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Abstract

This paper addresses the topical issues in using pyrodetectors within measurement modules of modern monitoring
systems. A major issue is the optimal selection of detectors, hindered by incomplete or missing parameter specifications
in technical documentation, limiting effective mathematical modelling. The study proposes a method to identify critical
pyrodetector parameters — thermal 1, and electrical T, time constants — using experimental data from their key characteristics.
It is demonstrated that these parameters can be determined by approximating experimental dependencies in both frequency
(amplitude responses) and time domains (transient responses). The experimental setup and procedure for recording
pyroresponses to step changes in IR radiation are detailed. Approximation of transient responses using a dual time-constant
model enables precise parameter estimation. Validation involves comparing model calculations with experimental measurements
across commercial IR pyrodetectors, revealing response durations from 30s to 7 min. The challenge of distinguishing T,
from 1, via approximation is discussed. The method improves metrological support for pyroelectric measurements and can

be used to select detectors and design complex pyroelectric systems.
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Introduction

Modern pyrodetectors and pyroelectric modules
based on them have found wide application in various
fields of human activity [1]. The noticeable interest
in primary converters based on pyroelectric materials
is confirmed by the studies described in numerous
scientific papers published annually on this topic.
According to the estimates made for the period from
2000 to 2024, there are more than 500 such papers.
Accordingly, there is a wide range of requirements for
the characteristics of pyroelectric detectors due to their
functional purpose [2—4] and operating conditions. The
choice of primary pyroelectric transducers when used
as part of a control or measuring module is usually
determined by certain optimization criteria. At the
same time, all existing methods used to select a pyro-
electric detector for a particular implementation are
confined to rational or optimal approaches. The
rational approach accounts for expert estimates,
while the optimization approach is based on the
use of a mathematical model of the detector, which
allows predicting its characteristics that are most
critical for its specialized application. Unfortunately,
to address this problem in practice, in many cases,
the rational approach is used, since for commercial
pyroelectric detectors, for some reason, many of their
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critical parameters remain unknown, which makes
it impossible to use their mathematical descriptions
that include these parameters. The construction
of adequate models of any primary transducers is
crucial not only to optimise the design of detector
structures and subsequently develop them, but also
to determine their metrological characteristics [5, 6].
Finding the parameters of pyroelectric generators from
approximation dependences of their experimentally
available characteristics is used as an alternative to
costly physical measurements of the relevant pro-
blematic parameters [7, 8]. Thus, in one of the
recent works [9], an approximation of the amplitude-
frequency characteristic of a pyroelectric generator was
used to find its thermal and electrical time constants,
which made it possible to further calculate the response
to a single radiation pulse, which is crucial for the
appropriate application of such a pyroelectric generator.
However, the identification of pyroelectric detector
parameters can be performed using the approximation
of not only frequency characteristics, but also of
time characteristics, which is essential, for example,
for detectors used in pyroelectric modules without
modulators, and which respond exclusively to a step
change in the radiation flux. For such applications of
pyroelectric detectors, their transient characteristics are
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most significant. The implementation of this approach
is associated with the approximation of dynamic
processes.

This study was carried out to facilitate the solution
of urgent scientific and practical problems related to
the identification of primary pyroelectric transducers
and their characteristics.

The purpose of this study is to develop metrological
support for pyroelectric measurements by improving
the method that allows finding the hard-to-measure
parameters of pyroelectric detectors. The method also
makes it possible to obtain technical and metrological
characteristics of a wide range of modules based on
pyroelectric converters. This will make it possible to
evaluate the characteristics and make an optimal choice
of pyroelectric detectors for measuring equipment and
information and measurement systems.

In recent years, pyroelectric detectors have been
increasingly used as measuring modules in various
monitoring systems, including environmental monitoring
systems. The interest in pyroelectric detectors in this
area is primarily because many modules and devices
are based on them and can monitor and/or measure
critical environmental parameters, such as temperature,
presence and concentration of various gases, the
presence of radiation of the corresponding ranges, the
occurrence of fires in forests for remote detection and
prevention of forest fires, etc.

