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Abstract: А theoretical model for calculating the motion dynamics of the particles of different light-scattering mecha-
nisms in the energy inhomogeneous optical field is suggested. The direct relationship between the motion velocity of the 
tested particles in the created field and the degree of coherence of mutually orthogonal linearly polarized plane waves is 
demonstrated. The possibilities of using the normalized value of the averaged velocity for particles of the 

 
! 100 sizes to 

define the degree of coherence of mutually orthogonal linearly polarized fields are shown. 
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1. INTRODUCTION 

Taking into consideration the modern tendencies for de-
veloping nanotechnologies, much attention is paid to study-
ing the behaviour of micro- and nanoparticles and the ways 
of controlling them [1]. To do this the micromanipulators 
and micromachines are needed. The trapping and transporta-
tion [2, 3] of particles, molecules, atoms, biological objects, 
such as DNA molecules, organelle cells, increase the poten-
tiality of biomedicine in diagnosing the pathology of human 
organs [4-10]. As a rule, beams of various nature, such as 
Gaussian beams [11, 12], bottle beams [13], zero-order Bes-
sel beams [14], self-focused laser beams [15] and even eva-
nescent fields [16, 17], reflecting different forms of energy 
circulation [18, 19], are used for these purposes. 

The formation of energy redistribution and energy circu-
lation fields can occur in a simpler case as well. This re-
search proposes the interaction scheme of two mutually or-
thogonal linearly polarized waves in the incidence plane, 
where the modulation of polarization and the modulation of 
the energy volume density occur simultaneously in the ob-
servation plane [19, 20].  

It is difficult to estimate the degree of coherence in such 
a modulated situation, because it is impossible to use classi-
cal estimation methods in this case. We introduced a new 
parameter, the visibility modulation depth (VMD), in our 
papers [21, 22]. This parameter enabled to approach to the 
solution of the set task. However, the problems associated 
with registering the polarization information on polarization 
sensitive materials and the search for corresponding materi-
als cause the need for new ways and methods of estimating 
the degree of coherence. The research presupposes the use of 
the ability of inhomogeneous optical fields to control the 
tested particles in the modulated situation. The investigation  
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is carried out with the aim to define the coherence properties 
of those fields that form the energy inhomogeneous optical 
field. 

In this case the depth of the energy volume density 
modulation essentially depends on the degree of coherence 
of interacting waves. The way of monitoring particles of the 
Rayleigh light scattering mechanism in the energy inhomo-
geneous optical field is proposed for investigation. In this 
case the complex optical force affecting these particles is 
taken into consideration. The task of defining the degree of 
coherence of mutually orthogonal linearly-polarized plane 
waves using the particle motion velocity in the created opti-
cal field is solved as well. 

2. THE STATEMENT OF THE PROBLEM  

At present optical traps and micromanipulators are cre-
ated taking into consideration the basic properties of laser 
radiation. In this case the components of the optical force 
compete with each other, i.e. the components of radiation 
pressure, scattering force and gradient force [23]. The scat-
tering force is proportional to the radiation intensity and acts 
in the direction of the incident laser beam. The gradient 
component acts in the direction of the gradient intensity. 
These components may create the stable point, which is lo-
calized near the focus. If one of the components is larger or 
smaller than the other one, the equilibrium point is missing 
and a directional particle motion is observed. Thus, the 
availability of field pressure, which is connected with the 
existence of the internal angular momentum of the field, 
causes the arising of the energy flux, because the momentum 
density and the density of the energy flux are proportional to 
each other [24]. The momentum of the field passed on to a 
particle causes the movement of that particle.  

The calculation of the optical force, affecting particles of 
different light scattering mechanisms, depends on the sizes 
and properties of the tested particles [25], as well as on the 
properties and characteristics of the optical field where the 
particles are localized. 
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We consider the particles, for which the Rayleigh light-
scattering mechanism can be applied. There are particles, 
whose size (radius r) is much smaller than that of the light 
wavelength, or, according to the more accurate definition 
  
r << ! 20 . In literature these particles are named Rayleigh 
particles [26]. In this research we assume that the size of the 
particles amounts to 

 
! 100 . The interaction of these parti-

cles with the electromagnetic wave is described within the 
framework of the Rayleigh light scattering mechanism. In 
this case the approximation of the point dipole is introduced. 
The other group of particles are those whose size (radius) is 
defined as 

 
! 5 . The physical mechanism, setting the interac-

tion of particles with the optical field, is explained in the 
context of the Rayleigh light scattering approximation, and 
corresponds to the Mie theory.  

