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Abstract

Compact diode-pumped chirped pulse regenerative amplifier systems with pulse repetition rate
of hundreds kilohertz based on Yb**-doped crystals are of practical importance for wide range of applications
such as materials processing, medicine, scientific research, etc. The aim of this work was to study
the Yb3+:LuAIO3 crystal based dual wavelength chirped pulse regenerative amplifier.

Perovskite-like aluminate crystals have unique spectroscopic properties that allowed to use amplifier
active element gain spectrum as an amplitude filter for amplified pulse spectrum and even obtained dual
wavelength amplification without any additional components.

In our work a simple way to obtain dual-wavelength operation of chirped pulse regenerative amplifier
by using the active medium gain spectrum as an amplitude filter for the formation of the amplified pulses
spectrum demonstrated for the first time to our knowledge. Maximum output power of 5.4 W of chirped
pulses (3.8 W after compression) and optical-to-optical efficiency of 22.5 % have been obtained for
Yb:LuAP E//b-polarization at 200 kHz repetition rate. Compressed amplified pulse duration was about 708 fs
while separate spectral components durations were 643 fs and 536 fs at 1018.3 nm and 1041.1 nm central
wavelengths, respectively. Performed investigations show high potential of Yb*":LuAP crystals as active
elements of compact diode pumped chirped pulse regenerative amplifiers

Keywords: chirped pulse regenerative amplifier, ytterbium ions, diode pumping, lutetium aluminate crystals,

gain narrowing effect.
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PereHepaTuBHbBIN yCHJIUTEb YAPIUPOBAHHBIX HMITYJIbCOB
HA KpUCTAJLIe Yb"”L:LuAlO3 C YCWICHUEM OTAeJIbHbIX
CNEKTPAJbHBIX KOMIIOHEHT JIJISl IPUMEHEeHM I

B TeparepuoBoi 00JIaCTH CIIEKTPAa

AJekcanap PyIleHKOBl, Bukrop Knce.ﬂbl, AHaTtoauii HcheBnql, Kapun OBaHeCLHHZ,
Awor Ierpocsn’, Hukooaii Kynemos'

1 . . . .
Llenmp onmuyeckux mamepuanos u mexnoio2uil, beropycckutl HaYUOHAIbHBIL MEXHUYECKUL YHUBEpCUmen,
np-m Hesasucumocmu, 65, Munck 220013, Benapyco

2 . .
Hncmumym ¢huzuueckux uccredosanuti Hayuonanohoii akademuu nayx Apmenuu,
0203, Awmapax-2, Apmenus

Hocmynuna 30.01.2020
IHpunama k neuamu 06.03.2020

KomrmakTHbIe pereHepaTuBHbIE YCHIINTENN YUPIMPOBAHHBIX UMIYIIBCOB C TUOAHON HaKadykou, odecrre-
YUBAOIINE YaCTOTY TIOBTOPEHHS YCHIIEHHBIX UMITYJICOB B COTHU KHJIOTEPII, TOCTPOCHHBIE Ha MaTepHaliax,
JNErHpOBAHHBIX HOHAMH Yb®', IIPeICTABISMIOT MPAKTHYECKHIT HHTEPEC IS IIHPOKOTO PSia HAyYHBIX, TIPO-
MBIIUIEHHBIX ¥ OMOMEIUIIMHCKUX TpuMeHeHnd. Llenbio maHHoi paboThl SBISIOCH MCCIIETOBAaHUE peTeHe-
PATHBHOTO yCHIHTENS Ha KpucTamie Yb’ ":LuAlO; ¢ ycusieHHeM OT/JebHBIX CHEKTPATbHBIX KOMIIOHEHT HM-
MTyJIHCOB 33JIAIOIIETO JIa3epa.

KpucTanisr anfoMHHATOB CO CTPYKTYPOH MEPOBCKUTA 00IAJAI0T YHUKAIBHBIMH CIIEKTPOCKOTTNYECKUMHU
CBOMCTBaMH, YTO ITO3BOJISIET NCTIOIB30BATH CIIEKTP YCHIICHHSI aKTUBHOM CPE/Ibl pereHepaTUBHOTO YCHUITATEIS
B KaueCTBE aMIUIUTYIHOTO (PUIIBTpa U YCHIIMBATH OT/IEIbHBIE YUYACTKHU CTIEKTPa UMITYTHCOB 33/1afOIIIETO Ja3e-
pa 0e3 Kakux-TM00 JOTIOTHUTEIHHBIX ONTHYECKNX KOMITOHEHTOB.

B nannoi pabore BHEepBBIC MCCIEAOBAH MPOCTON TOAXOJ, TIO3BOJISIOMINNA HCIIONH30BATh CIEKTP YCH-
JICHWs] aKTUBHOM CPEIbl PETEHEPATHBHOTO YCHIIMTENS KaK aMIUTHTYIHBIN GUIBTP U1 (OPMHUPOBAHUS CIIEK-
Tpa YCHUJIIEHHOTO UMITYJIbCa B BHJIE CIIEKTPA COCTOSIIETO U3 OTAEIBHBIX MMOJI0C. MakCUMallbHAs CPEIHSS BBI-
X0/mHas MOIIHOCTH 5,4 BT (3,8 BT mocne kommpeccopa) ¢ ontudeckoit apPpekTHBHOCTHIO 22,5 % momydeHa
IS TIOJTISIPU3AIIAN M3ITYYICHHsI TTapajuiebHoi ocH b kpuctamia Yb:LuAP mpu gacToTe ciiemoBaHus UMITYThb-
coB 200 kI't1. JImTensHOCTE CKATBIX UMITYIIBCOB cocTaBmiia 708 (¢ mpu ydeTe BIUSHIS BCEX CITIEKTPATBLHBIX
KOMIIOHEHT, 1 643 ¢dc 1 536 (pc oTHeNnbHO IJIs CIIEKTPATBLHBIX KOMITIOHEHT C MEHTPATLHBIMY JUTHHAMHA BOJTH
1018,3 am u 1041,1 am. IIpoBen€uHbie MCCIETOBAHUS MMOKA3BIBAIOT BHICOKWH MOTCHIIMAN HCTIOIL30BAHUS
KpHcTasia Yb*":LuAP B kauecTBe aKTHBHOTO SJIEMEHTA KOMIIAKTHBIX pereHepaTuBHbIX YCHIIUTEIIEH YUpIIH-
POBaHHBIX UMITYJIbCOB C TMOJHON HAKAYKOM.

KimoueBble ciioBa: peFeHepaTI/IBHI:IfI YCUIUTECIb YUPIHUPOBAHHBIX UMITYJIBCOB, MOHBL I/ITTep6I/I$I, JUOJHas1
HaKaykKa, KpuCTaJll JIIOTCIUECBOT'O aJllOMHUHATa, 3(1)(I)CKT CYIKCHUS CIICKTPa YCUJICHHA.
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Introduction

Compact  diode-pumped  chirped  pulse
regenerative amplifier (CPRA) systems with pulse
repetition rate of hundreds kilohertz based on Yb*'-
doped crystals are of practical importance for wide
range of applications such as materials processing,
medicine, scientific research, etc.

One of the rapidly developing areas of research
is the generation of THz radiation. Radiation of
this spectral range is used in imaging and airport
security inspection, cosmology and radio astronomy,
atmospheric remote sensing, material measurements,
medical sensing, etc.

Due to sub-picosecond pulse durations, pJ-level
pulse energies and hence tens of MW pulse peak
power levels CPRA systems can be successfully
used for THz radiation generation by means of
optical rectification [1-3] or difference frequency
generation (DFG) techniques [4, 5]. In the case of
DFG technique it is necessary to use laser source
that emits at least two spectral components. For this
purpose can be used Q-switched lasers [6, 7] which
provide compact THz sources, optical parametric
oscillators [8, 9] with complex cavities, two color
semiconductor lasers [10] providing cost effective
THz sources with relatively low power levels, etc.
It is evident that application of ultrafast chirped
pulse regenerative amplifier systems allowed power
scaling of the generated THz radiation.

Unique spectroscopic properties of Perovskite-
like aluminate crystals are well studied in our
previous works, such as spectroscopy and high power
CW [11], actively Q-switched [12] lasers, broad-band
femtosecond chirped pulse regenerative amplifier
with amplified pulse spectral broadening [13].

In this paper we study chirped pulse regenerative
amplification of broad-band pulses in Yb3+:LuAlO3
(Yb:LuAP) crystal based system in presence of strong
gain narrowing effect which led to dual wavelength
shaping of the amplified pulse spectrum for the first
time to the best of our knowledge.

Crystal growth

LuAP is a biaxial crystal of the “distorted
perovskite” type (space group D2h]6-anm). Unlike
the stable aluminates based on large-size rare-earths
(RAIO;, R = Gd-Er), the end-member orthorhombic
aluminates of smaller-size rare-earths (RAIO;,
R=Tm, Yb, Lu) are considered as metastable
compounds, i. e., they have no stability regions in

the subsolidus and cannot be sintered employing
traditional solid state reaction techniques. In the
flux growth, TmAIO; and YbAIO; phases have
been observed together with the corresponding
garnet phases, while LuAlO; could not be obtained;
instead of this, Lu;AlO,, and Lu,O, phases have
been recognized. The first reported LuAlO; single
crystals were grown from the melt by Czochralski
method. Phase equilibria studies in the Lu,O;-
Al,O; system [14, 15] have shown that the range
of stability of the perovskite phase is quite narrow
and its nucleation may occur only on cooling from
the molten state, from temperatures well above the
liquidus temperature. Based on solidification behavior
of the LuAP melts, the schemes were developed
for single crystal growth, the details of which can
be found in[16]. LuAP:Yb single crystals for the
present studies were grown by the vertical Bridgman
method (or vertical directional crystallization) [16,
17] under Ar/H, atmosphere (5 vol% of H,) using
molybdenum containers 14 mm in diameter. Hugh
purity Lu,0O;, Yb,0; and crystalline Al,O; were used
as starting components; the selected concentrations
of Yb were 2, 5 and 10 at.%. Due to a very small size
mismatch between Yb*" (ry;;; = 0.985 A) and Lu**
(ty; = 0.977 A) ions [18] (around 0.8 % with respect
to Lu®"), the distribution coefficient of Yb** ions in
LuAlO; is close to unit and practically all Yb ions
amount added to the melts is being incorporated into
the lattice.

Spectroscopy
Polarized absorption spectra of
Yb*(2 at.%):LuAP  (corresponding  ytterbium

concentration was 4.02x10*cm ™) at room
temperature were registered by a Varian CARY-
5000 spectrophotometer. Absorption cross-section
spectra for three light polarizations parallel to the a,
b and c crystallographic axes are shown in Figure 1.

Strong absorption is found for E//c light
polarization with the peak absorption cross-section
at 978.5 nm of about 6.6x10°2° cm” and spectral
bandwidth FWHM of 4 nm.

It is well known that radiation trapping strongly
affects the measured lifetime of Yb-doped materials
because of significant overlap of the absorption
and emission bands [16, 19]. The comparatively
high index of refraction of LuAP (n,=1.923) also
increases the probability of reabsorption even in
optically thin samples because of the total internal
reflection. Thus the special methods discussed in the
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literature [16, 19] should be used to determine the
luminescence lifetime accurately. In our experiments
we used a fine powder of Yb:LuAP crystal immersed
in glycerin. The diameter of the powder particles was
measured to be approximately 30-40 um, several
times lower than absorption length of the most
heavily doped Yb*'(10 at.%):LuAP crystal (75 pm at
978.5 nm). The Yb ions contents in the samples were
2,5 and 10 at.%. The samples were excited by 20 ns
pulses at 978.5 nm and luminescence kinetics was
registered with the use of a 0.3-m monochromator,
fast Ge-photodiode with a rise time of < 20 ns and
a 500 MHz digital storage oscilloscope. All the
samples exhibited single exponential decays (see
Figure 2a). Starting from certain powder content,
the lifetime remained constant despite further
dilution (Figure 2b), thus indicating that reabsorption
effects became negligible. Emission lifetime for 10,
5, and 2 at.% Yb-doped crystals was measured to be
310+ 10 ps, 380+ 10 us and 475+ 10 ps, respec-
tively (see Figure 2¢). Taking into account that
similar concentration quenching was observed for
Yb:YAP starting from about 4 at.% of Yb doping
concentration [20], we believe that the measured
value of (475 +5) us corresponds to the radiative
lifetime of Yb*"-ions in LuAP.
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Figure 1 — Polarized absorption and stimulated emission
cross-section spectra of Yb3+:LuA103 crystal (the spectra
were obtained for Yb**(2 at.%):LuAlO,)
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Figure 2 — Kinetics of luminescence decay (a), measured
lifetime for different weight content of Yb(2 at.%):LuAP
crystalline powder in glycerin suspension (b) and mea-
sured Yb excited state lifetime for LuAP with different
concentrations (c)

The stimulated-emission cross sections were
calculated by use of the modified reciprocity method
in which it is not necessary to know the Stark level
structure of the Yb*" manifolds (*Fs, and °F,) [21]:

3-exp(—hc; (kTL))

o()=— 4
8nn ‘cmd-c%jl 6" s (M exp(—he/(kTh))dAh

o%ps®.(1)

10
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where 1,,, is the radiation lifetime of an active
center; c is the light velocity; / and & are Planck and
Boltzmann constants, respectively; 7 is the crystal
temperature; n is the refractive index of a crystal;
a and B denote the polarization state; and o, is the
ground-state absorption cross section.

The stimulated-emission cross section spectra
calculated with this method are presented in
Figure 1.

The most intensive stimulated emission (SE)
cross-section band at 999.6 nm has peak value of
about 3.74-10 % cm? for E//c-polarization.

Continuous wave laser experiment

For laser operation the most interesting
polarization states in the crystal are E//c and E//b (a
and b are crystallographic axes) due to high stimula-
ted-emission cross sections values. In comparison
with Yb-doped Y AP, the crystal of Yb:LuAP exhibits
slightly higher stimulated-emission cross section,
aclose radiative lifetime and a comparable stimulated
emission bandwidth [22].

For a CW laser experiments a set up with
X-folded cavity design was used (see Figure 3). It
consisted of two curved mirrors M1 and M2 and two
plane mirrors: OC and HR.

Cavity mode Pug?g_) beam

/ M2~1.1 M
Active element

Pump focusing optics

Figure 3 — Experimental setup of continuous wave diode-
pumped Yb:LuAP laser: HR-highly reflective mirror; M1,
M2-concave mirrors; OC-output coupler; LD-laser diode

The calculated TEM,,, mode diameter in the
crystal was about 180 um. As a pump source, a
multiple single emitter InGaAs fiber-coupled laser
diode (Q105 um, NA=0.15) with a maximum
output power of about 25 W was used. An “off-
axis” pump layout was used for longitudinal
pumping of the active element (see Figure 3). This
pump arrangement was successfully tested in our
previous work [11-13] and the main advantage of
such a pump scheme is that all the cavity mirrors
have highly reflecting coating at 900—1100 nm. The

pump light was formed by a set of lenses into the
spot with a diameter of about 180 pm (1/%?).

A 2 mm long Yb(2 at.%):LuAlO; crystal was
used as a gain medium. The crystal was a-cut to
provide E//b and E//c polarized laser output. It was
a slab with dimensions 2(a)x5(b)x1.5(c) mm®; both
5x2 mm” lateral faces were maintained at 15 °C
by means of copper plates (indium foil was used
to improve thermal contact) and thermo-electrical
cooling elements with water-cooled heat sink, while
1.5x5 mm* working faces were antireflection coated
for pump and laser radiation.

The dependencies of the laser output power
on the absorbed pump power for E//b— and E//c—
polarized outputs and different OCs are shown
in Figure 4. Absorbed pump power was real-time
measured during the laser action.

104

E//b

Toc=10%, 1=76.4% ~—,_
»=1041.2nm

Toc=5%, n=73.5%
2=1041.3nm
Toc=20%, n=84.5%

2=1016.5nm
10“_.’ T T T T T T T

Output power, W

Toc=10%, n=77.9%

2=1019.5nm \

Toc=5%, n=62.5%

2=1029nm
Toc=20%, n=73.6%
2=999.4nm

6 8 10 12
Absorbed pump power, W

oM

=

m®x
o max
2 4

14 16

Figure 4 - CW laser performance of Yb:LuAP
crystal for different polarizations and output coupler
transmittances

The maximum CW output power of 9.6 W at
absorbed pump power of 15.2 W with slope efficiency
of 73.5 % was demonstrated for E//b polarization
with 5% OC transmittance. With output coupler
transmission of 10 % and 20 % the laser output power
slightly decreased to 8.6 W and 6.6 W, respectively,
while the corresponding slope efficiencies increased
to 76.4 % and 84.5 %. Similar output powers were
demonstrated for E//c laser output. With 10 % output
coupler transmittance 9.1 W of output power was

11
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obtained at 14.5 W of absorbed pump power with
77.9 % slope efficiency. Output powers of 8.3 W and
7.2 W with slope efficiencies of 62.5 % and 73.6 %
were obtained for 5 % and 20 % OCs, respectively.

Dual wavelength chirped pulse regenerative
amplifier experiment

Experimental setup of chirped pulse
regenerative amplifier is shown in Figure 5. As a
seed source laser diode-pumped Yb:KYW oscillator
was used which provided 100 fs pulse train with
70 MHz PRF and 25 nJ single pulse energy. The
seed pulse spectrum was about 12.5 nm wide
(FWHM) and centered at 1038 nm. A 10 m-long
single mode ¥9/125 pm telecom fibre was used for
pulse spectral broadening and temporal stretching

(puise = 7.5 ps).  After passing through double-
BaB,0O, Pockels cell based pulse picker and Faraday
isolator, the seed pulse was injected into the RA.
The isolator was employed to protect the seeder
from high-intensity back reflections and, at the same
time, for separating the amplified output pulse from
the seed oscillator. The RA setup chosen for this
experiment is quite common, employing a 40 mm-
long double-BaB,0, Pockels cell for pulse injection
and ejection. Pulse repetition frequency (PRF) was
chosen to be 200 kHz to prevent damage of the
optical elements. For chirped pulse regenerative
amplifier experiments was used the same active
element as for CW experiments. The last unit
of the amplifier system is compressor based on
transmission diffraction grating with 1000 grooves
per millimetre.

Single mode fiber

Seed Yb:KYW M2 Lens @ Lens HR Compressor

100fs, 25nJ

1038nm Polari HR Amp.
cnanzer Polarizer } output

Yb:LUAIO,

o gt FR‘

HR

PC

TFP

Figure 5 — Experimental setup of chirped pulse regenerative amplifier: AE — active element; M — concave
mirror; HR — highly reflecting mirror; Polarizer — in this case is used polarizing cube; TFP — thin film polarizer;

PC — Pockels cell

As one can see from the stimulated emission
cross-section spectrum (Figure 1) for E//b
polarization separate peaks around 1020 and
1040 nm are observed. Using broad-band seed
source and taking into account strong gain
narrowing effect we can estimate spectral shaping
of the amplified pulses in such manner that the
output pulse spectrum will consist of separate parts
corresponding to SE cross-section spectrum of the
amplifier gain medium. In the following experiment
we studied of this idea. Seed and amplified pulse
spectra obtained during the experiment are shown
in Figure 6.
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The maximum uncompressed average output
power of 5.4 W was obtained for E//b- polarized
light after 112 roundtrips (RT) of the pulse through
the amplifier cavity, while the pulse spectral width
(FWHM) was 2.9 nm at 1018.3 nm (short wavelength
part) and 5.2nm at 1041.1 nm (long wavelength
part). When the incident pump power was 24 W, the
optical-to-optical efficiency was as high as 22.5 %.

Then we adjust compressor unit in the following
order: adjust compressor for best compression of
short wavelength part of the amplified pulse spectrum
separately, made sure that the long-wavelength part
of the spectrum is also satisfactorily compressed
separately and then adjust relative offset of the
pulses relative to each other by moving the rear
mirror of the compressor. Measured autocorrelation
traces of short and long wavelength parts separately
are shown in Figure 7.
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Figure 7 — Measured autocorrelation traces of short (a)
and long (b) wavelength parts

After the adjusting of the compressor unit we
measured autocorrelation trace of both spectral parts
(Figure 8).
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Figure 8 — Measured autocorrelation traces of both
spectral parts

During the experiments compressed pulse
durations of 643 fs for short wavelength part and
536 fs for long wavelength part were achieved.
Pulse duration of about 708 fs was obtained from
autocorrelation trace of both spectral components
demonstrating good overlap between components.

After simple calculations, one can expect that
as a result of the difference frequency generation
process, a radiation of about 6.5 THz spectral region
can be obtained.

Conclusion

In conclusion, a simple way to obtain dual-
wavelength operation of chirped pulse regenerative
amplifier by using the active medium gain spectrum
as an amplitude filter for the formation of the
amplified pulses spectrum demonstrated for the first
time to our knowledge. Maximum output power of
5.4 W of chirped pulses (3.8 W after compression)
and optical-to-optical efficiency of 22.5 % have been
obtained for Yb:LuAP E//b-polarization at 200 kHz
repetition rate. Compressed amplified pulse duration
was about 708 fs while separate spectral components
durations were 643 fs and 536 fs at 1018.3 nm and
1041.1 nm central wavelengths, respectively.

Performed investigations show high potential of
Yb*":LuAP crystals as active elements of compact
diode pumped chirped pulse regenerative amplifiers.
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Abstract

The searching and designing new solutions for mirror systems, including afocal ones, has been studied
for decades. In the design, it has always been difficult to combine optimization and cost. Nowadays,
the problem remains relevant. The widespread use of mirror systems is due to some aspects: thermal stability,
high resolution in a wide spectral range, and the absence of image defects due to chromatic aberrations.
All this provides superior performance compared to lens systems. The purpose of this paper is the design
of two compact afocal mirror systems with small axial dimensions.

Schemes of afocal three mirror systems with small axial dimensions are presented. The schemes can also
be called compacts. A study was made of systems in which the diameter of the aperture diaphragm in the
primary mirror is modified, which leads to a more compact system.

A calculation algorithm of new the systems is proposed, with correction of the image curvature.
A summary of formulas of the main parameters of the system is given, and various design solutions are
calculated for angular field of view 2w = 20" and diameter of the entrance pupil D = 35 and D = 70 mm.

Computer simulations were performed in the Opal, Zemax, and Code V software. The designed systems
have good correction of aberrations for the given characteristics: in the spot diagrams, the values of the RMS
scatter spot do not exceed 1,35 um; GEO radius (distance from the reference point) — 0.105 um; together with
Airy disk sizes of about 9.16 pm, indicating that the images are close to diffraction.

The calculated systems can be successfully applied as part of a more complex system, as well as in
systems with a synthesized aperture.

Keywords: mirror systems, afocal systems, compact systems, calculation optics, image quality.
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A¢okanbHble 3¢pKAJbHbIC CUCTEMbI ¢ MAJIBIMH
O0CeBbIMH radapuraMu

H.K Aprioxuna', JI. Ilepoca'?

i o o o
Benopycckuil HayuonanbHbili mexHudeckuil yHusepcumenn,
np-m Hezasucumocmu, 65, . Munck 220013, Berapyco

? Hayuonansuwlii yenmp onmuyeckux mexnono2ut,
np-m Jloc Ipoyepec, cexkmop Jla Iledpezoca, xopnyc 4, 2. Mepuoa 5101, Benecysna

Tlocmynuna 03.12.2019
Tpunama k nevamu 04.02.2020

B Hacrosimue Bpemst mpobiiemMa NoucKa v POeKTUPOBAHMSI HOBBIX CXEMHBIX PELICHUH 3epKalbHBIX CH-
cTeM, BKJItOYast aoKajbHbIe, OCTaeTcs akTyanbHoU. Lllnpokoe npuMeHeHHe 3epKaJbHbIX CUCTEM B acTpO-
HOMUH, CHEKTPAJIbHBIX MPUOOPaX, Ja3epHOM 000pYIOBAHUHN U APYTHX NPHIOKEHUAX 0OYCIOBICHO HEKO-
TOPBIMH X JOCTOMHCTBAMH: BBICOKMM pa3pelICHUEM B IIMPOKOM CIIEKTPAIBLHOM JIHana3oHe, OTCyTCTBUEM
neeKToB N300paKeHNs, BO3HUKAIOLIMX H3-3a XPOMAaTHYECKUX a0eppauuii U OrpaHUYCHHUH 10 aneprype,
CBSI3aHHBIX C pa3MepaMH 3arO0TOBOK, BBIMTPBILI 110 Becy. Llenbio 1aHHOHM paboThl SABISUIOCH CO3aHUE KOM-
MaKTHBIX aQOKAIbHBIX 36PKAIBHBIX CUCTEM C MAJIbIMU OCEBBIMH I'a0apUTaMu.

[IpencraBiensl cXxeMbl KOHCTPYKUMH ahOKaIbHBIX 3€PKaJbHBIX CUCTEM U3 TPeX MapaboInYecKuX 3ep-
KaJ ¢ MaJIbIMU OceBbIMU Tabaputamu. [IpoBeseHo nccnenoBanne agoKaabHBIX CUCTEM, B KOTOPBIX OTHOCH-
TEJIbHOE OTBEPCTHE NEPBUYHOTO 3epKaila, ONpeessiolee JuaMeTp alepTypHoi quadparmsl, ONTUMU3UPO-
BAHO C LIEJIBIO CO3aHMs 60Jiee KOMIAKTHOM CUCTEMBI.

[IpeiokeH anropuTM NapaMeTpU4ecKoro paciera HOBbIX KOMIIO3UIMI C KOPPEKLMEH KPUBU3HBI H30-
Opaxenus. Jlana cBoznka (OpMysl OCHOBHBIX KOHCTPYKTHBHBIX IapaMeTPOB CHUCTEMBI, M pacCUMTaHbl pa3-
JIMYHBIC BAPHAHTHI KOHCTPYKTUBHOTO PEILEHUS [UIsl YIIJIOBOTrO N0 3peHus 20 = 20°, 1uaMeTpoB BXOIHOTO
3pauka D =35 MM u D =70 mm.

[IpoBeneHO ynCIIEHHOE MOETHUPOBaHKE B IporpaMMHbIX cpeaax Opal, Zemax u Code V. Pa3zpaboraH-
HBIE CUCTEMbI HIMEIOT XOPOIINE KOPPEKLIMOHHbBIE BO3MOXHOCTH JIJIsl 3aJaHHBIX ONTHYECKUX XapaKTePUCTHUK:
B lMarpaMmax BOJIHOBOT'O (DPOHTA 3HAYCHHUS BEJIMUUH PaIUaIbHOrO pa3Mepa MsTHA PACCESHUS HE IIPEBbILIa-
1ot 1,35 MrMm; pannyc GEO (Benmn4mnHa pacCTOSHUS OT OMOpHOH Toukn) — 0,105 MKM; BMecTe co 3HAUSHUSIMH
pasmepa aucka Dipu okoso 9,16 MKM, KapTa BOJHOBOIO ()pPOHTA HA IIOCKOCTU M300paKeHHsI MTOKa3bIBa-
eT uHpopManMo 0 cpeaHEeKBaapaTHUHON omunOke. Bee 3T0 ykasbiBaeT Ha TO, YTO M300pa)KeHUs! OJIM3KU
K IM(PaKIIMOHHBIM.

PaccunTanHble CHCTEMBI MOTYT OBITh YCIICIIIHO IPUMEHEHBI B COCTABHBIX 3€PKAJIbHBIX CUCTEMaX B Kaue-
CTBE HACAAOK K PETUCTPUPYIOLINM OOBEKTHUBAM, pa0OTAIOIINM B Pa3JIMUHBIX 00JIACTSX CHEKTpa (0COOEHHO
B UK nuamasone), a Takke B CUCTeMax ¢ CHHTE3HMPOBAHHOH arepTypoi.

KimoueBble ci1ioBa: 3CPKaJIbHBIC CUCTEMEI, a(l)OKa.]'H:HBIC CHUCTEMBI, KOMIIAKTHBIC CUCTCMBI, pacqéT OIITHUYCCKHUX
CXEM, Ka4€CTBO I/I306pa)KCHI/I$I.
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Introduction

The searching and designing new solutions
for mirror systems, including afocal ones, has
been studied for decades. In the design, it has
always been difficult to combine optimization and
cost. Nowadays, the problem remains relevant.
The widespread use of mirror systems [1] (in
astronomy, spectral instruments, laser equipment, and
other applications) is due to some aspects of mirror
systems: thermal stability, high resolution in a wide
spectral range, and the absence of image defects due
to chromatic aberrations. All this provides superior
performance compared to lens systems.

To this day, some ways to solve the problem
of optimizing mirror telescopic systems continue
to improve. One of the ways used for optimization is
the study of compact mirror systems [2]. In general,
device compacting is becoming an increasingly
frequent requirement for many applications, both in
imaging and non-imaging optics [3]. "Compacting"
in this case means a reduction in the amount of space
between the inlet and the outlet without reducing
the optical characteristics. The advantages of
compact systems include: small axial length,
weight reduction, increased portability of devices,
profitability of materials.

In addition, the increase in the path traveled by
light, which is created in a compact system, in some
cases, is one of the most effective ways to increase
the sensitivity of devices, which is interesting
for such fields of technology as spectroscopy [4].
Recently, to solve special problems, compositions of
telescopic mirror systems have been found, that have
the potential to become much more compact.

