Optica Applicata, Vol. XLIII, No. 2, 2013
DOI: 10.5277/0a130210

The use of motion peculiarities of particles
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The paper proposes an alternative possibility for using the motion dynamics of tested particles of
the Rayleigh light-scattering mechanism for estimating the degree of coherence of mutually
orthogonal fields. The velocity of nanoparticles motion in the inhomogeneous optical field is
chosen as the measuring parameter for diagnostics. The direct connection between the velocity of
nanoscale particle motion and the degree of coherence of interacting fields is analytically
demonstrated.
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1. Introduction

Reasoning from the modern tendencies for developing nanotechnologies, much attention
is given to studying the behavior of micro- and nanoparticles and to controlling them.
This process finds its realization in creating micromanipulators and micromachines.
The trapping and transportation [1] of particles, molecules, atoms, biological objects,
such as DNA molecules, organelle cells, also widen the potentialities of biomedicine
for diagnosing the pathology of human organs [2, 3]. As a rule, beams of various na-
ture, such as Gaussian beams [4], bottle beams [5], zero-order Bessel beams [6], self-
-focused laser beams [7] and even evanescent fields [8, 9], which reflect different
forms of energy circulation, are used for given purposes. The variety of wave fronts
with polarization and phase singularities [ 10—13] allows to extend significantly the pos-
sibilities to investigate and control nanoparticles of organic as well of inorganic origin.
The formation fields, where the redistribution and circulation of energy is observed,
can take place in a simpler way as well. The given paper proposes a scheme of
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interacting of two mutually orthogonal linearly polarized in the incidence plane waves,
where the modulation of polarization occurs simultaneously with the modulation of
the energy volume density in the observation plane [14].

In this case the modulation depth essentially depends on the degree of coherence
of interacting waves. The mechanism of manipulating particles of the Rayleigh light
scattering mechanism in the energy inhomogeneous optical field, taking into account
the complex optical force affecting these particles, is proposed for investigation in this
paper. The task of defining the degree of coherence of mutually orthogonal linearly-
-polarized plane waves by using the velocity of the particle motion in the created
optical field is solved at the same time.

2. The statement of the problem

At present, optical traps and micromanipulators are created taking into consideration
the basic properties of laser radiation when the components of the optical force
compete with each other, i.e., the components of radiation pressure, the scattering force
and the gradient force [15]. The scattering 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 localized 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 exis-
tence of the internal angular momentum of the field, results in the arising of the energy
flux, because the momentum density and the density of the energy flux are proportional
to each other [16]. The momentum of the field, which is 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 as well as on
the properties and characteristics of the optical field where the particles are localized.

We consider the particles, for which the Rayleigh light-scattering mechanism is
applicable. There are particles, i) whose size (radius ) is much smaller than the light
wavelength, or, according to the more accurate definition » << 1/20. In literature these
particles are named Rayleigh particles [17]. The interaction of these particles with
electromagnetic wave is described within the framework of the Rayleigh light
scattering mechanism. In this case the approximation of the point dipole is introduced.
ii) Particles whose size (radius) is defined as A4/5. The physical mechanism, setting
the interaction of particles with the optical field, is explained in the context of
the Rayleigh light scattering approximation, which agrees with the Mie theory.

A consideration of each component of the optical force and the calculation of
the gradient, scattering and absorbing components is important for the given types of
particles.
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The instantaneous value of the Poynting vector sets is determined by the relation
S = ExH. The density value of the energy current is

1
NHEH)Ey

where w is the energy of the electromagnetic field, £ (&) are the values of the dielectric
permittivity (magnetic permeability), €, (#,) are the values of the vacuum permittiv-
ity (vacuum permeability). As it is known, w = 2w = 2w, where the energy density
of the electric field is w; = 0.5€€,(E, E) and the energy density of the magnetic field
is wy = 0.5uu,(H, H).

The averaged value of the Poynting vector is the time-averaged distribution of
the instantaneous value, taken over the whole period of time.

