Semiconductor Physics, Quantum Electronics & Optoelectronics, 2023. V. 26, No 1. P. 105-113.

Optoelectronics and optoelectronic devices

Experimental study of the compensation method for atmospheric attenuation
of probing laser radiation in active electro-optical systems
that provide an increase of target image contrast

L.F. Kupchenko, A.S. Rybiak, O.A. Goorin, A.P. Hurin, A.V. Ponomar, O.V. Biesova

Ivan Kozhedub Kharkiv National Air Force University
77/79, Sumska str., 61023 Kharkiv, Ukraine
Corresponding author e-mail: anattoliy@meta.ua

Abstract. The article deals with the experimental study of the compensation method for
atmospheric attenuation of laser radiation in active electro-optical remote sensing systems
with dynamic spectral processing of optical signals that provides an increase of target
image contrast. The compensation method for atmospheric attenuation of laser radiation in
active electro-optical systems consists in forming the spectral intensity of the probing
radiation not only on the basis of a priori data on the spectral features of the reflecting
surfaces of the target and the background, but also taking into account the spectral
transmittance of the optical radiation propagation medium. The experimental setup has
been developed, in which the source of radiation in the transmitting part of the electro-
optical system is three semiconductor lasers operating in the ranges of the red, green and
blue parts of the spectrum. Absorption light filters were used in the experiment as elements
simulating the spectral properties of the reflecting surfaces of the target and background.
The cuvettes with a liquid absorbing optical radiation were used as elements simulating
atmospheric attenuation.
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Our analysis of literature sources has shown that the
development of laser radiation sources with a wide range
of technical characteristics contributes to the intensive
development of AEOS [2]. Also, the studies related to
the development of spectral imaging systems with active
illumination are of considerable practical interest [3-11].

Developing research in this area, in [1] the authors
outlined the principles for constructing active electro-
optical detection systems with dynamic spectral
processing of optical signals. In such systems, the
received signal is processed in the pre-detector region

1. Introduction

All electro-optical systems according to the principle of
formation of information fields (radiation fields) can be
separated into passive and active ones. Passive electro-
optical systems use information fields formed by natural
radiation in the object space. The active method of
constructing electro-optical systems involves creation of
an information field by using external radiation sources.
In the work devoted to multispectral electro-optical
systems, the advantages of active electro-optical systems
(AEOS) over the passive ones are formulated in [1]. It is

noted that in passive electro-optical systems the radiance
for radiation reflected from target depends on the
imaging scheme, in particular, on the mutual spatial
position of the Sun, target and receiving system.
Therefore, when using the passive electro-optical systems,
errors occur when comparing the current spectral features
with the reference ones. Active electro-optical imaging
systems can partially eliminate the disadvantages of
passive electro-optical systems, since the radiation source
and receiver have fixed positions during formation of the
information field.

that is in the optical range, and the spectral composition
of the probing radiation is formed using multispectral
laser signals based on a priori information about the
spectral reflectances of the target and background. The
probing signal formed in this way enables to suppress the
background signal with minimal attenuation of the target
signal, which results in an increase of the image contrast
at the output of AEOS.

However, when propagating in air the probing
signal is exposed to atmospheric interference, which leads
to a change in its spectral intensity, and, as a result, to a
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decrease in the efficiency of signal processing by AEOS.
In [12], the method was developed, which enables to
compensate the atmospheric attenuation of laser
radiation, when using the AEOS. The method is based on
the fact that the spectral intensity of the probing radiation
is formed not only on the basis of preliminary data on the
spectral reflectances of the target and background, but
also with account of the a priori known spectral
transmittance of the propagation medium for a
multispectral optical signal.

The purpose of this paper is to experimentally test
the previously developed compensation method for
atmospheric attenuation of laser radiation in AEOS with
dynamic spectral processing of optical signals in order to
increase the contrast of target images.