The consideration of each component of the optical force 
and the calculation of the gradient, scattering and absorbing 
components are important for the given types of particles. 

In this research the basic elements of the approach sug-
gested in [27] are used, with the interferential scheme of 
interaction of two plane waves of equal amplitudes linearly 
polarized at the incidence plane, with an interference angle 
of 90° taken into account (Fig. 1). 

When accounting the superposition of two mutually or-
thogonal linearly polarized fields, the modulation of the av-
eraged Poynting vector value, i.e. the spatial modulation of 
energy density occurs in the observation plane. The optical 
force, expressed by the Poynting vector, forms the particle 
distribution in this plane. Moreover, the change of the degree 
of coherence leads to the change of the modulation depth of 
the energy volume density, which, in its turn, determines the 
optical force value and the peculiarities of particle motion.  

Generally, the forces exerted on the particles by a laser 
beam depend on the properties of both the beam and the par-
ticles. 

We consider the behavior of the tested particles located 
in the inhomogeneous optical field at room temperature. Ac-
cording to the experiment proposed in [19], these are the 
particles of golden hydrosol of about 1 nm and 100 nm in 
size. The mechanical effect of spin flows [28, 29] on the 
motion of particles is not analyzed in this paper.  

Let us discuss the formation of the optical force optF  af-
fecting the tested particles. The direction of the optical force 
gradient component is stipulated by the distribution gradient 
of the energy volume density. The direction of the scattering 
and absorbing components sets the direction of the energy 
flow propagation. At the same time the direction of the re-
flecting component is set by the orientation of the particle 
surface. 

The gradient component of the optical force, taking into 
account the polarization of the molecule  ! = "! + i ""! , can 

be calculated as 
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 Thus, one can find the gradient of the field for the gen-
eral case. The gradient of an arbitrary function can be calcu-
lated at any point of the plane, including the observation 
plane. It is known that the modulus of an arbitrary function 
gradient is equal to the greatest change of the function in the 
chosen point.  

Thus, it is possible to calculate the gradient distribution 
of the volume energy density.  
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We assume that ! = 0 . This enables us to estimate the 
spatial coherence of the optical field.  
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parameter, which characterizers the energy density value for 
the chosen point m of the optical field, and depends on the 
phase difference between the initial waves at the correspond-
ing point.  

Thus, it can be written as 
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Then the value of the gradient component of the optical 
force in the scalar form is expressed as 
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The effect of the gradient force is related to the gradient 
of the energy volume density, and, correspondingly, to the 
value of the degree of coherence of interacting fields. 

According to [26], it is possible to define the scattering 
and absorbing components of the optical force, using the 
Rayleigh approximation: 
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Considering all the above described components of the 
optical force [35] can be rewritten as follows: 
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Depending on the relation between the values of the gra-
dient component of the optical force and the scattering or 
absorbing components, the particles are either trapped by the 
field or they move in the direction caused by the direction of 
the energy flow. 

May the analyzed particles be situated in a viscous me-
dium. Let us assume that the mixture consists of a viscous 
incompressible carrier phase and spherical particles, whose 
radius is r and whose mass is M.  

When moving in the liquid, the particle is affected by the 
friction force, which at the constant value of the velocity 
v is defined by the Stokes law as

   
F
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is the particle friction coefficient, !  is the dispersive me-

dium viscosity, r is the particle radius. Using the basic equa-
tion of particles motion in the optical field with considera-
tion of the force of viscous friction [35] can be written as  
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In the first approximation we ignore the Brownian mo-
tion of particles and believe that the particles were motion-
less before they were moved into the zone of the optical field 
effect. 