The pyroelectric properties of polar dielectrics are
a consequence of the peculiarities of their crystal
structure, as well as the presence of ionic and
polarization types of bonds between positively and
negatively charged ions that form an elementary crystal
unit cell. The presence of a polarization component of
the bond between cations shifts them from charge-neutral
positions, which leads to spontaneous polarization on
the crystal surface perpendicular to the polar axis.
According to the zone theory, the displacement of
cations from their charge-neutral positions indicates
that they are in an asymmetric potential well. When
the temperature rises under the influence of absorbed
radiation or in the case of a rapid increase in ambient
temperature, the thermal vibrations of all ions increase
and cations shift towards charge-neutral positions. This
leads to a change in charges on the crystal surface,
which is the pyroelectric effect. Thus, this effect is
manifested only when the temperature changes and is
characterized by a pyroelectric coefficient equal to the
ratio of the charge change to the temperature change.

Their most common use is in the infrared (IR)
range. The first IR pyroelectric detectors were deve-
loped in the 30s of the 20" century [10]. Currently,
pyroelectric converters occupy more than 10% of the
infrared detector market, which exceeds 50 million US
dollars per year [11]. Demand for pyroelectric detectors
continues to grow in a variety of areas. In most cases,
pyroelectric cells are used as control sensors. But
they are also used as primary measuring transducers,

providing high metrological characteristics. Common
examples of their use in this capacity are infrared
spectrometers, laser energy meters and power meters
of peak power of pulsed microwave radiation, gas
analysers, thermal imagers, etc [12—14]. A wide range
of requirements for the characteristics and operating
conditions of even only the listed implementations, as
well as the further expansion of the application areas
of transducers based on the pyroelectric effect in the
measuring modules of monitoring systems, renders
the task of critical assessment of the current state
of the study of both their characteristics in general
and of pyroelectric materials used for their manufac-
ture, in particular, urgent. Each individual application
area requires the use of transducers with optimal
characteristics.

In this case, the primary pyroelectric converter
(PEC) shall be understood as a sensitive element
that is included in the electrical matching circuit and
the means of its matching with the environment or
radiation transmission channel. In turn, a measuring
module shall be understood as a structurally complete
product, which, in addition to the PEC, includes the
means of its integration into the measuring equipment
or data acquisition network (for example, a radiation
source, ADC, data processing, storage, transmission
devices, etc.).

Study of the characteristics of pyroelectric detectors
and modules based on them

Estimates to determine the characteristics of py-
roelectric detectors for various purposes and ope-
rating conditions and the optimal characteristics of
pyromaterials for them are possible only based on
building mathematical models of the corresponding
implementations of primary pyroelectric converters.
Usually, a mathematical model of a PEC is used, which
consists of a mathematical description using linear
differential equations and a corresponding equivalent
thermoelectric circuit. Such a model is called the basic
model (Fig. 1) [15], but there are other approaches
to modelling, for example, based on the use of the
Green’s cell function, etc.

In this case, there are actually two common op-
tions to implement electrical matching circuits.
The first one is using a repeater (gain is less than
one) on a field-effect transistor with a large input
impedance. An example of such a matching option is
transistors such as 2N4117 [16], 2N4339 [17], or their
modern equivalents. The second is using an ope-
rational amplifier similar to AD549 or OPA128 with
characteristic values of the input resistance R,, of the
order of 10 terraohms and the input capacitance C,,
of the order of 1 pF [18]. Such standard amplifiers
are produced by Analog Devices and Texas Instru-
ments, respectively. The availability of data on the
electrical parameters of the input circuits of the
matching circuits is critical for analytical estimation

Ykpaiucokuii memponoeiunuii ucyprnan, 2025, Ne 2, 16-23 17



Identification of parameters of measuring modules based on pyroelectric materials

G F(1)