2. Dynamic spectral processing of optical radiation in
an active electro-optical system

The physical basis for the construction of AEOS with
pre-detector spectral processing is the fact that colored
surfaces have a selective ability to reflect and absorb
light of various wavelengths. If the surface is capable of
reflecting red rays, then when it’s illuminated with green
rays, the surface will reflect an insignificant part of the
radiation energy and will be dark in the image [13].

The fundamentals of dynamic spectral processing of
optical radiation in AEOS are described in [1]. It is
shown that for their implementation, the surface studied
must be illuminated by a radiation source, in which the
spectral radiance Ls.(A) is a weighted sum of the

spectral radiances Ly, (%) of monochromatic emitters:

m
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k=1

m
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k=1
where A, is the weight coefficient of the spectral
radiance of the k-th radiation source; g (1) is the
spectral radiance of the k-th source at A, =1.

Then the optical signal arriving at the radiation
receiver of AEOS is determined by the dot product of the

vector Igz[fl,l( fi K f,]' of its instrumental function

and the vector X — [%,.K %K x,, ]| of the input optical
signal representing the spectral properties of the

reflecting surface [1]:

m
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where x; is the relative radiation flux arriving at the

input of the receiver of AEOS for the k-th
monochromatic component of the radiation source; f, is

the coordinate of the vector E of the instrumental
function of AEQS, which is the weighted value of the
spectral radiance of the k-th monochromatic component
of the radiation source of AEOS f, = A,.

b .
The vector X coordinates correspond to the fluxes of

radiation entering the input of the AEOS receiver for each

monochromatic component of the radiation source [1]:
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X =0% =9 I(Pek (W)ra W)z W)p (), (M )dn ®)
}\mm
D%u S, (D)
where g :%(f—'?j is a parameter that depends
z

on the distance to the probed surface z and design
parameters of AEOS (D, is the diameter of the exit
pupil of the optical subsystem of the radiation source;
D;,, T’ is the diameter of the entrance pupil and the focal
length of the optical subsystem of the receiving channel
in AEQS; S;, is the area of the radiation receiver) [5, 6];
t,(A) is the spectral transmittance of the medium;

7,4(1), 1,,(1) are the spectral transmittances of the

optical systems of the transmitting and receiving
channels in AEOS; p(}) is the spectral reflectance of the
probed surface (for diffuse reflection); AinK Apa 1S

the operating wavelength range inherent to AEQOS.

To implement dynamic spectral processing of optical
radiation, AEOS (Fig. 1) should include a controlled
laser radiation source (LRS), a receiving optical sub-
system (ROS), and a radiation receiver (RR). The source
of laser radiation consists of m sources operating in
different wavelength ranges. This provides independent
control of the intensity proper to each of them.

At the output of the radiation receiver of this AEOS,
the signal Y proportional to (and ideally equal to) the dot
product of the vector of its instrumental function £ and
the vector of the input optical signal 3 containing
information about the spectral properties of the reflecting
surface will be measured. If the radiation receiver is
characterized by spectral sensitivity r(1), then, with

account of (2) and (3), the expression for the signal at the
output of AEOS will take the following form

7)) 7 pe(V)

Fig. 1. Scheme of the active electro-optical system with
dynamic spectral processing of optical radiation.
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Fig. 2. Vector representation of dynamic spectral processing of
optical radiation in AEOS orders to increasing the contrast of
the target image.

Thus, the mathematical basis of dynamic spectral
processing of optical signals is their vector
representation. The optical radiation of the target and the
background in this case is represented as the vectors

and in a multidimensional spectral space
{o1,02.05,K } (Fig. 2) [12].

