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ABSTRACT: This paper presents the measurement of individual’s refractive index of a set of spherical 

particles. Particles are illuminated by a pulsed laser beam and a CCD camera records the interference 

fringes of the waves scattered by the particles. The analysis of interferences fringes requires the 2D Fast 

Fourier Transform. In magnitude Fourier Space, many spot are observed. The spots outside the center of 

Fourier magnitude space correspond to interferences created by the waves scattered by the pairs of 

particles. The analysis of the spots permits to measure particles parameters. In this paper, principle of the 

Fourier Interferometry Imaging (FII) is recalled. Next, the influence of diameters and refractive index on 

spot in magnitude Fourier Space are remembered. Two scattering configurations are considered: the 

forward scattering and scattering near rainbow angle of particles. The next section presents the composite 

rainbow corresponding to a pair of particles. The composite rainbow is obtained by inverse Fourier 

Transform after filtering in Fourier Space. Inversion of composite rainbow permits to measure refractive 

indices of the pair of particles. If the pair of particles have the same refractive index (and same or different 

diameters), the inversion can be carried out by using inversion code for standard rainbow, i.e. rainbow 

created by a single particle. If the particles don’t have the same refractive index, the inversion of 

composite rainbow requires an inversion strategy. Last working about this inversion code will be shown in 

MFTP symposium. The accuracy potential of refractive indices measurement is near the forth decimal. 
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INTRODUCTION 

 

The study of two-phase flow requires an understanding of the interactions between particles. This 

study provides an understanding of physical phenomena such as atomization of liquids, trapping 

of gas in a spray, evaporation ... For this, it is useful to measure many parameters about particles: 

particle size, the distances between particles, their velocity or their refractive index. 

 

Many techniques for measuring these parameters exist. For example, the digital holography [e.g., 

Coettmellec 2001] methods permits to measure 3D locations (but the size accuracy and the 

location accuracy for one direction of space is lower than location accuracy for the two others 

directions). ILIDS [e.g., Glover 1995] method is useful for measure size distribution and 2D 

locations in a spray with high accuracy. With the Rainbow refractometry, the refractive index and 

the size are measured, for a particle or a cloud of particles.   

 



 

One of the disadvantages of these techniques is to prevent the simultaneous measurement of 

refractive index, 3D locations and sizes with high accuracy. This is why more than one technique 

must be used in the study of droplets behavior in a spray. More, global rainbow refractometry 

don’t permit to measure individual refractive index of particles (only an average value is 

measured). 

 

The Fourier Interferometry Imaging method permits to measure together and individually 3D 

relative locations, size and refractive index of a set of spherical particles in a spray with high 

accuracy. 

 

The size of particles and 3D relative locations measurement with similar accuracy [e.g., Briard 

2011a] has been already shown.  In MFTP symposium, the extension of the FII method for 

refractive index of the pairs of illuminated particles measurement will be presented. 

 

1. PRINCIPLE OF FOURIER INTERFEROMETRY IMAGING 

 

A set of particles is illuminated by a plane pulse laser beam. The particles scatter the light in 

direction to a CCD camera.  

 

 
 

Figure 1. Principle of Fourier Interferometry Imaging. 

 

Particles have the same behavior than spherical light wave sources and interference fringes are 

recorded by CCD camera. In figure 1,  is the scattering angle,  and correspond to the location 

of a pixel in the detector (CCD camera), xi, yi and zi correspond to the location of the spherical 

particles centers.  

 

Numerical simulations by Lorenz-Mie theory of  CCD camera records for 3 water droplets 

illuminated are shown for “forward scattering” ( 0 = 20±5°, fig 2.a) and near rainbow angle of 

particles (0 = 140±5°, fig 2.b). The figure obtained near rainbow angle is named “global rainbow 

of particles”. 

 

Parameters of droplets are measured with analysis of interference fringes in these camera records. 

 

 



 
Figure 2. CCD camera records (numerical simulations) for forward scattering (Fig 2.a) andfor 

scattering near rainbow angle of the water droplets (Fig 2.b)   
 

 

The interference fringes pattern is more complicated as the number of particles is high. More, the 

CCD camera recorded can be affected by Moiré Effect. The first step for interference fringes 

analysis is to use the 2D Fast Fourier Transform (FFT) on CCD camera records.  

 

 

 
 

Figure 3. 2D magnitude Fourier spectrum of CCD camera record for 0=20° (figures a and c) and 

for 0=140° (figures b and d). The FFT can be applied on CCD camera record without using 

weight function (figures a and b) or with using weight function (here Blackman-Harris) for a best 

visualization of the spots (figures c and d).  

 

The 2D Fourier space is a 2D matrix of complex numbers, which are characterized by a 

magnitude and a phase. Each location (,) in 2D Fourier space (which have a complex value 



associated) correspond to a sinusoidal signal in “image space” (which is characterized by a 

magnitude, a phase, a spatial frequency and a direction).  

