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The paper presents the results of studies of the polarization of backscattered optical radiation for a model of a

sphere with a wavy surface covered with arbitrarily oriented ellipsoidal pores. The calculations were performed by

the Monte Carlo method (ROKS-RG program, geometrical optics approximation). Surface roughness of objects is

taken into account using local geometries. It is shown that for structures whose pores contain a vitreous medium,

the presence of vacuum voids between a transparent and opaque medium determines the nature of the phase

dependence of the degree of polarization. In the absence of vacuum, the polarization is always positive and,

for small phase angles, depends significantly on the optical characteristics of an opaque medium. The presence

of vacuum is a catalyst for the growth of the p-component of the reflected radiation. This leads to a significant

decrease in the amplitude of the positive polarization branch. Differences in the optical characteristics of opaque

materials are also leveled out, and in some cases negative values of the degree of polarization are observed in the

region of small phase angles.
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Introduction

Studies of various characteristics of reflected optical radi-

ation from heterogeneous and rough surfaces in many cases

aid to draw conclusion about the surface structure, shape

and material of the object. For example, the high sensitivity

of the polarization characteristics of the reflected radiation

to the degree of roughness made it possible to develop an

optical method such as ellipsometry [1], which is based

on the analysis of amplitude and phase changes during the

interaction of polarized optical radiation with the reflecting

surface of the study object. The mathematical apparatus

of ellipsometry, based on the Drude approximation and

recurrence relations using Fresnel formulas, is focused on

researching of thin films, as well as thin-film systems

produced on the basis of semiconductor and dielectric

materials [2,3]. To date, ellipsometry has been widely

used in practice to assess the quality control of surfaces

formed both in the production of nanoscale structures and

for machine parts, the surface of which is subjected to

grinding [4]. Monte Carlo methods [5] are also involved

in simulating the polarization of the reflected radiation of a

rough surface with arbitrary number of layers and profiles.

In ellipsometry, the concept of direct and inverse prob-

lems is widely used. In the first case, polarization charac-

teristics are determined from the known internal parameters

of the structure (optical constants, layer thicknesses etc.),
in the second case, the parameters of the surface structure

are determined from the known polarization characteristics.

The solution of the inverse problem is almost always carried

out by numerical methods, and the solution itself is often

ambiguous.

A vivid example of attempts to find a solution to the

inverse problem in a somewhat different branch of optical

science is the problem of estimating the structure of the

reflecting surface of atmosphereless bodies of the Solar

System based on the known polarization and amplitude

characteristics of backscattered optical radiation.

These bodies are constantly exposed to energetic-particle

streams and bombarded by meteor particles that vary in

shape, size and energy. As a result, a fairly complex

multiscale relief with a large number of craters is formed

on the surface. Due to the absence of an atmosphere, the

orientation of the craters can be arbitrary. The surface of the

craters, in turn, is covered with the so-called regolith, i.e.,

uncemented products of disruption& redeposition of rocks.

This material consists of rock fragments, meteorite particles,

and products of multiple collisions of meteor particles that

melted, crushed, and mixed the surface material. Particle

size is from fractions of a millimeter to tens of centimeters

in diameter [6].
Solar radiation reflected from the surface of atmosphere-

less bodies has several features. The main ones include a

significant decrease in the dependence of the back reflection

indicatrix in the region of small phase angles and the

presence of a negative branch in the dependence of the

degree of linear polarization of the reflected radiation also

in the region of small phase angles [7]. The phase angle

is defined as the angle between the direction from the

source (the Sun) to the reflecting body and from the
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reflecting body to the detector (observer). The degree

of polarization of reflected radiation is understood as the

value calculated by the relation P = (F⊥−F‖)/(F⊥ + F‖),
where F⊥, F‖ are components of optical radiation reflected

from the object in a plane perpendicular (s) and parallel (p)
to the plane of incidence, respectively. As an example, it

should be pointed out that for such an atmosphereless body

as the Moon, the decrease of the indicatrix is ∼ 1.6 times

for phase angles up to 10◦, while negative polarization is

observed for angles in the range 0−23.5◦ and ∼ 1% at

the minimum. It should be noted that these features are

characteristic of any region on the Moon’s surface.