It is known [1, 11, 12] that through the use of
dynamic spectral processing of optical radiation an
increase in the image contrast of the target C is provided
by reducing the background signal Yg at the output of
AOES with minimal attenuation of the output signal of
the target Y;. The image contrast of the observed object
(target) at the output of AEOS with dynamic spectral
processing is determined as follows:
Y; —Yg

C_

= , 5
Yr +Yg ©)

where Yr and Yg are the signals of the target and
background at the output of AEOS.
To increase the contrast of the target image, the

filter vector ,E must be perpendicular to the background
vector Ig and lie in a plane that passes through the target

‘F and background é) vectors. In this case, background
spectral components will be suppressed due to the fact

that the dot product I}—'JT § will be equal to zero. The filter

vector ,E in this case is calculated as based on a priori
information about the spectral features of the target and
background by using the following expression [12]:

F=r(f-N-B), (6)

where N =TT Ig/ BTE is the projection of target vector
‘F onto the unit vector é’o = g/m of the

background vector normalized to its length “a‘ = \/ET? ;

r is the normalizing multiplier that ensures maximization
of the optical signal received by the radiation detector:

r=Ymax(t, ~N-by), ()

where t, and by are the coordinates of the target and
background vectors, respectively.

In three-dimensional space, Fig. 2 shows the
arrangement of vectors during dynamic spectral
processing, and the magnitude of the projections for each
of the vectors reflects the value of the radiation intensity
for a certain wavelength. It is shown that the filter vector

E:fl&-fz&ng& and the background vector

§:q81+b2$2+b3$3 are orthogonal, and the vector
representing the spectral properties of the target
=t,(; +t,p, +t ies in the plane passing through the
T =6, + 1,8, + 1,0, lies in the pl ing through th

vectors § and |£’

Thus, using the vector representation of the optical
signals of the target and the background, the instrumental
function of AEOS is determined, which provides an
increase of the contrast of the target image. It is shown
that the vector of the instrumental function of AEOS
must be orthogonal to the background vector and lie in
the plane passing through the target and background
vectors.

3. Influence of atmospheric interferences on the
operation of AEOS with dynamic spectral signal
processing

In AEOS with dynamic spectral processing, the spectral
composition of the probing radiation is formed as a sum
of laser signals, the intensities of which are calculated on
the basis of a priori information about the spectral
reflectance of the target and background. However, when
propagating the probing signal is exposed to atmospheric
interference, which leads to a change in its spectral
intensity and, as a result, to a decrease in the efficiency of
image processing.

The attenuation and distortion of optical signals in
the atmosphere is due to two main processes [14, 15]:
absorption of radiation by gaseous components;
molecular and aerosol attenuation (scattering) of
radiation.

Absorption of radiation is caused by the presence of
various gases in the atmosphere and has a pronounced
selective character.

In the general case, the process of attenuation of
optical radiation in the atmosphere can be described by
the following expressions:

- spectral extinction coefficient of the atmosphere — (1) ;
- spectral transmittance of the atmosphere — t,(%).

With a single scattering of radiation in a homo-

geneous medium along the propagation path, its spectral

transmittance is described by the Beer—Lambert-Bouguer
law and is defined by the following expression [15]:

()= 1()/1o(.)=exp[-(1)1] | ®
where I(A) is the spectral intensity of the radiation that

has passed the distance I; 1o(A) is the spectral intensity of
radiation at the beginning of the path.
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To determine the extinction coefficient of the
atmosphere, we use the Koschmieder expression [15],
which establishes the relationship between the extinction
coefficient of the atmosphere gys5 at the wavelength
0.55um and the meteorological optical range
(meteorological range) Ri. The meteorological optical
range is the distance at which the contrast between a
certain type of source (test object) Co=1 and the
surrounding background is reduced to the threshold of
the contrast sensitivity of the eye C;=0.05 (in
accordance with the requirements of the International
Committee on illumination [16]):

1

)

3

R .
€055

vis =

©)

€055

The calculation of the spectral extinction coefficient
in the wavelength range of 0.4...3 um is performed using
the following formula [15]:

3

0.585RY2
8(7\) = (@J ,
Rvis

by
where the meteorological optical range Ry is expressed
in kilometers and the wavelength A is expressed in
micrometers.

It should be taken into account that in AEOS, when
calculating the effect of atmosphere, attenuation in two
sections should be taken into account: propagation in the
path from the source to the probing surface, and then
from the surface to the receiving device:

(1)=exp[-2-¢(r) 2],

where z=1/2 is the range to the surface, which is
irradiated by AEOS.