In this new field of research, afocal systems, also
called telescopes, can be widely used in designing
schemes. This is because afocal systems are used,
not only independently (together with the eye
of the observer), but also as part of a more complex
system (as an adapter piece), which is beneficial for
creating their modules in more compact versions.
In many cases, laser optics requires the use of optical
systems that operate between endless configurations.
Such systems, commonly called beam expanders,
are actually telescopes. They are used to control the
energy of laser beams, correct beam divergence,
study beam propagation, and also to reduce the
field of view and expand the magnification in FLIR
systems [5]. In geodetic instruments for photo-
registration systems of distant objects, mirror-lens
afocal devices are often successfully used [6].

The purpose of this paper is the design
of compact afocal mirror systems with multiple
reflections from the primary mirror, where the quart-
parabolic Mersenne systems of three mirrors serve
as the basic modules of these compositions.

Analysis of compaction methods

In the literature [7-9], we can found several
methods to achieve a best compactness of optical
systems. In [7], a two-mirror compact system is
presented, where the primary mirror has a spherical
shape, and a secondary mirror is placed in its paraxial
focus, while the distance between the mirrors is equal
to half the radius of the primary; spherical aberration
is completely eliminated. Note that compactness in
such work owes its name to a specific arrangement
of its mirrors due to its displacement, which changes
the length of the system.

Also, [8] presents a new compact optical
system, which can be described as a modified
Gregory system. The compact telescope is created
from a standard Gregorian system by flipping the
secondary mirror over a folding mirror installed
approximately in the middle of the optical path
between primary and secondary mirrors. In this
manner, the primary mirror is constructed with
concentric "double curved" geometry, and a
central obscuring folding mirror which matches
the diameter of the smaller curve of the primary
is mounted a short distance in front. This "double
curved" geometry is easily produced using diamond
turning technology, and the result is a compact
telescope approximately 1/2 the length of a regular
Gregorian telescope and roughly 2/3 the length of a
Cassegrain telescope.

In [9], it is noted, that one of the ways to
achieve compactness is by dividing a systems into
multiple channels with smaller apertures. This
allows you to increase the field of view using the
same focal length. This allows for bigger field of
view using the same focal length. It can also be
effective in improving the system performance,
since each channel can be designed separately.
This method is based on multichannel optical
systems that exist in nature. They are known as
insect eyes. Each eye consists of a large number of
small visual systems called ommatidia. Based on
these studies, they offer new solutions for compact
multi-channel optical systems for use in imaging
and non-imaging optics.
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Description and calculation of afocal mirror
systems with small axial dimensions

The object of this study is the compact design
of afocal mirror systems with multiple reflections
from the primary mirror, shown in Figure 1. The
basic modules of these compositions are the quarter-
parabolic Mersenne systems of three mirrors.

These afocal systems allow the possibility of

eliminating spherical aberration, coma, astigmatism
and even image curvature.

In such a scheme of three mirrors, two

constructive solutions are possible — when the first of
the Mersenne systems is a keplerian type system, and
when the first of the systems is a galilean type system.

In Figure 1a keplerian type diagram is presented.
The first and third mirrors have equal radii of
curvature of the surfaces.

Figure 1 — Afocal mirror systems with small axial dimensions: a — keplerian type system; b — galilean type system

Graphic calculation of the primary parabolic mirror

One of the optimized parameters of the mirror
telescopic system is their overall dimensions.

In these schemes, the compacting system is
guaranteed by the pronounced shape of the primary
mirror and a certain relationship of diameter and
axial dimensions, the mirror has a high relative
aperture.

To evaluate the values of the longitudinal
dimensions, itis advisable to establish the compaction
coefficient equal to the relationship between the axial
length of the system L and the diameter of the first
mirror D:

K, =—, (1)

where L is the length of the system; D, is the diameter
of the first mirror (entrance pupil).

The geometric shape of the meridional curve
of the primary mirror is determined by a parabola,
the property of which is equivalent to the analytical
definition of the given equation, the first coefficient

of which is determined by the vertex radius of the
surface:

y2 =2rx.
Diameter of the primary mirror (Figure 2):

D =2r,.

Parabolic
mirror

Figure 2 — Graphic calculation of the primary parabolic
mirror of the afocal system
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We have a coordinate relationship:

x=if'=”1/2» @)
2
v =r’DI/f'=4.

Determine the relative aperture of the primary
mirror:

y=rD/f'=1:0.25,

where r, — is the radius of the primary parabolic
mirror of Kepler type systems; f’ — is the distance
from the top of the mirror to the focus F; D — is the
diameter of the mirror.

Algorithm calculation

The surface of the mirrors (Figure 1) shows
the course of the first ray with parameters og and /4
going through the system (S is the surface number).

We compose the calculation algorithm. When
calculating, we use standard notation, taking into
account the rule of signs:

angles og and heights /g of the first ray,

refractive indices ng, in front of the S-th surface,

axial distances dj.

We define the normalization conditions and
calculate the necessary parametric characteristics for
a given value of visible magnification I'.

Moreover, we have n, = ny =
=ne=-1.

1. The angles and heights of the first ray for a
given visible magnification I':

Ns =N, UMy =Ny =

o, =0, =05=0,=0; =1
hl

o,=—=-1; hy=h—o,d
1

35

h

hy = hy; 0‘4:_3,:_}’3:_}’2; 3)
1
h,
h4 :hS; (U9 :71,:_}14;

1
hy =53 g =hs = 0lgds.

2. Axial distances:

d=1—ph: d =t 4 L
! e 4)
3. The curvature radii of the surfaces:
h 2h
n :_:_2; T, :_2:_2}[2; r3 :—2:—2;
o, o, o,
2h 2 5
Ty =—4; g =2 1, =——. )
o, h,I"

The algorithm for calculating the compact
afocal mirror system of the galilean type, shown
in Figure 15, is compiled similarly.

Modeling and discussion of results

We calculate a,, for a given visible
magnification I. Substituting a,, we determine the
height %, and obtain parametric characteristics in
relative values.

rn=-2,r, =086, r, =-2;
0.86 2 2
r, =086, r. =-2; r, =
4 5 5 0.186 ©
1
—d =d,=—d,=d, =1,43; d. =—— 1.
1 2 3 4 5 0186

Next, we carry out an anastigmatic correction in
the field of aberrations of the 3rd order. As a result,
deformations of mirror surfaces oy are obtained.
They are defined by the squared eccentricity
of the second-order meridional curves of the mirror
surfaces. For parabolic shape of mirrors:

6, =0,=03=0,= O5= G = —1. )

The compact afocal systems of the kepler and
galilean type were calculated according to formulas
(5) for the following real values: N = 0.25; angular
field of view 2w = 20", entrance pupil diameter
D =35 mm and 70 mm, respectively. Design data of
the calculated systems of type I and II for the values
of the visible magnification I' = -47" and I = 27" are
given in Table 1.

Table 1

Results for a visible magnifications I' = -47* and I" = 27" (dimensions in mm)

Type of scheme r " 7, 7y 7y

Ts s d, d, dy dy ds

-47* -35 15 -35 15
27 -90 -30 -90 -30

Kepler type
Galilean type

-35 -4 -25 25 -25 25 15
-90 30 -30 30 -30 30 -60




IIpubopsi u memoowl usmepeHull
2020.-T. 11, Ne 1. - C. 15-21
N.K. Artioukhina, L. Peroza

Devices and Methods of Measurements
2020, vol. 11, no. 1, pp. 15-21
N.K. Artioukhina, L. Peroza

Computer modeling was carried out in software
environments for the construction of afocal systems.
The aberrations obtained in the software Opal are

given in Table 2 (Z°,—Z’; — astigmatism; Z’,, Z' — presented in Figure 3.

meridional and sagittal curvature of the image
AY’ % — relative distortion). The results of computer
simulation performed in Zemax and Code V are

Table 2

Aberrational characteristics (calculation in the Opal software)

AY’ % Z, -7 z, Z,
I'=-47* Kepler type

1.0926 0.001 1.3105 1.3095

Galilean

r=27" pe

0.1542 0.0024 0.0024 0.0000

AL

Figure 3 — Computer simulation of compact designs of afocal mirror systems: a — kepler-type system; b — galilean type

system. 1 — computer schemes; 2 — spot diagrams; 3 — transverse aberration graphs; 4 — wavefront maps (calculation in
the software zemax); 5 — computer schemes (calculation in the software Code V)

20
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The system has good correction capabilities
for specified optical characteristics: in the spot
diagrams, the values of the radial size of the RMS
scatter spot do not exceed 1.35 pm; GEO radius
(distance from the reference point) — 0.105 pum;
together with Airy disk sizes of about 9.16 pm,
indicating that the images are close to diffraction.
A wavefront map on the image plane shows
aberration correction information. In this case, the
wavefront error RMS is in the order of 0.012 waves.
This indicates that wave aberrations (OPDs) are
small for arrays passing through the center of the
aperture. The systems can be used as part of a
more complex system operating in various fields
of the spectrum. In addition, they can be used in
optical systems with a synthesized aperture [10],
and when misaligning the studied afocal systems,
telephoto objective with high image quality can be
obtained.

Conclusion

A technique is given for calculating compact
afocal schemes in which the first and third mirrors
have equal radius of curvature of the surfaces. The
compacting of the schemes is ensured by the primary
mirror having a high relative aperture.

An algorithm for parametric calculation is
proposed. Modified normalization conditions are
introduced into the calculation algorithm. The
calculation was performed for the angular field of
view 20 = 20, the diameter of the entrance pupil
D =35 and 70 mm.

Computer simulation was performed in the
Opal, Zemax and Code V software environments.
It was established, that the system has good
aberration correction for specified optical
characteristics.

The systems can be used as part of a more
complex system operating in various fields of the
spectrum. In addition, they can be used in optical
systems with a synthesized aperture, and when
misaligning the studied afocal systems, telephoto
objective with high image quality can be obtained.
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MaremaTu4yeckass MOJeJIb CEHCOPA ¢ OTKPBITOMN 00J1aCTHI0
NPOCTPAHCTBA

A.A. [lxexopa, F0.A. 3aBauknii, A.B. KoBasenko, A.M. Haymenko

Bumebckutl 20cy0apcmeenHulil mexHoI02UYecKUll YHugepcumen,
Mockosckuti np-m, 72, e. Bumebcx 210038, berapyco

Hocmynuna 03.12.2019
Hpunama k newamu 02.03.2020

s 3¢phekTHBHOTO MpUMEHEHHUST TUAIIEKTPOMETPUIECKUX CEHCOPOB OOJIBIIOE 3HAYEHUE MUMEET ONTH-
MU3aLHs KOHCTPYKTHBHBIX TApaMETPOB CEHCOPOB, TAKUX KaK ITyOWHAa IPOHUKHOBEHUS HJICKTPOMArHUTHOTO
0151, BEIMUMHA CUrHaia ceHcopa. Llenb paboThl 3akiroyanach B IOCTPOCHUH MaTeMaTHIeCKON MOJICITH CeH-
copa ¢ OTKPBITON 00JIaCTHIO MPOCTPAHCTBA U pacyETe ero mapaMeTpoB.

[IpencraBiensl pe3yibTaThl pacuyéTa OCHOBHBIX MapaMETPOB CEHCOpPa OTKPLITOrO MPOCTPAHCTBA.
Hnst yucnenHoro 2D MOAETMPOBAHUS MCIOJIB30BaHbl METOABI MHTETPAIbHBIX YPAaBHEHUH M 3€pKaJIbHBIX
ortoOpaxeHui. [IoBEpXHOCTh KaKAOTO AIIEKTPOJIa paccMaTpuBajjach B BUAE JIBYX MapajiebHBIX JaMeJeH.
Taxo# moxoa ynpocTuiI NpoLUeAypy YUCICHHOTO pelleH s ABYXMEpHOi 3a1a4un. OH MO3BOJISIET BHIIOIHATh
pacyér ANEKTPUUECKUX MOJIEH TIIOCKUX CJIOUCTBIX CPe/l C MEHBIIMMH BPEMEHHBIMH 3aTpaTaMy, C UCTIOJIB30-
BaHUEM MEHEE MOIIHBIX KOMITbIOTEPOB. [IporpamMma urcieHHbIX pacuéToB peannsoBaHa B MAPLE.

[IpoBepka aaeKBaTHOCTH MPOrPaMMBbl OCYILECTBIISUIACH Il CEHCOPA, BBIOJIHEHHOTO HA OJHOCTOPOH-
HeM QonbrupoBanHoM Tedione (g, = 2,3) Tommuuoit b = 1,0 mm. {15 ceHcopa BBIIOIHEH pacuéT 3JeKTPH-
YEeCKOT0 OIS B TPEXCIONHOM cperne. PacuéTHas kapTHHA MOJIs OKa3aja HEOIHOPOAHOCTD paclpeaesiCHHs
CHJIOBBIX JIMHUU. Y CTaHOBIICHO, YTO TJTyOMHA 30HBI KOHTPOJISL HE 3aBUCUT OT METAJUTU3AMU TOBEPXHOCTH
ceHcopoB. ['myOrHa 30HBI KOHTPOJISL ISl CEHCOPA OTKPBITOrO THIIA JIEKHUT B TOM K€ AMANA30HE, YTO U TIy-
OMHa 30HBI KOHTPOJIS ISl TUIOCKMX HAaKJIAIHBIX W3MEPUTEIbHBIX KOHICHCATOPOB — aHAJIOT fringing electric
field (FEF) sensors (CCHCOpPOB OKaWMJISFOIIETO AJIEKTPUIECKOTO TTOJIS).

Co3nanHast MOAEIb IO3BOJISIET IPOBOANTH 000CHOBAaHHBIN BEIOOP KOHCTPYKIIMHU U ITAPAMETPOB JIEKTPO-
E€MKOCTHOTO CEHCOpa OTKPBITOTO THIIA, OMPEACIATh METPOJOTHYECKHE XapaKTEePUCTUKU W3MEPUTEIHLHOTO
yCTpOICTBa, pemaTh BONPOC TEXHUYECKOH OCYIIECTBUMOCTH ITOCTaBICHHOH 3a/1auu.
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Abstract

For the effective use of dielectric sensors, optimization of the design parameters of the sensors, such
as the depth of penetration of the electromagnetic field and the magnitude of the sensor signal, is of great
importance. The purpose of the work was to build a mathematical model of a sensor with an open area
of space and calculate its parameters.

Results of main parameters calculations of the open space sensor are presented. Methods
of integral equations and mirror images are used for numerical 2D modeling. The surface of each electrode
was considered as two parallel lamellae. This approach simplified the procedure for numerically solving a
two-dimensional problem. It allows you to calculate the electric fields of flat layered media with less time,
using less powerful computers. The numerical calculation program is implemented in MAPLE.

The program adequacy was checked for a sensor made on one-sided foil Teflon (g, =2,3) with
a thickness of »=1.0 mm. The electric field was calculated for the sensor in a three-layer medium.
The calculated picture of the field showed that the distribution of force lines is not uniform. It was found
that the depth of the control zone does not depend on the metallization of the sensor surface. The depth
of the control zone for an open-type sensor is in the same range as the depth of the control zone for flat
overhead measuring capacitorsan analog of fringing electric field (FEF) sensors.
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BBenenue

Passutue Untepuner Beuieit (loT — internet of
things, T. €. KOHIICTIIIUY BEIYUCIUTEIbHBIX ceTel (u-
3MUYECKUX TMPEJAMETOB, OCHAIEHHBIX BCTPOCHHBIMU
TEXHOJIOTUAMU I B3aMMOAEWUCTBUS APYT C APYTOM
WIN C BHEUIHEH cpefoii), poOOTOTEXHUKH, aBTOMa-
TU3alMKd TpeOyeT NMPUMEHEHHS OrPOMHOIO KOJIHU-
yecTBa ceHCOpoB. CeHCOphl MO3BOJIAIOT MOCTPOUTH
MOIIIHBIE TPOMBIIUIEHHBIE CHUCTEMBI, YCTPOICTBa,
UCKJIIOYUTh HEOOXOTUMOCTh Yy4YacTHsl 4eJOBeKa
B yNpaBJICHUU TEXMpOLEeccaMu, O0JerdaroT >KU3Hb
B oOmiectBe. Tak Kak M3MEHEHHUsI B JUDIICKTpUYC-
CKUX CBOMCTBaX OOBIYHO BBI3BIBAIOTCS W3MEHEHU-
SIMA B Pa3JIMYHBIX (PU3NUECKUX, XUMHUUECKUX WIIN
CTPYKTYPHBIX CBOMCTBaxX MaTepHalIOB, TO JHUIIBKO-
METpUYECKUE HU3MEpEeHHs SIBHINCH 3()(eKTUBHBIM
CPEJICTBOM KOCBEHHOM Hepa3pyllaromel OLEeHKH
HHTEPECYIOIMX MapaMeTpOB B PA3JIMYHBIX MPOU3-
BOJICTBEHHBIX M HayUHBIX HCCIIE0BAHUIX.

Hdnst 5pPexTHBHOrO NpPUMEHEHHS Ha Mpak-
TUKE JHUIJIEKTPOMETPUUYECKUX CEHCOPOB (aHr. in-
terdigitated dielectrometry sensors — IDS) Ooiblioe
3HaYeHHE UMEEeT ONTUMH3AIMS UX KOHCTPYKTHBHBIX
napamMeTpoB, TaKMX Kak IIyOMHa TPOHUKHOBEHUS
noJisi, cuia curHana. OOnme NpUHIHUIEL TPOEKTHPO-
BaHUsI JHAJIEKTPOMETPHUYECKHX CEHCOPOB 00CYK/a-
JUCh MHOTUMHU ucciepoBarensiMu [1-6]. Bompocst
MIPOEKTUPOBAHUS, OLIEHKH TOYHOCTH, YyBCTBHUTEIb-
HOCTH TIPH JIOCTYIIE K MaTepuay ¢ OJHOI CTOPOHBI
U3JI0KEHBI B paboTe [2], Hepa3pylIalomero TecTu-
poBanus — B [3, 4]; U3y4EHUIO KOHIIEHTPUUYECKUX
KOJIBLIEBBIX CEHCOPOB C YUYETOM TOJIIHMHBI MOJTOXK-
KM TOCBsIIIeHA paboTa [5], SKpaHUPOBAHHBIX ILIO-
CKHX CEHCOpOB — [6, 7].

PasBuTue IUIaHApHBIX TEXHOJIOTUH, IpUMeE-
HEHHE JIa3epoB TpU 00pabOTKe MaTrepHanoB I03-
BOJIMJIO CO3/aTh THOKUE CEHCOPHI C ITUPOKUM JTHara-
30HOM 3JIEKTPUYECKHUX, MEXaHUUYECKUX U TETJIOBBIX
xapaktepuctuk [8,9, 10]. Ilo cBoell apxutextype
OHHU OTHOCSITCSI K CEHCOpaM C OTKPBITOW 00IacThiO
MIpOCTpaHCTBA. Bompocel uX MNPOEKTUPOBAHUS H
MIpUMEHEHUs TPeOYIOT Pa3bsICHEHUsI U MOAEIHPOBa-
nus [11, 12].

B omnuMuume 0T IUIOCKOTO  KOHJIEHCaTopa
Maxwell — 06nacTb KOHTPOJISI CEHCOpPA C OTKPBITON
00JIacCThIO TIPOCTPAHCTBA HE OIpeJesieHa, OrpaHu-
YeHa TIyOMHOW W INUPUHOW 30HBI KOHTPOJS. JTH
KOHCTPYKTHUBHBIE OCOOEHHOCTH B 3HAYUTEIHHON
CTENeHH OOYCIIOBIMBAIOT (YHKUMOHAIBHBIE BO3-
MO>KHOCTH CEHCOPa, XapaKTep UCTOYHUKOB MOrper-
HOCTEH M Mepbl UX yCTpaHeHus. B nureparype HeT

CTPOTOTO OTpezesieH!s] TITyOWHBI 30HBI KOHTPOJIA,
HO OJIHUM M3 BO3MOXHBIX CITOCOOOB €€ OIIEHKH SIB-
JeTCsl M3ydeHHe TOro, HAaCKOJIBKO TIYyOOKO dJeK-
TPUUYECKOE TI0JIE IMPOHUKAET B KOHTPOIUPYEMYIO
cpeny. Koopaunara, B koTopoit mocturaercs 97 %
ACUMNTOTHYECKOI EMKOCTH, OTIPEIENSIETCS KaK TITy-
OnHa TPOHWKHOBEHUS. V3MeHss reoMeTphyecKue
pa3Mepsl AIIEKTPOIOB, MOYKHO TOBIUATH Ha TIyOH-
HY 30HBI KOHTPOJISI CEHCOPA, €T0 YyBCTBUTEIBHOCTb,
MUHAMHYECKUH JMala3oH W ypOBEHb CHUTHAJA.
Takum 00pa3oM, KOHCTPYKITUS CEHCOPA MOKET OBITh
aZlanTipoBaHa K TPeOOBaHUAM, TNPEAbIBISEMBIM
K ceHcopy. OcHOBHasi Harpy3Kka MpH MPOEKTHPOBA-
HUU CEHCOPOB JIOXKHUTCA HAa MaTeMaTHYECKOE MO-
JIETUPOBAHNE, OCYIIECTBISEMOE aHATUTUYECKUMHU
00 YUCIEHHBIMU METOJIaMHU. AHAIMTHYECKHAE MO-
JIeJTH 17151 EMKOCTHBIX CEHCOPOB OOBITHO 0a3HPYIOTCS
Ha yIPOIIEHHBIX KOHOUTYPAHAX U HIeATH3UPOBaH-
HBIX TIPEIIIOJIOKEHUIX, KOTOPhIe OTPaHUYMBAIOT UX
TOYHOCTB pacuéra Il peadbHbIX KOHCTPYKIHA [13]
¥ MOTYT TIPUBOJMTH K PACXOKACHUAM MEXKIY TEO-
PETHUYECKUMHU U DIKCHEPUMEHTAIFHBIMU JaHHBIMH.
Jlns 9ucieHHBIX pPacy€TOB dHallle BCEro HCIOJb-
3yIOT TakeTel Ansoft Maxwell 2D, 3D, Comsol
Multiphysics. CneayeTr BBIACIUT, METOJ KOHEUHBIX
aneMeHToB (finite element method FEM) [2], meTron
TPaHUYHBIX WHTETPATbHBIX ypaBHeHHH [13], MeToxq
MOMEHTOB [4]. MeTo TpaHWUYHBIX HHTETPATBHBIX
YpaBHEHUH SIBIISIETCS KIIACCHYECKHM MaTeMaThude-
CKHM anmapaToM U OCHOBAaH Ha CBEJEHUHU KPaeBbIX
3a/lad K TPaHUYHBIM WHTETPAIbHBIM YpaBHEHUSIM
Openronpma [14]. Tlocmemyromas AUCKPETH3AIIHS
WHTETPaJbHBIX YPAaBHEHHUH MAET BO3MOXKHOCTH TIO-
JydaTh W YHCIICHHBIE DPEIIeHHS KPaeBbIX 3ajad.
[IpenmymiecTBOM JaHHOTO METOJIa 10 CPaBHEHHUIO
C METOJIOM KOHEUYHBIX DJIEMEHTOB SIBISETCS OTCYT-
CTBHE HEOOXOIUMOCTH AUCKPETH3AIINH BCEU 001a-
CTH KOHTPOIIA CEHCOpa |, KaK CJe/JICTBHE, HE3HAUH-
TeIbHOE BpeMs pacuéTa [4, 7].

MopnenupoBaHue

Konctpykimss ceHcopa C  OTKPBITBIM  TIPO-
CTPaHCTBOM TIPEACTABISAET COOOH  JIGHTOYHBII
MHOTOCEKIIMOHHBIM ~ HaKJIaJJHOH H3MEPUTEIbHBIN
KoHIeHcaTop. Ero cedenme moka3aHo HAa PHCYH-
ke 1. DmekTpudeckoe Tmoje co3JaéTCsl BBICOKOIIO-
TCHIIMATHLHBIMH JJICKTPOJaMU | ¥ HHU3KOMOTCHIIH-
anbHBIMH asekTpogamu 2 (pucyHok 1). Ilome we
OTPaHUYCHO B MPOCTPAHCTBE IKPAHOM B TTOITOXKKE.
Hu3KonmoTeHIUIBHBIA 2JIEKTpOa 2 HWMEET TOTEH-
uan 3emian V,. O6iaacTe KOHTPOJIST ONpEneseTcs
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reOMETPHYECKIMHU Pa3MepaMH CeKIMH CEHCOopa:
MIUPHHON CEKIUH 7, MEKAIEKTPOAHBIM PACCTOSHU-
eM 7—7, TOJIUHOHN 3JIEKTPOAOB d U MOJIONKKH D.

IE -

€y

=\

2

SN \ /2

Pucynok 1 — Cexnus ceHcopa OTKpPBITOro THma: | — BbI-
COKOIOTEHIUAIBHBII 3MEKTPOJ; 2 — HU3KOMOTEHIUAIIb-
HBI 2J€KTPOX; » — IMUPUHA CEKLMH; 7'|—7)— MEKIIEK-
TPOJHOE PACCTOSHUE; d — TOJIMHA YIEKTPOAOB; b — TOI-
IIMHA TOAJIOKKU

Figure 1 — Open sensor section: 1 —high-potential
electrode; 2 — low-potential electrode; r — section width;
r,—r, — interelectrode distance; d — electrode thickness;
b — substrate thickness

Jnst pacuéra MCIONB30BAJICS METOA 3€pKajlb-
HO-CUMMETPHUYHBIX CXEM YyBCTBUTEIIBHBIX 3JIEMEH-
TOB npeoOpazoBareseil. CyIIHOCTh METOAA COCTOUT
B CJICAYIOILEM:

—3aMKHYTBIE OKBUIIOTCHLHUAIBHBIC OBEPX-
HOCTH HCTOYHHUKOB IOJISI KaKIAOTO 3JIEKTpoAa 3a-
MEHSIIOTCSl Pa30MKHYTBIMH, T. €. U3MEHSETCS TOTO-
JIOTHA 3apsI0BbIX 00JacTei;

— SKBHMBAJICHTHBIC MTOBEPXHOCTH KaXKIOTO UyB-
CTBHUTEJIBHOTO 3JIEMEHTA SIBISIIOTCS 3E€PKaJIbHBIMH
JpyT OTHOCUTEJBHO IPpyTa apaMu 3apsKEHHBIX TOH-
KHX TIOBEPXHOCTEH, pa3sHECEHHBIMU B IIPOCTPAHCTBE
Ha PacCTOsSHHUE, PaBHOE TOJILUHE BIIEKTPOIOB d, U
MMEIOIIUMH TOT K€ MOTEHINAJ, YTO U HCXOHbIE CO-
OTBETCTBYIOIINE UM UCTOYHHMKH MO (PUCYHOK 1).

B 3TOM ciydae mist HOBBIX MCTOYHHMKOB TIOJIS
C U3MEHEHHOW TOMOJOTMEl MOBEPXHOCTEH 3a-
Jada pacuéra pemaercss OTHOCHUTENIBHO HCKOMOMN
(GyHKIMU pacnpeleNeHus IIOTHOCTU 3apsiaa o(X;)
Ha 3€pKaJbHBIX NOBEPXHOCTAX C YUETOM 3HAUYCHUI
NOTCHIMAIIOB HA HUX V. 3epKabHO-CHMMETPHYHASI
JIpyr OTHOCHUTENIBHO Jpyra mapa 3apspKEHHBIX MO-
BEPXHOCTEH UMHTHUPYET T0JI€ Ha KPasiX HCTOYHUKOB
1 CYILECTBEHHO YIIPOIIAET 3a1auy pacuéra.

B Merozme 3epKaJbHO-CHMMETPHYHBIX CXEM
qyBCTBHUTEJIBHBIX 3JEMEHTOB IpeoOpa3oBarelneit
IPaHUYHBIC YCIOBHS 3alMCHIBAIOTCS I KaXIOH
Hapbl 3apsUKEHHBIX TOBEPXHOCTEH:

— Ha rpaHulle pasjena JIByX cpea i u i+1 mo-
TEHIMAJl HE WCIBITBIBACT CKAYOK U OCTAETCS MO-
CTOAHHBIM V, =V, |;

—IpH OTCYTCTBHH IOBEPXHOCTHBIX 3apsioB
Ha TpaHMIEe pas3jena AUDJICKTPHKOB HOpMajbHas
COCTaBJISIOINAsl BEKTOpAa CMEIICHUsS HelpephIBHA
D; — D,ZIH;

— TaHTCHIMAIbHAsl COCTABIIAIOIIAs BEKTOpa Ha-
NpsDKEHHOCTH HENpepbIBHA, T. €. E! = E*';

— Ha IpaHHLE pa3lesia IUIICKTPUKA U 3epKallb-
HOH TIOBEPXHOCTH, HECYLICH 3apsii, HOpMaJslbHas
KOMIIOHEHTa BEKTOpa CMEIICHHMS paBHa IOBEPX-
HOCTHOH IIOTHOCTH 3apsiia Ha 3TOH MOBEPXHOCTH:

gg,9V, [on=—c,

€ € — JUANIEKTPUYIECKas IPOHULAEMOCTb COOTBET-
cTBytomiei cpenst (i =1, 2, 3);

— TaHTGHIMAJbHAsl  COCTABISIOIIASl  BEKTOpa
HanpspKEHHOCTH paBHA HYINIO Ha 3€pKaJIbHBIX IO-
BEPXHOCTAX, HECYIIHX 3apsn, T. €. £, = 0;

—3apsil  MCTOYHWKA  IIONS  ONPECNACTCS
anreOpandyeckodl  CyMMOH  3apsiioB Zq ; COOT-

j=1
BCTCTBYIOHIGI\/'I apbl 3ap51)KéHHI>IX TOHKHUX IMOBEPXHO-

CTeH, pa3HEeCEHHBIX B MPOCTPAHCTBE HA PACCTOSHUE,
paBHOE TOJIIMHE UCTOYHHUKA MOJIS d ¥ UMEIOIIUX TOT
JKe TTOTEHIIMAM, YTO ¥ UCXOAHBIA UCTOYHHK MOJIS.