A recent work [8] points out that, despite careful study

with ground-based telescopes, telescopes in Earth orbit,

remote sensing telescopes in deep space, and laboratory

analyzes of the phase curves of reflectance and polarization,

at present there is no generally accepted single physical

mechanism that would explain both the phenomena of

reflection and polarization. In a detailed review of this work

on the current state of research, it is noted that the results

obtained in recent decades show that the opposition effect

and polarization effects can arise as a result of different

processes and depend on the albedo and particle size of the

studied materials.

From the point of view of explaining the mechanisms

of polarization of atmosphereless bodies, detailed critical

analyzes of model and, especially, its negative branch,

presented in the monograph [9], as well as in the re-

view article [10], are rather relevant. In particular, the

works [11,12] are noted, where it is shown that the

negative polarization for small phase angles can be due to

scattering by a single particle, although the mechanism of

its formation is not obvious in this case. It is suggested that

negative polarization can be associated with wave effects for

particles of light, for example, with the so-called near-field

effects [13] or coherent backscattering, which occurs for a

group of particles smaller than the wavelength when the

rays, transmitting in opposite directions interfere with each

other [14–16]. It should be noted that in most models the

particle shape was assumed to be spherical.

In recent years, several articles have appeared in which,

for predicting the polarization features of the reflected

radiation of comets, which are dust clots, a model using

agglomerated particles of irregular shape and various chem-

ical compositions of several micrometers in size has proved

itself quite successfully [17,18]. In this case, as the authors

point out, the mixture of particles should contain particles

from a weakly absorbing material (for example, water ice).
It is noted in the work [19] that one of the shortcomings

of currently used methodologies is that they can only be

applied in a limited range of particle sizes ; mainly for parti-

cle sizes comparable to the wavelength. Numerical methods

such as the discrete dipole approximation (DDA) and finite

difference time domain (FDTD) [20,21] algorithms require

a significant increase in computational resources as particle

size increases with respect to wavelength, which is currently

limits the maximum practical particle size. The authors

of [19] supplemented the coherent scattering model by

the Monte Carlo ray tracing mechanism and used it to

calculate clusters of spherical particles with sizes much

larger than the wavelength. The development of models

using ray tracing for particles exceeding the wavelength was

continued in [22], and in [23] the multiscale light scattering

model is presented, in which, for different scales for size

dimension of the target (nano-, micro- and millimeter-

scales) various simulating tools are used.

The work [24] is devoted to attempts to create a unified

physical mechanism and evaluate the structure of reflecting

surface on the basis of both polarization and amplitude

characteristics of backscattered radiation. The authors used

the far-field approximation model (the scattering medium

consists of clusters located in each other’s far zones) in

calculations of coherent near-field backscattering, i.e., for a

close-packed weakly absorbing medium, and obtained fairly

good agreement with some laboratory data.

It should be noted that a significantly larger number

of works are devoted to estimates of the structure of a

reflecting surface based on studies of amplitude charac-

teristics than on the basis of polarization characteristics.

Thus, for example, in the work [25] the effect of different

types of topographies on the back reflection indicatrix,

the characteristic scale of which is much larger than the

surface size of particle, was studied. The calculations

were carried out within the framework of the geometrical

optics approximation based on ray tracing by the Monte

Carlo method. It was not possible to obtain the desired

dependence of the reflection indicatrix, but it was shown

that rocky topographies produced by randomly distributed

stones on a flat surface show much steeper phase curves

than a surface with random topography obtained based on

Gaussian statistics of height and slope distributions.

Peculiarities of reflection from pores of ellipsoidal type for

single-scale geometry are clearly presented at a qualitative

level in [7], p. 209, Fig. 16. The main objection of the author

of [7] against the use of this model was that for vertical

viewing angles the steep dependence of the back reflection

can be explained, but this one cannot be explained for large

angles.

In [26,27] the results of studies on the formation of

the reflection indicatrix for a sphere with a two-scale

rough surface relief were presented and it was shown

that for a sphere relief in the form of undulant surface

covered with arbitrarily oriented ellipsoidal pores, varying

the roughness parameters makes it possible to obtain the

phase dependence of the inverse reflection close to the

phase dependence of the Moon. Ray tracing by the Monte

Carlo method and geometric optics approximation were

used as a tools.