Analysis of expressions (10) and (11) showed that
the value of the spectral transmittance squared of the

atmosphere t2(1) decreases with decreasing wavelength

A of optical radiation. In this case, with an increase in the
range z to the probed surface, the difference in the values
of the spectral transmittance for different wavelengths
increases.  Consequently, the squared  spectral

transmittance of the atmosphere t2(1) depends both on

the wavelength A of the optical radiation and on the range
z to the probed surface.

(10)

2
Ta

(11)

4. Compensation method for atmospheric attenuation
of radiation in AEOS with dynamic spectral
processing

The method for compensation of the atmospheric
attenuation of laser radiation in AEOS is described in
[12]. The method is based on the fact that the spectral
intensity of the probing radiation is formed not only
using a priori information about the spectral reflectances
of the target and the background, but also taking into
account the preliminary known spectral transmittance of
the propagation medium for a multispectral optical signal.

The method providing compensation of atmospheric
attenuation of laser radiation includes the following
steps:

1) the vector of the instrumental function of AEOS
,{9: [fl KK fm]T (where m is the number of

monochromatic emitters) is calculated, which provides
an increase in contrast (5) for the case when there is
absence of radiation attenuation by the propagation

medium t3(1)=1;
2) the

Ij_;)oorrn = [flcorr § K, fkcorr n,K ) fn?orr n]r is calculated, the

coordinates of which are defined as follows [12]:

normalized correction vector

2
fk Tamin fk
= Kn == P
Tak

corr n
fk

, (12)

2
fimin Tak
where K, = min (rik/fk):rgmm/fmm is the normalizing

factor; tgmi, and fp, are the square of the
transmittance of the propagation medium and the

coordinate of the vector £ (calculated at the first stage),
the ratio of which is minimal;

3) dynamic spectral processing of optical radiation
is carried out by calculating the radiation flux at the
receiver input after correction, which is the dot product

. . oo .
of the input signal vector X with a normalized
correction vector

o —ET X,

ecorr corrn

corr n -
(13)

Thus, the radiation flux arriving at the radiation
receiver of AEOS with atmospheric attenuation
compensation is the dot product of the input signal vector
with the correction vector. In this case, the correction
vector is formed on the basis of preliminary information
about the spectral intensity of the probing radiation, the
spectral transmittance of the atmosphere, as well as the
spectral reflection coefficients of the target and
background.

5. Composition and scheme of the experimental setup

For the verification of the developed method for
compensating the atmospheric attenuation of laser
radiation in AEOS with dynamic spectral processing, an
experimental setup was developed, the block diagram of
which is shown in Fig.3. When developing the
experimental setup, the results presented in [17] were
used.

The experimental setup included the following
blocks and elements:
- transmitting and receiving blocks;
- elements simulating target and background signals;
- elements simulating the absorbing properties of the

atmosphere.
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Fig. 3. Block diagram of the experimental setup.

The transmitting unit of the experimental setup
consisted of the following devices:
semiconductor laser 1 with the wavelength of radiation
A =635 nm;
semiconductor laser 2 with the wavelength of radiation
A =532 nm;
semiconductor laser 3 with the wavelength of radiation
A =450 nm;
three attenuators 4, providing control of the laser
radiation intensity;
dichroic prism 5 for spatial alignment of laser radiation
into one beam;
three power supplies 6 for lasers.

The receiving unit of the experimental setup
included the following devices:
- photomultiplier 9 with the power supply 10;
- microammeter 11;
- computer 12.

Elements that imitate the optical signals of the
target and the background and the absorption properties
of the atmosphere, in Fig.3 are labeled 7 and 8,
respectively. The elements simulating the optical signals
of the target and the background were two sets of
absorption light filters. In the first set, the filters
simulating the optical signals of the target (GG-1) and
the background (YGG-6) had approximately the same
spectral transmittance. Light filters of the second set,
simulating the signals of the target (BG-2) and the
background (YGG-6), had spectral features that differed
significantly.

