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Abstract: Problem presented in the paper concentrates on 
the light scattering on spheroids, that cross the probe volume 
of the laser Doppler system which exploits three laser 
beams. Comparison of the system responses between 
spheres and spheroids of different shapes is demonstrated. 
An influence of Euler’s rotation angles of the spheroid and 
differences in scattered field between two and three beam 
systems are shown. 
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1.    INTRODUCITION 

One of the well-established measurement techniques is 
Phase-Doppler (PDA) anemometry, which allows measuring 
particles velocity, size, flux, concentration and physical 
properties of the flow. Although a great development of the 
laser Doppler anemometry (LDA) techniques it is 
noteworthy, that many improvements are still being done. 
Present optical systems are able to determine simultaneously 
not only particle diameter and velocity of the flow but also a 
refractive index, absorption coefficients or physical 
homogeneity of the particle [1, 2].  

We propose an extension of three Beams Phase Doppler 
Anemometer (3BPDA) to measure properties of axisymmetrical, 
homogenous particles (according to the idea of Onofri [3]). The 
system uses three coherent laser beams, which are coplanar in this 
case.  

Volume probe in standard laser anemometers can be created by 
diffraction a coherent, linearly polarized laser beam onto Bragg's 
cell or a diffraction grating. During that process three orders 
diffracted beams are present: +1,0,-1. Probe volume consists +1, -1 
beams; 0 order beam is classically cut off. In 3BPDA zero-order 
beam is also transmitted, thus volume probe is a superposition of 
three beams.  

Usually simulations of many kind of laser Doppler Systems 
base on Mie theory, which describes scattering phenomenon of 
plane, electromagnetic wave illuminating a spherical particle 
placed in homogenous space without additional sources. 
Approximation of the shape of the scatterer as a sphere is sufficient 
to get valuable results in many cases. However there are situations 
where more sophisticated model should be considered. Such 

situation takes place during a development of droplets of liquid, 
which is a dynamic process that introduces oscillations of surface 
for macroscopic particles [4]. Interactions between particles in a 
real flow also influence on their shapes. Therefore spheroidal 
particle seems to be more useful in next step of considered 
approximations. Among many techniques extended boundary 
condition method (EBCM) seems to be one of the powerful end 
efficient tools for calculating scattering properties of media. The 
method provides high computational effectiveness as well as 
algorithms derived directly form Maxwell equations.   

The paper therefore describes a scattering model used in 
preliminary calculations of the response of 3BPDA for cases when 
plane wave is taken into account as incident field and when 
classical Gaussian laser beam is used. Our future task is to 
determine limitations and measurement errors in case when 
particles moving through probe volume are not perfect spheres but 
spheroids.   

2.    METHODOLOGY 

To calculate the scattered electromagnetic field of  
nonspherical particle let us choose a coordinate system with  
its origin placed inside, in the centre of the particle (particle 
coordinate system P). The particle is illuminated by plane, 
electromagnetic wave, separated on two components:  
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where r is the position vector with its origin at the origin of 
P, k is the wavenumber of  free space, ϕn , θn  are unit 

vectors related to ϕ  and θ  directions, respectively, in  is a 

unit vector of propagating wave. 

Both of incident iE  and scattered sE  fields can be 
expanded in vector spherical functions:  
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Where mnMRg , mnNRg  are regular at the origin and 

mnM , mnN  are spherical wave functions. The expansion 

coefficients of an incident, plane wave can be expressed as: 
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where E  is complex constant vector, mnC , mnB  are vector 

spherical harmonics. Respectively, coefficients of the 
scattered electromagnetic field [5, 6] can be denoted as 
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Due to the linearity conditions of Maxwell equations the 

relation between mnp , mnq and mna , mnb  coefficients can 

be expressed as 
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where a, b, p, q are vectors of expansion coefficients given 

above and matrix consists elements 2211... TT  is called 

transition matrix T [7].  

  Elements of T are independent of incident wave as well 
as scattered field. Its elements consists only information 
about a particle size, its refractive index and a geometrical 
shape and besides T is completely independent on incident 
and scattered fields,  polarization and propagation directions 
- therefore matrix can be derived only once for physically 
defined particle. Only simple recalculations are required for 
another scattering directions. 