Present work is in some way a continuation of [27] and
is devoted to study on the formation of the polarization

of backscattered radiation in the framework of a two-scale

model of a sphere containing ellipsoidal pores.
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Methodology of calculation and object
under study

To calculate the reflected optical radiation, a mathematical

apparatus is used, which, when solving the equation for the

transfer of light radiation in a three-dimensional setting, uses

the Monte Carlo method. The theory of radiative transfer as

applied to optical radiation considers the process of radiation

propagation as a transfer of particles, the photons. At that

the wave effects of reflection and refraction at the interfaces

between different media are taken into account with the help

of special boundary conditions.

The standard stationary equation for the transfer of

polarized radiation in a scattering medium in the integro-

differential form is written as

(

ω, grad I(r, ω)
)

= −σt(r, ω)I(r, ω) +

∫

�

σs (r, ω
′)I(r, ω′)

× g(ω′, ω, r)dω′ + I0(r, ω),

where I(r, ω) is vector function (Stokes vector) of radiation
intensity at point r in ω direction, I0 is vector function

of particle source distribution density, σt is total radiation

interaction cross section at a point r in the ω direction,

including the scattering cross section σs and the absorption

cross section σa (σt = σs + σa), g(ω′, ω, r) is matrix

function of the scattering of a photon that changes the

direction of motion ω′ to the direction ω. The components

of the Stokes vector I(r, ω) are determined by the radiation

intensity and polarization parameters (polarization plane,

degree of ellipticity etc.).
We are solving the problem of determining the reflection

of polarized radiation from an opaque three-dimensional

object G with a rough surface S. In this case, part of

the surface may contain regions covered with transparent

materials of finite thickness d . Let the object G of interest to

us have regions i that are homogeneous in terms of physical

properties. Let us introduce into consideration the surfaces

Si− and Si+, which describe the inner and outer interfaces

Si of homogeneous regions Gi . The boundary conditions

on these surfaces can be written as

I(r, ω)
∣

∣

Si−
= F̂(r, ω)I(r, ω)

∣

∣

Si +
= R̂(r, ω)I(r, ω)

∣

∣

Si +

+ T̂ (r, ω)I(r, ω)
∣

∣

Si +
,

where the operators F̂, R̂ and T̂ describe the optical prop-

erties of materials in the form of reflection and refraction

coefficients, respectively, obtained on the basis of Fresnel

formulas [9].

Taking into account the fact that in our case the medium

is not scattering (σs = 0), but a transparent material can

have an absorption cross section σa different from zero, the

transfer equation takes the form

(

ω, grad I(r, ω)
)

= −σa(r, ω)I(r, ω) + I0(r, ω).

To estimate the desired reflection indicatrix as a linear

functional of the form

I(ω) =

∫

S

I(r, ω)dr,

where the integration is carried out over the surface S
of the region G, the solution of the equation can be

represented as a Neumann series in terms of the number

of intersections [28] by a photon of the interface between

different media. Between the points of intersection of

the interfaces in the medium, the photon flux propagates

along the characteristic. When crossing interfaces, the

transformation of the Stokes vector is carried out according

to the rules of matrix optics I ′ = FI , where F is the Fresnel

reflection matrix. So, for example, when simulating the

reflection from a rough surface, the Stokes vector of the

reflected radiation that has experienced n reflections will be

written in the form I ′ = RnFn, . . . , F2R1F1, where Fn is the

Fresnel matrix for the nth reflection, Rn is the rotation

matrix of the reflection plane when the ray passes from

the (n−1)th to the nth area element. The angle of rotation is

determined by the directions of the normals to the specified

area elements, and the formula for the rotation matrix can

be found in [29,30].

The simulation of optical radiation transfer processes

was carried out using the ROKS-RG [31] program, which

was developed to evaluate the characteristics of optical

radiation fields in three-dimensional objects with a rough

surface by the Monte Carlo method in the geometrical

optics approximation. The geometric module of the program

is focused on the representation for object in the form

of combination of geometric zones bounded by second-

order surfaces. The control of the correctness for the

calculation geometry specification is carried out using a

specially developed original visualization algorithm [32].

