPI) appears thus to be correct for frozen 
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droplets. 

This result is an important point which indicates that the size of frozen droplets could be evaluated using IPI 

with a relatively good accuracy. Nevertheless further tests are needed. In our case, frozen droplets are more 

or less fine hail and not ice crystals. Our procedure is well adapted to rough objects that can be represented 

by a wide number of punctual emitters located all over the shape of the particle. In the case of transparent 

crystals, it could be different : lower number of emitting spots, parts of the global shape where no emitting 

spots are present… In the future, it is first important to establish the accuracy on a wide number of out-of-

focus images of frozen droplets, and to evaluate the rate of errors. Future studies should then be focused on 

the possibility to extend the analysis to a wide range of ice crystal morphologies. It will require important 

work in order to realize experimentally different families of ice crystals that are observable in the 

atmosphere, and to realize the characterizations on a high number of crystals. 

 

 

 

 

Fig. 7 Experimental set-up to record simultaneously digital holograms and out-of-focus images of frozen droplets. 

 

 

 

Fig. 8 Reconstructed frozen droplet from a digital in-line hologram (5.5 microns per pixel). 
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Fig. 9 Interferometric out-of-focus image of the frozen droplet (a) and zoom of the central peak of the 2D-

autocorrelation of this pattern. All axes are expressed in pixels (5.5 microns per pixel). 

 

5  Extreme events: intense peaks 

Considering the development of commercial instruments, it is essential that the CCD sensor can support 

without damage the scattered intensity, for a wide range of particle's sizes and forms. In the case of irregular 

rough particles which give speckle-like out-of-focus images, it is thus important to predict the conditions 

where a particle can generate very intense specks of light. It is indeed established that linear systems can 

exhibits rogue wave statistics in the transverse spatial plane, for example the case of speckle pattern 

observed at the output of a strongly multimode fiber [24]. We do not plan to realize a fundamental study 

about the possibility of observing rogue patterns in our case. Nevertheless, we will try to predict the 

possibility to observe extreme events that could damage our sensor. 

In order to do this, we have first considered a rough object which can be assimilated to an ensemble of 𝑁𝑔𝑝 

punctual emitters. An example of repartition of these glare points is presented in figure 10. The emitters are 

located in a square whose dimensions are 50 𝜇𝑚 × 50𝜇𝑚. The amplitude of all emitters is the same. Figure 

11 (on the left) shows a typical out-of-focus image obtained when the phase of all emitters is a random 

variable in the range [0,2]. This assumption is indeed the most probable in our case: we are interested in the 

characterization of particles in the size domain from a tenth of micrometers to hundreds of micrometers.  For 

spherical droplets, the phase shift introduced between the two glare points (which represent the reflected 

beam and the beam refracted by the droplet without any internal reflection) is then much higher than 2. In 

the case of irregular particles, it is assumed that the phase 𝜑𝑖 of each emitter is a random variable in the 

range [0,2]. For comparison, figure 11 (on the right) shows now a typical out-of-focus image obtained when 

the phase of all emitters is a random variable in the range [0,]. In this case, we observe an intense central 

speck of light whose intensity is three times higher than the most intense peak of the speckle-pattern 

presented on the left of the same figure.  

We have then calculated 11000 out-of-focus patterns, for 11000 random repartitions of the 50 emitters. In all 

cases, the amplitude of each emitter is a random value in the interval [0,1], and its phase is a random value in 

the range [0, 2]. Depending on the relative positions, amplitudes and phases of the emitters, the maximal 

intensity measured in the image can vary in a proportion of approximately 1 to 10. The results are presented 

in figure 12. The CCD sensor should thus be able to measure variations of intensities in a ratio 1 to 10, for 

the same size of irregular particles. 
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Fig. 10 Repartition of 50 punctual emitters 

 

        

Fig. 11 Speckle-like pattern predicted when the phase of the 50 emitters is a random value in the range [0,2] (left), and 

in the range [0,] (right). Axes in meters. 

 

 

Fig. 12 Maximum intensity recorded for 11000 interferometric out-of-focus images of particles represented by 50 

punctual emitters located in a square whose dimensions are 50 𝜇𝑚 × 50𝜇𝑚.   
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6  Conclusion 

We have developed a mathematical formalism to predict the speckle-like out-of-focus patterns created by 

irregular rough particles present in an air flow, when they are illuminated by a laser sheet. It is not necessary 

to describe rigorously the scattering properties of the irregular objects to predict some physical properties of 

their interferometric out-of-focus patterns. The objects are described by an ensemble of Dirac emitters.. The 

size of the central peak of the 2-dimensional autocorrelation of the pattern allows the prediction of the size of 

the scattering element. The 2-dimensional Fourier transform of the speckle-like out-of-focus image of an 

irregular rough particle is given by the 2 dimensional-autocorrelation of the shape of the particle. Using a 

matrix transfer based-formulation, the exact scaling factors between both functions can be determined 

whatever the imaging system is. The method is tested with frozen droplets. Interferometric out-of-focus 

images are recorded. The size of the ice particles is then evaluated using our methods and compared to the 

size obtained simultaneously using digital holography. These first results offer relatively good quantitative 

agreement. However, important future work has to be done in order to evaluate statistically the accuracy and 

the error rate of the procedure with a wide number of particles, for different morphologies and different 

natures of the irregular particles under test (ashes, crystals…). 
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