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Photospectral Data Obtaining with the Unmanned Aerial
Spectrometry Vehicle

A.A. Lamaka, A.V. Gutarau, N.G. Shcherbakou, P.V. Ivuts

A.N. Sevchenko Institute of Applied Physical Problems of Belarusian State University,
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Accepted for publication 23.01.2023

Abstract

Study of the Earth’s surface objects reflectance characteristics with unmanned aerial vehicles is one of
the most actual remote sensing trends. Aim of this work was to develop a method for obtaining of photospec-
tral data using unmanned aerial spectrometry vehicle.

An adaptation of the cameras spatial resolution evaluating technique based on a specialized target
photographic fixation was proposed. A method for synchronizing of the camera and spectrometer of the
videospectral device was also proposed. It was based on an experiment with spectra and screen images
recording. Different colors were sequentially displayed on the screen. The percentage contribution of each
of colors to the “mixed” spectra was calculated. So the out-of-sync time estimation became possible. In
addition the work proposed the method for combining images and spectra with their merging into photo-
spectral images. The method allows to consider the aircraft displacement when linking the spectrometer
field of view to the RGB image. The way for photospectral images combining based on the images key
points detectors was also proposed.

Spatial resolutions for 3 aerial vehicle cameras were obtained. The study showed that the spatial re-
solution decrease of Zenmuse H20T caused by the device carrier movement with a speed of up to 5 m/s
can be ignored. The videospectral device camera and spectrometer out-of-sync time was evaluated.
An automatic merging of a set of images using key points detection was made. The spectrometry areas were
linked to the panoramic image. The reflectance coefficients were obtained for each of the areas in the range
of 350-900 nm. The areas to image linking accuracy was 84.9+£11.6 %.

A discrepancy between the angular spatial resolution values got experimentally and theoretically was
revealed as a result of the cameras spatial resolution evaluating. This indicates the importance of the
imaging equipment spatial resolution experimental evaluation. The videospectral device spectrometer
and observation camera out-of-sync time evaluation made it possible to correct the data recording time.
This led to the timing error standard deviation reduction from 142 ms to 15 ms. The way for the unmanned
aerial spectrometry vehicle data obtaining in a photospectral representation was developed. The proposed
methods and techniques can be used in similar unmanned systems.

Keywords: UAYV, spectrometer, spatial resolution, software synchronization, image connection.
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IHosy4yenue (poToCHEKTPAJIBbHBIX JAHHBIX
C UCI0JIb30BAHMEM 0eCIUJIOTHOT0 KOMILJIEKCA ABUAIIMOHHOIO
CIIEKTPOMETPUPOBAHUSA

A.A. Jlomako, A.B. I'yropos, H.I'. Illep0axos, I1.B. UByTH

HUnemumym npuxnaonsix gusuueckux npoorem umenu A.H. Cesuernko
benopyccroeo eocydapemeennozo ynueepcumema,
ya. Kypuamosa, 7, e. Munck 220045, Berapyco

Hocmynuna 10.10.2022
Ipunama k neuamu 23.01.2023

HccnenoBanne oTpaXkaTeNbHBIX XapaKTEPUCTHK OOBEKTOB HA MOBEPXHOCTH 3€MIIM C HCIIOJIL30BAHHEM
OeCHMIOTHBIX JIETaTENIbHBIX aIllllapaToB sIBISIETCS OJHUM U3 PA3BUBAIOIIMXCS HAMPABIEHUH B AUCTAHIIMOHHOM
3oHaMpoBaHNK 3emi. Llenpio paboTe ABIsIach pa3paboTka crocoda morydeHns POTOCTIEKTPATBHBIX JTaHHBIX
C MCHOJIb30BaHUEM OECIMIIOTHOTO KOMITJIEKCa aBUAIIMOHHOTO CIIEKTPOMETPHPOBAHMUS.

[Ipennoxxena aganTanus METOANKH OMPEIEICHHS TPOCTPAHCTBEHHON pa3pemnIaronieid CIoCOOHOCTH KaMep
Ha OCHOBe (hoTO(UKCALUH CHIENUaTU3UPOBaHHON MUpEL. Tarke npeyioxkKeH crocod CHHXPOHU3ALUT KaMephl 1
CIEKTPOMETpPA BUICOCIICKTPAIEHOTO KOMIUIEKCA, OCHOBAHHBIN Ha MPOBEJCHUH YKCIIEPUMEHTA 110 PETUCTPALIUH
CIIEKTPOB U N300pakeHUi SKpaHa, I7ie Mocle0BaTeIbHO 0TOOpaXkatoTcs pa3uyHble 1BeTa. [IpeanoxeH cnocob
KOMOWHHMPOBaHMS N300paKEHUH U CIIEKTPOB C 0OBEMHEHHEM HX B eIMHOE (POTOCHEKTpaIbHOE H300paKeHue.
Crioco0 1mo3BONAET yUUTHIBATh CMEIIEHHE JIETaTeIbHOTIO amnmapara Ipu MPUBS3Ke MO 3peHHs CIIEKTpOMETpa
K n3o0paxenuto. [Ipennoxen cocod oobequHeHNs (POTOCTIEKTPATBEHBIX H300paKeHUH, OCHOBBIBAIOIIUICS Ha
CITMBKE U300paKEHUI 1O 0COOBIM TOYKAM.

[omy4eHs! yrioBble pa3pemaroniie CIoCOOHOCTH st 3 KaMep M3 cocTaBa OECIMIOTHOTO KOMITIEKca.
IlokazaHo, 4TO IpHU ABHKEHUH OECHHJIOTHOTO KOMILIEKCA CO CKOPOCTBIO JI0 5 M/C yXy/IIEHHE pa3pellaroleil
crocoOHOCTH KaMepsl Zenmuse H207T, BEI3BaHHOE ABMKEHHEM HOCHTEIS amlapaTypbl, MOXKHO HE YUUTHIBATH.
OmnperneneHo BpeMsi pacCUHXPOHU3AIMKU pabOThl KaMephl U CIIEKTPOMETPa U3 COCTaBa BUJIEOCHEKTPAILHOTO
komriekca. [IpoBenena aBToMarndeckas CHIMBKA psijla M300paXeHWH MO O0COOBIM TOYKAaM C NPHUBAZKOH K
CHIUTOMY HM300paKEHUIO 00JIacTel CIIEKTPOMETPUPOBAHMS (OTHOCUTEIBHAS TOUHOCTh MPUBSI3KU K M300paKe-
HUo — 84,9+ 11,6 %). s kax1oi u3 obmacTeil CIeKTpOMETPHPOBAHNS MOTYIEeHBI KOA(D(OUITMEHTHI ClIeKTpaib-
HOM sipkocTH B muanazoHe 350-900 Hwm.

B nccnenoBaHNM BBISABICHO PAacXOXJICHHE DKCIIEPUMEHTAIBHBIX W TEOPETHYECKHX 3HAYEHHH YIJIOBOTO
MPOCTPAHCTBEHHOI'O PAa3pELIEHNUs, YTO CBUETENILCTBYET O BaJKHOCTH MPOBEAEHHS SKCIIEPUMEHTAILHOMN OLIEHKH
MIPOCTPAHCTBEHHOTO pa3pelleHns CHhEMOYHOM ammaparypel. OmpeneneHne BpEeMEHH pPAaCCHHXPOHHM3ALUH
CIIEKTPOMETpa M 0030pHOI KaMepbl BHIEOCHEKTPAIBLHOTO KOMILIEKCA MO3BOJIMIIO OCYIIECTBUTh KOPPEKIHIO
BPEMEHH PETHCTPAlld JAaHHBIX, YTO MPUBENO K yMEHBIICHWIO CPEIHEKBAIPATHYHONW BEIMYMHBI OMIMOKH
cuHxpoHu3anuu co 142 mc go 15 mc. Pazpabotan cnoco6d nomyuenusi nanHbix BEKAC B goTocnekTpaibHOM
MPEACTaBICHUN.

KunroueBsbie ciaoBa: BITJIA, criekTpoMeTp, IPOCTPAHCTBEHHOE pa3pellicHHEe, MPOrpaMMHasi CHHXPOHH3AIHS, CIIHBKA
N300paKEHHH.
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Introduction

Surface images recorded using unmanned aer-
ial vehicles (UAVs) are widely used in the modern
world, along with data obtained using space-based
remote sensing equipment [1].

Remote sensing using UAVs has its advantages
compared to satellite systems: high spatial resolu-
tion, high speed of information acquisition, ease of
use, no cloud cover influence, low cost [2]. UAV
data is currently widely used in agriculture and fo-
restry [3-5]. As a result, UAV data acquisition and
processing techniques are developing rapidly.

The devices with multispectral cameras are the
most widely used among UAVs [1]. Such systems
have a set of undeniable advantages, for example,
the possibility of obtaining geographically refer-
enced images of vegetation indices for vast areas. At
the same time, multispectral systems allow record-
ing data for subsequent analysis only for a limited
number of vegetation indices. It is caused, firstly, by
limited number of spectral bands and, secondly, by
vast bandwidths.

The development of videospectral systems al-
lowing to record high spectral resolution spectra
combined with the underlying surface images is one
of the approaches to expand the scope of remote
sensing data obtained using UAVs. The unmanned
aerial spectrometry vehicle (UASV) became such
a system [6]. The final stage in the vehicle devel-
opment was the technical characteristics analysis:
the resolution of the spectrometer and observation
camera, the system modules angle of view, the sys-
tem modules level of synchronization, etc.

To date, there are no state standards for evaluat-
ing the angular spatial resolution per pixel of aerial
photosystems. At the same time, there is a technique
describing a way of the spatial resolution evaluating
based on a flight experiment results [7]. However,
this technique does not describe the requirements for
the target intended to evaluate the spatial resolution
and allows to find only the linear resolution of the
system without assessing the uncertainties. As a re-
sult, it needs to be supplemented and adapted for use
in systems like the UASV.

There are no studies describing modules syn-
chronism level in systems like the UASV. Very little
attention is paid to videospectral systems due to the
difficulty of obtaining data from such systems in a
representation convenient for analysis (for example,
a geotagged RGB-image with a well-defined area

on it corresponding to a surface reflectance spec-
trum). To obtain such a representation, it is neces-
sary to apply data preprocessing methods, including
modules synchronization, georeferencing, cor-
rection of distortion effects in images. In addition,
there is a task of images combining with the use of
computer vision libraries. This task becomes more
difficult when spectrometer and camera exposition
times are considerably different.

There are several tasks that this study solved:
elaboration and applying of the observation came-
ra spatial resolution evaluating methodology based
on the flight experiment results; development of
the method for the data of the spectrometry vehicle
spectrometer and observation camera synchronizing;
development of the method for obtaining the UASV
data in a presentation convenient for analysis. Thus,
the aim of the study was to develop the method for
obtaining a photospectral data using the UASV.

Devices and methods

The UASYV in the configuration used is based on
the UAV DJI Matrice 300 RTK (Real Time Kinema-
tic). The positioning accuracy of it, when the RTK
system is on, is 1 sm+1 mm/km in horizontal axes
and 1.5 sm+1 mm/km in vertical axes (hovering ac-
curacy in P-GPS mode is 0.5 m)'. The videospec-
tral device (VSD) and the Zenmuse H20T quad-sen-
sor camera on a stabilizing gimbal® can be installed
on the UAV simultaneously or separately (Figure 1).

The VSD (Figure 2) includes the single-board
computer (SBC) Raspberry Pi 4 Model B. It controls
in automatic mode the observation camera (Rasp-
berry Pi Camera) and the spectrometer (connected
through the microcontroller STM32F405RGT6")
mounted coaxially. The observation camera al-
lows to register RGB-images with resolution up to
2592 %1944 pixels in photography mode. The spec-
trometer optical scheme is built according to the
Rowland scheme [8] based on a concave diffraction

"UAV DIJI Matrice 300 RTK: https://www.dji.com/
matrice-300

2 DJI Zenmuse H20T: https://www.dji.com/zenmuse-
h20-series

3Raspberry Pi  4: https://www.raspberrypi.com/
products/raspberry-pi-4-model-b

* Microcontrollers &  Microprocessors: ~ High-
performance foundation line (STM32F405RG): https:/
www.st.com/en/microcontrollers-microprocessors/
stm32f405rg.html
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grating with an additional flat mirror to reduce the The spectrometer angular field of view (FOV) is
dimensions. The spectral range of the spectrome- 0.7x1.2 degrees, the observation camera FOV is
ter is 350-900 nm, the spectral resolution is 4 nm.  15x27 degrees.

a b

Figure 1 — The unmanned aerial spectrometry vehicle general form (a), Zenmuse H20T camera with a stabilizing gimbal (b)

The VSD also includes a power supply module quence of data divided by directories (30 frames
with 10 Ah capacity. The body of the VSD is made per second, 1920x 1080 pixels) and data registered
using three-dimensional printing with three types of  with the spectrometer (the recording frequency
filaments for various parts. depends on the exposure of the spectrometer and

The data registered by the VSD are pre- is about 10 spectra/s). Geographic location data
processed and stored on the flash drive connected during measurements is recorded and stored on the
to the SBC. The UASV output data is a video se- flash drive connected directly to the UAV.

Figure 2 — 3D image of the videospectral device construction. Left view (a), bottom view (b): 1 — single-board com-
puter; 2 — USB flash memory; 3 — spectrometer lens; 4 — camera lens; 5 — spectrometer block; 6 — battery; 7 — power
switch; 8 — stop shooting button

The observation camera spatial resolution evalua-  resolution evaluating methods and photogrammetry
tion techniques’.

The first step for holding an experiment to

The information from the article on the aerial evaluate the spatial resolution in flight conditions

photosystems linear resolution per pixel estimating > Photogrammetry. Requirements for creating oriented

methodqlogy based 9n the ﬂight.tests [7] Were taken aerial images for building stereo models of built-up areas
as a basis to determine the spatial resolution of the (GOST R 58854-2020, in Russian);

UASV cameras. It was complemented with recom- Method for determining the photographic resolving
mendations described in the state standards for the power (GOST 2819-84, in Russian)

10
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is to determine the theoretical linear resolution per
pixel using the formula:

Hg
f

where L, is theoretical linear resolution per pixel;
H is shooting height; f'is camera lens focal length;
d is pixel size in the camera matrix.

It is necessary to make a target for experimental
evaluation of the camera spatial resolution based on
the theoretical values calculated with the formula (1)
for all cameras needed. The minimum distance be-
tween alternating white strokes has to be equal to the
calculated value L, for a given flight altitude, and the
maximum distance between alternating white strokes
has to be equal to the expected experimental L, value
for a given flight altitude. It is important to note that
formula (1) is a rough below estimation of the camera
spatial resolution. For more accurate calculations, in
addition to the focal length of the camera lens, the
shooting height and the physical size of the matrix
pixel it is needed to consider the area, diameter and
transmission of the input lens, the specific detectivity
of the photodetector, as well as the speed of the UAV
during the experiments [9].

The UASYV incorporates several cameras, which
resolutions are needed to be evaluated experimen-
tally: the VSD observation camera and the Zenmu-
se H20T camera including observation, wide-
angle and radiometric thermal cameras. The Zenmu-
se H20T observation camera is a zoom camera, SO
it stands out from the general list. As a result, it was
not included it in the current analysis. It is necessary
to calculate the L, value for heights of 50 and 200 m
using the formula (1) for all the cameras (minimum
and maximum flight altitude to evaluate the spatial
resolution in this study). After that, it is necessary to
choose extremum L, values. These values will be the
basis for the line width border values in the target.

The cameras parameters, as well as the theoreti-
cal linear resolutions for various flight altitudes, are
shown in Table 1 (L,” is the theoretical linear reso-
lution per pixel for 50 m altitude, L0200 is the theoreti-
cal linear resolution per pixel for 200 m altitude).

In general, the target should consist of a set of
line groups with different frequencies. Each group
consists of five light parallel lines on a dark back-
ground. The spacing width between the lines must be
equal to the line width in the group. The line length
to width ratio is constant and equal to 10. Wherein
the width of the lines in the target should decrease

I, (1)

from the previous group to the next in a geometric
progression with a 0.91 denominator.

Table 1

Cameras parameters and theoretical linear reso-
lutions for different unmanned aerial spectro-
metry vehicle flight altitudes

50 200
Camera /f, mm 0, Lo Ly
mkm mm mm

VSD Overview 800 140 875 35.00
Camera

Zenmuse H20T

(Wide) 4.50 2.38 26.51 105.70
Zenmuse H20T

(Thermal) 13.50 9.80 36.30 145.18

A chart target based on the data from Table 1
was designed. The minimum and maximum distan-
ces between white lines was respectively 32 mm and
100 mm. As a result, the target consists of 13 groups
of lines. The width of lines depending on the group
number is presented in Table 2. The general view of
the chart target is shown in Figure 3.

Table 2

The chart target lines width depending on the
group number

Group number (N) 1 2 3 4 5 6
Line width /), mm 100 91 82 75 69 62
N 7 8 9 10 11 12 13
[, mm 57 2 3 3

5 47 4 39 5 32
TR RTRA

Figure 3 — General view of the chart target for the un-
manned aerial spectrometry vehicle cameras spatial reso-
lution evaluating

The cameras spatial resolution evaluating exper-
iment have to be carried out in the absence of shading
the measurement area surface with any objects [7].
Spatial resolution measurement is performed on at
least 20 target images for each altitude. Four inde-
pendent decryption operators are recommended

11
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for image analysis. The work of the operators is to
recognize groups of lines with all lines differ along
their entire length.

Next, the experimental angular resolution of the
cameras is determined by the formula:

[ 180
0 =arctg— - —,
H =

2)
where 0 is the experimental angular resolution for
a group of lines; / is the target line width from the
group of lines recognized by the operator; H is the
UAV flight altitude.

It is necessary to recognize the tightest groups
of lines in each of the images for a given flight al-
titude, and then calculate the average value and the
standard deviation (SD) of the experimental angu-
lar resolution per pixel over the entire set of images
from a given camera at a given flight altitude. At
the same time, since the flight speed of the UAV
affects the resolution ([9]), in this study measure-
ments were carried out both in static mode (when
the UAV was at one point during the shooting) and
in dynamic mode (when the UAV was moving du-
ring the shooting).

This study realizes statistical processing of the
results on the basis of state standards in the field
of laboratory measurements evaluation®. At the first
stage, it was estimated that the measurement results
fell into the critical range at a 95 % confidence level
for the number of independent estimates equal to
the number of decryption operators. Then the aver-
age or median value (depending on the scope of all
operators results) for all processing results for each
group was calculated. If several independent groups
of measurements were obtained to evaluate the spa-
tial resolution at a given altitude (for example, with
different lighting conditions), the Cochran criterion
statistics were calculated. As a result, measurement
groups with outlier characteristics were excluded.
After that, the values of angular resolutions ob-
tained for different flight altitudes were averaged.
The number of independent degrees of freedom in

® Accuracy (trueness and precision) of measurements
methods and results: Part 2 — Basic method for the
determination of repeatability and reproducibility of
a standard measurement method (ISO 5725-2:1994/
Cor.1:2002); Part 6 — Use in practice of accuracy values
(ISO 5725-6:1994/Cor.1:2001);

Uncertainty of measurement: Part 3 — Guide to the
expression of uncertainty in measurement (ISO/IEC
Guide 98 - 3:2008)

the evaluation of extended uncertainties was chosen
equal to the total number of decrypted images for
all groups of measurements for a particular camera.
The coverage ratio was evaluated based on this.

The unmanned aerial spectrometry vehicle modules
data synchronization

The task of synchronizing the spectrometer and
the VSD observation camera was the next task need-
ed to solve for the UASV thematic data processing
possibility. This was necessary for accurate binding
of the spectrometry area to the RGB image both re-
corded by the VSD. The highest level of synchro-
nization could be achieved with hardware methods,
but they were not available with current UASV real-
ization. Therefore, a software method of equipment
synchronization was chosen in this work.

The VSD registers the observation camera video
with a 30 Hz frequency and spectra with a 10 Hz
frequency in flight mode. Subsequently, the regis-
tered data is processed: the observation camera data
is matched to the spectrometer data. Each data set
corresponds to the registration time related with the
SBC time. However, both data sources have their
own delays. The out-of-sync time is determined here
as the time difference between the own delays of two
data sources.

In addition, it is important to check the constan-
cy of such a time difference over a long period of
measurements (=30 min).

The new additional software module designed
for various colors photo images broadcasting on a
screen was created to solve the problem. In this case
it was possible to make a videospectral data registra-
tion using the VSD in laboratory conditions. A cer-
tain screen changing colors frequency could be set.
Then it was possible to evaluate the out-of-sync time
of the VSD observation camera and the VSD spec-
trometer.

Eight colors in RGB color gradation were se-
lected for the experiment: (0,0,0); (255, 255, 255);
(255,0,0); (0, 255, 255); (0, 255,0); (255,0, 255);
(0,0, 255); (255, 255,0). The spectrometer exposure
time 7, was fixed and was equal to 100 ms. The color
change period on the screen T was selected to be 5 s
to register spectrum corresponding to a signal of one
color (without mixing due to time offset) at the first
stage of measurements. The period 7 was fixed at
100 ms at the next stage.

Spectra registered during the measurements
were “mixed” from initially selected color pairs due

12
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to time displacement. The percentage contribution
of each of the colors to the “mixed” spectra was
calculated with the method for evaluating the com-
position of a spectrum mixture (active set algo-
rithm, [10]). Thus, the out-of-sync time needed could
be estimated.

Images and spectra merging

Two RGB images are allocated for each spec-
trum: a frame of the beginning and a frame of the
end of spectrometry. These are two images shifted
relative to each other in time by the spectrometer ex-
posure value (with an error caused by the out-of-sync
time).

Merging of two images described above with
common panoramic image generation can be made
after radial and tangential distortion effects cor-
rection (for example, with the use of ChArUco
method, [11]). This merging task was performed
using the method of forming panoramic images
based on key points detection [12]. Special algo-
rithms (detectors) were used for this. The numeri-
cal characteristics of key points in doing so are
determined using other computing algorithms —
descriptors, where a descriptor is a kind of mathe-
matical construct (usually a vector) that describes
a key point in some way and allows to compare
different points with each other [11]. The ORB
detector (Oriented FAST and Rotated BRIEF),
the FREAK descriptor (Fast Retina Key-point)
and the Hamming matching method were used
as algorithms for searching and describing key
points [11]. A panoramic image merged from two
frames is the result of this stage.

The part of image matching to the spectro-
metry area can be defined for any image registered
with the VSD since the spectrometer FOV is ri-
gidly connected with the observation camera FOV.
In this case, for the panoramic image obtained
at the previous stage, two regions can be distin-
guished. The actual spectrometry region bound to
the RGB image becomes known after combining
such regions (with the inclusion of the entire area
between them).

The steps described above were repeated for
the data set registered during the experiment. Com-
parison of videospectral data and UAV location
data by timestamps was the last stage of UASV
data preprocessing. Thus, each panoramic image was
assigned with the coordinate of the UAV for the
further photospectral data geotagging possibility.

Results of experimental studies and
their discussion

The flight experiment was conducted on the
territory of the educational geographical station of
Belarusian State University “Western Berezina” to
evaluate the spatial resolution of the cameras from
the UASV on November 6-11, 2022. Data record-
ing altitudes varied from 50 to 200 m (different
cameras require different shooting altitudes due to
different theoretical spatial resolutions). The values
calculated with the use of Table 1 and experimen-
tally obtained angular spatial resolution values esti-
mation (0) and their SD (o) for various cameras are
presented in Table 3.

Table 3 shows that theoretical cameras spatial
resolution may differ significantly from the ex-
perimental value. Thus, the theoretical resolution
differs from the experimental one for the Zenmuse
H207T wide-angle camera by 30 %. Meanwhile, the
relative extended uncertainty of angular resolution
for 95 % confidence probability was 14 %. The
theoretical resolution for the Zenmuse H20T ther-
mal imaging camera differs from the experimental
one by 20 %. The relative extended uncertainty of
angular resolution for 95 % confidence was 7.7 %.
Various factors may be the reason for the differ-
ences in theoretical and experimentally obtained
resolutions: features of the frequency-contrast
characteristics, the quality of the lens, the accuracy
of its installation, as well as the influence of exter-
nal factors.

An experiment to evaluate the spatial an-
gular resolution was also conducted while the
UAYV is moving at a speed of 5 m/s in addition
to the static mode experiment. Further sequential
measurements were carried out in static and dy-
namic modes in similar light conditions. The re-
sults of the resolution estimates for the Zenmuse
H20T cameras (0) and their SD (o) are shown in
Table 4.

Table 4 shows that angular spatial resolution
relative difference for various measurement modes
was 6.9 % for a thermal camera and 1.6 % for a
wide-angle camera. Meanwhile, standard devia-
tions of the values were comparable or higher than
the resolution difference. This suggests that the
spatial resolution deterioration caused by the shoot-
ing equipment carrier movement at a speed of up to
5 m/s can be ignored in experiments with the Zen-
muse H20T camera.
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Table 3

Comparative table of theoretical and experimental angular spatial resolution values for different

cameras in static mode

VSD Observation Camera

1080 Zenmuse H20T (Wide) Zenmuse H20T (Thermal)
Camera ( p)
0, deg. o, deg. 0, deg. o, deg. 0, deg. o, deg.
Theoretical 0.0100 - 0.0303 - 0.0416 -
resolution
Experimental 0.0211 0.0016 0.0392 0.0028 0.0499 0.0020
resolution
Table 4
. . . . 3001 — Color (0,255,255)
Angular spatial resolution values in static and 250 __ Color (0,255,0)
dynamic modes experimental results 200
Zenmuse H20T Zenmuse H20T \g, 150 -
Camera (Wide) (Thermal) 2 100d
<
0,deg. o,deg. 0,deg. o,deg. 50
Static 0.0473 00027  0.0485  0.0016 0
mode
Dynamic o o4e1 00046 00520 0.0032 300400 500 600 700 800 900
mode Wavelength (nm)
a

An experiment to find out-of-sync time for the
VSD observation camera and the VSD spectro-
meter was made. The measurements of the time-
varying test screen were carried out. Spectra of
“pure” colors were recorded, as well as “mixed”
from pairs of initially selected colors due to time
displacement.

The out-of-sync time evaluation is shown by the
example of a mixture of two colors pair spectrum:
(0,255,255) and (0,255,0). Figure 4 shows spectrum
of screen with colors (0,255,255) and (0,255,0)
in “pure” (Figure 4a) and “mixed” (Figure 4b)
forms. Figure 5 shows a time diagram correspon-
ding to the registration of spectrum shown in Fi-
gure 4b. Time moments ¢, ¢, and ¢, shown in this
figure are the moments of color change in camera
images. Time moments #; and ¢; are the moments
of the beginning and the end of spectrometry. The
percen-tage of the energy component in the spectrum
can be used as a percentage of the particular color
type re-gistration time for time shifting evaluation,
because the color change period T was equal to the
spectro-meter exposure time ¢, in the experiment.
Thus, it is possible to evaluate the out-of-sync time
for each spectrum in the recorded data series.

1504 — Mixed colors:
23 % - (0,255,255)
120 - 77 % - (0,255,0)

ADC (units)
W (o)) O
(e o S

(=)
1

300 400 500 600 700 800 900
Wavelength (nm)
b

Figure 4 — “Pure” (a) and “mixed” (b) spectra registered
in the out-of-sync time evaluating experiment

(0,255,255)  (0,255,0)
E B

5 g B iy ts t, ms

Figure 5 — Unsynchronized data registration timing dia-
gram
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Data registration have been carrying out for
30 min. After analyzing the entire volume of infor-
mation, it was found out that the out-of-sync time
was on average 128 ms. It changed by an average
of 15 ms during the entire time of the experiment.
Thus, the FOV displacement caused by a synchroni-
zation error (Figure 6) was average from 0.71 pixels
at a UAV speed (V) of 1 m/s (with a SD ¢, equal
to 0.56 pixels) to 3.56 pixels at a UAV speed of
5 m/s (with a SD G equal to 2.79 pixels). The FOV
displacement Ay, (with a SD o¢; ) in the direction
perpendicular to the average velocity vector may be
caused by the UAYV roll angles changes (the vibra-
tion isolation used in the UASV design at the VSD
installation site is not enough to compensate for
the UAV rolls), as well as wind load. This calcu-
lation assumes that the displacement velocity in
the direction perpendicular to the average veloc-
ity vector is equal to the modulus of the average
specified UAV flight speed. In this case, with the
flight altitude of 100 m, the UAV speed of 1 m/s
and the spectrometer exposure of 100 ms, the FOV
position relative accuracy considering synchroni-

zation errors was:
S—2AS" —2AS” j k(l j

e =
' [S +2AS" +2AS?
=0.937+0.099,

where § is the area of the spectrometer’s FOV
(in pixels) after its binding to the RGB image;
AS™" is the spectrometer FOV area change caused
by displacement due to synchronization errors;

S—2AS} —2AS

+ —
S+2AS; +2AS2

(€)

AS;" is the spectrometer FOV area change caused by

the uncertainty of the FOV displacement; £ is cover-
age factor for 95 % confidence probability used in
the extended measurement uncertainty calculation.

Aw  Ax

w

, AS

=

Figure 6 — Uncertainty of binding the spectrometer field
of view to the RGB image during the UAV movement:
1 — spectrometer field of view in the data registration start
moment; 2 — spectrometer field of view in the data regis-
tration end moment; w — spectrometer field of view size in
the UAV flight direction; Aw — spectrometer field of view
bias caused by UAV movement

Videospectral data registered in flight experi-
ment needed to be preprocessed. The video se-
quence data were converted first to pairs of ima-
ges, and then to the form of geographically linked
panoramic images. The direction and magnitude
of the offset between the two images allow deter-
mining the position of the spectrometer FOV in
the panoramic image (Figure 7), since the spectro-
metry area is linked to each of the images with an
accuracy determined only by the VSD synchroni-
zation. It is also possible to generate a panoramic
image with several spectrometry regions attached
to it after merging together several images (Fi-
gure 8).

Figure 7 — Combining images with the spectrometry areas linking: 1 — spectrometrication starting frame; 2 — spectro-

metrication ending frame
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Figure 8 — Videospectral device data combining: con-
nected image (a) and reflectance spectra corresponding
selected areas (b)

Ground-based registration of solar radiation
reflection spectra from the MS-10 milk glass was
carried out using the FSR-02 photospectroradiom-
eter with the “Calibrovka” hardware-software sys-
tem [13]. It was made synchronously with flight
measurements in the flight area and was needed to
obtain the spectral brightness coefficients based on
the spectrometry results. The FSR-02 photospec-
troradiometer has spectral resolution and spectral
range similar to the VSD spectrometer. The data of
both spectrometers was recalculated into the energy
brightness spectral density values using their radio-
metric calibrations. After that, the spectral brightness
coefficients spectra of the underlying surfaces were
calculated.

Methods based on the use of key points detec-
tors and descriptors cope well with the task of merg-
ing images into a panoramic image. The average de-
viation of the offset between key points Ax,, when

merging images accounting the shooting equipment
distortion correction, is 2.29 pixels (with a SD o,
equal to 1 pixel). It is 1.53 pixels (with a SD of
0.48 pixels) while determining the displacement
magnitude in the region close to the spectrometry
area. These values include the displacement both
along the axis collinear to the average velocity vector
and along the axis perpendicular to this vector. Then,
by analogy with (3), at the flight altitude of 100 m,
the UAV speed of 1 m/s and the spectrometer expo-
sure of 100 ms, the FOV position relative accuracy
considering merging errors was:

(s

where AS,, is changes in the spectrometer’s FOV
area caused by displacement due to merging errors.

The dependence function of the general uncer-
tainty value of the spectrometer FOV binding to the
RGB image was taken as the sum of independent
variables: a variable considering merging errors and
a variable considering synchronization errors. In this
case, basing on (3) and (4), the total relative accuracy
of the spectrometer FOV to the RGB image binding
was:

€=0.849 £ 0.116.

S—2AS,

S —2AS;
S+2AS

S +2AS!

= +

m

] =0.910+0.058, (4

Conclusion

The adaptation of existing techniques and rec-
ommendations for the spatial resolution of UAV
cameras determining was carried out in the course
of flight experiments with the unmanned aerial
spectrometry vehicle. It consisted in considering
several standards for determining the characteristics
of photosystems, in the transition from determining
the linear resolution per pixel to determining the
angular resolution. It also allowed evaluating the
accuracy of measurement results. The discrepancy
between the experimentally obtained values and the
theoretical values of the angular spatial resolution
calculated on the cameras factory characteristics
basis was revealed as a result of determining the
unmanned aerial spectrometry vehicle cameras spa-
tial resolution. This suggests the need for an experi-
mental assessment of the shooting equipment spa-
tial resolution to identify the real characteristics of
the cameras. The proposed adaptation of the spatial
resolution estimation technique can be used in sys-
tems similar to the unmanned aerial spectrometry
vehicle.
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The spectrometer and the videospectral device
observation camera out-of-sync time was determined
using the developed method of software synchroni-
zation. The out-of-sync time was 128 ms. This made
it possible to correct the time of data registration,
which led to a decrease in the standard deviation
value of the synchronization error from 142 ms to
15 ms. The proposed way of out-of-sync time esti-
mation for various sensors of videospectral systems
can be used in systems similar to the unmanned aeri-
al spectrometry vehicle.

A method for obtaining the unmanned aerial
spectrometry vehicle data in the photospectral rep-
resentation was developed in the course of the study.
It provides the spectrometer field of view to
RGB images binding with a relative accuracy of
84.9+11.6 %. Combining a set of photospectral
images into a single cross-linked image allows the
formation of sparse hyperspectral images. Thus, the
unmanned aerial spectrometry vehicle is a promis-
ing system for getting remote sensing data for a wide
range of the Earth surface studying and monitoring
tasks.
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NHTes1eKTyaJIbHBII CeHCOP JJI51 H3MEPUTEIbHBIX CHCTEM,
padoTaIIMX MO0 cXeMe CHHYCOUIAJTIbHOE BO30Y:KIeHne —
OTKJIMK

B.A. MuxkureBu4, A.U. CBuctyH, A.B. Camapuna, K.B. [Ianreneen, A.JI. ’Kapuun

bBenopycckuii nayuonanbHulil mexHuueckutl yHugepcumen,
np-m Hezasucumocmu, 65, 2. Munck 220013, benapyco

Tocmynuna 08.02.2023
Ipunama k newamu 15.03.2023

WzmeputenbHble TPUOOPHI W CHCTEMBI, COJCpKAIIUE JIATUYUKH, TpeOyrolre CHHYCOUIATbHOE
BO30YKJaroIlee BO3JICHCTBHE, MIMPOKO HCHONB3YIOTCS B HH(OPMAIMOHHO-U3MEPUTEIBHON TEXHUKE Kak
B IMPOU3BOJICTBECHHLIX YCJIOBUAX, TaK U B HCCHGHOBaTeHLCKOﬁ ITPaKTHUKE. B xauectBe IMPUMEPOB MOXKHO
MPUBECTU PA3JIMYHBIC THUIIBI MeTaJ’[J’[OHCKaTeHeﬁ, BUXPETOKOBBLIC )Ie(beKTOCKOHI)I, AHAJIN3aTOPBI JKUAKUX CPEH,
JJIEKTPOMETPHI C TMHAMHYECKUM KOHJIEHCATOpOM U Ap. Llempio paboTs sBsIack pa3paboTKa ONTHMAIBHOM
APXUTCKTYPHI 1 aJITOPUTMOB pa6OTBI HWHTCIICKTYaJIbHBIX CCHCOPOB, NPCIHA3HAYCHHBIX JJI UCITOJIB30BaHU A
B M3MEPHUTETBHBIX CHCTEMAaX, paOOTAIOMINX 110 CXeME CHHYCOMAATbHOE BO30YXK/IEHNE — OTKITHK.

B macrosimeii pabore onmucaH mMpeayioKeHHBIH aBTOpAaMHU MOIXOA K MOCTPOCHUIO MHTEIIIEKTYaIbHBIX
CEHCOPOB Ha 0a3e COBPEMEHHBIX MUKPOKOHTPOJUIEPOB, OTINYATEIHHON 0COOEHHOCTHIO KOTOPOTO SIBISIETCS
HEMPEPBIBHAA I'CHEpALUA CUHYCONJAJIbHBIX BO3HeﬁCTBHﬁ 1 CUUTBIBAHUEC OTKJINKOB B (bOHOBOM pPEeXKUME, a
TaK)Ke BBICTABIIEHUE (PITarOB TOTOBHOCTH /IS 00OpaOOTKY TaHHBIX B OCHOBHOM ITPOIIECCE MUKPOIIPOLIEccopa,
41O obecreunBaeT OecriepeOOoiHOE BBITTOJHEHHE (OHOBBIX MPOIECCOB, TJIABHBIM M3 KOTOPBIX SIBISETCS
TeHepalys CHHYCOUIaILHOTO BO30YK/IAOIIET0 BO3ICHCTBHSL.