Cr G I(®)

Re _|

R,

L

L

C,

Fig. 1. Basic model of a pyroelectric converter: F(7) is the heat flux; /() is the pyroelectric current; ¥(¢) is the output voltage; R; is the
total thermal resistance of the sensing element; C; is the thermal capacitance of the sensing element; R, is the electrical resistance of
the sensing element; C; is the electrical capacitance of the sensing element; R, is the electrical resistance of the input stage; C, is the

electrical capacitance of the input stage

of the value of the electric time constant of PEC. The
main catalog characteristic of commercial pyroelectric
detectors, which is usually provided by manufacturers
in their data sheets, is the voltage sensitivity RV [V/W],
which describes the dependence of the voltage V on the
power P of the radiation absorbed by the pyroelectric
sensing element at a certain modulation frequency
(10 Hz, or 1 Hz by standard for motion sensors).
However, there are numerous realizations of pyro-
electric modules in which there is no mechanical
modulator and for which time characteristics are
crucial in addition to frequency characteristics. Such
implementations include, for example, motion sensors
in which the modulator function is performed by multi-
segment Fresnel lenses. In this case, the operation of
such a sensor is a consequence of a transient process
in it. The sensitivity and noise of the voltage amplifier
in the frequency range of greatest interest for infrared
detectors (0.1—100 Hz) are usually considered as
criteria for optimal selection of pyroelectric materials.
Among more than a thousand known pyromaterials,
about a dozen have been commonly used for many
years, including lithium tantalate (LTO — LiTaO,),
lithium niobate (LiNbO,), lead zirconate titanate
(PZT) ferroelectric ceramics, deuterated triglycine
sulfate (DTGS), barium titanate (BaTiO;), polyvinyli-
dene fluoride (PVDF), strontium titanate (SrTiO,),
hexagonal zinc oxide (ZnQ), potassium niobate (KNbO,),
barium-strontium titanate (BST), etc. These materials
are most commonly used in real commercial infrared
detectors, for which reliable data on dielectric
properties over a fairly wide frequency range are more
or less available. Nevertheless, it should be noted that
for most pyromaterials and pyrodetectors, there are
no data in open sources that would allow modelling
the operation of these detectors, which is necessary
for predicting the characteristics of, for example,
information and measurement modules for various
purposes developed on their basis.

The uncertainty is due, on the one hand, to
incomplete data from manufacturers on their com-
mercial detectors, which may be due to numerous

circumstances, including competitive ones. On the
other hand, some parameters of detectors and the
materials used in them are practically impossible to
measure or are associated with unreasonably high costs.
For example, the thermal time constant of a sensitive
element in many cases is a value that can only be
estimated theoretically. The dielectric constant and
loss tangent at low frequencies (0.1—100 Hz), at which
IR sensors are used in most cases, are not known
for many materials or are found with a significant
error. Until now, standard measurements of these
parameters are carried out at a frequency of 1 kHz,
and for most pyromaterials they change significantly
when the frequency of modulation of the incident
radiation flux changes. However, in cases of using
reliable data, coincidence of the chosen model with the
actual configuration of the detector circuit, and in the
presence of reliable data on the parameters of pyromate-
rials in a given frequency range, this approach allows
calculations of sufficient reliability to make engineering
decisions in the development of pyroelectric detectors
and predict their characteristics. At the same time, it
should also be recognized that the very existence of
hundreds of pyromaterials on the market indicates that
in many implementations, many other criteria come
to the fore, including the depolarization temperature
of T,, which shall be accounted for not only during
operation but also during the manufacture of detectors.
For example, when using modern manufacturing
technologies for commercial products, the T, should
not be lower than the group soldering temperature
of the components. When integrating pyroelectric
detectors into CMOS semiconductor mass production
technology, pyroelectric materials shall withstand the
temperatures typical of such technological processes.
It is crucial to make sure that the selected material
is stable and reproducible in mass production. During
long-term operation, some materials have problems
associated with prolonged use. The environmental
impact of lead-based materials shall also be considered.

