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Abstract. An experimental setup has been developed that allows recording the flux of probing radiation scattered 
from dispersed particles in the 0° direction. To suppress the beam passing through the swarm of dispersed particles a 
reference beam was used. The reference beam was formed from the probe beam and aligned in the registration plane 
with the beam passing through the swarm of particles. The Michelson interferometer was tested in an experimental 
setup to determine the sizes of dust particles of heterogeneous systems. It was shown that by placing a heterogeneous 
system in one of the arms of the interferometer, it was possible to register the scattered radiation at the angle 0°. This 
facilitates calculation of the sizes of particles with the same accuracy over the entire size range. To verify the method 

the iron powder particles sized 50-63 µm were used.  

INTRODUCTION 

Examples of the heterogeneous systems are found in many natural processes, e.g. in the formation of clouds, 

as well in the processes created or used by humans, e.g. in the plasma-chemical technologies or in the chemical 

reactions accompanied by the formation of insoluble compounds. Often, the rate of change in the size of dust 

particles determines the efficiency of technological processes [1-3]. The formation of dispersed particles is also 

essential in the separation of carbon isotopes in the process of plasma oxidation of carbon in a magnetic field [4, 

5]. The possibility to determine or control the size of dust particles is therefore an important issue for a 

particular technological process. Dust particles change their size in the low-temperature plasma. In the course of 

plasma diagnostics, the accumulation of the dust particles on a cold substrate may result in a distortion of the 

proceeding physical and chemical processes. Consequently, when measuring the size of dust particles in low-
temperature plasma, it is beneficial to use non-contact methods [6, 7]. Laser sensing and methods for recording 

the enlarged images of dust particles do not require accumulating of powder particles on a substrate. 

There are several laser diagnostic methods applicable for different dust particle sizes [8, 9]: (i) the spectral 

transparency method is applicable when d  , (ii) the full indicatrix scattering method can be utilized if d   

and (iii) the low-angle scattering method is useful provided that d  . Here we denoted by d the size of 

dispersed particles and by  the wavelength of the probing radiation. The mathematical basis of the laser 
methods for diagnosing the size distribution of a system of dust particles is the solution of the Fredholm integral 

equation of the first kind [10] using the experimental data of laser scattering. To calculate the kernel of an 

integral equation, the Mie theory is used [11, 12]. 

To determine particle sizes larger than 5 μm, the low-angle scattering indicatrix method is used [13]. 
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However, with an increase in the size of dust particles, the radiation flux scattered at angles close to 0° in the 

registration plane can be superposed over a collimated beam of radiation that passed through the scattering 

medium. To minimize this problem, suitable methods are needed to reduce the beam intensity of the probing 

radiation in the plane of detection of the scattered light. 

MATHEMATICAL JUSTIFICATION OF THE METHOD 

In order to record the radiation flux scattered in the low-angle region, including the direction of the 0° angle, 

we have used the interference scheme similar to the one described in [14]. In this system, the beam of collimated 

laser radiation is divided into two coherent beams: the reference and the probing beams. Further, in the 

registration plane, the following three beams are spatially superposed: the reference beam, the probing beam 

passing through the scattering medium without scattering, and the beam of radiation scattered at low angles. 

Measurement of the scattered radiation intensity at the angle 0° is only possible if the probing beam and the 

reference laser beam are superposed in the registration plane in the region of one of the interference-minima. 

The intensity of the probing laser radiation directly passed through the dispersing medium can be reduced below 
the sensitivity threshold of the matrix photodetector used for that, due to the interference in the scattering 

indicatrix registration plane. However, only at a certain point the intensity of the total radiation is close to zero 

owing to the interference. In case of deviation from zero intensity point, the optical path difference deviates 

from “π” and the intensity of the superposed beam increases; the two beams no longer cancel each other. This 

limits the range of angles within which it is possible to measure the intensity of the scattered radiation as a 

function of the wavelength of the probing beam. In the Michelson interferometer, however, the interference 

fringes are oriented along the probing beam. Therefore, it is possible to reduce the intensity of the coherent 

superposed beam almost to zero along its entire length. Consider the Michelson interferometer. If the beam-

splitting plate divides the light beam into two beams of equal intensities (I1 = I2 = 0.5 I0, where I0 – the intensity 

of the probing radiation), then these two waves interact at the output of the interferometer; the corresponding 

electric field strengths are as follows: 

Е1 = 2-0.5 Е0 exp[-j(  t - 1)],    (1) 

Е2 = 2-0.5 Е0 exp[-j(  t - 2)].    (2) 

In these expressions, the symbol  denotes the phase of the electromagnetic wave. 
If the amplitudes of the beams that have passed through different interferometer arms are equal, and there are 

no losses, then the superposed radiation intensity at the output of the interferometer is given by: 

I = I0 [1 + cos(1 -2)].     (3) 
The signal level at the output of the interferometer depends on the difference of the optical paths of the two 

beams. The resulting signal can only be set to zero if the lengths of the interferometer arms are accurately 

balanced and the original beam is divided into two beams of equal intensity. 