Jannupii  momxox  ompoOoBaH MpH pa3pabdoOTKe  CHCTEM  KapTHPOBAHHUA  IOBEPXHOCTEH
3apAA09YBCTBUTCIIBHBIMA METOIaAMU, TAKMMHU KaK 30H/Q KGHBBI/IHa, Ha OCHOBE IMHAMHUYCCKOI'0 KOHACHCATOpAa,
1 30H] TOBepXHOCTHOH (oT0-D/[C mitst cirydast moTympoBOTHUKOB.

KuroueBrble cjioBa: WHTEIIEKTYaIbHBIN CEHCOP, CHHYCOUIAThHOE BO30YKICHNE — OTKITUK, BUOPUPYIOTHIA
KOHZIeHcaTop, 30H KenbBuHa, 3001 moBepxHOCTHOH (poTo D/IC.
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Intelligent Sensor for Measurement Systems with Sinusoidal
Excitation - Response
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Abstract

Measuring devices and systems containing sensors that require sinusoidal excitation are widely used in
information and measurement technology both in production conditions and in research practice. Examples
include various types of metal detectors, eddy current flaw detectors, analyzers of liquid media, electrometers
with a dynamic capacitor, etc. The aim of the work was to develop the optimal architecture and algorithms
for the operation of intelligent sensors intended for use in measuring systems operating according to the sinu-
soidal excitation — response scheme.

This paper describes the approach proposed by the authors to the construction of intelligent sensors
based on modern microcontrollers, the distinctive feature of which is the continuous generation of sinusoidal
excitation and reading responses in the background, as well as setting the readiness flags for data processing
in the main process of the microprocessor, which ensures uninterrupted execution of background processes,
the main of which is the generation of a sinusoidal excitatory action.

This approach has been tested in the development of charge-sensitive surface mapping systems, such as
the Kelvin probe based on a vibrating capacitor, and the surface photo voltage probe for the case of semicon-
ductors.

Keywords: intelligent sensors with sinusoidal excitation - response, vibrating capacitor, Kelvin probe, sur-
face photo voltage probe.
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Beenenue

Yame Bcero TMOHSTHE «HUHTEIUICKTYalTbHBIN
CEHCOp»  HCIONB3yeTcss il 0003HaueHHS
JaTYNKOB HOBOTO MOKOJICHUS, KOTOpbIE
UCTIONB3YIOT ~ COBPEMEHHBIC  BBIYMCIHTEIIBHBIC
BO3MOKHOCTH M 0oJiee CIOXKHBIC aJITOPUTMBI
00paboTKu nH(pOopMaIuH, TTO3BOJISIOIIIHE
YIAYYIIUTh UX (YHKIMOHAIBHBIE XapaKTEPUCTUKH.
CoBpeMeHHBIE MHTEIUIEKTYaJIbHbIE CEHCOPEI

00J7a/lal0T TaKMMH YHUKAJIFHBIMHA CBOWCTBAMHU Kak
CaMOKaJTMOpPOBKA, CAMOJMATHOCTUKA W aJalTallus,
a  TaKkKe  CIIOCOOHOCTHIO  KOMIIEHCHPOBAThH
U3MEHEHUs] BHEUIHE cpenpl. Mcxonas w3 aHanusa
M0JTy4aeMbIX JTAHHBIX HMHTEJUIEKTY JIbHBII
CEHCOp TIO3BOJIIET OO0eCIeunBaTh HWCTHHHOCTD
U3MEPEHU U BO3MOXKHOCTH B3aUMOJIEHCTBUSI C
JIPYTUMH ~ WHTCIUICKTYAIbHBIMA ~ yCTPOHCTBAMHU.
Wudopmanmonnass ~ obpadotka  obecrieynBaeT
VIY4IICHUE U WHTEPIPETAIINI0 COOPAHHBIX JaHHBIX,
a TaKKe MaKCHUMHU3aIHI0 3()(PEeKTUBHOCTH CHCTEMBI
MOCPEJICTBOM HOPMHUPOBAHMSI W CXKATUS JaHHBIX,
oOHapyXCHUE COOBITUS M IPUHSATHUE pelneHus [1-2].

[osiBienue Ha pBIHKE OBICTPOACHCTBYIOIIUX
U HEJOPOTUX BCTPOCHHBIX MHKPOIMPOILIECCOPHBIX
CPEIICTB TPUBENIO K TMOSBICHUIO HOBOTO IOKOJIE-
HUS CEHCOPOB, B COCTaB KOTOPBIX BXOIUT MHKPO-
npoueccop. Takue HHTEIEKTYalbHbIE CEHCOPDI
MIO3BOJISIIOT  OCYILECTBIISATh  CIIOKHYIO  O00pabOTKY
MOJIYYCHHBIX CUTHAJIOB C YYETOM HEJIUHEHHOCTEU U
MIOCTOPOHHUX BJIMSHUM, a TakKe U3BJICKaTh U3 HUX
0JIe3HYI0 MH(OPMAIMIO 00Jiee BBICOKOTO YPOBHSL.
WHrennekryanbHble CEHCOPHI TaKKE IMO3BOJISIOT
paloHalFHOE W3MEHEHHE PEeKUMOB pabOThl Ha
OCHOBE aHaju3a IMOoJIy4aeMbIX curHanoB. Kpome
TOTO, OHU O0ECIHEYMBAIOT JYIUICKCHYIO Tepenady
rH(pOpPMAINY Yepe3 MUHBI JIOKATFHOTO YIIPaBICHHUS,
YTO MOMKET OBITh WCIIONIB30BAHO [UTS TIepeladyn
MTOJTyYeHHBIX JAaHHBIX, W3MEHEHHS KOH(UTYpaIiu
W yAaNEHHOTO TECTUPOBAaHWS W  KaTHOPOBKH
HUHTEJJIEKTYaJIbHBIX CEHCOPOB.

WsmeputensHple  TpUOOpPHI W CHCTEMBI,
colep)Kamue MaTIuKd, TPEOYIoIne CUHYCOHIAh-
HOe  BO30OyXKmamImiee  BO3ICHCTBHE,  ITHPOKO
HCIIONB3YIOTCS B WH(OPMAIIMOHHO-U3MEPUTEIIBHON
TEXHUKE KaK B MPOW3BOACTBECHHBIX YCIIOBHUAX, TaK
U B HCCIENOBATENIbCKOM TMpakThke. B KauecTse
MPUMEPOB MOXKHO TIPUBECTH PA3THYHBIC THUITBI
METAJJIOUCKATENIe, BUXPETOKOBBIX aHAJIN3aTOPOB
METAJIJIOB, AHAJU3aTOPOB YKUJKHUX CpEll, IJIEKTPO-
METPOB C TMHAMUYECKUM KOHJIEHCATOPOM H JIp.

Llenpto  Hacrosimed  pa®oOTBHI  SABISIACH
pa3paboTKa ONTHUMANBHONH AapXUTEKTyphl M airo-
PUTMOB pPabOTHl HHTEIUIEKTYalbHBIX CEHCOPOB,
NpeJHa3HAYeHHBIX IS HCIOJb30BaHUS B H3Me-
PHUTENBHBIX CHCTEMax, paboTalomMX IO CXeMe
CHHYCOUAAITBHOE BO30YKI€HHE — OTKIIHK.

O0001IeHHAs APXUTEKTYPa CEHCOPOB,
PatoTAIONUINX 1O CXeMe CHHYCOHIAIbHOe
B030Y:K/1eHHE — OTKJIUK

Ha pucynke 1 npencrasnena o600ménHas cxe-
Ma H3MEPUTENBHBIX YCTPOWCTB, PabOTAIOIINX 10
CXeMe CHHYCOWIAIbHOE BO30YXKJICHUE — OTKIIHUK.
B Takux yctpoiicTBax reneparop Bo3OyxaeHUs (3)
3agaét TpeOyeMyl0 YacTOTy CHHYCOHMJIAIbHBIX
KoJIeOaHU#, KOTOpble C MOMOIIBI0 jpaiiBepa (1)
CO3JIAI0T CUHYCOW/IabHOE BO30YyKaeHue (Husu-
YeCKHUX TapaMeTpoB obOpasna. OTKINK (PU3NIECKUX
mapaMeTpoB Ha BO30YXK/ICHHE PETHCTPUPYETCS
COOTBETCTBYIOIIMM  JaTYMKOM U  YCHIIMBAETCS
npenycunurenem (2). [lanee curnan momaércs Ha
(ha30uyBCTBUTENBHBIN ycuauTenb (4), Ha KOTO-
PBIi Takke MOJaéTcsi ONMOPHBIA CHTHAI OT IeHepa-
Topa Bo30yxaenus (3). Kak npasuio, ¢pasouayBcTBH-
TeJIbHBIN YCWINTECIIb OCYUICCTBIACT CHHXPOHHOC
JIETEeKTUPOBAHNE CUTHAJIA U MTOCTIEIYOIee HHTETPH-
poBaHHUE, T. €. Ha €ro BBIXOJE IOJyJaeTcs Hamps-
JKEHHE, TIPONIOPLMOHATBEHOE aMILIUTYIE IEPEMEHHOTO
CUTHAJIA, NPUYEM YBEIMYEHHUE BPEMEHU WHTEIpU-

poBaHus YBCJINYUBACT HOMeXOSaHII/IIHéHHOCTB
CHUCTCMBI.
1 N )
_ 3
> Excitation : [—
’ : Oscillator 5
ci Driver .
21 Microprocessor
<\
) Or
i Computer with
v 4 Data Acquisition
P
o robe . Lockiln Board
E 2 Amplifier
w N\ 4 N y
Pucynok 1 — O600ménnas  cxemMa  H3MEPHUTEIHHBIX

YCTPOHCTB, pabOTAIOMINX IO CXEME CHHYCOUJAIBHOE

BO30YXKIEHHE — OTKIHK: | — paiiBep BO30YKICHHS;
2 — IpeyCUIINTEND; 3 —reneparop  BO3OYXKICHUS;
4 — (ha304yBCTBUTENBHBIA yCWINTEIb — HHTETPATOP;

5 — mukpormporieccop wiu [1K ¢ mmaToii cOopa naHHBIX

Figure 1 — Generalized structure of measuring devices
with sinusoidal excitation — response: 1 — excitation driv-
er; 2 —preamplifier; 3 — excitation generator; 4 — phase-
sensitive amplifier — integrator; 5 — microprocessor or PC
with data acquisition board
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[lomyyenHoe HampsbkeHue panee  ouudpo-
BBIBACTCSA ALII MUKPOKOHTpOJLIEpa 1SN0
aroit coopa maHHbIX (Data Acquisition Board)
MepcoHAIbHOTO KoMITbioTepa (5). 3areM MOIy4eH-
Hast uH(popManus o0pabaThIBaeTCs KOMIIBIOTEPOM
nu/unu  MukpokontposuiepoMm. Ilo cyrtu, B Takmux
CUCTEeMax  OCHOBHas  00paboTKa  CHTHaJOB
OCYILIECTBIISIETCS] CPECTBAMH aHAJIOTOBOW 3JIEKTPO-
HUKHM, a yXe IoJydeHHas uHdopmauus o mapa-
MeTpax CHHYCOMJAIbHOTO OTKIIMKA (aMIUIUTYJIE W,
npu HeoOXoauMocTH, (asze) ouu(poBHIBACTCS IS
JagpbHEHTIIe 00pabOTKN M BU3YaTH3aIiH.

Tako# MoIXo/a K MOCTPOSHHUIO U3MEPUTEIIBHBIX

YCTPOMCTB HMMEET JOCTATOYHO CJOXKHYI0 U
TPOMO3JKYIO  apXUTEKTYpy, aHAJIOTOBbIE IIENH
MOJABEPKEHbl JEUCTBUIO IIYMOB M HAaBOJOK, a

TAaKXKEe OHM MMEIOT HU3KOE OBICTPOJECHCTBHE H3-32
HEOOXOIAMMOCTH  HMHTETPHUPOBAHUS  CHUTHAJIOB.
BrictpozeiicTBe 0COOCHHO BaXKHO B cllydae NpH-
MEHEHHUSI TAaKHX M3MEPUTEJIBHBIX YCTPOWCTB B
CKaHUPYIOUINX CHUCTeMax, IO3BOJSIONINX KapTH-
pOBaTh U3MEPSIEMBII MapameTp.

APXHMTEKTYPa HHTEJJIEKTYAJIbHBIX CEHCO-
POB, padoTaOIIMX 0 CXeMe CHHYCOMIAJIb-
HOe BO30Y:K/IeHHe — OTKJIHK

C BBIXOJOM Ha pBIHOK 32  pa3psAHbIX
MHKpPOKOHTpOJuIepoB ¢ smapom Koprekc (Cortex)
y  pa3pabOTUYMKOB  H3MEPUTENBHOH  TEXHUKH
OTKPBUIUCh HOBBIE BO3MOYKHOCTH, YTO TIO3BOJISIET
MOJTHOCTBIO W3MEHHUTh apXUTEKTYpy H3MEPUTEIlb-
HBIX YCTpPOHCTB. B Takux MHKPOKOHTpOJUIEpax
IMOMHUMO MOIIHOTO 32 pa3psHOrO0 BBIYUCIUTEIb-
Horo siipa (CPU), mnosBossitoimero o0padoTKy
BIUTIOTH A0 64 pa3psAHbIX YKCEN C MJIABAIOIIEeH 3a-
MIATOHN, COACPKUTCS IHUPOKUN HAOOp aHAIOTOBBIX
u 1uppoBbIX TepupepuitHbIX ycTporcTB. Kpome
TOTO, B HUX MOSBHWINCh MOIYJIH, KOTOPBIE paHee
UMEITUCh TOJILKO B IPOIecCcOopax MepCOHANTBHBIX
KOMIIBIOTEPOB, a HMMEHHO apupMETUYECKUil Co-
MPOIECCOP, MHOTOKAaHAIBHBI TPAMON  JOCTYII
Kk mamsata (DMA) w CnoXXHBI MHOTOYPOBHEBBIN
00paboTUMK MpepbIBaHUN. DTO MO3BOJISIET UCIOJb-
30BaTh CBS3KHU TNepu(epHIHBIX YCTPOUCTB B (POHO-
BoM pexume 0e3 ydactusi CPU, T.e. KOHTpOJIJIep
DMA wucnone3yercs JUIsi  BBICOKOCKOPOCTHOTO
MepeMEIICHHsI TaHHBIX MEXIy nepudepueil n/mmm
namaThio 6e3 yuactust CPU.

B macrosimeir paboTe HCIOJIB30BaH MHKPO-
KoHTpoiutep  kommanuu ST Microelectronics

W3 HHU3KO MoTpedistoniero cemeiicta STM32L4,
a wumenHo STM32L476 [3,4]. Bweibop Hu3KO
MOTPEOSAIONIET0 MHUKPOKOHTpOJUIEpa OOYCIIOBJICH
Oojilee HHU3KUM YPOBHEM COOCTBEHHBIX DJICKTPO-
MarHUTHBIX IIYMOB [0 CPaBHEHHUIO C 0a30BBIMH.
Kpome Toro, B HEM 3HAYHWTEIHHO pAaCIIUPEH
(yHKIMOHAN Tepu(EepUHHBIX YCTPOHCTB, M, 4TO
O0COOCHHO Ba)XKHO, BBEJCH alllapaTHBI OBEpCaMII-
JUHT aHajgoro-nmudpoBeIX mpeodpazoBateneii (ADC)
MO3BOJISIIONINN  YBETUUYHUTh Pa3psSAHOCTh CO CTaH-
mapTHeIX 12 1o 16 O6WT, T. €. MOBBICHTH TOYHOCTH
U3MEPEHUM.

Hcnonb3zoBaHue MUKPOKOHTPOILIEPA TO3BOJSET
W3MEHUTh TPATUIMOHHYIO CXEMy H3MEpPEHHH.
B mamem ciyyae mO3BOJSIET HEOPEPBHIBHO Te-
HEPHUPOBATH CHUHYCOHJIATBHOE BO30YXKICHUS
C OJIHOBPEMEHHOW  OIM(PPOBKON OTKIUKA U
MOJlydYeHHbIE MAacCHUBBI JTaHHBIX 00pabaThiBaTh
B CIMHOM YCHJIMTEIEHO 00pabaThIBAIONIEM TPAKTE
JUISL TIOJIYYCHHs] KOHEYHBIX pe3yJlbTaToB. Takoi

noaxod  HMCKIIKOYACT IOIpEIIHOCTH, IMPUCYIINEC
TpaAUIUOHHBIM U3MECPUTCIISIM, U MOXKCT OLITH
HCITIOJIb30BaH B Ppa3JInYHbIX yCTpOfICTBaX,

paboTaromux 10 cxeme BO30YyKICHHE — OTKIIHK,
HaNpUMeEpP, B U3MEPUTENSIX KOHTAKTHON pa3HOCTH
MOTEHIIMAIOB €  JMHAMHUYECKHMM  KOHAEHCATO-
pom (3ou1 KenbBuna).

Ha pucynke 2 mpencraBiieHa mpejiaraemMas
cXeMa H3MEPHUTENbHBIX YCTPOMCTB, pPabOTAIOINX
[0 CXeM€ CHHYCOHMJAIbHOE BO30YKIECHHE — OTKIHK
C  WUCHOJB30BAaHWEM  MHUKpPOKOHTpoiurepa  S7-
M32L476. Tlpu e& pa3paboTke cTaBWIACh 3aaadya
MaKCHUMAallbHOTO HCIIONIb30BaHUs TepuepHifHbIX
YCTPOHCTB MUKpOIpPOLIECCOpa ISl YIPOIICHUS
BHCIIHUX aHAJIOTOBBIX AJICKTPOHHBIX Y3JIOB.

W3 BHEmIHWX aHAJIOTOBBIX Y3JIOB OCTaBIICHBI
TOJBKO TaKue creuu(puuecKkue, Kak TNperyChn-
TeNb JaT4WKka W JpailiBep Bo30yxkaeHus. B cBoro
odepellb UCIONB3YeTCsl BHYTPEHHHE OIlepalioH-
HbIC YCHIIUTEIIM C MPOrPaMMHBIM YIPaBICHUEM
KOY(PPUITUECHTOM YCHJICHHS MHUKPOIIPOIIECCOPOM,
CUTHAJI C KOTOPBIX IIONAETCS HAa BHYTPEHHUU
AUII (7), tme ocymectBusiercs ouuppoBKa Hec-
KOJIBKUX 3aJaHHBIX IIEpruoJa0B CHUHYyCOUIaJIb-
Horo curHasia. Yacrora BO30yXaeHHS 3amaéTcs
TaiimepoM (6), a CHHYCOHIAIbHOE BO30YyKIaromee
HaNpsDKEHHE TEeHEePHPYeTCs C  HCIOJIb30BAHUEM
mpea3arpy>KeHHON TaOIUIIBl OTHOTO Nepruojia CHHY-
ca (N, = 128 Touek u Gonee), JaHHBIE C KOTOPOTO
yepe3 kaHan | mpsmMoro moctyna K mamsTte (3) u
TIOJ1 yTIPaBIICHUEM TaliMepa TOJIAI0TCs Ha TeHepaTop
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MIUPOTHO-UMITYIbcHON Momymsnuy (IHMM) wnmm  mpu 9TOM TONyYeHHBIE 3HAYEHHS depe3 KaHaur 2
Ha LAII (4). Betoop ILIMM npeamoutuTeneH, T. K. NOPSAMOTO JAOCTyma K mamsaTH (8) 3amoimHSIOT
B 9TOM CJIydae CO3AaéTCsl MEHbIIE dIeKTpoMarHuT-  Oydep maHHbIX (9). YkazaHHbIE BBIIE MPOLEAYPHI
HBIX HaBOJOK C 4acTOTOH Bo30OyxknaeHus. Taiimep  BBINONHAIOTCS B (DOHOBOM pexuMe 0e3 ydacTHs
TeHEpUpYeT HMITYIbChl 3alycka Kak reHeparopa mpoueccopa (10). Ilo oxonyanuu 3amonHeHus Oy-
1M, tak u AUIL, npuuém MM 3amyckaercst ¢epa [JaHHBIX BBICTaBIsieTcs (iar TOTOBHOCTH
3aqHUM  (POHTOM  3aIlyCKalolIero  HMMITYJbca, JIAHHBIX, KOTOPBIA TTOCTOSIHHO IPOBEpSIETCS MpO-
a ALIl — mepemaum [5]. B Takom ciygae ALl 1meccopoM. B ciydae TOTOBHOCTH MaHHBIX IIPO-
paboTaer ¢ yCTaHOBHBIIIEMCS 3HAYCHUEM CUTHAJIA. Ieccop TMPHUCTYIaeT K WX 00paboTke, a (OHOBEHIE

B coorBercTBHMM ¢ TMPENyCTAaHOBIEHHBIM  IPOIIECCHI MPOMOIHKAIOT OTPadaThIBaTh IONydeHHE
YHUCIIOM NEPHONOB (N,,,4) HAKOIUICHHS JAHHBIX  CICIYIOLIETO [aKeTa JaHHBIX HE 3aBUCHMO OT
ANl  ocymectBusier N, *XN, O0TCYETOB,  PabOTHI MpoIEccopa.

sin periods

STM32L476

4 5
DMA Channel 1 plitet s
[ Nsin]

1
Excitation
Driver

12

PWM generator DMA Channel 3

or DAC Timer

< Exitation

8 9
7 13
o . DMA Channel 2 Data Buffer
£ ARG RIEGH Nsin x Nperiods Nsin x Nperiod L

- Uorams, o s . Yl W, i o, . o, P, . S, . W . i e =
Pucynok 2 — CxemMa H3MEpPUTENBHBIX YCTPOWCTB, pabOTAIOIMX II0 CXEMEe CHHYCOMJAJbHOE BO30YyXKIeHHE —
OTKJIIMK C UCIIOJb30BAaHUEM MHUKpOKOHTpoiuiepa STM32L476: 1 — npaiiBep BO30YKAEHUS; 2 — IIPEAYyCHINTEID;
3 —xanain 1 mpsMoro poctyna K namstH; 4 — reHepaTrop IHPOTHO-UMITYJILCHOM MOIYJISIUH MM HU(PPOAHAIOTr OBBIH
npeoOpazoBaTeinb, 5 — TabiuIa CHHYCOMAAJIBHOTO CHrHana; 6 — taiimep; 7 — aHanoro-udpoBoil npeoOpazoBaTelb
C MPOTrpaMMHPYEMbIM YCHIIUTEIEM Ha BXOJe; 8 — KaHa 2 MpsSMOro JIOCTyIa K naMstH; 9 — Oydep mpoMeKyTOUHBIX
nanHbiX; 10 —npomeccop; 11 —Oydep roToBeIX AaHHBIX; 12 —KaHaa 3 MPSMOro AOCTyHa K mamsTd; 13 —MoIyiib
BBIBO/IA JIAaHHBIX U MTOJIYYECHUSI KOMaH/

Figure 2 — The structure of measuring devices with sinusoidal excitation — response using the STM32L476 micro-
controller: 1 — excitation driver; 2 — preamplifier; 3 — channel 1 of direct memory access; 4 — pulse-width modulation
generator or digital-to-analog converter; 5 — table of sinusoidal signal; 6 — timer; 7 — analog-to-digital converter with a
programmable gain amplifier at the input; 8 — channel 2 of direct memory access; 9 — intermediate data buffer; 10 — pro-
cessor; 11 —ready data buffer; 12 — channel 3 of direct memory access; 13 — module for data exchange and receiving
commands

[locne  okoHuaHuwst  00pabOTKM  JaHHBIX Mopayne  BbIBOAA JaHHBIX U TOTYYCHHS
MPOLIECCOp 3anoJIHSIET oydep roToBbix  KoMaHf (13) TOCTOSHHO HaXOAWTCS B COCTOS-
nmaHebiX (11) W BeICTaBIseT (Quar TOTOBHOCTH, HHUW OXHUIAHWS BHEIIHUX KOMaHJ, TpU IOJyde-
KOTOPBI WHUIMAIU3UPYET 3allyCK MOJYJS Bbl- HHH KOTOPBIX OH C IOMOIIBIO €MI€ OJHOTO KaHaja
Bozma JnaHHbBIX (13) depe3 kaHanm 3 mpsAMOro JIOC- MPSMOTO JOCTyHMa K MaMSITH —pa3Meniaer ux
Tynma k mamatu (12). Takum oOpasom, mporiecc B Oydepe W  BBICTABISIET COOTBETCTBYOIIUH
repeayy JaHHBIX Ha BHEIIHWE YCTpoicTBa Takxke ¢uar. [lpomeccop mnpu oOHapyxkeHwn (iara
OCYHIECTBISICTCS. B (DOHOBOM pEeXHMME TapaieNb-  JeMU(PUPYET U BBIMOIHSICT KOMAH[IbI, YTO TaKXKe
HO C paboToii mporeccopa U (HOHOBOTO Tpollecca HE BIHMSIET Ha BBIOJHCHHE OCHOBHOTO (DOHOBOTO
MTOJTyYEHUS CIISTYIOIIETO TaKeTa JaHHbIX. nporecca.
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Ba3oBbie aJropuTMbl MUKPOKOHTPOJLIIEPA
AJIS peau3alui H3MepPUTeJbHBIX
YCTPOIiCTB, paG0TaIOLIUX 10 cXeMe
CHHYCOH/IAJIbHOE BO30YKIeHHe — OTKJIUK

OOBIYHO B MUKPOKOHTPOJIJIEPHBIX YCTPOKHCT-
Bax Ul CYMTHIBaHUS, 0OpabOTKM, BBIBOAA JAHHBIX
U Jp. HCIOJb3YETCs] TAKTUPOBAHHE CHUCTEMHBIM
taiimepoMm (SysTick), a B OoJiee CIOKHBIX CHCTEMaXxX
UCTIOJIB3YIOTCS  pa3jIM4HbIE OIEpPALMOHHbBIE CHC-
TeMbl peanbHoro BpemeHu (R70OS). B Hamewm
cllydyae HEOOXOJMM TIJIaBHBIH MPOLECC, a HMEH-
HO, TCHEPUPOBAHHE CHUHYCOWAAIBHOTO BO30YXkKIe-
HUSI C CHHXPOHHOH OLU(POBKOH  OTKIIMKA.
CunyconmanbHoe BO30Y)KIEHHE JIOJDKHO OBIThH
HETPEPBIBHBIM, YTO OCOOEGHHO Ba)XHO B CHCTe-
Max oOmamaromeld wHepmuwed. Takumm —cucTe-
MaMH  SIBJSIFOTCS  JaTYMKA C  MEXaHHYECKUM
BO30Y)KJICHHUEM, HAIIpUMEP, KAMEPTOHHbBIC AATUHKH,
MBE30JATYMKH, U3MEPUTEIN C TUHAMUYECKUM KOH-
JIEHCATOPOM M Jp., padoTarolye Ha 4acToTe MeXa-
HUYECKOTO pEe30HaHca. B Takux paTdmkax maxe
KPaTKOBPEMEHHbIC IEPEPbIBBl WJIM CABUTH (Da3bl
BO30Y)K/JAIOIIET0 BO3JICHCTBUSI MOTYT IPHUBOJIUTH
K c00sIM B pabOTe NU3MEPUTEIBHBIX CHCTEM.

B naHHOW wu3MepuUTENbHOW cUCTEME aBTOpa-
MU TIpeAjaraeTcsi OTKazaTbCs OT TPaJULHMOHHBIX
CHCTEMHBIX TalMEpPOB M OIEPALMOHHBIX CHCTEM
peaIbHOTO BPEMEHH, a JAJISl TAKTUPOBAHMS HCIONb-
30BaTh IEPHOAbI KOJEOaHMH OCHOBHOIO Ipolecca,
T. €. Bo30Oykaatouiero Bo3zzaeHcTBus. Kpome Toro,
[ocj€ OKOHYAHUS 3aJaHHOIO 4YHCIa IEPHUOJIOB
(Nperioas = 4 1 Goniee) B aMsATH MUKPOKOHTPOJLIEPA
Oyzner 3anomnteH Oypep AaHHBIX (N X N,p045 TOUCK),
U3 KOTOPBIX CpeAcTBaMH LU(PPOBOH 00pabOTKH
naHHbIX (DSP) MOTYT pacCcuMTBIBAThCS HEOOXO-
JVMbIe  TIapaMeTpbl MEPUOJMYECKOr0  CUTHAIA,
a TaKxke, B Cllyyac HEOOXOAMMOCTH, BO3MOXKHO
MPOU3BOJUTE TPEABAPUTENBHYIO (QUIBTpaluio |
HOPMAaJIM3alMIO JaHHBIX. Takoi Moaxox mo3BoJIseT
MoJIy9aTh CTAaTHUCTHUECKH oOpaboTaHHBIC TmMapa-
METpBl CHTHajla Takue, Kak amImmryaa u (asa,
a TaKKe, B CIydae HEOOXOIMMOCTH, €ro CIeK-
TpaJIbHbIE XapaKTEPUCTHKH.

Ha pucynke 3 mpencraBieHsl 0a3oBBIC
ITOPUTMBI TIPOTPAMMHOTO 00€CHeueHHsT MHUKpPO-
KOHTpOJIepa JUIsl peaju3alidd  HM3MEPHTEIbHBIX
YCTPOMCTB, pabOTAIOIIUX IO CXEME CHHYCOHUIANb-
HOE BO30YK/I€HHE — OTKIIHK.

[Tocne BKIIOYEHHST MUKPOKOHTpOJLIEpa MpO-
UCXOIUT KOHQUrypalus ero TaKTOBOH YaCTOTHI,

a 3areM KoH(Urypauus I[OPTOB BBOJa/BBIBOJA,
TaiiMepa, KOHTPOJLIEPOB MPSIMOTO JOCTYIa NaMsITH
u npepeiBanuii, AIIl, aHanoroBoro cTopoxkeBOro
kommnapartopa, LIAIl, Momyns BbIBOAA/BBIBOMA
JaHHBIX U Jp. Taxke MHULIUATU3UPYIOTCS HE0OXOo-
IuMble ¢uiard, epeMeHHsle U 0ydepsl. [Iponsso-
JIUTCS 3aIyCK (POHOBBIX MPOLIECCOB M KOHTPOJIEpa
MpephIBAaHUMN.

[Momnporpammsl npepbiBanuii  (/SP) BbINON-
HSIOT TOJIBKO MHHHMAJIBHO HEOOXOIUMBIM Habop
KOMaHJI M BBICTABJISIIOT COOTBETCTBYIOMIMK (hiar
JUIsl fajnbHeimei 00padoTKH MPOLECCOPOM.

Ecmu B mporecce M3MEpUTEIBHOTO IIUKIIA BO3-
HHUKaeT OAHO WM 0oJjee MpepbhiBaHUE OT aHAJIOro-
BOTO cTOpokeBoro kommapatopa (ISR ADC AWD),
CBUJICTENILCTBYIOIIEE O MPEBBIIICHUN CUTHAJIOM 3a-
JIAHHOTO YPOBHS, TPOIECCOP YMEHbIaeT Kodhdu-
OUECHT YCWICHHsS BHYTPEHHHUX OIEPAalMOHHBIX
YCUJIMTEJIEH, T. €. BBIIOJIHSIET CaMO MOACTPOUKY.

[Tocne BbIMONHEHHST KOHPUTYpALMK H 3aITycKa
HeoOxoauMol mnepudeprn u (GOHOBBIX MPOIECCOB
nporpaMma yXoJuUT B OECKOHEYHBIH IMKI, B KO-
TOPOM Ha MAaKCHMaJIBHOW CKOpPOCTH IIpoleccopa
npou3BoauTcst onpoc (naros. [Ipu oOHapyxkeHUH
AKTUBHOTO (hara OH cOpachIBacTCS M BBITOJHSCT-
CsS COOTBETCTBYIOIIAs TOIIpOrpaMma 0OpaboTKH,
MOCJIE BBITIONIHEHHUS KOTOPOH MPOBEpPKa OCTAIBHBIX
(u1aroB mpeKpaaeTcs 1 HauMHAETCS CIICHYFOLIUH
K onpoca ¢uiaro. Takum 006pazom, 3a OJJMH LUK
MPOBEPKHU BBINOIHAETCS 00padOTKa TOIBKO OAHOTO
aKTUBHOTO (hjiara, 6Jiarojiapsi ueMy OCyIeCTBISICTCS
paszeneHue MOANporpamMM  00paboTKH  ¢uraroB
no BpemeHu. dnarm B mporpaMme pacroyiokKeHBI
B IOpSAKE MX 3HAYUMOCTH, YTO II03BOJISET
YCTaHOBUTH YETKYIO HEPAPXHIO UX 00PaOOTKH.

WHTennexTyanbHplli CEHCOp MOXKET padoTarhb
KaKk B HEIPEPHIBHOM pPEXUME, TaK M IO 3aIpocy
U3 BHE 4epe3 mHTepdeiic BBoaa/BhiBoAa. B Hempe-
PBIBHOM PEKUME II0CJIC BBINOJHEHUS H3MEpHU-
TEJILHOTO IMKJIAa OCYHIECTBIISIETCS 3alyCK —Ciie-
IYIOLIETO H3MEPUTENIBHOTO LHKJIA, T. €. BHELIHEE
YCTPOMCTBO TOJy4YaeT JaHHbIE MOCIE OKOHYAHUS
Ka)JI0OTO M3MEpUTENbHOro IMkiaa. B 3aBucumocTH
OT TMOJydeHHOU uepe3 HHTepdeic BBOIA/BBHIBOJA
KOMaHJbpl KOH(QUTypauu aBTOMaTHYECKHH 3a-
IMYCK IPEKpallaeTcsi, M 3alyCK OCYLIECTBIIAETCS
OT BHEIIHEero 3ampoca. Takoil pexuM HeoOXoauMm
B CKAHUPYIOIIUX CHCTEMax IIPU KapTHUPOBAHUH
U3MEpPSIEMOro  Tapamerpa, TAe 3allycK H3Me-
PUTENBHOTO IMKJIA JOJDKEH  OCYLIECTBIISITHCS
MOCJIe OKOHYAHHS NIePEMEIICHUS 1aTUNKa.
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PWM —renepatop WIMPOTHO-UMIYJIBCHOW MOIYJISLIMU;
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Figure 3 — Basic microcontroller algorithms for the implementation of measuring devices with sinusoidal
excitation — response: PWM — pulse-width modulation generator; TIM — timer; ADC — analog to digital convertor;
DMA — direct memory access controller; USART — data input/output module; AWG — analog watchdog comparator;

ISR — interrupt

B HacTosLeH pabote paccMoTpeHa
TOJIbKO 0a3zoBas CTPYKTypa CEHCOpPOB Ha 0ase
MUKpOKOHTpoiulepoB cepun STM32L4. Onnako
Takie MHKPOKOHTPOJUIEPHl HMMEIOT MHOTO HHTE-
PECHBIX C TOYKH 3PEHUS] M3MEPUTEIBHON TEXHUKU
0COOCHHOCTEH 1 Iepu(epUITHBIX YCTPOHCTB.

B pabore B KauecTBe NMpHMEpa HCIOJIB30BaH
USART nnst cBsI3M C BHEIIHUMHU YCTPOWCTBaMH,
OZIHAKO MHUKPOKOHTPOJIEPHI MOAJEPKHUBAIOT IpaK-
THYECKHE BCE H3BECTHbIC MHTEpQEHChl BKIIOYAs
USB. KpoMme Toro, OH1 UMEIOT KOHTPOJLIEp AUCILIES
C CCHCOPHBIM YIpPaBJICHHUEM, T. €. YCTPOHCTBA MOTYT
ObITb aBTOHOMHBIMH C BBIBOAOM pE3YyJbTaTOB Ha
COOCTBEHHBII AWCIUICH KaKk B YUCIOBOM, TaK U B
rpadMuecKoM MpeaCTaBICHUH.

BaxubpiMM  0COOECHHOCTBIO  MHUKPOKOHTPOJI-
JIepOB JAHHOW CcepuM sBIsieTcs THOKas cucreMa
TaKTUPOBAaHUs, AMHAMHYECKOEC YIpaBlICHHE IIH-
TaHUEM, MHOXECTBO DPEXKHMOB I[TOHHKCHHOTO
norpebieHus, Habop CHEeLUANTN3UPOBAHHOM
nepudepun s paboThl B CILIIIUX PEeXUMaxX. ITO
MO3BOJISICT HE TOJIBKO CHU3UThH SHEPToNoTpeOsicHHE,
HO W CHH3UTh YPOBCHb COOCTBEHHBIX LIYMOB,
YTO HENOCPEACTBEHHO BIIMSICT HA IOTPELIHOCTD
HU3MEpPEHUN.