For successful modelling, it is essential to have
full-frequency data based on dielectric properties of
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pyroelectric materials and the thermal parameters of
the detectors. For example, there is very little data
on the low-frequency dependence of thermal losses.
Improving the reliability of such data reduces the
inconsistency between model calculations and the
characteristics of real commercial detectors.

The problem of parameter uncertainty does not
disappear when developing projects using structurally
complete measuring modules based on pyroelectric
detectors, of which there is already a fairly large
assortment. However, due to the lack of many critical
parameters for commercial detectors in open sources
(sometimes even the pyromaterial of the sensing
element remains unknown), the tasks of using methods
that allow the identification of pyroelectric detector
parameters, without which further modelling of those
characteristics of PECs that are most essential for
their use in projects developed on their basis, become
relevant.

In general, the problem of identifying the parame-
ters of a particular detector can be solved by conducting
experiments available to the researcher (first stage),
which result in dependence data, the approximation
of which (second stage) can be represented by a cha-
racteristic whose mathematical formula includes the
desired parameters. That is, the approximation curve of
the experimental dependence shall have coefficients that
are the uncertain parameters of the detector (opposite
to the coefficients of polynomials, which cannot be
detector parameters). For pyroelectric transducers, one
of the characteristics that can be studied experimentally
is, for example, the amplitude-frequency response. This
approach allowed us to find the thermal and electrical
time constants with sufficient accuracy for a commercial
single-element detector sample with a metal absor-
ber PE10-S-Q from Ophir. The amplitude-frequency
response was approximated using a least-squares
regression procedure implemented in the Solver software
environment. As a result of the best match between the
data calculated based on the regression equation and
the experimental data set, Solver calculated the values
of the thermal and electrical time constants, which were
used for further analytical calculation of the pyroelectric
response to a single pulse of IR radiation. Comparison
of the modelled response with the dependence of the
pyroelectric voltage on the energy of the LED radiation
pulse obtained experimentally proved the correctness
of the detector model and the obtained values of
the thermal and electrical time constants for the
experimental conditions.

The radiation source used in the experimental stu-
dies was a high-power LED of the LED660-66-16100
model manufactured by Roithner Lasertechnik GMBH.
To obtain a sinusoidal radiation waveform from the
LED, a voltage-to-current converter controlled by an
accurate functional oscillator was used as its power
supply. The output signal of the detector was measured
using a digital oscilloscope (model TPS2024) [9].

However, this approach can be implemented using
other characteristics of pyroelectric converters. For
many of them, under the conditions of their application,
the most critical are the time characteristics, which are
described, first of all, by the transient process, which is
essentially the reaction of the PEC to a step change in
the level of radiation absorbed by the sensitive element
of the converter. The analysis of the transient response
of the PEC allows us to estimate the real relaxation
time of the transducer, i.e., the time it takes to return
to its initial state. The canonical equation for the output
voltage, which describes the dynamic characteristics
of the PEC, is a well-known dependence that includes
the thermal and electrical time constants [13]:

oD pA Ry®
G (B0 + 1) (20 +1)

where T, and T, are the thermal and electrical time
constants, respectively;

G, and R, are the total heat loss and electrical
resistance, respectively;

@ and A, are the heat flux to the sensing ele-
ment and its plane;

p is the pyroelectric coefficient;

a is the average bandwidth of the input window
in a given wavelength range;

w=2nfis the circular frequency.

When using commercial pyroelectric detectors,
unfortunately, in most cases these parameters remain
unknown, and sometimes, as well as the pyroelectric
material of the sensitive element itself.