[ToTeHmuan ke >MEKTPUUECKOro Moysd V' yaoB-
JIETBOpSIET ypaBHEeHUIO Jlamiaca Be3ae BHE 3aBUCU-
MOCTHU OT CHCTEMbI UCTOYHHUKOB T0Jsi. OH oOparia-
€TCs B HOJIb Ha OCCKOHEYHO YJJAIEHHOM PAaCCTOSIHUU
oT 3JeKkTponoB V|, =0 W npuHUMaeT 3aJaHHbIC
3HAYCHHMS Vj Ha 3CPKAIbHBIX APYT OTHOCHUTEIHHO
Jpyra mapax 3apsoKEHHBIX TOHKHUX IOBEPXHOCTEH,
pa3HEeCEHHBIX B MPOCTPAHCTBE HA PACCTOSHUE, PaB-
HOE TOJIIUHE UCTOYHUKOB TOJISl, U PaBEH MOTCHIHU-
aJy COOTBETCTBYIOIIMX MM HMCTOUYHHUKOB: V|Sj: Vj
Vj =const, j=1, ..., N, tme N —4uCIO0 UCTOYHUKOB
oJIst (YUCIIO IMEKTPOJIOB).

B coorBercTBUM € TPEMIOKEHHOM THIIOTE30U
KaXK7as mapa 3apsHKEHHBIX YKBUMOTEHITMATBHBIX MO~
BEPXHOCTEH C MOTECHIIUAIOM Vj " QyHKIUSIMH pac-
MpenescHus] WIOTHOCTU 3apsiaa cj(xj) UMUTUPYIOT
COOTBETCTBYIOIIUI €i SKBUBAJCHTHBIM HCTOYHHUK
TIOJIs1, BKJTFOYAsi 00J1acTh KPaeB 3JICKTPOJIOB.

B crnouctsix cpegax anroputm pacuéra miocKo-
napajieIbHBIX MOJICH 3aKIouaeTcs B CIEIYIOUICH
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MOCJIE0BATENBHOCTH  BBITIOTHEHUST MaTeMaTHYECKUX
omepartuii [13]. IlepBoHagabHO MPOBOINUTCS MOIH-
(bMKanMu reoMeTpUr MCTOYHMKOB TIOJISI HAa OCHOBE
WCIIONIb30BaHMS 3€PKATbHO-CHMMETPHUYHBIX CXEM.
3areM OIpeNeNnsoTcss KOOpPAMHATHI HaBEAEHHBIX
CBSI3aHHBIX 3apsA70B Ha TPaHULAX pa3fena JUdJIeK-
TPUKOB IIyTEM BBEIECHUS PACUETHBIX OTPAKEHHBIX
3apsJ0oB NI KaXKJOW SKBUIOTEHIIMAIBHON Maphbl,
CO3/IaHHBIX 3apsSKEHHBIX 3€PKATBLHO-CUMMETPHY-
HBIX TOBepxHOCcTed. Onpepesnsitorcss Kodppuuu-
SHTBI TPOIYCKaHUs, OTPAKEHHs, KOIPPHULINCHTHI
MOBTOPHBIX OTPAKEHHUH, COIJIACHO W3BECTHOMY
METOAY 3€pKalbHbIX OoTpaxkeHui [13]. MHTerpans-
HblE€ YpaBHEHMs 3allUCBIBAIOTCA HAa OCHOBAaHHWH
pa3MepHOCTH pellaeMbix 3ajad. [ns pacuéra mio-
CKOMapalJIeJIbHBIX TOoJIeH, B ciyyae 2D MojieneH,
B KayecTBE MCXOTHOH 0a30BOW (DYHKIMH HCIIOJIb-
3yercs JorapudmMuueckuil noreHuuan. Murerpais-
HbIE YPAaBHEHHs PEINAIOTCS YHCIEHHBIM METOJOM
KprutoBa—boromo0oBa OTHOCHTEIBHO TUCKPETHBIX
3HAYCHHIT TOBEPXHOCTHOM IIIOTHOCTH 3apsijia G, (x;)
Ha 3epKaJIbHBIX JIPYT OTHOCHTENIbHO ApyTa IMapax
3apsKEHHBIX TOHKUX IIOBEPXHOCTSX, PA3HECEHHBIX
B NPOCTPAHCTBE HAa PACCTOSHUE, PABHOE TOJILIMHE
9JIEKTPOJIOB, U UMEIOIINX TOT K€ MOTEHLHAJ, YTO H
HCXOIHBIE, COOTBETCTBYIOIIME MM 3JIeKTpomsl. Ilo-
TEHITMaJ TIPON3BOJIEHOM TOYKH ITOJIST PACCUNTHIBALT-
Cs1 TIOCJIe HAaXOXKJICHHS TUCKPETHBIX 3HAYEHUH IIT0T-
HOCTH 3aps/ia Ha BCEX 3apsDKEHHBIX TOBEPXHOCTSX.

MeToa MHTErpAJIbHbIX YPABHEHHU I

B cuny Toro, uro mpu paboTe 3IeKTPOEMKOCT-
HBbIX CEHCOPOB YacTOTa 3JIEKTPOMATHUTHOIO IOJIS
v<10° ', To, KaK JErko MokKa3aTh, COOTHOIICHHUE
MEX/ly F€OMETPHYCCKMMH pasMepamu ceHcopa L; u
JUTMHOW AJIEKTPOMArHUTHOW BOJIHBI A YIOBIETBOPSI-
10T yCIIoBHUIO L;/A <<1, 4TO 1I03BOJISICT paccMarpy-
BaTh MOJISl AJIEKTPOEMKOCTHBIX CEHCOPOB C MO3UIMH
AJIEKTPOCTATHKH.

B xadecTBe HCXOTHOTO BBIPAIKEHUS TIPU COCTAB-
JICHUW MHTETPAIBHBIX YPaBHEHUH /IS TIOTEHIMAJIOB
TOYEK TOBEPXHOCTH O3JIEKTPOIOB HCIIOIH30BAIIOCH
BBIp@XEHHE JOTapu(MUIECKOTO TIOTEHITHATA!

1 1

V= ‘In—-0o,
2mee,

Tvk

I1e © —3apsd Ha OTpe3ke / B CEUCHHH NEKTPOa;
7k — PACCTOSTHHE MEKIY PacCMaTPHUBAEMOM TOUKOU
M w1 epemMeHHO ToUKo# K (B KOTOPOH pacroiokeH
3apsiz, CO3AI0INHN 1oJie B ToUKe M).

Jns 3amucu MHTErpajbHBIX ypaBHEHHM MO-
BEPXHOCTHAs ITUIOTHOCTh 3apsi/IOB Ha AJIEKTPOJax
obo3Hagamack nByMs WHAECKcamu. [lepBeIii WHICKC
COOTBETCTBYET HOMEpPY DJEKTpPOoJa Ha PHUCYHKE 1,
a BTOPOM — CTOPOHE MOBEPXHOCTH DJIEKTPOAA:
1 — coOTBETCTBYET MOBEPXHOCTHOM IJIOTHOCTH 3a-
psiaa Ha CTOPOHE AIEKTPOAa, OOpaIEHHON K KOHTPO-
JIMPyeMOMY Marepuaily, 2 — Ha CTOPOHE AJIEKTPoJia,
oOpaménHoi K nmookke. O4eBUAHO, B CHITY CHM-
METpUH:

O (x) =0y (_x); O (x) =0y (_x)'

[IpoMexXyTKM HHTETpUpPOBaHHS pa3OUBaIUCh
Ha YYacCTKH, IJie UCKOMbIe (PYHKIIUH MTOBEPXHOCTHOM
TUIOTHOCTH 3apsijia 6 (x) IPUHUMAIIY IOCTOSIHHBIE 3HA-
YeHMSI. ITO IMO3BOJIMIIO B JaJIbHEHIIIEM, COTTIaCHO Me-
Tony KpbioBa—boromo6oBa, BEBIHOCUTD UX 33 3HAKU
MHTErpajioB, IMpeodpa3ys CUCTEMY WHTETpajbHbBIX
YpaBHECHUI B CHUCTEMY JIMHEWHBIX aireOpanyuecKux
ypaBHEHM. [ paHULBI HHTErPUPOBAHUS YYaCTKOB Ha
MOBEPXHOCTU 3JIEKTPOJIOB, OOpamEHHONW K KOHTPO-
JIMPYEMOMY MaTepUaly, 3alIUChIBAJIUCh B BUJIE:

1_ i—n
=g — T2
i 0 l_ ny 2
2

B, =

r—r

rnei=1,2,3,...,n+tn,;
Ha TIOBEPXHOCTH 3JIEKTPOJIOB, 0OpamEHHON K TIOJI-
JIOKKE:

1 q;—nl—nz 1 ;—nl—nz—l
B, =1 —gn =7 l—a®
4 — 4
1_ i—nj—ny—ny—1 1_ i—n —ny—ny
BA:I"—V 94 OL.=r—rq4—
i 0 1 ny > i 0 1 ny >
— 4, — 4,

rne i=n,tn,+1, .,n+ ... +tn. q0, 4, Gy, qu —
3HAMEHATEIN T€OMETPUYECKOM NPOrPECCHH; 71y, 71,
Ny, N, —YUCIIa pa30UeHNI TOBEPXHOCTEN HA Y4aCTKU
Ul IByX CTOPOHAX IEKTPOIOB: 71, U Ny IS JIEK-
Tpoza 1 Ha BepxHEH M HW)KHEH CTOPOHAX, 1, U My
IS DTIEKTPOJIA 2 Ha BEPXHEH U HUKHEH CTOpOHAX.

MopnenupoBaHue MOJS CEHCOpa OCYLIECTBILS-
JIOCh B TPEXCIIOMHON cpefe:

g, ecmn h<z;

g,, ecmn 0 <z<h
ecau —b <z <0;

ecnmu —h — b<z<-b;

e(z)=

€,
€,

€,, eCmz< —h—b.
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Hagenénupie Ha rpaHuie pasaena cio€B CBs- 2) Matepuan MOAJOKKH OKPYXKAIOUICH Ccpe/Ibl

3aHHBIC 3apsibl YYUTHIBAIACH METOJIOM 3€PKAIbHBIX  (BO3yX) KOHTPOJHpPyeMoro oOpasia He oOmamaeT
oroOpaxkeHuii. OHU 3aMEHSJTUCh COCPEJOTOYCHHBI-  ITPOBOAMMOCTHIO G = 0;

MH 3apsiaMH, OTPaKEHHBIMHU OT TPAaHMIBI paszerna 3) nMHA 3IEKTPOAOB L He MEHbLIE HONEPEYHO-
IByx cinoéB. Koapduuuentsr nponyckanus B,,, B,,, 0 cedeHns ceHcopa (kpaeBble dP(eKThI Oy1yT yuu-
Byss Pras KOIDGDUIMEHTBI OTPAKEHUIT Ay, Ayj, Ayy, Ay, THIBATHCSA B COOTBETCTBUH C METOJMKON);
1 K03(D(UIIMEHT TBOWHBIX OTPa)KEHUH Y BBIUUCIIS- 4) nuHeiiHbIe pa3Mephl CEHCOopa BO MHOTO pa3
JUch coriacHo [13]: MEHBIIE JUIMHBI BOJHBI 3JIEKTPOMArHUTHOTO IIOJIA,
2e e g e e 2 CO3/IaBacMOT0 MTUTAIOLINM HANpPSDKEHHEM, T. €. T0JIe
B,=——, h, =", v, =| —1|, B CEHCOpPE PaccMaTpHBaeTCAd KaK 3JEKTPOCTaTH4e-
(e +¢) & tg € 1€ CKOE.
mek=1,2,3;1=1,2,3. Ha ocHoBanum creinaHHBIX JOMYIMICHUN 3a1a4a
Bocmonbs3yeMcs ciielyonmmMu T0myIeHHSIMH: pacuéra 3JeKTpUYECcKOro MoJjsi CeHCopa CBOAMIACH

1) Mmarepua MOJIOKKH HE JUCIEPTHPYIOMIMA, K Pacu€ry SJIEKTPUYECKOTO IOJIS OJHOM LIEHTPalb-
T. €. JIUAJICKTPUYECKAs MPOHHUIAEMOCTh MOIOKKH  HOM CEKIMU pa3Mepa 7.
He sIBJIsieTCs (DYHKIMEH 9acTOThI AJIEKTPOMArHUTHOTO [lone ceHcopa cozmaercs 3apsaamMHu KaxJIou
moJst. DTO JOMYINEHNHE OTPaBAaHo, MOTOMY YTO IS Iapbl 3JIEKTPOJOB, UX OTpaxkeHUsAMH. C LENBI0 COo-
YacTOT, Ha KOTOPBIX, B OCHOBHOM, U TIPOUCXOJIAT W3-  KPALICHUs 3allMCH IS MOTCHIUAIOB TOYCK X;, JIe-
MEPEHUS, TIPAKTUIECKH BCE JUIIEKTPHUCCKAE MaTe-  JKAalllUX Ha IIOBEPXHOCTHU 3JIEKTPOJOB, Obljia BBEICHA
puaibl 00/1a1af0T He3HAUNTENBHON qucnepeneit [13];  dyHKuus:

B
W, (x,,0) = i j G[T(t)ln|(2rm+t+xj)2 +x|[@rm =t 4+ x,) +||2rm o+ £ = x)) +7||@rm =t = x,) 4+ | dt +

m=1 o

B,
+J.GeiT(t)1n‘(t_xf)2 +X2H(t+xj)2 +X2‘dt, j=l..,n+..+n,

Q,

i

I KOOPUHATBI TOYEK X; Ha [IOBEPXHOCTHU JJIEKTPO-  PACIONOKCHbI  AJICKTPOJBL; 6=1 orTBeuacT mIO-
Z0B ONPE/CIISIIOTCS BEIPAKCHUEM: X, = (ocj + ﬁ,) / 2, cKoctbz =d; 6 =2 mnockocts z = 0.

N—4Hcino Cekumii clieBa W CIpaBa OT ICH- B »ToM ciydae BblpaskeHUS Ui MOTEHIMAIOB
TpaHLHOﬁ CEKIINU, 0, Pp; — TpaHULBI  y4acCTKOB TOYCK Ha IMOBCPXHOCTIAX ISJICKTPOIAOB HEHTpaHBHOﬁ
WHTETPUPOBAHMS  3apsja,  CO3MAIONIEro  I0je  CEKIMM, OOpaIIEHHBIX K KOHTPOJIUPYEMOMY MaTepHa-
B TOYKE X;; 0 —HOMep miockocTH B KoTopoi iy (0 < X, STy, 1y SX; <1,z = d), 3anumnryTcs B BUJE:

n+..+ny

r e
[Wn(xj ,0) 4+, (x_/ ,2d)+ 51[621[3127“125_1“!15 (x_/ , 2sh+d)) + A5y, (xv,- ,2(hs—d)) +

1

S Lons n sl 2
+2 (7‘237”21) vy (x; ,2Sh)} + Ez Ay Wn(xj , 2(h(s =)+ d)) )y, (leBlz) Wn(x_j 2(h+b+d))+

|ty

+‘é[2(321312x23)25w1i(xj, 25(0+21) + 2B, Byhs ks ) W (3, 25(bHR) ||+ i::ﬁ%nzﬂ[%i(xj, d)+
¥y (5 20)F 2 [Ba Bk W (5 255+ ) F RS W, (5, 25— )+ A3A v (v, 25h =)+
FALAS W, (o, 25h+ d) + §2 Ao AW (3, 20h(s = 1)+ d)) + Aoy (BoB ) Wa(x;, 200+ B) +d)+

+3 | BBk ) W, (3, 2506420 =)+, (3, 256420+ )]+

+(B216127"23>"21 )S (W, (x_/ , 25(b+h)+ d) v, (xj , 25(b+h)— d)]] =—E,€, 2nV(xj)’
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e j=1,..n+..+ny;
JUI. TOTEHIMAJ0B TOYEK Ha IOBEPXHOCTIAX DIIEK-

i+,
)y
i=1

i=

TpoAoB, oOpaméHHBIX K nomtoxkke (0 < X; ST,
r<x;<r,z=0)

T —
[\Ijzi ('xj )+ AWy, (xj’ d)+ 51 [321[3127‘125_1‘4121' (xj , 2(sb+d)) + 7"237‘;11“121' ('xj , 2hs—d))+

S r s §—
o) Wy, (6, 251 =) |+ (R, ) W (6, 255+ ) |+ X NS W (v, 2005 = 1)+ ) +

+7“23 (B21B12 )2 WZi(xj’ 2(h+b)+ d) + é [(BZ]Bu}\’ZS )ZS + [‘Vzi (xj , 25(b+2h) - d) + Wzi(xja 25(b+2h)+ d)] +

(BaBihishas) Twa (x, 250 +d) 5, (x,, 25(b+h)—d) ||

..y
+ X

i=n+..4+ny+

[va(x. 0+

I 2s5-1 s s—1 K K
+A§1[lel3127”12 Vs, ('xj’ 2Sb) +A5A5 WZi(xj’ 25h) + 20505, W, (xj5 2sh)+

T T s
+S§2 }";1}";1\|’2i (xj7 2(h(s - 1))) + 7\'21‘~|Izi (xja 0)+ )‘23 (BZIBIZ )2 Yy, (xj7 2(h+ b))+ El [2(6215127"23 )2 +
+[W2,'(x/: 2S(b+2h)) +2(B,,B,A 500 T, (xj ) 2S(b+h))]] =—§,§, 21[V(xj ),

rmej=n, +n,+1,..5n +n,+ny+ny; T—4dncio
OTpaXXKEHU.

C ydetoM, uTO OOMMI 3apsl CUCTEMBI paBEH
HYJIIO:

T(G”(t)+(512(t))dt+j'(Gzl(l‘)+(522(t))dt =0,

COCTaBISUIACH CHUCTEMa 7, + ... + 1, UHTErPaJbHBIX
ypaBHeHui. EE pelieHnem SBISIOTCS AUCKPETHBIE
3HaueHus (YHKUMH pacnpenesieHus MTOBEPXHOCT-
HBIX 3apANOB Gjy;, Gja;» Op;» Onp;- B BBIPAXKEHMAX
U KOO QUIIMEHTOB CUCTEMBI JIMHEWHBIX anredpa-
WYECKHUX ypaBHEHUH (QUIYpUPYIOT YHCIIOBBIE PSIIBL.
CxXonuMOCTb MTOIOOHBIX PSIOB JoKa3aHa B [13].
Jnst BepxHeit napbl anekrpoaoB 1 u 2 (z =d) ya-
CTUYHAsE MEXIIEKTPoaHas EMKOCTb (), OMHOMU CeK-

UM BBIUUCIIACTCS:
Ju-).
JUTS HYOKHEH napsl (z = 0):

Gzz(xi)l[/(Vl - VZ)’

rae =B, — a,.

Mesxonekrponnass pabodas EMKOCTb paBHA
C,=C5+Cl. Tak kak 4vacTU4yHas EMKOCTbC|
SABJIAETCS IAPA3UTHOM M NPUCYTCTBYET B U3MEPEHH-
X 32 CYET MOTOKA MOJIS B MOIIOKKE, TO €€ HE0OXO-
JMMO MHHAMH3HPOBATh 3a CY&T BBIOOpa Marepuaia
TOJUIOKKH, COOTHOIIEHHUST MEXKIIEKTPOIHOTO 3a30pa
¥ TOJILIMHBI TIOJIOKKH b.

[IporpamMmbl Jyisi MOJEIMPOBAHHKS TIOJIEH CEHCO-
pa ObUIM HATTKCAHBI C UCTIONB30BAHUE CHCTEMBI KOM-
MBIOTepHOI MateMaTuku MAPLE.

ny+n,

Clg =L 2 0, (x)1;

i=n+1

.ty

Ch=L Y

i=n+..+ny+l

MogaeanpoBaHue, IKCNIEPUMEHTAIbHbIE
pe3yabTaThl

Bri0op maroB pa3OueHusi MOBEPXHOCTH 3JICK-
TPOJOB I 3aJaHHOI0 YMCJIa YYaCTKOB 711y + ... + 1y,
MPOBEPKa CXOIMMOCTH YUCIIEHHBIX PacuETOB EMKO-
CTH C TOYHBIMH PEHICHUSMH TPOBOAMIACH JIUIS YaCT-
HOT'O cily4ast OMHOPOIHOH cpensl (g, = €, = 1), korma
HAKJIaIHOM U3MEPUTEIIbHBIA KOHJICHCATOP HAXOINII-
cs B BO3/AyXE, a TOJIIMHA 3JIEKTPOJOB OECKOHEYHO
masa d=0,001 mm. Takas KOHCTpPYyKUMsI omHcaHa
B pabote [13]. 3nauenus EMkocTe 11 He€ BBIUUC-
JSUTACh METOIaMHU KOH(OPMHBIX OTOOpaXKCHHH |
HETIOCPEACTBEHHOTO OMpEAeNeHUs HAMPSKEHHOCTH
AIIEKTPUIECKOTO OIS PacXok/1eHus B BRIYMCIICHUN
MEXKINEKTPOAHBIX EMKOCTEH COCTaBISIIOT MEHEe
0,01 %.

IIpoBepka aJeKBaTHOCTH MOJICIH PEATBHOM
KOHCTPYKIIMM OCYIIECTBIISUIACH UISI CEHCOpa, BBI-
MTOJTHEHHOTO Ha OJHOCTOPOHHEM (hOJIBIMPOBAHHOM
teione (e =2,3) rtommmuHOM b =1 MM, TONIIH-
Ha (ompru (dmekrpomoB) d = 0,035 MM ¢ mIHHOMN
ANEKTPONoB L = 62 MM, YUCIOM CEKUUU 6, pazMep
ceKuuu 7 =4 MM, LIMPUHA IEKTPOLOB 7y =1 MM,
MeTalIM3alus MOBEPXHOCTH ceHcopa 2ry/r=0,5.
[Ipu TEXHOTOTUYECKOM TPABICHUU DIECKTPOIOB
HE yIalloCh BBHIIEPIKATh BCE pa3Mephbl JIEKTPOIOB
crporo. IloaToMy ¢ MOMOIIbIO MHKpOCKONa Mpo-
BOAMIIUCH H3MEPEHUS] TEOMETPUUYECKUX pPa3MepoB
JIEKTPOJOB. 3aTeM HAXOAMJIUCH CPEAHHME 3HAUYEHUs
TEOMETPUUYCCKUX Pa3MEpPOB 3JIEKTPOIOB, BBIUUCIS-
Jlach MeTaJuIM3alisl W MOBEPXHOCTH (MeTasiu3a-
[Us TTOBEPXHOCTH CEHCOpa — YacTh MOBEPXHOCTH,
3aHATas METAJUTMYECKUMHU AIEKTPOIaMu ), IPOBOIU-
JIUCh PACUETHI.
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3ajaya ONTHMH3ALMK PACYETOB CBOJWIACH
K OTBICKAaHMIO JIMIIb OJHOI'O ONTHMAJIBHOI'O 3Ha-
YEHUS 3HAMEHATEIIsI FEOMETPUUYECKOM ITPOrPeCCHH ¢, g,=3, eaml<z=<l;
KOTOPOMY COOTBETCTBYECT MAKCHMAJIbHOE 3HAYCHHC  g(z)=1g, =2,3, ecmn —1 <z <0;
pacuetHoil émkoctu C,, MEXIy 3JeKTpomamu 1 u
2 mpu 3aJaHHOM 4YHCJIE€ MHTEPBAJIOB 4, pa30OMeHUs
MOBEPXHOCTEN 3JEKTPOJIOB. DTO CBSI3aHO C TEM,
YTO CXOAMMOCTb PAcdYETHOrO 3HAUYEHUS EMKOCTH
ceHcopa ¢ TOYHBIM 3HAYEHHEM B 3aBHCHUMOCTH OT 71 Busyanuzauusa mons mpoBogwsiack IMocie Ha-
NPOUCXOJUT CHU3Y. Hanbonbinee 3HaueHNE pacy€T-  XOKACHHUS JUCKPETHBIX 3HAUYCHHWH pacIipeieeHHs
Hol €mMKocTH Cj, MEXIy dIeKTpoaaMu 1 n 2 ObUI0  [OBEPXHOCTHOH IUIOTHOCTH 3apsiaa Gy(x), 0,,(x)
JOCTUTHYTO TIpHM IIare MHTerpupoBanus ¢ = 0,3  Ha 3MeKTpOAax CEHCOpa, BHIIOIHEHHOTO Ha MOIOXK-
hinié:t ni=5. OTHoOcUTENbHAsS OIMMOKA YHCICHHOTO Ke W3 teona tommuuo b = 1,00 mm. Tommuna
pacuéra, COOTBETCTBYIOLIAsl 3TOMY LIary MUHTETPHU- (honeru (anexrponoB) d = 0,035 MM, UTMHA ITEKTPO-
poBanus, cocraBuia 1,65 %. 10B L = 62 MM, uiciio cexuuii N = 6, pasmep CeKIuu
r =4 MM, IIUpUHA NIEKTPOIOB ¥, = 1 MM, MeTa/Iu-
3alMs HOBEPXHOCTH ceHcopa 2r,/r = 0,5. Pacuétnoe
pacnpeneneHne 3apa/aa MpeaCcTaBIeHO Ha PUCYHKE 2.

st 3TOrO Ke ceHcopa BBIIOJNHSUICA pacyéT  3HaueHHs IOTEHLHANOB TOYEK IIOJA pPacCYUThIBA-
JIEKTPUYECKOTO TOJIS B TPEXCIONHON cpene: JMCh B OJUIOkKKe —b <z < 0:

g, =1, ecml<z

g,=3, eam-2<z<-I;

g,=1 ecmmz<-2.

Pacuér noss ceHcopa, nocTpoeHue KAPpTHHBI
noJist

— 27[[ 1 21 B (v d +2)+B, Ay (x, 2h—d +2) + B, AW, (x, 2b+d —z)+
1~0 =

+B§IB12?\’23WU('X5 2(h+b)+d—z)+7\’23ﬁ217\’21\‘!1i(x’ 2h+d+Z)+}\‘23B§1B127\’12W1i('x’ 2(h+b)+d+Z)+
B, ALW, (%, 2b+d +2) + MBI BLY, (v, 2Qh+b)+d +2) + A B B,y (x, 2(h+D)+d +2)+

+B21B127"237\'12W1i(xa 2(h+b)_d_Z)+7\'§3B§IBIZ\Ij1i(x’ 2(2h+b)—d—Z)]+. 1 > 4 I[le\Vzi(va)—l'

i=n+.Any+

+[7\‘23B21w2i(x’2h+z)+}\’12B21W2i(x72b_z)+}\’23B§IBI2\I]11‘(X9 2(h+b)_Z)+7‘237"21B21W2i(x52h+Z)+
+}\‘23B§IBIZ7\’12W11‘(X72(}1+b)+Z)+BlefZWIi(x72b+Z)+}\’§3B;1B122W1i(x’ 2(2h+b)+Z)+
+7\’23B§16127\’12W1i(x52(h+b)+Z)+6216127\’237\'12“]11'()6’ 2(h+b)_Z)+7”§3B§12 12 li(x’ 2(2h+b)—Z)].

o(x), AHaNOTUYHBIE PACUETHI POBOIMINCH U B OCTAITh-

pKl/m HBIX cpefax. B uTore ObUTH MOITyYeHbI MACCHBBI 3HA-

YeHni moteHmaina V(x, z). VI3 momydeHHBIX MaCCHBOB

BBIJICITSUIHCH TTOJMACCUBBI ¢ KOOPAWHATAMH, JHCKPET-

1 HO OIHMCHIBAIOIIMMA 3HAYEHHS 3KBUIMOTECHIMAIBHBIX

AN - 3 JMHUH. [ DOCTpOEHNS JINHUIA HANPSKEHHOCTH IOJb-

30BAJIMCh CBOMCTBOM: B KayK0H TOUKE MOJIS IMHUU K-

BUIOTEHIIMAJICH W JIMHUY HANPSLKEHHOCTH TIEPIICH/TH-

KyIspHBL. [Ipr 5TOM yIHUTBIBAIIOCH, YTO SKBUITOTEHITH-
aJTbHBIE JIMHAHN 330al0TCS TUCKPETHBIMHA TOYKAM.