Let us consider the superposition of two plane waves W1, W2 of equal amplitudes
polarized in the plane of incidence (Fig. 1), determine the averaged value of the elec-
tric (magnetic) energy density and the direction of the resulting wave propagation [18].
Let EO(ry, £) HO(ry, 1)), E@(r,, t) (HP(r,, 1)) be the vectors of the electric (mag-
netic) fields for the first and second interacting waves. In this case, the vector of
the resulting electric (magnetic) field in the registration plane at the point r is defined
as E(r)=ED(r) + E&(r) (H(r) = HV(r) + H?(r)).We shall find the direction of
the Poynting vector of the resulting wave S =S + S@ +EMD x H® + E@ x H(D,
where S(V (S©) are the Poynting vectors of the superposing waves. Since in the offered
interference scheme waves W1 and W2 are mutually orthogonal, the direction of
the resulting vector S is determined by the direction of the vector, which is obtained
when summing over the Poynting vectors SV and S of the initial superposing waves.

To find the distribution of the volume energy density, we use the matrix approach
and define the mutual coherence matrix, which describes the field correlation in

S =FEH =w

Fig. 1. The superposition of plane waves of equal amplitudes linearly polarized at the incidence plane,
with an interference angle of 90°. Periodical spatial modulation of polarization [19-21] takes place in
the plane of incidence.
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two different spatlal points r; and r, [22,23]. It is defined as W(r,r,, t)=

= (E(l)(rl, t)E(Z) (r,, 1)), where i, j = x, z. In the given approximation, the compo-
nents of the degree of mutual coherence of the field are determined as

W.(r,,r,, T)
At R 2
77,']'(1‘1, I, T) = =

Ju@vuprpoﬂ Jupnrrrpoﬂ

W, (rp, 1, 7)

4/2 ii(ry, 1y, 0) (1), 15, 0)

Let us assume that 7=0. This enables us to estimate the spatial coherence of
the optical field. We define the time-averaged density of the energy current at the point
of observation r [24]

g, (1) + 9 (r) +

FZ{

+2, fur ey, 1y, 0) o wiry, vy, 0)] “”cm(“ )mﬁé%- @

where (p(j'")(r) =(E"™(r, t)E(’”) (r,0), m=1,2;i,j=x,z of>? is an argument
of 77(1>2) and determines the phase difference between i- and j- components of the field;
0, is the phase difference between the beams (in this case their electrical parts) at
the registration plane.

The distribution of the time-averaged density of the energy current in space,
according to (1), determines the current value at different points of the registration
plane and is unambiguously determined by the degree of coherence of the superposing
waves 77(1.2), The direction of the resulting energy current is set by the direction of
the Poynting vectors of these waves.

When accounting the superposition of two mutually orthogonal linearly polarized
fields, the modulation of the averaged Poynting vector value, i.e., the spatial modu-
lation of the energy density, is noticed in the observation plane. The optical force,
expressed by the Poynting vector, forms the particle distribution in this plane.
Moreover, the change in the degree of coherence leads to the change in the modulation
depth of the energy volume density, which, in its turn, determines the optical force
value and the peculiarities of particle motion.
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In the general case, the forces exerted on the particles by a laser beam depend on
the properties of both the beam and the particles.

We consider the behavior of the tested particles in the inhomogeneous optical
field, which, according to the experiment proposed in [18], are particles of golden
hydrosol of about 1 and 100 nm size and are located at room temperature. The length
of the irradiation wave corresponds to the wavelength of a semiconductor laser
RLTMRL-II1-635 (A= 635 nm).The mechanical action of spin flows [25, 26] on
the motion of particles is not analyzed in this paper.

Let us discuss the formation of the optical force F affecting 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 is set by the direction of the energy flow propagation. At the same time,
the direction of the reflecting component is set by the orientation of the particle surface.

The gradient component of the optical force, when the polarizability of the molecule
o= a'+ia" is taken into consideration, can be calculated as Fgpaq =—0.5n0' VEZ.
The polarizability of the molecule ¢ can be derived from the Clausius—Mossotti equa-
tion as & =3V (g, — g,)/(g, T &,), where g, (&,) is the value of the dielectric permit-
tivity of a gold particle (a surrounded medium) correspondingly. Taking into consid-
eration that for golden particles in water n = 0.32 + 2.65i [27], the real and imaginary
parts of the dielectric permittivity are calculated using the Kramers—Kronig relations.