At the first stage, to obtain the experimental
dependence of the pyroelectric response to incident
radiation, an installation that included an infrared
heat source (EMIRS200 manufactured by Axetris, AG,
CaF2 window [19]) was used, which was controlled by
a driver based on the MCP601 operational amplifier
(there are also versions based on CMOS transistors).
The pyroelectric response was recorded by a 12-bit
ADC with a resolution of 1.5 mV and a sampling
step of 10 ms, the data of which were stored in text
files and, after appropriate mathematical processing,
were used to obtain approximation dependencies.
Experimental studies were conducted for several types
of detectors from different manufacturers. The block
diagram of the experimental setup is shown in Fig. 2.

The characteristic response of the pyroelectric
voltage to the approximate equivalent of the stepwise
switching on the above-mentioned IR source for one
of the detectors (model Z55 manufactured by Eltec
Instruments, not available in the company’s main
catalog) is shown in Fig. 3.

One of the essential characteristics of the PEC is
the duration of the transient process, which is equal
to the time during which the detector, after turning
on the radiation source, transitions from its initial
state to a new steady state. As can be seen from

Us(0) =

)]
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Fig. 2. Block diagram of the experimental setup for recording the output voltage of pyroelectric converters: 1 — personal computer (PC);
2 — DAC; 3 — radiation source driver; 4 — IR emitter; 5 — optical matching device; 6 — pyroelectric detector; 7 — pyroelectric detector

driver; 8 — ADC

the usual oscillogram shown in Fig. 3, the duration
of the detector transient is approximately 0.8 min.
Measurements of the characteristics of a Z55 detector
on a setup shown in Fig. 2, showed that at a signal-to-
noise ratio of =1, the duration of the transient process
for this detector is estimated at 7 min. Control of the
heating and cooling processes for different detector
samples indicates that for commercial devices in the
voltage mode, the typical transient duration varies from
30 seconds to 7 minutes (Table 1).

The range of changes in this parameter (by more
than an order of magnitude) indicates significant
differences in the size of the sensing elements, their
mounting structures, parameters of the electrical
matching circuits, etc. In the studied pyroelectric
detectors, this is confirmed by significant differences
in the values of their time constants.

HOLD

 ———

The experimental data of transient processes
for each of the studied pyroelectric detectors were
obtained as a series of 100 measurements of the
pyroelectric voltage, each of which was performed in
increments of 10 ms both during heating and cooling
of the pyroelectric detector. Such a number of parallel
measurements (100 for heating and 100 for cooling)
for each of the detectors makes it possible to perform
preliminary statistical processing of the data at each
time point and thereby to reduce the influence of
physical noise, ADC quantization noise, and the
resulting uncertainty of the measured experimental
data in general [20].

At the second stage, the generalized experimental
dependencies obtained were approximated by means
of Google Sheets or LibreOffice spreadsheets using
a well-known transient equation (2), which is obtained
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Fig. 3. Oscillogram of the pyroelectric response of a Z55 detector to the stepwise switching on the IR source
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Table 1
Transient time for some commercial pyrodetectors in voltage mode
LHI Series: WP21/5192, D203B, D204B,
Pyrodetector model | o5, “g5¢ "¢74 384 DP1102/5192, 421 E-700, PD1001F | "ME-302, LTAG2
Excelitas Hunan Infrared InfraTec, DIAS

Manufacturer Technologies (US) Eltec Instruments (US) (China) Infrared (Germany)
The duration of the
transient response, 30 50 420

less than, s

by applying the inverse Laplace transform to the
transfer function (1):

U, s(t) = K(eT(—t Jx,T)—e' (~t/x ¢E)), o)

where
oD pA Ry
Gr(tr —tp)lV]

The criterion for the optimality of the obtained
approximated curve was to achieve the best visual
match with the experimental dependence. At the same
time, a “manual” correction of the coefficient values
was used, which, provided there is an appropriate
experience, leads to a better match of the curves.
A typical result of such modelling for one of the stu-

died detectors, approximated by the transient equation
with two time constants, is shown in Fig. 4.
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Thus, the approximate transient equation for the
LHI958 pyrodetector is as follows (3):

t t

U(t)=0.055| e 95—¢ 13 |[]. 3

As can be seen from the graph in Fig. 4,
we can observe an almost complete coincidence of
the experimental and model curves, which indicates
the effectiveness of the presented method and suggests
that the characteristic coefficients of the model
dependencies obtained in this way are adequate values
of the thermal and electrical time constants of the
studied commercial detectors. However, it should be
noted that the approximation process does not identify
which of the found time constants is the thermal 1,
and which is the electrical T, [21]. To unambiguously
assign the found smaller or larger time constant to the