 

Many spots are observed in 2D Fourier Magnitude spectrum (fig. 3). The spot at the center of the 

magnitude spectrum correspond to interferences between refracted (p=1 order for forward 

scattering, p=2 order for CCD camera near rainbow angle of particles) and reflected (p=0 order) 

waves scattered by each particles. The central spot correspond to the low frequency fringes in 

CCD camera records. 

 

The other spots correspond to the interferences fringes (with high spatial frequency) between light 

waves scattered by each pair of particles. 

 

For each pair of illuminated particles, there are a spot and its symmetrical spot about the center of 

the magnitude spectrum. The location of theses spots correspond approximately to the average 

spatial frequency and directions of the interferences fringes in CCD camera record. The 

topography of the spots and the phases associated correspond to the spatial frequency drift of 

interferences fringes observed in CCD camera record.  

The study of these spots in Fourier magnitude spectrum and the associated phases in Fourier 

phase spectrum (figure 3.b and 3.a) permit to measure parameters of particles as size or 3D 

relative locations. 

 

The next section presents the influence of the particles size.  

 

2. PARTICLES SIZES INFLUENCE 

 

Diameters have influence on spots on scattering diagram. Then the interpretation of spots is the 

challenge. A spot have a symmetrical axe and have a complex shape. Near rainbow angle, using 

the “optical geometry model” is not enough for interpretation of the shape of the spots.   

 

In forward scattering, spots are easy to interpreting with the optical geometry.  

 

 
Figure 4. Reflected ray, refracted ray and reference ray in forward Scattering 

 

An example of profile of a spot for forward scattering is shown in figure 4. 

 



 
Figure 5. Profile of a spot for forward scattering (diameters of the two water droplets: 100 and 

130 µm, 0=20±5°). The profile corresponds to the red line in figure 3.c. 

 

The spot have a symmetrical axe and is constituted by many peaks with a Gaussian shape. The 3 

main peaks of a spot corresponding essentially to interferences between p=0 or p=1 light rays.  

The main peaks near the edges of the spot (peak number 1 and 3 in figure 4) corresponding to 

interferences between p=0 ray reflected by a particle and p=1 ray refracted by the other particle. 

The main peak near the center of the spot (peak number 2 in figure 4) corresponding to the 

interferences between the p=1 rays refracted by the particles or the p=0 rays reflected by the 

particles, according to the angle 0. 

 

Distances between the 3 main peaks are proportional to diameters of particles as shown in 

equation 1 and 2 with 1 and 2 the distances between the peaks, N1 and N2 the refractive 

index of the pair of particles, and D1 and D2 their diameters. 

 

1 1 0 1Δ   ( , )Cf N D                                                                                                                                         (1) 

2 2 0 2Δ   ( , )Cf N D                                                                                                                                         (2) 

 
The value of constant C depends on parameters which doesn’t concern particles (wavelength of 

incident beam, location, size and resolution of CCD camera).  

 

The expression of proportionality coefficient f is given in equation 3. Coefficients f depends on 

refractive index but not enough to measure it with a good accuracy. The advantage is than the 

diameters of particles can be found without refractive index knowledge with a good accuracy 

(with relative accuracy near 10% if refractive indexes are known with accuracy near the first 

decimal, according to the value of 0).  
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The knowledge of diameters of particles permits to measure 3D relative locations [e.g., Briard 

2011a], and the refractive index with a high accuracy. Next section present influence of 3D 

relative location in Fourier space. 

 



3. INFLUENCE OF 3D RELATIVE LOCATIONS 

 

The 3D relative locations have influence on spot width in  direction. 3D relative location codes 

too the location (,) of the spots in the magnitude Fourier spectrum (equation 4). The location 

(,) is defined by the difference of optical path by reference ray in figure 4. 
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The equation 4 shows that the measurement of 3D relative location is possible if two CCD 

cameras with two angular location 0 are used [e.g., Briard 2011b]. The accuracy of measure of 

3D relative locations is micrometric for the 3 directions of the space. 

 

The next step is the extension of FII method to measure the refractive index of the particles. Its 

measurement is preferred for a CCD camera located near rainbow angle of particles because 

interferences fringes are more sensitive at refractive index for this angle. 

 

For measuring refractive indices of the pair of particles, it is possible to analyze spot in magnitude 

Fourier spectrum and the associated phases. But foremost, a parameter measurable in Fourier 

space and connected to refractive index of particles has not been found for the moment. More, in 

order to measure the refractive index with good accuracy and reasonable time calculation, the 

knowledge of the 3D relative location with a micrometric accuracy is not sufficient owing to 

influence of 3D relative locations.  

 

A solution is to work in image space (or “Inverse Fourier magnitude space”) instead of Fourier 

space. It is the subject of the next section. 

 

4. THE COMPOSITE RAINBOW 

 

Before inverse FFT using for work in image space, a filter is used for to keep the signal 

associated to one pair of particles.  