We study the particle m with the mass M and the radius r, 
which is situated at the point of the field with coordinates 

mm
zx , , and write down the equation of motion for it in the 

scalar form  
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When solving the obtained differential equation we get 
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As it is seen from this expression, the velocity value of 
each separate particle vm(t) depends on the position of the 
particle in the optical field. 

We perform the averaging over the ensemble of particles 
localized in the optical field. 

Then the motion velocity of m particles averaged over the 
ensemble of the particles can be written as 
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From this equation, the influence of the degree of mutual 
coherence on the value of the averaged velocity of particle 
motion in the optical field is observed.  

To obtain a direct linkage between the averaged velocity 
of tested particles and the degree of coherence of superpos-
ing fields we choose as an example the tested particles char-
acterized by the following set of properties: the Rayleigh 
mechanism of light scattering is peculiar to them; the values 
of the scattering and absorbing components of the optical 
force affecting these particles are much smaller than the 
value of the gradient component of the optical force.  

In this case the value of the averaged motion velocity of 
nanoparticles in the optical field, or more precisely, the ve-
locity of trapping the given particles by the field is deter-
mined by the degree of mutual coherence of superposing 
fields and is written as 
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If we normalize the change of the averaged velocity with 
time to the maximum of the trapping velocity for each corre-
sponding moment of time obtained in the absolutely coherent 
field, we get 

  
v

rel
(t) = !(1,2)  (5) 

Thus, the relatively averaged motion velocity of nanome-
ter range particles in the energy inhomogeneous optical field, 
created by the interaction of partially coherent optical fields 
converging at the angle of 90°, enables to estimate the de-
gree of mutual coherence of these fields.  

3. THE RESULTS OF SIMULATION 

Using the methods suggested in papers [20, 32, 36], we 
can demonstrate the motion of particles of various sizes in 
the optical field, formed by the superposition of coherent and 
partially coherent beams. To create a more complete picture 
of particle motion it is necessary to take into consideration 
the set of forces acting on the side of the liquid, where the 
particles are maintained in suspension.  

The optical field, in which the motion of different kinds 
of particles can be observed, is created by the interference of 
two plane waves with different degrees of coherence investi-
gated in the experiment (Fig. 1). Though a homogeneous 
distribution of intensity is observed in the registration plane 
of the resulting field, the distribution of the Poynting vector 
can acquire an inhomogeneous character. It essentially de-
pends upon the degree of coherence of interacting beams. 

Let us reproduce the full picture of particle motion in the 
optical field. The essential polarization of golden particles 
and the availability of absorption determine the picture of 
particle motion: (i) the redistribution of particles between the 
maximum and minimum regions in the energy inhomogene-
ous optical field, caused by the action of the optical field, 
and (ii) further behavior of the particles in accordance with 
their size and the relation between the components of the 
optical force. The initial conditions determine the distribu-
tion of particles by velocity at the beginning of the motion, 

i.e. at the initial moments of time. Correspondingly, the re-
sulting optical force and the full force, determining the parti-
cle motion, depend on localization of the particle. The calcu-
lation of the resulting optical force is performed using Exp. 
(5). In this case in the first approximation the particles are 
considered motionless at the initial moment.  

We shall begin the analysis of particle behavior with 
simulating the motion of tested particles whose size is about 
100 nm. 

In the case of incoherent interaction of plane waves in our 
interference experiment [34, 36] there is no spatial modulation 
of polarization in the observation plane. As it is suggested in 
the above mentioned papers, the modulation of the Poynting 
vector is absent as well. The gradient component of the optical 
force, caused by the gradient of the Poynting vector value (the 
gradient of the volume energy density), does not change the 
direction of the particle motion. The particle motion of the 
offered simulated situation is explained by the presence of the 
resulting force caused by the scattering and absorbing compo-
nents of the optical force, which is closely connected with the 
radiation pressure and the viscous friction on the liquid side. 
The formation of the resulting optical force affecting the tested 
particles is presented in Fig. (2). The graphical representations 
of the optical force (Fig. 2) are obtained by normalizing the 
force value at a certain moment of time to the force value ob-
tained when absolutely coherent fields interact at the same 
moment of time. 