—__ Measurement

| P~ Approximation

| =~= Upper limit

8 9 1011 12 13 14 15 16 17 18 19 20
Time, [s]

Fig. 4. Experimental (noisy) and normalized model (solid) time dependencies of the pyroelectric detector LHI958 with approxi-
mation parameters: smaller time constant 0.6 s, larger time constant 1.3 s, normalizing coefficient of the amplitude of the approxi-

mation curve K=0.054V
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electrical time constant, it is necessary to compare
them with the value of 7, calculated accounting for the
electrical parameters of the matching schemes provided
by the manufacturers of transistors or operational
amplifiers used in a particular case. The found values of
T,, T can be used to predict the characteristics of these
detectors under appropriate operating conditions and
to optimize the characteristics of measuring modules
based on them. Simulation studies of pyroelectric
converters using the parameters found for them by
the method of approximation identification can also
be carried out on the developed simulator [22].

Summary

The coincidence of the experimental data of tran-
sient processes with the analytical dependencies ob-
tained based on the basic model of a pyroelectric
converter is observed for all studied single-cell and
two-cell PECs.

It is established that for pyroelectric converters
with a significant duration of the transient process,
the deviation of the model dependence from the
experimental data increases. The increase in the

duration of the transient process is caused by the
design features of pyroelectric converters, which are
associated with an increase in the size of the sensing
elements, the use of compensation circuits with two
sensing elements, and the use of complex electrical
matching circuits.

Identification of the parameters of pyroelectric
functional modules, which are more complex in
structure (since they may include two or more sensing
elements, more functional signal processing circuits,
etc.), requires the correction of approximation models,
in which a larger number of characteristic coefficients
can be introduced.

Modules on pyroelectric detectors are more
complex devices than individual sensors. Modules can
consist of many sensing elements, signal processing
units, etc. Identification of modules requires more
complex mathematical models with numerous coef-
ficients.

The method of the approximation identification
of transducer parameters can be extended to other
objects, the functioning processes of which are mo-
delled using incomplete data.

InenTudikanisga napamerpiB BUMIPIOBAJILHUX MOY.JIiB
HA OCHOBI MipOEJIEKTPUYHMX MaTepiaiiB

I.I. KntouHumk, O.10. bongapeHko, l.1. KntouHuk, O.B. dertapboB, M.C. 3iHEHKO

Xapkiecbkull HaujoHanbHUl yHieepcumem padioenekmpoHiku, npocrn. Hayku, 14, 61166, Xapkis, YkpaiHa
ihor.kliuchnyk@nure.ua; oleksandr.degtiarov@nure.ua; pyrodetector@gmail.com

AHoTauis

POST‘J’[HI[aIOTBCH aKTyaani IIUTaHHA BUKOPUCTaHHA HipOI[eTCKTOpiB, SIKi 3HAXOISITh z[ez[ani murpe 3aCToCyBaHHA

Yy CKJIalli BUMipIOBaJIbHUX MOJIYJIB Cy4aCHMX CHUCTEM MOHITOPUHTIY, 30Kpema ekoJioriuHoro. HarosomnyeTbcsa Ha npobiemi
ONTUMAJIBHOTO BUOOPY MEPBUHHUX MipOEJEKTPUUHUX MEPETBOPIOBAUIB, SIKa YCKIATHIOETHCS Yepe3 HEIMOBHOTY a00 BiICYTHICTh
KJTIOYOBHUX TMapaMeTpiB y TeXHIYHill MOKyMeHTallii KOMepliiiHuX 3paskKiB. Llsi HeBM3HAYEHICTh YCKIAIHIOE BUKOPMCTaHHS
MaTeMaTUYHUX MOJeJel i MPOrHO3YBaHHS XapaKTePUCTUK NETEKTOPiB Ta BUMIpIOBAIbHUX MOIMYJiB Ha IXHilf OCHOBI.