 

The complex numbers in Fourier space outside the rectangular filter take the value zero. Figure 

6.a and 6.b show respectively the magnitudes the phases of the filtered Fourier space. Even if 

the phases aren’t defined for complex numbers equal to value zero, we have chosen by 

convention to represent the phases (figure 6.b) outside the rectangular filter with the value zero. 

Selected frequencies correspond to the red rectangular in figure 3.b.  

 

The next step is applied the inverse FFT on filtered Fourier space filtered. The magnitude 

spectrum (fig 6.d) of the result is named “composite rainbow”.  



 
Figure 6. 2D Rainbow composite processing 

 

After filtering, the inverse Fourier transform is applied. The magnitude spectrum of the result is 

named “image space” and the fringes observed are named “2D composite rainbow”.  

 

A central profile (Fig. 7.c) is traced from 2D composite rainbow. The individual rainbows 

created by each particle are shown (Fig. 7.a and Fig. 7.b).  

 
Figure 7. Standard rainbows created by the two particles (a and b) and 1D composite rainbow 

traced from 2D composite rainbow figure 6.c (blue line) and from equation 6(red cross) after 

normalization (c). The two particles have diameters equal to 130 µm (Fig 7.a) and 100 µm (Fig 

7.b) and refractive index equal to 1.3333. 

 

 

The central profile of 2D composite rainbow is plotted and named 1D composite rainbow 

(figure 7). The composite rainbow is linked with the singles rainbow of the pair of droplets as 

illustrated by equation 5 (and figure 7.c), which is square root of the product of intensity of 

individual rainbow of each particles. 

 

1 2( ) ( ) ( )compositeI I I                                                                                                                            (5) 

 



In equation 5, Icomposite () is intensity of 1D composite rainbow. I1() and I2 () are intensity 

corresponding to standard rainbow (i.e. rainbow created by a single particle) of the two 

particles (Fig. 7).  

 

1D composite rainbow don’t depend on 3D relative locations of particles. It depends on the 

diameters and the refractive indices of the associated pair of particles. More, a numerical 

composite rainbow is easy to calculating from standard rainbow of the particles.  

 

That’s why inversion for refractive indices of pair of particles measuring is applied on 

composite rainbow. The first steps for refractive index measuring are presented in next section. 

 

5. REFRACTIVE INDEX MEASUREMENT BY FII 

 

Equation 5 shows that if the 2 particles have the same refractive index measurement and the 

same diameter, then composite rainbow correspond to single rainbow and the measure of 

refractive index and diameters can be made with using a code already developed in Coria Lab 

by Saengkaew [2010]. 

 

If the two particles have the same refractive index and a different size (configuration presented 

fig. 7.c and fig. 8.a), the principal arc of composite rainbow has the same location than the two 

standard rainbows of the pair of particles.  

 

 
Figure 8. Composite rainbows for different configurations: particles with the same refractive 

index and different diameters (a), with same diameters and different refractive indices (close (b) 

and far (c)), and with different diameters and different refractive indices (d). Red line corresponds 

to composite rainbow. Blue and black lines correspond to the standard rainbows for each particle 

of the pair.  

 

 



More precisely, the raising of composite rainbow primary bow (i.e. bow with the greatest 

intensity) is between the raising of the two standard primary bows. The falling of the composite 

rainbow is at the same location than the falling of rainbow created by the largest particle. The 

principal bow of composite rainbow could be assimilated to the primary bow of standard bow 

created by the greatest particle. The code for standard rainbow inversion is used and the 

refractive index of particles is found with accuracy near the forth decimal. 

 

If the two particles don’t have the same refractive index, the composite rainbow can’t be 

associated with a standard rainbow and the code for standard rainbow inversion is useless for 

refractive indices measuring, whether refractive indices are close(fig. 8.b) or distant(Fig 8.c), 

and even the particles have the same diameter. 

 

In this configuration, the measure of refractive indices requires a new inversion code based on 

equation 5 with standard rainbows calculated with Lorenz-Mie, Debye , or Nussenzweig theories. 

The using of genetic algorithm [e.g. Meunier-Guttin-Cluzel 2010] is considered. Demonstrate 

than genetic algorithm is useful for inversion is the next working perspective. 

 

Using a camera for forward scattering in addition to a camera located near rainbow angles of 

particles in permit to reduce investigation field on diameters measurement but they can’t be 

determined perfectly. That’s why the inversion will be applied with four “unknown” parameters: 

two diameters and two refractive indices. The number of inversions will be depending on the 

number of particles illuminated and the degree of accuracy required. 

 

In MFTP symposium, we will present the last progress about inversion of composite rainbow. 

 

CONCLUSION 

 

The principle of FII method has been shown. Size and 3D relative locations has been review in a 

first time. The extension to the FII method at refractive index measurement is the principal 

subject of this paper.  

 

With filtering in Fourier Space and inverse F FT using, a composite rainbow is calculated.  

 

If the illuminated pairs of particles have the same refractive index, the refractive index value is 

measurable from composite rainbow with using an inversion code of standard rainbow. If the 

refractive indices are different, a new inversion strategy must be coded. This is the next step. 
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