In the given situation the particles move in the direction 
of the waves energy propagation in the observation plane. 
The particle motion velocity depends on the relationship 
between the field momentum value and viscous friction 
force. 

The account of significant light absorption by golden par-
ticles determines the direction of the resulting optical force. 
The absorption component becomes important for the parti-
cles of the chosen size, and with the increase of the size of 
the particles the importance of the given component in-
creases.  

The change of the degree of coherence of the interacting 
waves leads to the change of the depth of the energy inho-
mogeneity of the optical field. The modulation of polariza-

Fig. (1). The superposition of plane waves of equal amplitudes linearly polarized at the incidence plane, with interference angle of 90°. Peri-
odical spatial modulation of polarization [21, 22, 30] takes place in the plane of incidence. 



The Use of New Approaches to Estimating the Coherence The Open Optics Journal, 2013 Volume 7    9 

 

tion and the modulation of the energy volume density are 
observed in the observation plane and lead to the arising of 
the gradient component of the optical force.  

As a result, the increase of the degree of coherence pro-
duces the decrease of the resulting optical force (Fig. 2) act-
ing on the type of particles under discussion. 

Since the gradient force value is rather small in compari-
son with the other two components of the optical force, the 
value of this component is not enough to capture the parti-
cles. As a result, the particles, according to the main laws of 
thermodynamics, move to the region of the potential energy 
minimum. These zones are localized in the region of the 
Poynting vector energy minimum value.  

The particles continue to move there with the velocity, 
which is determined by the force whose components are the 
scattering and absorbing components of the optical force and 

the viscous friction force. The results of simulation fully 
justify the results of the experiment suggested in [19]. At the 
same time the information about the gradient force value, 
which is determined by the gradient volume density and the 
degree of coherence of superposing fields, is lost in the gen-
eral picture of particle motion. 

According to our mathematical model (exp. 5), to make a 
quantitative estimation of the degree of coherence of the 
optical field, we choose such particles, in which the gradient 
component of the optical force will be the determining com-
ponent of the motion. Let us analyze the behavior of the parti-
cles about 1 nm in size. These are the particles that can be 
defined as Rayleigh particles. As the simulation showed, when 
taking into account all the components of the resulting optical 
force, the gradient force value gets much greater than the val-
ues of other components. That is why the field gradient is able 
to move the particles into the maximum region, where the 

 
Fig. (2). Changes in the resulting optical force affecting the particles above "/5 in size observed with time and changing the degree of coher-
ence (

 
!

(1,2) ) of the interacting waves: the legend shows degrees of coherence that correspond to different curves. 

 
Fig. (3). The change of the optical force affecting Rayleigh particles (the particles above "/100 in size) with time and with the change of the 
degree of coherence of interacting waves (

 
!

(1,2) ): the legend shows degrees of coherence that correspond to different curves. 
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trapping takes place. When the homogeneous optical field 
results from incoherent interaction of two superposing fields 
(the distribution gradient of the energy value is absent) the 
optical field does not influence the particles (Fig. 3). 

A greater modulation depth of the energy volume density 
corresponds to a greater value of the degree of coherence, 
and, consequently, the degree of the energy inhomogeneity 
of the optical field increases. Correspondingly, the influence 
of the gradient component of the optical force increases (Fig. 
3). 

The value of the transverse component of the optical 
force is sufficient to trap the nanoparticles and keep them in 
the “capture” zone. In this case, according to the initial posi-
tion of the corresponding nanoparticles, the velocity with 
which the particles are trapped by the field will be different. 
The velocity value is also influenced by the gradient value of 
the energy volume density.  

Let us compare the results of calculation of the optical 
force acting on the particles of two different sizes at interac-
tion of light with which various mechanisms of light scatter-
ing are realized. The calculation results are presented in Figs. 
(2 and 3). The principal difference between the results is 
observed in different course of the curves when the degree of 
coherence is changed and is connected with different direc-
tion of the effect of resultant forces in two situations under 
consideration. The insufficient impact of the gradient force 
(Fig. 2) in the case of the particles 100 nm in size on the 
value of the resultant optical force sets the distribution that is 
practically not related to the gradient of the volume energy 
density and, thus, to the degree of waves coherence. Natu-
rally, for performing the following simulation experiments 
the particles 

 
! 100  in size were chosen, for which the effect 

of the gradient optical force was prevailing. The method of 
diagnosing the coherent properties of the interacting fields 

(waves) appeared to be especially effective for this particles 
ensemble. 