The choice of light filters was carried out on the
basis of the calculation of their spectral transmittances.
The calculation was carried out using information on the
absorption coefficients of light filters, induced in the
catalog of colored glass [18]. When calculating the
spectral transmittances, the reflection from the surface of
the light filters was also taken into account.

To simulate the absorbing properties of the
atmosphere on the “transmitter-target” and “target-
receiver” paths, two identical cuvettes with a liquid
absorbing radiation in the optical wavelength range of
laser sources were used. A solution of milk with distilled
water was used as a liquid. To do this, 0.06 g of milk
diluted with distilled water in a ratio of 1:1 was added to
15 g of distilled water.

Fig. 4. General view of the experimental setup to study the
method for attenuation compensation of laser radiation in AEOS.
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Fig. 5. Spectral transmittance squared of the cuvettes with
radiation-absorbing liquid as a function of the laser radiation
wavelength.

Fig. 4 shows a general view of the experimental
setup for studying the method of compensating the
attenuation of laser radiation in AEOS with dynamic
spectral filtering.

Fig. 5 shows the dependence of the experimentally
obtained spectral transmittance squared of cuvettes with
radiation-absorbing liquid on the wavelength of laser
radiation.

6. Experimental technique

The procedure for carrying out the experiment to study
the method of compensating atmospheric attenuation of
laser radiation in AEOS with dynamic spectral
processing consisted of three successive stages.

Stage 1. Dynamic spectral processing in the
interests of increasing contrast in the absence of
attenuation of laser radiation.

At this stage, an experimental study of the process
of dynamic spectral processing of optical radiation was
carried out in order to increase the contrast of the target
image at the output of AEOS in the absence of attenuation
by the propagation medium. When performing this
research, the spectral features of filters simulating the
optical signals of the target and background were
measured first. To do this, three lasers of the transmitting
unit of the experimental setup were turned on and the
signals at the output of PMT were measured, first for the
filter that simulates the target signal, and then for the
filter simulating the background signal. Based on the
obtained measurements in three-dimensional space, the
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target vector 'f:):[tB,tG,t,:JT and the background vector

é’: [bg. b, b | were formed. The coordinates of each of

the vectors were the values of the current at the PMT
output, when the corresponding laser was turned on.
Using the e>;Bressions (6), (7), as well as the

measured vectors and é) the instrumental function

vector II—:):[fB, fs. fR]r was calculated, which provided

an increase in the contrast of the target image at the
output of AEQOS.

Next, to implement optical spectral processing,
vectors E* and £~ were formed, and dynamic spectral
processing of optical radiation was performed. To do
this, the attenuators were used to set the radiation
intensity of each laser included in the transmitting unit.
First, the transmittances of the attenuators were adjusted
in accordance with the coordinates of the vector E*
(Fig. 2), and the radiation of the target and background

Y; = Ig”‘ly, Yg = E*TIE, respectively, was measured.
And then, similar operations were performed for the vector
IEJ*, and signals Y; = lj-'J’Tf), Yg = E‘Tg were measured.

After that, the target Y1 and background Yg signals

at the output of AEOS were calculated by subtracting the
corresponding values that were measured for the vectors

E* and £~
v, BT gt
Yo=FTB-FTB.

Using the expression (5), the contrast of target
image at the output of AEOS was calculated. When
calculating the contrast in the course of experimental
studies, the following values were obtained: for the first
pair of light filters (GG-1 — YGG-6) C =0.86; for the
second pair of filters (BG-2 - YGG-6) C = 1.

Stage 2. Dynamic spectral processing for increasing
the contrast without compensating for the attenuation of
laser radiation.

At this stage, there was made a study of the
influence of the attenuation of laser radiation by the
propagation medium on the contrast of the target image
at the output of AEOS with dynamic spectral processing.
To do this, cuvettes imitating the process of radiation
passing through the atmosphere were installed on the

(14)

(15)

path of propagation of the probing radiation. In this case,
the vector of the instrumental function of AEOS was not
changed and remained the same as under ideal conditions
(there is no atmospheric attenuation).