WnTepecHoil 0COOCHHOCTBIO € TOYKHM 3pPEHHS
WU3MEPUTEIbHON TEXHUKH SIBISICTCA  IOSIBJICHHUE
HoBoro Moxyist DFSDM [6], T. e. Moxyns uugpoBoro
uHTepdelica cUrMa-enbTa-MOAYISITOPOB, KOTOPBII
B Iape C MHUKPOCXEMOH BHELIHETO aHaJOroBOIO
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nHTepdeiicom padoraer Kkak oObaHBIH  ALIIL
MuxkpocxeMy aHaJoroBoro HHTepdeiica MOXKHO
pasMeniath B HENOCPEICTBEHHOH  ONMU30CTH
OT UCTOYHMKA CHUTHaJa U TMOIKIIOYaTh €ro
K MHUKPOIIPOIECCOPY JABYXITPOBOAHBIM  IH(PO-
BBIM KaHaJOM. DTO IO3BOJIIET 3HAYUTEIHHO CHH-
3UTh YpPOBEHb MIYMOB MHKpPOIIpOIIECCOpa, EHCT-
BYIOIIIUX HAa WCTOYHUK CHUTHATA W TPETYCHIUTEIb.
OObruHO paszpemienue BHyTpeHHuXx ALl mukpo-
MPOIIECCOPOB  OorpaHnymBaercs 12—-16 Outamu,
T. K. BBICOKHH ypOBEHb WX COOCTBEHHBIX IIYMOB
JleaeT yBeIMUYEHHE pa3penieHus OecCMBICIICH-
HeIM.  Paspemenme ALl wa ©0aze DFSDM
OTPAaHUYCHO TOJIBKO BPEMEHEM IpeoOpa3oBaHUS U
MOXeET JocTurarh 24 6ut u 6onee. Moayns DFSDM
nojgepxkuBaer turnuyHble s AL dyHkmm:
AHAJIOTOBBI  CTOPOXKEBOM  KOMITaparop, JeTeK-
TOp TIPENEeNbHBIX 3HAYEHWH W KOPPEKIHIO CMelle-
HUSL.

3akjaouyeHue

Onwucanpl OpeajaracMble aBTOPaMH IMPHHIM-
bl MOCTPOCHUSI HMHTEJICKTYaJbHBIX CEHCOPOB
Ha 0a3e  COBPEMEHHBIX  MHKPOIPOIIECCOPOB,
MPEHA3HAYCHHBIX JIISl KWCIOJb30BaHUS B H3Me-
PHUTENBHBIX CHCTEMax, padOTaoIMX [0 CXeMe
CHUHYCOWIaJbHOE BO30YKICHHE — OTKIHK, OTINYH-
TENbHOW  OCOOCHHOCTBIO  KOTOPBIX  SIBJISIETCS
HETpepbIBHAS TEHepalys BO30YXJICHHUS W CUUTHI-
BaHHE OTKJIMKOB B ()OHOBOM pEXKHUME, a TaKKe
BBICTaBJICHHE ()JIaroB TOTOBHOCTH JIsl 0OPabOTKH
JAHHBIX B OCHOBHOM IIPOIECCE MHUKPOIpOIIeC-
copa, 4ro obecrmeunBaeT OecriepeOoitHOEe BBITION-
HeHHEe (POHOBBIX MPOIECCOB.

Jannpii mozxxon onpoOoBaH MpH pa3paboTKe

CHUCTeM KapTHpPOBAaHHSA I[OBEPXHOCTEH  3apsjio-
qyBCTBUTEJIBHBIMH ~ METOJAMM, TaKMMH  Kak
3oun KenpBuHAa, Ha OCHOBE JMHAMHYECKOIO

KOHJIEHCAaTopa, W 30H] MOBEPXHOCTHOH (oTo-D/IC
IS CITydasi MOTypoBogHUKOB [7—10].

B 3aBucEMOCTH OT OCOOCHHOCTEH pa3sIUIHBIX
CEHCOPOB TMpEeIJIOKEHHAs! apXUTEeKTypa M OKOHYa-
TeJdbHAsS 00padOTKa TMONYyYaeMbIX JAHHBIX MOXET
3HAYUTENBHO OTIHYaThCcs. OMHAKO TPAKTHUECKU
BCE HEOOXOIMMBIC W3MEHEHHSI MOTYT OBITh BHECE-
Hbl Ha MPOTPaMMHOM YpOBHE, 0€3 3HAYMTEIThHBIX
M3MCHEHHUM anmapaTHOM YacTh. DTO 3HAYUTEIHBHO
YIPOIAET MPOIECC Pa3padOTKU M MOAU(PHUKAIIMU
Pa3ITUIHBIX CEHCOPOB.
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NmnyabCHBIN JIa3ep ¢ JUOAHOM HAKAYKOM JAJIs JaJIbHOMEPOB,
padoTamUX B IUPOKOM AUANA30HE TeMIIePaTyp

B.E. OpeXOBal, B.J. Kucenn?, K.A. Opexonl

1

OAO «lleneney,
yn. Maxaéuka, 25, 2. Munck 220114, Berapyco
2 o

HUL] onmuueckux mamepuanos u mexuono2utl,
FBenopycckuii nayuonanbHulil mexHuueckutl yHugepcument,
np-m Hezasucumocmu, 65, 2. Munck 220013, benapycw

THocmynuna 06.02.2023
Ipunama x newamu 10.03.2023

[IpencraBieH MPOTOTUII HMIIYJIbCHOIO Jia3epa Ha KpHUCTalle HTTPUH-aIIOMUHHEBOIO IpaHaTa
¢ wmomamn Nd*" (Nd:YAG) ¢ nuoiHOIl HAKaukoil, W3Iy4aromlero Ha JUiMHE BOIHBL 1064 HM,
JUIS TIPUMEHEHHS B COCTaBe JAJIbHOMEPOB AaBHAIIMOHHOrO Oa3upoBaHUs H aTMOC(EpHBIX JIUIAAPOB
0e3 MPUMEHEHHUS JOPOrOCTOAIIMX KOMIIOHEHTOB U TEXHOJIOTUH IIPOU3BO/ICTRA.

[IpoBenén pacyér BHIXOAHON SHEPTUU UMITYJIbCA JIA3EPHOTO M3JIyUYCHUS B PSKUME aKTHUBHOMN MO LY ISIIUH
noopotHocTH. [lomydeHbl MPOCTPAHCTBEHHBIE XaPAKTEPUCTUKU JIA3€PHOIO M3JIYYCHHUS U 3aBHCHMOCTD
SHEPIUM JIa3ePHOT0 UMITYJIbCa OT PHEPIHMHM UMITYJIbCa HAKaYKW NMPU KOMHATHON Temiieparype. [IpuBeneHsb
pe3ysibTaThl U3MEPEHUH DHEPIHU JIa3€PHOTO0 HMMITYJIbCA H3JIydaTeias ¢ JUOJHOW HAKAYKOW JUIS 4acTOT
cnemoBanus 1; 4; 12,5; 22 I'm B Teuenue 2 MuH B TeMmmeparypHoM amama3one ot -40 mo +50 °C. Crabu-
JIM3alUsl TEMIIEpATyphl MAaTpPHI[ JIA3€PHBIX IHOIOB OOECIeUHBaIach MPUMEHEHHEM 3yieMeHTa IlenbThe
€ MaKCUMaJIbHO BO3MOKHOM MOIIHOCTHIO oxJaxaeHus 30 Brt.

B uccre1oBaHHBIX AMaNa30Hax 4acToT CIICI0BAHUS JIa3ePHBIX UMITYJIBCOB M TEMIICPATYP OKPYIKAIOIICH
cpeanpl ObUIM JAOCTHTHYTHI 3HAYCHHsI SHEPrHM Ja3epHOro umiyjibca He MmeHee 80 m/Ix. Pacxomumoctsb
MIpU KOMHATHOM TeMITepaType He mpeBbIaet 1,9 mpan.

KaroueBbie ciaoBa: naszepbiii gamsHOMep, Nd:YAG, akTuBHas MOAYJSIHS JOOPOTHOCTH, IHOIHAS
HaKayKa.
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Abstract

A prototype of a pulsed diode-pumped laser based on Neodymium-doped Yttrium
Aluminum Garnet (Nd:YAG) crystal emitting at 1064 nm is presented for use in airborne rangefinders and
atmospheric LIDARs without use of expensive production technologies and components.

Actively Q-Switched laser pulse energy was estimated. Spatial characteristics of laser beam and de-
pendence of pulse energy on the pump pulse energy were obtained at room temperature. Results of diode-
pumped laser pulse energy measurements are provided within 2 min for pulse repetition rates of 1, 4, 12.5,
22 Hz at ambient temperature range from -40 to +60 °C. Laser diode arrays temperature stabilization was
achieved by the use of Peltier module with cooling capacity of 30 W.

Pulse energy values not less than 80 mJ were achieved in the studied ranges of ambient temperature and
pulse repetition rate. Laser beam divergence at room temperature does not exceed 1.9 mrad.

Keywords: laser rangefinder, Nd:YAG, active Q-Switching, diode pumping.
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BBenenue

WNmMnynbcHBIE TBEpOTEIBHBIC JIa3ephbl OJIMK-
Hero HWK-auama3zoHa mNpUMEHSIOTCS B KayecTBe
nepeAaroniel yacTu B CUCTEMaxX AUCTAHLIMOHHOTO
30HAMPOBAHUS W HWCCIenoBaHus aTMmocdepst [1].
Mornble nazepsl Ha ocHOBe Kpuctaiuia Nd:YAG
C IMOJHOW HAKAYKOW C DHEpPrHed B MMITyJbCe 0O-
aee 50 M/IXK mOSyYMSIM LIMPOKOE HCIONb30BAHUE
B MMITYJIBCHBIX JIa3€PHBIX NalbHOMEpPAx IS IMPH-
MEeHEeHHsI Ha OOpTy BEpTOJETOB MM OECHUIOTHBIX
JIeTaTeIbHBIX allapaToB C JAITBHOCTHIO M3MEPEHHH
or 20xM [2-4], B AaKTHUBHBIX OINTHYCCKUX
cucTeMax [5], a Takke B KadyecTBE Ieperaromieit
YacTH W 3aJIalolIero TreHepaTropa B CHUCTEME TeHe-
paTop—yCWJINTEIh B adpO30JBbHBIX JHmapax [o6,
7]. Anga yka3aHHBIX TNPUMEHEHHUH pPacxXxoJUMOCTh
M3IMy4eHUs] TOCJe  PaCIIMPSIOIET0  TeJecKoma
06prqa0 He mpeBbimaeT 0,3—0,5 mpan. OCHOBHEI-
MU TPEUMYIIECTBAMH TaKUX JAILHOMEPOB SIBIISICT-
Cs WX KOMIIAKTHOCTh U TOPTATUBHOCTH, a TaKXKe
BO3MOXXHOCTh TPUMEHEHUS B TMOJEBBIX YCIO-
BUsX [3] ¢ coxpaHEHHEM 3HAUYCHUU BBIXOIHBIX
rapaMeTpoB Jiazepa.

B 3aBucuMOCTH OT THUNA U YCIOBUM NIPUMEHE-
HUS YacTOTa CJEJOBAHUS JIA3EPHBIX HMITYJIHCOB
MoxeT coctaBiath oT 1 go 20-30 I [8, 9]. Pas-
paboTka Jazepa B TaKOM ciy4dae TpeOyer
COXPaHEHUS BBIXOJHBIX MApaMETPOB MPUOOpa B Te-
YEHUE IUKIA U3 CEpUU HUMIIYJIbCOB MpU pas-
JUYHBIX YacTOTax cienoBaHus. TpeOyercs Takxke
00eCneunTh YCTOMYMBOCTD ONTHYECKOW CHUCTEMBI
7a3epa K BO3ACWCTBUIO BUOpAIMil W M3MEHEHHSIM
TEeMIEePaTyphl OKPYKAOIIEH CpeIbl.

B  nmazepax Wacto NPUMEHSIOT ~ aKTHB-
HBII deMeHT Ha ocHoBe kpucrtauia Nd:YAG
B ¢opMme mnapamenenuneaa ¢ MapaielbHBIMA
BXOJIHOM W BBIXOJAHOM T'paHsSIMH, PACIOJIOKEHHbI-
MH OTHOCHTENIbHO TMaJafolIero jyda MOJ YTJIOM,
OMm3kuM  wWin  paBHOM yriry bprocrepa [10—14]
C TOMEPEeYHOM OJIHOCTOPOHHEH HaKayKoW JJIst
obecrieueHUsT BBICOKOW J(H(PEKTUBHOCTH H IHA-
Ma30Ha YacTOTHI CIIEJIOBAHUS HMITYJIbCOB OT HeEC-
KOJIBKHX TepIl 0 HECKOJIBKUX MecATKOB repi. [Ipu
9TOM CIIeIOBaHUE TMpaBwiaM oTOOpa KpUCTasia
Nd:YAG [15] u TexHonorus cOOpPKM KBaHTpOHA
MOTYT TPUBOJNTHh K 3HAYUTECIHPHOMY MOBBIIICHUIO
ce0ecTOMMOCTH KBAaHTpOHA B CpPaBHEHHH C IIU-
JUHAPUYCCKUMH AaKTHUBHBIMH dJeMeHTamu. Jlms
oOecrieueHus] CTaOMIBLHOM paboOTHl J1a3epa 4acTo
MIPUMEHSAETCS PE30HATOp Ha OCHOBE JBYX NPU3M

[Toppo ¢ monApH3aMOHHBIM BBIBOJAOM H3Jyye-
Hus [13, 16-18]. B Takom ciyuae npenbsBIsSIOTCA
[OBBILICHHbIE ~ TpeOOBaHMA K  TEXHOJIOTUH
U3TOTOBJICHUST M JIy4€BOW IPOYHOCTU TpaHei
npusM [loppo.

B nanHO# paboTre mpencTaBieHbl PE3yJIbTAThI
WCCIIEJIOBAHNS OINTHYECKOM CXEMBbl pe30HaTopa
HMIYJbCHOTO Jla3epa Ha OCHOBE JIMHEHHOM
[1-00pa3Holi KOHQUTYpaLUU C TPUIIETb-IPU3MOIL
U KBaHTPOHOM Ha OCHOBE IWJIMHAPUYIECKOIO
kpuctaia Nd:YAG nuamerpom 4 MM c Tiore-
peuHOH JuoAHONW Hakadkod. BpiOpanHas onTu-
Yyeckash CXeMa HalpaBlIeHa Ha  pealln3alulio
KOMITaKTHOT'O Jia3epa, He TPeOYIOIIero NpuMeHeHHsI
JIOPOTOCTOSIIIAX W BBICOKOTEXHOJIOTHYHBIX KOM-
MTOHEHTOB, a TAKXK€ C COMOCTaBUMBIMHM H3BECTHBIM
aHajioraM 3HAYEHMSIMH BBIXOJHBIX IapaMETPOB
JIA3epHOTO M3ITYYCHHS B MuamnazoHe dactor 1-22 '
U Tpu paboTe B LIMPOKOM TEMIIEpaTypHOM Aua-
naszoHe okpyxarotmeit cpezsl (ot -40 go +60 °C).

Cxema Jga3epa

Cxema Jla3epHOrO pe3oHaTopa NpHBEJeHa Ha
pucynke 1. PezonaTtop moMeumiéH B TepMETHUYHBIN
KOPITYC, HM3JIy9eHWE BBIBOJAUTCA dYepe3 3alluTHOE
crekno. Pesonarop amuuo# 450 MM oOpa3zoBan
JIBYMSI IJIOCKUMM TJIyXUM U BBIXOJHBIM 3€pKajlaMu,
BBITIOJTHEHHBIMM ~Ha OJHOM To/uIokKe 1 H
TpUMIIEeTb-IpU3MOi 7. PaboTy B peXmMe axTHB-
HOM  MOIYJSAIMHM  JOOPOTHOCTH  OOECTIeYHBacT
JJIEKTPOONTHUYECKUH 3aTBOP 2, COCTOSILUN U3
nojsipuzaropa S, suediku [lokkenbca 4 Ha OCHOBE
kpuctauioB RKTP wu derBepTh-BOJIHOBOW (ha3o-
BoH miactuHku 3. J{ns xommneHcanuu Habera ¢as,
BO3ZHUKAIONIETO B TMOJIIPU30BAHHOM H3IYUCHHUU
B pe30HAaTOpe B pe3yibTaTe MPOXOXKIEHHUS dYepes
TPUIIIENb-IPU3MY, B PE30HATOP AOIOJIHUTEILHO
YCTaHOBJIEHAa 4ETBEPTHhBOJHOBas IutacTuHa. HOcTu-
pPOBKa pe3oHAaTopa MPOU3BOAUTCS IOBOPOTAMHU
BOKPYT' ONTHYECKOM OCH TMapbl PaBHBIX IO BEJH-
YHHE ONTUYECKUX KIMHBEB.

KBantpon 9 cocrour u3 MEXaHMYECKH
pa3BA3aHHBIX y3j7a MATpHIl JIA3€pHBIX TUOJOB H
y3j1a MEAHOIO OTpaKaTelsl C AKTUBHBIM 3JIEMEH-
TOM. Y3en MaTpull HaKayKd TPEeACTaBIsSeT TOH-
KYI0 MEJHYIO ITUIACTUHY C 3aKpEeIUIEHHBIMU Ha HEH
JaTYUKOM TEMIIEpaTypbl M TpeMs MaTpUIaMU
JIa3€pPHBIX JHUOJOB C MAaKCHUMaJIbHOM ONTHUYECKON
motHocThi0 800 BT, ycTaHOBIEHHYI0 Ha OOKOBYIO
CTEeHKY Kopmyca ma3epa wm3HyTpu. C BHemrHei
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CTOPOHBI K CTEHKE KOpIyca HAMpPOTHB MAaTPHI]
YCTaHOBJEH »dieMeHT llenmbThe ¢ MakCUMallbHO
BO3MOKHOH MONIHOCTEIO oxjaxkiacHus 30 Br. Hc-
noJib30BaHue 3jemenrta [lenbrhe npu pabote ja-
3epa IO3BOJSCT CTA0MIM3UPOBATH TEMIIEPATYPY
TEIUIOCTOKA  JIa3ePHBIX  JHOTHBIX  MAaTPHUIl U
obOecnevnTh CTaOUIBLHOCTh CIEKTPaJIbHOIO COCTaBa
M3ITyYCHHS] HAKAUKU.
y/A

N{

N\ | |

H H ¥

2 1
7

8

9 — 10

Pucynok 1 — Ontiueckast cxema nasepa: | —riyxoe o
BBIXOJHOE 3€pKaja Ha OJHOW MOJOXKKE; 2 — 3JIEKTPO-
ONTHYECKUH 3aTBOp; 3 — YETBEPTHBOJHOBAS IUIACTHHA;
4 — ayeiika Ilokkenbca; 5 — nomnsipuzarop; 6 — HOCTUPO-
BOYHbIE KIHHbBS; 7 — TPUIIENb-TIPU3Ma; & — aKTUBHBIN
aneMeHT; 9 —kBaHTpoH; 10 —3ammrHas auadparma
AKTUBHOT'O 3JIEMEHTA

Figure 1 — Laser optical scheme: 1—rear and output
mirrors on glass substrate; 2 — electro-optic Q-switch;
3 — quarter-wave plate; 4 —Pockels cell; 5 — polarizer;
6 —alignment Risley prism pair; 7 — corner cube prism;
8 — laser crystal; 9 — pump module; 10 — laser crystal op-
tical aperture

AKTHBHBIH 3JICMEHT KBaHTpPOHa Ha OCHOBE
kpuctamia Nd:YAG ¢ KoHIGHTpanuel WOHOB
Nd* 0,9 ar.%, nuamerpoMm 4 MM u JuHON 70 MM
MMEET TIOJHOCThIO KOHJYKTHBHOE OXJIQKICHUE
yepe3 OOKOBYIO TMOBEPXHOCTh. KOHTaKT moBepx-
HOCTH aKTHBHOTO DJJ€MEHTa U TIOBEPXHOCTEH
JleTanel y3nma oTpakaTellss oOecriedymBaeTCs uepes
CJIOH KPEMHHHOPTraHMYECKOTO TETUIOMPOBOISIIETO
Matepuana. Jleranu ysia oTpaxkaress BBITOJHEHBI
TakuM 00pa3oM, YTO OTBEJACHHE TeIuia ¢ OOKOBOM
MMOBEPXHOCTH KpUCTAIIa TMPOUCXOAUT depe3 4
MWIMHIPAYECKUE OOJIACTH JUIMHOW HE MEHEe 5 MM,
PacCIONIOKEHHBIC MEXKIY TpeMsi 001acTIMU OOKOBO
MOBEPXHOCTH KpHCTala JJIsi HAKaYKH, HAIpPOTUB
KOTOPBIX pACTOJOXKEHBI MATPHUIBl HAaKadKh U
OTpa)kaTenb, a TAK)KE BO3JIE TOPIIOB KpUCTAILIA.

Pacyér HeoOXoa1uMOii JHEPIrUM HAKAYKH

B pexxume akTHBHOW MOIYJSILMU AOOPOTHOC-
TH BEJIMYMHA OHEPrUU HaKayku, HeoOXxoaumas
JUIL  TOJYYEHUsS  UMIyJIbca  ONPEEIEHHON

SHEPTHH, 3aBUCUT OT BEIWMYHMHBI KO3 dUIMeHTa
OTpaXEHWS BBIXOAHOTO 3€pKaja Jiazepa  p.
IIpu »TOM mHpenrnoYTUTENHHBl HU3KHE 3HAYCHUS P
JUISL CHIDKEHUS BHYTPHUPE30HATOPHOW WHTEHCHB-
HOCTH H3JIy4eHHMs] Ha MOBEPXHOCTSIX ONTUYECKUX
9JIEMEHTOB M, COOTBETCTBEHHO, MOBBIIICHHUS Ha-
NEKHOCTH TTprOOpa.

Jnst ompeneneHusl ONTUMAaJIbHOM BEIWYHMHBI
p W MUHMMAQJIbHOW MOUIHOCTH MATpHIl HAKa4KH
Ob1  TpoBemEH  pacu€T  BBIXOJHOM  DHEPTHUH
Jmaszepa IUIS PasTUYHBIX 3HAUYCHHUA p (PUCYHOK 2)
W oHeprmu Hakadkh (pucyHok 3). Pacuér
MPOBOAMJICSI ~ METOJIOM  pemieHust  OaJaHCHBIX
ypaBHeHUll coriacHo [19]. V3MeHeHue uHBepcuu
HAceJICHHOCTH M IOTOKa (OTOHOB  BHYTPH
pe3oHaTopa  Ais  YETBIPEXYPOBHEBOH  cXe-
Ml Kpuctaiuia Nd:YAG MoXHO onucaTh Kak:

dd

—=(n-1)D;
dt (n-1):

(1)

(v =np - _[Y(T —tM(T)P(t)d),
0

2)

e @ = ¢/d,, rae ¢ —mmorHOCTH POTOHOB B pe-
3omarope, M °, (b, = 1/co,t,, TIe ¢ — CKopoCTh CBe-
Ta, M/C, G,— IONEPEYHOE CEYEHHE CTUMYJIUPOBAH-
HOTO  HCITyCKaHHWS, M, t.=t./(In(1/R)+L) —
BpeMsi JKM3HHM (OTOHA B pe3oHArope, c, f,— Bpe-
Msl [IOJHOro oOxozma pe3oHaropa, ¢, L — oTHO-
CUTEJbHBIE  TACCHBHBIE TIOTEPH  PE30HATOPA;
T=1t/t,—BpeMs B OTHOCHUTEIbHBIX BEIWYMHAX,
rae t — BpewMH, npomeauee C MOMECHTA
OTKPBITHSL ~ 3aTBOpA, C; T = n/n, — OTHOCUTEIb-
Has IUIOTHOCTh WHBEPCHHM HACENEHHOCTEH, Tme
N — IUIOTHOCTh ~ MHBEPCHH  HACENEHHOCTEH, M °,
n,= (In(1/p)+L)/26,/ — noporoBas MIOTHOCTb WH-
BEepcHHM Hacen€HHOcTed, Trhe [—uiMHa Haka-
YUBAaEMON  OOJIACTH  aKTUBHOTO  JJIEMEHTA, M;
Mo = 1;/n,, TAe n, — HauaJbHas IOPOroBas UHBEPCHS
HACENEHHOCTEH B MOMEHT OTKPBITHS 3aTBOPA, M °;
v(T) OTpeneISIIOTCS KaK:

3)

—t /t,
ni:W'tup’(l_e pump up);

r

V()= fo+ (1= f2)e T e O (14 (1-4)e ) @

rae VK= gpump-kpump-nqeﬁ/hvp'Acl — CKOPOCTb HaKay-
Kd, ¢ M °, P, — MOLIHOCTb MCTOYHNKA HAKAYKH,
Brt, £, — 90heKTHBHOCTD MOTIOMIEHUS] MOITHOCTH

pump
HaKa4yku, n,.,=0.87 —kBantoBas SddexTuBHOCTD
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nakaakn Nd:YAG [20], h=6,62610" JIxc —
nocrosiHHas [lranka, v, —dacTora M3iy4eHds Ha-
KaukH, I'n, A, — miomans TOpIOB JIA3€pHOTO KpHUC-

Tama, M t,, — PAJMALIMOHHOE BPEMs HKH3HH, C;

Lyump — MITUTENBHOCTD UMITyJbCa HaKa4KH, C;
f,=0,41 —>pdexTuBHOCTS 3aceleHus] BEPXHEro
nasepHoro  ypoBHs; f, = 0,19 —sddexkruBHOCTH

3aCeNeHUs] HWKHErO Ja3epHoro ypoBHs; I =vy,f.,
v, = 1/¢,, ¢!, rae t,= 5-10” ¢ — Bpems TepMaTH3ALIH
HIKHUX U BEPXHUX Ja3epHBIX OAypoBHEH [19].
UwucnenHoe pemnienue ypasHeHuit (1), (2) ompe-
JIEJSUTOCH METOJIOM KOHEYHBIX Pa3HOCTEH KaK:

St ot ! &
B 1_(nm _1)7 _q)m7 Q)m[l 2 ) (5)
517'11";'7(0) 1+61 CD"z"Y(O) Mo =81, y(St(m+1-k))n,d;

k=0

IJe m — TMOPSIKOBBII HOMEp JAHCKPETHO OTIpe-
JeNIIeMO  BENIMYHWHBI; OT—Iar 10 BpPEMEHH
B OTHOCHTENBHBIX BEMUMHAX, C . BBIXOIHAs sHEp-
THS JTA3epPHOTO M3ITydeHus £ ompenensercs Kak:

hv- A 1
E= In| —[0T) @, , 6
m
rae vV —4acTtoTa Ja3CepHOro H3JIyUCHUA, rIJ;;

A=mnd’g/4,M*, tne d—»>bexTuBHbI mUAMET
aKTUBHOI 007acTH TOPLOB JIa3€pPHOIO KpUCTaIa,
M, g — OTHOCHUTEJbHBIH 00BEM MOABI B aKTUBHOM
JJIEMEHTE.

IMapameTpsbl cucTEMBI

System parameters

100 +
C °
° °
— 90 f °
g °
> )
55 80 +
] °
=70 £
°
60 Fo—— ey
0.05 0.15 0.25 0.35 0.45
p, units

Pucynok 2 — PacuérHble 3HaUY€HHUs DHEPTUU JIa3€PHOTO
UMITyJIbCa B PEXKUME MOIYISIHUHA JOOPOTHOCTH B
3aBHCHMOCTH OT K03 duitnerra oTpaskeHust BEIXOTHOTO
3epkana p. BenwmumHa SHEpruM HUMIYJIbCa HAKAUKH
coctasisia 0,487 Jlx

Figure 2 — Calculated laser pulse energy values in Q-
switched mode depending on the reflectivity of the output
mirror p. Pump pulse energy value amounts 0.487 J

3HaueHUs  MOCTOSHHBIX,  HCIIOJIb30BAaHHBIX
Ui pacuéra, W TapaMeTpbl CUCTEMbI HMPUBEICHBI
B Tabiune 1.

ITpu pacuérax 3¢ ¢eKTHBHBIA IUaMETp aKTHB-
HOM 00acTH TOPIIOB JIA3€PHOTO KPUCTAIJIA TTPHHST
paBHBIM 3,6 MM BBHIY OTPaHMYCHHS 3alIMTHON
nuadparMoi, OTHOCHUTEJIbHBIE IMTACCHBHBIE IOTEPU
B pe3oHaTope 0,1, MIUTETHPHOCTh HAKAYKH —
230 mkc, pacuéTtHas A(PQPEKTUBHOCTh HAKAYKH
npuHATa paBHOW (0,65, OTHOCHUTENBHBIH O00BEM
MOJIBI B aKTUBHOM dJieMeHTe — 0,7, JUIMTEeIbHOCTD

Haka4yk¥ BbIOpaHa paBHOH 230 MKC.

Tabauya 1/ Table 1

N [Tapametp 3HaueHUe
0
Parameter Value
| Bpemst sxu3HM BO30YKIEHHOTO COCTOSHUS BepXHero JaszepHoro ypoBus Nd:YAG, ¢ [19] 230106
Nd:YAG upper-state lifetime, s [19]
5 [Tonepeunoe ceuenue crumynuposantoro namyuenns Nd:YAG, M2 [19] 65103
Nd:YAG stimulated emission crossection, m* [19] ’
Oueprus poToHa Hakadykw, K
3 prut ¢ A 2.46-10°"
Pump photon energy, J
OHeprust GoToHA BEIXOIHOTO U3Iy4eHus, [l
4 prus ¢ A Y a 1.87-107"

Laser photon energy, J

W3 pucynka 2 BWAHO, 4TO Ui (PUKCHPOBAH-
HOM  BenmuumHbl SHepruu  Hakaduku 0,49 [Ix
pacy€THas BEJIMYMHA DHEPIMM HMIIYJIbCA PACTET

¢ yBenmueHreM Kod((hHIMeHTa OTpaKeHUs 3epKaia
mo p=0,45. MakcumanpHasi TUIOTHOCTb JHEPTHH
BHYTpH pe3onaropa J, Jix/cM’, pasua [21]:
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_ _Eou 1+p

A
T
2

rae E,,, — BBIXOJHAsA SHEPrus usnydenus, Jx.

C yuétom pa3mepoB pabouedl obOnactu
aKTUBHOTO 3JIeMEHTa, TpeOyeMoil BeTUYHUHBI SHEp-
TUM WMIYNbCa, BEJIWYMHBI JYy4eBOW TPOYHOCTHU
ONTUYECKUX KOMITOHEHTOB, THIIMYHBIE 3HAYCHUS
KOTOpoi He mpessimaor 10 [x/cM’, a  Takke
C yu€TOM HEpaBHOMEPHOCTH pACIpPEIEIeHUs HH-
TEHCUBHOCTH M3JIy4YEHHUS B IyUKe, C MBI CHIKE-
HUS TpeOOBaHUHU K JTy4eBOM MPOYHOCTH JUISI ONTH-
YeCKHX KOMIIOHEHTOB pe30HaTopa Kod(h( HUIMEeHT
OTpaXeHHUs p MPUHAT paBHBIM p = 0,25.

(M

Pe3yabTaThl nccieioBaHusi TPU KOMHATHOM
TeMIepaType

Ha pucynke 3 mpuBe/ieHa 3aBUCUMOCTh JKCIIE-
PUMEHTAJIBHO TIOJYYCHHOW BEIWYHHBI BBIXOIHOM
SHEpPruM Ja3epa B 3aBUCHUMOCTH OT BEJIHMYWHBI
SHEPruHM HAKa4YK{ IPH JUIMTEIBHOCTH WMITYJIbCa
Hakauku 230 mxc as p = 0,25.

100.00 -

80.00 ~

Pulse energy, mJ
o3 4 D
S o2 2
=3 [=3 f=3
(=} (=} (=}
.

=
=3
S

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
Pump energy, J

e
=
5

~Experimental data <Calculated data

Pucynok 3 — PacuétHass W u3MepeHHass 3aBUCUMOCTH
SHEPrHU HMMITYJIbCA B PEIKUME MOIYJISIMHA JTOOPOTHOC-
TH OT OJHEPruM HuMITylbca Hakauku npu p =0,25.
DKCNepUMEHTAIbHbIE JaHHBIE TMOJYYEHBI MpPH yCTa-
HOBJICHHOH TeMIIepaType Ha JaTdyuke aieMeHTa [lenpThe
35°C mpu KOMHATHOW TemrmepaType, IpH YacToTe
CJIeIOBaHUS UMITYJIECOB 4 11

Figure 3 — Calculated and measured dependencies of
pulse energy in Q-Switched mode on pump pulse en-
ergy for p=0.25. Experimental data were acquired at
room temperature and with 35 °C set temperature of ther-
mistor near Peltier module, for pulse repetition rate 4 Hz

HccnenoBanns IIPOBOJUIIUCH pu
CTa0MIIM3AIMKA TeMIepaTyphl TEIJIOCTOKA MaTpPHIL
Ja3epHBIX JIHOJIOB TP ONTUMAILHOM 3HAYCHUH
35+0,5 °C, COOTBETCTBYIOIIEM IIEHTPATBHON
JUTMHE BOJHBI CIIEKTPa M3IMy4eHUs: Hakadku 806 HM.
[Toporosas sneprus Hakauku coctasmusget 0,189 Jx.

Jns sHeprun Hakauku 0,49 JIk BeIWYMHA SHEPrUU
UMITYJIbCa BBIXOJHOTO JIA3€PHOTO M3IYYECHUS COC-
taBnsieT 84 Mk, ontuueckuit KII n = 17,4 %.

B Tabnume 2 mpuBeneHBl  M300paXKCHHS
U3Iy4YeHUs] B OJIMKHEW W JaJbHEH 30HE B KOHIIC
CepUU  JIa3€pPHBIX HUMITYJIbCOB  JITUTEIBbHOCTHIO

2 muH. Pazmmumst mpodwuneit u3mydeHus B OJIMK-
Hell 30HE JUIsl PAa3TUYHBIX YaCTOT CJEJOBaHMUS
OTPaXKAIOT 3aBUCHMOCTh MOJIOBOI'O COCTaBa OT Be-
JIMYMHBI YCTAHOBUBIICWCS TEPMOJIMH3BI B Jlazep-
HOM  KpUCTaJ/Ie,  BBI3BIBAIOIICH  CMEIICHUE
napamMeTpoB pe3oHaropa B 0Ooyiee YCTOHYMBYIO
o0nacTb, B pE3yJbTaTe Yero YBEIHYHBACTCS
pacxoJMMOCTh W3-3a  YBEJIMYCHUS KOJMYECTBA
MOJIICPKUBACMBIX ~ PE30HATOPOM MOJ  BBICOKHX
nopsiIKoB. B janmbpHeiieM ycTaHOBKA CHapyXu
Ja3epHOrO pe30HaTopa B XOJE Ja3epHOro Iydyka
TeJecKona ¢ yBenndeHueMm He 6osee 0,16 mo3Boiut
CHHM3WTh PACXOJMMOCTh JIa3¢PHOTO  U3ITyYCHHUS
1o 0,3 mpa.

Pe3yabTaThl HCCJI€10BAHUS BBIXOHBIX
napaMeTpoB npu temneparype -40...+60 °C

[IpoBeneHbl H3MEpEHHS JHEPrUH JIA3EPHOTO
UMIylbca Tpu padoTe B TepMOKaMepe Npu
TeMmIeparype okpyxatouieil cpenbl  -40, -10,
+5, +17, +25, +35, +45, +60 °C. Ha pucysnke 4
NPUBEJICHBl YCPEAHEHHBIE HM3MEPEHHbBIC 3HAYCHMUS
SHEPTHH JIa3epHOTO HMITyJbca U €€ CpeiHe-
KBaJpaTUYHbIE OTKJIIOHEHWs B TEUEHHE IIHKJIa
W3 CEpUHM WMIIYJbCOB TIPH BEJIHYMHE DJHEP-
run  Hakauku 0,487 M/x uw mnpu Temmeparype
okpyskatomieit cpenst ot -10 10 +60 °C. Ha pucys-
Kax Sa—5d mpuBemeHB PEe3yAbTATHl  H3MEPCHUS
SHEPruy JIA3ePHOIO HMIIyJbCa H3JIyuYeHHsS B Te-
YeHUE LUKJIA U3 CEPUU HMITYIbCOB IMPU BEIUYMHE
sHepruu Hakauku 0,49 M/l 111 4acTOT ciieIoBaHUs
nazepHblx umnyibcoB 1[Iy 4T 12,51 22T
COOTBETCTBEHHO.