3anponoHOBaHO Ta JETAJbHO ONMMCAHO METOAMKY ineHTH(IKallil BaXJIMBUX MapaMeTPiB MipOeJeKTPUUHUX JETEKTOPIB,
TaKMUX SK TeruioBa (T;) Ta eJleKTpu4Ha (T;) CTalli yacy, 3a JAaHUMU EKCIEPUMEHTAIbHUX HOCHIIXKEHb iXHiX KIIIOUOBUX
XapakTepucTuk. [1poaeMOHCTPOBAHO MOXKJIMBICTh 3HAXOMXKEHHS 1IMX MapaMeTpiB LUISIXOM allpoOKCUMallil eKCrepuMeHTAIbHUX
3aJIeXKHOCTEN, OTPUMAHMX SIK Y YACTOTHIM o0acTi (aHasi3 aMIUTITyIHO-4aCTOTHOI XapaKTepUCTUKM), TaK i B 4acoBiit obJacTi
(aHami3 mepexinHOI XapaKTepUCTUKU). JleTaJbHO OMNUCAHO E€KCIIepUMMEHTAJbHY YCTAHOBKY Ta IIpOLIeNypy UIsl peecTpailii
MipOEIEKTPUIHOTO BiNTYKY Ha CXimyacTy 3MiHY iH(pauyepBOHOTO BUIIPOMiHIOBaHHS.

[Noka3zaHo, 10 ampokcuMaliss OTPUMAHMX E€KCHEePUMEHTATbHUX KPUBUX MEPEXiZHOTO MpOoLeCcy 3a JOMOMOIOI Ma-
TeMaTUYHOI MOJIeJli, 1110 BPaxOBYE JBi CTaJli yacy, JO3BOJISIE 3 BUCOKOIO TOUHICTIO BU3HAYMTU 1XHi 3HAUEHHS. ANEKBAaTHICThb
OTPUMAaHMX OLIHOK YaCOBUX XapaKTepUCTUK Ta 3HaWIEHUX MapaMeTpiB MiATBEPIKYETbCS MOPIBHIHHAM MOIEIbHUX
PO3paxyHKiB i3 JaHUMU E€KCIEPUMEHTAIbHUX BUMIipIOBaHb TPUBAJIOCTI IMEPEXiIHUX MPOLECIB ISl AEKIIbKOX KOMEPLIMHUX
nipoenekTpuuHux netekropiB 1Y gianasoHy pizHUX BUPOOHMKIB, siKa BapiloeTbcs B IIMPOKUX Mexax (Bim 30 c mo 7 xB).
OOroBOPIOETHCS MUTAHHS OAHO3HAYHOI ieHTHU(IKALIT TEIUIOBOI Ta eJIEKTPUYHOI CTanX yacy. Po3pobiieHa MeToaMKa CIIPUSIE
BIOCKOHAJIEHHIO METPOJIOTIYHOTO 3a0e3MeUeHHs MipoeJeKTPUYHMUX BUMipIOBaHb Ta MOXe OyTH 3acTOCOBaHa JUISl ONTUMi3allil
BUOOPY JETEKTOPIB i MPOEKTYBAHHSI BUMIpPIOBAJIbLHUX MOJYJIiB.
nepexigHa

KarouoBi cioBa: mipoaeTeKTopu; IipOoeJeKTPUUHI MOAYJi; aMIUIITYIHO-4acTOTHA XapaKTepUCTHUKA;

XapaKTepUCTUKA; TIepeXillHWil TIpoIiec.
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