Next, dynamic spectral processing of the optical
radiation was performed, the signals at the output of
AEOS were measured, and the target contrast was
determined by analogy with the previous stage.

When calculating the contrast at this stage of
experimental studies, the following values were obtained:
for the first pair of light filters (GG-1 — YGG-6)
C =0.67; for the second pair of filters (BG-2 — YGG-6)
C =0.62.

Stage 3. Dynamic spectral processing for increasing
the contrast for the compensation of the attenuation of
laser radiation.

At this stage, the process of compensating the
attenuation of laser radiation by the propagation medium
during dynamic spectral processing was studied. The
attenuation compensation efficiency was evaluated by
calculating the target image contrast and comparing it
with the value obtained at the second stage.

To do this, first, using Eq. (12), the coordinates of
the normalized correction vector were calculated with
account of the spectral transmittance of the cuvettes
simulating the properties of the atmosphere. Next,
dynamic spectral processing of optical radiation was
performed according to Eg. (13). To do this, using the
attenuators, the laser radiation intensities were set using
the current value at the PMT output in accordance with
the coordinate values of the normalized correction vector.

The contrast values obtained in the course of
experimental studies at this stage were: for the first pair
of light filters (GG-1 — YGG-6) C = 0.83; for the second
pair of filters (BG-2 — YGG-6) C = 0.93.

The contrast values for pairs of light filters (GG-1 —
YGG-6) and (BG-2 — YGG-6), which were obtained
during three stages of experimental studies of dynamic
spectral processing of laser radiation, are shown in Table.

Thus, the results obtained in the course of
experimental studies show that the developed method
enables to compensate the attenuation of laser radiation
by the atmosphere. This method provides an increase (as
compared to the case without compensation) of the target
contrast at the output of AEOS for a pair of GG-1 and
YGG-6 light filters by 1.2 times, and for a pair of BG-2
and YGG-6 light filters — 1.5 times.

Table. Contrast values obtained in the course of experimental studies.

Contrast measurement condition

GG-1 and YGG-6 BG-2 and YGG-6

1. Target contrast in the absence of radiation attenuation by the

atmosphere and using attenuation compensation

0.86 1
atmosphere
2. Target contrast with attenuation of radiation by the atmosphere
; . . 0.67 0.62
and without attenuation compensation
3. Target contrast in the presence of radiation attenuation by the 0.83 0.93
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7. Conclusions

The results of experimental studies of a method for
compensating atmospheric attenuation of laser radiation
in AEOS with dynamic spectral processing of optical
signals in order to increase the contrast of the target
images have been presented. The scheme of an
experimental setup for studying the method to
compensate attenuation of laser radiation in AEQOS has
been developed. The transmitting part of the scheme
included three semiconductor lasers operating in the
ranges of the red, green and blue parts of the spectrum.
Cuvettes with the liquid absorbing optical radiation were
used as elements simulating atmospheric attenuation.

The possibility to compensate attenuation of
multispectral laser radiation in an absorbing medium and
to provide the increase of contrast inherent to the target
image at the output of AEOS has been experimentally
confirmed. The method of compensating for atmospheric
attenuation of laser radiation in AEOS is based on the
fact that the spectral intensity of the probed radiation is
formed not only on the basis of preliminary data on the
spectral features of the target and background, but also
with account of the known in advance spectral
transmittance of the medium.

Experimental studies included three stages. First,
dynamic spectral processing of optical radiation was
carried out in the absence of radiation attenuation in the
atmosphere. Then, dynamic spectral processing of optical
radiation was performed in the presence of radiation
attenuation by the propagation medium and without its
compensation. At the final stage, dynamic spectral
processing of optical radiation was made in the presence
of radiation attenuation by the propagation medium and
with its compensation.