B c¢Bs13u ¢ 3THM OBLTO IPUHATO PEIICHNE U300pa-
3WUTh JTMHAN HAPSHKEHHOCTH B BHUJIE BEKTOPOB HATIPSI-
JKEHHOCTH C HOPMHUPOBAHHOM UTHHOW. BEIOMpast koop-
PucyHok 2 — PacnipesiesieHie  TOBEPXHOCTHOW IUIOTHO-  IHATHI OMIMYKANIIMX TOYEK JIMHUK SKBUITOTCHIHAIIECH
CTH 3apsaa Ha 3JeKTpojax: 1, 2 — co CTOpOHBI KOHTPOJIH- M(x;;y)u M., (x;,; Vi1, ), cTpomcs Bektop E; (v, —
PYEMOro JU3JIEKTPUKA; 3, 4 — CO CTOPOHBI MOJI0KKH — Yi:X, — x;,,), ynosnersopsoutuii E, L M. M., ,. s
Figure 2 — Distribution of surface charge density on the =~ COOTBCTCTBHUA MacIITabupOBaHUs BBOLHIICS KOd(hu-
electrodes: 1,2 — from the side of the controlled dielectric; ~ IMEHT k U, yIUTHIBAIACHh HOPMUPOBKA. 3aT€M CTPOMII-
3, 4 — from the side of the substrate Cs1 BEKTOP HANPSLKEHHOCTH SJIEKTPUYECKOTO MOJIS:

V(x,z)=

100

-100+
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PacuérHas xapTHHA 3JE€KTPUYECKOTO IOJIS CEH-
copa mpezacTasieHa Ha pucyHke 3. Kapruna moms
IaéT MpecTaBlieHHE O XOAE CHIJIOBBIX JIMHUH, O €ro
pacnpeneneHur. BumHo, 4TO TOJie HEOJHOPOIHO.
TouHnoe 3HavYeHWE TTYyOMHBI MPOHUKHOBEHHUS JIICK-
TPUYECKOTO TOJISI OMPENEIUTh HEBO3MOXHO [13, 5,
15]. dnst ceHCOpOB OKAMMIISAIOIIETO JIECKTPUUECKO-
IO IOJISL C 9KPAHOM B IOIJIOKKE SMIIMPUUECKHU CBSI3b
MEXIy ITyOWHOW MPOHMKHOBEHHUS /i M TPOCTpaH-
CTBEHHBIM MEPHUOJIOM JIEKTPOJIOB 27 IPUMEPHO MPH-
wumaetcst [15]: h=2r/4 +2r/3, tne h — >3pdexTus-
Hasi TyOMHA MPOHUKHOBEHUS 3JIEKTPUUYECKOTO OIS,
r—pasMmep ceKuuu. [ 1yorHa 30HbI KOHTPOJIS AJ15 CEH-
copa OTKPBITOTO THIIa OLIEHNBaJIach U3 3aBUCUMOCTH
HOpMHpOBaHHOH EMKOCTH C(z) OT OTHOCHUTEIBHOTO
paccTostHus z = /i/r A0 TUIOCKOCTH, B KOTOPOH JIeKaT
ANEKTPOABI (PUCYHOK 4). [ myOrHa 30HBI KOHTPOJIS CO-
OTBETCTBYET MOJIOXKEHHUIO Z,,, KOTZIa Pa3Inuue MEXILy
€MKOCTBIO B TIOJIOKEHHUHU Z; I MAKCUMAaJIbHOM EMKO-
ctbto C,,, (z=00) paBHO 3 % OT pasnuuus MexIy
caMOW MaKCUMaJIbHOM M MUHMMaJIbHON EMKOCTSAMHU:
c-C,

E. =

1

C(zy)) = " 100% = 3%.
Cmax_cmin
y, mm
3 c,
2 1\‘\,\ + ,\/"J"
1 "M;\X 1 /((/\/*’—
, T e
PR
2 _:f/s/f L y\‘\*
3| 8
o 1 2 3 Xmnm

Pucynok 3 — PacuétHast kapTHHA 3JIEKTPUYECKOTO TOJIS
ceHcopa c b =1 MM u 7 =4 MM: CTpENIKaMU YKa3aHbI BEK-
TOPBI HANPSKEHHOCTH, CIUIOIIHBIMU — DKBHUIIOTEHIUAIIb-
HBIE JINHUHU TI0JIS1 CEHCOopa

Figure 3 — The calculated picture of the electric field
of the sensor with » = 1 mm and » =4 mm: arrows indicate
the intensity vectors, solid — equipotential lines of the
sensor field

C(z) 100 4
90 -

0

0,5 1

Pucynok 4 — 3aBUCHUMOCT HOPMHPOBAaHHOW EMKOCTH
C(z) ot oTHOCHTENBHOTO paccTostHus z. Kpusble 1, 2, 3
Ut MeTasu3arun nosepxuoctu 0,25, 0,5 u 0,75 (yBenu-
YEeHHUE CJI0S AMAIIEKTPHUKA), KpUBbIE 4, 5, 6 U1 MeTanim-
3aruu nosepxuoctu 0,25, 0,5 u 0,75 (ymeHbIIeHHE CIIOS
JIUDJIEKTPUKA)

Figure 4 — The dependence of the normalized capacitance
C(z) on the relative distance z. Curves 1, 2, 3 for metalliza-
tion of the surface 0.25, 0.5, and 0.75 (increase in the
dielectric layer), curves 4, 5, 6 for metallization of the
surface 0.25, 0.5, and 0.75 (reduction of the dielectric
layer)

Kpusbie 1, 2, 3 mnocTpoeHbl il CEHCOPOB
¢ Merayuuzanueit nosepxnoctu 0,25, 0,5 u 0,75 co-
OTBETCTBEHHO M OTHOCSTCA K CIy4ar0 YBEIWYCHUS
CJ0s JKUJIKOTO NTUANIEKTPUKA, KpuBbie 4, 5, 6 K €ro
YMEHBIIICHUIO. AHAIN3 KPUBBIX TOBOPHUT O COBIAJIE-
HUY TITyOWH 30H KOHTPOJIS HE3aBUCHMO OT METaJLIH-
3alliU TIOBEPXHOCTH CEHCOPOB. ['TyOnHa 30HBI KOH-
TPOJISE JUISL CEHCOpa OTKPBITOTO THIIA JISKHT B TOM XKe
JMara3oHe, 4TO U TITyOnHa 30HBI KOHTPOJIS JUIS CEH-
COPOB OKANMIISIFOIIETO AIIEKTPUYECKOTO TIOJISL.

3akjaouyeHue

Pazpaborana Monenb, MO3BOJSIONIAS ITPOBO-
UTh 000CHOBAaHHBIN BHIOOP KOHCTPYKIIMW H TIapa-
METPOB AIIEKTPOEMKOCTHOTO CEHCOPA OTKPBITOrO
THIIA, ONIPEAEIISATH METPOIOrHUECKUE XapaKTEPUCTH-
KU H3MEPUTENBHOIO YCTPOMCTBA, pEIIaTh BOIMPOC
TEXHUYECKOH OCYLIECTBUMOCTH IOCTaBJIECHHOM 3a-
naund. OTCyTCTBUE DKpaHa B MOJJIOXKKE SIBISIETCS CY-
LIECTBEHHBIM MOMEHTOM MPU KOHTPOJIE TUAIEKTPU-
YeCKUX JKHUIKOCTEH.

Pa3paboTku ycTpOWCTB KOHTPOIIS AMAICKTPH-
YECKOW MPOHULAEMOCTH >KUAKOCTEH MOCPEACTBOM
3€pKajJbHO-CUMMETPUYHBIX CEHCOPOB CO IIHUTOM
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Dapazest MO3BOJIAT NMPOBOAUTEH SKCIPECC KOHTPOIb
BHE J1a00paTOpuii, OCYLIECTBISATh YHAJIEHHBIM MO-
HUTOPUHI' CMA304HbIX, TPaHC(HOPMATOPHBIX Macell,
THAPaBINYEeCKUX kuakocted. [lpn stom umcnen-
HbIE pacuéTbl HE TPeOYIOT CEphe3HOT0 KOMIIBIO-
TepHOro obecnedeHusi. Pacy€rbl BBIMOIHAIOTCS
C BBICOKOH TOYHOCTBIO.
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N3mepuTeabHbIN IPeodpa3oBaTe/ib 1Js éMKOCTHOIO CEHCOPA
BO3IYLIHOI'0 3a30pa B TMApPOreHeparope

A.C. JleBunkuii, E.A. 3aiines, B.A. bepesnudenko, A.E. CyxopykoBa

Hnemumym snexmpoodunamuku Hayuonanvrotl akademuu Hayk Ykpaumsl,
np. Ilobeowl, 56, 2. Kues 03680, Yrpauna

Tlocmynuna 22.01.2020
Ipunsama x nevamu 04.03.2020

OpHUM 13 BaKHEHIINX MapaMeTpOB MOLIHBIX THAPOICHEPATOPOB SIBISICTCS BO3LYLIHBIN 3a30p MEXKIY
POTOPOM U CTATOPOM, U €r0 OTKJIIOHEHHUE OT 3aJaHHBIX HOPM SIBIISETCS 1e(hEKTOM, KOTOPBIH MOXKET IPUBECTH
K cepbE3HbIM aBapusiM. [losTomy BesnmunHy U GopMy 3a30pa HEOOXOIUMO KOHTPOJIMPOBATH KaK BO BPEeMs
OCMOTPOB, TaK M IPHU 3KCIUIyaTauuu MamuHbl. Llenpio qanHON paboThl ABIsUIACH pa3paboTKa BTOPHYHOTO
HU3MEPUTENLHOI0 peoOdpazoBaresist, 00eCIeUNBAIOLIETO TOYHOCTh U PAa3pPEILAIOILyI0 CIIOCOOHOCTD, IS EM-
KOCTHOT'0 CEHCOpa 3a30pa, 00pa30BaHHOI0 KOMIUIAHAPHBIMU MaPaJUICJIbHBIMU 3JIEKTPOAAMH.

PaccmaTtpuBaloTcss 0COOCHHOCTH H3MEPEHHsI BO3IYIIHOIO 3a30pa B MOIIHBIX THAPOICHEPATOpaXx,
a TaKKe CYLIECTBYIOLIME COBPEMEHHbIE METOIbI U CpeAcTBa n3MepeHuil. [lokasaHo, 4To IUId M3MeEpeHUs
3a30pa B TUAPOTCHEPATOPax OAHUM M3 HauboJiee MOIXOAAIIMX CPEIICTB ABISIETCS U3MEPHUTEIb, B COCTaB KO-
TOPOT0 BXOAUT EMKOCTHBII CEHCOp, YCTaHABJIMBACMbI Ha pacTouke cepAcyHHuKa craTtopa. CepuitHO BhIITY-
CKaeMble U3MEPUTEIH 3a30pa ¢ EMKOCTHBIMU CEHCOPAMH 110 CBOUM HEKOTOPBIM XapaKTEPUCTHKAaM HE BCEr/ia
MOJXOAT JUIS UCIIOJIB30BaHUS B THAPOr€HEPATOPAX.

[Ipensio’keH BTOPUYHBIA H3MEPUTEIbHBIM IPeoOpa3oBaTelb C YIYUYILICHHBIMH XapaKTePUCTHKAMH
111 EMKOCTHOT'O CEHCOpa 3a30pa, 00pa30BaHHOTO KOMILIAHAPHBIMH MapaJuICIbHBIMU 3JIEKTPOAAMHU.

[IpeoOpasoBarenb pa3paboTaH Ha OCHOBE YPaBHOBELICHHON KOMIIEHCALIMOHHO-MOCTOBOW H3MEPUTEIIb-
HOW nenu ¢ GOPMHUPOBAHMEM YINPABISIOIEIO BO3ACHCTBUA 1O (a3e curHaga HepaBHoBecus. [IpuBenena
CTPYKTYypHasi cxema npeoOpa3zoBatesis 1 OIUCaH aaroput™ e€ padotsl. Paccmorpen mponecce popmuposanus
B CXEME U3MEPUTENIFHOTO BBIXOHOI'O CUTHAJIA, IPOIIOPLHOHAIBLHOTO paboueit EMKOCTH ceHcopa.

[IpumeHeHne EMKOCTHOIO CEHCOpa C KOMIUIAHAPHBIMU IapajuICJIbHBIMU JIEKTPOJAMH U Ipel-
JIOKEHHOTO BTOPUYHOI'O M3MEPUTEIBHOTO MPeoOpa3oBatTesis MO3BOIUT 00CCIIEUUTh BBICOKYIO TOYHOCTH M
Ppa3peIIaonIyIo ClIOCOOHOCTh MPH U3MEPEHUH BO3AYIIHOTO 3a30pa.

KirueBsble ciioBa: TUAPOreHepaTop, BO3I[yHlHLII>'I 3a30p, €MKOCTHBIHI CCHCOp, I/I3MCPI/ITCJ’ILHLII71 npeo6pa30—
BaTcClib.
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Abstract

One of the most important parameters of powerful hydro generators (HG) is the air gap between the rotor
and the stator, and its deviation from the set norms is a defect that can lead to serious accidents. Therefore,
the size and shape of the gap must be monitored both during inspections and during operation of the machine.
The aim of this paper was to develop a secondary measuring transducer providing accuracy and resolution
for a capacitive gap sensor formed by coplanar parallel electrodes.

It is shown that the reliability and safety of operation of powerful HG inextricably depend on the timely
detection of their defects, especially during operation. One of the most important parameters of the HG is the
air gap between the rotor and the stator, and its deviation from the set norms is a defect that can lead to serious
accidents. Therefore, the size and shape of the gap must be monitored both: during inspections and during
operation of the machine. The paper discusses the features of measuring the air gap in a powerful HG, as well
as existing modern methods and means of measurement.

It is shown that for measuring the gap in capsule HG, one of the most suitable means is a meter, which
includes a capacitive sensor mounted on a central bore of the stator core. Commercially available gap meters
with capacitive sensors are not suitable for use on HGs. Commercially available meters with capacitive
sensors, by their certain characteristics, are not always suitable for use on HGs.

A secondary measuring transducer with improved characteristics is proposed for a capacitive gap sensor
formed by coplanar parallel electrodes.

The converter is developed on the basis of a balanced compensation bridge measuring circuit.

The control action in the device is formed by the phase of the unbalancing signal.

The structural diagram of the converter is presented and the algorithm of its operation is described.
The process of forming a measuring output signal proportional to the sensor working capacitance in the
circuit is considered.

The use of a capacitive sensor with coplanar parallel electrodes and the proposed secondary measuring
transducer will ensure high accuracy and resolution when measuring the air gap.

Keywords: hydro generator, air gap, capacitive sensor, measuring transducer.
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BBenenue

OnHUM M3 caMbIX OMACHBIX Je(PEKTOB KpyII-
HeIX ruaporenepatopoB (I'T) sBasercs Hapye-
Hue (GopMBI U M3MEHEHHE BEIUYMHBI BO3IYLIHOTO
3a30py MEXIy poTopoMm u ctatopom [1-3]. Takoit
neQeKT MOXKET MPUBECTH K CEephE3HBIM aBapusiM
C 3a/IeBaHUEM POTOpA 3a CTATOP, Pa3pylICHUEM 00-
MOTOK, CTaJIi cTaTopa W mnoirocoB. [losBienue ne-
(exTa BBI3BIBACTCSA BO3/ICHCTBHEM Pa3IMYHbIX SIBJIC-
Hu#t B MammHe. CoriacHo [1, 2] Bo3ayIIHbIE 3a30pbI
MEXJy CTaTOpPOM M POTOPOM B THApPOTE€HEepaTopax
B JMAMETpPAIbHO  TMPOTHBOIOJOKHBIX  TOYKaX
HE JIOJDKHBI OTJIMYAThCS Jpyr OT Jpyra Ooisee
yeM Ha 20 % OT cpellHero 3HaueHus1, €clii HHCTPYK-
UUSIMH M3TOTOBHTENISI HE MPEAYCMOTPEHBI Ooiiee
skécTkue HOpMbL. [[ns kancynpHbIX I'T, B KOTOpBIX
BO3JYIIHBIA 3a30p COCTaBISET BCEr0 HECKOJIBKO
MUJJIMMETPOB, OTKJIOHEHHE 3a30pa OT HOpMHpYe-
MBIX 3HAYCHUH SBISETCS OCOOCHHO OMACHBIM.

[MosToMy juist  oOecriedeHHs HOPMAIBHOTO
¢yHkunonupoBanus [T BenmuuuHy BO3IYIIHOTO 3a-
30pa HEOOXOJMMO KOHTPOJIUPOBATh KaK MpH IMepu-
OJIMYECKUX OCMOTpax, TaK U, YTO OCOOEHHO BaXKHO,
B IIpOLECCe IKCILTyaTaluH.

B nacrosiee Bpemst U3BECTHBI U3MEPUTEIH BO3-
JYLITHOTO 3a30pa, NPUHIUI JAEHCTBUSA KOTOPBIX OC-
HOBaH Ha Pa3NUuYHBIX NpUHIKNAx. Tak B padote [4]
ONMCAHBl YJIBTPA3BYKOBBIE HM3MEPUTENIH, COCTO-
SIIMe W3 ABYX Map YJIbTPa3BYKOBBIX HpeoOpa3oBa-
TeJel, yCTaHaBJIMBAaEMbIX B BEHTHJISILIUOHHBIX KaHa-
nax cratopa ['T. OgHako Takue MpHOOPHI MOXKHO
MIPUMEHATh TOJIBKO HAa OCTAHOBJIEHHOW MalluHe,
TaK KaK CUJIbHBIE MATHUTHBIE 10JIS, CYIIECTBYIOIINE
BO BpeMsi pabOThl MAallMHBI, OKXYT pa3pyllaro-
iee BO3ACHCTBHE Ha TIEPBUYHBIC TIPE0OPA30BATEIH.
B pabore [5] omucana cuctemMa KOHTPOJIS BO3AYIL-
HOTO 3a30pa OOJIBIINX HU3KOCKOPOCTHBIX CHHXPOH-
HbIX I'T', B KOTOpO#1 NPUMEHEHBI UHYKTUBHBIE CEH-
coppl. Tak Kak 3TH CEHCOpBI B CBOEM COCTaBE CO-
Jiep’KaT HAMOTAaHHbIE KaTYIIKH, TO UX TAKXKe Helb3s
HCIIOJIb30BaTh Ha padoratomiem [T

Cpenu cCOBpeMEHHBIX U3MepUTeNIel BO3IyIIHO-
IO 3a30pa MOIIHBIX IEKTPUUYECKUX MAIIHUH (B TOM
yucie u I'T") Hanbonpliee pacnpocTpaHeHUe MOy-
YWIA U3MEPUTENIN C HCIOJIb30BaHWEM EMKOCTHBIX
ceHcopoB [6—9]. CeHcopbl TUX CHUCTEM IOMeIIa-
I0TCSL B 3a30pe Mexay craropoMm u poropoMm IT u
3aKpEeIUISIIOTCST Ha PAcTOYKe CepjAeYHHKa CTaTopa.
Hocrarounass nH()OPMATHBHOCTh KOHTPOJSI C HC-
MOJIb30BAHMEM 3THUX CHCTEM, OCOOEHHO MpH KOH-
Tposie (HOpMBI CEpACYHUKA, JOCTHrAaeTCsl 3a CUET

OmnpesesIEHHOTO KOJIMYECTBa CEHCOpoB. Tak ¢ wuc-
nmoyib30BaHuEM cucteMbl AGMS [6] mnsa ompenerne-
HUS COCTOSIHMSI Bo3aymHOro 3aszopa I'T ¢ potopom
10 7,5 M B 1MaMeTpe peKOMEHAYETCsl UCIOIb30BaTh
YeThIpe CeHcopa, oT 7,5 1o 12 M — BoceMb CEHCOPOB,
Oosiee 12 M — ABeHaALATh WIM HIECTHAAUATH CEH-
COpOB.

OpnHaKo KOHCTPYKTHBHBIE OCOOEHHOCTH CEHCO-
POB ¥ HEKOTOPBIE TEXHNYECKHE XapaKTEPUCTUKH EM-
KOCTHBIX H3MEpUTENIeH He yIOBIETBOPSIOT TpeOoBa-
HUSM, KOTOpPbIE IPEABSABIAIOTCS K IprOOpam, mpea-
Ha3HA4YeHHBIM JUIs Ucronb3oBanus Ha [T ¢ mambim
HOMUHAJIBHBIM BO3IYLIHBIM 3a30pOM (Hampumep,
kancynpHBIX [T THma CI'K 538/160-70 [2]). Kpome
3TOro, B MaclopTax HM3MepHUTeNell He YyKas3bIBaeT-
Csl TakOW MmapameTp, Kak OBICTPOAEWCTBHE. A 3TOT
napaMeTp, KOTOPBIA B OONBIION CTETEHH OTpee-
JIIeT JOCTOBEPHOCTh H3MEPEHMs 3a30pa, 3aBUCHUT
OT 4ucyia 000pOTOB POTOPA MAILIMHBI, YUCIIA MOJIIO-
COB U IMaMeTpa PACTOYKH CEPACYHHUKA CTATOPA.

PesynpraTel uccnenoBaHull EMKOCTHOIO W3-
MepHTeNsl 3a30pa, MPEACTaBICHHOTO B padote [2],
JAI0T BO3MOXKHOCTh Pa3padoTaTh CEHCOP, KOTOPBIN
MOJKeT OBbITh UcToNb30BaH B [T modoro tuma ¢ Ho-
MUHaJIBHBIM 3a30poM 10 50 mm. CeHcop mpeacTaB-
JIsIeT co0O0i MmIacTHHy, Ha KOTOPOi chopMUPOBAHBI
paboumii MOTEHIMATIBHBIH JJIEKTPOA M OXPaHHBIN
95eKTpoJl. OXpaHHBIA BJIEKTPOJ PACHOIOKEH BO-
KpPYI' HOTEHUMAIBHOIO 3JIEKTPOJa U HUMEET TaKoi
e TOTEeHIINaJ, HO TAJIbBAHWYECKH C HUM HE CBS3aH.
[Ipu KOHTpOJIE N3MEPSIOT WIEKTPUUECKYIO0 EMKOCTh
MEXIy pabounM [TOTEHIMATbHBIM 3JIEKTPOJOM H 3a-
3eMIIEHHBIM noJirocoM poropa I'T. Takas reomerpust
U MOTEHLUANBI JIEKTPOJIOB CO3/1al0T PaBHOMEPHOE
0JI€ B 3a30p€ U3MEPHUTEIBHOIO KOHACHCATOPA, YTO
JAET BO3MOYKHOCTh YCTPAaHUTh BIHMSHHE KPAaeBBIX
3pPEeKTOB Ha TOYHOCTH H3MEPEHUs. YCTPOICTBO
MMEET BBICOKHE METPOJIOTMYECKHUE XapaKTePUCTUKH,
B TOM YHCIIe U OBICTPOJICHCTBHE, HO €r0 HEJO0CTAaT-
KOM SIBJISIETCS CJIO’KHOCTh BTOPUYHOTO U3MEPUTENb-
HOT'0 Ipeo0pa3zoBaTes.

Ha pucynke 1 npezacraBiena cxemMa yCTaHOBKH
€MKOCTHBIX CEHCOpPOB BO3IYIIHOI'O 3a30pa Ha pac-
Touke cepaeunuka craropa I'T tuma CI'K 538/160-
70M, B KOTOPOM HOMHUHAJIHHBIA BO3MYITHBIA 3a30D
cocTaBisieT 6 mm [2].

B pabote [10] mpoBeneHsl Hccie0BaHUS, T10-
3BOJIAIOLIME Pa3paboTaTh EMKOCTHBIM CEHCOp 3a30-
pa, BBIIIOJTHEHHBIHM B BUJIE IBYX MapajlieIbHBIX KOM-
IUTAHApHBIX JJIEKTPOJOB C HEKOTOPBIM 3a3€MIIEH-
HBIM TIPOMEXYTKOM MEXIY HUMH. DJIEKTpUUECKas
€MKOCTh MEX1y KOMIUIAHAPHBIMU 3JIEKTPOJIaMHU
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W3MEHSETCSl MPAKTUYECKH JIMHEWHO C WM3MCHCHU-
eM 3a3opa. Mcnonb3yst pe3yabraTbl HCCIIEI0BaHUH,
COOTBETCTBYIOIIUM 00pPa30M H3MEHSISI T€OMETPHIO
ANIEKTPOJIOB, MOXKHO CO3/IaTh CEHCOP TAKXKE Ha Jua-
ma3oH u3MepeHus 10 50 MM.

EMKOCTHBIX

Pucynok 1 — Cxema ycTaHOBKH CEHCO-
pPOB 3a30pa Ha CEp/ACYHHKE CTaTopa THAPOTEHEpAaTOpa
CT'K 538/160-70: 1 — EMKOCTHBIC CEHCOPHI

Figure 1 — Installation diagram of capacitive gap sensors
on the stator core of the hydrogenerator SGK 538/160-70:
1 — capacitive sensor

s paboThl ¢ CEHCOpOM AAHHOTO THMNA OBLT
pa3paboTaH BTOPUYHBIN MMpeoOpa3oBaTellb HA OCHO-
BE MUKpocxeMbl AD7745, npeodpa3zyroueit EMKOCTb
ceHcopa B 24-pa3psimHBIN KOJ. | TaBHBIM TIpenMy-
IIECTBOM YCTpPOMCTBA SBJISIETCA TO, YTO BTOPHUYHBIN
nmpeoOpazoBaTellb KOHCTPYKTHBHO —pa3MenaeTcs
HEMOCPE/ICTBEHHO Ha IUIaCTHHE CEeHCOopa, PsAIoM
C €ro 2IEKTPOJaMH, YTO TIO3BOJISIET CBOIUTH K MH-
HUMYMY BIUSTHHE TIapa3uTHBIX HaBOJOK. Hemocrat-
KOM YCTPOICTBa SIBIISICTCS HaJM4YME 3HAUYNTEIHHOMN
MUHAMHAYECKOH  TOTPENTHOCTH, OOYyCIOBICHHOU
CKOPOCTBIO BpAIlleHHs1 pPOTOpa MAIIUHBI U pa3Mepa-
MU TIOJI0COB poropa. [loaTomy m3mepurens 3a3opa
TaKOro THIA B OCHOBHOM MOXET OBITh NCTIOJIb30BaH
Opd OCMOTpax M PEMOHTaX MaIIUHBI, T. .
MIPH MAJIBIX CKOPOCTSIX BPAIIEHHS POTOpA.

lenpro naHHOW pPabOTHI SIBISIACH Pa3padoT-
Ka BTOPHYHOTO H3MEPHUTEIHHOTO IpeodpazoBaTe-
7151, 00ECIIeUNBAIOIIETO TOYHOCTh M Pa3pelialonyro
CIOCOOHOCTh, I EMKOCTHOTO CEHCOopa 3a30pa,
00pa30BaHHOTO KOMIUIAHAPHBIMH TTapayljiebHBIMU
JJIEKTPOJIaMHU.

EMKkocTHBIIi cencop

KonctpykTrBHas cxema €MKOCTHOTO CEHcopa
C KOMIUIAHAPHBIMU I1apauIeiIbHBIMU 3JIEKTPOAAMHU
nokaszaHa Ha pucyHke 2 [10].

bt

Pucynox 2 — KoHCTpyKTHBHAs cxemMa EMKOCTHOTO CEHCO-
pa3a3opa ¢ IByMsI KOMIUIaHAPHBIMH MapauIeTbHBIMH AJIEK-
TpoIamu: ¢ — OOIIUI BUJ] CEHCOPA; b — MOTIePEUHBIH pa3pes3
CeHcopa; | — BHICOKOMOTEHIMAIBHBIH 3JIEKTPOJ; 2 — HU3-
KOTIOTCHIIMATGHBIN AJIEKTPOJ;, 3 — HU3KOIIOTCHIINATLHBIH
OXpaHHBIH DJIEKTPOM; 4 — IMANEKTPUYECKasi I10UI0KKA;
5 — MeTajuIMuecKas MOJJIOKKa; 6 — 3a3eMJIEHHBIA IOJII0C
potopa; L, — anuHa snekrpona 1; L, — nnuHa anektpoaa 2;
Ly=0,5(L, —L,); b, — mupuna snexrpoaa 1; b, — mumpuna
JMEKTpoJa 2; § — PaCCTOSHUE MEXKAY dJIeKTpomamu 1 u 2;
d,—HavanmbHOE paccTOsIHUE (HAYaIbHBIN 3a30p) MEXKIY
00111 TIOCKOCTRIO 31EKTPOIOB 1, 2, 3 M MOIFOCOM POTO-
pa 6; Ad — u3meHeHue 3a30pa d,); 1 — U30JLILUOHHbIE IIPO-
MEXYTKH MEXITy AJIeKTpoaaMu 1, 2, 3; t — ToIMHa TOHKO-
TUIEHOYHBIX METAINTMIECKUX 3IEKTpoIoB 1, 2, 3

Figure 2 — Capacitive gap sensor design with two coplanar
parallel electrodes: @ — sensor general view; b — sensor
cross section; 1—high potential electrode; 2 —low
potential electrode; 3 —low potential guard electrode;
4 — dielectric substrate; 5 — metal plate; 6 — grounded rotor
pole; L, — length of electrode 1; L, — length of electrode 2;
Ly =0.5(L, — L,); b, — the width of the electrode 1; b, — the
width of the electrode 2; s—the distance between the
electrodes 1 and 2; d, — the initial distance (initial gap)
between the common plane of the electrodes 1, 2, 3 and the
pole of the rotor 6; Ad — change in clearance; 4 — insulating
gaps between the electrodes 1, 2, 3; ¢ — thickness of thin-
film metal electrodes 1, 2, 3
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Onexrpuyeckast EMKOCTh C;, MEXIY JIEKTPO-
namu 1 1 2 u3MeHsieTcs ¢ U3MEHEHUEM PaCCTOSHUS
d=d,+ Ad Mexnay oOumell MIOCKOCTBIO 3IEKTPO-
noB 1, 2, 3 u nomrocom poropa 6. Hacte émxoctu C),
4yepe3 JUANEKTPUUYECKYIO IMOUIOKKY 4 COCTaBIseT
HUYTO)KHO MaJyl0 BEJIMYMHY, 3aBUCSIIYIO OT Mare-
pHana 1 TOJIIIMHBI CEHCOopa.