If an aerosol cloud is located in one of the interferometer arms, then the radiation intensities in the two arms 

differ from each other. In this case, the superposed radiation intensity in the output plane becomes: 

   0 0 1 2 00.5 2 1 cos 0.5 effI I I I          ,  (4) 

where α is the volume attenuation coefficient and eff is the volume scattering coefficient in the output aperture 
of the interferometer. 

The intensity of the radiation at the output of the Michelson interferometer, in the measuring arm where the 

aerosol cloud is located, depends on the following processes: attenuation in the measuring arm of the 

interferometer, interference of the rays that passed the measuring and reference arms, scattering back into the 

measuring arm. Formula (4) is obtained by regrouping the members that take into account the contribution of 

these processes. 

If there is just one dust particle in the measuring arm of the interferometer, then the expression (4) is valid 
for the shadow region. For the radiation intensity outside the shadow area of the dust particle, one can write 

  0 1 2 01 cos 0.5 effI I I      .   (5) 

The scattered and the probing beams superpose, and different points along the radius of the reference beam 

correspond to the beams scattered at different angles. The radiation flux scattered on dust particles diverges 

while the probing beam is collimated. Therefore, the plane of registration of the scattered radiation must be 

located close to the beam-splitting plate of the interferometer. 

By proper adjustment of the lengths of the interferometer arms for each wavelength it is possible to achieve 

almost complete attenuation of the intensity of the collimated probing beam behind the interferometer dividing 

plate (L =  / 4). The scattered beam does not interfere with the probing beam because the scattering process 
changes the initial plane of polarization. In this case, due to diffraction, the shadow area of the dust particle 

spreads over the cross section of the probing beam. As a result, the vector subtraction of the intensities of the 
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two - collimated reference and probing - beams over the entire cross section of their overlap is possible. This 

allows detection of the scattered radiation at low-angle, including the 0° angle. 

EXPERIMENTAL SETUP FOR REGISTRATION OF LOW-ANGLE SCATTERING 

To measure the low-angle scattering indicatrix, a Michelson interferometer with the distance between the 

reflecting mirrors of the interferometer and the beam-splitting plate 20 cm was assembled. In order to cut off the 

transverse mode components of the LGN-118 laser the output beam was collimated at a distance of 4 m from the 

laser into a beam of 45 mm in diameter by a telescope. The interferometer was tuned in such a way that the 

intensity of the output beam after superposition of the radiation of both arms was minimal. An incomplete 

attenuation of the radiation intensity was observed, however, in some parts of the beam that we attributed to the 

insufficient quality of the reflecting surface on the beam-splitting plate and the mirrors. A schematic diagram of 

the experimental set-up for registration of the low-angle scattering indicatrix is shown in Fig. 1. 

In the arm of the interferometer, where the powder particles are expected to be placed (the probing arm), we 

observe the following two probing collimated beams, see Fig. 1: the direct beam that passed through the beam-
splitting plate #2 and the same beam reflected from the mirror #4. As a result, when a powder particle is placed 

into the probing arm, four divergent beams are formed: the scattered and the reflected back diverging beams 

formed by each of the two probing beams. It is useful to realize, however, that for large particles (d  ) the 
intensity of the forward-scattered radiation of the probing beam exceeds by several orders of magnitude the 

intensity of the reverse-scattered radiation of the same beam [12]. When analyzing the results obtained from 

experiments with powder particles, we then consider only the intensity of the forward-scattered beam and 

neglect the reverse-scattered one. 

 

FIGURE 1. Set-up for registration of the low-angle scattering indicatrix: 1 - probing beam, 2 – beam-splitting plate, 
3, 4 – mirrors of the reference and the measuring arms of the interferometer, 5 - powder particle, 6, 7 - low-angle and 

reverse-scattered beams, 8 - CCD matrix, 9 – dispenser 

In order to verify the method we placed into the probing arm of the interferometer, into the center of the 

direct probing beam, the copper winding wire PEV-1, having a diameter with insulation 27 μm. To augment the 

diffracted radiation intensity of the beam reflected back from the mirror #4 with respect to that of the forward 

diffracted probing beam, the wire was placed at a distance of 1 cm from the beam-splitting plate of the 

interferometer. 