Ha pucynkax Sa—5d MoxHO  Habmomarh
MEPUOINYECKAE KOIIeOaHUsl SHEpPIvH, BHI3BAHHBIC
KosieOaHUSIMM ~ JUIMHBI ~ BOJIHBI ~ HaKaykd — M3-3a
MEPUOJUYECKUX W3MEHEHUI BEJIMYMHBI TEIJIOBOI
MOIITHOCTH, BBIAEsIeMOi »nemeHTamu  llenmbrhe.
Konebanusi  motpeOnsieMoil  MOIITHOCTH ~ MOTYT
BO3HHKATh W TOIJIEPKUBATHCS TEPMOKOHTPOIIEPOM
U3-32 HaJIM4Msl HEKOTOPOM BPEMEHHOH 3alepiKKH
MEXIy TOSBIEHHEM TEIUIOBOIO IOTOKAa C pabodeit
CTOPOHBI DNIEeMEHTOB llensThe W MOMEHTOM perH-
CTpallMM €ro TEMIIEPaTypHbIM JaTYMKOM y3Jia Mat-
pHIl 13-32 BBICOKOTO TEPMHUYECKOTO COMPOTHBIICHUS
KOHCTPYKIIUH KOPITyca U y3Jia MaTPHIL.
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Tabauya 2/ Table 2

IIpocTpaHcTBeHHbIe XapPAKTEPUCTHKU NYy4YKa M3JYy4eHHsT MOHOHMIIYJIbCAa MNPH KOMHATHOM
TeMIiepaType NpH YCTAHOBJICHHOH TeMIepaType Ha AaT4yuke djeMenTa [leabThe 35 °C

Spatial characteristics of laser beam at room temperature and with 35°C set temperature of
thermistor near Peltier module

Yacrora
CIIEIOBaHUS
UMITYJICOB, ['11 1 4 12.5 22

Pulse repetition
rate, Hz

[Mpoduns
W3ITyYICHHUS B
OMKHEN 30HE

Near field spatial
intensity distribu-
tion of the laser
beam

[Ipoduns
V3ITydeHUs B
HalbHEN 30HE

Far field spatial
intensity distribu-
tion of the laser
beam

PacxomuMocTs,
Mpan 1.2 1.2 1.5 1.8
Divergence, mrad

W3 pucyHkoB 5a—5d BHIIHO, 4YTO JHEPrUs

100.0 1 T 100 g

2 e uMITyibca Jazepa nocturaet 80 M/ MmeHee yem
- 80.0 80 2 yepes 2 ¢ mocie Hayajaa paboThl JIasepa.

%ﬂ — L &0 é W3 rpadmkoB M3MEHEHWH SHEPTHH HA PHUCYH-
2 ] = Kax S5a—5c¢ BUAHO, YTO JJI 4YacTOT CIICJJOBAHUS
g 40.0 1 4.0 g nazepHbIX ummyibcoB 1; 4; 12,5 I'm nabmronaercs
S 0 %>5 CcTaOWIM3aIsl  CPEJTHEr0  3HAYCHUS  BBIXOJHOM
: = SHEPruH JIA3epPHOTO MMITYJIbCa B T€YeHHE He Oolee
00 - geM 10 ¢ mociae MOMeHTa BKIIOYEHHUS. AHAIOTHYHO

Ay

40 20 0 20 40 60 U3 pHuCyHKa 5d g uactorel 2211 B TedeHHe

Temperature, °C He Oojee 4yeM 6 C MOCIIE MOMEHTAa BKIIIOYEHHS
+1Hz,mean <I2.5Hz,mean +1Hzo +125Hz0 pOCT SHEPrUM JIa3epHOTO HMMITYJIbCA CMEHSETCs
<4 Hz,mean <22 Hz, mean +4Hz,c +22Hz,c MMOCTEMEHHBIM CHI>KEHUEM.

PucyHnok 4 — CpesiHee 3HA4Y€HHE OJHEPTHU  JIA3EPHOTO OnucanHas AMHAMEKA HM3MEHCHHH OTpaxaeT

UMITyJIbca M3JTydeHus (och clieBa) M CpeJHeKBajpaTH-  IIPOLECC YCTAHOBJIEHHUS CTALIMOHAPHOW TEPMOJIMH-
YeCKOe OTKJIOHEHHE dHepruu (OCh Chpasa) Ul 4acTOT 3Bl B JIA3€PHOM KpPHCTAIIC, TIPH 3TOM B TIEPBOM
CJICIOBAHUSI JIa3ePHBIX UMIYbcoB 1; 4; 12,5; 22 ' mpu clyyae pachpejieieHHe TeMIepaTypsl B  y3le
PasiM4HBIX TEMIIEPATYpaxX OKPYKAIOLIEH Cpeibl OTpa)kaTessi i aKTHBHOTO DJIEMEHTa MOKHO CUMTATh
Figure 4 — Mean pulse energy (left axis) and pulse energy ~ CTAllMOHAPHBIM, & BO BTOPOM ciiydae Jyis Ooinee
standard deviation (right axis) for pulse repetition rates 1;  BBICOKOM 4acCTOTBI CIEAOBAHMS JIA3€PHBIX UMITYJIb-
4; 12,5; 22 Hz at different ambient temperatures COB M30BITOK TEIUIa OTBOJUTCS HEIOCTATOYHO
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3 pexTHBHO, W3-3a YETO IPOHWCXOJHUT Pa30TPeB
aKTUBHOTO dneMeHTa. I[locremeHHOe CcHMXKeHHE
SHEPIrUH JIA3ePHOTO MMITYJIbCa M3ITydeHHs] BBI3BAHO
POCTOM TeMIlepaTyphl JIa3epHOTO KPHCTAJIa, YTO
MPUBOJUT K YMEHBIIEHUIO ITOTIEPEYHBIX CEUCHHHA
MOTJIONICHNUST W CTUMYJIUPOBAHHOTO  HCITyCKa-
Hus [22] Nd:YAG.

[loHmwkeHHOE 3HaueHWE HHEPrUH B TEUCHHE
MePBOM CEKYH/IBI paOOTHI PH YaCTOTaX CIEIOBAHUS
JazepHbIX uMmnynbcoB 12,5 T'm m 22 I'n BbI3BaHbBI
0COOCHHOCTBI0 PA0OTHI IIEKTPOHHBIX OJI0KOB JIazepa,

100

40 1 1 1 1

0 30 60 90 120
Time, s

- -10° =5 = 17° =25 —=35° —«+45° —=60°

40 1 1 I 1

30 60
Time, s

Al 7 =250

90 120

—-—-10° —=5° —-—35° —=—45° —=60°

[

a MMEHHO YacTHYHBIM pa3psloM KOHIEHCATOPOB
Ornoka 3apsifia, ¥ MOTYT OBITh yCTPaHEHBI.

Jlist BceX HCCIIEAOBAHHBIX YaCTOT CJICAOBaHMS
JIa3epHBIX UMILYJIbCOB SHEPIUs JIa3€PHOTO UMILYJIb-
ca gocturaetr 80 MJ>k MeHee dyem yepes 2 ¢ 1mocie
Hayasa paboThl jasepa. i 4acTOTHI CIEeJOBAHUS
Ja3epHbIX uMOyJabcoB 10 12,5T'm coycrs 10c¢
10CJIE BKJIIOUEHMS TEIMJIOBBIE IIPOLIECCHl BHYTPH
Jasepa JOCTUTAIOT — CTAalMOHAPHOIO  COCTOSIHMS,
YCTaHABJIMBAIOTCS IOCTOSHHBIE 3HAUCHUS] BBIXOJHBIX
XapaKTEPUCTHK.
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Pucynok 5 — I'padpuk n3MeHEHHS BBIXOAHOM JHEPTHH Ja3epHOTO HMITYJIbCa CO BpPEMEHEM MpH TeMIepaTypax
OKpy>Katomiei cpexsl -10, 5, 17, 25, 35, 45, 60 °C B TeyeHne 2 MHUH JUISI YaCTOTHI CIIEAOBAHIS UMITYIbCOB: a — 1 I'm;

b—4Tu;c—125Tu; d-22Tn

Figure 5 — Graph of the change in the output energy of a laser pulse over time at ambient temperatures -10, 5, 17, 25,
35, 45, 60 °C within 2 min for pulse repetition rate: a — 1 Hz; b —4 Hz; ¢ — 12.5 Hz; d — 22 Hz

U3 pucyHkoB 5a—5d BUIAHO, YTO TIpH TeM-
neparype -10 °C BbIxogHasi 3HEPrusi COCTABISET
meHee 80 MJIK. DTO BBI3BAHO CIBUIOM JIJIMHBI BOJI-
HBl M3JyYCHUS] HAKadKH M3-3a CHIKEHUS TeMIlepa-
Typbl H3JIydarollel IUIOIAaJKW MAaTpULl JIa3epHbIX
IUOJIOB NIPU COXPAHEHUM TEMIIepaTypbl Ha JaTdu-
Kax Bo3Jie TemiocToka. CHHMKEHUE TeMIIepaTypbl

MaTpyll JIa3epHbIX JAMOJOB IPU HOHMKEHHOH
TEMIIEpaType OKpYXKAIOLIeH cpenpl NPOUCXOAUT
M3-32 KOHEYHOM BEIMYMHBI TEIUIOBOTO COIPO-
TUBJICHUSI CTEHKH KOpITyca Jla3epa U allOMUHUEBON
IUTACTUHBI U KPEIUICHHsST MaTpull, PacIojOoXkKeH-
HBIX MEXKAYy MaTpulaMH W TEMIepaTypHbIM
JaT4ukoM 3r1eMenTa llensThe.
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Tabauya 3/ Table 3

CpenHee 3HAYeHHMe JHEPIrHHM JIA3€PHOr0 HMIIyJbca u3aydeHusa E,, . W cpeJHeKBagpaTHYecKoe
OTKJIOHEHHe JHEepPruu ¢ MpH TeMmIepaTrype okpy:kamomeil cpeabl -40 °C s 4acToT cJIef0BaHUS

Ja3epHbIX UMNYJbcoB 15 45 12,5; 22 T'n

Mean pulse energy value E,,,,, and pulse energy standard deviation ¢ at ambient temperature -40 °C

for pulse repetition rates 1, 4, 12.5, 22 Hz

YacrtoTa ciaenoBaHUsS 1 4 12.5 22
JIa3epHBIX
UMITYJIECOB

Pulse repetition rate

E ., mIx
mean> M1 80.8 85.1 85.3 81.5
Emean’ mJ
o, MJIx

A 1.0 1.2 1.5 1.5
o, mJ]

beimn  mpoBeneHBl  M3MEpPEHUS  3HAYCHUM
BBIXOJIHOM SHEPrUM U3IY4YEHHs TMPH  YacToTe
CJIEJIOBAHUS JIa3ePHBIX UMITyJIbCoB 4 I'll mpu TeM-
nepatype okpyxatomiei cpempl -10 °C mms wuc-
XOJTHOW BeNWYMHBI 3Hepruu Hakauku 0,49 J[x u npu
noBbimieann e€ Ha 5 % mo 0,51 [k (pucyHoxk 6).
Taxxe OBUIM IPOBEJICHBI HM3MEPEHHUS BBIXOHON
SHEPrUM JIA3epPHBIX HMITYyJIBCOB TPU TeMIlepaType
okpyxarorteit cpenst -40 °C (pucyHok 7, Tadnwuma 3).

100
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Output pulse energy, mJ
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Time, s

-~ 1hz —=—4hz —126hz ——22hz
Pucynok 7 — BoixogHas 3Heprus J1a3epHOTO H3IIy4eHHUs
JUlsl BeJIMUMHBI uMmysbca Hakauku 0,51 JDx s gacror
cienoBaHus Ja3epHbIXx UMIynbcoB | I'm; 4 I'm; 12,5 I
B 22 Tn npu TeMmepaType okpy-karomei cpeast -40 °C
B T€YCHHE 2 MUH

Output pulse energy, mJ
o0
[}

Figure 7 — Laser pulse energy for pump pulse energy
0.51 mJ for pulse repetition rates 1, 4, 12.5, 22 Hz at ambi-
ent temperature -10 °C within 2 min

60 ’ ] i 1 i ] x ]
0 30 60 90 120
Time, s CpenHee  3HAYeHWE  DHEPIUM  JA3ePHOTO

MMITyJIbCca TIPU TEMIIEpaType OKpPYKaIoUIEH Cpemsl
-10 °C gy saeprum Hakauku 0,49 Jx m 0,51 [x
JUISL 9acTOTHl CJIENOBAaHMSA Ja3€PHBIX HMMITYJIbCOB
4T cocraBmger coorBeTrcTBeHHO 81,4 Mk U
85,9 mJ/Ix. CpenHee 3HadeHHE SHEPTHH JIA3€PHOTO
MMITyJIbCca TIPU TEMIIEpaType OKpPYKaIoOMIEH Cpesl
Figure 6 — Laser pulse energy for pump pulse energy -40 °C nns sueprum nakadkm 0,51 JDk g gactor
0.51 mJ (red) and 0.49 (blue) for pulse repetition rate 4 Hz ~ cJeI0BaHUS JIa3€PHBIX UMITYI6COB 1; 4; 12,5; 22 '
at ambient temperature -10 °C coctanysieT He MeHee 80 M/[x.

PucyHnok 6 — BoixogHast sHeprusi J1a3epHOr0 HU3IyUYCHHUs
JUId BEeIMUYUHBI uMIynbca Hakadku 0,51 Jk (kpacHbIiN)
u 0,49 JIx (cuHMI) 171 9acTOTHl CIEIOBAHMA JIa3ePHBIX
nMIynbcoB 4 'l Ipu Temneparype OKpykKarolei cpejibl
-10 °C B Teuenue 2 MUH

35



IIpubopsi u memoowl usmepeHuil
2023.-T. 14, Ne 1. - C. 27-37
B.E. Opexosa u op.

Devices and Methods of Measurements
2023, vol. 14, no. 1, pp. 27-37
V.E. Orekhova et al.

TakuM 00pa3oM, 3HAUCHHUE BBIXOJHOW SHEPTHH
Jazepa B YCIOBUSX TIOHM)KEHHOW TeMIIeparyphbl
MOXKET OBITh TIOBBIIIEHO 3a CUYE€T YBEIWYCHUS
SHEPrUH HAKAuKH.

3aKjao4YeHue

IIpoBenén  pacu€r  sHepruM  HMMIyJbca
JIA3epPHOTO M3IIy4eHUs, OMpeiesieHa ONTHMabHas
BeJMYMHA KOX(PQUIMEHTa OTPaXKCHHUS BBIXOJHOTO
3epkaja JazepHOro pe3oHaropa. McciemoBana
BEJIMYMHA JHEPTHH JIa3epHOTO UMIyJbca NpHU
(YHKITMOHUPOBAHUH TIPM KOMHATHOW TeMIepaType
U B TEepMOKaMepe B IIMPOKOM AHMAaIla30He TeMIIe-
patyp okpyxkarouieit cpeasl. [IpoBenenHbie uccie-
JIOBAaHHUS TIO3BOJHMIIM  ONPENENUTh  TPeOOBaHHS
K WCTOYHMKY HAaKadk¥l W K XapaKTepHCTUKaM
anemenTa llenmpThe, a TakKe KpPaTHOCTh TEIECKO-
Ta JIJIsl pacCMaTprUBaeMOro UMITYJIBCHOTO Jlazepa.

N cnonp30BaHHbIN TIOIXO.T TIO3BOJINIT
peann3oBaTh MPOTOTHII Ja3epa, CIOCOOHBINA (yHK-
[IMOHWPOBATh B [IMANAa30HE YAacCTOT CIIEJJOBAHUS
JIa3epHBIX UMITYILCOB 1-22 I'11 B TeueHne HE MEHee
2 MHUH B JHMAla30HE TEMIIepaTyp OKpPYXKaromieit
cpensl -40...+60 °C. DHeprus 1a3epHBIX UMITYIHCOB
cocrapnsier He wMeHee 80wmJ/x mpm dHEpPrUM
UMITyJibca Hakauku He Oomee 0,51 JIxk.

B  nanpHelmeM rabapwThl  HCCIEAyeMOi
CHUCTEMBI MOTYT OBITh yMEHBIIEHBI 32 CYET
COKpAIleHHUsI JUTUHBI PE30HATOpa, a TaKKe OMNTH-
MHU3aIUH KOHCTPYKIINH.
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Inductive Type Impedance of Mo/n-Si Barrier Structures
Irradiated with Alpha Particles
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In silicon microelectronics, flat metal spirals are formed to create an integrated inductance. However,
the maximum specific inductance of such spirals at low frequencies is limited to a value of the order of tens
of microhenries per square centimeter. Gyrators, devices based on operational amplifiers with approximate-
ly the same specific inductance as spirals, are also used. Despite the fact that such solutions have been in-
troduced into the production of integrated circuits, the task of searching for new elements with high values
of specific inductance is relevant. An alternative to coils and gyrators can be the effect of negative differen-
tial capacitance (i.e., inductive type impedance), which is observed in barrier structures based on silicon.

The purpose of the work is to study the low-frequency impedance of Schottky diodes (Mo/n-Si) con-
taining defects induced by a-particles irradiation and determination of the parameters of these defects by
methods of low-frequency impedance spectroscopy and DLTS (Deep Level Transient Spectroscopy).

Unpackaged Schottky diodes Mo/n-Si (epitaxial layer of 5.5 pm thickness and resistivity of
1 Ohm-cm) produced by JSC “Integral” are studied. Inductance measurements were carried out on the as
manufactured diodes and on the diodes irradiated with alpha particles (the maximum kinetic energy of an a-
particle is 5.147 MeV). The impedance of inductive type of the Schottky diodes at the corresponding DC
forward current of 10 pA were measured in the AC frequency range from 20 Hz to 2 MHz. DLTS spectra
were used to determine the parameters of radiation-induced defects. It is shown that irradiation of diodes
with alpha particles produces three types of radiation-induced defects: A-centers with thermal activation
energy of £; = 190 meV, divacancies with activation energies of £, = 230 meV and F; =410 meV, and E-
centers with activation energy of £, = 440 meV measured relative to the bottom of ¢-band of silicon.

Keywords: Schottky diode on silicon, negative differential capacitance, alpha irradiation, A4-centers,
E-centers, divacancies.
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NMnenanc MHIYKTUBHOIO THUIIA 0apbePHBIX CTPYKTYP
Mo/n-Si, 00,1y4éHHBIX agbda-yacTHIAMEI

H.A. Hoxnoncxnﬁl, AMN. KOBaJIeBl, K.B. Ycemcol, E.A. EpMaKOBal’Z,
H.A. Fopﬁaqylcl, C.B. JlacroBekuii’

!Benopyccxuii zocydapcmeennviii ynugepcumen,
np-m Hezasucumocmu, 4, 2. Munck 220030, benrapycw
’ IO «HIII] HAH Benapycu no mamepuanogedenuroy,
ya. Il Bposxu, 4, 2. Munck 220072, benapycs

Hocmynuna 10.02.2023
Hpunama k newamu 14.03.2023

B xpeMHHEBOI MHKPORIIEKTPOHUKE I CO3AaHUS WHTETPAIbHOW WHAYKTUBHOCTH (DOPMHPYIOT IIIOC-
Kre MeTajuimdeckue crupainn. OTHaKo MaKCHUMalbHas yelnbHas MHIYKTUBHOCTh TaKUX CIIMpaliell Ha HU3-
KHX YacTOTax OrpaHMYCHA 3HAYCHUEM IOpSIKA JECATKOB MUKPOTCHPU Ha KBaJpaTHBIA caHTuMeTp. Mc-
MTOJIE3YIOTCS TAKXKE TUPATOPBI — YCTPONCTBA HA OCHOBE OTIEPAIOHHBIX YCHIIUTENEH, IPUMEPHO C TaKOH Ke
AT HOU WHAYKTUBHOCTHIO, KaK W criupainn. HecMoTps Ha TO, 4TO Takue pelIeHus] BHEAPEHBI B IPOU3BO/I-
CTBO MHTETPAIbHBIX MHKPOCXEM, aKTyaJbHOW SBISETCSA 3ajada MOMCKA HOBBIX 3JICMECHTOB C OOJIBIIMMHU
3HAYSHISIMH YACTbHOW WHAYKTUBHOCTH. AJIBTEPHATHBOM CIHApAllIM W THpaTOpaM MOXET cTaTh 3ddexr
OTpHUIATETHHON AU epeHnaTbEHON EMKOCTH (T. €. MMIIeJaHCca WHIYKTHBHOTO THUIA), HAOIIOJaeMbIi B
0apbepHBIX CTPYKTYpax Ha KPEMHUHU.

Ilens paboThI — HMCCIIEAOBAHUE HU3KOYACTOTHOTO ummeaanca auonos Ilortku (Mo/n-Si), conepxka-
X paJranroOHHBIE MePEKThI, CO3JaBacMble 0-9aCTHUIAMH, U ONpEIeNICHUE MapaMeTPOB 3TUX JEPEKTOB
METOJIaMU HU3KOYACTOTHOW UMIIEAAHCHOU criekTpockonuu u criekrpockonuu DLTS (Deep Level Transient
Spectroscopy).

Uccnenosanbl 6eckopmycHbie quobl [ottku 5.5K3d-1 (Mo/n-Si) npousoactsa OAO «uTerpan».
N3MepeHusi MHIYKTUBHOCTH IMPOBOJMINCH Ha HMCXOJHBIX IHOJAX M Ha JAMOAax, OOIyd€HHBIX alb(a-
yacTHlaMu (MaKCHMaibHas KHHETHYeCKas »Heprusi o-dactuilsl 5.147 MaB). B mHTepBane uwactor mepe-
MeHHoro Toka ot 20 I'u 1o 2 MI'n u3mepeH umMneaaHc HUHAYKTUBHOTO TUIA JUOJIOB MPU MOCTOSIHHOM Mpsi-
MoM Toke 10 MKA. [lnist omipe/iesieHus TapaMeTpoB paJAuaOHHBIX JeQeKToB u3mepsuuchk cekTpsl DLTS.
[Toxazano, yro npu oOmyueHun nuonoB llloTTkn aneda-gyacturiamu oOpa3yercs TpU THITA PaTUAIIIOHHBIX
Ne(eKTOB: A-IIEHTPBI C SHEPrUeH TepMUYecKol akTuBaluu £ =~ 190 M3B, muBakaHCUU ¢ SHEPTUSIMHU aKTH-
Bammu £, ~ 230 3B u E3 =410 mdB u E-nieHTpHI ¢ 3Heprueit aktuBanuu £y =~ 440 MdB, oTcunTaHHbIe OT
JTHA C-30HBI KPEMHUS.

KaroueBnie cioma: nuox IlloTTku Ha KpeMHuu, oTpunareiabHas auddepeHmanbHas eMKOCTb, aibda-
obyueHue, A-IIeHTPbI, E-IICHTPbI, TUBAKAHCHH.
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Introduction

In silicon microelectronics, flat film spirals of
round or rectangular shape are formed to create an
integrated inductance. However, the maximum spe-
cific inductance of such spirals at low frequencies is
limited to a value of the order of tens of microhen-
ries per square centimeter, while their diameter can
be of several millimeters [1]. Another way to create
an integrated inductance is gyrators — devices based
on operational amplifiers that imitate inductance
[2,3]. Despite the fact that such solutions have been
introduced into the production of integrated circuits,
the task of searching for new elements with induc-
tive impedance is relevant. This will allow more
rational use of the useful area of the microcircuits.

An alternative to film coils can be the effect of
negative differential capacitance [4, 5], which is ob-
served in various semiconductor structures: silicon
photodiodes irradiated with neutrons, multilayer hete-
rostructures, chalcogenide films, transistor structures,
metal-semiconductor interfaces, etc. [6]. Note that,
in metal-semiconductor barrier structures, hopping
conduction via defects is observed in the forward
biased space charge region of semiconductor [7].

The purpose of the work is to study the low-
frequency impedance of Schottky diodes (Mo/n-Si)
with radiation-induced defects for different fluences
of a-particles and determination of the parameters
of radiation-induced defects by DLTS spectroscopy.

Studied structures

Unpackaged Schottky diodes Mo/n-Si (epitaxi-
al 5.5 pm thick layer and resistivity of 1 Ohm-cm)
produced by JSC “Integral” were studied [8]. Di-
odes were fabricated on wafers of monocrystalline
silicon of n-type electrical conductivity doped with
antimony and grown by the Czochralski method.
The resistivity of the wafers was 0.01 Ohm-cm at
the laboratory conditions. The thickness of the wa-
fers was 460 um. An n-type 5.5 pum thick silicon
layer was epitaxially grown on the substrate. Then,
0.3 um thick molybdenum (Mo) layer was deposit-
ed in a vacuum (see Figure la and Table). The
ohmic contact was formed by deposition of alumi-
num (Al) 3.3 um thick layer on molybdenum. On
the reverse side, an ohmic contact was formed by
deposition of Ti/Ni/Ag (0.1/0.5/0.6 um) metal
electrode. Then the wafer was cut into chips (un-
packaged barrier structures). After measuring the

Al (33um) Mo (dyo)  SiO; (0.4 um)
| S |
A A
d. n-Si p-Si
d Y
< n+_si <
Y
Ti/Ni/Ag (0.1/0.5/0.6 pm)
a
A — i
! 7 ! Rscr
i R, L | Ry
e
| CPE |
| | Cscr

Layer of radiation-induced Space charge n-Si
defects in silicon region layer

b

Figure 1 — Cross section of a Schottky diode (a) and
equivalent electrical circuit (b) of an irradiated diode
under forward bias Uy, = 50—-100 mV (Zg. = 10 pA)

initial characteristics, the diodes were irradiated
with an uncollimated beam of alpha particles (decay
energy of 5.147 MeV) with fluence from 3.6-:10"' to
2.1:10" cm % The projective range of a-particles in
silicon did not exceed 24 pum. The surface activity
of the source was 2:10" Bqem °. The diode equiva-
lent circuit describing Z(f) dependences at /i =
=10 pA is shown in Figure 15 (see also [9]).

Measurement results and their discussion

The dependences of the real Z’' and imaginary
Z'"" parts of the impedance Z=Z7Z"+1Z" on the AC
frequency f'(in the range from 20 Hz to 2 MHz) and

Table

The main characteristics of the studied Mo/n-Si
Schottky diodes at the laboratory conditions

Parameter Value

Electrical resistivity of the n-type
silicon epitaxial layer doped with 1
phosphorus, Ohm-cm

Epitaxial layer thickness d., um 5.5
Molybdenum layer thickness dy,, pm 0.3
Diode thickness d, pm 460
Barrier (transition) area, mm’ 5.25
Barrier capacitance C,, nF 095 1.25 1.48
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DC bias voltage U, (in the range from 0 to
400 mV) were measured on an Agilent E4980A
LCR meter. AC signal amplitude was U,. =40 mV.
When measuring the impedance Z, the diodes were
kept in the dark at room temperature. DC forward
current /4. through the diodes varied from 0 to 10 mA;
the characteristics were chosen at /4. = 10 pA with
the highest value of the “inductive type” impedance.
The calculation of the diode inductance L was car-
ried out according to the methods [9-11] using a
series equivalent LR-circuit (see, e.g., [12]).

Figure 2a,b,c shows the frequency dependences
of the inductance for diodes with the concentration
of doping impurity (phosphorus) in the epitaxial
layer: 3-10", 4.7-10", 7-10"° cm°, corresponding to
the values of the barrier capacitance: C, = 0.95,
1.25, 1.48 nF. The barrier capacitance of the diodes
and the concentration of phosphorus in the n-Si epi-
taxial layers were determined from measurements
of the capacitance—voltage characteristics at the fre-
quency of 1 MHz under the diode reverse bias of up
to 10 V. For the first group of doping (Figure 2a),
after irradiation, a significant increase in low-fre-
quency inductance is observed, which then decreas-
es with the fluence of a-particles. For all groups of
diodes (Figure 2a,b,c) for fluences ® = 1.7-10" and
3.5-10” cm™ there is a decrease in the low-fre-
quency inductance with the transition of the imped-
ance to the capacitive type. When the fluence
®=5.2-10" cm > was reached, all three groups ac-
quired an inductive impedance in the low-frequency
region.

The maximum low-frequency inductance in
both the virgin and irradiated Schottky diodes was
found for the value of stationary current /4. =~ 10 uA
excited in them. According to Figure 2a,b,c the de-
pendence of the inductance L on the frequency f of
the measuring signal for /4.~ 10 pA has two ex-
tremes: the first (indicated by the Roman numeral /
and marked by a dashed line) in the low-frequency
region (75 Hz), the second (indicated by the Roman
number // and marked with a dashed line) in the
region (1-10 kHz) with capacitive impedance. (The
negative inductance of a two-terminal network cor-
responds to the capacitance.)

So: 1) the inductive contribution to the imped-
ance of the diodes (/ region) non-monotonically
depends on the fluence of a-particles and decreases
with the concentration of doping impurity (phos-
phorus); ii) the capacitive contribution to the im-
pedance of the diodes (/] region) increases with the

a 150F
C,=0.98 nF
100 -/
T 50 |
=
~ oL XTI NN
_50 -
100 | L o |
b
100
0
T |
- —100 -}
~ \
200
-300 |
C 150 — /r"\\/l _
/W“ C,=1.48 nF
0 _I
T _150
)
-300
—450 |
| | | |
10! 10? 10° 10* 10°
f,Hz

Figure 2 — Frequency dependences of the inductance L
of three diodes with different barrier capacitance C.
Numbers of curves correspond to fluences of a-particles
@, 10% ecm™ 0 (#1); 1.7 (#2); 3.5 (#3); 5.2 (#4). The
concentration of phosphorus atoms in the epitaxial sili-
con layer, 10" cm™: 3 (a); 4.7 (b); 7 (¢). Values of L < 0
correspond to the capacitive type of impedance

irradiation fluence and the concentration of phos-
phorus atoms.

Radiation-induced defects in diodes irradiated
with a-particles were studied by DLTS spectro-
scopy [13—16] on CE-7C capacitance spectrometer
in the temperature range from 80 to 300 K. DLTS
spectra were recorded for diode irradiated with flu-
ence of a-particles ® ~ 3.6:10"" cm™. The spectra
were measured at the following setup parameters:
filling pulse amplitude +5V and duration 10 ms,
reverse bias voltage —6 V, emission velocity win-
dow 19s7".
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Figure 3 — DLTS spectra of the diode irradiated with a-
particles with fluence @ = 3.6'10" ecm 2 (C, = 1.48 nF,
see also Table and Figure 2¢): after irradiation (spectrum 1);
after annealing at 150 °C for 30 min (spectrum 2)

Figure 3 shows DLTS spectrum of diode irradi-
ated with a-particles with fluence ® =~ 3.6:10"" cm™
(spectrum /) and DLTS spectrum of the same diode
after 30 min annealing at the temperature of 150 °C
(spectrum 2).

Spectrum / shows DLTS peaks labeled E;, £,
E;, and E,. Each peak is associated with the emis-
sion of electrons from deep levels of radiation-
induced defects. For each peak, from the Arrhenius
dependences for deep levels, the values of the acti-
vation energy and the electron capture cross section
were obtained. Peak FE, corresponds to electron
emission from the level £.—0.19¢V and capture
cross section 6, = 1.4:107" cm 2, peak E, corresponds
to E.—0.23 eV and 5, = 1.4:-10"° ¢cm 2. The overlap
of peaks F3 and E, in spectrum / does not allow one
to correctly determine the parameters of the corre-
sponding defect levels.

Comparison of the obtained results with the lit-
erature data [13, 15] allows us to conclude that the
E, peak corresponds to the deep level of the A4-
center, which is an “interstitial oxygen — vacancy”
pair (O—V) . The E, peak belongs to the shallow
divacancy level (V). The E; peak is most likely
associated with the emission of electrons from the
deep divacancy level (V~V)7° and corresponds to
E.—04l1eVando,=1.710"cm > [13, 15, 16].

The concentration of phosphorus doping impu-
rity in the n-region of the studied Schottky diode is
4.7-10" cm™. At such dopant concentrations, along
with the interstitial oxygen atoms, the phosphorus
atoms also provide sinks for vacancies generated by
alpha particles during irradiation [13, 17]. There-
fore, the E, peak most likely corresponds to the

electron emission from the deep level £, — 0.44 eV
and 6, = 1.7-10""° cm? of the phosphorus—vacancy
defect (P—V)™°, i.e. E-center. To test this assump-
tion, the irradiated diode was annealed, since it is
known that annealing temperature of the E-center in
about 150 °C [17]. Spectrum 2 in Figure 3 was rec-
orded after annealing the irradiated sample at tem-
perature of 150 °C for 30 min. It can be seen from
this spectrum that the E; peak disappears after the
heat treatment and only the £; peak remains.

Conclusion

It has been established that in the studied range
of fluences of irradiation with a-particles (up to
®=52-10" cm™) Schottky diodes have a non-
monotonic dependence of the inductance L on the
fluence of a-particles. A significant increase in the
inductance L for f= 75 Hz is observed (e.g., by an
order of magnitude at fluence ® ~5.2:10" cm > of
a-particles). All irradiated diodes have capacitive
impedance for f~ 1 kHz. It is shown that the capaci-
tance and inductance of irradiated Schottky diodes
(Mo/n-Si) depend on the concentration of the dop-
ing impurity (phosphorus atoms). The maximum
specific inductance observed on diodes irradiated
with a-particles, measured at frequency f'= 75 Hz,
is = 2.5 H/cm®. This far exceeds the typical value of
~10 pH/cm” for flat metal film inductors.

It has been shown that three types of radiation-
induced defects prevail in the diodes irradiated with
a-particles: A-centers (a vacancy of a silicon atom
in the crystal matrix and an oxygen atom), divacan-
cies, and E-centers (a vacancy and a phosphorus
atom). The latter are annealed at 150 °C for 30 min.
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HcciienoBanue CiI0KeHUsI JA3€PHLIX ITYYKOB B KOJIbIIEBOM
BOJIOKOHHO-ONITHYECKON JIMHUH 3aACPKKHA
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Tocmynuna 09.12.2022
Tlpunsama k nevamu 18.01.2023

[IIupokoe pacnpocTpaHeHUE B HACTOSIIEE BpPEMsl aBTOHOMHBIX JIa3€pPHBIX CHUCTEM IMpeJIojaraet
CHIDKEHUE DHEPIMM MHUTaHUs, MOTPEeOJSIEeMON BXOMIIMMU B UX COCTAaB JIa3€PHBIMU HMCTOUYHUKAMH, HPU
OJTHOBPEMEHHOM TIOBBIINICHUH WX BBIXOTHBIX YHEPTETHUCCKUX XapaKTepucTuK. Llenpio HacTosmeit paboTh
SBJISIIOCH MPAKTUYECKOE TMOJTBEP)KJICHUE BO3MOXKHOCTH CJIOKEHMS JIa3€pHBIX IMYYKOB B CHCTEMax,
MOCTPOEHHBIX HA OCHOBE KOJIBIIEBOW JIMHUU 3aJEPIKKH.

N3roroBiieHa SKCriepuMeHTalIbHAs YCTAHOBKA, PeaIM3yIollasi IPUHIIMI CXeMbl CHHXPOHHOTO CJIOXKEHHUS
JIA3EPHBIX IYYKOB Ha KOJBIIEBOH BOJOKOHHO-ONTUYECKOW JIMHUHU 3aJCPIKKH, pa3padOTaHHOW paHee
aBTropamu. [IpejicraBieHa cxema M3rOTOBJICHHON YCTaHOBKH, MOAPOOHO omucaH e€ MPHUHIUI JACHCTBUS U
paccmoTper e€ coctaB. OTMEUEHO, YTO ISl JOCTKEHUS TTOCTABIICHHOHN NN BBIMOTHSUIHCH MU3MEPCHHUS
3JIEKTPUYECKHUX CUTHAJIOB, CHUMAEMbIX C (JOTOMPUEMHOIO yCTPONUCTBA YCTAHOBKH, M OTBOIUMOM CINTUTTEPOM
JTOJT MOTITHOCTH JIA3epHOTO M3IyUYeHHUs, CHOPMHUPOBAHHOTO B BOJIOKOHHO-OTITHYECKOM TPAKTE YCTAHOBKH.
IIpuBeaeHbl pe3yabTaThl U3MEPEHUNW B BUJE OCHMIIJIOTPAMM BPEMEHHBIX 3aBUCHMOCTEN JJIEKTPUUYECKHUX
CUTHAJIOB (OTONMPUEMHOTO YCTPONCTBA W 3HAYCHHA MOIIHOCTH Ha BBIXONE crumatTepa. [lpeactaBiieHb
rpaduKy 3aBUCHMOCTH MOIITHOCTH BBIBOJIA ¥ MOITHOCTH ITUPKYJISIIUNA OT MOITHOCTH MCXOAHOTO JIA3€PHOTO
My4Ka, BBOAUMOI'O B YCTAaHOBKY.

AHanmu3 pe3yJIbTaTOB IMOKA3aJl, 9TO B KOJIBIIEBOH BOJIOKOHHO-ONITUYECKON THHUH 3aCPIKKHA TPOUCKXOTUT
CJIO)KEHHE JIa3epHBIX IMy4KoB. [Ipr 3TOM ycTaHOBIIEHO, YTO MPEIOKEHHAsI cCXeMa 00eCIeurBaeT yBEINICHNE
MOIITHOCTH UcXoaHoro my4ka B 1,05...1,11 pas.