[lepemennas (nH(DOpMATHBHAS) YaCTh EMKOCTH
IpU BBINOJNHEHUU yCHOBHH Ly >>d,, h—0, t—0,
b,= b, = b onpenenseTcs BEIpa)KCHUEM:

2
€0,
C, =L | ,
12 2 4thn(s+2b)thns (M
4d 4d

rae g, = 8,8542- 1072 d/m — JAJIEKTPUYECKAsl MPO-
HUIIAEMOCTh BaKyyMa; €, — OTHOCHTEJIbHAsl -
ANIEKTPUYECKas MTPOHUIIAEMOCTh Cpelbl (I BO3ILY-
xa g, = 1,00056).

Bropu4HbIil H3MepUTEIbLHBIN
npeodpasoBare/b

Wsmeputenn, B cOCTaB KOTOPBIX BXOJIAT EM-
KOCTHBIE CEHCOPBI C KOMITJIAHAPHON CUCTEMOM JIeK-
TPOZOB, B OCHOBHOM TPHUMEHSIOTCS JJIsI HEpaspy-
[IAFOIIET0 KOHTPOJIS MaTePHUAIOB MPH OJHOCTOPOH-
HeM gocryre [11-19]. Tak, padora [11] mocssiena
TEOPETHYECKUM OCHOBAM CO3JIaHUSI W3MEpHTENeH
BIIQ)KHOCTH OPTOTPOITHBIX MAaTepHasioB (BOJIOKOH,
neHT, Oymaru, mmoHa u np.), [14] — usmepurenei
BIIAYKHOCTH YEJIOBEYCCKON KOXH, [15] — mpubopoB
KOHTPOJII KOMITO3UTHBIX aBHUAIMOHHBIX MaTepHha-
70B, [17] — mpuOOPOB KOHTPOJSA KadecTBa OETOH-
HBIX TUTUT, [16, 19] — mpuOOpOB I MCCIIeIOBAHUS
MHOTOCJIOMHBIX JUAJIEKTPUKOB. K coxanenuro, pe-
3yJbTAThl ATHX WCCIEIOBAHUN TMPUMEHHTDH IS pe-
[IeHNS 33]Ia9 U3MEPEHHS TIePEeMEeIIeHUN 3a3eMIIEH-
HOHM ITOCKOW ITOBEPXHOCTH OTHOCHTEIHHO OOIIeH
IJIOCKOCTH JIBYX KOMIUTAHAPHBIX HE TPEICTaBISAeTCS
BO3MOJKHBIM.

B manHoi#t pabore mis ceHcopa ¢ KOMIUTaHAp-
HBIMH TIapaJUIeIbHBIMH AJIEKTPOJIAMH TIpejiaraeT-
Cs BTOPHYHBIH TIpeoOpa3oBaTellb, OOECIeUNBarO-
I BBICOKHE METPOJIOTHYECKUE XapaKTEPUCTHKH,
B TOM YHCJI€ TOYHOCTh, Pa3peIaroIlyi0 CII0CO0-
HOCThb W ObICTpojelicTBHe. B ycrpoiicTBe €MKOCTD
ceHcopa npeoldpa3yercst B TOCTOSTHHOE HATPSKEHHE.
OCHOBOI yCTpOWCTBa SIBISIETCSI YpaBHOBELICHHAS
KOMIIEHCAIIHOHHO-MOCTOBAS IIeMb ¢ (hOPMUPOBAHH-
€M YIPaBISIONIETO BO3JIEHCTBHUS 1O (a3e CHrHaia

HepaBHoBecus [20]. ITockonbky EMKOCTh CeHcopa
OTHOCHUTEJILHO MaJia, IpU pa3padoTKe ObUIM MPHHS-
TBI MEPBI 110 3aIIUTE U3MEPHUTENS OT IAPA3UTHBIX EM-
KOCTEH U OT MIOMEX, B TOM YHCJIe KOMMYTAI[HOHHBIX.

VYnpouéanas 6J10K-cXeMa yCTpONUCTBa IpUBEIe-
Ha Ha PUCYHKE 3.

Pucynok 3 — briok-cxema TmipeoOpa3oBaTensi 3JICKTPH-
4eCKOW EMKOCTH JIaTYMKA BO3AYIIHOTO 3a30pa B ITOCTO-
SIHHOE HarpspkeHue: Ui — HCTOYHHMK ONOPHOTO Harpsi-
sxkenust; S1, S2 — kommyTtaTopsl; SG — KOMMYTallMOHHBIH
reHeparop; C,; — EMKOCTHBII CEHCOP BO3IYLIHOIO 3a30-
pa B ruaporeneparope; Cp — 00pa3LOBbIIl KOHIEHCATOD;
NSA — ycunutens curHana HepaBHoBecHs; Cg— Iapasur-
Hasl IIyHTHpYomas éMKocTh; PSD — da30uyBcTBUTENb-
HBII fAeTeKkTop; INT — uHTerparop; Ry, — PE€3UCTOp HHTE-
rparopa; C,;y,— KOHJEHCcaTop uHTerpaTopa; SLS — cxema
JMHEIHOT0 MacmTaOupOBaHHs

Figure 3 — Block diagram of the converter for the
electrical capacitance of the air gap sensor to direct
voltage: U, — reference voltage source; S1, S2 — switchess;

SG —switching  generator; C,;—capacitive  air
gap sensor in hydro generator; Cj—reference
capacitor; NSA —nonequilibrium  signal  amplifier;

C, — parasitic shunt capacitance; PSD —phase sensitive
detector; INT —integrator; R,;— integrator resistor;
C,yr— integrator capacitor; SLS — linear scaling scheme

B mnpemnokeHHOM u3MepuTene CTaOUIN3UpPO-
BaHHOE IIOCTOSHHOE HampsbkeHue Uy, OIOpHOro uc-
ToyHuka U, ¢ moMoupro kKoMMmyTtaropa S1 mnpeod-
pasyercsi B MPSMOYTOJIBHOE HAIpsDKEHHE (MeaHsp)
¢ dactotoil fg; (75-80 k['m) KoMMyTannmoHHOTO
redeparopa SG. Hampspxkenue meanapa ¢ aMIDIUTY-
JIoH, paBHON Uy, MONAETCs HA CEHCOP BO3AYIIHOTO
3a3opa C,;, EMKOCTb KOTOPOIO SIBJIICTCS OIHUM U3
IUIeY CXEMbl CpaBHEHHUs. [Ipyroe mje4o cxeMsl cpas-
HEHUS — 00pa31oBbIi KoHIeHCcaTop C 2> Ha KOTOPBIN
¢ BbIXoz1a uHTerparopa INT yepes3 qpyroil KOMMyTa-
Top S2 monmaércs MpSAMOYTOJIbHOE HalpsDKEHHE aM-
wtynoi Upyp. Tok, mpoTekaromuil yepe3 EMKOCTb
ce”copa C;, B TOUKE «S» Ha BXO/I€ YCUJIUTEIIS CUI-
Hasa HepaBHOBecHus NSA CyMMUPYETCsI C TOKOM, TIPO-
TEKaIIUM uepe3 EMKOCTb 00pa3lloBOr0 KOHJIEHCA-
Topa Cp. K 37011 k€ ToUKe «s» MOAKIIIOUeHa LIIyHTH-
pytomast EMkocTh Cg, KOTOpas SABJSETCS Iapa3uTHON
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EMKOCTBIO MEKY LIEHTPAIbHON JKUIION MOABOSILIE-
ro 9KpaHMPOBAHHOIO mpoBofa ceHcopa C,; U 3eM-
nero. Bxognoe comporusienune NSA npubnmxaercs
M0 XapakTepy K EMKOCTHOMY, IOA3TOMY IEIUTENb
u3 sneMmeHToB Cg, Cp u Cg nepenaér MeaHnap Ha-
NpsDKEHUST 0€3 UCKaKEHUH, a CUTHaJl HepaBHOBECHS
B TOYKe «s» 00 cuH(pa3zeH, b0 mpoTuBo(hazeH
CUTHAIy ynpaBieHus kommyraropamu S1 u S2. Pa-
00Ta 3THX KOMMYTAaTOPOB U MOJIIPHOCTH HarmpshKe-
Huit Uy u Ujy; comnacoBaHbl Tak, 4TO TOKH 4Yepe3
koHzeHcaropsl C,; 1 C, HaXO[ATCs B IPOTHUBO(A3e
JpyT ¢ IpyroM U 6iaroaapst 3ToMy B3aUMHO BBIUUTA-
totcst. [Ipu onpenenéHHOM COOTHOILEHUH EMKOCTEH
1 HampsDKEHUH CyMMapHBIHA TOK 00paiiaercs B HOJb,
IIPY 3TOM B TOUKe «s» (Ha Bxoae NSA) nepemeHHast
COCTaBJISIOMmIas € 4acTOTOH fg; orcyrcTByeT. He-
TPYOHO BUAETH, YTO 3TO COOTHOLICHHE BBIPAKAETCS
(bopmyrnoii:

U]NT — CAG , (2)
Ug Cr
OTKy/1a
U
C,.=-NC,. 3
AG U R 3)

IIpu HapymieHnn cooTHOMEHUS (2) BO3HUKAET
CUTHAJ HEPABHOBECHS, KOTOPBIH IMOCIE MPOX0XK/Ie-
HUSI 9epe3 yCuIuTeas NSA moctymnaet Ha Gpa3odyB-
CTBUTENBHBINA AeTekTop PSD. OnopHble Hampsixke-
HUsI PSD cWHXpOHHBI B CHH(A3HBI C HANIPSIKCHUS-
MU KOMMyTanuu kitoueid S1 u S2, oM mocTymnarot
OT TOTO ¢ KOMMYTallHOHHOTO TeHeparopa SG, Ko-
TOPBIH ynpasisieT paboToii kitoueid. BeixogHoe Ha-
npsbKeHue getekropa PSD coaepKuT MOCTOSHHYIO
COCTaBIIAIONIYIO0, 3HAaK KOTOPOM 3aBHCUT OT Ha-
MPaBJICHUS] OTKIOHEHUS CXEMBI OT COCTOSIHUS PaB-
HOBECHSI, @ BEJIMYMHA — OT CTETIEHH ITOTO OTKJIOHE-
Hud. K Beixony PSD noaxntouéH unterparop INT,
COCTOSIIIMI U3 pe3ucropa Ry, konaeHcaropa Cpy
n omnepanuoHHoro ycunurens OA. Hanpsxenue
U,y Ha BBIXO/l€ HHTErpaTOpa SIBJISIETCS BBIXOAHBIM
CHUTHAJIOM CXEMBI, OHO MPOMOPLHOHAIBHO U3MEPS-
emoii émkoctu cercopa C,; (cM. BoipaskeHue (3)).
[lanee oHO mOCTymaeT Ha cxeMy JIMHEMHOro mac-
mrabupoBanus SLS, Tie HOPMHUPYETCS IS IPHBE-
JleHns K TpeOyeMoMy Jhana3oHy U3MEHEHHUs, T. €.
xorna C,; =0, 10 Upyyr=0, axorma Cy; = Cy
10 Upyyr= 10 B.

Ha pucynke 4 nokasaHsl 310pbl HaAIPsKEHUH,
JEHCTBYIOLINX B CXEME.

Gmax?

[Ipu paBHOBeCHU:

Cuc
U, =U,=4G (4)
INT RCR
U
t
a
U
t
b
U
[ ] (1
C
Ui i o
N N !
! ! i ‘
d

Pucynok 4 — Dmrops! HanpsHKeHUH, ASHCTBYIONIHNX B Mpe-
oOpasoBarene: g — HaPsHKEHHUE 3aJAIOLIEro IeHepaTopa
B CXeMe KOMMYTAI[MOHHOTO reHeparopa SG; b — Hampsi-
JKEHHUE, TMOJAaBaEMOE Ha BXOJbl YIPABICHHUS KOMMYyTa-
topoB S1 u S2; ¢ — curHan ympasineHus Kinodamu PSD;
d — yCIIOBHBI CHTHAJI HEpaBHOBECHA Ha BbIxoze NSA

Figure 4 — Electrical voltage diagrams acting in the
converter: a —the voltage of the driver oscillator in the
switching generator SG circuit; b — voltage at the control
inputs of the switches S1 and S2; ¢ — the key control signal
PSD; d — conditional output disequilibrium signal NS4

Ecnu yuects, 4TO B cXeMe JIMHEMHOTo MacliTa-
6upoBanusa Uy, mnpeobpasyercs B Uy npomnop-
[IUOHATIBLHO KOA(PDHUIIMEHTY &, TO Ha BBIXOAE CXEMbI
OyZIeT TIOCTOSTHHOE HAIIPSKCHHE, PAaBHOE:!

Cuc

Unr = kUINT =kUp Cize'

(6))

B MomeHTBI cpabaTbiBaHUS KOMMYTAaTopoB Sl
u S2 Ha BXome NSA BO3HHKAIOT HUMITYJIBCHI KOM-
MYTAITMOHHON MTOMEXHU, KOTOPHIC BBI3BIBAIOT B YCH-
JUTENe 3HAYUTENbHBIE TIEPEXOAHBIE IPOLIECCHI.
C menpi0 yMCHBINCHHS BIUSHHAS STHUX IPOIECCOB
Ha paboTy yCcTpoiicTBa, B PSD HCTONb3yeTcs HE BECh
CUTHAJI HEPABHOBECHSI, @ TOJILKO BTOpas IOJOBHHA
Ka)XJI0T0 €ro TOoJynepuoaa (BBIAEIEHO 3aTEMHEH-
HBIM (OHOM), CBOOOAHAS OT KOMMYTAIlMOHHON
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MIOMEXH, T. €. Pealn3yeTcs METOJ BECOBOH (yHK-
uuu. s ynpormeHust Ha SIiopax MmoKa3aHbl TOJIBKO
CHUTHAJIBI IPSIMOTO ICHCTBUS, XOTSI B cXeMe CPOpMU-
POBaHBI TaKXKe €Ille U MHBEPCHbIC K HUM HaIpsKe-
HUs (AeTeKkTupoBanue B PSD NBYXIOIyIEpHOAHOE).

Ha ocHoBe 610Kk-cxembl pa3paboTaHa MPUHLM-
nuanbHas 3JeKTpUUecKas cxema IpeoOpa3oBaTess
1 W3rOTOBJIEH SKCIEPUMEHTAJIBbHBIN 0Opasen n3mMe-
pUTENsT BO3AYLIHOTO 3a30pa B KarncysusHoM [T Tuma
CI'K 538/160-70M. IlpoBenenHsle 1abOpaTOPHbIC
UCTBITaHUST 00pasla NOATBEPAMWIN €ro padoTocHo-
COOHOCTb 1 OCHOBHBIE XapaKTepUCTUKU. M cribITanus
oOpa3sia (B TOM 4ucie U Ha OBICTPOICHCTBUE) ObLIH
MIPOBEICHBI HA CIIELUAIbHO pa3padOTaHHOM CTEHIIC.

Crenyer OTMETHUTh, YTO MPEIUIOKEHHBIN B pa-
00Te mpeodpa3oBaTeb MOXKET ObITH UCIIONB30BaH U
C €MKOCTHBIM CEHCOPOM paJualbHOrO OMEHHs Lu-
JUHAPUYECKUX MOBEPXHOCTEH BAJIOB T'HIpoarpera-
TOB, KOTOPBIN OmHcaH B padore [21].

3akjao4YeHue

Pazpaboran BTOPUUYHBIA H3MEPHUTENBHBINA TIpe-
oOpa3oBarens i EMKOCTHOTO CEHCOpPa, 00pa30BaH-
HOTO KOMITJIAHAPHBIMHU MapauIeIbHBIMU AJIEKTPOa-
MU U TIPEAHA3HAYEHHOTO JIUIsl U3MEPEHUs BO3IYIIIHO-
ro 3a30pa MEXIy CTaTOPOM U POTOPOM B MOIIHBIX
THIpOreHepaTopax.

[IpeoOpaszoBatens  obecrieyrBaeT  MOTPELI-
HOCTh HM3MeEpeHusi pabouell €MKOCTH ceHcopa 3a-
3opa He Oonee, uem 0,2—0,5 % u ObIcTpOJCHCTBHE
B HECKOJIBKO THICSY U3MEPEHUH B CEKyHy. DTO HaéT
BO3MOKHOCTb M3MEPSTh BO3AYIIHBIN 3a30p MEXKIY
CTaToOpoM W POTOPOM B MOIIHBIX THAPOTEHEpPATO-
pax Jr000ro THMAa B JUHAMHYECKOM pEXHME, T. €.
pu paboyeil CKOPOCTH BpPAIICHHs MAIIUH.
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Abstract

Computer simulations are commonly used to support design and optimisation of powerful negative ion
sources for the needs of future thermonuclear reactors like e.g. ITER. The aim of the paper was to study
changes of produced beam quality (described by its emittance and brightness) with the geometry of the
extraction system as well as extraction voltage.

A two-dimensional Particle-in-Cell (PIC) method based code was applied to model H™ ions and electrons
extraction from the ion source plasma chamber through the opening with bevelled surface. The root-mean-
square emittance of the extracted beam was calculated according to Chasman and Lapostolle approach.
Ton beam phase space portraits were also presented to enrich the discussion.

Growth of ion (electron) beam emittance was observed both with the increasing radius of the extraction
opening and the inclination of its bevelled surfaces. This degradation of beam quality is partially balanced by
increasing extracted H™ ion current. On the other hand, increasing length of the extraction channel improves
the beam quality.

It was demonstrated that for wider extraction opening the H™ ion beam consist of two parts coming form
the two different regions of the chamber. According to calculated beam brightness the optimal wall inclination
was found to be near 26° in the studied case. The decrease of the beam emittance saturates for larger channel
length values. In the considered case the optimal channel length was # = 1.7 mm. The evolution of ion beam
emittance and brightness shows that the best beam quality is achieved for extraction voltages between 0.5 kV
and 2 kV.
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Pacuér >mMmuTTaHCa IIY4YKa OTPpUHATCIbHbIX HOHOB
M. TypeKI, II. Beﬂrepelc2
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ni. umenu M. Kropu-Ckaadoscxot, 1, e. Jlrooaun 20-031, Ionvwa
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ya. Haobvicmpuykas 384, . Jlooaun 20-618, Ioavwa

Hocmynuna 14.01.2020
Ipunama k nevamu 28.02.2020

KommsroTepHOE MOIeTMpOBaHNE HAXOIUT IUPOKOE MTPUMEHEHHE B pa3paboTKe U ONMTUMHU3AINN MOIIl-
HBIX MCTOYHHUKOB OTPHIIATEIBHBIX MOHOB IS OyIyIINX TEPMOSAEPHBIX PEaKTOpoB, B dacTHOCTH, [TER.
Lenpro HacToAIIEH PabOTHI SBISIIOCh M3YYCHNE H3MEHEHNH KauecTBa TeHEPUPYEMOTO ITydKa (XapaKTepu3y-
€MOT0 TTapaMeTpaMH IMHUTTAHCA U IPKOCTH) B 3aBUCHMOCTH OT T€OMETPUH BBITSHKHOM CUCTEMBI 1 BEIXOTHOTO
HaNPSOKEHUS.

s MonenupoBaHus M3BJI€UEHUS HOHOB H™ ¥ DIIEKTPOHOB M3 TUIa3MEHHOH KaMephl HICTOYHHWKA MOHOB
gyepe3 KaHaJl CO CKOIIEHHOW TOBEPXHOCTHIO MCIOJIB30BAJICS JIBYMEpHBI MeToi 4actull B sueiike (PIC).
CpeHeKBaIpaTHYECKOE 3HAUYEHUE IMHUTTAHCA M3BJICUEHHOTO ITyYKa PACCUMTHIBAJIOCH HA OCHOBE IMOJXOIa
Yacmana u Jlanocrosure. J{omOMHATENBHO PUBOAATCS MOHHO-Ty4eBble (ha30BbIe IPOCTPAHCTBEHHBIE HU30-
Opa)keHUsI MOHHOTO ITy4Ka.

PocT smuTTaHCAa HOHHOTO (JIEKTPOHHOTO) ITyYKa HAOIIOAIICS TIPU YBEIHMUEHUH KaK PajJinyca BBITSIK-
HOT'O KaHalla, TaK ¥ HAaKIIOHA €r0 CKOIICHHOW IMOBEPXHOCTH. J[aHHOE yXy/IIIIeHne KauyecTBa Iy4Ka YaCTHIHO
KOMIICHCHPYETCSl YBeIMYeHHeM HOHHBIM TokoM H'. C apyroif cTOpOHBI, yBEIWYEHHE JITMHBI BHITSKHOTO
KaHaJja MMOBBIIIAeT Ka4eCTBO ITy4Ka.

ITokazano, 9To B ciydae OOJIbIIEH MIMPUHBI BBEITSHDKHOTO KaHala IydoK noHOB H™ BKIlowaer B ce0s 1Be
COCTaBIISIONINX, UCXOIAIINX U3 IBYX Pa3IMuHBIX o0acTeil kamephl. M3 pe3yabTaToB pacyéra spKOCTH ITydKa
CIIEJyET, YTO ONTHMAIBHBIA YIroJl HAKJIOHA CTEHKH KaHaja JUIil PAaCCMaTPHBAEMOr0 CiIydas COCTaBIseT 26°.
YMeHbIlIeHue SMHUTTaHCA ITy4Ka JIOCTHTAeT HACKHIIMEHUS Npu OOJBININX 3HAYCHUSAX JUTMHBI KaHama. B pac-
CMOTPEHHOM CJIy4ae ONTUMallbHas JUIMHA KaHaja cocTtaBmia s = 1,7 MM. DBOIIOIUS SMUTTAHCA U SIPKOCTH
MOHHOTO ITy4YKa MMOKA3bIBAET, YTO HAWIYYIIIee KAYeCTBO My4YKa JIOCTHTACTCS MPH BBIXOJHBIX HAIPSHKEHUSIX
ot 0,5 kB 1o 2 kB.

KiroueBble cj10Ba: HOHHBIN ITy40K, SMMUTTAHC, allepTypa.
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Introduction

Powerful negative ion sources are cornerstones
of neutral beam injection (NBI) devices [1] intended
as one of the three basic heating and current
drive systems developed for ITER that aims at
achieving fusion power of 250 MW with fusion
gain 5 during an advanced scenario 1 hour cycle.
The ITER includes two neutral beam injectors [2],
each of them capable of delivering approximately
16 MW. During the development of the NBI system
the large-area multi-driver RF ion source developed
at [PP Garching [3] proved to be a reference device.
A detailed description of the ion source and its
principle of operation could be found in [4].

Numerical modeling of ion production, ion beam
extraction and transport for decades goes hand in
hand with design and optimisation of ion beam based
system, so was in the case of considered NBI system.
Several numerical models of negative ion beam
production and extraction were reported over the
years [5—11], either focusing on a precise description
o plasma and ion beam behavior near a single aperture
of the plasma grid, or presenting a more holistic
approach to the problem. Reviews, sometimes
critical, of the state-of-the-art approaches could be
found in [12—14]. A special attention was paid to the
effects of a transverse magnetic fields interaction on
both ion and electron extraction, including stopping
of co-extracted electrons and enhancing the extracted
negative ion current [5, 6, 15-16], which was also
shown in experiments [17, 18].

In the current paper a two-dimensional, Particle-
in-Cell method based numerical model of negative
ion source is employed to investigate ion beam
quality quantitatively measured by its emittance.
The numerical model was presented in [19-21] — it
assumes that the most intensive production of H
ions takes place on caesiated surface of the plasma-
facing electrodes (also at the beveled surfaces of the
extraction aperture), in the process of conversion
of neutral atoms hitting these surfaces. The overall
flowchart of the simulation is very similar to that
applied in the case of 3D model considered in [16].
In the paper results of emittance calculations for
different extraction channel geometries are presented
and discussed. Changes of both ion beam emittance
and beam brightness with extraction aperture wall
inclination, extraction channel radius and its length
are considered. A special attention is paid to emittance
evolution with extraction voltage. Changes of the
beam quality are also illustrated by its phase space

portraits. lon beam parameters are compared to that
obtained for the co-extracted electron beam. Also the
brief description of the model and introduction to the
concept of emittance is given for self-completeness.

Ion beam emittance

A brief description of the concept of beam
emittance is given below for the sake of completeness.
Let us suppose that we consider a beam formed
by N particles, which could be represented by a
single point in 6/N-dimensional phase space (three
coordinates x, y, z, and corresponding momenta p,,
DPy» P;)- As an alternative, one may follow N points in
6-dimensional phase space. Generally, emittance is a
6-dimensional volume of such phase space restricted
by a 5-dimensional surface of some (arbitrary chosen)
constant phase space density [22]. Before some
more practical description of this magnitude used
in particle beam physics is given, some assumptions
should be made. As long as one momentum is the
dominant one, i. e. all particles move, more or less,
in the same direction (without losing of generality —
along the z axis) it is justified to separate their
longitudinal and transversal motion. As it has been
already mentioned, the momentum along the beam
axis (p,) is much greater than the transversal one.
Thus it is common approach to switch to orbital
angles defined as:

1 P«

y

and y'=—. (D)
p. P

X

Similarly to the above-mentioned general case,
the fractional (transversal) emittances in the so-called
trace space are defined as the surfaces of the ellipses
containing some part of the beam (close but usually
not equal to 100 %) in the both (xx” and yy’) position-
angle subspaces. Note, that elliptic shape of the
constraining surface fits very well to the commonly
used bi-Gaussian approximation of the phase space
distribution of ion beam. The surface of the ellipsis
could be obtained using statistical approach, which is
usually more suitable for computer code:

€ ms = \/<x2 ><x'2 > - <xx‘>2 and
€, = \/<y2><y'2>— ("

where brackets mean generally second central
moment of the particle distribution [23], which is
in symmetric cases the same as the average over the
total ensemble. The concept of the statistical (root

2)
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mean square) emittance was introduced by Chasman
and Lapostolle and was refined in later papers [23].
It should be mentioned here that some authors suggest
rescaling of the emittance e. g. by the factor 4.

Due to the fact that in the presented paper
a two-dimensional model is under consideration,
a transversal rms emittance is calculated as:

7)) =t

where ' — angle is re-defined according to formula:

)

€

rms

p
y'=—, 4)
P,

as the ion beam is extracted along x axis.

Numerical model

The PIC (Particle-In-Cell) approach based
numerical model employed in the paper has been
described in details in previous papers [15, 16].
Some brief resume is given for the sake of
completeness.

Two-dimensional model of an ionisation
chamber of length L=45mm and width
Smm with a flat extraction electrode on the
negative extraction potential V,, at the distance
d from the extraction opening is considered.
The schematic view of the simulation area is
presented in Figure 1. H™ ions and electrons
are pulled out through a conical extraction
channel. The geometry of the extraction aperture
is determined by the channel length /4 and its inner
and outer radii r; and r,. The area is discretised
using a rectangular 160x 100 grid (cell sizes are
Ax = Ay = 0.05 mm). The chamber is initially filled
with 107 pseudoparticles representing electrons
and H' ions (equal numbers). Charge density of
plasma is set to 10'® m™ and its temperature is
kT =1 eV. The electrostatic potential distribution
is found by solving the Poisson equation with
boundary conditions imposed by electrodes using
successive over-relaxation method (SOR), as in
previous papers [15-16, 24].

Once the potential and charge distributions
are found, the electric field in the grid points is
derived. Pushing particles forward according to
classical equations of motion is done using the Verlet
method [25]. After that, new particle positions and
velocities could be determined, making it possible to
find the new charge density distribution. The whole
cycle is repeated as long as necessary.

L S |
<_O‘ Vaxz‘ :
o
]
4V <« '
]
/ A
T B
— & < ! 159
X \ N | o
N e
o B
«— ]
]
H. :
O ]
h d
]

Figure 1 — Schematic view of the simulation area.
The plane for which emittance is calculated is marked
with a dashed line

After some quasi-stationary state is achieved
(~20000 timesteps) negative hydrogen ions start to
be injected into the chamber with the constant rate
(N, per one timestep). These ions are ejected not
only from the front wall but also from the beveled
surfaces of the extraction aperture. Initial velocities
of H™ ions correspond to k7= 0.25 eV. The H flux
perpendicular to x axis is the same for both inner
wall and beveled opening in order to model the
neutral atom -negative ion conversion that occurs on
caesiated surfaces. Negative ion undergoes elastic
collisions with other particles inside the chamber,
which is realised using Monte Carlo method based
binary collision approximation. The electron and
ion curents are registered at the plane at the distance
s=1.5mm from the extraction aperture (marked
as dashed line in Figure 1). Positions and velocities
of particles passing this plane are saved in order to
calculate emittance values and present trace space
portraits if necessary. The code registers also e.g.
potential values in the chosen points of the ion source
chamber, the number of negative ions and charge
density as well as electrostatic potential distributions
snapshots.