The physics of the interaction of optical radiation with

materials, implemented in the program, includes the pro-

cesses of reflection and refraction, the probability of which

is determined on the basis of the Fresnel formulas, as well as

the processes of diffuse reflection. The complex refractive

index m = n + ik is used as the initial parameter when

calculating the probabilities of reflection and refraction, on

the basis of which the ratios of energy flows are calculated,

each of which, in turn, is proportional to the square of

the corresponding amplitude. Formulas for calculating

the probabilities of reflection and refraction for s - and p-
polarized radiation in the case of a complex refraction index

can be found, for example, in [9].

In transparent media with absorption coefficient k that is

not equal to zero, the absorption of radiation is estimated

exponentially in accordance with the Bouguer−Lambert

law, in which the absorption coefficient per unit length α

is calculated in accordance with the formula α = 4πk/λ,
where λ is wavelength. The value of the path of a photon

in a transparent medium is determined on the basis of
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the coordinates of the particle trajectory when successively

crossing the boundaries of the specified medium.

The approximation of geometric optics makes it possible

to use the similarity law when specifying the dimensions of

the computational scheme of an object. Namely, the results

of calculations obtained in three-dimensional geometry with

linear dimensions XYZ can be extended to geometry with

dimensions α(XY Z), where α is proportionality coefficient.

Based on this, an approach was implemented in the program

that allows one to evaluate the reflection properties of a

three-dimensional object with a rough surface.

The essence of the approach lies in the representation

of the geometric description of the object at two levels:

as a whole the description is set at macrolevel, and the

roughness is set at the microlevel. Similar idea was

originally proposed in the work [33], where the microlevel

geometry was formed as a random tetrahedral
”
well“. But in

this case it is impossible to take into account the multiple

reflection associated with the transfer of radiation between

neighboring
”
wells“. In [31] it was proposed to specify

the microlevel geometry intended for describing roughness

in the form of a rotation body population placed on the

substrate. Ellipsoids, cones, paraboloids, hyperboloids, etc.,

were considered as such. Required degree of roughness is

simulated by the shape and parameters of the figures, in

particular, their height and radius. Such a representation

of microgeometry makes it possible to correctly take into

account the effects of multiple reflections of a rough

surface. For the object with multiscale surface relief, several

successive microlevels can be used. It should be noted that

the similarity law makes it possible to use relative units

not only for the macrolevel, but for the microlevels when

identifying linear dimensions.

The simulating of optical quanta trajectories starts at the

first level (macro), which is considered to be the highest.

When a particle hits the surface of a macrogeometry marked

as rough one, a transition to the microlevel occurs, i.e.,

the particle coordinates are recalculated from the main

geometry to the local one. In this case, the program

remembers the direction cosines, particle coordinates, and

the number of the equation that determines the transition

surface to the geometry of the given level. When calculating

the coordinates and direction vectors of particle in the

local system, it is assumed that its Z axis is directed

(depending on the problem) either along the normal to

the surface, which determines the zone of transition to the

local system, or is played out uniformly with respect to the

specified normal. The remaining directions are determined

by formulas that describe the rotation of the old coordinate

system relative to the new one by the corresponding angle.

At the microlevel, the trajectory of a particle is traced

until it leaves microlevel?s limits. In this case, in each

act of interaction of a particle with inhomogeneities of

microgeometry, a mirror reflection is played out, and the

weight of the reflected particle is calculated using the Fresnel

formulas for the corresponding material. Then the return to

the macrolevel is made and the simulating of the trajectory

in macrogeometry continues.

The limitations of the proposed algorithm lie in the fact

that when organizing a successive return of a particle from

microgeometries to macrogeometry, it is assumed that it

has the same coordinates that it had before the transition

to the microgeometry of the previous level, i.e. roughness

only changes the direction of particle movement, not its

coordinates. It follows from this limitation that the proposed

approach is correct for opaque materials. However, trans-

parent materials can also be used in multiscale geometries if

the above limitations can be accepted for the structure under

study. Transparent materials that have absorption coefficient

that is not equal to zero attenuate radiation non-linearly.

Therefore, the similarity law does not apply to them, and

their use for simulating the reflection of optical radiation in

multiscale geometry is incorrect.