KiroueBble ciioBa: J'IEISGpHLIﬁ HUCTOYHUK U3JIYyYCHHUS, CJIOKCHUEC JIA3CPHBIX ITYYKOB, KOJBIEBAsA BOJIOKOHHAA
JIMHUSA 3aJICPIKKHU.
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Abstract

At present time widespread use of autonomous laser systems supposes reducing of supply energy, con-
sumed by laser sources that are included in their composition and at the same time increasing of their output
energy characteristics. The objective of this work was practical confirmation of possibility of laser beam
combining in systems based on a ring delay line.

The experimental setup that implements the principle of synchronous laser beam combining
scheme on the ring fiber-optic delay line, developed by authors earlier, is made. The schematic diagram
of the manufactured setup is presented, its operation principle is described in detail and its composition
is considered. It is noted that in order to achieve the objective measurements of electrical signals received
from the photodetector of the setup and measurements of the part of laser radiation power removed by the
splitter and formed in the fiber-optic path of the setup are performed. Results of measurements are presented
as the waveforms of electrical signals from the photodetector and of power values at the output of the split-
ter. Plots of dependence of the output power and the circulation power on the power of the initial laser beam
introduced into the setup are presented.

Analysis of results showed that the laser beam combining occurs in the ring fiber-optic delay line.
Besides, it was found that the proposed scheme provides an increase in the power of the initial beam by
1.05...1.11 times.

Keywords: laser source, laser beam combining, ring fiber-optic delay line.
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BBenenue

K  HacrosimmemMy  MOMEHTY  CYIIECTBEHHO
pacmpwicss  TapK ~ aBTOHOMHBIX  JIa3€PHBIX
CHUCTEM M KOMIUIEKCOB pPa3JINYHOr0 HA3HAYCHHS:
9KOJIOTHYECKOTO, BOEHHOI'0, TEXHOJIOTHYECKOTO.
UXx mpumepoM MOTYT CIYXHUTh Psii KOMIUIEKCOB
9KOJIOTHYECKOTO MOHUTOPHHIA, IPUMEHSIEMBIX IS
oOHapyXeHus 3arpsA3HeHui B aTMocdepe U BOAHOU
cpexe, HaOMIOAEHUWS 3a MOTOJHBIMM SIBICHHUSMH,
KOHTPOJISI COCTaBa CTOYHBIX BOJ HA IPOMBIIIICH-
HBIX MPEONPUATHAX M OYUCTHBIX COOPY)KEHHSIX,
IpUOOpbl BOEGHHOTO HAa3HAUCHMS, B TOM YHCIE
TPaHCIIOPTUPYEMble Ha OECHMJIOTHBIX JIETATEJlb-
HBIX amnaparax MWIM IEPEHOCHbIE YCTPOICTBa,
JUJApel U CPEJICTBA HABEJCHUS BBICOKOTOYHBIX
0oernpunacoB Ha Ieb, KOMITAKTHBIC TOPTATUBHBIC
TEXHOJIOTHYECKHE  JIa3epHble  YCTAaHOBKH W
JIpyTue Ja3epHble CUCTEMBI, KOTOpble paboTaioT
B YCIIOBUSIX OTpaHWYCHHs dHepromutanus [1, 2].
AKTyanbHBIM JUISI HUX SIBJSIETCS TOBBIMICHUE
s dexTHBHOCTH HX PabOTHI (yBEIHUCHUE TITyOHHBI
30HJUPOBaHUSI Cpell, YTO IOBBIMIACT IAIBHOCTH
JNEUCTBUSI CHUCTEMBI, PACHIMPSET KIMMaTHYCCKUE
yCcioBUsL ~ paboOThl,  CHMXKAET  BEPOATHOCTH
JIO)KHOTO cpabaTbiBaHUsl U Jp.) 0e3 BO3pacTaHUs
MOTpeOIsIeMON YHEPT UM MUTAHUS WIH COXPAaHEHUE
ux 5(QQeKTUBHOCTH Ha NPEKHEM YPOBHE MPHU
YBEJIMUECHUU BPEMEHH ABTOHOMHOH pabOTHI MpHu
YCJIOBUU HCIOJB30BAHUS OJHOTO M TOTO IXKeE
HNCTOYHUKA MUTAHUS.

B cBsi3u ¢ 3TUM BO3HMKAeT 3ajaya CO3JaHHUs
9KOHOMMYHBIX UMIYJIbCHBIX JIa3€PHBIX HCTOYHUKOB
C CYLIECTBEHHBIM IMOBBIILICHUEM AMIUIUTYIbl HM-
IyJIbCA JIA3€PHOTO U3ITY4YEHUs O€3 IOTIOTHUTEIbHBIX
9HEPIreTHUYECKUX 3aTpaT Ha oOecredeHue uxX Mu-
TaHud. Takue asepsl MOTYT HaWTH LIMPOKOE
IIPUMEHEHHE BO BCEX AaBTOHOMHBIX CHCTEMaXx,
HCKJIIOYAIOIIUX BO3MOYHOCTb  JIOTIOJIHUTEIBHBIX
9Hepros3arpar U pabOTaIOLIMX B YCIOBUSAX 3KOHO-
MHH TTOTPEOIIEMON AICKTPUIESCKON dHEPTUH.

K HacTosileMy BpeMeHHU CyLIECTBYET OOJIbIIOE
KOJIMYECTBO  MPAaKTUYECKUX W  TEOPETHUYECKHX
pabot [3-9], MOCBAMEHHBIX PEMICHUIO BOIMPOCA
O TOBBIIICHUH AaMIUTUTY/Ibl JIA3€PHOTO HUMITYIIbCA
¥ HaANpaBJICHHBIX HA PpEAIN3alUI0  CIEAYIOUINX
TPy CIIOCOOOB:

— KOMIIpECCHsI  JIa3epHBIX HMMITYyJIbCcoB [3, 4],
pe3yJabTaTOM  KOTOPOW  SIBISIETCS.  YMEHBILICHHE
JUIMTEIBHOCTH HMMIYJbCa, NPU 3TOM TPOHUCXOAUT
repepacnpesiesieHe 3HEpPruu  OJHOr0 JIa3epHOro

umiyJjibCa B IMpeaciax €ro IJIUTCIbHOCTH W HE
MIPOUCXONUT YBEITUYCHUE SHEPTUU UMITYJIbCA;

— MIpUMEHEHUE ONTHYSCKUX YCHIHTENeH [5, 6],
B COCTaB KOTOPBIX BXOJAT YCWJIMBAKOUIUC AKTUB-
HBIE CpeIbl, KOTOphIE TPeOYIOT WCIIONb30BAHUS
COGCTBCHHI)IX CHUCTEM HaKa4YKu u JOITOJTHU-
TEJIbHBIX HMCTOYHUKOB TIMTAaHUS COOTBETCTBEHHO,
HO TP 3TOM IPOUCXOAWT YBEIWYCHHUE DHEPTHUU
Y aMILTUTY/IbI UMITYJIbCA;

— CIIO)KEHWE TYyYKOB Ja3epHOTO M3Iy4deHHs [7—
9], koropoe  TpennoyaraeT  UCIOJb30BAHHE
HECKOJIbKHX J1a3ePHBIX HWCTOYHUKOB, MPU ITOM HE
Bceryma coOJroaeTcsi CHHXPOHHOE CyMMHPOBAHHE
HUMITYJIbCOB JIA3€PHOTO M3JIydeHUs: (3a HCKIIoYe-
HUEM KOTEePEHTHBIX CIOCOOOB), @ MMITYIIbCHI, Kak
nmpaBujio, HEC HWACHTHUYHBI 110 JIMTCIBHOCTU U
aMILTUTYIE.

O‘ICBI/IIIHO, YTO NPUMCEHCHHUE IOCICAHUX IBYX
M3 YKa3aHHBIX CIIOCOOOB COIPSDKEHO C yBEJINYe-
HUEM DHEPTHH MUTaHWs, KoTopas OyAer moTped-
JISITHCS JTMOO HECKOJIBKUMH YCTPOMCTBAMHU HAKAYKH
B ONTHYECKUX YCHIIUTENSX, JTUOO COBOKYITHOCTBHIO
JIa3€PHBIX HWCTOYHHUKOB B CHUCTEMaxX CIIOXKCHUA
mydykoB. Kpome TOro, TOBBINICHUE aMILTUTY/IbI
JIA3epPHOTO MMITyJIbca HE BCETJa JOIMYCTHMO 3a
Cc4éT ero KOMIIPECCHM, TaK KaK YMECHBIICHHE
JUTMTETPHOCTH HMITYJIbca MOXET TIPUBECTH K
U3MCHCHHNIO MCEXaHHN3Ma BOS}ICﬁCTBI/IH H3JIYyUYCHUA
Ha OOBEKT JIJIsi CHJIOBBIX JIA3EPHBIX YCTAHOBOK WIIH
W3MEHEHUIO TOYHOCTHBIX XapaKTepUCTHK Ja3ep-
HBIX YCTPOWCTB MOHHMTOPWHIA W, KaK CIICJCTBHE,
HapylmieHnto  (YHKIIMOHUPOBAHMUS ~ aBTOHOMHOMU
JIa3€pPHOM CUCTEMBI B LIEJIOM.

O4YeBHIIHO, 4YTO HAWIYYIIAM pEUICHHEM B
JTAHHOM CJIydae MOXXET CTaTh IepepacrpesesieHue
9HEPTUU HE B TpeJieNax OJHOr0 UMITYJIbCa, Kak 3TO
MPOUCXOAUT B Cllydae KOMIIPECCHH HWMITYJIbCOB,
a B mpezenax cepuu N HMIYJIbCOB M €€ KOHIICH-
Tpalid B OJWHOYHOM HMITyJIbce 0€3 W3MEHCHHSI
€ro JUINTENIbHOCTH W JIOTIONTHUTENBHOTO MOTped-
JICHUsI DHEPrHMHM THUTaHUs. Takod Ccrnocod TNOBHI-
IICHUS aMIUIATYJIBI JIa3€pPHOTO HMITYJIbCa OBLI
peaii30BaH aBTOpaMH B BHJE CHHXPOHHOTO
cloxeHuss N UMIYJIbCOB JIa3€PHOTO W3IYUYCHHUS,
(hopMHEpPYEMBIX OTHUM UCTOUYHUKOM. [Ipu 3TOM OBLT
paspaboTaH psJ cxeMHbIX pemenni [10, 11].

llenpto  Hacrosimelt  pabOTHI  SIBIISIIOCH
IMPAKTUYICCKOEC TMMOATBCPIKIACHUC BO3MOXKHOCTHU
CIOXEHHS  JIa3epHBIX IYYKOB B  CHCTEMaXx,
MMOCTPOCHHBIX HAa OCHOBE KOJBIIEBOH JIMHHUU
3aJICPIKKH.
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JKCNEePpUMEHTAIbHASl YCTAHOBKA

Opnnolt w3 Hambonee TMPOCTHIX B IUIaHE
MPaKTHYECKOW peanm3ald cTaja cxXeMa C Tak
Ha3bIBAEMOM KOJIBIIEBOM BOJIOKOHHO-OIITHYECKON
nuHuen 3aaepxku [11], Tak kak B HEH, B OTIHUYNe
ot cucteM [10], He Tpebyercss mpUMEHEHHUE MHO-
’KECTBAa BOJIOKOHHO-ONTHYECKUX JIMHUN 3aJCpPHKKU,
JUTMHBI KOTOPBIX JIOJDKHBI TOYHO TIOJTOHSATHCS
JUTsE  o0ecTieueHnsl CHHXPOHHOTO CJIOXEHHS Jia-
3€pHBIX TYYKOB. ABTOpaMH H3TOTOBJICHA JKCITe-
pUMEHTaTbHAsI yCTAHOBKA, KOTOpasi IO CBOEMY
KOHCTPYKTUBHOMY  HUCIOJHEHHIO COOTBETCTBYET
BAPUAHTY CHCTEMBl C OIMHOYHOM BOJIOKOHHOM
KOJBLUEBOM  JIMHHEH  ONTUYECKOM  3alIEPiKKH,
(opMupyemMoli Ha OCHOBE BOJOKOHHO-ONITHYECKO-
ro cymmaropa 2x1 (manee — BOC 2X1) u BOJIOKOH-
HO-ONTHYECKOro KommyTtaTopa 1x2 (nanee — BOK
1x2).

CrnemyeT OTMETHTh, 4YTO  MaKCHMaJbHas
JUTATEIHHOCTh ~ CYMMapHOTO  WMITyJibca,  Qop-
MHPYEMOTO Ha BBIXOZIE M3 TaKWX CHCTEM, OyzeT
CBsI3aHA C ONTUYECKOW JIMHOM IIyTH H3IIy4EHUS
B «KOJBIE» 3aMePKKH U TpPU TUIUYHBIX JJIU-
HaX BOJOKOHHBIX cBeTOoBOgOB BOK 1x2 wu
BOC 2x1 mopsinka 1M cocraBur He Oonee
10 HC. DTO CBHIETENBCTBYET O HEOOXOIUMOCTH
MPUMEHEHUSI B COCTaBE CHCTEMBI JIOPOTOCTOSI-
mmx snektpoontuiyecknx BOK 1x2 ¢ Bpemenamu
MEPEKIIOYCHUST TOPSAIKA COUHUI] HAHOCEKYH]I.
OpHaKko AOCTYHHbBIE AJII U3TOTOBJICHUS YCTAHOBKHU

anekrpomexanmdeckue BOK 1x2  He oOmamanu
TakuM OBICTPOACHCTBHEM (MHUHHUMAIBHOE BpeMs
MEePEKITIOYEHUS, TPUMEHIEMOTO B  yCTAaHOBKE

BOK 1x2, He Oosee 3 MC) H, CJIEIOBATEIBHO,
HE MOTJHM OOECHeYHTh BBIBOA TaKUX KOPOTKHX
Ja3epHbIX HMMITyJbcOB. IlosTomMy paspaboranHas
9KCIEPUMEHTAJIbHAs yCTAHOBKAa NpeAHa3HauyeHa
TOJIBKO JUISL TIOATBEPXkKIEHHSI BO3MOMKHOCTH CJIO-
KEHHS ITyYKOB B KOJIBLIEBOH JIMHUM 33JICPIKKH.
Cxema pa3pabOTaHHOW YCTaHOBKH IpE/ICTaB-
JeHa Ha pucyHke . VYcTaHoBKa  JeWCTBYyeT
creayomuM  oOpazoM. OCHOBHOW  J1a3epHBI
HUCTOYHUK C BOJOKOHHBIM BBIXOZOM | coeauHEH
¢ Bxogom 4 BOC 2x1 2, gepe3 KOTOpbIH chop-
MHPOBAHHBIA JIa3€pOM HMCXOJHBIA IIy4OK H3JIyde-
HUS BBOAMTCA B KOJIBLIEBYIO BOJIOKOHHO-ONTH-
4ecKylo JIMHUI0 3aaepkku. Ilpm stom BOC 2x1,
B OTIMYME OT HCXOAHOIO KOHCTPYKTHBHOTO
UCTIOJIHEHHUS HUCCIELyeMOW CHCTEMBbI, IOAKIIIO-
gaeTcss K Bxogxy BOK 1x24 ne nHampsMmyro, a

yepe3 BOJOKOHHBIA crumrrep 1%2 3. Cromrrep
BBIMOJTHSET B YCTAaHOBKE (DYHKIHIO  CBETO-
JEIUTEIBHOTO JJIEMEHTAa U pasfeisieT  IIy4oK,

MOCTYNHBIIUHA HAa €ro BXOA, B COOTHOIICHHUU
95:5. Ilpuuém 5 % odHeprum IydKa, BOIIEIIIETO
B CIUIMTTEP, OTBOJMUTCA 4epe3 BbIXOA A,

a OCTaBIIasicsl A0S PHEPTUM OcTaércsi B paboueit
YacTH YCTAaHOBKU. BeIxon B crmiuTrepa MOAKIIO-
yén k Bxogxy BOK 1x2, mpm 3TOM mocTymnuB-
MUHA B BOJOKOHHOE «KOJBIIO» JIa3€PHBIH ITy4OK
gepe3 Bbixog A BOK 1x2 mpoxomutr Ha BXOm B
BOC 2x1 u mnpomomxkaer pacnpocTpaHsITbCA B
KOJBIIEBOM 3amepikke mpu momaue Ha BOK 1x2
CUTHajla BBICOKOI'O JIOTMYECKOTrO0 YpPOBHS C OJioKa
ynpasieHus 6. Takum crocoboM obecrieunBaeTcst
LUPKYJSIHUS HAJIOXKEHHBIX ApPYr Ha Apyra Jasep-
HBIX ITy4YKOB B KOJIBLIEBOM JJIEMEHTE 3aJ€pKKU U
UX CIIOKEHHE C KaKIbIM CJIEIYIOLUIMM HCXOIHBIM
Ja3epHbIM TYYKOM, BBEAEHHBIM Yepe3 IEpBhIH
Bxon BOC 2x1. Ilpomecc HAKOIUICHHUS JHEPTHH
U3JIy4eHHUs] MAET OO TeX MOop, NOKa CyMMAapHbIH
My4OK B «KOJIbIE» HE OyeT BBIBEJIEH Yepe3 BhIXO]
BBOK 1x2 mnpu mnepekiloueHHH KOMMYTaTopa
M0 CUTHAITy HU3KOTO JIOTHYECKOTO YPOBHS C OJIOKa
yrpasieHus 6.

IIpyn BBIIONHEHMM HW3MEPEHUN C I[OMOILBIO
ocumwmiorpada M3IydeHUE, OTBOAMMOE Yepe3 Bbl-
xon A crmuatrepa 3, TMOCTyHmaeT Ha IepBoe
(ororpuéMHOE YCTPOMCTBO C BOJOKOHHBIM BXO-
moM (nmanee — OIIY-1) 5. [pu srom DITY-1
mpeobpasyeT ONTHYECKOE H3IYYeHHE B DIIEKTPH-
YECKHUH CHUTHaJ, KOTOPBIM MOCTyNnaeT Ha OCLMI-
jnorpad Uit €ro M3MepeHHs M MOCIEAYIONIEro
aHanm3a. Ilpuuém npum mepexmroueHnn BOK 1x2
Ha BBIBOJ M3JIy4YEHHs HapyKy W3 YCTAHOBKH Yepe3
ero Beixog B ®IIY-1 mo3BoiauT 3aperucTpupoBaTh
CUTHAJ, NPONOPLUHUOHAIBHBIA MOIIHOCTH H3IIyde-
HUSl MCXOTHOTO Ty4YKa (Jajiee — CHUTHANl BBIBOJA).
Bwmecre ¢ tem mepekmouenne BOK 1x2 wa mup-
KyJSIIUI0 M3JYy4YEHHUS B BOJOKOHHOM  «KOJIBIIE»
yepe3 ero BbIXOA A 00eCHeuuT PerucTpanuio
®IIY-1 currama, TpONMOPIIHOHAIHHOTO MOITHOCTH
CYMMapHOTO Ilyyka (Jajee — CHrHal IHMPKYJsi-
nuu). Jns CHWKEHHS BIHMAHUS TEMIIePaTypHOTO
apeiipa PDIIY-1 B cocraB ycTaHOBKHM [JOOaBICHO
BTOpO€ (OTONPUEMHOE YCTPOWCTBO C BOJOKOH-
HBIM BXomoM (manmee — DIIY-2) 7, BriIrou€HHOE
B JJIGKTpUYECKyl0 cxemy BcrpedHo DIIY-1.
Ha onrtuueckuit Bxom  PIIY-2  moctymaer
HEeNpepbIBHOE U3IydeHHE omopHoro jazepa 8. s
nyumiet tepmoxkomneHcanuun DIIY-1 u OIIY-2

47



Tpubopul u memoosi usmepenuii
2023.—T. 14, Ne 1. — C. 44-53
M.P. 3apunog u op.

Devices and Methods of Measurements
2023, vol. 14, no. 1, pp. 44-53
M.R. Zaripov et al.

JOJDKHBI ~ pacriojiaratbCs  PAAOM. AHAJIOTHYHO,
mazepsl 1 W 8 TakkKe pasMEelaUCh PSJIOM.
JUist  yMEHBIICHUS YPOBHS  AIEKTPOMArHUTHBIX
NOMEX HW3MEpPEHHs BBITIONHSUINCH C  MOMOIIBIO
muddepeHuanbHoro npoOHuKa. Takum 00pazom,
curHan U,,, peructpupyemsiii ot @IIY-1 u OIIY-2
C moMoOIIbI0 ocuwuiorpada (mamee — perucTpu-
pyeMBIif CUTHaJ), TpeAcTaBiseT co0oil pa3HOCTH
curHana U,, ¢opmupyemoro DIIY-2 (mamee —
ONOpHBINA curHam), u curHana U,, ¢hopmupyeMoro
OIIY-1 (mamee — OCHOBHOW CHUTHAM):

Um = []ri l']o' (1)

[lostomy B pganmpHelimeM mpu  00paboTke
OCIMJIIOrpPaMM cienyeT YUUTHIBATH, 4TO
MOJy4aeMble CUTHAJIbI BBIBOJA U HUPKYISALUHN OyayT
B UTOr€ MHBEPTUPOBAHBI OTHOCHUTEIBHO OCHOBHBIX
curHanos, popmupyembix OIIY-1.

. T

output of radiation / circulation of radiation

N tinn Iy
< O
1 w 2 o1 e3 \E

g7
]

to fiber
optic meter

B

[ optical connector

to oscilloscope

Pucynok 1 — Cxema 9KCIIEpUMEHTAJIbHON YCTaHOBKU:
1 — ocHOBHOI J1a3epHBII UCTOYHHK; 2 — 2% ] BOIOKOHHO-
ONITHYECKUH CyMMaTOp; 3 — BOJIOKOHHBIH CrutuTTep 95:5;
4 — X2 BOJOKOHHO-ONTHYECKUN KOMMYTATOP; 5 — TIepBOe
¢dbotonpuémHOE  yCTpOICTBO; 6 — OJOK  YIpPaBJICHUS,
7 —BTOpoe (oTOmpUEMHOE YCTPOICTBO; 8 — OTOPHBIIA
Jla3epHbI UCTOUHUK

Figure 1 — Schematic diagram of the experimental setup:
1 — main laser source; 2 — 2x1 fiber-optic combiner; 3 — fi-
ber-optic splitter 95:5; 4 — 1x2 fiber-optic switch; 5 — first
photodetector; 6 — control circuit; 7 — second photodetec-
tor; 8 — reference laser source

HCHOCPGHCTBCHHOC HU3MCEPCHHUEC MOIIHOCTH Jia-
3CPHOI0 U3JIy4CHHS OCYLIECTBIAIOCH C ITOMOLIBIO

BOJIOKOHHO-OIITHYECKOTO ~ MYJIBTUMETpa  (maiee —
BOM), koTOpbBIii ONTHYECKH MOAKIIOYANCS K BBI-
xony A cruurrepa 3 Bmecto PIIY-1 ¢ momornrsio
konHekropa FC/UPC. llpuuém mpu mepexitoue-
Hun BOK 1X2 Ha BbIBOI M3JIy4Y€HUs HAapyKy H3
YCTaHOBKH 4e€pe3 €ro BBIXOA B ¢ momombio BOM
OyneT wu3MepeHa MOIIHOCTh, COOTBETCTBYOIIAS
JI0JIe MOIIHOCTU M3JIYyYCHUS! MCXOIHOTO IMydKa (I1a-
Jiee — MOIIHOCTh BBIBOja). BMmecte ¢ Tem mepe-
kimoueHne BOK 1X2 Ha mupKymsnuio W3ITydeHHS
B BOJIOKOHHOM «KOJIBIIE» Uepe3 ero BbIXoa A
obecrnieuuT u3Mepenue ¢ nomoiibio BOM morHoc-
TH, COOTBETCTBYIOUICH [0JI€ MOIIHOCTH CyMMap-
HOTO TydYka (Jlaee — MOIIMHOCTh LUPKYIISALNH).
CpaBHeHHME pe3yabTaTOB M3MEpPEHHUH, TOIy4eH-
HBIX ¢ nomounplo BOM, B BHAE MOIIHOCTEH
BBIBOJIAa U IUPKYJSIUKM TO3BOJUT KOJIUYCCTBEHHO
OILIGHUTh BO3MOXKHOCTh CJIO)KEHUS JIa3ePHBIX ITyd-
KOB B KOJIbLIEBOH BOJIOKOHHO-ONTUYECKOM JIMHUU
3aJIEPIKKH.

B kauectBe ocHOBHOro mazepa 1 u omop-
HOro Jlazepa & UCHOJIB3YIOTCA JIa3epHbIE JHO-
Il C OJHOMOJIOBBIM BOJIOKOHHBIM  BBIXOJIOM
LSDLD155-4-S, CITOCOOHBIC TEHEPHUPOBATH
HENpephIBHOE WM  WMITYJBCHOE  H3ITyueHHe.
Porr BOC 2x1 2 Bemonnser cmiutrep 50:50
FBT-MM-62.5/125-5050, pa3BépHYTBHIH TaK, YTO
M3ITydeHNe BBOJUTCS Yepe3 ero JIBa MHOTOMOIOBBIX
BOJIOKOHHBIX ~ BBIXOJIa, a BBIBOAWTCS  4epe3
MHOTOMOJOBBLI BOJOKOHHBIM BXO0J. B KkauecTBe
BOJIOKOHHOTO CIUIUTTEpa 3 B YCTAHOBKE IpUME-
Hsicst  cruutrep  95:5  FBT-MM-62.5/125-0595.
B pomm BOK 1x2 4 BeicTyman 3IeKTpOMEXaHHU-
gyeckuik BOK ¢ TOBOPOTHBEIM MHKpPO3EpKaIOM
FSW-2-L-15-90-10-FA. Tlpuém wu3ayuyeHus ocy-
mectBisieTcst ¢ nmomompbio DPIIY-1 5 u DIIV-2
7, B KauecTBE KOTOPbIX HCHONb3YyrOTCS InGaAs
(hoTOIMOBI C OTHOMOJIOBBIM BOJIOKOHHBIM BXOJIOM
BLPD-PFA1-60BR. bnok ynpasnenus 6 peaan3o-
BaH Ha OCHOBE OJJIEKTpOHHOro kitoua ADG736,
KOHTPOJINPYEMOTO OJHOIUIATHBIM KOMITBIOTEPOM
Raspberry Pi Zero. C IOMOIIBIO 3THX KOMIIOHECHT
OCYIIECTBJISIaCh TMOjaya HaIpsDKEHUH  BBICOKO-
r0 U HU3KOIO YPOBHEW Ha DJIIEKTPUUECKUU BXOJ
BOK 1x2, 4ro0Obl oOecriednTh €ro mepeKIrode-
HUE MeXay Bbixogamu 4 u B.

HeCMOTpﬂ Ha ITOJTHOCTBIO BOJIOKOHHOC
HUCIIOJTHCHUEC YCTaHOBKH, BHCHIHECC (I)OHOBoe
OIITHYCCKOC HU3JIyUCHUC €CTCCTBCHHBIX n

WCKYCCTBEHHBIX HCTOYHHKOB CBETa IIPOHHKAET
B KBapIIEBBIM BOJIOKOHHBIM CBETOBOJA (manmee —
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BC), paccenBasich Ha ero 3alIUTHON ITOJTMMEPHOM
oOomnouke. IlomMuMo 3TOro, wH3MEHEHHE TeMIle-
parypel BC, mnpoucxoxpsmee wu3-3a H3MEHEHUS
TEMIIEpaTyphl OKPY’KAIOIIETO BO3QyXa M Harpesa
nmox JedcrBueM mnajgaromux Ha BC  conHeu-
HBIX JIydyei, NPUBOAUT K CIIydalHOMY H3MEHE-

HHUIO JJINHBI BC KOMITIOHCHT YCTaHOBKH.
CJIeI[CTBI/IeM BCETO DOTOIO CTAHOBATCA HCKaXEC-
HUC U cnyqaﬁHLIe KoJeOaHUsI  ONTHYCCKHX

CHUTHAJIOB LMPKYJISALWHM M BBIBOAA W, Kak CleJ-
CTBHE, H3MEPSIEMOro C IIOMOLIbI0 OCLMJUIOL-
pada NMEKTPUUIECKOTO CHUTHaJa. YroOb1
CHMU3UTH BJIUSHUE MJaHHBIX ¢akTopoB Ha BC,
SKCIIEPUMEHTANbHAsl YCTAHOBKAa IPU  BBINOJ-
HEHMM H3MEpEeHUi MoMellajach B ONTHYECKYIO

KaMmepy, NpeACTaBIsABIIYI0O COOOW TMoMemneHne
C TIAJAKUMH YEPHBIMU CTEHKaMH, B KOTOPOM
WCKJIIOYAJIOCh ~ pPAclpOCTPAHEHHE  BHEIIHEro
(hOHOBOTO MBITYUYECHUS.

s KayecTBEHHOW OIICHKH BO3MOKHOCTH

CJIO’KEHUS JIa3€PHBIX IIYYKOB B CUCTEME C KOJIbLE-
BOW JIMHUEH ONTHUYECKOW 3alE€pKKU OCYILECTBIIS-
JUCh  W3MEPCHHSI  PETUCTPUPYEMOTO  CHUTHA-
na U, u curxana nepexiarouenus U, mocrymaro-
mero ¢ Omoka ympaBiaeHuss Ha BOK 1x2. [lns
ATOTO TPHUMEHSIICS IUPPOBOA UYETHIPEXKAHAID-
Hbll 1dpoBol ocimniorpad MSO64. Tlpu stom
OJIHOBPEMEHHO Ha IE€PBOM KaHaj€ OCLUUIUIOrpa-
da peructpupoBancs curtan U, a Ha BTOpOM —
curHan U,. DOT0 HeoOXoauMo M ompejele-
HUS Ha OCLHWUIOTPAMME BPEMEHHBIX YYacTKOB,

T

N———

a

COOTBETCTBYIOIIMX ONTHYECKUM CHTHAJIaM LUp-
KYJIALIMU U BBIBOJA.

Jns  KOJIWYeCcTBEHHOM  OLIEHKM  BO3MOX-
HOCTU CJIOKEHMS JIa3€pHBIX IIy4YKOB B HCCIE-
JIyeMOM CHUCTEME C BOJIOKOHHBIM «KOJIBLIOM»
OCYIIECTBJISIJIMCh ~ M3MEPEHHMsT  MOLIHOCTH  Ja-
3€pHOro u3inydeHus. st 3TOro NpuUMEHSIICS

BOM FF-32174.

Pe3yabTarsl U 00cyKa1eHHe

BrimonHeHHble ¢ momomip0  ocuutorpada
U3MEpEHHs IMO3BOJISIIOT KAa4eCTBEHHO OLICHUTH
BO3MOKHOCTh ~ CJIOKEHHUSI JIa3epHBIX IIyYKOB B
CHUCTEMAx C KOJIBLICBOW BOJIOKOHHOM JIMHUEHN
3alepKki. JTO OBUIO oObOecriedeHo 3a cu€T pe-
THCTPAlM BPEMEHHBIX 3aBHCHMOCTEH CHUTHAJIOB
U,(t) (pucynok 2, 3aBucumocts 3) u U, (f) (pucy-
HOK 2, 3aBHCUMOCTb 4) B BHAE OCHWIOIPAMM
MIpU MHTEpBalax MEpPEeKIIOUeHUsT MEXJy CHUTHaja-
MU THPKYJSIIUH W BBIBOJA 5 MC (PUCYHOK 2a) U
50 mc (pucyHOK 2b).

VYcraHoBEHHas IieHa JEJIeHHs TOPU30HTalb-
HOW pa3BépTku coctaBuna 10 mc (pucCyHOK 2a) u
100 Mc (pucyHOK 2b), BEpTHKIBHOW  Pa3BEPTKH
nepsoro kaHaga — 0,5B wu BeprukampHOH pas-
BEpTKH BTOporo kaHama — 20 MB. Ilpu stom Bo
BpeMsl TPOBEICHUS W3MEPEHHH C  TIOMOIIBIO
OporpaMMbl  yNpaBi€HUS — 3a7aBajcsi  EPUOA
nepexiatoueHus Mexay Bbixomamu BOK 1x2 10 mc
u 100 mc.

100 ms 200 ms

b

Pucynox 2 — CHuMOK 5kpaHa ocumiuiorpada npu uHTepBaiax nepekiarodeHnst 5 mc (a) n 50 mc (b): 1 — BpeMeHHOH
y4acToK cursana BeiBoga U, ; 2 — BpeMEHHOU y4acTOK curHana nupkyisiuuu U, ,; 3 — curnan nepexiouenus U, (¢);

4 — peructpupyemslii curnan U, (f)

Figure 2 — Oscilloscope screenshot for switch times 5 ms () and 50 ms (b): 1 — temporal section of output signal U,,,; ;
2 — temporal section of circulation signal U,,; 3 — switch signal U (); 4 — registered signal U, (7)
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B mpenenax BpemenHoro yuactka 1 Ha BOK
1x2 nopaércs curHan U (f) HHU3KOro Jjoruyec-
KOTO YpOBHS, 3TO CBHJETEIBCTBYET O TOM, YTO
BOK 1x2 nepexitouéH Ha BOJOKOHHBIM BbIXOA B,
a Ha DIIY-1 mocTymaer ONTHYECKHI CHUTHAN BBI-
BOJA, T.€. CJIOXCHHS JIa3ePHBIX ITYYKOB B BOJIO-
KOHHOM «KOJIBLIE» YCTaHOBKM HE IPOHUCXOJUT.
I[Ipu »>TOM Ha mepBOM KaHaie ociiorpada
peructpupyercs curian BemuuuHon U, =U, .
Ha BpemMeHHOM y4acTke 2 MOXXHO 3aMETHUTh, YTO
Ha oanektpuyeckuid Bxon BOK 1x2  nmocrynuio
ynpasisitoliee HanpsbkeHue U, BBICOKOIO YPOBHS,
a 3Haunt, BOK 1x2 mepexmoumiics Ha BOJIO-
KOHHBIN BBIXOH A, coenuHEHHBIN ¢ BxogoM B BOC
2x1. Tlpu »TOM Ha TIEPBOM KaHaJE ocCImnIorpada
perucrpupyercs cursan seauuunou U, = U, ,.

C yuérom TOro, 4ro ocHoBHOH curHan U,
tdbopmupyemsbiii OIIY-1, wHBEpTHpPOBaH OTHOCH-
TeJIbHO curHaiga U,,, perucTpupyeMoro OcCLuil-
nmorpadoM, CIpaBeUTMBBIM OYyIeT YTBEpKICHHE,
YTO OCHOBHOW CHTHANl LUPKYJISAUH (y4acTok 2
Ha pUCYHKE 2) TMPEBBIMIACT OCHOBHOW CHUTHAI
BeIBOJa (yuactok 1 Ha pucynke 2): U,>U,.
W3BecTHO, YTO BEJIMYMHA AJIEKTPUUECKOTO CHUTHA-
ma U,, chopmupoBaHHOTO (hoTOANOIOM, NPSIMO
MIPOMOPIHOHATIbHA MOIIHOCTH P TOCTyHaromero
Ha HETr0 ONTHYECKOTo m3nydeHus. Takum oOpazom,
MpUBEIEHHBIC OCIMIIIONPAMMBI HATJISITHO JIEMOH-
CTPUPYIOT TIPEBBIIIEHHE MOIIHOCTH IMPKYJIALUN
HaJ MOIIHOCTBHIO BBIBOJIA, YTO B CBOIO O4YEpeNb
CBUJETEIBCTBYET O CJIOXKEHHU JIa3epHBIX IYYKOB
B KOJIBIIEBOM JIMHUHM 3aJepKKH pa3pabOTaHHOMH
CHCTEMBI.

[Tomumo 3TOrO, OBUIM TIPOBENEHBI M3MEPEHUS
B OKCIUTyaTallMOHHBIX YCJOBHAX Ha YCTaHOBKE,
WU3BICYEHHOM M3 ONTUYECKOM KaMephl, T. €.
B YCJOBHAX BO3JCHCTBHS Ha €€ KOMITOHEHTHI
M3ITy4eHUs] BHEIIHUX €CTECTBEHHBIX UM HUCKYC-
CTBEHHBIX HCTOYHHKOB CBETa M MPH OTCYTCTBUU
tepMmocTabmmm3anmu. [lpu 3TOM moONydeH psa
OCIIIIITIOTpamMM (PUCYHOK 3).