Simulation results

Some examples of general results of simulations
are presented in Figure2. Calculations were
performed for r,=0.7mm and r,=1.5mm and
h =1 mm. Extraction voltage was set to V,,=2kV
while the distance between the electrode and
extraction aperture was d = 2.5 mm. The calculations

were repeated 160000 times. The timestep was
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0.2:10"" s in order to ensure simulation stability
according to the Courant—Friedrichs—Lewy criterion.
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Figure 2 — Evolution of some chosen quantities during
the simulation: a — potential V' inside the chamber; b — the
number of H ions inside the chamber 1, ; ¢ — the extracted
H current /,,,; d — the extracted electron current /,; e — H

ion beam emittance g, ; f— co-extracted electron beam
emittance

Very fast potential oscillations disappear after
~10000 timesteps and H™ ions injection begins after
20000 timesteps with the constant rate NV, = 300 per
At. As a result one observes lowering of the potential
inside the chamber to =5V after approximately
70000 timesteps. At the same time both extracted
electron and ion current reach stable values. It should
be noted that the number of negative ions in the
chamber slowly increases up to ~ 5-10°. Emittance
of extracted ion beam (and also co-extracted electron

beam) is calculated every 20000 timesteps taking into
account every particle extracted during that period.
As one can see, initial values are rather high and
decrease in time reaching equilibrium after 100000
timesteps. Emittance of ion beam is much higher in
the case of negative ions, mostly due to the fact that a
divergent H™ beam consisting of two parts is formed,
as was demonstrated in [21].

Figure 3 presents final 7ms emittance values
obtained for different »; values and, hence, different
slopes of the extraction channel walls. It should be
kept in mind that inclination angle is given by:

tg(oc)z%.

)

60 - [
55: 1 u

50 A .

&ms, mm mrad

45 ]

40 |

04 06 08 10 12
tg(o)
a

0.2

22 A "

18 1

16' ]

€-ms, mm mrad
[

1441 =

12

08 10 12 14 16 18 20
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Figure 3 — Dependence of ion (a) and electron (b)
emittance ¢,,,, on extraction channel wall inclination tg(a)
governed by 7, radius (for 7, = 1.4 mm)

One can see that that g, increases almost
linearly with r,. It has little to do with emitting
surface inclination, as the same effect is observed
for electrons. As the extraction channel entrance

becomes wider and wider, both ion and electron
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and ion beam become more and more divergent.
If one, however, uses another figure of merit i.e.
beam brightness understood as the ratio of the current
and phase space volume:
B=——,

2
€

rms

(6)

it could be seen (Figure 4) that optimal beam quality
is achieved in the considered case for , near 1.2 mm,
which corresponds to o close to 26°. This is due to
the fact that extracted ion current grows very fast
with inclination [21]. The optimal inclination angle
is result of the two competing trends: increasing
beam spread and current with 7,. On the other hand,
brightness of the electron beam decreases with 7,
as the extraction from plasma volume is mostly
limited by constant 7.
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Figure 4 — Brightness B of ion and electron beams
calculated for different values of r; (for 7, = 1.4 mm)

The change of the beam quality with the
width of the extraction channel was also under
investigation. Figure 5 presents evolution of
emittance and brightness of negative ion beam
with 7, radius for the two different inclination

angles. One can see that in both case emittance
increases very fast with channel width, even by an
order of the magnitude for larger inclination angle.
Dependences of brightness on r, confirm that that
more focused beams, characterised by reasonable
current, are achieved for narrower extraction
apertures with beveled walls (case 1). A change
of the beam profile with 7, is even better visible
in trace space portraits shown in Figure 6. They
were prepared using coordinates and velocities of
all H ions extracted during last 5000 timesteps
of simulation. For narrow extraction channel a
pattern typical for a single divergent beam could
be seen. As the r, radius increases, the pattern
changes: instead of a single elliptical spot one
can see two o-shaped pattern formed by the two
crescent structures, each of them corresponding
to different part of the ion beam — one extracted
from the upper and the other form lower surface of
extraction channel. The change of the whole size
of the trace space portrait depicts the increase of
beam emittance in the presented case.
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Figure 5 — Changes of emittance ¢,,,, (a) and brightness
B (b) with the extraction channel radius 7,
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Figure 6 — Phase space portraits in x-x' subspace (position-
angular velocity) of ion beams extracted through apertures
of different radii

Figure 7 presents changes of the rms
emittance of ion and electron beams calculated
for different lengths of the extraction channel 4
(r; and r, radii were kept constant in this case).
As one can see, the emittance of the negative
ion beam decreases with 4. However, for H™ ions
the effect is rather subtle — of order of 20 %
and saturation could be seen for larger 4. The
dependence of ion beam brightness is shown in
Figure 8 confirms, that the optimal extraction
channel length is near 1.7 mm in the considered
case.

At the next stage the influence of the extraction
voltage on the beam quality was investigated.
Calculations were done for V,, up to 20 kV and for
r;= 1.5 mm and r, = 0.7 mm.

As one can see in Figure 9 emittance of the
negative ion beam is initially rather high, but it
decreases very fast with ¥V, , reaching minimum for
V,..=500kV, which could be considered as matching
case from that point of view. For higher values
of extraction voltage ion beam spread increases
again and beam quality is poorer despite the higher
extracted current.
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Figure 7 — Emittance ¢,,, of ion (a) and electron (b)
beams for different lengths of extraction channel. The
case of ,= 1.5 mm and r,= 0.7
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Figure 8 — Brightness B of ion (a) and electron (b) beams
as function of length / of the extraction channel
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Figure 9 — Changes of emittance ¢,,, with extraction
voltage V,,. Results for negative ions (a) and electrons (b)

in the case of ;= 1.5 mm and , = 0.7 mm

Calculated values of beam brightness are shown
in Figure 10. Due to the fast increase of ion current
with V,,[22, 21] one can see that optimal brightness
is achieved for ¥, , = 2 keV. As it was shown in that
paper the shape of the negative ion beam changes
substantially with V,,. For lower V,, a single
beam is formed, which is convergent right behind
the extraction aperture. As phase space portrait
(Figure 11) shows, the beam is divergent at the
distance s form the source, forming two intersecting
spots. However, for larger V, , near 2 keV one can
see two very distinct beamlets emitted from upper
and lower walls of the extraction channel and pass
one another in the middle of that channel (see
Figure 11). Looking at the phase space portrait one
can see that a) two distinct spots are visible — each
of them corresponding to different beamlet and b)

the beam is more divergent as the emittance ellipse

is more inclined towards the abscissa axis. For
even larger values of extraction voltage beamlets
become parallel to ion source axis, the two-part
beam becomes even more divergent. Emittance is
two times larger than in the optimum. O-shaped
pattern is formed at the phase space portrait due to
non-linearity of forces acting near the extraction
channel edges.
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Figure 10 — Changes of beam brightness B with

V

extraction voltage V.

electrons (b)

Results for negative ions (a) and

It should be noticed that the co-extracted
electron beam emittance behaves in a different way.
Emittance continuously decreases with V,, reaching
values below 20 mm mrad for V,, larger than
1 keV. One should have in mind that high intensity
of electron beam must be taken into account when
filtering/damping systems for co-extracted electrons

are designed.
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Figure 11 — H™ charge density distributions p;;_and extracted ion beam phase space portraits (in x-x', position - angular

velocity subspace) for different values of extraction voltage

Conclusion

Particle-in-Cell method based numerical model
of negative ion production in neutral-to-ion surface
conversion and negative ion beam extraction and
formation were presented in the paper. It was shown
that both electron ion beam emittance stabilises
after ~100000 timesteps of simulation. As it was

v

ext

demonstrated in the previous paper, most of the
extracted ions come from the chamfered walls
of the extraction aperture. Hence, emittance of ion
(and also electron) beam strongly depends on the
wall inclination angle. Calculation of ion beam
brightness shows that the optimal inclination is
near the angle of 26°. On the other hand, brightness
of the co-extracted electron beam decreases with r;.
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It was also checked that ion beam emittance rapidly
increases with extraction aperture radius, and this
effect was observed for different inclination angles.
Phase space portraits of the ion beam show that
the wider is the extraction channel, the better it is
visible that negative ion consist of two parts, each of
them coming out of different region of the plasma-
facing electrode.

It was found that the beam quality generally
increases with extraction channel length 2. However,
a kind of saturation could be observed and in
the considered case optimum was observed for
h=1.7mm. The evolution of ion beam emittance
with extraction voltage was checked out. It was
demonstrated that the H beam emittance initially
decreases fast with V,,, and matching case is achieved
for V,,, = 0.5 kV. As the extracted ion current grows
very fast with V,,, and despite the fact that emittance
increases, the highest beam brightness was achieved
for V,., =2 kV. Phase space portraits and H™ charge
density distribution snapshots illustrate changes
of H ion beam shape with V.
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Abstract

The sensor design features and the sensing material properties which can influence the response time
of the polymer-based capacitive humidity sensors are shortly discussed. The ways of specifying the dynamic
properties of capacitive humidity sensors in technical data sheets by the leading companies on the market
are briefly characterized and discussed.

The schematic view and operation of the experimental setup for determining of the dynamic parameters
of capacitive humidity sensors at different temperatures of humid air are described. The dynamic behaviour of
polymer-based capacitive humidity sensors was registered as the measurement profiles for both positive and
negative step changes in humidity level. The response and recovery times, as well as the time constants for
the exponential approximation fits of the step responses, were determined either graphically or analytically,
based on the collected data.

The changes of these parameters under atmospheric pressure within the temperature range from — 30 °C
to +20 °C were analysed. The exemplary transient measurement profiles are shown, together with the
illustrations of the graphical method for determining the response and recovery times. Also, the plots of the
relationship between response and recovery times as well as time constants, and temperature, are presented.
Some explanations of the obtained results are suggested.

Keywords: dynamic behaviour of sensors, response time temperature dependency, polymer-based capacitive
humidity sensors, exponential approximations of sensor step response.
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I[nHaanecmle XapaKTEePUCTUKHA €MKOCTHBIX AATYUKOB
BJIA’KHOCTH

1. MaeBcku

JlobuncKull mexHuuecKkull yhusepcumen,
ya. Haooviempuyxas, 384, Jlrooaun 20-618, Honvwa

Hocmynuna 04.10.2019
Ipunama k newamu 16.12.2019

PaccMoTpeHBl KOHCTPYKTHUBHBIE HapaMETpPbl U CBOMCTBA YYBCTBUTENIBHBIX MATEpPHAJIOB, BIHAIONINE
Ha BpeMsl OTKJIMKa EMKOCTHBIX JaTYMKOB BJIQYKHOCTH Ha OCHOBE MOJIHMMEPOB. BBIOMHEH KpaTKuil 0030p n
aHaJIM3 CIIOCOOOB OINpeaeICHHS JUHAMUYECKUX XaPaKTEPUCTHUK EMKOCTHBIX AATYMKOB BIAXHOCTU B TEXHH-
YeCKOW JOKYMEHTALMU BEAYIIUX MPOU3BOJUTENEH, TPEICTABICHHBIX HAa PHIHKE.

[IpuBeneHo onucaHne CXeMbl U PadOThl HIKCIIEPUMEHTAIILHON YCTaHOBKH ISl OTIPEIeICHHsI TUHAMUYe-
CKHX XapaKTEePUCTUK EMKOCTHBIX JJaTUUKOB BJIAXKHOCTH IPU Pa3IMUHBIX 3HAUEHHSIX TEMIIEPATYPBI BIaKHOTO
BO3/yXa. J[MHaMUYeCKHe XapaKTEepUCTHKH EMKOCTHBIX JJATYMKOB BJIAXKHOCTH HA OCHOBE ITOJINMEPOB OIpe/ie-
JISUTMCH B BUJIE OTKJIMKA BBIXOJHOTO CUTHAJIA MIPH CTYIIEHYaTOM U3MEHEHHUH BJIAXKHOCTH KaK € MOJIOKUTEIb-
HBIM, TaK U C OTPULATENBHBIM IIaroM. BpeMeHa OTKIIMKa 1 BOCCTaHOBJIEHUS, a TaKKe MOCTOSIHHBIE BPEMEHU
JUTS SKCIIOHEHIIMAJIBHON alpOKCUMAIMK OTKJIMKA Ha CTyIIEHYaTOe BO3/IEHCTBHE, ONPEAEISUINCH HA OCHOBE
Pe3yabTaTOB U3MEpEHHH Tpaduiueckn IMO0 aHATUTHYECKH.

[Ipoananu3upoBaHbl N3MEHEHUS YKa3aHHBIX TapaMeTpoB B Ipeenax Temneparyp ot — 30 °C go + 20 °C
npu atMocdepHoM naBieHun. [IpruBeaeHbl MpUMEpHI MOTYYSHHBIX MEPEXOAHBIX XapaKTEPUCTHK, TPOUILITIO-
CTpUPOBaH rpaduuecKuii METo1 ONpeieIeHUs BpeMEH OTKIIMKA U BoccTaHOBIIeHHsL. [IpencraBiensl rpaduku
3aBHCHMOCTH BPEMEH OTKJIMKa M BOCCTAHOBJIEHNS, a TAK)KE MOCTOSIHHBIX BPEMEHH, OT TemnepaTypsl. [1pen-
JIO’KEHBI BO3MOXKHBIE 00BSICHEHHS OJTYYCHHBIX PE3YJIbTaTOB.

KioueBble cioBa: JUHAMUYCCKUC XAPAKTCPUCTUKH OATUUKOB, TCMIICpaTypHass 3aBUCUMOCTH BPEMCHU
OTKJIMKaA, éMKOCTHBIC JaTYUKW BJIAJKHOCTU HAa OCHOBC IOJMMEPOB, 3KCIIOHCHIIMAJIbHAA alllpOKCUMalusd
CTyIEHYaTOI'0 OTKJIMKaA JaT4YUKa.
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Introduction sensing element from contaminations (if necessary)

and the lack of airflow over the sensor can increase
the response and recovery times considerably.

In the polymer-based capacitive humidity
sensors which are designed for measuring relative

Humidity is one of the most commonly
measured process variables in industry; also, a plenty
of applications of humidity sensors both indoors

and outdoors, from meteorology to medicine, can  yymidity values, the thin humidity-sensitive layers are
be mentioned. Generally, all the applications can be mostly made of polyimide (the detailed composition

categor@zed into gas humidij[y measyrements, and  of the layer is usually the trade secret) [2, 4]. Below
the moisture measurements in solid materials. For the lower measurement range limit of 1-5 % RH

measuring ofthe gaseshumidity, the capacitivesensors 5 accurate measurement other sensing principles
are the popular choice because of many advantages,  than capacitive, and other sensor designs are used;
primarily: linearity, low power consumption, and  gne of them is the coulometric-type sensor [5].
broad operating temperature range [1]. The manufacturers of humidity sensors provide

As arule, the sensing element of these sensorsisa i the specifications mainly the parameters concerning
thin planar polymeric film placed between two parallel  the steady properties: accuracy, measurement range,
plate (PP) electrodes, or coated onto a pair of comb-like  sensitivity, and sometimes the calibration equation
interdigitated electrodes (IDE) printed on a thick glass-  and the temperature correction of the indication.
like substrate. The arrangement of the electrodes has ~ The dynamic properties are usually omitted, or the
an influence on the dynamic properties of the sensor.  time constant (commonly denoted as #,;) value is
The IDE-type arrangement allows faster response to  reported — because the dynamics of the step response
a change in humidity than the PP-type because it takes  of the humidity sensors is roughly described by
longer to let an additional parcel of water molecules  afirst order differential equation [4]. The temperature
get inside or outside the sensing material layer, passing  at which the #,; value was obtained is rarely given
across the surface of the upper electrode. The time (and then, as a rule, the room temperature between
of response to a change in measured humidity depends ~ + 20 °C and + 25 °C is stated [cf. Table 1]). Even
also on the adsorption (or desorption) rate of the water  more rarely, the magnitude of the humidity step and
molecules on the surface of the sensing polymeric film  the airflow velocity are characterized. Moreover,
and is influenced by the diffusion rate into (or out of)  the supplementary explanations on the methodology
the film [2, 3]. The dead volume inside the housing of the determination of the ¢, value are provided
of the sensor, the filter membrane protecting the only sporadically (e.g. [6, 7]).

Table

Examples of specifying the dynamic behaviour parameters of capacitive humidity sensors in
technical data sheets from various market-leading manufacturers

Sensor's dynamic behaviour

Company Sensor described as: Manufacturer's remarks or footnotes:
IST K5-W Response time 7, <5 s 50 %RH to 0 %RH at +23 °C [8]
Honeywell HIP;-;?E?SZ-L Response time typical 30 s 1/e in slow moving air [9]

E+E HCT 01 Response time 7;; < 6's @1,,=30 °C (10 %RH to 90 %RH) [10]

HygroMer® Humidity response time g,

Rotronic at23°Cand 1 m/s [11]

IN-1 < 15 s without filter
.. Response time #,; % Time for reaching 63 % of a step function, valid
S SHT 71, SHT 75 . 63 . ’
enstron ’ typically 8 s at 25 °C and 1 m/s airflow [12]

However, the operating temperature range sensor is available in the literature (e. g. [13])
of such sensors is broad (often from —40°C to but such publications are sparse, despite of the
+ 125 °C) and the temperature affects the dynamic fact that capacitive humidity sensors dominate
properties of a sensor as well as the steady ones. long on the market [1]. The numerical studies
Information about the influence of temperature on  of this problem provide only limited progress
the dynamic behaviour of that type of humidity in its understanding [14].
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In this paper the results of the research performed
on the dynamic behaviour of the capacitive humidity
sensors for various step changes in the humidity
level of moist air, within the temperature range from
—30 °C to +20 °C and under atmospheric pressure
are presented.

In the following sections, the word "humidity" is
used in the meaning "relative humidity", unless not
stated explicitly otherwise.

Experimental Setup

In order to establish the dynamic behaviour
of the polymer-based capacitive humidity sensors,
the experimental setup depicted in Figure 1 was
used. All the component devices of the setup were
connected with the fittings and pipes of inner
diameter of 4 mm (Swagelok), electropolished inside.
The source of dry synthetic air (trace absolute
humidity of 2 ppm, or ca. —72 °C the frost point)
was the steel bottle (not shown in Figure 1).

7

Chilled mirror
hygrometer

Temperature,
controlled
Sensors under chamber
testing
i
Sensors’
chamber
MIC
Air

inlet

Bubble
humidifier

Figure 1 — The schematic view of the experimental setup
(MFCs denote Mass Flow Controllers)

The air flow was split into two streams: the
first stream was kept dry and passed through the
mass flow controller MFC 1 directly towards the
measurement chamber, whereas the second stream
after passing the MFC 2 was humidified in the bubble
humidifier. Then these two streams were mixed and
fed into the small measurement chamber, mounted

vertically in the middle of a bigger temperature
controlled chamber. Inside the small measurement
chamber four capacitive humidity sensors were fixed
(together with a Pt 100 temperature sensor, not shown
in Figure 1). The absolute humidity of the air stream
at the chamber outlet was measured with a precise
chilled mirror hygrometer. The inlet and outlet of the
small chamber were cone-shaped in order to ensure
a laminar flow; the flow rate of the air was kept at 1
I/min. The step change in the humidity level of the
air flow was performed by the change in the flow of
the air stream bubbled through the liquid water in the
humidifier, introduced by the change in the settings of
the MFCs. Both high and low changes of the relative
humidity (denoted as Ap) were realized.

In order to get the measurement profiles of
various humidity step responses, after each step
change the signals from the sensors were collected
at 10 s time intervals at temperatures from — 30 °C
to +20 °C at 10 K intervals.

The sensors under test were two SH771 and two
SHTT5 pieces from the Swiss company Sensirion
(see Table) manufactured in the CMOS technology,
with embedded signal-conditioning electronics. This
type of sensor is often applied in scientific facilities
and space-oriented research (e.g. [13, 15]).

Results and Discussion

Using the experimental setup described above,
several measurement profiles of the dynamic
behaviour of sensors under test were obtained, both
for positive and negative steps in the humidity level.
At a given temperature, the temporal profiles of
responses to either small or high changes in humidity
level do not differ remarkably from each other;
a proportional scale change in magnitude can only be
observed (Figure 2).

115 =905, rp=210s
40 | rrr{lun:(uuun:uzzuuzzzuug_;_;_g_)
30
E T=-10°C
& 20 -
=4 [
10 -
1 , ts3 =80 s, f00=200s
0 . . . :
0 200 400 600 800
f,s

Figure 2 — The comparison of two step response
measurement profiles (for the small step — the profile in
blue, for the big step — the profile in green) at 7=— 10 °C
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For each profile, the response time 7y, (or the 10 -
recovery time f,, respectively) was determined o T=420°C
graphically; the exemplary profiles are shown I \ —4— Measurement Profile
in Figures 3 and 4. & 6 \) —&  Approximation 1st Order
g 4
6
A(P, max <
5O — T T e t=——t 2 (&
e -
E 4 0 . UW
=] 10
S _ T=120°C 0 50 100 150
& I,s
< 24 —4— Measurement Profile ?
14 / =—® Approximation 1st Order a
0 & 12
O T T 1 = o
0 fso 50 100 150 10 | T=-207C
ts =—#— Measurement Profile
’ E § 1 —® Approximation 1st Order
a £ 6
s,
A(P, max < 41
12 —_—— e —— — — 5 |
10 0 T T T T T f]ﬂﬁw
E 8 0 100 200 300 400 500
& T=-20°C
°. 6 s
g— 4 == Measurement Profile ?
=& Approximation 1st Order b
2
0 W Figure 4 — The exemplary measurement profiles for the
T T T T T T ! . . . g . . .
0 100 200 3009400 500 600 700 negative step change in humidity (solid lines) and their
ts exponential approximations (dashed lines); the recovery
? . . . . .
) time value ¢, is determined graphically: a — recovery time

Figure 3 — The exemplary measurement profiles for the
positive step change in humidity (solid lines) and their
exponential approximations (dashed lines); the response
time value #,, is determined graphically: a — response time
too =38 s at T=+20 °C; b —response time #,, =320 s at
T=-20°C

Also, each profile was approximated with an
exponential fit of the sensor's step response, according
to the first order differential model (shortly named
on the plots' legend as "Approximation 1st Order").
For a positive step height Ag,,,, the fitting function
Ao(f) over time is expressed:

t

63

AQ(1)=A¢,, | 1-e (1)

Analogically, for a negative step, the formula is

written as:
t

A(P(l) = A(pmax e 7 > (2)
where ¢, is the time constant (for a negative step),
i. e. the time elapsed from the step change (¢=0) to
the time instant when ca. 37 % (or 1/e) of the step
height Ao, 1s attained.

t,o,=00s at T=+20 °C; b—recovery time #,,=295s at
T=-20°C

Foralmost all registered profiles, at the beginning
near ¢ = 0 a small "foot" is observed, which depicts the
deviation from the ideal exponential behaviour due
to the mixing process in the small chamber (stirred-
tank flow) and in the tube leading the humidified air
to the measurement chamber (piston flow).

However, for almost all temporal measurement
profiles, the ratio #y,/ts; (or t,)/t;;, respectively)
is within the range 2.1-2.5, which is close to the
theoretical value of In 10 = 2.3 — the values of 7y, and
t,o (as well as t; and 5, respectively) are similar for a
given temperature. It also turned out that the dynamic
behaviour of the polymer-based capacitive humidity
sensors is strongly dependent on temperature, as
depicted in Figures 5 and 6 (7 denotes temperature).

Although the power function approximation
of the dependencies shown in Figures 5 and 6 is
possible, it seems that below 7=— 20 °C a different
physical phenomenon dominates the process of
equilibration than above 7'=-20 °C, which makes
the sensors' dynamic behaviour much slower. In
the literature [13] are clues that below 7=-30 °C
the response times f,, are even much more slower
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(from about one hour at 7=—40 °C to several days
at T=-70°C).

1000
800
600
W
& 400
200
0 T T T T T ; 1
40 -30 -20 -10 0 10 20 30
i 2
a
1000
800
600
w
=3
= 400
200
-40 -30 -20 -10 0 10 20 30
T,°C
b

Figure 5 — The temperature dependence of: a — response
time #y,; b — recovery time ¢,

400
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0 T T T T T T 1
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500
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b

Figure 6 — The temperature dependence of: @ — time constant
for positive step t3; b — time constant for negative step f3,

The value specified in the SHT71 and SHT75
sensors' datasheet: #;; = 8 s (typically, at 7=+ 25 °C
and 1 m/s airflow) is lower than the values obtained
in this research, where the airflow applied was
ca. 0.04 m/s; consequently, the new humidity
equilibrium state was delayed in respect to the
specified value.

Conclusion

After conducting the research and the literature
quest, the following conclusions can be drawn.
Firstly, the manufacturers commonly use the term
"Response time" specified as e.g. f#;, which is
usually labelled "Time constant", and is as a rule
ca. 2.3 times shorter than ¢, (generally called
"Response time" in the gas sensors' field); that may
cause misunderstandings. In the specifications, the
temperature dependence of f; is mostly omitted;
other environmental conditions for which the
specified value of ¢ is valid are provided only rarely.

Secondly, the dynamic behaviour of the
polymer-based capacitive humidity sensors is
slowed down when the temperature falls. This effect
becomes more apparent at temperatures below
—20 °C as the relationship between temperature
and ¢y, (as well as #, ), and #;;) becomes more
nonlinear. It seems that below —20 °C a change
of the dominating physical phenomenon that
governs the process of approaching the humidity
equilibrium, occurs. This could be explained by the
slower rate of surface adsorption (or desorption) of
water molecules onto the polymeric film, as well
as the slower diffusion rate (both adsorption and
diffusion are temperature-dependent processes),
especially at sub-zero temperatures.

Thirdly, at a given temperature value the step
height changes the values of the sensors' dynamic
parameters only slightly, for both the positive
and negative step change. Also, the response and
recovery times do not differ much, especially when
the temperature falls below 0 °C.

Finally, the temperature effect on the dynamic
behaviour of the polymeric capacitive humidity
sensors can influence the dynamic behaviour
of an automation system containing such sensors
when considerable changes in temperature occur
(e.g. outdoors or in winter). The change in the
surrounding conditions of the sensor environment
other than temperature (e.g. the airflow) can also
make the response times longer than the specified
values.
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Abstract

The article exposes description of features of the combined approach application to the evaluation
of measurement results uncertainty. The aim of this work is the justification and development of new
science-driven approaches to achieve maximum efficacy of measurements on the criteria "accuracy/costs"
at the stated level of confidence.

It provides theoretical base for correctness of combined approach to assess measurement results
uncertainty. There is proposition to conventionally divide measurement process into fragments — combining
objects, each from shall be considered as individual element for evaluation. It is well known that combining
objects can be formed by grouping individual components (resources) of the measurement process either via
separate stages of the measurement process.

Correctness of such approach is based on the application of "resource" and "process" approaches
as regards identification of the factors that affect the measurement results uncertainty. This article provides
recommendations on selection of model or empiric approach for evaluating of particular contributions
from combining objects of different types into total uncertainty of the final measurement result. In order to
improve the validity of empiric approach of the criteria of sufficiency of measurement method uncertainty
examination was formulated. It is recommended to evaluate the total uncertainty of the final measurement
result by complexation of evaluations of particular total uncertainty of the results for all fragments according
to the uncertainties distribution law.

It is determined two typical cases of effective application of the combined approach to evaluation
of measurement results uncertainty: method of direct measurements and method of indirect measurements.
This article considers features of effective application of the combined approach for both situations providing
corresponding examples. Special attention is paid to the application of the combined approach to assessing
the test results uncertainty. As distinct from the measurement process realized under normal conditions,
testing process includes additional external influence factors that are determined by test conditions.

Keywords: measurement results uncertainty, combined approach to assessment.
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Oco0eHHOCTH IPUMEHEHUSI KOMOMHHUPOBAHHOIO MOAX01a
K OLICHUBAHMIO HEONPeEAeJJEHHOCTH Pe3yJdbTATOB H3MepPeHUu

I1.C. Cepenxos', B.JI. I'ypesuy’, T.K. Toaouko’

1 . . .
benopycckuil hayuonanbwiti mexuudeckuil yHusepcumen
np-m Hezasucumocmu, 65, . Munck 220013, Berapyco

?Benopyccuii 20cyO0apcmeentbiii uHCIMUmym Mempono2uu
Cmaposunencxuti mpaxm, 93, e. Munck 220053, benapyco

Tocmynuna 20.01.2020
Ipunama k nevamu 28.02.2020

PaccmoTtpensl ocodenHocTH 3(p(hEeKTHBHOTO TPUMEHEHHSI KOMOMHUPOBAHHOIO MOJX0/1a K OLIEHUBAHUIO
HEONpeAeaEHHOCTH pe3yIbTaToB U3MepeHuid. Llenpio qanHoN paboThl SBISUIOCH 00OCHOBAaHUE M Pa3BUTHE
HOBBIX HAYKOEMKHX MOJXOJ0B MO AOCTHKECHUIO MaKCUMAaJIbHOU 3()(HEKTUBHOCTH M3MEPEHUH 0 KPUTEPHUIO
«TOYHOCTB/TPYAOEMKOCTB» NPH 3aJaHHOU CTETICHH JOBEPUSI.

TeopeTrnueckn 000CHOBaHa KOPPEKTHOCTH KOMOMHUPOBAHHOTO MOIX0/1a K OLICHUBAHUIO HEOTPEICIEH-
HOCTH pe3yNbTaToB u3MepeHuid. [Ipeanoxeno npouecc U3MEpeHHs YCIOBHO ACTUTH HA (YparMeHThl — 00b-
€KTbl KOMOMHUPOBaHMS, KaKABIM U3 KOTOPBIX CIEAYET PACCMAaTPUBATh KAK CAMOCTOSITEIILHBIN JIEMEHT OLle-
HUBaHUA. Y CTaHOBJICHO, YTO OOBEKTHl KOMOMHUPOBAHUS MOTYT OBITH C()OPMHPOBAHBI IMMyTEM IPyNIIUPOBa-
HUS 100 OT/ENBHBIX KOMIIOHEHTOB (PEcypcoB) mporecca U3MEpEeHHUH, MO0 OTAEeIbHBIX 3TAoB Mpolecca
M3MEpEHNH.