Let’s also indicate here several features for the organi-

zation of standard particle simulation by the Monte Carlo

method. The radiation source is usually represented as

a wide monodirectional beam of particles. The playing

out of the initial coordinates of the particle is performed

on the outer surface of the object, uniformly over the

projection area on the direction of incidence of radiation.

When simulating a trajectory, each particle is assigned the

initial weight. When a particle crosses the surface of the

object under study, the surface material is determined for

the intersection point, and for this material, in accordance

with the given probabilities, the type of reflection (mirror-

or diffuse) is played out. For the selected reflection

process, the direction of reflection is determined by the

corresponding formulas and the weight of the particle is

corrected. When a particle enters the detection zone, its

trajectory is interrupted, and the weight gained on the

trajectory is fixed. The P sphere, which includes the

calculated object, can be taken as the reflected radiation

registration zone. The weight of the escaped particle, in

accordance with the direction of its motion, is fixed on an

angular grid, which divides all possible directions in polar

and azimuth angles into separate cells. To register radiation,

it is convenient to use the Carlson grid [34], in which the

number of partitions in the azimuth angle depends on the

cosine of the polar angle, which allows one to partition the

sphere of solid angles into cells of equal area.

In our case, the object under study was a sphere, the

geometric description of the roughness of which included

two blocks of microgeometries. One of them simulated

an undulant surface, for which the population of halves

of ellipsoids was used, and the second modeled a porous

surface, for which ellipsoids were also used.

Testing the methodology

The results of verification of the ROKS-RG program on

the data of numerical analytical calculations for geometries

with smooth surfaces and experimental studies for reflection
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from randomly rough surfaces and a three-dimensional

object are presented in [31]. Testing of the program as

applied to a porous surface is presented in [26] based on

a comparison with the results of the experiment in which

the attenuation of optical radiation in cone-shaped pores

formed during etching of a nickel plate was studied. When

verifying the program in application to the calculation of

back reflection for geometries with a two-scale surface

relief, [27] showed satisfactory agreement with the results

of the experiment, in which several variants of a two-

scale rough surface were prepared and back reflection was

measured for s -components of s -polarized radiation.

According to the Fresnel formulas, the reflected radiation

for opaque bodies always has a non-negative degree of

polarization. Since we are interested in the possibility of

forming a negative polarization,then transparent media must

be present in the structures under study.

For the sake of presented work, the program was tested

on the results of several studies of previous years obtained

by different authors for the degree of polarization of

transparent media (Fig. 1). Fig. 1, a shows a comparison

with the calculations of a transparent sphere from [35]
with m = 1.55 + 0i , where the geometrical optics approxi-

mation works in its pure form and the size of the sphere is

unimportant. Fig. 1, b presents a comparison with the results

from [36], obtained in the experiment from the PROGRA2

series, as well as with calculations by the Mie theory

for a single sphere with radius 50µm made of diamond

with m = 1.51 + 0.00085i and λ = 632.8 nm. Experiments

of the PROGRA2 series were developed to measure the

degree of polarization of particles of various compositions

on the unit simulating microgravity conditions.

In both considered cases, there is a satisfactory agreement

between the compared data.

Calculation result

Recall that the main object under study was a sphere,

the geometric description of which included two blocks

of microgeometries. One of them simulated an undulant

surface, for which the population of halves of ellipsoids was

used, and the second modeled a porous surface, for which

ellipsoids were also used. The sphere was irradiated by

a unidirectional particles flux. When conducting research,

we simulate a situation where the source and detector are

at considerable distance from the object, which is much

larger than the size of the object. Therefore, the calculation

results are presented as a dependence of the reflecting

characteristics on the source-sphere-detector angle, which

in what follows will be called as the phase angle.

Sphere of opaque materials

At the first stage of research, the coating of the sphere

was assumed to be opaque. The polarization calculations

were carried out for materials with different complex

refraction indices in the region of 550 nm wavelengths, on

the basis of which the values of the reflection coefficient ρ

were calculated. Spheres were considered, the surface of

which has single-level roughness in the form of convex

halves of ellipsoids and two-level roughness i.e. in the

form of undulant surface with ellipsoidal arbitrarily oriented

pores.