As it is known S = ﬁ li E 2s , where s is a unit vector in the direction of
y7i
propagation [28]. Or § = -~ I—E— E*. Then E* = 4ns H o and
4 N u ¢ £
F = ——l—na'VEz = _M A Vs 3)
grad 2 c c

Thus, one can find the gradient of the field in the general case. The gradient of
the arbitrary function can be calculated at any point of the plane, including the obser-
vation plane. It is known that the modulus of the gradient of an arbitrary function is
equal to the greatest rate of changing the function in the chosen point. Thus, it is
possible to calculate the gradient distribution of the volume energy density.

. dS

Vs = la— + kg—S, assuming that the distribution of the energy density is to
X z

take place in the plane x, z.

May the coordinate of the point in the region of the minimum values of the volume
energy density be x,,, Z,in- In order to define the value of the gradient VS at the ar-
bitrary point m with coordinates x,,, z,, in the observation plane, the remoteness of
the given point relative to the nearest point is marked off in the minimum energy region.
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Then for the m-point we can write down
BN as,, AS, Y (AS, Y
|VS|m — m — m + m —
ox,, dz,, Ax,, Az,
1 Y (1)
J’_

where Ax,, = X0 — X, AZy = Zpin — Zyp A0 AS, = S0 — S0
N EE 1 2
Smin /\/7 Z{¢ff)(r)+ ¢E])(l‘)+

9 tr[w(r],r],O)]tr[W(l‘z, rz,O)J (1, z)}

(1) (2)

S o () + g () +

" FZ{

+2Jtr ey, ey, 0) e Wy, vy, 00| cos[(é‘e)mJ}

then it is possible to calculate

S

m /\/7
mz (1 2)
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F ZJtr W(r,ry, 0)}tr[ W(r,, r,, O)} nfjl 2){1 - cos[(é‘e)m}} =

Here K, = 72@;04/;70) A/‘tr[W(rl, r, O)}tr[W(rz, r, 0)} {1 - cos[(é‘e)m]} is

the 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 corresponding point. Thus, it can be written as AS, = Je/u K, nh2).
Then the value of the gradient component of the optical force in the scalar form is

expressed as

2 2
_ 2nna’ 1 1 1.2
S E— Kﬂ Ame +(A2mj U

4)
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The effect of the gradient force is linked with the gradient of the energy volume
density, and, correspondingly, with the value of the degree of coherence of interacting
fields.

Accordingly to [17], using the Rayleigh approximation, it is possible to define
the scattering and absorbing components of the optical force:

n Kt 2 21
Fo . = 7C5catS where  C, = > la|”, k = -
TE,
n ki, 2
F,, = -C—CabSS where C, = :9—|05 |
0
Thus
Fopt = Fgrad + Fscat + Fabs (5)

Depending on the relationship between the values of the gradient 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 ener-
gy flow.

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

When moving in the liquid, the particle experiences the friction force, which at
the constant value of the velocity v is defined by the Stokes law as F =Bv = 6nnrv,
where B is the particle friction coefficient, 77 is the dispersive medium viscosity, 7 is
the particle radius. Then the equation of particle motion, under the effect of the optical
force in the viscous medium, is put down as

M—%—=Fopt+Fst (6)

In the first approximation we ignore the Brownian motion of particles and believe
that the particles were motionless before their bringing into the zone of the optical
field effect.

We consider the particle m with the mass M and the radius », which is situated at
the point of the field with coordinates x and write down the equation of motion
for it in the scalar form

dv 2mn 1Y (1)
MEm — enprv— 2 gk p02) T U
T o6nnrv - 'K, n Axm

m> Zm >

m

n
+ (Cabs + Cscat)?S
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When solving the obtained differential equation, we get

1 ST 2% 1 ? 1 ?
M n
Vm(t) = _[e + IJ . aKmn(l,Z) [TJ +(Tj +
M A m A m

A EE
~(Caps + Coea) = == {qvf-})(r) + () +

NHEY G

+2 tr[W(rl, r, 0)}tr[W(r2, r, 0)} 77[(.]1’2)008 [(@)m}}

As it is seen from this expression, the velocity value of each separate particle v,,(¢)
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 par-
ticles can be put down as

i 1«2 1 ¥ (1Y
_ M n

t) = — +1[8— 'K n2) +|—] +
V() M[e J w2 “Kan (Axmj [Azmj

! Jez
- 71—2 (Caps * Cscat)ﬂ 0 {‘/’z('jl)(r) + (ng.z)(r) +
m

¢y, zZ]:

+2, e[ W, 1y, 0) e[ (e, 1, 0)] nl(-].l’z)cos[(é'e)m]} 7

As can be seen 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 connection between the averaged velocity of tested particles and
the degree of coherence of superposing fields, we choose as an example such tested
particles which are characterized 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 velocity of trapping the given particles by the field is
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determined by the degree of mutual coherence of superposing fields and is written

down as
2 2
1
J [A—J ®

| _67c77rt )

_ M TCI’Z

= — (l 2)—

v (1) (e +1j . ZK (

If to normalize the change of the averaged velocity with time to the maximum of
the trapping velocity for each corresponding moment of time, obtained in the abso-
lutely coherent field, we get

vrel(t) = n(1,2) (9)

Thus, the relatively averaged motion velocity of nanometer range particles in
the energy inhomogeneous optical field, created by the interaction of partially coherent
optical fields converging at the angle of 90°, makes it really possible to estimate
the degree of mutual coherence of these fields.

3. The results of simulation

Using the methods suggested in papers [14, 18, 22], 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 in nature particles can be
observed, is the result of two plane waves with different degrees of coherence
interacting in the proposed interference experiment. Though a homogeneous distri-
bution of intensity is observed in the registration plane of the resulting field, the dis-
tribution of the Poynting vector can obtain an inhomogeneous character and essentially
depend upon the degree of coherence of interacting beams.

Let us reproduce the full picture of particle motion in the optical field. The essential
polarizability of golden particles and the availability of absorption determine the pic-
ture of particle motion: i) the redistribution of particles between the maximum and
minimum regions in the energy inhomogeneous optical field, caused by the action of
the optical field and i7) the further behavior of the particles in accordance with the size
of particles and the relation between the components of the optical force. The initial
conditions determine the distribution of particles by velocity at the beginning of
the motion, i.e., at the initial moments of time. Correspondingly, the resulting optical
force and the full force, determining the particle motion, are due to the place of particle
localization. The calculation of the resulting optical force is performed using Eq. (5).
In this case, in the first approximation, the particles are considered motionless at
the initial moment.
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The analysis of the particle behavior we will begin 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
[18, 24] there is no spatial modulation of polarization in the observation plane. As
suggested by these 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
components of the optical force, which is closely linked with the radiation pressure
and the viscous friction on the liquid side.

As an example, Fig. 2 demonstrates the distribution of the resulting optical force
at the initial moment of time, affecting the particles of about 100 nm, localized in
the energy inhomogeneous optical field. This field is formed by the superposition of
waves whose degree of coherence is one. The length of the arrows set the averaged
value of the Poynting vectors. The arrows connected with the particles show the direc-
tion of the effect of the optical force. The motion of particles takes place along
the lines marked by these arrows.

The value of the resulting optical force affecting the tested particles is presented
in Fig. 3. The graphical representations of the optical force (Fig. 3) are obtained by
normalizing the force value at a certain moment of time to the force value obtained if
absolutely coherent fields interact at the same moment of time.

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

The account of essential light absorption by golden particles determines the direction
of the resulting optical force. The absorption component becomes important for

Fig. 2. The distribution of the resulting optical force in the energy inhomogeneous optical field, affecting
the particles of about 100 nm.
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Fig. 3. Changes in resulting optical force affecting the Rayleigh particles observed with time and changing
degree of coherence 77> ¥ of the interacting waves: the legend shows degrees of coherence that correspond
to different curves.

the particles of the chosen size, and with the increase in the particle size, the actuality
of the given component increases.

The change in the degree of coherence of the interacting waves leads to the change
in the depth of the energy inhomogeneity of the optical field. The modulation of po-
larization and the modulation of the energy volume density are observed in the obser-
vation plane and lead to the arising of the gradient component of the optical force.

As a result, the increase in the degree of coherence produces the decrease in
the resulting optical force (Fig. 3) acting on the type of particles under discussion.