For registration of the pattern of the diffracted/scattered laser light, we have used the digital camera 

HS 101H-1024/58 manufactured by the company “SOL instruments Ltd.” (http://solinstruments.com/en/). The 

camera uses a charge-coupled device (CCD) matrix manufactured by Hamamatsu, with 1024×58 pixels sized 

24×24 µm oriented horizontally (active area 24.576×1.392 mm). To minimize the thermal noise the CCD matrix 

is cooled by a Peltier element down to the -20°C. The spectral sensitivity range of the camera is 200-1100 nm. 
For the data acquisition from the CCD matrix and for visualizing the pattern of the scattered light we have used 

the PsiLine 4.6.2 software. 

The registration plane of the camera was set at a distance of 10 cm from the center of the beam-splitting 

plate. The camera was installed perpendicular to the beam at the output of the interferometer. Before each 

measurement series, after letting the CCD to cool down to the operating temperature, the background intensity 

level of the output beam of the interferometer was recorded. When processing the data the used software 

automatically subtracted this background level, together with the dark noise of the CCD matrix, from the 

intensity distribution of the diffracted/scattered radiation. 

One of the recorded diffraction patterns of radiation with a wavelength of 632.8 nm (red color) from a wire 
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with a diameter of 27 μm is shown in Fig. 2; the data accumulation time was 5 seconds. The ordinate axis in 

Fig. 2 shows the intensity of the recorded radiation in relative units. On the curve in the left panel of Fig. 2 we 

observe a central maximum and two symmetrical lateral maxima. In the region of the central maximum, we 

observe an outburst of about 50 relative units and with a width of 0.24 mm (approximately 10 pixels); see the 

right panel in Fig. 2. That outburst is not seen in the left panel, since its magnitude is insignificant compared to 

the total amplitude of the scattered radiation intensity of 12,000 relative units. 
The diffracted beams originating from the two probing beams propagate in opposite directions between the 

beam-splitting plate #3 and the mirror #4 and fall on the photodetector. At the same time, the intensities of these 
scattered beams are significantly different. Let us estimate the ratio of the intensities of these two scattered 

beams. The “straight line” distances from the wire to the registration plane were for the direct beam (see the 

black beam trace in Fig. 1): 19+20+10 = 49 cm, for the beam reflected from the mirror #4 (red trace in Fig. 1): 

1+10 = 11 cm. Since the light intensity decays as a square root of the distance, the ratio of the scattered light 

intensities of the direct beam to that of the beam reflected from the mirror is (11/49)2  0.05. The scattered light 
intensity of the beam reflected from the mirror #4 is therefore approximately 20 times higher than that of the 

direct beam. This shows that by choosing the suitable dimensions of the interferometer and of the position of the 

“summing volume”, i.e. the volume where the superposition of the waves takes place, one can effectively 

suppress the signal generated by one of the scattered beams on the photo-receiver. 

 

        

FIGURE 2. Left panel - Diffraction pattern (in dependence on the angle ) recorded by the HS 101H camera. Right panel - 

Enlarged image of the circled area of the graph on the left 

THE EXPERIMENTAL RESULTS 

For registering a diffraction pattern on the powder particles we installed a dispenser in the probing arm of the 

interferometer, which made possible to form a thin stream of powder particles perpendicular to the incident laser 
beam; the dispenser replaced the wire-fixing unit used in the former experiment. However, the particles leaving 

the dispenser fly along different trajectories with respect to the probing beam, not just perpendicular to it. 

Consequently, we had to make provision that the recording device registers also the light scattered on the 

particles that do not fly exactly perpendicular to the incident beam. To achieve that we have used a thin 

collecting lens with a focal length of 11 cm; the Fourier transform with the aid of a thin lens does not depend on 

the location of the object with respect to the optical axis of this lens. We aligned the input focal plane of the lens 

with the stream of powder, and the output focal plane with the plane of the CCD matrix. As a result, the rays 

scattered at a certain angle were focused on the same pixel area of the CCD matrix; regardless of the trajectory 

of powder particles over the cross section of the probing laser beam. 

In order to supply the powder particles in a small amount into the probing arm of the interferometer, an air 

stream flew through a closed volume together with the powder. In such a way, the heterogeneous powder stream 
was diluted by air resulting in less than 500 powder particles flying across the incident beam per second. The 

data accumulation time of the CCD camera was set to 5 seconds or more. This ensured the passage of the 

particles of all sizes through the volume of interaction with light beam during the exposure of the scattering 

pattern. 