[To ocumorpaMmam Ha pUCYHKE 3 BUJHO, YTO
B IKCIUTyaTAllMOHHBIX YCIOBHUSAX PErHUCTPUPYEMbIN
curHan U, (f) cTaHOBUTCSI HECTAOWUJIBHBIM, NMPUUYEM
€ro M3MEHEHHE IPOMCXOIUT TIJIABHBIM 00pa3oM
Ha BpPEMEHHBIX YYacTKax 2, COOTBETCTBYIOIIUX
curHany wupkyasuun U,,. Jnd HarasgHocTH
IpUBEAEHbl ocumIorpaMMsl curHana U, (1) nns
pasHblx cayyaeB. Ha pucynke 3a BHIHO, 4YTO
curHan U, (f) u3MeHseTcsl OT BPEMEHH C CHUTHa-
agoM U (f) Tak xKe, Kak Ha pPHCYHKE 2, 4YTO

CBUJICTETILCTBYET O CJIOXEHHWH JIa3epHBIX ITyYKOB
B KOJIBIIEBOM JIMHUM 33€P>KKH JUIsL OTOTO Ciydasl.
OmHako Ha PHUCYHKE 3b MOXKHO 3aMETHUTh, YTO
BeJIMUMHA curHana U, , Ha yyacTke 2 CyILECTBEHHO
HU3MCHMUJIACh IO CPABHCHUIO C MPEABIAYHIUM CIIy-
gaeM (PUCYHOK 3a) TaK, 9TO CTall0 BBITTOIHATHCS
Hepasenctso U,,> U, ,, a 9TO, B CBOIO 0YEpEnb,
TOBOPUT OO0 YMEHBIIEHWH OCHOBHOTO CHTHAla
LUPKYJSIUY  OTHOCUTEIBHO OCHOBHOI'O CHTHala
BeiBoa U, < U, W, KaK CIEICTBHE, OTCYTCTBUH
CIOXEHHS JIa3epHBIX IIy4KOB B JTOM CIyd4ae.
Ha BpemeHHOM yuwacTke S5 TmOCIEOHEH OCLMII-
JIOTpaMMBbI (PUCYHOK 3¢) MOKHO YBHJIETH IEPEX0.I
OT cilydasi, MOKa3aHHOTO Ha pHCyHKe 3b, K ciy-
9a10 CO CIIOKCHHUEM ITyYIKOB (PUCYHOK 3a).

Takoe necrabunbHoe pazButue curHana U, (f)
B OKCIUTyaTallMOHHBIX YCJIOBHAX MOATBCPIKIAACT
HEOOXOIMMOCTb pasMernieHus BOJIOKOHHO-
OINITHYCCKUX KOMITIOHEHT BHYTpHU 3allIUTHOT'O
CBETOHEIIPOHUIIAEMOT0 KOpITyca IPH H3TOTOBJE-
HUU B JajJbHEWIIEM NPOTOTUIIOB CHCTEMBI CIIO-
KCHUA JIa3€pHBIX IIYYKOB Ha KOJ'II)HGBOI71 JIMHUH

3aJIEPIKKH.
Panee B [11] aBTOpamMm OBUIO MOKa3aHO, YTO
sHepreTudeckas dI(P(OEKTHBHOCTh  CHCTEMBI  C

KOJIBLIEBOM BOJIOKOHHOHM 3a/Iep’KKOM He HapacTaeT
OECKOHEYHO C YBETMYEHHEM YHCIa LUPKYISIUT
B HEH, a CTPEMHUTCS K HEKOTOPOMY MpPEACIbHOMY
3HAQUEHHUIO T1);, KOTOPOE€ 3aBUCUT OT BEIMYMHBI
norepb B cucteme. Ilpuuém B cxeme ¢ BOC 2x1
n BOK 1x2 310 3Ha4eHHe NOCTUTaJIOCh YK€ HpHU
gucie mupkyssui N ot 25 o 34. C yu€tom ToOTO,
YTO JUIMHA KOJIBLIEBOTO BOJIOKOHHOIO YdYacTKa
B OKCIIEPUMEHTAIbHON YCTAHOBKE COCTaBISIET
HE MeHee 6 M, MOXKHO JIOCTOBEPHO CKa3aTb, YTO
IpefeabHOE 3HaueHue 1), OyAeT JIOCTUTHYTO
B OKcrmepumeHTe 3a Bpemsi He Menee 0,1 Mmkc.
[Ipuaumass Bo BHUMaHue, yto BOK 1x2, mpu-
MEHSIEMBIi B COCTaBE€ YCTAaHOBKH, HMEET BpeMs
NEPEKIIOYCHUS] HE MEHbBIIE 3 MC, MOKHO YBEPEHHO
YTBEpPXkAaTh, YTO B CHUCTEME B Ipoliecce IUPKYIs-
nuu  Oymer Bcerma (OPMHUPOBATHCS U3IYUCHHE
C TMpeaeNbHOM MOILIHOCTBIO P,, KOTOpas MOXET
OBITH 3aperucTpUpoBaHa ¢ momonrs BOM.

g KONMMYecTBEHHOM OLIEHKH B M3TOTOBIICH-
HOW yCTaHOBKE, COOpaHHOM IO CXeMe Ha pUCYHKe 1,
OCYILECTBISUIUCH NPSIMbIE M3MEPEHUsI MOILHOCTEH
mupkymsiuun - P, u BeiBoma  P,., <¢opmupye-
MBIX Ha BbIXOZE€ A CIUIMTTEpa, NPU YCIOBHH, UTO
MOIIHOCTh BBOJAMMOIO B CHCTEMY H3IIy4EHHUs
or nazepa 1 P, usMmeHsnacb. ABropamu ObUIO
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BBIMIOJIHEHO O 6 HM3MepeHuid MomHocTed P, n
P, npu P,, ycTaHOBIEHHON B mpeaenax OoT 2 0
4,5 MBT ¢ marom 0,5 MBT. [laHHBIE pe3ynbTaThl
COINOCTABJIEHBI B IPa)UUECKOM BHJE Ha PUCYHKE 4,

JUIS TIPUBEJCHHBIX TOYEK HM3MEPCHUI BBIMOTHEHA
annpoxkcumatust  pynkuusmu P.(P)) u P,.(P,),
JIEMOHCTPHPYIOIIUMHU OXHJACMYIO JIMHEHHYIO 3a-
BUCHMOCTh U3MEPEHHBIX MOIIHOCTEH.

Cc

Pucynok 3 — CHuMOK 5kpaHa ocnumiorpada, IMOMydeHHBIH Ul YCTAaHOBKM B OKCIUTyaTal[MOHHBIX YCIIOBUSIX,
TP HAJIMYWHU CIOKCHHUS JIA3€PHBIX ITyYKOB B KOJNBIIEBOW JIMHUH 33aJePKKH (@), IPU OTCYTCTBHH 3TOTO CIOXKEHUS (b)
U TIpY BO3HUKHOBEHHH 3TOTO cioKeHHA (¢): 1 — BpeMeHHOH y4acTok curaana BeiBoga U, ; 2 — BpeMEHHOH y4acTOK
curHana uupkyasuuu U,,; 3 —curnan nepexmouenust U (¢); 4 — peructpupyemsiii curnan U, (f); 5 — BpeMeHHOM
Y4acTOK yMEHbLIEHUs CUTHajla UUPKYyIAuuu U,,, 1 BOSHUKHOBEHHS CIO0XKEHUS 1a3epHbIX IIyYKOB

Figure 3 — Oscilloscope screenshot, obtained for setup in operation conditions, with the presence of laser beam com-
bining in the ring delay line (a), without this combining (b) and in case when this combining begins (c): 1 — tempo-

ral section of output signal U,

; 2 — temporal section of circulation signal U,

; 3 —switch signal U (?); 4 —registered

signal U, (¢); 5 — temporal section of the decrease in the circulation signal U,, and the onset of laser beam combining

Kak pacrnonoxkeHue TOYEK, COOTBETCTBYIO-
X MOIIHOCTH P,, BbIlle TOUeK P, , TaK U yBelH-
YeHHE YIJla HaKJIOHA JMHEHHOH XapaKTepuCTH-
ku P,(P,) oTHOCUTENbHO 3aBUcHUMOCTH P, (P,)
Ha PHUCYHKE 4 TaKKe CBHJETENbCTBYIOT O HallH-
YUY MpOIlecca CJIOXKEHUs JIa3epHBIX IYYKOB B
KOJIBIIEBOM JMHUM 3ajepxkku. IIpuuéM pesynbra-
Thl NPSMBIX U3MEPEHHH MOKa3ajlk, YTO MOIIHOCTb

HUPKYJIALIUN P ¢» HPOIIOpHHOHAJIbHAA HpCHGHLHOﬁ

MOIIHOCTH CyMMapHOro Imyuka P,, Oonblie
MOIIHOCTH  BbIBOJAa  P,,  IpOHOpLUOHAIb-
HOM MomHOCcTH HucxogHoro mydka, B 1.05...1.11
pa3. BenmumHa 5TOTO YBEITWYEHHUS, Ha3bIBAEMO-
ro TakkKe TpeAeNbHBIM KOI(P(PUIIUSHTOM DJHEp-
reTudecko 3(pPEeKTHBHOCTH CHUCTEMBI CHHXPOH-
HOTO cjoxeHus, paHee B [l11] npocturama 2
Mo  pe3ylbTaTaM  MOZEIUPOBAHUS  TOJOO0HOU
CUCTEMBI.
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—— approximation P (Po)
- - - approximation Pe(Po)

+ cxperiment P
X experiment Pey

Splitter 4-output power, pW

3.0 35 4.0 45

Laser output power Po, mW

25

PucyHnok 4 — MI3MepeHHbIE MOIIHOCTH LMPKYIALUH P,
U MOILHOCTH BbIBOJA P, B 3aBUCHMOCTH OT BBIXOJHOMH

MOIIHOCTH JIa3€PHOTO UCTOYHUKA P

Figure 4 — Measured circulation power P, and output

power P, depended on the output power of laser source P,

Takoe omMuyne pacyéTHOrO KOd(pHUIHEHT
OT TMIONyYEeHHOTO Ha TPAKTUKE CBUAETEIbCTBYET
0 HEOOXOMMMOCTH JallbHEHIIEero COBEPIIEHCTBO-
BaHMS YCTaHOBKH, KOTOPO€ JOJDKHO TIIOHTH TI0
HECKOJILKAM TyTsiM. Cpein HUX CIEAYET BBIICINTH:
MIPUMEHEHUE BOJIOKOHHO-ONITHYECKUX YCTPOHCTB U
BC BBICOKOTO KauecTBa C MEHBIIMM KO3 (HUIIUCH-
TOM BHYTPEHHHX IIOTEPb; WCIIOIb30BaHUE KOH-
HEKTOPOB C YJIYYIICHHOW 00paboTKOl TOPILOB
3a7enanueix B HuX BC, obOecneumBaromieii 0osee
BBICOKHI  KO3()(UIMEHT Tepenauyn M3IyueHHs
mexnay BC; coBepiieHCTBOBaHHE KOMITOHOBOUHOM
CXEMBbI, B KOTOPOH TpH pa3MEIICHUH KOMITOHEHT
YCTaHOBKH OyJIeT CYIIECTBEHHO YMEHBIIEHO YHCIIO
y4gacTkoB ¢ meperubom BC, a Taxxe yBenmmueH
pamuyc cruda BC Ha Takux yyacTkax.

3akiarouyeHue

IIpencraBiieHa SKCIIEpUMEHTANIbHASL YCTAHOB-
Ka, peajnu3ymoolas JIHCTBUE  pa3pabOTaHHOM
ABTOPAMM CXEMbl CHHXPOHHOI'O CJIOKEHHs JIa-
3€pPHBIX MYYKOB B KOJIbLIEBOM BOJIOKOHHOW JIMHUHU
3aIepKKA M NPEJHA3HAYEHHAs M JIEMOHCTpa-
UMK 3TOro cinoxxkeHus. IlyTém cpaBHEHUsS] U3MEpEH-
HBIX MOUIIHOCTH HU3JIy4EHHMs], pacCHpOCTpaHsIIO-
LIErocss BHYTPU KOJIBLICBOM JIMHUU  33JIEPKKHU
YCTaHOBKHM, U MOILIHOCTH W3JIyYEHHUsI, BBIBOJIUMOIO
0e3 NMPKYJSIIMKM B HEH, MONTBEPKIEH (aKT
CJIOKEHUS Ta3€PHBIX IYYKOB B TAKOM CUCTEME.

N3mepeHnst B 3KCIUTyaTallMOHHBIX YCIOBUAX
IIPOJEMOHCTPUPOBAIM  CYILIECTBEHHYK)  HECTa-
OMJIPHOCTH CHTHAJA NHUPKYJISAIWU W TOATBEPININ
HEOO0XOTUMOCTD pa3MelleHus BOJIOKOHHO-

ONTUYECKUX KOMIIOHEHT CHCTEMBl CHHXPOHHOTO
CIIOKEHHSI TYYKOB B 3aKpBITOM CBETOHEIPOHU-
1IaeMOM KOpITyCe.

Ilokazano, 4dYTO BO3pacTaHW€ MOIIHOCTH
W3JIy4eHUs, KOTOpOE 3aBHCUT OT YPOBHS ONTH-
YeCKMX TOTEePh B DIEMEHTaX yCTAaHOBKH, MPU €ro
HUPKYJSIUM B JIMHUM  33JICPKKH  [IPOUCXOIUT
B 1.05...1.11 pa3. A »3T0, B CBOIO OYEpElp,
CBUJICTEIILCTBYET O BO3MOYKHOCTH CO3JaHUSl Ha
MPaKTUKE YCTPOMCTB C CHHXPOHHBIM CIIOXCHUEM
JIa3epHBIX MYYKOB, KaK HA OJMHOYHON KOJIHIIEBOM
BOJIOKOHHOH JIMHUM 3aJepKKM, TaK M Ha MHO-
JKECTBE JIMHHWNA 3aJIepPXKKH, KOTOpPbIE MOTYT OBITh
WCIIOJIb30BaHbl JIJISl TIOBBIIICHUSI DHEPTeTHYECKOI
3¢ (HhEeKTUBHOCTH aBTOHOMHBIX JIa3€PHBIX CHCTEM.

Crnenyer OTMETHUTb, YTO YKa3aHHBIC BBIIIC
pe3yNbTaThl JOCTUTHYTHI C MPUMEHEHUEM CTaH-
JAPTHBIX CEPUHHO WM3TOTABIMBAEMBIX BOJIOKOHHO-
ONTUYECKUX KOMIIOHEHT M YCTPOWCTB, HCIOJIb-
3yeMBIX B CETSX CBsI3U, 03 BHEJIPEHUS B H3TO-
TOBJICHHYIO YCT@HOBKY CIICIIHaJIbHBIX BOJIOKOHHO-
ONTUYECKUX Y3JIOB C TOHWKECHHBIM YPOBHEM
ONTHYECKUX MOTeph. KpoMme TOro, HemocpeacTBeH-
HOE CIIOKEHHME JIa3epPHBIX IYYKOB M HMX BBOJ B
BOJIOKOHHOE «KOJIBIIO» B YCTaHOBKE OCYIIIECTBIISI-
JIMCH C MTOMOIIBI0 OOBIYHOTO CILTUTTEpPa, pa3BEPHY-
TOro B OOpaTHYIO CTOPOHY IO XOAY pacmpocTpa-
HEeHUs Ty4ka. Bce 3To TOBOPHUT 00 OTKPBHIBAIOIINX-
Csl TEpCIeKTUBAaX JalbHEHIIero yBelUueHHs Ha
MPAaKTHKE JHEPreTHYeCKOo APPEKTUBHOCTH W,
KakK CII/ICTBHE, MOIIMHOCTH IMPKYJSIMUA 32 CUET
MPUMEHEHUS] KOMIIOHEHT C YJIyYIIEHHBIMH Xapak-
TEPUCTUKAMU W CHIDKCHHS TOTEPh B JIaHHOM
CUCTEME.

ABTOpaMu  TUTaHUpyeTcs — aopaboTka  Cy-
HIECTBYIOIIEH  YCTaHOBKH nyTéM 3aMEHBI
anekrpoMexannueckoro BOK 1x2 Ha anextpo-
ontuueckuii BOK 1x2 ¢ BBICOKHM OBICTpOIEHCT-
BUEM M TPOBEJCHUE C MOMOLIbIO HE€ M3MEpEHUil
kod(dummenTa sHEpreTHUecKor  A(PPEKTHUBHOCTH
CHUCTEMBl CHHXPOHHOTO CJIOKEHHsI, IOCTPOSHHOI
Ha OCHOBE BOJIOKOHHOTO «KOJbIa». BmecTe ¢ Tem,
Takas opaboTka MaéT TaKke BO3ZMOXKHOCTH CO3/1a-
HUS IPOTOTHIIA JIA3€PHOI0 MCTOYHHMKA, B KOTOPOM
MIOBBINICHUE  JHEpPreTHdeckor  d(PPEeKTHBHOCTH
MIPOUCXOMUT 0€3 YBEIWYCHHUS MOTPEOIEMOTO UM
AIEKTPOTATAHUS.
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PacyéTr mapamMeTpoB NPU3MEHHOI0 Ae(IeKTOPA Ja3EPHOIO
CKaHepa

NL.E. I'ycapos, A.U. Kaayrun, M.IO. Aabec, E.A. AHTOHOB

Yomypmekuii gpedepanvrutii uccnedosamenvckuii yeHmp
Ypanvckozco omoenenus Poccutickoii akademuu Hayx,
ya. umenu T. Bapamzunoti, 34, 2. Hoicesck 426067, Poccus

Tocmynuna 11.02.2022
Ipunsama k nevamu 12.01.2023

[MpusmenHbIil  gediaekTop, NpeACTaBISIONMNA cO00M MHOTOTPaHHYIO MPH3MY C OTPaKaIOIIUMH
rpaHsMH, SBISeTCs Hauboyiee pPaCIpOCTPaHEHHBIM CKAaHUPYIOIIMM 3JIEMEHTOM, KOTOPBIH IO3BOJISET
MIPOM3BONTH OBICTPOE 3aMOJIHEHUE HIMPOKOH 00IaCTH CKaHMPOBAHUS UMITYJIBCAMHU JIa3€pPHOTO M3ITYUYSHHS
o oHOM KoopauHarte. [lapameTpbl TPU3MEHHOTO JIE(IIEKTOPa CBA3aHbI C XapaKTePUCTUKAMH JIA3€PHOTO
W3TYYeHUs], TMapaMeTpaMHu CKaHUPYyeMOH 00JlacTH W TOJOKEeHUEeM JedIIeKTopa, a TakkKe OTpaHuYeHBI
pa3nu4HbIMKA  (haKTOpaMu, HarpuMep, TpeOOBaHHAMH OE30IaCHOCTH WM BPEMEHEM CKaHHPOBaHUSL.
Henbto paboOTHl SBISICS aHAIU3 B3aUMOCBS3M NApaMeTPOB CKAaHMUPYIOIIEH CHCTEMbI (TaKUX KakK yroil
MoJia4y M3JIyueHHs Ha TpaHb MPU3MEHHOTO Je(IIeKTopa, TUaMeTp JIa3epPHOrO My4YKa) ¢ KOHCTPYKTHBHBI-
MH [apaMeTpaMu €€ CKaHUPYIOIIETO JIEMEHTa — IPU3MEHHOT0 AediIeKkTopa.

PaccmoTpeH BapuaHT pacd€ra 4acTOThI CIENOBaHMS JIA3EPHBIX UMITYJIBCOB YEpE3 KOIMYECTBO JIa3ep-
HBIX IISITEH U UX KOd(D(UIHMeHT nepekpbiTus. [Ipeanoxen mMeron pacuéra XapakTepHCTHUK MPU3MEHHOTO
neduexTopa, UCXO/sl U3 BHEIIHUX MapaMeTpOB, TAKMX KaK yroj MOJa4d W3JIy4CHUs] Ha TPaHb W HIMPUHBI
rayccoBa Iy4ka Ha BBIXOJIC M3 ONTHYECKOM CHCTEMBI C pazMepamu, O€30MacHBIMH IS YEIOBEUYECKOTO
rnasza. [IpuBeieHbl mapaMeTpbl MPU3MEHHBIX Je(QIIEKTOPOB B 3aBUCUMOCTH OT YHCJIA OTPAKAIOIINX IPAHEH.
IToxazaHa 3aBHCUMOCTB pa3Mepa Je(IIeKTopa OT yria HOAauYy H3Iy4eHHs Ha OTPAXKAIOILYI0 IPaHb.

[Ipy mpoeKTHpPOBaHUM MPU3MEHHOIO JeQeKTopa JIa3epHOr0  CKaHepa, INpeJIHa3HAuYEeHHOTO
JUIs 3allOJTHEHUS HEKOTOPOM OO0JIaCTH CKaHMUpPOBaHUS C TpeOyeMbIM YIJIIOBBIM Pa3MepOM G, BapbHPYs
TaKue MapaMeTpbl KaK KOJMYECTBO TpaHeH 7 W yroj TMOAa4Yd 0, MOXKHO JIOOUTHCS ONTHUMAaJbHBIX
JUIsl TIOCTABJICHHOW 331a4M XapaKTePUCTHK Je(IIeKTopa U pexkuMa CKaHUPOBAHUSI.

KuroueBble cji0Ba: ja3epHOE CKAHUPOBAHUE, CKAHED, IPU3MEHHBIH 1e()ICKTOp, CKAHUPYIOIIas CHCTEMA.
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Abstract

The prism deflector which is a multifaceted prism with reflective facets is the most common scanning
element that allows to quickly fill a wide scanning area with laser radiation pulses along one coordinate.
The parameters of a prismatic deflector are related to the characteristics of the laser radiation of the scanned
area parameters and of the deflector position, and are also limited by various factors, such as safety require-
ments or scanning time. The aim of this work was to analyze the relationship between the external operating
conditions of a laser scanning system and the internal design parameters of a prism deflector.

A variant of calculating of laser pulses frequency by the number of spots and their overlap coefficient
is considered. A method for calculating of a prism deflector characteristics based on external parameters,
such as the angle of incidence of radiation to the facet and the width of the Gaussian beam with dimen-
sions that are safe for a human eye is proposed. Prismatic deflectors parameters are proposed depending
on the number of reflecting facets. Dependence of a deflector size on the angle of radiation incidence
to the reflecting face is shown.

When designing a prismatic deflector of a laser scanner used to fill a certain scanning area with
the required angular size 6 by varying such parameters as the number of faces m and the feed angle a
it is possible to achieve optimal deflector characteristics and scanning mode for the task.

Keywords: laser scanning, scanner, prismatic deflector, scanning system.
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BBenenue

JlazepHoe CcKaHHMpOBaHWE HIMPOKO IpUMe-
HSETCS JUIA PEIICHUs CaMBIX PasHbIX 3a7ad B IPO-
MBIIIJIEHHOCTH, apXUTEKType, METUIMHE, Teoe-
3um, TpaHcnopre [1-4]. KiroueBoit  mpo06-
JeMOH  JIa3epHOrO0  CKAHHPOBAaHUSA  SIBJSETCA
MIOCJIEI0BATENILHOE  30HIMPOBAHUE CKaHUPYEMOIO
MIPOCTPAHCTBA C 33JaHHBIMH YTJIOBBIMH pa3MepaMHu
AMITYJIbCHBIM ~ JIa3€PHBIM  M3JIy4deHHeM. JlaHHBIN
BOIIPOC MOJAPOOHO paccMOTpeH B  pabore [5].
B 3aBucHMMOCTH OT BHELIHMX YCJIIOBHH K JIA3€PHBIM
CKaHepaM TMpPEeIbsBISIOTCS pasHble TpeOOBaHUS.
B cBA3M ¢ 3TUM cylIecTByeT MHOIO BUJOB CKaHe-
POB C pa3IW4YHBIM NMPHHLIUIOM AEUCTBHUS: OTpaka-
TeJbHBIE (C  OCHWUIMPYIOIIMM WM  Bpallaio-
ITAMCS JeIIeKTOpOM), MIPEIIOMIISIONTHE,
roiorpaduyeckue, axKycro- H DIEKTPOONTHYEC-
kue [6,7]. Kaxnapli 1“3  BUOOB  CKAaHEPOB
oOnagaer ompenenEéHHBIME  JOCTOMHCTBAMHU |
HegocTaTkamMu. OJHMM M3 CaMbIX paclpocTpa-
HEHHBIX ONTOMEXAaHUYECKHX DJIEMEHTOB SIBISET-
Ccs  TPHU3MEHHBIH  (MOJMUTOHANBHBIN)  Jediiek-
top (I1), ¢ mMOMOIIBIO KOTOPOTO OCYIIECTBISETCS
3aM0JIHEHUE CKAaHUPYEMOT0 MTPOCTPAHCTBA MO OJTHOM
koopauHare. Ero mnpemmymecTBaMH  SIBISIOTCA
ObICTPOTAa M BO3MOYKHOCTb CKAaHMPOBAHUS LIMPO-
KHUX ITOJIEH.

ITpu3menHslit neqIexTop NIPECTaBIIACT
co0OH Bpamamuylocss MHOTOTPaHHYIO HPU3MY
C OTpaXaroUIMMH TIpaHAMH, BBINOJIHEHHYIO U3
CTEKJIa, METaJlIa MJIU TUIACTHKA C TEXHOJIOIMYECKUM
OTBEPCTHEM U1 KpEIUIEHUs DIEMEHTa Ha OCh
BpameHusi. B OonpmmHCTBE pabOT aHamu3 mapa-
Merpos IIJI mpousBoAWIICS HPU YCIOBUU NAJCHUS
KOJUIMMUPOBAHHOI'O JIA3€PHOI0 MydYKa C 3a/JaHHBIM
JUaMeTpoM B 3aJaHHyt0 Touky rpanu I1J[ [8-10].
B paGote [11] mnpennmokeH yCOBEpIIEHCTBOBAH-
HbId MeTol pacuéra IIJ[ ¢ yuéroM pacxoauMoCTH
nyuyka. B pabore [12] mokazaHo, YTO TIpHU
MIPOM3BOJILHOM BBIOOpE MecTa MajeHUs Mydyka Ha
rpaHb BO3HHUKAeT MpobiemMa 00paTHOTO OTPaKEHUs
YyacTH My4dka. J[JI MCIpaBIeHMs] 3TOTO HEIOCTaTKa
HEOOXOOMMO OrpPaHUYNTh IMANa30H BO3MOXKHBIX
MTOJIOKEHUH  KOJUTMMHPYIOIIETO OOBEKTHBA OTHO-
cutensHO [1J1. Ho mpu 3TOM yBEIM4MBaeTCs Ta 4acTh
rpanu [1]], koTopast OKa3bIBAETCsl HE UCIIOIb3YEMOM.

E1e onHol npo6iemMoii siBIsieTCs1 ONTHOPOAHOCTh
pacnpeneneHuss IATeH M0 CKaHUPYEMOMY TIOJIO.
Kak mokazano B pabotax [13, 14], pacmpenenenne
Ja3epHbIX TSTEH B TUIOCKOCTH CKaHWPOBAHHA

OKa3bIBaeTCs HepaBHOMepHBIM. bonee Toro, hopma
MIOTIEPEYHOT0 CEYEHHUs MydKa TakXKe IpeTepreBacT
n3MeHeHus. YacTuaHo 3Ta npobiema pemaeTcs npH-
MEHEHUEM CIELHAIbHBIX 00beKTUBOB ¢ [-Theta
JIUH3aMH, HO TOJBKO HA MaJbIX PACCTOSHUSAX.
Kpome Toro, mnpu ckaHMpOBaHMHM JBYMEPHOIO
nojsi TpeOyeTcss CHUHXPOHHW3alUs BPEMEHU MHCITyC-
KaHUs WMIYJnbcoB ¢ BpameHueM [1J[, 4ToObI
COBMAAAJ0 TIONOKEHHE MEPBBIX IATEH KaXKAOi
ctpoku [15]. Takum obpazom, mapamerps! [1]] oxa-
3BIBAIOTCSl CBA3aHBl C XapaKTEPUCTUKAMHU Jia3ep-
HOTO M3Jy4yeHHUs (AMaMeTp Iy4yKa, 4acToTa HM-
MyJIHCOB, YTOJ IMOJAYH W3ITy4YEHHs ), TOJI0KEHUEM
U YTJOBBIM pa3dMEpOM CKaHHUPYEMOTO TOJIA.
OnHako HE YYTEHO, YTO CaMH 3TH HapaMeTpsl
MOTYT OBITh OTPAaHUYCHBI PA3ITHUYHBIMH (HaKTO-
pamu, Hampumep, TpeOoBaHUSMU O€30MACHOCTH
Ja3epHOTO  M3Iy4YEHUs TMpPH  CKAHMPOBAHUU
B OTKPBITOM HPOCTPaHCTBE (Treoie3us, apXUTeK-
Typa, TPaHCIOPT, KOJIOTHS M Ap.) WUIU BpeMe-
HEM CKaHHUPOBaHUS (CHCTEMbl CKAaHUPOBAHMS
B pexume peanbHOro BpemeHu). I[logoOHble
OTpaHUYCHHsI TPeOYIOT HAXOXXIEHHUS OINTHMAalb-
HBIX 3Ha4YeHui napameTtpos I1]].

Lenbto Hactosmeld pabOTHl SIBISJICS aHAIN3
B3aMMOCBS3H I1apaMETPOB CKAaHUPYIOUIEH CcHcTe-
MBI (TaKkuX Kak yTojl MOjaud M3JIy4eHHs Ha T'PaHb
[1JI, nuamerp na3epHOro Iyyka) ¢ KOHCTPYKTHB-
HBIMH [TapaMeTpaMy €€ CKaHUPYIOLIETO JIEMEHTa —
MPU3MEHHOTO JieduIeKTopa.

ITapameTpbl IPU3MEHHOI0 JedJieKTopa

OcuoBHbIME ~ mapamerpamu  [1J]  sBistroTCs
KOJIMYECTBO OTPAXKAIOIINX TPaHEH /71, OTHOCHTEIb-
Has JUIMTENFHOCTh LUKIA WIH KO UIHEHT
MOJIE3HOT0 HcHoib30BaHust rpanu C [6, 7], yron
MOJIa4¥ JIA3ePHOTO M3IyYeHHs Ha TPaHb O, PaCcCTOSI-
HUE OT IIeHTpa OTpaxkarolleid TpaHH JO0 TOYKU
MOJAauu M3JIYYCHUs S, PaJUyC BIHCAHHOH OKpYX-
HOCTH R w mmupwHa rpanu /i (pucyHok 1). K BHem-
HUM YCJIOBUSIM MOXKHO OTHECTH TPeOyeMbIi yrodi
CKaHUPOBaHUSl G, JYHEPreTUYCCKUI AMaMEeTp IIyd-
ka D (mom SHEpreTHYecKnM paanycoM ITydKa
w=D/2 Oynem MOHUMATh PaCCTOSIHUE OT OCHU
Mydyka [0 TOYKH, B KOTOPOH WHTEHCHBHOCTH
Mydka TajiaeT B e pa3), KaueCTBO CKAHWPOBAHUS
MPOCTPAHCTBA, OMNpPEAETsieMOe  CTENEeHbI  3a-
MOJTHEHHS] TIPOCTPAHCTBA JIA3€PHBIMU TSI THAMH,
paccTosiHMe 10 30HIUPYEMOrO IpOCTpaHcTBa [,
BpeMs1 IIOCTPOEHUS OTIEJIBHON CTPOKU f;.
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[Ipn nmazepHOM 30HAWPOBAHWU BAXKHYIO POJIb
UTpaeT pacupesielieHUe JIa3epHBIX HMMITYJIbCOB B
npocTpancTBe. OT 3TOTO pacrpeneNeHus] 3aBUCHT
KayecTBO W OBICTpOTa CKaHUpoBaHUs. OUEBHHO,
YTO TPU YBEIMYCHUU YHCIA HUMITYJIBCOB M IUIOT-
o | HOCTM HX PAaCIOJIOKECHUSI BO3PACTacT CTEICHb

JISTAITN3allUU 30HIUPYEMOT0 TPOCTPAHCTBA, HO TaK-
K€ 9TO MPUBOTUT K POCTY YACTOTHI UCITYCKAHUS UM-
MyJIbCOB U TIOBBIIICHUIO TPEOOBAaHUI K TOYHOCTHU
M3TOTOBJICHUSI CKaHUPYIOUIUX deMeHToB. CTerneHb
3aMOJIHEHUST MTPOCTPAHCTBA MOYKHO OIICHHTBH C II0-
MOIIBI0 KO3 PUIIMCHTa NIepeKphITUs TsaTeH 1. [lox
KOO (PUIMEHTOM TEepPEeKPBHITHSI JIa3ePHBIX IISATCH
OyJIeM TIOHUMaTh OTHOIICHHE JUIMHBI MEPEKPbI-
a b THS X JIByX COCETHUX MSATEH K JUAMETPy JIa3epHOTO
ISITHA B TUIOCKOCTH CKaHUPOBaHUA D, (PUCYHOK 2):

Pucynok 1 — Cxema paboTBl ckaHepa C MPH3MEHHBIM

X
neduekropoM: | —masep; 2 — nmpu3MeHHBIA aediexkTop 1N = E
B Ha4YaJJbHOM W 3 —B KOHEYHOM IOJIOKECHHIX (a); !
MpU3MEHHBIN aedaexTop (Bux cOoxy) (b) B ciiyuae oTcyTCTBUA NMEPEKPHITUSI pACCTOSHUE

X CTaHOBUTCA OTpULAaTeNbHbIM. [Ipu yBenuueHunu
Figure 1 — Scheme of operation of the scanner with pris-  gnuHel nepekpbITHS Ja3epHBIX MATEH U, Kak
matic deflector: 1 —laser; 2 — prismatic deflector in the  cnencrBue, xKo3(hduLIHEHTa TIEPEKPBITHS 1), YMEHB-
initial position; 3 — prismatic deflector in the final posi- 1mIaercs miIomaas CIEMNOM 30HBI M IIOBBIIIAETCS
tion (a); prismatic deflector (side view) (b) KauyeCTBO CKAaHMPOBAHUSI.

D r Blind spot + Overlap zone
! /

7

a b c

PI/ICyHOK 2 - BapI/IaHTLI NEPEKPLITHSA JIa3C€PHBIX IATCH: d — KaCaroIMEC MATHA, b — narua JIa3€pHOI'0 U3JTYyUCHUS 0e3
NIEPEKPLITUA; ¢ — IIATHA JIA3EPHOTO U3ITYUCHUA C ICPCKPLITUEM

Figure 2 — Options for overlapping laser spots: a — touching spots; b — laser spots without overlap; ¢ — laser spots with
overlap

[lonmHoe wyHMCIO Ja3epHBIX MMIYJIbCOB JUIsl  paccTosHusAX /. Yame Bcero BHYTpPH JIa3epHOTO
MIOCTPOCHUS CTPOKHU PABHO: CKaHHUPYIOIIETO YCTPOMCTBA MPHUMEHSIETCS TayCCOB
mydoKk B OmmkHed 30He. Torma BHE yCTpoiCTBa

N =l—0, Ha MaJIbIX PACCTOSHMSX 30HAMPOBAHUS PaCXo-
b =m JIMMOCTBIO TTy4Ka MOKHO IIPEHeOpeubh M CuMTarh
a 4acToTa CJIeJIOBaHUS UMITYJIbCOB: IUaMeTp IMyYKa PaBHBIM €ro JUaMETPy Ha BBIXOIE
N M3 ONTHYECKOM cucTeMbl. Tak Kak pacxoJuMOCThb
V=—. JIa3€pHOr0 Iy4YKa, Kak IpaBUJIO, OYE€Hb Malla, TO

t o o
! HanOojee OMACHOM C TOYKM 3pEHUS Ja3epHOU

JduameTp nazepHoro mydka D Ha BBIXOJE M3  OC30MACHOCTH CIEAyeT CYMTarh OOJAcTh BOIU3U
CKaHUPYIOLIEH CHUCTEeMBI MOXET 3HAYUTEIbHO JIa3epHOM YCTAHOBKM, TaK Kak JuaMeTp Iydka
ommyatbess 0T D;, o0coOeHHO mpu OONBIMIMX B  JaHHOM  Cllydae SIBISIETCS  HAUMEHBILIUM,
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a TUIOTHOCTh MOIIHOCTH H3JIyYeHHS HauOOJbIICH.
IToaTOMYy MHUHHUMAaJIBHO IOIYCTHMBIA pasMep LIU-
PUHBI Ty4Ka W OTpaHHYMBacTCid TPeOOBAHUSIMU
0e301acHOr0 BO3ACUCTBHS JIA3€pHOTO H3ITyUCHHUS
Ha 4esjoBeka. Mcxoas M3 HMpeneinbHo JOIyCTUMOM
MOIIHOCTH Ja3€PHOTO U3IlyueHus P, . 1 MOIIHOCTH
rayccoBa IIy4ka, 3aK/IIOYEHHOW B  HEKOTOPOM
paauyce R, paBHOM paJuycy 0OIy4EHHOIO y4acTKa,
OUYEBU/IHO HEPABEHCTBO:

P

max = Plaser 1-

) (1)

rae P,,,,, — NOJIHAasi MOIIHOCTb ITy4Ka.