Since the gradient force value is rather small in comparison with the other two
components of the optical force, the value of this component is not enough to capture
the particles. 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 (Fig. 2).

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 [14]. At the same time, the information of the gradient
force value, which is due to the gradient volume density and the degree of coherence
of superposing fields, is lost in the general picture of particle motion.

According to our mathematical model (Eq. (9)), 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 defining the component of
the motion. Let us analyze the behavior of about 1 nm sized particles. It is precisely
these particles that are considered point ones and can be called Rayleigh particles.
As the simulation results showed, with taking into account all components of the re-
sulting optical force, the gradient force value gets much bigger than the values of other
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Fig. 4. The distribution of the resulting optical force in the energy inhomogeneous optical field, affecting
the particles of about 1 nm.
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Fig. 5. The change in the optical force affecting Rayleigh particles with time and with the change in
the degree of coherence of interacting waves 77(1- 2): the legend shows degrees of coherence that correspond
to different curves.

components. That is why the field gradient is able to move the particles into the max-
imum region, where the trapping takes place (Fig. 4). The disposition of particles is
marked by numerals.

When the homogeneous optical field results from the incoherent interaction of two
superposing fields (the distribution gradient of the energy value is absent), the optical
field does not influence the particles (Fig. 5).

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 inhomo-

geneity of the optical field increases. Correspondingly, the influence of the gradient
component of the optical force increases (Fig. 5).
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The value of the optical force transverse component is sufficient to trap the nano-
particles and keep them in the “capture” zone. In this case, depending on the initial
position 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.

The motion velocity of nanoparticles depends on the distribution of the energy
volume density in the observation plane, and, accordingly, on the degree of coherence
of superposing waves. The change in the degree of coherence causes the change in
the normalized value of the averaged velocity of particle redistribution in the optical
field under the effect of optical forces and is trapped by this optical field (Fig. 6).
The velocity graph presented in this figure is derived of Eq. (9). It describes the nor-
malized 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. 6),
the degree of coherence value is 0.8. Any changes in the degree of coherence of
the superposing waves cause the change in both the normalized value of the averaged
motion velocity and the maximum value of this velocity of particle “trapping” into
the maximum energy region in the analyzed field. Thus, to the degree of coherence
0.5 corresponds the maximum normalized value of the averaged velocity of particle
“trapping”, which is equal to 0.5, efc.

As itis 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
vector. As a result, the maximum normalized value of the averaged motion velocity is
realized in the initial moments of time. At the same time, nanoparticles, possessing
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Fig. 6. The change in the normalized value of the averaged motion velocity of Rayleigh particles with
time and with the change in the degree of coherence of interacting waves 77(1-2): the legend shows degrees
of coherence that correspond to different curves.
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Fig. 7. The change in the normalized value of the averaged motion velocity of Rayleigh particles with
time and with the change in the degree of coherence of interacting waves 7(-2), when Brownian motion
of particles is taken into consideration: the legend shows degrees of coherence that correspond to different
curves.

a certain mass, are characterized by some, say, insignificant inertia. Because of
this, a certain period of time is necessary after “trapping”, a period of “relaxation”, for
the particles to take a stable position. It is explained, firstly, by the progressive de-
crease 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
inhomogeneity and, consequently, of the degree of coherence.

The optical force, which causes the trapping of particles by the field, and the nor-
malized value of the averaged velocity particle motion are connected directly with
the degree of coherence of interacting fields. In this case, the particle motion velocity
is a rather easy quantity for measuring and can be chosen as an estimating parameter
of the degree of coherence of interacting fields.

Atthe same time, when random fluctuations of particle motion, caused by Brownian
force action, are taken into consideration, the uniqueness of the particle motion velocity
and the degree of coherence of the optical field are lost (Fig. 7). The Brownian
motion masks the information about the coherence and polarization properties preset
in the optical field under investigation.

4. Conclusions

A direct connection between the degree of coherence of mutually orthogonal linearly
polarized fields and the normalized value of the averaged motion velocity of tested
particles in the energy and polarization inhomogeneous optical field is obtained. It is
shown that the motion of nanoparticles of the Rayleigh light scattering mechanism can
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be used as an auxiliary instrument for defining the field coherence properties, where
the classical methods cannot be applied.
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