When checking the accuracy of the adjustment of the measuring circuit, the following is established. In the 

“scattering pattern”, recorded without the powder particles, a spot with a linear size of 0.168 mm and relative 

amplitude of 100 units appears. That is a result of the incomplete compensation of the intensities of the probing 

beams. At the same time, the maximum range of the intensity of the CCD matrix is 12,000 relative units. 

Consequently, we assessed this “background”, coming from the incomplete compensation of the intensities of 

U, 

rel.un

. 

           -0.125                 0                0.125     , 

U, 

rel.un. 

   -2.48           -1.24             0              1.24        , 
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the probing beams, as negligible. 

The low-angle scattering indicatrix of a helium-neon laser radiation on iron particles, having dimensions in 

the range of 50-63 μm, is shown in Fig. 3, left panel. The shape of the used powder particles is close to 

spherical. The assignment of quantities to the axes of the graph is similar as in Fig. 2. In Fig. 3, right panel, we 

show an enlarged image of the central part of the scattering indicatrix at the angle 0°. The angular distance 

between the two pixels of the CCD matrix (distanced 25 µm from each other), with a given geometry of the 
recording stand, is 0.0012°. It can be seen from Fig. 3 that the intensity of the scattered radiation in the range of 

angles 0°–0.61° changes by more than two orders of magnitude. The character of the scattering indicatrix close 

to the angle 0° does not show significant changes with respect to the entire low-angle region. There is a burst of 

intensity in the direction of the probing radiation with a linear size of 1.2 mm on the plane of the CCD matrix, 

which is significantly larger than the burst size corresponding to the scattering on one powder particle (compare 

Fig. 2). 

The CCD matrix enables recording the scattering indicatrix with the 1024 points resolution. That detailed 

resolution, however, is redundant when processing the experimental data using an integral equation. Processing 

matrices with so many columns and rows of the kernel matrix of an integral equation using a PC would require 

an infinitely long time. In computer processing of indicatrices, we then have used only about 20-25 points 

selected from the vicinity of the extrema of the scattering indicatrix. The reading of the discrete values of the 

scattering indicatrix enabled the PsiLine 4.6.2 program used to control the CCD camera. 
The experimentally recorded scattering indicatrices of radiation with a wavelength of 632.8 nm were 

processed on PC using regularizing algorithms [9]. We have based the program that we have used to implement 

the regularizing algorithm on the patent [14] and the monograph [12, 15] (algorithm and computer program 

TIKH1). However, when the data of the scattering indicatrix are burdened with higher measuring uncertainty, 

the solution of the inverse problem diverges - there are many possible solutions that formally satisfy the integral 

equation. To avoid the problem we used the approach described by us in [16]. In the Table 1 below, we show 

the data on the relative amount of powder particles of different sizes, which we have obtained after processing 

one of the experimentally recorded low-angle scattering indicatrix.  

     

FIGURE 3. Left panel - Small-angle (in dependence on the angle ) scattering indicatrix of red laser light on iron powder 
particles sized 50-63 µm. Right panel - An enlarged image of the central part of the scattering indicatrix at the angle 0° 

TABLE 1. The particle-size statistics of iron-powder particles obtained by processing of the low-angle scattering indicatrix 

d, µm 51 53 55 57 59 61 63 

n, rel. units 91 122 130 143 127 82 49 

The particle-size statistics (Table 1) obtained from the described scattering experiment of the He-Ne laser 

beam on the iron powder using the Michelson interferometer is in a good agreement with the data obtained from 

the direct measurements of the particle sizes using an optical microscope. 

In order to verify the method we have defined ex ante the size distribution function of dust particles and 

calculated the low-angle scattering indicatrix using the described method. We then processed the calculated 

scattering indicatrix of the laser radiation from an aerosol with different size distributions. We observed that by 

processing the low-angle scattering indicatrix of the laser radiation in the visible and near-IR ranges, it was 

possible to determine the sizes of dust particles in the range of 1–1000 μm. In this size range, the error 

introduced by the calculation procedures remained almost unchanged if, in the region of the 0° angle, the 

intensity of the probing radiation did not exceed 14% of the intensity of the scattered radiation. 
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CONCLUSION 

We have shown experimentally that devices, which exploit an interference pattern, such as the Michelson 

interferometer, permit registration even of a low-angle scattering indicatrix. Such set-ups allow recording the 

scattered radiation even along the direction of the incident beam, i.e. at the angle 0°. This facilitates the 

determination of the size of dust particles with almost the same accuracy in the entire size range of 1-1000 μm 

from the data obtained by laser probing of aerosols. 
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