To denote the degree of inhomogeneity of a rough surface

simulated using convex elements, by analogy with [27], let?s
will use the value of the ratio σ/τ , where σ is standard devi-

ation heights of inhomogeneities, and τ is correlation length.

The roughness of the porous surface will be characterized

by the value of the aspect ratio sa , characterized by the

ratio of the pore depth d to its radius r−d/r .
The calculations performed showed that for a two-scale

sphere, the degree of polarization is mainly affected by

the geometry of the lower level, which describes the

porous surface. The position of the maximum in all

cases approximately corresponds to the double Brewster

angle, and the amplitude of the maximum has an inverse

relationship with respect to the reflectivity of the material.

Studies have also shown that as the pore depth increases,

the position of the maximum shifts to the region of

smaller angles, and maximum?s amplitude decreases. It is

interesting to note that for very deep pores at sa ∼ 3 and

above, the curve of the degree of polarization flattens out.

As an example, Figures 2, a and 2, b show some results

of calculating the phase dependence of the degree of

polarization P of radiation for a sphere with one-level

and two-level roughnesses made of materials with different

reflection coefficients ρ.

Single pores containing vitreous medium

The second stage of research was devoted to studying the

formation of the polarization degree of a single pore, inside

which there is a vitreous material. The pore filling had a

layered structure: first a vacuum, then a vitreous material,

followed by an opaque one. The possibility of the presence

of vacuum voids between the vitreous and opaque materials,

simulating a loose fit of the vitreous material to the main

opaque medium, was also considered. Let us denote by the

value h the thickness of the glassy material along the axis

of the pore, and h1 denote the thickness of the vacuum (if
any). The pore depth d in this case refers to the distance

from the pore surface to the vitreous medium.

Irradiation was simulated as a parallel particle beam

directed along the pore axis. The polarization degree was

calculated depending on the angle of radiation reflection.

The optical constants for the vitreous material were chosen

to be m = 1.6 + 0.00001i .
The calculation results showed the following.

For small pores with parameters r ≫ d, the polarization

degree at small reflection angles is close to zero, and a

change in the thickness of the transparent material has little

effect on the polarization degree. s the pore depth increases,

differences appear in the dependence of the polarization

Optics and Spectroscopy, 2022, Vol. 130, No. 11
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Figure 1. (a) Dependence of the degree of polarization on the phase angle for a sphere with m = 1.55 + 0i . Solid curve — ROKS-

RG, ◦ — [35]. (b) Dependence of the degree of polarization for a sphere (r = 50 µm) made of diamond (m = 1.51 + 0.00085i).
◦ — experiment [36], dashes — Mie theory [36], solid curve — ROKS-RG.
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Figure 2. Polarization degree of the sphere for opaque materials with different ρ: 0.11(+), 0.33(×), 0.7(◦). Single-level roughnesses (a):
solid curve — σ/τ ∼ 0.38, dashes — σ/τ ∼ 0.06; two-level roughnesses (b): first level σ/τ = 0.38, second level — pores: solid

curve — d/r ∼ 0.5, dashes — d/r ∼ 1.5.

degree on the presence or absence of vacuum voids between

transparent and opaque materials and on the thickness of

the transparent material h. As an example, Figs 3, 4 show

the corresponding dependences for a pore with d/r ∼ 0.5

and d/r ∼ 1.5, respectively. Fig. 3 demonstrates that in

the absence of vacuum (dashes) for the same thickness h,
the polarization degree is always positive and depends on

the reflection coefficient of the opaque material. And if it is

present (solid curve), the polarization degree at small values

of the reflection angle can be negative and weakly depends

on the reflection coefficient of the opaque base. Figure 4

shows that for the same opaque material in the absence

of vacuum (dashes) the polarization is always positive and

weakly depends on the thickness h. In this case, at small

Optics and Spectroscopy, 2022, Vol. 130, No. 11



1422 E.V. Klass, S.A. Ulyanov, I.Y. Belorybkin

0 10 20 30 40
–0.2

0.2

0.4

0.6

0.8

Reflection angle, deg

0

P
, 
re

l.
 u

n
it

s

Figure 3. Influence of the material on the polarization of the

reflected radiation of a single pore. Reflection coefficient ρ:

0.11(◦), 0.33(×). Solid curve — with vacuum, dashes — without

vacuum. ◦ — h ≪ r , × — h ∼ r .
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Figure 4. Influence of the thickness h of vitreous medium on

the polarization degree for a single pore with d/r = 1.5. Solid

curve — with vacuum, dashes — without vacuum. ◦ — h ≪ r ,
× — h ∼ r .

reflection angles, the polarization degree is close to unity;

as the reflection angle increases, its values decrease. In

the presence of a vacuum (solid curve), the polarization

depends on the thickness of the transparent material h, and

therewith has an irregular character, and its value for some

ranges of reflection angles can be negative.