KoppekTHocTh Takoro mojaxoaa o0OCHOBaHA MPUMEHEHHEM «PECYpPCHOTO» M «IIPOLECCHOT0» MOAXO-
JIOB K WACHTH()UKALUY BIMSIONINX Ha HEONPEACAEHHOCTh pe3yibTaTa u3Mepenuil. [IpuBeaensr pekomenaa-
UM 110 BBIOOPY MOJEIBHOTO WIIM SMIIMPUYECKOTO MOAXO0B JUIsSl OLICHUBAHMS YAaCTHBIX BKJIaJ0B OOBEKTOB
KOMOMHHMPOBaHUsSI Pa3IMYHOIO THIA B CYMMAapHYIO HEONpPEeAEIEHHOCTh KOHEYHOTO Pe3yibTaTa W3MEPEHHH.
J1y1s OBBILIEHUS TOCTOBEPHOCTH AMIIUPUYECKOTO TTOAX0a chopMyIMpoBaH KPUTEPUH AOCTATOYHOCTH UC-
CJIe/IOBaHMs HEOIPEEeNEHHOCTH MeToAa n3MepeHnid. OLleHuBaHUE CyMMAapHOW HEONPEAEIEHHOCTH KOHEY-
HOr0 pe3yJbTaTa U3MEPEHUN PEKOMEHJOBAHO NMPOU3BOJUTH MYTEM KOMITJIEKCUPOBAHMS OLIEHOK YaCTHBIX
CyMMapHBIX HEOIpeeNEHHOCTEH pe3yabTaTOB BCeX (parMEHTOB IO 3aKOHY paclpoCTpaHEHUs Heolpee-
NEHHOCTEH.

Brienens! ABa THIHYHBIX ciiydast 3 (EKTUBHOTO MIPUMEHEHUS! KOMOMHUPOBAHHOTO MOIX0/1a K OLICHHU-
BaHUIO HEOIPEJIENEHHOCTH PE3yIbTaTOB U3MEPEHUI: METOT IPSAMBIX U3MEPEHUIN U METO]I KOCBEHHBIX HU3Me-
pennii. PaccmoTpensl ocobeHHOCTH 3G PEKTUBHOTO NPUMEHEHHUsI KOMOMHUPOBAHHOTO MOAX0Aa ANl 00enx
CUTyalMi Ha KOHKPETHBIX mpuMepax. Ocoboe BHUMaHHE YAEICHO NPUMEHEHHIO KOMOMHUPOBAHHOTO TIOA-
X0Jla JUIs OLICHWBaHUS HEONPEAEIEHHOCTH Pe3ysIbTaTOB UCHBITaHUM. B oTnnune ot npouecca usmepenuii,
peanu3yeMoro B HOPMaJbHBIX YCIOBHUSIX, B MPOLIECC MCIBITAHUI BOBJICUCHBI TOMOJHHUTENbHBIC (PaKTOPBI
BHEIIHMX BO3/IEHCTBUI, ONpeeaEHHbIE YCIOBUSIMHU UCTIBITAHUN.

KuiroueBnle cjioBa: HEOPEIeIEHHOCTD Pe3yJibTaTa U3MEPEHHUH, KOMOMHUPOBAHHBIH ITOAX0]1 K OLICHUBAHHIO.
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Introduction

A widespread recognition of uncertainty concept
in metrology has initiated the development of new
science-driven approaches, methods and means to
achieve maximum efficacy of measurements (tests),
for example, as for criteria "accuracy/labor intensity"
at the stated level of confidence.

Until recently the main method for evaluation
of measurement results uncertainty was considered
as model approach, stated in GUM'. Herewith this
approach validity in fact is not guaranteed due to
several reasons [1].

Technical reports of EUROLAB and other
metrological organizations in last several years
emphasize the use of empiric approach to evaluate
the measurement results uncertainty as an alternative
against the strict mathematic modeling [2—7]. The
main argument for empiric approaches — considerable
improvement of the efficacy of examination of the
measurement process accuracy. Empiric approach
is based on a quite trivial idea: full uncertainty
evaluation can be reached in parallel with carrying
out procedures that are mandatory for accredited
laboratories, for example, for measurement method
validation by intra- and interlaboratory examinations
of method accuracy characteristics and quality control
through laboratory participation in qualification
check programs. As for empiric approach dis-
advantages we shall mention impossibility of the
analysis of influence factors contributions into
overall uncertainty of the measurement result, that
does not allow to correct and improve the method.

The methodological base for empiric approach
are standards™*. From legitimacy point of view, this
approach has the same high status as the model one.

From efficacy point of view, the most rational is
combined approach to estimating the measurement
results uncertainty that envisages the participation
of elementary as well as complex factors (grouped
data) in the final integrated model [2—7]. Measuring

'ISO/IEC  Guide  98-3:2008, of
measurement — Part 3: Guide to the expression of
uncertainty in measurement (GUM:1995).

’ISO 5725-1:1994/Cor 1:1998, Accuracy (trueness
and precision) of measurement methods and results —
Part 1: General principles and definitions.

3ISO/TS 21748:2010, Guidance for the wuse of
repeatability, reproducibility and trueness estimates in
measurement uncertainty estimation.

Uncertainty

laboratories on the base of their experience prefer
combined approach [2]. However, despite of obvious
advantages, combined approach is rarely used in the
measuring laboratories practice. The aim of this article
is to provide scientific and methodical justification
for combined approach correctness and analysis of
its application possibilities in metrological practice.

Theoretical base for combined approach

Taking into account obvious equivalency
of the empiric and model approaches it is logic
to suppose their possible combination within a single
measurement method.

The key aspect of the combined approach to
estimating overall measurement result uncertainty
is grouping of individual components of the
measurement process (Figure la) or measurement
process individual stages (Figure 10).

=N
7

a

Y+U, P
>

X1

X2 X3 X4 xSYUP
0,0,0. 0
b

Figure 1 — Process of measurement of physical quantity
Y as the total of "fragments": a — of involved quantities
X}, ..., X5; b —operations x,, ..., Xs

Identification and grouping of individual
measurement process components as a variety of
input quantities x;, realize so-called "resource"
approach to the evaluation of the overall uncertainty
u.(Y) (Figure 1a).

Metrological practice knows a whole set of
methods and ways that simplify the search and
identification of included quantities x; (Figure 1a):

—components of the overall measurement
uncertainty in classic error theory: 1) instrumental,
2) methodical, 3) subjective,  4) measurement
conditions;4

‘roct 8.010-2013, National system of measurement
units  ensurance (GSI). Measurement methods.
General.
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—main significant factors that determine the
precision of the measurement method according
to ISO 5725-3: 1) operator, 2)used equipment,
3) equipment calibration, 4) environment conditions,
5) time between measurements;’

— best metrological practices realized as cause-
and-effect diagrams where sources of measurement
result uncertainties are attributed to different
parts of the measurement system, for example,
S.W.LP.E. (standard, workpiece, instrument,
personnel-procedure, environment), P.I.S.M.O.E.A.
(part, instrument, standard, method, operator,
environment, assumptions) [8].

Identification and grouping of the measurement
process individual stages as a variety of input
quantities x; realize so-called "process" approach
to the evaluation of the total uncertainty u,(Y)
(Figure 1b). The "process" approach for revealing
factors as sources of uncertainty in the model
of measurement task can be rationally applied
in cases of complex measurement methods from
the point of view of the quantity and expressiveness
of process stages.

Complex methods are those, for example, like
measurement methods in analytical chemistry, that
suppose the presence of such typical, relatively
individual stages as reference materials preparation,
measuring equipment calibration, sample preparation
and carrying out measurements [5—7].

Theoretical base for combined approach is
linked to the second consequence of central limit
theorem of the probability theory and mathematic
statistics relating to complexation of random
quantities dispersions.

The interpretation of this consequence in relation
to the measurement process is provided in GUM': the
total uncertainty u,.(Y) of the measurement result Y,
obtained by complexation of constituents — standard
uncertainties u(x;) of the factors x; (i=1, ..., N),
involved in measurement process, according to the
measurement model f'is expressed as:

N
\/chuz(xi), (1)
i=l

N

u (Y)= \/Z(df/dxi)zuz(x[) =

i=1

where c; = (df/dx,) — sensitivity factor u(x;).

’ISO 5725-3:1994, Accuracy (trueness and precision)
of measurement methods and results — Part 3: Intermediate
measures of the precision of a standard measurement
method.

Note. Quantities x;, are random, normally
distributed and not inter-correlated.

Let’s suppose that measurement process for
the quantity Y (see Figure la) includes five not
inter-correlated influence factors x,, x,, x5, X4, Xs.
According to the second consequence formula (1)
is valid, where N=15. It is obvious, that we can
consider as mathematically correct the following
expression (1):

u, (Y) :\/C(1+2+3)2 ”(1+2+3)2 teuy + 052”52 > (2
where u,,.5, is the intermediate total uncertainty
of the measurement result Y, evaluated, for example,
using empiric approach according to the results of
measuring method validation via its intra-laboratory
examination in accordance with the standard’.
At that, as the result of measuring experiment we
have determined standard deviation in intermediate
conditions of precision Sg(;5.5, from three varying
factors: measuring instrument — x,, operator — x,,
time — x;. It can be stipulated that u,,,,3) = Sg(112+3)-

Standard uncertainties u, and us for condition
factors (x,) and sample (x5) correspondingly in the
Formula (2) are assessed using the model approach.
At that, standard uncertainty u,, for example,
is evaluated by type B on the base of a priori
laboratory knowledge, and standard uncertainty u;
is assessed by type A by realization of one-factor
experiment according to the GUM' approach.

The combined approach essence can be
formulated as follows: during the process of evaluating
the uncertainty of the result, the measurement
process is conventionally divided into fragments,
each of them is considered as individual object
of evaluation. To determine the total uncertainty
of each fragment result, model or empiric approach
can be applied. Assessment of the total result
uncertainty for entire measurement process u,.(Y)
is performed by complexation of assessments
of individual total uncertainties of measurement
results from all fragments according to the "law of
uncertainties distribution" from the GUM approach'.

Fields of combined approach rational
application

It is obvious that the combined approach due
to limits of theoretical, material, technical and
economical nature, has specific rational fields
of preferred application.
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From our point of view, we can determine
at least two typical cases of effective application
of the combined approach to measurement
results uncertainty evaluation: method of direct
measurements and method of indirect measurements.

Case 1. Using a combined approach for the direct
measurement method

Using of combined approach for the direct
measurement method in most cases is not rational.
As a rule, model of direct measurement according
to GUM! is as follows:

Y=Y,,+C +C+...+Cy,

where Y,,,— measurement instrument indication;
C,—corrections for input quantities influence;
i=1,...,N.

Uncertainty of the results of direct measurements
can be evaluated by model or by empiric approaches.
Here we shall exclude situations where combined
approach is the rational one:

—measurements that involve variety of
consecutive operations, for example, in the field
of analytic chemistry;

— measurements within the test framework.

Tests have a special place here. As distinct
from measurement process realized under normal
conditions, testingprocessincludesadditional external
factors determined by test conditions. Accordingly,
test results uncertainty will be determined taking into
account two main groups of standard uncertainty
sources: 1) attributed to the measurement process
under normal conditions; 2) attributed to additional
factors of external influences. The last are reproduced
and controlled (measured) within the framework
of the measurement process. Therefore, we can see
obvious availability of objective conditions for the
combined approach application.

Let’s consider features of combined approach
application in such cases using an example.

Laboratory participates in inter-laboratory
examinations within the framework of validation
of the method of measurements of the UHF-
signals power for UHF-equipment testing. During
examinations, the laboratory used an instrument
for measuring the absorbed power E4417A with a
power sensor E9300A (manufacturer — "Keysinght
Technologies Microwave Products (M) Snd Bhd",
Malaysia). Measurements where performed in
coaxial transmission line at the frequency 50 MHz
at the points 1 mW and 10 mW, as well as within

frequency range from 10 MHz to 18 GHz at the point
1 mW. Reference value was realized using a reference
power calibrator F1130 and a thermistor bridge
1806A (manufacturer — "Tegam", USA). Multimeter
3458 A (manufacturer — "Agilent Technologies Inc.",
USA) was used as measuring block.

According to the results of the measurements
carried out under strictly approved conditions,
the laboratory received participation certificate
from  provider, where method accuracy
characteristics are stated. According to EUROLAB
recommendations [2] the laboratory accepted the
model of the total method uncertainty assessment:

U, = Spys

A3)

where Sy, —the value of the standard deviation of
inter-laboratory method reproducibility. And now
this laboratory should have the full right to use this
assessment in routine tests assigning this to the results
of one-time measurements carried out. However, in
this case, this solution is not correct, because the
uncertainty of the measurement results depends on
the factor "mistuning in measuring line", the value
of what is determined via reflection factors of UHF-
signal source and absorbed power meter.

Difference between the reflection coefficients of
UHV-signal source applied during inter-laboratory
examinations (power calibrator F1130 with
measuring bridge 1806A) and the UHF-signal source
used for routine measurements will be considered as
an additional factor implying on the measurement
result uncertainty [10—12].

L. e., in cases where conditions or objects under
measurement in fact differ from those applied in
inter-laboratory validation, additional examinations
of measurement results uncertainty are required.
For such cases, it is reasonable to use the standard3,
that, according to the expanded statistical model
of the measurement result, recommends revealing
additional influencing factors by applying expert
method. These factors should be evaluated and unified
with the standard deviation of the inter-laboratory
reproducibility Sg,,. For this purpose, the standard’
recommends to use, instead of the model (3),
expanded model of uncertainty assessment:

2 3
SRW+zciui ,
i=1

where c,u; — contributions of additional influence
factors, i =1, ..., N, that were not included in inter-
laboratory comparisons process.
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Examples of additional effects that were not
taken into account in inter-laboratory comparisons
but can significantly imply on the uncertainty of the
results achieved by the laboratory using standardized
method, can be like sampling and preparation
conditions, measurement conditions and so on.

Assessments of standard uncertainties of the
factors due to additional effects, as a rule, are
determined using a model approach (by type 4 or B)
or an empiric approach (by the method of intra-
laboratory examinations [3]).

Case 2. Using a combined approach for indirect
measurements

It is just the case where in order to assess the
measurement results uncertainty it is reasonable to
apply combined approach.

Algorithm for combined approach application
is considered on the example of a method of
measurement of the valid value of the direct current
rate 10 A using multimeter 34401 A (manufacturer —
"Hewlett Packard", Germany). As the top multimeter
limit for the current is 3 A, measurement method

supposes using measuring shunt B3 (manufacturer —
"Excelsiorwerk Rudolf Kiesewetter Messtechnik
mbH", Germany) with nominal electrical resistance
10 mOhm. According to multimeter indications in
measuring mode for direct current voltage and data
on the valid value of the shunt resistance (provided
in the calibration certificate for the shunt of type B3)
by indirect method we examined the direct current
rate. Measurement conditions were normal.

The model of indirect measurement of the direct
current rate is as follows:

“

SH

where [ — valid value for the direct current rate, A;
U —valid value of the voltage measured, V; Rg;—
valid value of the shut resistance, Ohm.

To evaluate the uncertainty of the result of the
measurement of direct current rate / we propose to
use two-level algorithm to resolve this task taking
into account hierarchic structure of the indirect
measurement model (Figure 2).

= U/RSH
1 2 U :
M e (l) = J (z=-uw) + (—RT - u(RSH))
SH SH
(ISO/IEC Guide 98-3:2008)
U= RSH = RSH calib + Amethod + Aoperator + Accn‘uiiticn‘l:
=my+By te (ISO/IEC Guide 98-3:2008)
(ISO 5725-
1:1994/Cor
1:1998)
MLI [ () = Ml1.2 u(Rsy) =
= 'bg + S}%WU = JH(RSH caliv)® + U(Qmethoa)” + u(Boperator)® + u(Bcondition)’
(EUROLAB (ISO/TEC Guide 98-3:2008)
Technical Report
Ne 1/2007)

Figure 2 — Two-level algorithm for evaluating the uncertainty of the result of indirect measurement for direct current
I using a combined approach. First level: M1 — model of the result of indirect measurement for direct current / and its
uncertainty u (/). Second level: M1.1 — model of the result of direct measurements of the voltage U and its uncertainty
u(U); M1.2 — model of the valid value of the shunt R, resistance and its uncertainty u(Rg;)
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Firstlevel of the task of evaluating the uncertainty
u,(I) for the results of indirect measurements of /
supposes model approach application. This selection
is due to availability of the measurement model /,
which has the status of a physical law. It shall
be noted, that the proposed two-level algorithm
for estimating the uncertainty of indirect
measurements results, allows for the first level
of the task, not to include into measurement
model (4) factors affecting the direct measurement
results U and Rg;. They will be taken into account at
the second level of solving the assessment task.

Model for evaluating the overall measurement
result uncertainty (model M1 on the Figure 2) is
formed according to the algorithm "8 steps" GUM".

(=] -
u,(I)= P

2

U
+ _T‘M(RSH) . (5)

SH

2

SH

This formula leaves as unknown standard
uncertainties #(U) and u(Rg;,), that are obviously
represent complex assessment of the uncertainty
of the results of direct measurements of the values
Uand Rg,.

Second level of the task of estimating the
uncertainty of the result of indirect measurements
of the valid value of the direct current rate / supposes
self-sustained resolving of the tasks of estimating
the uncertainties u(U) and u(Rg;) of the results
of direct measurements of quantities U and Rg,,
included in the Formula (5).

Task I (model M1.1, Figure 2). Assessment of
the uncertainty u(U) of the results of measurements
by direct method as for direct current voltage value U.

Laboratory has already performed validation of
the direct current voltage U method of measurement.
Validation method is an intra-laboratory examination
of the method accuracy characteristics (bias and
precision) according to the standards ISO 5725 series
(Accuracy (trueness and precision) of measurement
methods and results, Part 1 — Part6). Thus, to
estimate the total uncertainty u(U), it is reasonable
to apply an empiric approach, where the assessment
model is as follows [3]:

u(U)= B + Sy,

where b, — assessment characterizing uncertainty
fraction associated with the bias of the results
of direct measurement of the direct current
voltage [3]; Skw, — standard deviation of the results

(6)

of method examination under conditions of intra-
laboratory reproducibility, assessed according
to the standard’.

Evaluation of the constituent b (6). In this
example, b, was evaluated at the point 100 mV
on the basis of experimental data obtained during
intra-laboratory method examinations using, as
standard, multimeter 3458A (manufacturer "Agilent
Technologies Inc.", USA). Value of b, was expressed

as follows [3]:
SW/ ?
n b

where A, —average deviation
measurement results from the
standard value minus correction; U, — assessment
of the standard value uncertainty (obtained from
the calibration certificate of the standard
multimeter 3458A); S,,, — standard deviation of the
repeated measurement’s results 7, determined within
the framework of the method validation according
to the standard’.

Note. A, can be considered as an analogue
of non-excluded systematic constituent of the
measurement error, that is assessed as follows:

2 2
b, = \/Ast + Uref +

of  repeated
corresponding

A,=A-A

corr?

where A —method bias determined within the
framework of validation method, A_,, —method
correction significant for the stated level of
confidence probability. In theory, A, = 0.

Evaluation of the constituent Srwy, (6). Criteria
for the correctness of the Srkw; assessment is its
representativeness, i.e. the value of Sgw;, must
include influence effects from all significantly
implying factors in laboratory that a priori are not
known if full.

At the first stage, in order to examine and assess
Srwy, we recommend to accept the base statistic
model of the direct measurements result U (M1.1 on
the Figure 2) according to the standard’: o

U=my+B,+e,

where m, — overall average value of the measurement
result (expectancy); B, — aboratory bias constituent;
e —bias constituent, arising at each measurement
under repeatability conditions.

Summand B, is a fixed complex of influencing
factors-corrections: different operators — B, diffe-
rent measuring instruments — B,, different measure-
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ment time — B, repeated calibration (validation) the framework of method validation in strict
of measuring instruments — B,. Variation of these accordance with hierarchical plan (Figure 3), that
factors forms conditions for intra-laboratory takes into account laboratory factors (B,—B,),
method repeatability. According to the results method standard deviation value Sg _p, under
of a measurement experiment carried out within repeatability conditions was obtained.

Srwy

(0]

D1| D2

PVE2 ELP) B2 BIE? PlE2 PIED FlY FE?

Figure 3 — Basic and corrected (expanded) plan of measuring experiment for examination the precision of the method
of measuring of direct current voltage U in the laboratory (L) according to ISO 5725-3:1994. Variety factors: / — measuring
instrument; O — operator; D — date of measurements; K — measuring instruments calibration; P — sample. Main plan —
light background; expanded plan — light and grey background

It is reasonable to carry out the analysis of the In the last case, statistical measurement model (7)
correctness of the results of a measuring experiment  shall be revised. For this, it is necessary to organize
using the method of dispersion analysis (software the second stage of examinations. It is reasonable to
package STATISTICA can be applied) [13, 14]. take as a base an expanded statistical measurement
During this analysis, the following can be determined: ~ model according to the standard®:

— Required dispersion of measurement results
Sres, -8, associated with conditions of intra- U=my +B, + Z(Cixl-)era ®)
laboratory reproducibility (B,—B,);

— Residual dispersion S.” associated with factors
not taken into account in the model (7) (summand e). ~ presents additional factors reveled during detailed

Decision on the representativeness of the examination of the direct measurement method U.

where, in addition to (7) the summand Z(Cixi)

obtained value Sk, -5,4) is supposed to be accepted As the most rational ways of revealing all
taking into account the criteria of fullness and non- influencing factors x; in (8) we can recommend
redundancy: methods  for  constructing  cause-and-effect

—If  Srw-By»>S, — accepted statistical diagrams according to the methods S.W.I.P.E.,

measurement model (7) is adequate, assessment P.I.S.M.O.E.A.[8]. Next, taking into account new
Sr(B,-B4) 1s representative and can be used in revealed factors c;x; we shall implement changes into
model (6) for the assessment of the uncertainty u(U)  the hierarchic plan of the measurement experiment
as summand Srw,,. Further method examination is  and realize it at the points according to the new plan

inappropriate. positions. Figure 3 provides an example of correction
—If Sr@p,-B»<S, — statistical measurement of the plan of validation experiment due to revealing

model (7) is non-adequate, assessment Sg(s,-84)isnot  of an additional influence factor B5— P (sample).

representative, i. e., it does not reflect contributions Dispersion analysis of the results of cumulative

of all significant factors of the laboratory and thus measurement experiment (factors B1—B5) will allow
can not be used in model (6) for the assessment to determine the corrected values Sp g, _ps) and S,.

of the uncertainty u(U) as summand Sgw,,. Additional For the final decision on representativeness
examinations of the direct measurement process U  of the estimate Sgp;_ps) We shall apply the criteria
are required. of fullness and non-redundancy once again. If the
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expanded statistical measurement model (8) is still
not correct, in order to reveal additional influence
factors we can recommend more complex searching
methods, for example, functional modeling of the
measurement process according to the methodology
IDEFO [9].

Finally, verified according to representativeness
condition assessment §, 51_ps) Can be used in
Formula (6) as a summand Sgw;. Assessment of
the uncertainty u(U) for direct current voltage
measurements U, obtained from Formula (6)
according to method validation results, can be
considered as correct.

Task 2 (model M1.2, Figure 2). Assessment
of the uncertainty u(Rg;) of the valid value of the
shunt resistance Rg;.

To evaluate u(Rg;) it is reasonable to use model
approach. To create an adequate measurement
model, the laboratory realized an approach based
on the application of cause-and-effect diagrams.
For identification of included quantities x; the
laboratory used classification of the constituents of
the total measurement uncertainty from the classical
error theory®: 1) instrumental, 2)methodological,
3) subjective, 4) measurement conditions. Further
expert analysis of these constituents allowed to state
the following:

— possible methodological A,,,,,,, and subjecti-
Ve A a0 factors, that influence the shunt accuracy,
are negligible;

— among the factors of measurement conditions
A onaition POtentially significant factor "temperature"
is identified. However, taking into account the
fact, that routine measurements will be carried out
under normal conditions, the factor "temperature"
is recognized as only slightly influencing shunt
accuracy characteristics.

As the result, the final measurement model is as
follows:

Ry = Ry catins

where Rg; .., — valid value of the shunt resistance
Rg;; obtained from calibration certificate. Hence,
correct model of uncertainty of the resistance value
reproduced by the shunt according to GUM' is as
follows:

u(Rgpr) = u(Repy carip) s

where the value u(Rg; ..;») 1S also obtained from the
calibration certificate (by type B).

After obtaining reliable uncertainty estimates
for direct measurements results u(U) and u(Rgy)
it is necessary to return to the first stage of the
resolution of the task of the evaluating the indirect
measurements results uncertainty (model M1,
Figure 2). Values u(U) and u(Rg;) are substituted
in the Formula (5), that then gives assessment of
u.(I) looked for. Therefore, the task is solved with
maximum level of rationality and correctness.

Conclusion

Thusitcanbestipulated, thata correct estimation
of the measurements results uncertainty by a
specific method can be carried out using a combined
approach, efficacy and universality of which is
described in this article. Any measurement process
can be conventionally divided into fragments —
combination objects (resource components of the
measurement process or its individual operations),
each from shall be considered as individual
evaluation element. In order to assess intermediate
total uncertainty of each object of combining, we
can equivalently select a model approach or an
empiric approach. This selection is mainly based
on efficacy of solving the problem. To improve
empiric approach validity the sufficiency criteria of
the measurement method uncertainty examination
is recommended. Evaluation of the total uncertainty
of the final measurement result should be done
by complexation of assessments of individual
total uncertainties of the results of all fragments
according to the "law of errors distribution" of the
GUM approach.
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Meroanka CHIZKeHHM MOTeph HHpOpMaUU
B ACMHXPOHHOM JIBOMYHOM OAHO()OTOHHOM KaHAaJIe CBA3HU
C IPUEMHHUKOM HA OCHOBE CYETYHKA (POTOHOB

A.M. Tumodeen

Benopycckuii 2ocyoapemeennulii ynugepcumem uH@OPMamuKki U paouod1eKmpOoHUKU,
ya. I1. Bposku, 6, 2. Munck 220013, Berapyco

Hocmynuna 22.01.2020
Hpunama k newamu 03.03.2020

[Tpuémuble MOAYIM OJHOPOTOHHBIX CHCTEM CBSI3U NMPH U3MEPEHHH MAaJOMOLIHBIX ONTHYECKUX CHI-
HAJIOB JIOJDKHBI 0OecreunBaTh HAUMEHBIINE MOTEpU NepenaBacMoil nHdopmanuu. B 3Toil cBsi3u neneco-
00pa3HO HCIOJB30BATh CUETUYMKU (POTOHOB, KOTOPBIE SIBISIIOTCS BBICOKOYYBCTBHTEIBHBIMHU, OJHAKO Xa-
PaKTEepU3yIOTCsl OIIMOKAaMH PErucTpanuuy JaHHbIX. Llens paboTel — pa3paboTaTh METOAUKY OINpEeNCHHS
WHTEHCUBHOCTH PETHCTPUPYEMOr0 ONTHYECKOro M3IyYCHUs B KaHaye OAHOPOTOHHON CBSI3M C MPUEMHBIM
MOJyJIeM Ha OCHOBE CUETYMKa ()OTOHOB, MO3BOJISIOUIYI0 YMEHBUIUTE BEPOSTHOCTH OIIMOOYHON perucTpa-
LIMU TIepEAABAEMBIX JBOUYHBIX CHMBOJIOB.

Pa3zpaboTanbl MeTOOMKa CHWKEHHMS MOTeph MH(OpMAlMW B aCHMHXPOHHOM JBOMYHOM OAHO(OTOH-
HOM KaHaje CBS3M ¢ MPUEMHHMKOM Ha OCHOBE CU€T4MKa (DOTOHOB M yCTpOMCTBO, €€ peanmsyromee. JlaH-
Has METO/JMKAa OCHOBaHa Ha MHCIIOJIb30BAaHUHM CTAaTHUCTUYECKUX PACHpPEIEIICHUII CMECH 4Hclla TEMHOBBIX
U CHUTHAJBHBIX HMIIYJIbCOB, TOJYYEHHBIX Ha BBIXOJAE CUETYMKA (POTOHOB MPU PETUCTPALMU TBOUYHBIX
cuMBOI0B «0» P (N) u «1» P (N). CymHOCTb METOJUKH 3aKJIIOYAETCS B ONpPEAEIEHHH MHTEHCHBHO-
CTell ONTHUYECKUX CHTHAJIOB Ul MepeJaud ABOMYHBIX CUMBOJIOB («0» M «1») W MOpOroBBIX ypoBHEH N,
u N, UMIyJIbCOB, 3apETUCTPUPOBAHHBIX Ha BBIXOAE cueTdnka (oroHoB. OOOCHOBAaH BHIOOp mMapaMmeTpa

N2 N N2 N2
Kp=|1="3 PN+ 2 P (N)|/|1+ Y, P,y(N)= Y, P, (N)|BKa4eCTBE KPUTEPHs [UIsl PEAM3aLIH METO/MKH.
N=Np N=0 N=N; N=0

MeTtoauka mo3BOJISIET ONPEAEIINTh HUKHUI U BEPXHUM ITOPOrOBBIE YPOBHU 3apPETUCTPUPOBAHHBIX UM-
MyJIbCOB, & TAK)KE€ MHTEHCUBHOCTH ONTHYECKUX CUTHAJIOB MPH Iepeiade JBOMIHBIX CHMBOJIOB, 00€CIeunBa-
IOII[Ee YMEHBIIIEHNE BEPOSATHOCTH OITUOOYHON PETUCTPALIMHU IBOMYHBIX TaHHBIX.