Tak kak Hambolee CHIBHOMY BO3ICHCTBHIO
MO/IBEPKEHBI IV1a3a 4YellOBEKa, TO B KayecTBe
R, oObruHO Oepércs paauyc 3padka riasza. M3
cooTHorieHus: (1) Oe3omacHas MIMPUHA JIA3EPHOTO
My4Ka ONpPENeIeTCs] KaK:

IIpaktTnueckn mupuHa rpanu IIJ[ nomxnHa
ObITh OoONbIle W, TaK Kak Ha KpasxX MOXeT
MPOUCXOANTh Audpakius mydka. Ecnm o0603Ha-
YUTh TOTEPH MOIIHOCTH JAa3epHOTO W3ITyYEeHUS

Ha Kpasgx Kak 0, TO ITUPUHY TPaHU MOKHO OIIEHHUTH
C TIOMOIIBIO COOTHOILIECHUS:

h=2w,/lnl.
)

IIpu Bpamenun I/l BO3HUKAIOT MOJOXEHHS
NpU3MBI, KOTAA JIa3€PHOE IATHO YacCTUYHO IIO-
IajaeT Ha JIB€ COCEIHUE I'PAHU, BCICIACTBHE YETO
HaAOJIONAIOTCS [1BA Mapa3uTHBIX sIBICHHS: 0Ope3a-
HUE YacTH IIy4Ka, OTpakaiouierocs OT paboueit
rpaHd, W OTpakeHHE B OOpaTHOM Harpaslie-
HHUM YaCTH IIy4Ka OT cocelHel rpanu. s pemre-
HUSL [poOJeMBbl OOpaTHOTO  OTPaKEHHsI TpH-
MeHSIOTCSl 1Ba MeTona. Kak mokasano B pabo-
Te [12], MOXHO paccyuTaTh TaKO€ HadaJIbHOE
IIOJIOKEHUE MECTa IaJeHHs IIydyKa Ha I'paHb, 4TO
o0paTHO OTpaxEHHOE W3Iy4YeHHe OyIeT Hampas-
JIEHO MHMO 00BbeKTHBa J1azepa. C IPyroil CTOPOHBI,
MOYKHO Cpe3aTh YIIBI MPHU3MBbI JedIeKTopa WU
MOKPBITH MaToOBOW UYEPHOW Kpackoil. B mobom
Ciaydae, IPOMCXONMT YMEHBIIECHHE II0JE3HOU
UIMHBL Tpanu. [ns yuéra storo sddexra BBOIAT
k03 punmeHt IIOJIE3HOTO UCIIOJb30BAHUS,

1

Plaser
Plaser -F

max

e 'm(

KOTOPBIH TMPEJICTaBIsAeT COOOW OTHOIICHUE TI0-
JIE3HOW JUIMHBI TPAHU K €€ MOJTHOM JIJIMHE:

Ly
L
rie L, — mosesHas AnkHa rpaHu; L — IOIHas ATHHa
TpaHy.
[IpuBenénnast ¢opmyna Maao TpUMEHHMA
K peaJbHBIM pacdéraM NMPU3MEHHOTO Ae(IeKTOpa.
OT0 CBA3AHO ¢ TeM, 4TO mapamerp L, morpebyer
TOYHOTO OMpEIeNeHNs, YTO 3aTpyaHseTcs (akToM
MMOCTOSTHHOTO ~ M3MEHEHHWs  pa3Mepa  MPOEKINH
JIA3epHOr0 IMydKa Ha OTpaxkaroulyro rpanb IIJ1 u,
KaK cleacTBue, KodpHUIueHTa mepeKpuITUs TATEH
Ha Tpanu. l[losTomMy ynmoOHee cBsi3aTb KOIPPH-
uueHT C ¢ YUCJIOM IrpaHei:
_mo
T

C:

>

2)

B 10 Xe Bpewms, u3 [6] wu3BecTHO,
MHUHHMMaJIbHAasl [UIMHA IpaHy Ae]ieKTopa paBHa:

Dl
L= 3

1-C’ )

rae D' = h/cos o — MaKCUMaJbHBIA pa3Mep MPOSKLIUH
JIa3epHOro MsATHA AuaMeTpoM /1 Ha rpanu 1],

3Has AMUHY TpaHel M UX KOJIWYECTBO, MOXKHO
nmepeT K pacu€ry paamyca BnucaHHod B I1]]
OKPYXKHOCTH R:

qTo

L
R=—F"—. 4)
T
2tg| —
m
Kpaiitnee  mnosoxkeHue  mATHA  Ja3€pHOIO
W3ydeHWs] Ha TpaHu  jAedrexkropa  MOXKHO
ONPENIEIUTh KaK:
N =RCth,
rae B = 2n/m — yron pa3BEPTKH IpaHH.
IloMrMO TeoMeTpUYEecKHX  XapaKTepHUCTHUK,
CTOUT OCTAHOBHUTHCS Ha TaKOM IapaMeTpe, Kak
yacToTa BpallleHWs MPU3MEHHOro JedieKkropa

BOKpYI CBOE€H ocu Ha Bajle asurarens. [laHHyro
BEJIMYMHY MOXKHO JIETKO BBIPA3UTh 4YEpe3 BpeMs
IIOCTPOEHHUSI OTHOM CTPOKH:

1

r mit;

Takum  00pa3oM, HUCXOAs U3  BHEIIHUX
TpeOOBaHMI K pazMepaMm OOJIACTH CKaHUPOBAHUS
1 0C30MaCHOCTH CKaHHPOBAHUS, MPH IPOCKTHPO-
BaHUU MPHU3MEHHOTO  JAC(JEKTOpa  J1a3epHOro
CKaHepa OJHO3HAYHO W TOYHO OIPEIEISIOTCS BCE
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€ro KOHCTPYKTHUBHBIC MapameTpbl, KpOME YHcia
rpaneii m. OpHako [UIsI MJAHHOTO TIapaMeTpa
CYIIIECTBYET BEpXHSS TpaHMIA 3HAYCHHWH, KOTOpas

CIIemyeT U3 BRIpaXeHU (2):
4r

m<—.
(¢}

)

MogaeanpoBanue napaMeTpoOB MPU3MEHHOT 0
aeduiekropa

Paccmorpum  BiausiHue Ha mapametpsl  [1]]
BHEIIHUX YCJIOBUM CKaHUpoBaHUA. Pacuérel xa-
pakrepuctuk IIJ[ mpu yriie pasBEPTKU CTPOKHU
CKaHMPOBaHUsS © =T/2, yriie TOJaud W3ITy4eHHUs
o =m/3, TpeOyeMol IIUpWHE TpaHH /A =5MM H
BPEMEHH ITOCTPOCHHUS CTPOKU CKaHUPOBaHUA ¢, =1 ¢
MPUBEACHBI B TAOJIUIIE.

Buano, yto mpu NpUOIMKEHMH KOJUYECTBA
rpaHeil K MaKCUMaJbHOMY 3HAUYEHUIO YBEIMYUBACT-
csi KOO(QQUIMEHT TIOJIE3HOTO HCIIOIB30BAHUS TIpa-
HH, HO OJHOBPEMEHHO C 3TUM NPOUCXOIUT YBEJIU-
yeHue rabaputHeix pasMepoB I1Jl u ymeHbiieHue
yacToTsl BpameHusi. Koapduuuent C onpenenser
TaK)Ke BpeMs Mepexosa ¢ OJHOM IpaHu Ha APYTYIO,
T. €. BpeMs Iepexo/ia ¢ OJHOW CTPOKH CKaHUpPOBa-
HUs Ha Jpyryto. [Ipu Oonmbmmx koddpduimeHTax
BpeMsl II€pexo/a 3HAYUTENIHO COKpAILACTCs, 4TO
MOJKET BBI3BIBATH MPOOJIEMBI C KaJIpoBOW pa3BEpT-
koil. Ilommmo »srToro, ucxons u3 yciosus (5),
clenyeT, 4YTO TpPU YBEIMYEHUHM YIia pPa3BEPTKU
KaJpa YMEHbBIIAETCS MaKCHUMAaJbHOE KOJIMYECTBO
oTpaxkaromux rpaHeil neduekropa. Takxke Ha ra-
OapuTHBIE pa3Mepsl edIIeKTOpa BIUSET YTOJ
MOJa4uH JIa3€PHOT0 U3ITyUCHHS.

PocT 3HaueHus yria majeHus o, Kak BUJIHO U3
cootHouieHn# (3) u (4), NIPUBOIUT K YBEITUYEHHUIO
rabapuTHBIX pa3MepoB JedJIeKTOpa, YTO BJIMSICT
Ha OONIyI0 KOMIIOHOBKY CHCTEMBI. 3aBHCHMOCTH

PesyabTarhl pacuéra npusMeHHBIX Jed1eKTopoB

Results of calculation of prismatic deflectors

BEJIMYMHBI paJnyca BIMCAHHOM OKpPYXHOCTH R
OT yINla NOJAa4d W3JIy4YEeHUS O IPH Pa3IudHBIX
3HAUEHUSAX m TMpHBeneHa Ha pucyHke 3. Kak Buj-
HO M3 Tpaduka, NpH HEOOJBIIUX 3HAYCHUSAK O
rabaputHbie pasmepbl [1Jl u3MeHsOTCS He3Ha-
yuTenbHo. OJHAKO MpH JANbHEHIIEM YBEIHMYEHUH
yrina aias nedIeKTopoB ¢ OONBIINM KOJTHYESCTBOM
rpaHeil HaOJIOZAeTCsl Pe3Koe yBEIMUCHHE paauyca
BIIUCAHHON OKPY>KHOCTH TMPH NPHOIMKCHUH O
Kk m2. C papyrodl CTOpPOHBI, HpU HEOOJBIINX
3HAYeHMAX yrjla MOJa4M o BBIXOJHOE OKHO Jiase-
pa Oyzer HaXOIUTbCS B TPaHUIAX yria pa3BEPTKU
CKaHMUPOBAaHUSA (O, TEM CaMbIM Mellas IOCTPOe-
HUIO CTpoku. Cle0BaTeNbHO, MOXHO BBIJIEIHUTH
HWKHIOIO M BEPXHIOIO TPAHUIBI U1 3HAUEHUH O

c 1 G
— <o <arccos| —cos— |.
2 e 2

7]

12
o, rad

1.4

PucyHok 3 — 3aBuCHMOCTD pajiyca BIHCAaHHOW OKpPYXK-
HOCTH R OT yriia Moja4yd M3JIy4eHHs! O MPU Pa3iIndHbIX
3HAYCeHWsIX Tpanei m: 1 —m=3;2—-m=4;3—-m=5;4—-m=6
Figure 3 — Dependence of the value of the radius of the
inscribed circle R on the angle of radiation supply o for
various values of m: 1 —m=3;2-m=4;,3 -m=25;
4-m=6

Tabauya /Table

KonnuecTso Koaddumment Jnuna rpanu, MM Pannyc BnimcanHoit  YacTora BpauieHus

rpaHei MOJIE3HOTO Face length, mm OKPYKHOCTH, MM MPU3MEHHOTO

Number WCTIOJIb30BaHMS TPaHU Inscribed circle neduexropa, I'n

of facets Coefficient beneficial radius, mm Rotation frequency
use of facet of prism deflector, Hz

3 0.375 16 4.62 0.67

4 0.500 20 10 0.50

5 0.625 27 18 0.40

6 0.750 40 35 0.33

7 0.875 80 83 0.29
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Takum 00pa3om, yros mojadu o OKa3bIBaeTCA
3aMeTHO orpaHuyeH. (OCOOEHHO CHJIBHO 3TO
orpanudeHune nposisercs st 1] ¢ Gomprmm
KOJIMYECTBOM TI'paHEi.

3akjaueHue

[IpoBenén aHanM3 B3aUMOCBS3M IAPaMETPOB
CKaHMPYIOILEr0 YCTPOHCTBA C KOHCTPYKTHUBHBIMH
napameTpaMu Ipu3MeHHoro neduekropa. llpu
MIPOCKTHPOBAHUM  TPU3MEHHOro  jaedexropa
JIa3epHOr0 CKaHepa, MNpeIHa3sHaYeHHOro il 3a-
MOJTHEHUSI HEKOTOPOM 001acTH  CKaHUPOBAHUS
c TpeOyeMbIM YTJIOBBIM pa3MepoM G, BapbUpys
TaKue MapaMeTpsl KaKk KOJIMYECTBO IPaHeH m 1 yroi
MOJaYu ¢, MOKHO JOOWMTBHCS ONTHUMAJbHBIX IS
MIOCTaBJICHHOHN 3a7a4yl XapaKTEepUCTHUK aedieKkTopa
U peXrMa CKaHUPOBAHUSI.
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A.C. Cusuxos', 10.B. Beasies?, U.M. Hukman®, A.IL. Ionkos>
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ya. Conmuica, 183a, 2. Munck 220046, Beaapyco
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B crartee mpuBemeHB OCHOBHBIE pE3yNbTAaThl CO3JAHHUS KOMIUIeKca «Busmp» mid u3MmepeHuit
JBYHAIIPABJIIEHHBIX CIIEKTPOIOJISIPU3AIIMOHHBIX KOA((MUITUEHTOB OTPAXKEHUS W SPKOCTH TPHUPOJHBIX H
HCKYCCTBEHHBIX 00BEKTOB, yKa3aHbI €T0 Ha3HAYEHHE, COCTAB M OCHOBHBIE TEXHHUYECKHUE TTapaMeTpPhI.

PaccmoTpenpl  pe3ymbTaThl  CHEKTPaIbHO-TIOISPU3ANMOHHBIX — HCCIEAOBAHWUH  XapaKTePUCTHK
00pasoB, WMHUTHPYIOIIMX OOBEKTHI (3arpsA3HEHMS) UYPE3BBIYAMHBIX CHUTYAMA TMPUPOTHOTO (JIECHBIC
MTOKapbl) ¥ TEXHOTEHHOTO (pa3NnuB HEe(PTEMPOAYKTOB) XapaKTepa, BHIMIOJHEHHBIX Ha JaHHOM KOMITJICKCE
C HWCTIOJB30BAHUEM TMOJIIPU3AIMOHHBIX HACAIOK MPH PA3IMYHBIX YCIOBHSIX (YTJIax OCBEIIEHHs, HaOIfO-
JEHWsI, KOHIIEHTPAIMU 3arps3HSIONIMX BEIIeCTB, BPEMEHH, MPOIIEANIEM IOCie 3arpsI3HeHHs, CTENeHH
TEPMHUYECKOTO TIOBPEXKICHHS IPeBEeCHHBI). Vcromp30BaHIe OTYUYSHHBIX PE3yIbTaTOB MO3BOJISAET 710 2-X pa3
MTOBBICUTH TOYHOCTH WACHTU(HUKAIINN 00BEKTOB MOHUTOPHHTA 30H YpE3BBIUANHBIX CUTYaIINH.

N3noxeHs! OCHOBHBIC TIOJIOKEHHS IBYX pa3padOTaHHBIX MeTonuK. IlepBas — MeTonnka ompeaeneHus
KOHTPOJINPYEMBIX ITapaMeTPOB JIECHBIX MOXKapOB IMOCPECTBOM aBHAIIMOHHOTO MOHHTOPHHTA, TTO3BOJISIO-
mas B Jauana3oHe JauH BoJgH OT 0,5 MkM 10 0,7 MKM pEerucTpupoBaTh MAKCUMAaJbHbIE 3HAYEHUS! CTe-
MIEHU TOJISPHU3AINH OTpaKEHHOTO m3mydeHus st rapu 30—40 % u g ropenpanka 15-20 %. Bropas —
METOJIMKA OTPEJENIEHUST KOHTPOINPYEMBIX MMapaMeTpOB TEXHOTCHHBIX YPE3BBIYANHBIX CUTYAIHi, CBSI3aH-
HBIX C pasTUBOM HE(TENpPOAYKTOB, IOCPEACTBOM AaBHAIIMOHHOTO MOHHTOPWHTA, TO3BOJSIONIAs pe-
TUCTPUPOBATh MAaKCHUMAaJbHBIC 3HAYEHHs CTEMEeHW moisipu3anuu HedTsHoro pasznmBa Ha Bome: 40-50 %
MIPH ONTHMAJIBHBIX yTIIaX HAONIOAEHWS, OMM3KUX K 3€PKaJbHBIM 110 OTHOUICHHUIO K YTy MaJeHUS COJTHEY-
HOTO M3ITy4eHUSI.

Pa3paboTanHple METOOWKHA BHEAPEHBI B NEATCILHOCTh MUHHCTEPCTBA UYPE3BBIUYAWHBIX CHTYaITUi
PecniyOnmkm  bemapyce 1 TpUHSATHA TPAaBWIBHBIX  YIPABICHUYECKUX PEMICHHUH 10 JWKBHIAIIH
Ype3BbIUAMHBIX CUTYaAllMH U UX TTOCJIEICTBUH.

KiroueBble ciioBa: MOHUTOPHUHT, I'IpeBBI:I‘fIaI\/IIHIfob CUTyalluu, CIICKTPAJIbHBIC XapPaKTCPUCTUKH.
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Abstract

The main results of the creation of the domestic complex “Vizir” for measuring bidirectional spectropo-
larization reflection coefficients and brightness of natural and artificial objects were presented in the article.
Its purpose, composition and main technical parameters were indicated.

Spectral-polarization studies of the characteristics of samples that simulates objects (pollution)
of natural (forest fires) and man-made (oil spills) emergencies were performed with the help of complex
“Vizir” using polarizing nozzles under various conditions (angles of illumination, observation, pollution
concentration, the time that passed since the contamination, the degree of wood thermal damage). The results
of studies made it possible to increase the accuracy of identification of monitoring objects in emergency
zones up to two times.

The main provisions of the two developed methods were outlined. The first method was metho-
dology for determination of the controlled parameters of forest fires by means of aviation monitoring,
which makes it possible to record the maximum values of the degree of polarization of reflected radiation
for coal 3040 % and for semi-coal 15-20 % in the wavelength range from 0.5 to 0.7 um. The second one
was methodology for determination of the controlled parameters of man-made emergencies with oil spills
by means of aviation monitoring, which makes it possible to record the maximum values of the degree
of polarization of an oil spill on water: 40-50 % at optimal view angles close to specular in relation
to the angle of solar radiation incidence.

The developed methods were introduced into the activities of the Ministry for Emergency Situations
of the Republic of Belarus to make the right management decisions to eliminate emergency situations and
their consequences.

Keywords: monitoring, emergency situations, spectral characteristics.
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Beenenue

TexHuueckue  CpeAcTBa  JUCTAHIMOHHOTO
3oHaupoBanus 3ewun  ([33) ycmemHo pas-
pabaTbiBaloTcs W BHenpsawooTcs B PecmyOnuke
bemapych, B TOM 4Hcie s ONpEACTICHUS
KOHTPOJMPYEMBIX  apaMeTpoOB  YPE3BBIYAHHBIX

curyammii  (UC) mpupogHOrO ©  TEXHOTEHHOTO
xapaktepa [1]. IIpu 3TOM 17151 NOBBILLICHUST KauyecT-
Ba OCYIIECTBJICHHS aBUAIIMOHHOTO MOHHUTOpPWHTA
nmaHHbIX YC HeoOXOIMMO pa3BUTHE M YKPETUICHHE
METOJIMYECKOH W METOJIOIOTHYECKONH 0a3pl ¢ eé
00s13aTeIPHBIM ~ HAYYHBIM ~ OOOcCHOBaHWeM.  Jist
MIPUHSATHAS TPABWIBHBIX YIPaBICHUYECKHX perle-
HHU TI0 TpeaynpexacHuio u ukBuaauun YC u ux
MTOCNIEAACTBUN JTaHHBIX, IOJy9aeMBIX C TOMOIIBIO
cpenctB (orto- m BUaeodukcanmuu ¢ OopTa Je-
tatenpHOro ammapara (JIA) B 0OBIYHOM BHIMMOM
JMara3oHe OKasbIBAeTCsl HEIOCTaTOYHO, TaK Kak
He Bcerga ynaéres BEpHO HJICHTH(HUIMPOBATH
3oHy UC, €€ rpanunsl wim oobekt YC. Hanpumep,
npyd  BU3yalbHOM HaOmojgenuu ¢ Oopra JIA
MPUHIUIHAILHO OTJIUYUTh ISITHO BBDKKECHHOU
TpaBbl (TIPH JIECHOM TOXape) OT pas3iuBa Hedre-
MIPOJYKTOB Ha BEpXHEM CJIO€ MOYBHI (TIpU aBapuH,
CBSI3aHHOM ¢ pa3nrBOM HE(TEPOIYKTOB) HE BCETaa
MIpEJICTaBIISIETCS BOBMOKHBIM. Takxke KpaiHe ClI0XK-
HO ¢ Ooprta JIA onpeaenuTs MIOMAAb U TPAHULIBI
JICCHBIX TUIOIIA/ICH C IPEeBOCTOEM, MMOTHOIHM (Taphb)
Y YaCTHYHO TOTHOIIHMM (TOpPEIbHUK) [2, 3] B pe3yib-
TaTe ToXapa, MpU KOHTPOJE MOCIEHOXKapHOU
oOctanoBkH. [ToaTomMy ocoboe BHUMaHue ObLIO ye-
JICHO BOIpOCaM HWACHTU(UKAINK 30H U OOBEKTOB
UC ¢ y4€roM WX WHAWBHIYaTbHBIX CHEKTPaIbHBIX
XapaKTEePUCTUK, TOITYYaeMbIX ITyTEM OCYIIECTBIIe-
HUS ~ aBHAIlMOHHOTO  MOHHWTOpHWHTra. JlaHHBIE
CIEKTPaIbHO-TIOISAPHU3AINOHHOTO MOHHTOPHHTA
30H 1 00bekTOB UC HEOOXOIUMBI TSI BEpHOH OIICH-
KU CKJIaJBIBAOIICHCS OMEPaTHBHOW OOCTAaHOBKH M
MIPUHSTHS TIPABIJIHOTO YIPaBIEHUYECKOTO pere-
Hus 1o aukBrgam YC 1 UX DOCIIEICTBUHA.

Jns  wcciaenoBaHWs CHEKTPAIbHBIX — Xapak-
TEPUCTHK TPUPOJHBIX U UCKYCCTBEHHBIX 0OHEKTOB
3a pyOeKOM NPHUMEHSIOTCS pa3jndHble TpEXMeEp-
HbI€ TOHHOMETPHI IS W3MEPEHHs JBYHAIPaBIICH-
HBIX KOP(QOUIMEHTOB CHEKTPAILHOH  SPKOCTH
WIH OTPaXXeHHs, KOTOpble HCIONb3YIOTCA Kak
B TIOJEBBIX, TaK U B JaOOPaTOPHBIX YCIOBUSIX,
Hanpumep IlBeinapckuii  Ilonesoit I'oHmomerp
(FIGOS) u ero wmomudukarus — LAGOS nns
U3MEpEHMsI YK€ B JIA0OpPaTOPHBIX YCIOBHSX [4],

rounomerpuueckuii kommieke GRASS (Gonio Ra-
diometric Spectrometer System), pa3paOOTaHHBIHI
B National Physical Laboratory (NPL), Tedding-
ton, UK [5,6], poOOTU3MPOBaHHBI TOHHOMETD,
BBITIOJTHEHHBIH B J1a00paTopuul TeOMH()OPMAIUU U
JICTAHIIMOHHOTO 30HAMpoBaHus Hunepianiackoro
VYuusepcurera Wageningen [7] m np. OpnHako
OCHOBHBIM HEJIOCTaTKOM TIOJIEBBIX TOHHOMETPOB
ABISIETCSL TO, YTO BO BpeMsl MPOBEACHUS HC-
CJIEIOBAaHUI YacTO HMEIOT MECTO aTMOC(epHBIe
3pQeKTHl B HeXenaTellbHble BPEMECHHBIC H3MCHE-
HUSI OCBEIIEHHOCTH, KOTOPbIE NOJDKHBI OBITH NpH-
HATH BO BHUMaHWe. A B TaOOpPaTOPHBIX yCIIOBHUSX,
Kak TpaBuilo, oOecrieunBaeTcss KoHuUeckas (Gopma
MMOTOKAa HMCKYCCTBEHHOTO OCBEIIEHHUS, YTO BEAET
K HEOJHOPOJHOCTH OCBEIIaeMOW 00nacTu, W,
CJIeZIOBATENIbHO, K HEOOXOAMMOCTH KOPPEKTUPOBKH
MOJTy4aeMbIX JaHHBIX. Kpome Toro, KOHCTpYKIHH
JAHHBIX TOHMOMETPUYECKHUX YCTaHOBOK HE Tpes-
MOJIaraf0T KCIIOJIb30BaHUE TMOJSPHU3AIMOHHBIX Ha-
CaJIOK, TEM CaMbIM 3HAYUTENBHO CHWXas HHDOp-
MaTHBHOCTB IT0JIy4aeMbIX B HCCIIEOBAHHUSX JAaHHBIX.

Lenpto paboThl ABISAIOCH CO3/JAaHUE  OTe-
YECTBEHHOTO KOMIUIEKCa [UIsi HM3MEpPEeHUH ABY-
HAIpPaBIEHHBIX CIIEKTPOIIONIIPU3AIMOHHBIX KO3(]-
(UIMEHTOB OTpaKeHHWS M SPKOCTH TPHUPOTHBIX
U HUCKYCCTBEHHBIX OOBEKTOB C BO3MOKHOCTBIO

HUCIIOJIB30BaHUA TMOJIApU3allMOHHBIX Hacaaok,
MpoBeJicHHEe Ha HEM HCCIeoBaHM  00pasIoB,
UMUTHPYIOIIAX  O00BeKThl  (3arps3uenusi) UC

MIPUPOJIHOTO (JIECHBIE TMOXKapbl) M TEXHOTEHHOTO
(paznuB HEPTENPOIYKTOB) XapakTepa, U pa3padoT-
Ka Ha OCHOBAHHU IOJTyYCHHBIX PE3YJIbTATOB HCCIIe-
JOBaHUM  COOTBETCTBYIOLIET0  METOJMYECKOTO
oOecriedeHus1 I OINPEAEICHUsT KOHTPOJIUPYEMBIX
napameTpoB ykazaHHbIX YC mpu ocyliecTBICHUH
aBHALIMOHHOTO MOHUTOPHHTA.

OcHoBHAA YaCTh

s uccnenoBaHus OCOOCHHOCTEW —OTpaka-
TEJIBHBIX  XapaKTepUCTHK 00bekTOB UC  ObLd
CO3[1aH OTEUYECTBEHHBIM KOMIUIEKC ISl U3MEPEHUI
JIBYHAIPABICHHBIX CIIEKTPOIOJSAPU3AITUOHHBIX
KOO(PPHUIIMEHTOB OTPaXEHHUS W SPKOCTU TIPUPO-
HBbIX M HMCKYCCTBCHHBIX 00beKkTOB «Busup» (pucy-
HOK 1), BKJIFOUAIONIMIA W3MEPHUTEIbHBIA MOAYIbh (1)
Ha OCHOBE CIIEKTPOMETPOB, OXBATHIBAIOIIUX
nuana3oH mH BodH OT 350 mo 2500 HM u
BBITIOJTHEHHBIX C BO3MOYKHOCTBIO HCITOJIB30BAaHUS
MOJISIPU3AIIMOHHBIX Hacaaok [8]. M3MeputenbHbIi
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Moayah (1) pacmornokeH Ha Kadaromehcs IITaH-
re (2), ycTaHOBIIEHHOW Ha TIOBOPOTHOH matdop-
Me (3), BCIEACTBHE YEro MOTYT MEHSThCA Kak
36HUTHBIH (B BEPTUKAJIBHOW TUIOCKOCTH), TaK M
a3UMYTaJIbHBIA (TOPU30HTATLHBIA) YTJIBI BH3UPO-
BaHUsI (HOJIOKEHHUSI U3MEPUTEIBHOIO  MOJYJIsS)
ot 0 go +90° mpu perucTpanuy OTPaxEHHOIO OT
00BEKTOB U3ITyUEHHUSI.

Pucynok 1 — Buemnuii

BUJI
1 — U3MepUTENbHBIN MOIYIb; 2 — ITAaHTa; 3 — IOBOPOTHAs
mwiatpopma; 4 — IpeIMEeTHBI CTOJHK; 5 — OCBETHTENb
C OXJIAXKJICHUEM

KOMILICKCa ((BI/ISI/Ip»Z

Figure 1 — Appearance of the complex “Vizir”: 1 — mea-
suring module; 2 —rod; 3 — turntable; 4 — subject table;
5 — illuminator with cooling

OTalloHHas TOBEPXHOCTh M HUCCIEILyeMble
00pasiibl, HMMUTHPYIOUIHE pealibHble  OOBEKTHI
YC, pasmemaroTcs Ha TOJBIKHOM MPEAMETHOM
cronuke (4). Jna npubmkeHus K peaabHBIM
YCIIOBHUSIM CHEMKH CHUCTEMa KOJUIMMHPOBAHHOTO
ocmemieHus (5) ycTaHOBJICHAa Ha  IOBOPOTHOM
paMe, KOTOpas MOMET HAKIOHAThCS Ha Yrod,
COOTBETCTBYIOIIMH 3EHUTHOMY YIJIy COJHEYHOTO
ocBenieHus. [lomydeHHbIe Ha KOMIUIEKCE PE3ylib-
TaThl HWCCICIOBAHUI WCIONB3YIOTCS Ui  BEpH-
¢uKanMy JaHHBIX JUCTAHIMOHHOTO 30HIMPOBAHUS
YC, dro TO3BONISET TOBBICUTH JOCTOBEPHOCTH
JIAaHHBIX aBHAIIMOHHOTO MOoHHUTOpHHTA 30H UC [3].

OTMeTUM, YTO OPHIHMHAIBHOCTh KOHCTPYKIMH
KOMILJIEKCa 0OyCIIOBJICHA HCIIOJIb30BaHUEM KpaH-
HITATHBOB ISl TIEPEMEIICHUS] UCTOYHUKA OCBellle-
HUSI U U3MEPUTEIHHOTO MOJIYJsSl B BEPTHKAIBHOM
TUIOCKOCTH, & HOBU3HOM pa3pabOTaHHOTO KOMILICK-
ca ABISETCS HCIOJb30BaHUE TMIPU  HCCIEO0Ba-
HUSIX TOJISIPU3AIMOHHBIX HACAJIOK, YTO TIO3BOJISET
MPOBOJIUTH MOJISIPU3AI[MOHHBIC U3MEpEeHUS,
BO3MOXHOCTb KOTOPBIX OTCYTCTBYET B H3BECTHBIX
3apyOekHbIX aHayorax [9].

B pesynbrare BBITONHEHHBIX, B TOM YHCIIE
Ha komiuiekce «Bwusup» [10], wuccnenoBanuit
CIEKTPAILHO-TIOJIIPU3AMOHHBIX  XapaKTEPUCTHK
00pas3IoB, UMUTHPYIOIIUX OOBEKTHI (3arps3HCHHS)
UC mpuponHOTro (JIeCHBIE MOKapbl) M TEXHOTECHHO-
ro (pa3nmuB He(DTENPOAYKTOB) Xapakrepa, IpH
pa3NMYHBIX ~ YCIOBHSIX  (yrigax  OCBEIICHHS,
HAONIOAEHMs,  KOHLEHTPALMM  3arpsA3HSAIOLIMX
BEIIECTB, BPEMEHH, MPOIIEAIEM IIOCie 3arpss-
HEHMs, CTENEeHH TEPMHUYECKOIO IOBPEKICHUS
JPEBECHHBI) OIpEICICHO, YTO pasieiieHue Kpu-
BBIX KOX(POPHUIIMEHTOB CHEKTPAIBHONH  SPKOCTH
UCCIIElyeMBIX 3arps3HEHHBIX He(TEPOIyKTaMH
00pasioB B 3aBUCUMOCTH OT BpPEMEHH HaOIIofe-
HUSl TPAKTUYECKH OTCYTCTBYeT M IPOLEHTHOE
cojmepkanne Heptn B gmamazoHe  5-15%
TaKKe MPAaKTUUYECKH HE BIMACT Ha H3MEpseMble
CIIEKTpaJIbHBIE 3aBUCUMOCTH, a Hambojee HHOp-
MaTHBHBIM  CIICKTPAJbHBIM JHANa30HOM TaKHX
u3MepeHuit  sBiserca  uHTepBan  600-850 HM
C 3€HUTHBIMM YyrjamMu BusupoBanus ot 0 1o
40°. YcTaHOBJIEHO, YTO CTENEHb MOJSPHU3AINU
OTPAXEHHOTO M3JIyYEHHUsI 3aBUCUT OT IIOJHOTEI
CropaHus JpeBecHbIX 3JeMeHTOB. Ilpu cropanun
JPEBECHHBI JI0 YTOJNBHOH (ha3bl CTENeHb IOJIs-
pU3alMu  yBEIMYMBAETCS NPaKTHYECKH B 2 pasza
U MakCUMallbHble 3HA4YeHUSl CTEleHU IMOoJspr3a-
i otpakéHnoro msnydenust (30—40 % nna rapu
u 15-20 % g TopenbHMKA) PErHCTPHPYIOTCS B
nuamna3one JiuH BoiH ot 500 1o 700 HM B m10CKOC-
TH COJIHEYHOT'O BEpTHKasa (B INIOCKOCTH, B KOTOPOH
HaxXOJATCS OOBEKT HAOIIONCHUS, PETUCTPUPYIOIIAS
anmapatypa ¥ CoiiHIe, B Ybl0 CTOPOHY HaIlpaBiIeH
kypc JIA mpum yriiax BU3HPOBAHUSA, OIMU3KUX I10
3HAYCHUIO, HO MPOTHBOMOJIOKHBIX IO 3HAKy K
36HUTHOMY MoyIokeHHI0 COJIHIIA, OCBEILAIOIIEro
UCCIIelyeMyl0 TeppuTOpuio (pucyHOK 2). CrerneHb
MoJNSIpU3alMd HEPTSHOTO pa3jiBa Ha BOJE Mak-
cumaibHa (40-50 %) npu HaOMIOACHUH B IVIOCKOCTH
COJJHEYHOTO BEpTHKAJIa TMpH yriax, OJM3KUX
K 3€pKaJIbHOMY yIJIy IO OTHOIICHHUIO K YTy Iaje-
HUSI COJTHEYHOTO M3Ty4eHUs (PUCYHOK 3).

Vcnonp3oBaHne  MONyYEHHBIX  PE3y/IbTaToB
MO3BOJISIET TIOBBICUTH JI0 2-X a3 JIOCTOBEPHOCTD
JAHHBIX AaBHAllMOHHOTO MoOHHMTOpHHTra 30H YC
OPUPOTHOTO M TEXHOTEHHOTO XapakTepa JUIs
MIPUHATHUS NPABWIBHOIO YIPABIEHYECKOIO DPELICH-
Wl TI0 UX JIMKBUJAINHU [6].