Studies on the effect of the absorption coefficient of

vitreous material on the polarization degree also showed

a difference in the behavior of the dependences on the

presence or absence of vacuum voids. In the absence

of vacuum, the absorption coefficient does not affect the

polarization, and in presence of vacuum, the polarization

degree increases with increase in the absorption coefficient.

The physical mechanism that determines the behavior

of phase dependences in the presence of vacuum voids

is associated with total internal reflection at the interface

between the vitreous medium and vacuum. Initially, in a

vitreous medium, according to the Fresnel formulas, the p-
component of the refracted radiation is greater than or equal

to the s -component. Further, when passing from an optically

denser medium (vitreous medium) to an optically less

dense medium (vacuum), starting from a certain angle of

incidence θin ∼ arcsin(1/n), total reflection of light occurs.

The quanta incident on the interface at angles from 0

to θin are partly reflected and partly refracted in the usual

way. For angles greater than θin, the s - and p-components

are reflected equally,i.e., if more p-polarized radiation has

passed into a transparent medium, then more of it will

be reflected. Refracted quanta from a limited range of

incidence angles fall on an opaque material that follows

vacuum (thereby further reducing their total number),
which have a negative degree of polarization. Studies have

shown that further reflection of quanta from opaque material

increases the number of s -polarized quanta, but the previous

decrease in the total number of quanta falling on opaque

material leads to the fact that their contribution to the

total sum of the s -component of the reflected radiation is

sufficient small.

Fig. 5 shows the results of calculations of the contributions

to the angular distribution of the reflected radiation flux

from quanta that were reflected from an opaque material

(solid curve, ρ = 0.33) and quanta that did not reach it

and were reflected from a transparent material (dashes), for
cases where there is no vacuum between transparent and

opaque materials and when it exists. t can be seen from

Fig. 5, a that in the absence of vacuum, the contribution of

the s -component for quanta that are reflected from opaque

medium can be higher than when reflected from transparent

medium. In both cases, the contribution of the p-component

is much smaller. In the presence of vacuum (Fig. 5, b), the
contributions of the s - and p-components reflected from

the first medium are close to each other at small reflection

angles, and sometimes the value for p-component exceeds

the value of the s-component. The contribution from the

second, opaque medium is generally several times lower

than the contribution from the first medium. It can be said

that vacuum acts as a catalyst for the increasing of the p
component of the reflected radiation.

It is worth pointing out that if the linear dimensions of

the vacuum cavity are of the order of a wavelength or less,

the manifestation of the effect of attenuated total internal
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Figure 5. The contribution of the s (◦) and p (×) components upon reflection from a transparent (solid curve) medium and opaque

(dashed curve) medium in the absence of vacuum (a) and in the presence of vacuum (b).

reflection (ATIR) is possible, in which ellipsoidal or circular

polarization of radiation occurs [37,38]. But consideration

of this effect related to wave optics is beyond the scope of

this work.

Two-scale sphere with pores containing
transparent material

As mentioned above, the calculations were carried out for

a sphere with a two-scale surface relief: the undulant surface

is covered with arbitrarily oriented pores, the geometry of

which has a layered structure: vacuum, vitreous material,

and an opaque base. Variants were also considered, in which

the presence of a vacuum between the vitreous and opaque

materials was provided. Absorption in the vitreous material

was not taken into account.

Studies have shown that the main influence on the degree

of polarization of a two-scale sphere is exerted by the

geometry of the lower level, which describes the porous

surface.