If transition matrix is known we can describe distribution 
of the scattered field for an arbitrary scattering system using 
complex, amplitude matrix S. Its elements consist of 
information about a geometry of incident and scattered 
directions ( )si nnTSS ,,=  (in global coordinate frame L), 

where sn is unit vector of scattering direction 
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This makes this technique, based on EBCM, very 
powerful and rigorous even then, when a formal description 
of the particle is not straightforward. Many kinds of optical 
systems can be simulated if a case of one or more 
illuminating waves is considered.  

One of such systems is Phase Doppler System (PDA) that 
superposes two laser beams to obtain probe volume. For 
Gaussian laser beams useful description can be used. The 
laser beam is fully described by the set of  coefficients 
according to the idea proposed by Doicu and Wriedt [8, 9]. 

For such beam a new coordinate system must be 
introduced with its origin placed in the center of the beam 
waist. Expansion coefficients are derived in the reference 
frame with the use of generalized local approximation.  
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where coefficients 
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where 0w is a beam waist radius and vector ( )000 ,, zyx  

describes position of the particle in the L coordinate system 
that is also connected with direction vectors of the Gaussian 
beams.  

For each beam of order +1, 0, -1 of diffraction grating 
amplitude matrix may be derived - for simplifying 
computations only one scattering direction for each S matrix 
is considered (e.g. only for single point detector). 
Considering above simplification we may write: 
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where N is number of a diffraction order (+1, 0, -1) and for each 

beam we have the same scattering direction: 101 +− ≡≡ sss nnn .  

The scattered field for the particle placed in probe volume 
superposed from three beams 
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Planar optical setup, when detectors and incident electrical 
field vectors are in yz-plane and 2/πϕ =  simplifies 

equations and we have only part with θsE .  

Obviously, in non-planar systems, both terms (21) 
and (22) must be taken into account. Scattered intensity 
can be calculated with the help of Poynting’s vector; 
and for nonmagnetic and homogeneous medium (with 
magnetic permeability µ ):  
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3.  RESULTS 

General angle and vector relations in 3BPDA system are 
presented in figure 1. Simulations were carried out for 
planar system for 2/πϕ = . Therefore unit vector sn lies in 

yz-plane. The particle is placed in the center of the L 
coordinate system )0( 000 === zyx and for the case of a 

plane wave ( ∞→0w ). 

 
Fig. 1. Geometry of the scattering model and coordinate 
systems local P and global L. Ellipse shows scattering plane. 
Values +1, 0 ,-1 denote order of the laser beam. Vector (x0,y0,z0) 
shows origin of the particle with respect to L reference frame. 
n-1

i , n
0
i , n

+1
i are unit vectors of the propagating beams. 

The system consists three beams with equal 
intensities for simplicity of computations. Angle 
between beams +1 and –1 equals Lα2 . Angles PP βα ,  are 

Euler’s angles of rotated particle with reference to L 
coordinate system. The symmetry axis of the particle is 
aligned with P coordinate system. Computational procedures 
use modified routines developed by Mishchenko [10, 11]. In 
preliminary simulations we consider case when plane wave 
illuminates the particle located in the origin of L reference 
frame. However rotating diffraction grating introduces frequency 
shift between beams of +/- 1 orders (0 order beam is not frequency 
shifted) this property of the system for current simulations is 
neglected. Future analysis will take this into account. Let us also 
introduce an eccentricity factor ba /=ε  where a – is semi-axis 
of the particle included in xpyp – plane and b is semi-axis 
aligned with zp axis of the particle reference frame. Angle between 
beams o2=Lα . Refractive index is equal 1,33 + i0,00; 

particle diameter 2 µm, λ = 632,8nm. Simulations were 
carried out for different values of eccentricity and Euler’s 
angles: PP βα , .  
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Fig. 2. Normalized intensity in yz-plane vs. scattering angle θθθθ; 

prolate particles with eccentricity factor εεεε = 0,6. Diagrams 
developed for different Euler’s angles: a) – particle is changing 
orientation only for angle αααα; b) – particle is positioned in the 

center of L reference frame for several Euler’s angles. 



For preliminary results the normalized intensity in the 
scattering plane vs. the scattering angle was observed. 
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Fig.3. Normalized intensity vs. scattering angle for different 
conditions: a) εεεε = 0,9 (slightly prolate particle); b) εεεε = 2,0 

(oblate particle). 
 