Ha ocHOBaHMM TMONYYEHHBIX pPE3yJIbTATOB
pa3paboTaHbl, yTBEPKACHBI U BHEIPEHBI B IPaK-
THUYECKYIO JIeSITEIbHOCTh rOCy/IapCTBEHHOTO
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ABUAIIMOHHOTO aBapUHHO-CIACATEIBHOTO  YYPEiK-
neuus (FAACY) «KABUALIUS» MUYC PecryGmuku
Benapych MeTonuka ompeaeNicHHs KOHTPOJIUpYE-

ONpeNeIAiTh KOHTPOJIMPYEMbIE IapaMeTpbl YyKa-
3aHHBIX YC B COOTBETCTBHH C TpeOOBAHUSMH
CTb 1404-2003 «be3omnacHOCTb B Ype3BBIYAWHBIX

MBIX TIaPaMETPOB JIECHBIX IOKApOB IOCPEACTBOM  CHUTyalMsiX.  MOHHUTOPMHI  a3pOKOCMHUYECKHH.
aBHALIMOHHOI'O ~ MOHHUTOpMHTa ¥  MeToguka HoMeHKiaTypa  KOHTPOJIMpPYEMBIX  IlapaMeTpoB
OmpeseNieHnss ~ KOHTPOJMPYEMBIX  MapaMeTpoB  upe3BblYaiiHbiX cutyauuit» u CTb 1408-2003
TexHoreHHelx YC, cBsi3aHHBIX C pa3nuBoM  «be3omacHOCTh B 4pe3BbIUANHBIX CUTyalMsx. Mo-
He(TEIPOAYKTOB, MOCPEACTBOM  aBMALMOHHOIO HUTOPUHI WU IPOTHO3MPOBAHME JIECHBIX IOXKAapOB.
MoHHTOpHHTa. JlaHHBIE MeTOAMKM Mo3BOMAIOT  OOmue TpeOoBaHMY.
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Pucynox 2 — CreneHb NONSPHU3ALIH OTPAKEHHOTO M3ITYYEHHS TP PA3INYHBIX YTIIaX BU3UPOBAHUS OT MMOBPEKAEHHBIX
OTHEM JIPEBECHBIX AJIEMEHTOB (&, b) M OT KPYITHBIX 3JIEMEHTOB CTOPEBIIEH IpeBeCHHBI (YTOIIb; ¢, d): a, ¢ — B TNIOCKOCTH
COJIHEYHOTO BEPTUKaIIA; b, d — B TIIIOCKOCTH, TEPIICHIUKYISIPHON TNIOCKOCTH COJTHEYHOTO BEPTHKAIIA

Figure 2 — The degree of polarization of the reflected radiation at different viewing angles from fire-damaged wood ele-
ments (a, b) and from large elements of burnt wood (coal; ¢, d): a, ¢ — in the plane of the solar vertical; b, d — in a plane
perpendicular to the plane of the solar vertical

15°, -15°

350, 45°

Pucynoxk 3 — CreneHb moJsipu3aliiil OTPAXEHHOTO M3ITYYEHHsS OT pa3iuBa HEe(TH HAa BOJHOM MOBEPXHOCTH IPU
Pa3IMYHBIX YIiIaxX BHU3WUPOBAHUS: @ —B IUIOCKOCTH COJHEYHOTO BEPTHKaNa; b —B IUIOCKOCTH, TIEPICHIUKYISIPHON
IJIOCKOCTU COJIHEYHOTO BepTHKala

Figure 3 — The degree of polarization of the reflected radiation from an oil spill on the water surface at different viewing
angles: a — in the plane of the solar vertical; b — in the plane perpendicular to the plane of the solar vertical
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B pa3paboTaHHBIX METOINKAaX PEKOMEHIOBAHbI
KOHKPETHBIE YCIIOBHS JUIS OTpPEACTICHUS KOHTPO-
mupyembIx mapamerpoB YC mpupomHOro (JecHbIe
ITO’Kaphbl) ¥ TEXHOTCHHOTO (CBSI3aHHBIC C Pa3IUBOM
He(TempomykToB)  Xapaktepa (B YaCTHOCTH,
MpOJNETHl  CIIEAYeT OCYIIECTBISATh B INIOCKOCTSIX
COJTHEYHOTO BEpTHKAJa W B TEPHEHIUKYIIPHOM
K HEMY HaIlpaBJICHHH).

Jns  BBIIBICHHWS 3arps3HeHUN  HeTH Ha
y4acTKax, TMOKPBITBIX TPaBIHUCTOW PaCTHUTEIb-
HOCTBIO, PEKOMEHJAINH CIEeAYIOIHe: IPH TIPO-
nérax JIA  co  cnekTpalibHOM  ChEMOUYHOM
anmapaTypord 0e3  TMOJIAPU3AIMOHHOW  HACAIKH
B ITUIOCKOCTH, TEPHEHAWKYISIPHOW TUIOCKOCTH

COJTHEYHOTO BepTHKaia (pUCYHOK 4), H3MepeHHe
HEOOXOMMO BBITIONHATh MPH YIJIAX BU3HPOBAHUS
anmapaTtypsl, ONMM3KMX K Haaupy (PUCYHOK 5)—
WHTEHCHUBHOCTh ~ OTPOKEHHOTO  M3IIy4eHUs  OT
YYacTKOB, 3arpsA3HEHHBIX He(ThIO, OyneT B 2-3 pa-
3a HIKE B amara3oHe JuuH BoJH 350-900 aM, dem
OT HE 3arps3HEHHBIX YYaCTKOB C aHAJOTHYHBIM
MIPOEKTUBHBIM MTOKPBITHEM.

Pucynok 4 — Cxema mnponéra JeTaTeIbHOTO ammapara.
B mnockoctu, nepneHAMKYISIPHON IIOCKOCTH COJHEY-
HOTO BepTHKaJa, Kypc JICTATEIbHOrO amnapara MnepreH-
JUKYJSpeH Hanpasie-Huto Ha ConHie, yroia o = 90°

Figure 4 — Aircraft flight plan. In a plane perpendicular
to the plane of the solar vertical, the course of the aircraft
is perpendicular to the direction to the Sun, angle o = 90°

IIpy 3TOM COOTHOIIEHHE BETUYHWH CHUTHAJIOB
CMIEKTPAILHON 3aBHCUMOCTH OTPAXKEHHOTO COIHEYU-
HOTO WU3Iy4deHHs B obmactu crnektpa 950 HM u
450 HM 115t 3arpsi3HEHHBIX HE(DTHIO YYacTKOB OyIAyT
B 1,3-1,8 pasa HmKe, ueMm I HE 3arpsa3HEHHBIX
HEPTHIO TPABSHBIX YUACTKOB.

[Tpu uzmepenusx pa3nusos Hedtu Ha Boje [11-

14] cnemyer WCMONB30BATh —MOJSIPU3AITMIOHHEIC

HAaCaJKu Ul BCEX M3MEPUTEIIbHBIX KaHAJIOB C OpHU-
EHTaIMed OCeH MOoNpHU3aIiy MOISIPOUA0B (Yrol
MEXXIY OChIO MOSIPU3ALMOHHOIO (PUIBTPA U KyPCOM
JIA) — 0° 45° 90° u BBINOTHATH CIIEAYIOIIHE
YCIIOBHS: IPU NPOJETE B IUIOCKOCTU COJIHEYHOI'O
BEpTHKaJla M3MEPEHUSI HEOOXOAMMO INPOBOIAUTH Ha
ymmax ONMM3KuX K 3epKallbHOMY yriny (IO OTHOIIe-
HUIO K YDIy [aJEHUs COJHEYHOIO H3IIyueHHs),
CTENEHb IOJSIPU3ALMK Al YYacTKOB PAa3JIUTOH
Ha Boje HedTu OyaeT BbIlIE, YeM ISl YUCTBIX ydacT-
KOB BOJIbI, U OyJeT focturarh 3HadeHuit 1o 50 %.

8

£y

Pucynok 5 — Cxema mponéra JIeTaTelIbHOTO armapaTta.
W3mepenne B Hagup OCYIIECTBISAETCS IOJ, TIPSIMBIM
YTIIOM K HcceyeMoMy 00beKTy, yroi 6 = 90°

Figure 5 — Aircraft flight plan. Measurement in nadir is
carried out at a right angle to the object under study, angle
d=90°

IIpu orenke mocienoxapHOi 0OCTAaHOBKH IS
YTOYHECHHUS TIIOMIATN Tapu HEOOXOIUMO BBITIOHUTE
MOJIIPU3ANMOHHBIE  W3MEPCHUs  ammaparypon,
YCTaHOBJIEHHOH Ha JIA, Ipu CleAyIONHX YCIOBUAX:

—JIA  BwmmomHsSeT 00T B IUTOCKOCTH
COJTHEYHOTO BEpTHKAaJa 1Mo HampapieHnio K ComHITy
U PETUCTPUPYEMOMY YUACTKY;

— Uil M3MEPEHUH MaKCHMAaJIbHBIX 3HAYEHUU
CTEeTeH! TIOJIIPU3AIIAH OTITHYECKAast 0oCh
CIIEKTPAJIBPHOM  ammapaTypbl TIPH  PETHUCTpAIiu
OTPaXEHHOTO OT HCCIEeNyeMOM IUIOLAAu Cro-
pEBIIETO Jieca W3IY4YeHHs JOJDKHA PacIojararbes
(pucyHOK 6) TMOA YIJIOM, OMU3KUM K 3epKaIbHOMY
YIIy TI0 OTHOIICHUIO K YTy TAJCHUS COJIHEYHOTO
W3ITy9CHHUSI, TIPH ITOM:

a) pETUCTpALsl W3JIyYCHUS BBITIOTHICTCS B
nuarrazoHe JIuH BoyH oT 0,48 mxMm 10 0,72 MKM ¢
UCIOJIb30BAHUEM TPEX UJCHTHYHBIX KaHAJOB (Ipu
HEBO3MOXKHOCTH — MHHHMYM JBYX) C pa3HbIMHU
TIOJIOKEHHUSIMHU  TIOJISIPU3AIMOHHOT0 (ritbTpa (yrodx
MEXIy OCBIO TOJSIPU3AIMOHHOTO (HUIBTPa U Kyp-
com JIA — 0°,45° u 90° (0° 1 90°) (pucyHok 7);

0) usMepeHuss Tpems  (OByMs) — KaHAJIaMu
(cnekTpoMeTpaMu) BBIMIOTHSIOTCS OIHOBPEMEHHO
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C NPOCTPAHCTBEHHOW OPUEHTALUEH B OHY U Ty XK€
TOYKY Ha MOBEPXHOCTHU 3EMJIN;

—Tpu  HEOOXOIMMOCTH BBITIONHSIFOTCSI H3Me-
penust ¢ 6opra JIA MUHMMAJbHBIX 3HAYCHHI CTe-
MeHU TOJISIpU3alUd C YINIOBOW  OpHUEHTalUeHn
anmnapatypsl B Hagup (0, = 0°), niam O1M3KUM K HEMY
VIJIOM C BBITIOJTHCHUEM YCJIOBHIA a) U 0).

n

Pucynok 6 — Cxema mponéra jeTaTeIbHOIO ammapara.
VYron HakiaoHa ConHIa K BEpTUKAIH 0, paBeH 3¢HUTHOMY
yriy 0, (ymiy K Hagupy), [OJ KOTOPBIM CIEIyeT
pacrionarars armaparypy

Figure 6 — Aircraft flight plan. The angle of inclination
of the Sun to the vertical 0, is equal to the zenith angle 0,
(the angle to the nadir) under which the equipment should
be located

Pucynok 7 — Cxema mposiéra JeTaTeqpHOTO ammapara.
Yrom MeXay OChIO MONSPH3aIMOHHOTO (uiIbTpa H
KypcoM JieTaTenbHoro ammapata v, = 0° (HampaBieHue
OCH COBIIQJIaET C KypcoMm), v, = 45° u y; = 90°

Figure 7 — Aircraft flight plan. The angle between the
polariza-tion filter axis and the aircraft heading is y, =
0° (the direction of the axis coincides with the heading),
v, =45°and y, = 90°

Ilo 3HaYeHHIO CTEICHU MoJjiapru3aluu MU3J1yvc-
HHS OT 00BEKTA MOHHUTOPHHTIA YTOUHACTCA IJIOIIAa/lb
HOBPEXKICHUS JIECHOTO I0Kapa: AJsl [IOBEPXHOCTU
MIOJIHOCTBIO CTOPEBIIIETO IPEBOCTOSI (Tapy) 3HAYCHUS

CTETIeHH TIONISApPHU3AINK HM3IIydeHus OyayT Ooee
4eM B JIBa pa3a IPEBBINIATH COOTBETCTBYIOIIHE
3HAYCHUS OT IOBEPXHOCTH YAaCTHYHO IOTHOIIETO
neca (TOpeIbHUK).

3akiiloueHune

Co3nan KOMILJIEKC JInIE: HU3MEpEeHni
JIBYHAIpaBJICHHBIX CIEKTPONOIAPU3ANNOHHBIX
K02 UITHESHTOB OTpaKCHUS u SIPKOCTH

MPUPOIHBIX W HCKYCCTBEHHBIX 00bekTOoB. OH
OTJIIMYAETCsl OT 3apyOEKHBIX aHAJIOTOB TEM, YTO
CONEPKUT W3MEPUTENbHBI MOIYTh Ha OCHOBE
CIIEKTPOMETPOB AuanaszoHa juiuH BojH 350—1050 um
U auanaszoHa JMH BosiH 1050-2500 HM, KOTOpPBIiI

BBIIIOJTHCH C BO3MOXHOCTBIO HCIIOJIb30BaHUA
MOJSIPU3AlIMOHHBIX HACaIo0K, a TakKXke paMy U
mTaHnry g TEpEeMCUICHUS B BCpTHKaHLHOﬁ

TUIOCKOCTH HMCTOYHMKA KOJUIMMHUPOBAHHOTO H3ITY-
YeHWs W HW3MEpHUTeNhbHOro Momyis. Komrureke
MMeeT Bpamaronecs I1marGopMy C IMIArOBBIM
JIBUTATENIeM W JTAOOPaTOPHBINA CTON JJISl pa3Mere-
HUS HUCCIIEAYeMBIX O0pa3loB, HWMHUTHPYIOIUX
peanbHble OOBEKTHI YPE3BBIYAWHBIX CHUTYAIHi.
Komrnexc obecrniednBaeT BO3MOKHOCTD TIONTYYEHHUS
WX CHEKTPaJbHBIX XapaKTePUCTHK JUTs BepH]HKa-
MU JAHHBIX JIUCTAaHIIMOHHOTO 30HAMPOBAHUS
3eMiii, YTO TIO3BOJIIET IMOBBICHUTH JOCTOBEPHOCTH
JAHHBIX ~ aBHAIIMOHHOTO  MOHUTOPHHTA  30H
YpE3BbIYANHBIX CUTYaIUil.

Ha pa3paboTraHHOM KOMIUIEKCE C HCIOIb-
30BaHMEM TOJIPU3AIMOHHBIX HACAJIOK TMPH Pa3lInyd-
HBIX YCJHOBHAX (yIJIaX OCBEIICHWs, HaONIOICHHUS,
KOHIICHTPAINU 3arps3HAIONINX BEIIECTB, BPEMEHH,
MpOIIEIIeM  TOCie  3arpsA3HEHUs,  CTEeNeHH
TEPMHUYECKOTO TTOBPEXKICHUS JIPEBECHHBI)
JUTsE  BepUUKAIMK  JaHHBIX  JUCTAHIIMOHHOTO
30HJMPOBaHUsl 3eMJIM TPOBEICHBI HCCIEOBAHUS
CIIEKTPAITLHO-TIONSPU3ANNOHHBIX  XapaKTEPUCTUK
00pa3oB, HWMHTHUPYIOIINX pealbHble  O00bEeK-
Thl Ype3BBIYAWHBIX CHTyanui (pa3nuBbl HedTe-
MPOAYKTOB,  TIOCIEACTBHA  JIECHOTO  TIOXKAapa).
Hcnonp3oBanne TMOMYyYEHHBIX PE3yIbTaTOB IO3BO-
JSeT 0 2-X pa3 MOBBICUTh TOYHOCTh HWACHTU(U-
Kallid OOBEKTOB MOHWTOPHHTa 30H Ype3BbIYAM-
HBIX CHUTyalluii TPHPOJHOTO W TEXHOT€HHOTO
Xapaktepa JUid TPHHATHAS TPaBHIBHOTO YIIpaB-
JIEHYECKOTO PEIISHHS 110 UX JINKBHIAIIH.

Bnepseie  pa3paborana MeTomMKa — OIpe-
JeNIeHUS ~ KOHTPOJHMPYEMBIX IapaMeTpoB  Jiec-
HBIX  TOXAapOB  TIOCPEACTBOM  aBHAIMOHHOTO
MoHuTopuHra. OHa OCHOBaHA Ha pe3yJabrarax
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Hay4HBIX  MCCIECIOBAaHMH  TI0  OINPEIEIICHUIO
CHEKTPAIBHO-MOSPU3ALMOHHBIX  XapaKTEPHUCTUK
1a00paTopHBIX 00pPa3loB OOBEKTOB, BO3HUKAIOIIUX
BCIIEAICTBUE YPE3BBIYAMHBIX CHUTyallMil MPUPOAHO-
ro xapakrepa (JecHble moxkapbl). Pazpaborannas
METOAMKA MO3BOJSET B AWANa30HE UIMH BOJH OT
0,5 MM 110 0,7 MKM perucTpupoBaTbh MaKCHUMallb-
Hbl€ 3HAUYEHUs CTENEHU TOJSPU3ALUN OTPaXKEH-
Horo wusmydenus misa rapu: 30-40% wu ana ro-
penpHuKa: 15-20 %. Hcmonb3oBaHue METOIUKU
CHOCOOCTBYET MPHHSTHIO TIPaBHIBHBIX  YIpPaB-
JICHYECKUX PELICHUM MO JTUKBUJALMKU YpPE3BbIUaii-
HBIX CHUTyallMd M HX [OcCaencTBUA. MeTtoauka
BHEJpEHAa B MPAKTHYECKYIO JEATEIBHOCTh TO-
CYZIapCTBEHHOTO ABUAI[IOHHOTO aBapuiiHO-
CIIacaTesIbHOIO YUpEKACHUS «ABUALIA»
MuHucrepcTBa 10 YPE3BBIYAWHBIM  CUTyalUsIM
Pecmryonmukm bemapychb.

Brnepsble  paspaborana  MeTomuKa  ompe-
JIeJIeHNs  KOHTPOJHMPYEMBIX  TapaMeTpoB  TeX-
HOTEHHBIX YPEe3BBIYAMHBIX CHUTyallUd, CBS3aHHBIX
C pa3nuBoM  He(TENpPOAYKTOB, IOCPEICTBOM
aBUAIMOHHOTO MOHUTOpHHTa. OHAa OCHOBaHA Ha pe-
3yabTaTax Hay4YHBIX MCCIEIOBAHMN 110 OINpenese-
HUIO  CHEKTPaJbHO-NOISIPU3ALMOHHBIX  XapakTe-
PHUCTHUK HCCIIEAYeMBIX JIa0OPaTOPHBIX — 00pa3oB
00BEKTOB (3arps3HEHUI), BO3HUKAIOIIMX BCICICT-
BHE€ TEXHOICHHBIX YPE3BBIYANHBIX  CHUTyaluH,
CBSI3aHHBIX C pAa3lIMBOM He(Tenpoxykros. Pas-
paOoTaHHAs METOAMKA MO3BOJIIET PErHCTPUPOBATH
MaKCHUMaJlbHble 3HAYEHUs CTENEHH MOJSpHU3aLUU
W3JIy4eHUs, OTPaKEHHOTO OT HE(TSIHOTO pa3iinuBa
Ha Boze: 40-50 % npu onTHUMaJbHBIX yriaax Hao-
JONIEHUs], OMM3KUX K 3epKaJbHBIM 10 OTHOIICHHIO
K yIIy THaJeHusl COJTHEYHOro M3imydeHus. Mcmons-
30BaHUE METOIUKH CHOCOOCTBYET  IPHUHATHIO
MPABWIBHBIX YIPABICHYECKUX PELIEHUN MO JIMK-
BUJAIMM YPE3BBIYAWHBIX CHUTyallMd M WX TOC-
neacTBUi. Mertoauka BHEIpPEHA B IMPAKTUYECKYIO
JIeSITEIbHOCTh  TOCYAAPCTBEHHOTO — aBHAIIMOHHOTO
aBapuitHO-CITacaTeIbHOTO  yupexaeHus «ABHA-
OUA»  MunuctepctBa 1O Ype3BbIUYAMHBIM
cutyanusaM Pecryonuku benapych.
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Crarpy, HanpaBlICHHbIE B PENAKIMIO JKypHaja, JODKHBI YIOBIETBOPATH TpeOOoBaHMSAM «MHCTPYKIMM O MOpsiike
oopmienns kBan(pUKaIIMOHHON HaydYHOH paboThI (AHCccepTaiun). ..», yreepxaenHol [locranosnennem BAK Pb
01 28.02.2014 . Ne 3

1. Marepuan cTaTby JODKEH COOTBETCTBOBATH ITPO-
(uITIo JXypHAJIa M U3J1araThesl PeebHoO SCHO.

2. Crarbs NpEACTABIISCTCS HA PYCCKOM WM aHIJIMA-
CKOM $I3bIKE U ITyOJIMKYETCsI Ha SI3bIKE MTPEACTABICHUSI.

3. IloctynuBiMe B peAaKIUIO CTaTbU MPOXOJIST JIBOM-
HOe Toyrycienoe pereHsupoBanue. OCHOBHBIE KPUTEPUH
11e1eco00Pa3HOCTH OMYOIMKOBAHUS — aKTYalbHOCTh TeMa-
THUKH, I/IH(i)OpMaTI/IBHOCTL, Hay4YHas HOBU3HA.

4. Crarbs IPEACTABIISACTCS B paciedaTaHHOM U B JJIEK-
TPOHHOM BHJIE B (popmare TekcToBOrO pemakropa Word
for Windows, Habop — crmonrHsiM TekcToM (6e3 IeneHus
Ha KomoHKH). OOBEM CTaThl HE MJOIDKEH TIPEBBINIATH
14 crpanu, Brimodas TekeT (mpudrt Times New Roman,
pasmep 12 1., uarepsan 1,5), Tabnunpl, rpadudecknii ma-
Tepuall, BCIO HeOOX0IMMYI0 HH(OpMaLnIo Ha aHTIIMICKOM
SI3BIKE.

5. Ha mepBoii cTpaHulle CTaTbu YKa3bIBAIOTCS: Ha-
3BaHHE CTaThH, (aMwinu aBTOpPOB ((amuiius aBropa,
C KOTOPBIM CJIEAyEeT BECTH MEPErnucKy, OTMedaeTcsi 3BE3-
JIOYKOH WM YKa3blBAaeTCs €ro ajpec O3JIEKTPOHHOW MO4-
THI), HA3BaHMUA W TOYTOBBIC ajgpeca opraHu3anuii (ynuma,
HOMEp J0Ma, HHAEKC, TOPOI, CTpaHa), B KOTOPBIX paboTaroT
aBTOPBI, HA PyCCKOM U aHITIMHCKOM si3bIKaxX. CTaThst BKITIO-
yaeT: aHHOTanuio (B mpeaenax 200250 cioB); KIItOYEBEIC
cioBa (He Ooree 5); BBe/IeHNE, B KOTOPOM JICNIAETCsT Kpar-
KM 0030p CJICTaHHOTO B MUPE ¥ KOHKPETHO (POpMyITHpYeT-
Cs 11e71b pabO0ThI; OCHOBHYIO YaCTh; 3aKIIIOYEHHUE, B KOTOPOM
B CXKAaTOM BHJE CHOPMYIHPOBAHBI OCHOBHBIE TIOJTyYEHHBIE
pe3yabTaThl ¢ yKa3aHUEM WX HOBH3HBI, MPEUMYIIECTB U
BO3MOKHOCTEN MMPUMEHCHUA; CIIMCOK MCIIOJIb30BaAHHBIX
HUCTOYHUKOB. AHHOTaI_[I/ISI, KJIFOUCBBIC CJIOBA, CIITMCOK HC-
IMMOJIb30BAHHBIX MCTOYHHUKOB MPEACTABIAIOTCA Ha PYCCKOM
Y aHIJIMKCKOM SI3bIKaX.

6. AHHOTanMs JODKHA OBITH WH(POPMATHBHOH (co-
JIep>KaTh «BBDKUMKY» U3 BCEX Pa3/IeNIOB CTATbH — BBEJCHUS
C YKa3aHHEM LeJIM PadOThI, METOIMKH, OCHOBHOH YaCTH H
3aKITFOYCHUS).

7. I'padmaeckuil mMarepuan NOJKEH OBITH KOHTpAcT-
HbIM U 4€TKUM. HeoOxommmo IpuaepKuBaThesi €ANHOO-
Opasuss TEXHHKHM HCIIOJHEHUsI OJHOTHITHBIX HWILTIOCTpa-
. PucyHOk momkeH pacrnonarartbesi mociie  adsara,
coziepKallero cchlIKy Ha Hero. He momyckaercst pa3me-
IIEHHE PUCYHKOB B KOHIIE Iojpasienia M crarbu. M3o-
Opa3uTenbHBII MaTepuan BCTABISETCS B TEKCT CTaThH,
a Takke Haércs B BHAC OTACIbHBIX (aitios (dpopmar tif,
jpg, pa3peumenue He meHee 300 dpi). Texct Ha prcyHKax
HabWpaeTcs OCHOBHOH TapHUTYPOH; pa3Mep KTl COn3Me-
pUM C pa3MepoM pHCyHKa (JKelaTelbHO 8 IMyHKTOB). Bee
PUCYHKH HYMEPYIOTCS W COIPOBOMKAAIOTCS IOAPHCYHOU-
HBIMH TOATTUCAMH. PparMeHTHl PUCYHKAa 0003HAYAIOTCS

CTPOYHBIMH KYPCHBHBIMH JIATHHCKUMH OYyKBaMU — «a»,
«b» uT. 1. Hagmucw Ha pHCyHKax M TOJIIHMCH K PHCYH-
KaM JaloTcs Ha PyCCKOM M aHIVIMHCKOM si3bIKax. Bee co-
KpalieHust ¥ 0003HA4YEeHUs! JOJDKHBI OBITH paciiugposa-
HBl B MOJIPUCYHOYHOW TOJNMUCH. PHCYHKHM »KenaTeiabHO
npenocTaBisiTh B IiBeTe. Ha prcyHKax J0JKHBI OBITH yKa-
3aHBl OCH C 0003HAYECHHUEM MMPUBOAUMBIX BEJIMYHWH U Mac-
mradoB. Ha rpadukax He Hy)XHO JaBaTh KOOPIUHATHYIO
CEeTKy, €CII 3TO He ocuwuiorpamma. Bo Bcex cimywasx
Ha pPUCYHKaX JOJDKCH OBITh MPHUBEAEH MacIITa0.

8. YV rpadukoB, WMEIOMMX YHCIOBBIC 3HAYCHUS
10 OCSIM, PAMKH JIOJDKHBI OBITH OTKPBITHI, @ 3aCEUKH Ha-
MIpaBJIeHBI BHYTPh paMKH. Ha prcyHKax, MpeacTaBIIsIonnx
co0oii rpauKy 3aBHCUMOCTEH, HE CIIEyeT JelaTh pa3Mep-
HYIO CETKY, CJISyeT AaTh JIUIIb 3aCEUKH Ha OCSX, IPUUEM
BCE 3aCEUKH JIOJDKHBI ObITH onmdposanbl. Ecinu ocn Ha pu-
CyHKax ounu(poBaHbl, TO OHHM 3aBEPINAIOTCS HA MO3MLUH
OYepEeHON 3aceuKH, I7Ie 3aceuyka HE CTAaBHTCS, a BMECTO
YHUCIIOBBIX 3HAYCHUH NAIOTCs 0003HAYCHUS NMEPEeMEHHON U
enunaMIa m3Mepenus. Ecimm ocu He onndpoBbIBalOTCS, TO
OHU 3aBEPIIAIOTCS CTPENIKAMH, PAZOM C KOTOPBIMH JAIOTCSI
0003HAYCHNS TTIEPEMEHHBIX 0€3 eTUHHIl H3MEPEHHSL.

9. INomyToHoBEIe (hoTorpadmm MPUOOPOB TN UX Ya-
CTEH NPENCTABIAIOTCS TPH MyONUKAUK B TEX CIydasx,
KOI7Ia OHM HECYT CYIIECTBEHHYIO MH(pOPMAIHNIO, KOTOPYIO
HeITb3s1 BRIPa3UTh MHBIM criocoboM. dotorpaun JOIKHEI
OBITH BBICOKOKaYe€CTBEHHBIMH, KOHTPACTHBIMH, C XOPOIIO
Pa3InYUMBIMH JAETAISIMH.

10. WMmmoctpanmu (rpaduku, anarpaMmmbl, CXEMBI,
4yepTexu), prucoBanueie cpeacteamu MS Office, nomKHBI
OBITHh KOHTPACTHBIMH M 4€TKMMH. HemomyctuMo HaHece-
Hue cpeacrBaMu MS Word kakux-1m00 3J1eMEHTOB MTOBEPX
BCTaBJICHHOTO B (aifll pyKOTMCH PHUCYHKA (CTPENKH, TOA-
MMICH) BBHUIY OONBIIOTO PHCKAa WX MOTEPU HA dTammax pe-
JAKTUPOBaHUS M BEPCTKH. MinmocTpanym HOMMKHBI UMETh
pa3Mepbl, COOTBETCTBYIOIIME WX HH(POPMATHBHOCTH:
88,5 cMm (Ha omHY KOJOHKY), 17—17,5 cM (Ha ABE KOJOH-
k1) uian 23 cM (Bo Bech JncT). IloaToMy KenareabHO H30-
OpaskaTh OTAEIbHBIC HIEMEHTHI ¥ Ha IIIHCH Ha PUCYHKE TaK,
4TOOBI NPH YMEHBIIEHUH MaciuTaba pHCYHKa JI0 OIHOTO
U3 YKa3aHHBIX pa3MepoB OYKBBI U LU(PBI IPHOOPETH BbI-
coty 2-2,5 MM, DJIEMEHTHI CXeM 3—5 MM, OT/IeIbHBIE TOUKH
1 MM, a IMHUH JOJDKHBI OBITH IIPH STOM Pa3HECECHBI Ha pac-
crostaue He meHee 0,5—1 mm.

11. Haamucn u 0603HaYSHHUS HA WLTIOCTPAIUAX Clie-
JyeT pacriojararb Tak, 4TOObl OHM HE CONPHKACAIINCh
HU C KakuMHU €€ vacTsamu. Ha 3agHuil tuiaH wutocTpanuu
JKETIaTeNIFHO He TOOABIATE CEPHIi (IIBETHOW) (POH FITH CETKH.

12. Tabmumpel HE MOMKHBI JyOIHpOBaTh TIpadu-
ku. Kakmas tabnuia nmeer 3aroioBok. Ha Bce TaOmmippt




MMPABUJIA O®OPMJIEHUSA CTATEN

W PUCYHKH CJEAYET AaBaTh CCHUIKM B TeKcTe. TaOiuirbl
HE JIOJDKHBI COZIEPXKAaTh BEPTHKAIbHBIC JIMHUM, IEJISIINE
Tabnuiy Ha ctonOubsl. HasBanwe n conepskanue Tadmmig
TIPE/ICTABIISIETCS] HA PYCCKOM M aHIVIMHCKOM SI3BbIKaX.

13. O0o3HaueHHsI U COKpAIICHUs, NPUHSTHIC B CTa-
The, PAacII(PPOBBIBAIOTCS HEMOCPEACTBEHHO B TEKCTE.

14. Pa3mepHOCTB BCeX BEIMYHUH, IPUHATHIX B CTAThE,
JIOJDKHA COOTBETCTBOBATh MEKIyHApOJHON CUCTEME €IH-
Hun u3mepenuii (CH).

15. HabGop ¢dopmyn momKeH MPOBOAWUTHECS B pEOax-
tope MathType nenmukom. Habop ¢opmyn u3 cocTaBHBIX
3JIEMEHTOB HE JIOITyCKaeTcsi, HoMepa (GpopMyl — 110 IpaBo-
My kparo. Hymepytotes aumib opMystbl, Ha KOTOPBIE €CTh
CCBUIKH B TEKCTE.

16. HeoOXxoauMO HUCIONB30BaTh CICIYIOIIUE yCTa-
HOBKM pezaktopa Qopmyn. Pazmepsl: momubiii — 10 mT,
MOJICTPOUHBIN — 9 NT, MOA-MIOJICTPOYHBIN — 7 IT, CHMBOJI —
14,5 nt, moacumBoin — 12,5 nt. CTuiu: TEKCT, (QyHKIHS,
yucno, kupwumina — mpudrt «Times New Romany, Bek-
top-marpunia — mwpupt «Times New Romany, >kupHBbIif;
TpeYecKuil MaJbli, rpedecKil OOIBIION, CUMBOI — MIPUPT
«Symboly», mpamoit; nepemernas — mpudt «Times New
Roman», kypcus.

17. OtnenpHBIE CTPOYHBIE OYKBBI W CICHHANBHBIC
CHUMBOJIBI HaOHMpAIOTCSI B TEKCTe TapHHUTypoir Symbol
0e3 ucmoap30BaHus penakropa ¢opmya. [Ipu Habope
dbopmynr © OyKBEHHBIX OO0O3HAUCHHN HEOOXOAUMO Y4YH-
TBIBATh CJIC/IYIONIME MpaBUia: PYCCKHN aa)aBUT He HC-
MOJIb3YeTCsA; Tpedeckue OyKBbI, MaTeMaTHYECKHE CUM-
Bouibl (grad, div, In, min, max u ap.), CAUHHIEI U3MEpPE-
nus (Bt, Ik, B, kr u np.), kupuinndeckue OyKBbI, COKpa-
LIEHUSI OT PYCCKUX CJIOB (qcp); 0003HaYECHNUS XUMHYECKUX
2JIEMEHTOB ¥ COCAMHCHHH (B T. Y. B MHICKCE) HAOUPAIOTCS
NMPSIMO; JTaTHHCKHUE OYKBBI — IIEPEMEHHBIC ¥ CHMBOJIBI (pr-
3WYECKUX BENMYMH (B T. 4. B HHICKCE) HAOHMparoTcs Kyp-
CHBOM; BEKTOPBI — XHPHBIM HIPUPTOM (CTPEIKH BBEPXY
HE CTaBATCH).

18. Hadepranue o603HaueHHIT B pOpMYITax i B OCHOB-
HOM TEKCTE JIOJDKHO OBITH MOJHOCTBIO UIEHTHYHO. B pac-
mudpoBKe (HOpPMyYII, KOTOpasi HAUMHACTCS CJIOBOM «ITIE»,

CHUMBOJIBI ¥ X MOPS/IOK JOJDKHBI COOTBETCTBOBATH CHMBO-
JIaM ¥ UX TOPSAIKY CICI0BaHUS B (POPMyIIax.

19. Crimcok MCHONIb30BaHHBIX MCTOYHHKOB COCTABIISI-
eTcsl B TOPSIIKE YIOMUHAHHS CCBUIOK IO TEKCTY, JOJDKCH
coziep Karh IoJHbIe OubIorpaduyeckue JaHHbIe U ITPUBO-
JUTCS B KOHIIE cTaThl. He pexomeHayeTcst 1aBaTh CCHUIKU
Ha MaTepualibl KOH(EPEeHIHii, CTaThH U3 AIIEKTPOHHBIX XKYp-
HaytoB 0Oe3 uaeHtudukaropa DOI, yueOHbIC OCOOHS, HH-
TepHeT-pecypchl. CCHUIKM Ha HEOITyOJIMKOBaHHBIE PaOOTHI
He JomyckatoTcs. JKenaresnpHo, YTOOBI KOJTMYECTBO CCHUIOK
6s110 He MeHee 10; camonmTipoBanue — He 6omee 20 %.

20. ABTOpBI Ha OTAENIBHOIN CTPaHULIE IPENLOCTABISIIOT
0 cebe cremyromme cBeleHMs: (paMIIHs, UMSs, OTYECTBO,
yuUeHasl CTENCHb W 3BaHHE, MECTO pabOThl M 3aHMMaeMast
JIOJDKHOCTB, aJIpec AIEKTPOHHOM CBA3M.

21. Crarbu, n3nararomye pe3ynbTaTbl UCCIEI0BAHNMH,
BBITIOJIHEHHBIX B YUPEXKICHHSX, JOJDKHBI UMETh COOTBET-
CTBYIOIIIEE Pa3pelIeHUue Ha OIMyOJIMKOBaHHE B OTKPBITOM
neyary.

22. Ilpu HEoOXOAMMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBAIOTCSI HAUMEHOBaHKE (hOHJIA, OKa3aBILero (pHHaH-
COBYIO TOJIEPKKY, MM YPOBCHb M HAaHMMEHOBAHUE IPO-
rpaMMBI, B paMKax KOTOpPOH BBIMIOJIHEHA padoTa, Ha pyc-
CKOM M aHIJIMHCKOM SI3bIKaX.

23. ABTOpBI HECYT OTBETCTBEHHOCTb 3a HalpaBiie-
HHE B peJIaKIMIO cTaTeil, paHee y)Ke oIy OIIMKOBAaHHBIX HIIH
MPUHSTHIX K NeYaTH APYTUMH U31aHUSIMH.

24. CtaTby, HE COOTBETCTBYIOIINE MEPEUNUCIEHHBIM
TpeOOBaHUSIM, K PACCMOTPEHHIO HE MPUHUMAIOTCS U BO3-
BpamamTca aBropaM. JlaTol MOCTYNJIEHUS CUHUTAETCs
JICHb MOJTyYeHHUs pelaKkiiel MepBOHaYaIbHOTO BapHaHTa
TEKCTa.

25. Pepakiust mpeaocTaBisieT BO3MOXKHOCTh TIEPBO-
0YEpEIHOTO OMYONMKOBAHUS CTaTell JMIIaM, OCYIIECTBIIs-
OIIAM TTOCJIEBY30BCKOE 00ydYeHHE (aCIIMpaHTypa, JOKTOp-
aHTypa, COMCKATEeIbCTBO), B TOJ 3aBEPIICHHS OOYyYCHUS;
HE B3MMaET IUIaTy ¢ aBTOPOB 3a OIMyOJIMKOBAHHE HAYYHBIX
cTarell; OCTaBIsIeT 3a co0OM MpaBO MPOM3BOIUTH pellaK-
TOPCKHUE MPABKU, HE UCKAXKAIOIINE OCHOBHOE COJEpIKAHUE
CTaThH.
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