Studies have also shown that the degree of polarization of

a two-scale sphere in the presence of a vacuum cavity inside

ellipsoidal pores largely depends on the depth of the pores

and the thickness of the transparent material. Examples

of the dependence of polarization degree on the pore depth

for the same thickness of the transparent material are shown

in Fig. 6, and on the thickness of the transparent medium

for the same pore depth are shown- in Fig. 7.

An analysis of the calculation results showed that for

pores with a depth of 0.7 ≤ d/r ≤ 1.3 and for a sufficiently

large thickness of the transparent material h > d, the degree

of polarization has negative values in the region of small

phase angles. For deeper pores, the negative branch of

polarization is absent, and as the pore depth increases, the

value of P at zero increases. The position of the maximum

for the positive polarization branch and its amplitude are

also determined by the pore depth. For pores with d/r ≤ 1,

the maximum is observed in the range of angles 110−130◦ .

With increase in the pore depth, its position shifts to the

range of angles with smaller values with a simultaneous
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Figure 6. The polarization degree of reflected radiation for a two-

scale sphere (σ/τ ∼ 0.38, h > d for pores of different depths d/r :
0.2 (◦), 1.0 (×), 1.2 (dashes), 1.8 (dash-dotted lines), 3.0 (+).

decrease in the amplitude. Change in the thickness of

transparent material at the same pore depth ambiguously

changes the nature of the dependence of polarization degree

on the phase angle (Fig. 7).

Fig. 8 shows the influence of the presence of a vacuum

cavity between a transparent and opaque medium on the

degree of polarization for materials with different values

of the reflection coefficient of an opaque base. The data

are presented for the relief with pore parameters d/r ∼ 1

(Fig. 8, a) and d/r ∼ 1.5 (Fig. 8, b). It is clearly seen that

in the absence of vacuum, the maximum in the positive

polarization branch is close to 1, while in the presence of

vacuum, the amplitude of the maximum is much smaller.

And the greater the pore depth, the more significant the
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Figure 7. The polarization degree of reflected radiation by a two-

scale sphere (σ/τ ∼ 0.38, d/r ∼ 1) for different thicknesses of a

transparent medium h/r : 0.1 (◦), 0.8 (dashes), 1.2 (×), 3.0 (+),
8.0 (solid curve).

decrease in amplitude. For instance, for pores with a depth

of d/r ∼ 1, the amplitude of the maximum decreases by a

factor of 2 , and for pores with a d/r ∼ 1.5 decreases by

a factor of 4. Another feature is that the polarization curve

in the presence of vacuum practically does not depend on

the optical characteristics of opaque materials in the entire
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Figure 8. Influence of the vacuum cavity on the degree of polarization for a two-scale sphere. (a) σ/τ ∼ 0.38, d/r ∼ 1, h ∼ 3d;
(b) σ/τ ∼ 0.38, d/r ∼ 1.5, h ∼ 2d. Solid curve — with vacuum, dashes — without vacuum. The reflection coefficient of the opaque

material is ρ = 0.11 (◦), 0.33 (×).

range of phase angles, i.e., the presence of vacuum levels out

their differences. And in the absence of vacuum, significant

differences are observed in the degree of polarization with

a change in the optical characteristics of an opaque base.

These differences are especially noticeable in the range of

phase angles up to ∼ 60◦ .

Conclusion

The calculation of the polarization degree was carried out

in the work in the approximation of geometrical optics for

an idealized model, which is quite far from real structures

found in nature. Nevertheless, the presented results make

it possible to evaluate the influence of various factors on

the formation of the polarization characteristics of reflected

optical radiation in structures containing a vitreous medium

in ellipsoidal pores. One of these factors is the presence of

vacuum voids between vitreous and opaque media. In the

absence of vacuum, the degree of polarization is largely

determined by the optical characteristics of the opaque

medium. The presence of vacuum voids is a catalyst for

the increase of the p component of the reflected radiation,

due to which the amplitude of the positive branch of the

degree of polarization is significantly reduced compared

to structures in which voids are absent, and in some

cases, in the region of small phase angles, its value takes

on negative values. In this case, the differences in the

optical characteristics of opaque materials are leveled out,

i.e., the degree of polarization is practically independent of

them.

The results obtained may be useful in the development

of models for explaining the phenomena associated with
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the reflection and polarization of non-atmospheric bodies,

as well as in other practical applications.
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