The motion velocity of nanoparticles depends on the dis-
tribution of the energy volume density in the observation 
plane, and, accordingly, on the degree of coherence of su-
perposing waves. The change of the degree of coherence 
causes the change of the normalized value of the averaged 
velocity of particle redistribution and their trapping in the 
optical field under the affect of optical forces (Fig. 4). The 
velocity graph presented in Fig. (4) is derived from Eq. (5). 
It describes the normalized value of the averaged particle 
motion velocity with time. 

The maximum value of this velocity and, respectively, 
the maximum value of the resulting force are unequivocally 
related to the degree of coherence of the initial superposing 
beams, which form the optical field under investigation. For 
instance, the maximum normalized value of the averaged 
particle motion velocity is 0.8 (Fig. 4), the degree of coher-
ence value is 0.8. Any changes of the degree of coherence of 
the superposing waves cause the change of both the normal-
ized value of the averaged motion velocity and the maximum 
value of the velocity of particle “trapping” into the maxi-
mum energy region in the analyzed field. Thus, the maxi-
mum normalized value of the averaged particle “trapping” 
velocity 0.5 corresponds to the degree of coherence 0.5. 

As it is shown by the results of the computer simulation, 
the particles are practically immediately “trapped” into the 
region of the maximum gradient value of the Poynting vec-
tor. As a result, the maximum normalized value of the aver-
aged motion velocity is realized at the initial moments of 
time. At the same time, nanoparticles, possessing a certain 
mass, are characterized by some, say, insignificant inertia. 
Due to this, after “trapping” a certain period of time is 
needed, a period of “relaxation”, for the particles to take a 

 
Fig. (4). The change of the normalized value of the averaged motion velocity of Rayleigh particles (the particles above "/100) with time and 
with the change of the degree of coherence of interacting waves (

 
!

(1,2) ): the legend shows degrees of coherence that correspond to different 
curves. 
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stable position. It is explained, firstly, by the progressive 
decrease of the velocity after “trapping”, and, secondly, by 
the fact that the maximum motion velocity is chosen as the 
estimating criterion of the gradient of the field imhomogene-
ity and, consequently, of the degree of coherence.  

The optical force, which causes the trapping of particles 
by the field and the normalized value of the averaged veloc-
ity particle motion are related directly to the degree of coher-
ence of interacting fields. In this case the particle motion 
velocity is rather easily measured and can be chosen as an 
estimating parameter of the degree of coherence of interact-
ing fields.  

At the same time, when random fluctuations of particle 
motion caused by Brownian force action is taken into con-
sideration, the uniqueness of the particle motion velocity and 
the degree of coherence of the optical field is lost (Fig. 5). 
The calculation of the resultant force acting on the investi-
gated particles with consideration of the effect of Brownian 
force was performed according to the model presented in 
[37]. Brownian motion disguises the information about the 
coherence and polarization properties preset in the optical 
field under investigation.  

CONCLUSIONS 

Possibility of using the tested particles as additional in-
struments for estimating the degree of coherence of mutually 
orthogonal linearly polarized plane waves is demonstrated in 
accordance with the theoretical model of calculating the mo-
tion dynamics of the above-mentioned particles. Particles 
about 

 
! 100  in size are chosen to confirm the direct relation 

between the motion velocity and the degree of coherence of 
the mutually orthogonal waves, linearly-polarized in the in-
cidence plane. The way of estimating the degree of coher-
ence suggested in this paper is one more step forward in the 

theory of coherence. The discussed remote-sensing of an 
energy inhomogeneous optical field allows not only to esti-
mate the coherence properties of optical fields, but opens up 
new possibilities for nanoparticle manipulation, creating 
optical tweezers and micromachines. 
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