The efficiency of attenuation compensation has
been evaluated by calculating the image contrast of the
target at each stage of the study and comparing the
obtained values. It has been experimentally ascertained
that as a result of applying compensation for the
attenuation of laser radiation, it is possible to increase (as
compared to the case without compensation) the contrast
value for a pair of light filters GG-1 — YGG-6 by 1.2
times, and for a pair of light filters BG-2 — YGG-6 — 1.5
times.
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ExcnepnMeHTalbHE OCTIIKEHH MeTOAy KOMIeHcamii aTMocdepHOro ocaadieHHs] 30HAYHYOro JIa3epHOro
BHUNPOMIHIOBAHHSI B AKTUBHHUX ONTHKO-EJEKTPOHHUX CHCTEMAX, [0 3a0e3NMeYylTh MiIBHIIEHHS KOHTPACTY
300pa:keHb

JL.®. Kynuenko, A.C. Pud’sk, O.A. I'ypin, A.IL I'ypin, A.B. Ilonomaps, O.B. BecoBa

AHoTanisa. ExcrneprmMeHTampHO IOCHIKYEThCI METOX KOMIIeHcamii arMocepHOTO ocialieHHS Ja3epHOro
BHIIPOMIHIOBAHHS B aKTUBHUX OINTHKO-EJIIEKTPOHHUX CHCTEMaX JAWCTAHLIHHOTO 30HAYBaHHS 3 JHHAMIYHOI 0OpOOKOIO
ONTHYHMX CHUTHANIB [UIA TiIBUIICHHS KOHTpacTy 300paskeHb. MeTon KOMIIGHCAIlii aTMOC(EepHOro OCIabIeHHS
JIa3epPHOTO BHIIPOMIHIOBaHHS B aKTHBHUX ONTHKO-CIEKTPOHHHX CHCTEMaX IIOJISrae y TOMY, IO CHEKTpalbHa I'yCTHHA
IHTEHCHBHOCTI 30H/lyBaJbHOT'O BUIPOMIHIOBaHHSI ()OPMYETHCS HE TUILKU Ha OCHOBI alpiopHUX JAaHHUX MPO CHEKTPaJbHI
XapaKTepUCTUKU BIIOMBHUX MOBEPXOHb 00’ekTa Ta (OHY, ajle 1 3 ypaxyBaHHSAM CIIEKTPAJIBHOTO KoedilieHTa
NPOIyCKaHHS CEPEIOBHINA, B SIKOMY MOIIMPIOETHCS ONTHUYHE BHUIIPOMIHIOBaHHSA. P03pO0NICHO eKcrepuMEeHTaIbHY
YCTaHOBKY, B SIKill JUKEpeJIoM BHIIPOMIHIOBaHHS y NepeAaBalbHIi YaCTHHI ONTHKO-EJIEKTPOHHOT CHCTEMH CITyXKaTh TPU
HAamMiBIPOBITHUKOBI J1a3epy, IO NPALIOITh Yy Alana3oHax 4YepBOHOI, 3eJieHOi Ta CHHBOI AUISHOK crekTpa. Y poi
€JIEMEHTIB, sIKi IMITYIOTh CIEKTpPalbHI BIACTHBOCTI IMOBEPXOHb 00’€KTa i (POHY, IO BiAOWBAIOTH, B EKCIICPUMEHTI
3aCTOCOBYBAIHCS aOCOpOIMiiiHI CBITIO(GIMBTpH. Y poJli €IeMeHTIB, SKi IMITYIOTh aTMoc(epHe OCIa0IIeHHS,
BUKOPHCTOBYBAJIHCS KFOBETH 3 MOTJIMHAIOYOK0 ONTUYHE BUIIPOMIHIOBaHHS PiHHOIO.

KoarouoBi cjioBa: akTHBHa ONTHKO-EJIEKTPOHHA CUCTEMa, TUHAMIYHA CIIEKTpaJibHa 00po0OKa, aTMocdepHe ociablieHHs
BHIIPOMIHIOBAaHHS, HAIlIBIIPOBITHUKOBI JIA3EPH.
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