This dependence is shown in figure 2. In case of the 
particle only rotated by angle α (β = 0) for constant 
eccentricity there is no difference in scattering 
characteristics. The influence of rotation of the particle on 
intensity diagrams appears when both of the Euler’s angles 
have non-zero values which is presented in figure 2b. Even 
for eccentricity (ε = 0,9 a = 0,9µm and semi-axis b = 1µm) 
such level of shape deviation of the particle increases 
disturbances when position of the detector changes to 
greater (θ > 130°) scattering angles. Relative differences in 
intensity level for ε > 0,9 (ε → 1) shows that error due to 
non-sphericity may be neglected for three beam systems for 
carefully positioned detectors. If eccentricity factor strongly 
differs from 1 the range of allowable scattering angle 
decreases significantly to ∼20° (figure 4a). On the other 
hand position of the detector should avoid situation of direct 
illumination by incident beam (angles around αL) when a 
receiving unit sensitivity and sufficient dynamics must be 
preserved. On figure 2b, 3a, 3b rising influence of rotation 

effect can be observed. For different levels of ε factor strong 
disturbances in characteristics can be also noticed. For 
greater β angles first peak of considered characteristics 
moves and reach maximum for 4 – 5°. For scattering angle 
ranges from 0 to 40° an undesirable effect can have 
moderate importance on the detector placement. For greater 
values of scattering angle there is a strong influence of 
orientation of the scatterer on intensity characteristics.  

Tu sum up: the effect of non-sphericity (for arbitrary and 
randomly positioned particles) may be significant for real 
systems and in many cases if geometry of the system is 
constrained by environmental conditions (hard accessible) 
or by structure of an anemometer itself (compact form in 
backscattering regime). For full analysis - simulations of a 
phase Doppler signal must be done as well. In our 
computations only static situation (when the particle is 
localized in the center of L coordinate system) is considered. 
Our future considerations will focus on effect of Gaussian 
intensity profiles of an illuminating laser beam as well as on 
dynamic behavior of the system. 
 
a) 

1E-7

1E-6

1E-5

1E-4

1E-3

0,01

0,1

1

0

30

60

90

120

150

180

210

240

270

300

330

1E-7

1E-6

1E-5

1E-4

1E-3

0,01

0,1

1
θ [deg]

 

 

  I
nt

en
si

ty
[-

]

 ε = 0,6
 ε = 0,9
 ε = 1,0
 ε = 2,0

α = 45, β = 45

 
b) 

1E-7

1E-6

1E-5

1E-4

1E-3

0,01

0,1

1

0

30

60

90

120

150

180

210

240

270

300

330

1E-7

1E-6

1E-5

1E-4

1E-3

0,01

0,1

1
θ [deg]

 

  I
nt

en
si

ty
[-

]

 ε = 0,6
 ε = 0,9
 ε = 1,0
 ε = 2,0

α = 0, β = 0

 
Fig.4. a) – diagram for constant Euler’s angles for different 

level of eccentricity; b) – different levels of eccentricity but for 
aligned with z-axis of L reference frame and centered particle. 
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Fig.5. Comparison of  the scattering characteristics of three 
and two beams system for the particle located in center of L 
reference frame for different eccentricities; Euler’s angles 

Euler’s angles αααα = 45°°°°, ββββ = 45°°°°. 
 
Figure 5 shows comparison of scattering characteristics of 
normalized intensity vs. scattering angle. Note that, when 
third beam of 0 order is present in interference pattern 
appears additional maximum nearby θ = 0° (figures 5a, b) – 
due to superposition of incident amplitudes. 

4. CONCLUSION 

Computational complexity brings out that simulation 
process is constrained to particles with medium size 
parameter. In our case a particle with refractive index 1,33 + 
i0,00 and 1µm radius was simulated. For particles with pure 
real refractive index oscillating characters of  scattering 
functions can be noticed. It introduces instabilities in 
computational subroutines for greater size parameters and 
eccentricity level that ranges below 0,9 and above 1,1. 
Analysis shows an influence of non-sphericity of the axially 
symmetric particles on scattering characteristics. The more 
spheroid eccentricity is induced the greater disturbances are 
observed. Our future work concentrates on properties of 
three beam system, when intensity profile of the beams is 
Gaussian and for the particle moving through a probe 
volume created from such beams. +1 and –1 order beams 
will be frequency shifted due to diffraction grating. If the 
level of eccentricity is relatively small ( 1,1;9,0∈ε ) 

departures from typical of spheres scattering characteristics 
can be neglected.  
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