KitroueBble ci1oBa: cuéTunk GOTOHOB, KaHaAJ OIHO(OTOHHOM CBSI3H, BEPOSTHOCTD OLIMOOYHON PErucTpauu
JBOUYHBIX CUMBOJIOB.
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Abstract

Receiving modules of single-photon communication systems should provide the smallest loss
of transmitted information when measuring low-power optical signals. In this regard, it is advisable to use
photon counters. They are the most highly sensitive, but characterized by data recording errors. The aim
of this work was to develop a method for determining the intensity of recorded optical signal in a single-
photon communication channel with a receiving module based on a photon counter, which ensures the least
probability of erroneous registration of transmitted binary symbols.

Methods of achieving the least loss of information in asynchronous photon binary communication
channel with a receiver-based photon counter has been developed. A device for implementing this methods
has been created. The method is based on using the statistical distribution of the mixture of the number
of dark and signal pulses received at the output of the photon counter when registering binary symbols "0"
P ,,(N) and symbols "1" P, (N). The essence of the method consists in determining the intensities of optical
signals for transmitting binary symbols ("0" and "1") and threshold levels of the pulses N, and N, registered

N2 N2 Ny N2
at the output of the photon counter. Selecting K, =|1- Y, P, (N)+ Y, P, (N)|/|1+ > P, (N)- Y P, (N)
N=Ny N=0 N=N; N=0

as a criterion for the implementation of the method has been proved.

The method allows to determine the lower and upper threshold levels of recorded pulses and the intensity
of optical signals in the transmission of binary data. Moreover, the probability of erroneous registration
of binary symbols is minimal.

Keywords: photon counter, single-photon communication channel, probability of erroneous registration
of binary symbols.
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BBenenue

OnHoii u3 HanboIee BaKHBIX 3324, peIIaeMbIX
MIPU TOCTPOCHUU COBPEMEHHBIX MH(POKOMMYHHUKa-
LUOHHBIX CHUCTEM CBSI3H, SIBJSIETCSI CO3[aHUE BBICO-
KOHaJI&KHOTO 000pyIOBaHUs, XapaKTepH3yIolle-
rocsi HAMMEHBUIMMHU TOTEPSIMH TIepeiaBacMOi HH-
(opmaruu [1-4]. Dra 3a7aua 0COOCHHO aKTyaJbHA
B cily4ae, Korja WH(pOPMAIMOHHYI0 O€30MacHOCTh
Nepe/laBaeMbIX JIAHHBIX HEOOXOAMMO OO0ECIICYUTh
3a Cu€T MPUMEHEHHUs MpelesIbHO ClIaboro omnTuye-
CKOTO M3JIyYeHHsS CO CPEIHHM YHCIOM (OTOHOB
He 0osiee HECKOJBbKUX JECATKOB Ha KaXKIbId Iepe-
naBaemblii OuT (cumBoi) [3—12]. Takue cucTeMbl
0THO(OTOHHOW CBSI3U XapaKTEPU3YIOTCS a0CONIOT-
HOW CKPBITHOCTBIO M KOH(UACHIIMATBHOCTBIO Iepe-
naBaeMoil mHpopmanuu. OpHAKO AN WX peannsa-
UMM HEOOXOJMMO HCIIOJIb30BaTh BBICOKOUYBCTBU-
TeJIbHBbIE PUEMHBIE MOJYJIH, HapUMep, CUETUUKU
¢oronoB [3—15]. B npoTUBHOM cityuae perucTpanus
MaJIOMOIIHOT'O ONTHYECKOTO U3TY4YEHHs CTAHOBHUTCS
HEBO3MOXKHOM.

OTMeTHM, YTO TIPH MOCTPOCHUU CUYETUYMKOB
(hOTOHOB TOCTATOYHO YACTO MCHOIB3YIOT JIABUHHBIC
(dhotonpuémuuku. OOBSICHIETCS 3TO TEM, YTO JIABHH-
Hble QOTONPUEMHHKN 1O OOJBIIMHCTBY CBOMX Xa-
PaKTEepUCTUK M HEKOTOPBIX OCOOCHHOCTEN CO3JaHus
U MIPAKTUYECKOTO IPUMEHEHHSI IPEBOCXOAAT IPyTHE
¢dboronpuéMHUKHN, HampuMep, (OTOIIEKTPOHHBIC
YMHOXKUTEH, MHOTOKaHAJIbHBIE YCHUJIHMTENH, TOps-
Yre 3JCKTPOHHBIE OO0JIOMETPHI, CBEPXIIPOBOISIINE
nepexoanl J[o3edcoHa, ceHCOPBI TPaHUYHOIO TIe-
pexojia ¥ KBaHTOBEIE TOUKH [6, 14—18].

[lpu peructpaumu ontuveckor WHPoOpMaMU
MOCPEJICTBOM CYETYUKOB (DOTOHOB, MOCTPOCHHBIX
Ha ©Oasze JNaBUHHBIX (OTONMPHUEMHHUKOB, B KaHAle
OJIHO(OTOHHOM CBSI3M MOTYT MOSIBJIATHCS OLTHOKH.
Bo3MOXHBIMH IPUYWHAMHU 3TUX OMIMOOK SIBIISIOTCS
HEHyJeBoe «MEPTBOE» BpeMs CU€Tuhka (DOTOHOB,
a TaKKe ero KBaHTOBas Y(PPEKTUBHOCTh PErucTpa-
MM, MEHbIIAas euHUIbI [3—6, 17-22].

«MépTBoe» Bpemst c4éTyMKa (DOTOHOB — ITO
BpeMs, B TEUYCHHE KOTOPOro CUETYMK (OTOHOB
HE YyBCTBHTEJICH K [a/IaI0IIeMy Ha HETO ONTHYECKO-
My u3inyuenuto. [lon kBaHTOBOH 3(peKTHBHOCTHIO
peructpanuu c4éturka GOoTOHOB OylieM MOHUMATh
OTHOLICHUE YHCJIa 3apETUCTPUPOBAHHBIX (POTOHOB
ONTHYECKOT0 M3JIy4eHHsI K oOLIeMy YHCIy HOCTY-
nuBIIUX (GOTOHOB [3—06].

[TockonbKy HMHTEHCHBHOCTH pPETHCTPUpPYE-
MOT'O ONTHYECKOTO H3IIyUYCHHsS BIUSET Kak Ha
«MEpTBOE» BpeMs cuy€Tumka (OTOHOB, TaK M Ha

€ro KBaHTOBYIO J(D(PEKTHBHOCTL pPETrHCTPallHH,
OHA TakXKe BIHSET W Ha TOTEPH IeperaBaeMoin
nHbopMaIu.

OnHako B JHATEpPATYpHBIX HMCTOYHHKAX OT-
CyTCTBYET METOJWKA OMNpeNeJCHUS HHTCHCHUBHO-
CTU PETUCTPUPYEMOTO ONTHUYECKOTO U3IYyUCHUS
pH mepenade nHGOpMAIUKA B KaHalle 0THO(DOTOH-
HOHM CBsI3W, COAEpKameM B KadecTBe MPUEMHO-
ro MOIyJisl cuéTYWK (OTOHOB Ha 0asze JTaBHHHOTO
(hoTorIpUEMHIUKA, TTO3BOJISAIONIAS YMEHBIIUTH BEPO-
SITHOCTb OIIMOOYHON PEerucTpaliy JBOUYHBIX JaH-
HBIX.

OOBEKTOM HCCIEI0BAHUS ABISUICS aCUHXPOH-
HbI JBOUYHBIA HECUMMETPUYHBIA OJHOPOIHBIN
BOJIOKOHHO-ONITHYECKAN KaHal CBS3M 0e3 mams-
TH U CO CTHUpPAHHEM, COJCpKAIIUi B KauecTBe
MpUEMHOTO MOAYJs CYETUYMK (OTOHOB Ha Oasze
naBuHHOTO (otonpuémuuka @DJI-115J1, BkIIO-
YEHHBIN TI0 CXeMe MACCHUBHOTO TAIlllCHUS JIABUHBI.
Br16op B kauecTBe 00bEKTa UCCIEOBAHHS TAKOTO
KaHayia CBsI3W OOYCJIOBJICH TE€M, YTO €r0 UCIOJIb-
30BaHME HE TpeOyeT HaIW4us TOTOIHUTEIHHBIX
JIMHUWA CBSI3W Ui MEpeJadyd U NpUEMa CUHXPO-
uMnysbcoB [3,4]. CxeMa MacCUBHOrO TallleHUs
UMeEeT MEHBIIYIO MOTPENIHOCTh W3MEPEHUI peru-
CTPUPYEMOTO H3JIydeHHUs Onarojapsi OTCYTCTBHUIO
MPUHYAUTEIFHOTO TallleHUs JIABUHHOTO MPO0Os,
YTO BHITOJAHO €€ OTIIMYAET OT JPYTUX CXEM — aK-
TUBHOTO TAlICHHS U UMITYJIbCHOTO CMEIIEHUS -7~
nepexoja (co crpodupoanuem). otonpuéMHUKH
@®JI-115J1 ucnonb3yroTcs 1151 paboOThl B OJIMKHEM
HNK-nuana3zone u 3a cU4€T NPUMEHSEMOI0 MPU UX
M3TOTOBJICHUU KPEMHHEBOTO MOJIYIPOBOIHUKOBO-
ro MaTepuaia XapakTepU3YIOTCsS MEHBIIUMU IIy-
MaMH, CBSI3aHHBIMHU C YMHOXXCHHEM HOCHUTENICH, U
Jydied moporoBoil 4yBCTBUTEILHOCTBIO TI0 CPaB-
HEHHIO C TEPMAaHUEBBIMH H TAJITTHEBBIMHU (HOTOTIPHU-
€mHukamu. Takxke CleayeT OTMETHTh, YTO KpPEeM-
HUEBbIE JaBUHHBIE (OTONPUEMHHUKH TO3BOJISIOT
peann30BBIBaTh PEXKUM cuéTa (OTOHOB MPU KOM-
HaTHBIX TemnepaTypax [14].

IIpenmerom uccriemoBaHUS SBISIIOCH OMpee-
JICHHE KpUTEpUs BbIOOpa WHTCHCHUBHOCTEU pETH-
CTPUPYEMBIX ONTHYECKHUX M3ITYYCHUN TIPH Tiepeade
JIBOUYHBIX CUMBOJIOB («O0» 1 «1»).

Lenpro maHHOW pabOTHI SBiISIACH Pa3padoOT-
Ka METOJUKH OTpPEJCICHUS WHTCHCHUBHOCTH peE-
TUCTPUPYEMOTO ONTHUYECKOTO M3IYUYCHUS B KaHa-
e 0MHO(OTOHHON CBSI3M C MPUEMHBIM MOIYJIEM
Ha OCHOBE cuéTynKka (OTOHOB, MO3BOJISIOLICH
YMEHBIIIUTh BEPOSITHOCTh OMIMOOYHON pEerucTpa-
MU TIepelaBaeMbIX JIBOMYHBIX CUMBOJIOB.
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MartemaTuyeckasi Mo/Je/ib ACHHXPOHHOI0
0JHO(OTOHHOI0 KaHAJIA CBA3H

Bhauane omnpenenuM BbIpakeHUs JUisl pacuéra
BEPOATHOCTEH OMMOOYHON PETUCTPAIIUH JBONIHBIX
cuMBOJIOB «0» 1 «1». JIJIst 5TOTO BOCTIONB3yeMCsI Ma-
TEeMaTHYECKON MOJIEITIBIO KaHala CBs3U [4].

Janpueiimme paccykaeHns OyAyT OCHOBaHBI
Ha TOM, 4TO Tiepeaada HHPOPMAIUX OCYIIECTBISET-
cs Mo 0AHO(OTOHHOMY KaHAaJy CBSI3U MOCPEICTBOM
JIBOUYIHBIX CUMBOJIOB «0» M «1», BEpOSATHOCTH TIO-
SIBIICHUSI KOTOPBIX Ha BXOJIC ¥ BBIXOJIC KaHaa CBSI3U
pasHbl cootBercTBeHHO P (0), P (1) u P',(0), P's(1).
BepositHOCTB TOTO, UTO MpH TIepeaade cuMBoia «0»
nu «1» Ha BeIxoae cuéTanka POTOHOB HE OyIeT 3a-
perucTpupoBaHo HA cuMBoia «0», HUI cuMBoOIa «1»,
o0o3naunM kak P’ (—). Takum oOpa3oM, andaBut
KOJIOBBIX CJIOB Ha BXOJZI€ pacCMaTpHUBaeMOro KaHa-
JIa CBSI3M HE COBMAJAET C ai(haBUTOM KOJIOBBIX CJIOB
Ha €ro BBIXOJIC, BEPOSTHOCTh NMPHEMA JIBOMYHOTO
cumBona («0» unmu «1») mubo OTCYTCTBUS CHMBOJIA
Ha BBIXOJIE KaHajla CBSI3U HE 3aBHCHUT HHU OT TOTO,
KaKkoW CHMBOJI OBUT Ha BXOJle KaHala, HU OT paHee
MPUHATBIX CHMBOJIOB, PUYEM TIPH Tiepeaade JBO-
ngHOTrO cMBOJa («0» mmm «1») Ha BBIXO/E KaHaa
MOJKET OBITh HE 3apETHCTPHUPOBAHO H CUMBOIIA «0»,
HM cuMBoJIa «1». CenoBaTeabHO, TAKOM KaHaJl CBSI3U
SIBISICTCSl JIMCKPETHBIM JIBOWYHBIM HECHMMETPUY-
HBIM OTHOPOTHBIM 0€3 TTaMSITH U CO CTHpaHueM [23].
Beemu mnotepsimu mHGOpMAanuK, 3a HCKIFOUCHHUEM
MoTeph B CUETUNKE (DOTOHOB, MpEeHEOpEraeM.

BepositTHOCTH 0MITMO0YHO perucTpau JBONY-
HBIX cEMBOJIOB «0» 1 «1» paccmaTpuBaeMoro KaHa-
JIa CBSI3M PaBHBI COOTBETCTBEHHO [24]:

g I:(nt + nso)(At -1, )]N exp[—(nt + nso)(At -1, ):I (1)
N! ’

N=N

PomO =1-

P, _ E [(n, +ns1)(Az_1;d)}N exp[—(nt +nS1)(At_Td)J, @)

N=0 N!

rae N, u N, — HIDKHUH ¥ BEpXHHI TOPOTOBBIE YPOB-
HU pErucTpalid COOTBETCTBEHHO; 7, — CPEIHsLI
CKOPOCTb CYE€Ta TEMHOBBIX HMITYJIbCOB Ha BBIXOJE
cuérunka (POTOHOB; Ny U N, — CPEJHUE CKOPOCTH
c4éTa CUTHAJBHBIX MMITYJIbCOB Ha BBIXOJE CUETUH-
Ka (OTOHOB TIpH Tiepenade CUMBOIOB «0» 1 «1» co-
OTBETCTBEHHO; Af — cpeliHee BpeMs 0JHO(OTOHHOI
nepefadu; T, — CPEAHAA AIUTENBHOCTh «MEPTBOTO»
BPEMEHH IMPOJICBAIOIETOCS THTIA.

HwxHuii 1 BepXHUIl MOPOroBbIE YPOBHU PETrH-
CTPalllU — 3TO COOTBETCTBEHHO HAaMMEHBIIEE U HaH-
Oosiblllee YHMCIIO 3aPErUCTPUPOBAHHBIX HAa BBIXOJE

cuérunka (POTOHOB HMILYJIBCOB, IIPU KOTOPOM Je-
JaeTcs BBIBOJ, 4TO nepenan cumBoi «0». Ilpu mpe-
BBIILICHUN 3apPETUCTPUPOBAHHBIX MMITYJIbCOB YHCIIa
N, nenaercsi BBIBOJ, YTO IepeJaH CUMBOJI «1»,
a [IPU PETUCTPALUHI UMITYJILCOB B KOJIMYECTBE, MCHb-
uieM, yeM N,, IpUHUMaeTCs PELICHUE, YTO CUMBOJI
OTCYTCTBYET [3, 4].

TeMHOBBIE U CUTHAIBHBIE — 3TO UMITYJIbCHI, KO-
TOpBIE MOSBISIFOTCS HA BbIXOJE CUéTumKa (HOTOHOB
COOTBETCTBEHHO B OTCYTCTBUHU ONTHYECKOI'0 CUI'HA-
Jia U B pe3ysibTare BO3ACHCTBUS (JOTOHOB PErHCTPHU-
pyemoro m3iydeHus [6, 14].

CxopocTh cuéra TEMHOBBIX HMITYJBCOB OIpe-
JensieTcs KaK YUCIIo UMITYJIbCOB, (hopMUpyrOIMXCs
Ha BBIXOJI€ IPUEMHOTO MOJTYJISl B €JMHUILY BPEMEHH,
KOTJla PErHCTPUPYEMOE ONTHYECKOE U3TydYeHHE OT-
cyrerByer [3, 4, 14]. Uem OoJibliiee 4MCIO TEMHO-
BBIX UMITYJICOB OyZeT 0O0pa3oBbIBATHCS B €IUHHILY
BpPEMEHH, TeM OO0JIbIIIE BEPOATHOCTD TOTO, YTO OyAET
MPUHAT CUMBOJ «1» mpu mepenade cumBosia «0».
CkopocTh cuéra CUIHAJIBHBIX HMIIYJICOB OIpeae-
JSIeTCsl KaK YHMCIO HMITYJIbCOB, (hopMUpyrOIIUXCS
Ha BBIXOJI€ TPUEMHOTO MOIYJISl B €UHULYY BPEMEHH
NpY BO3JIecTBUH (POTOHOB M3mydeHust. [1ist OleHKH
CKOpOCTEH cuéTa TEMHOBBIX M CUTHAJIBHBIX UMITYJIb-
COB HCITOJIB3YIOT UX CpefHHe 3HaueHus [3, 4, 14].

Takum oOpa3oM, kKorga Ha Cu€Tyuk (HOTOHOB
MOIAaETCsI ONTHYECKOE U3ITYUYCHHE MTPH PErHCTpalin
JBOWYHBIX CUMBOJIOB, Ha €ro BeIXoze (GpopMupyercs
CMECh YMCJIa TEMHOBBIX M CUTHAJIBHBIX UMILYJIECOB.

BaxHo OTMETUTH, 4TO CYETYMK (POTOHOB, IO-
CTPOCHHBIN Ha 0a3e JIaBHHHOTO (OTONpHEMHHKA
C BKITIOYEHHEM [0 CXEMe ITaCCUBHOTO rallleHus JTaBU-
HBI, XapaKTepU3yeTcst «KMEPTBBIM» BPEMEHEM MPOJI-
nesaromerocst tuna [14]. JnutenpHOCTE «MEPTBO-
ro» BPEMEHH NPOJUICBAIOIICIOCS THUMA 3aBUCHUT
OT UHTEHCUBHOCTH ONITUYECKOTO U3ITYUYECHHSI, TOITO-
MY JJIs1 OLIEHKH 3TOT'0 BPEMEHH HCIIOJIB3YIOT €r0 CPEJI-
Hee 3HAa4YeHHe. YUUTHIBAs TO, YTO PErHCTPHUPYIOIas
anmaparypa, BXOJs1as B cocTaB cuéTurKa POTOHOB,
KaK IPaBUIO, UMEET «MEPTBOEY BPEMSI MHOT'O MEHb-
nree, yeM «MEPTBOE» BpEMsl JaBHUHHOTO (OTOIpPHU-
éMHMKa [14], NIIUTENbHOCTBIO «MEPTBOIO» BpeMe-
HU pErucTpUpyIOLIel ammaparypsl ImpeHedperaem,
U IIPU JaIbHEHIINX pacCcyXKICHUAX ero paccMarpu-
BaTh HE OyIeM.

CornacHo [24], kaxxgas U3 BeposTHoOCcTed P, o 1
P, IMEeT OBE COCTABIIIOLIUE.

[lepBasi cocraBnsiomas ONpENeNsieT Bepo-
ATHOCTb TOTO, 4YTO TPU pErucTpanuud JIBOUY-
HBIX cuMBOJIOB («O» msa P, wmn «1» misa P,,,,)

out
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cu€TuynKoM (OTOHOB OyZIeT 3aperHCTPUPOBAHO HM-
MyJIbCOB MEHbBILE, YeM HI)KHUM IMOpPOTOBBIH YpoO-
BeHb N, [24]. CnenoBarenbHO, 3Ta COCTaBIAIOIIAL
s P, u P, MOXET ObITh OIpesielieHa KaK Bepo-
SITHOCTB TOTO, YTO MPU NpUEME JBOMYHBIX JAHHBIX
Ha BBIXOJIC KaHala CBS3U He OyJeT 3aperucTpupoBa-
HO HU cuMBosia «0», HU cuMBOda «1», B TO BpeMs
KakK Ha BXOJ¢ KaHaja CBsI3U OblI chopMUpOBaH CHM-
Bon «0» u cumBon «1» coorBercTBeHHO. OOO3HAa-
YUM MEPBYIO COCTABIAIONIYIO BEPOATHOCTH P, Kak
P(-/0), a nepByo COCTaBIIAIOILYIO BEPOATHOCTU P,
Kak P(—/1).

Bropas cocrasioonas 1 BEpoATHOCTER P
u P,,, paBHa COOTBETCTBEHHO BEPOSTHOCTH PETU-
CTpallly Ha BBIXOZE KaHasja CBS3H UMITYJILCOB OO0JIb-
1Ie, YeM BEPXHHH MOPOTOBBIN YpOBEHb, U B IUara-
30He N,—N, [24]. CnenoBarensHO, 3Ta COCTABIIAIO-
mas BEPOSATHOCTH P, ONpeneNnseT BEpOSTHOCTb
perucTpaunry Ha BBIXOJIE KaHala CBSI3M CUMBOJIA « 1»
IIpY HaIWYM{ Ha ero Bxoae cumBoia «0», a mms
P, | — BEpPOATHOCTb PErUCTPALUM HA BBIXOJE KaHa-
na cBsA3M cuMBoOa «0» IpU HAJIWMYUM Ha €ro BXOJE
cuMBoia «1». O0603HAUYUM BTOPYIO COCTABIISIOLILYIO
BeposarHoctu P, u P,,, xak P(1/0) u P(0/1) coort-
BETCTBEHHO.

CrnenoBaTenbHO, BEpPOATHOCTH — OIIMOOYHOMN
perucTpauru ABOMYHBIX CHUMBOJIOB «0» M CHMBO-
JI0B «1» Taxke MOryT OBITh PAacCUUTaHbI CIEIYIO-
MM 00pa3om:

Ny -1

N
P,o =1+ 2 P,,(N)- iPsto(N):P(—/O)+P(1/O); 3)
N=0 N=0

Ny -1 N
Pour = Y Py (N)+ i P, (N)=P(=/1)+P(0/1), (4)
N=0

N=Ny

rae P,o(N)u P, (N) — cTaTucTuyecKue pacnpesene-
HHSI CMECH UHCJIa TEMHOBBIX U CUTHAJIbHBIX UMITYIIb-
COB Ha BBIXO/I€ CUETUNKA (JOTOHOB MPU PETUCTPALIUU
JBOMYHBIX CUMBOJIOB «0» U «1» COOTBETCTBEHHO.

BepositHOcTH peructpanun cumBoioB «0» u
«1» mpu HanMYMU Ha BXOJE KaHalla CBSI3H CUMBOJIOB
«0» u «1» paBHbI coorBeTcTBeHHO P(0/0)=1—-P,
uP(1/1)=1-P,,,.

w0

Onucanne YCTAaHOBKH JIJIA IMOJYYCHUHA
CTATUCTHYECCKHUX pacnpez[e.nemm HMITYJIbCOB
Ha BbIX0/J€ KaHaJia CBA3U

Breipaxenns (3) u (4) MO3BONSIOT OICHHUTH
BEPOSATHOCTA OIIMOOYHOM PETUCTpAlUU  JABOWY-
HBIX CUMBOJIOB «0» 1 «1» Ha OCHOBE M3MEPEHHBIX

CTaTHCTUYECKUX paclpefelieHuii CcMecH 4Yucia
TEMHOBBIX U CHTHAJIbHBIX HMIIYJbCOB Ha BBIXOJE
cyérunka poToHoB P (N) u P (N). Otn pacmpe-
JIeNIEHUs MOTYT OBITh TOJTyY€EHbI C HCIOIb30BaHHEM
YCTaHOBKH, CTPYKTypHasi CXeMa KOTOPOii pHBeJIeHa
Ha PHUCYHKE.

H (VF)
Bxon [ @ UC|~=
(Unput) D (0S) j
L[/ c[ ¢ 1 B
Anfy R | G uzp-{c] Bemo
(&1)|‘R &2) PO
S| Ip HSJ
. AEOTLT o

Pucynox — CtpyKTypHast cxeMa yCTaHOBKH JUIS TTOTyde-
HUS CTATUCTHUECKUX paclpese’eHnit UMIYJIbCOB Ha BbI-
xone cuértunka (oTtoHOB: D — hopmMupoBaTENh HAHHBIX;
N C — nctounuk ontudeckoro curHana; H — HelTpaibHbIif
cetodpmnpTp; OB — ontmdeckoe BomokHO; JID] — ma-
BUHHBIA (hoTouos; [1— MCTOYHUK TOCTOSIHHOTO Harps-
JKEHMs; R, — Harpy304HBIM PpE3UCTOP; Y — yCHIIUTEIb;
J| — ammuty sl quckpumuHarop; M1 u U2 — noruue-
ckne 3aeMeHTH «M»; Ca — cuérunk umiryscoB; Tp — RS-
tpurrep; IIK — nepconanbubiil komnbsrotep; I — TaiiMmep;
JI3 — nuHUSA 3aAepKKH

Figure — Block diagram of the setup for obtaining
statistical distributions of pulses at the output of the photon
counter: D —data shaper; OS - optical signal source;
NF —neutral filter; OF — optical fiber; APD — avalanche
photodiode; V — constant voltage source; R — resistor;
A —amplifier; AD —amplitude  discriminator; &I,
&2 —logic elements "AND"; Cn — pulse counter; RS — RS-
trigger; PC — personal computer; 7 — timer; DL — delay line

Ha Bxoj ycTaHOBKH, OKa3aHHON Ha PUCYHKE,
1oAaBaJINCh KaK CUMBOJIBI ((0)), TaK ¥ CUMBOJIBI «1».
[Tpruém KOIMYECTBO ATHX CHUMBOJIOB IOAOMPATIOCh
TaKUuM, IIPpU KOTOPOM BCPOATHOCTU UX IMOABIICHUS
Ha BXOJIC€ KaHaJla CBSI3M OKa3bIBAJIUCh paBHbIMU 0,5.
Takoit moaxo 1mo3BoJisieT odecnedrnBaTh Hauboee
BBICOKYIO TIPOITYCKHYIO CTIOCOOHOCTH paccMaTpUBa-
eMOoro KaHaja cBs3u [4, 23].

YeraHOBKa COACPKUT HEPEAOLINN U IPUEMHBIE
MOJYJIHA, COCAUHEHHBIE Yepe3 ONTHUYECKOE BOJIOK-
Ho OB. Ilepenaronuii MOIyJIb yCTAaHOBKU paboTaet
B PEXUME AaCHHXPOHHOW Tepemadn WHPOPMAIUH.
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Omn Bxitouaer B ceds GopMmupoBaresb AaHHBIX D,
HUCTOYHUK omnrthdeckoro curaama MC um HedTpamsb-
Helii cBetodminbTp H. Bxox mepenaromiero mMomysist
SIBJISIETCSI BXOJIOM YCTAHOBKHU.

[lepenaroruit MOyJsib YCTAaHOBKH ()yHKI[HOHH-
PYeT cleayomumM 00pazoMm.

®opmMupoBaTtenb AaHHbIX O KOIUPYET NocTyna-
OII[Ee HA €r0 BXOJl UMITYJIbCHI, KOTOpPBIE TPECTaB-
JSIIOT c000i TBOMYHYIO MTOCIIEI0BATEIBHOCTD, TAKUM
00pazoM, uTo cuMBojaM «0» U «1» COOTBETCTBYIOT
MPSIMOYTOJIbHBIE WMITYJIBCHI JUINTENBHOCTBIO Af U
HanpsbkenueM U, u U, cootBerctBenHo (U, < U,).
ITpuuém mMexy Kakaoi Mapoil CAMBOJIOB HaXOJIUT-
Cs TaK Ha3bIBa€MBIM «3aIUTHBIN» BPEMEHHON HH-
TepBal t, = T, — Af, TIIe T, — CPEIHSASA JUINTENBHOCTD
nepeaayn ogHoOro Oura (cumBoia). B Teuenue Bpe-
MEHHU ¢, CUTHAJ Ha BbIX0Jie (hOPMUPOBATENS JaHHBIX
@ OTCYTCTBYET.

3areMm ¢ BeIxoza (hopMHupoBaTeNs JaHHBIX D UM-
yJIbChI IOCTYNAIOT HA BXOJ UCTOYHUKA ONTHYECKO-
T'O CUTHAJIA C TyaCCOHOBCKOM CTaTUCTUKOM (POTOHOB
NC, B kauecTBe KOTOPOT'O UCIIOJIB30BAJICS CBETOM-
on AJI307A ¢ piuHOM BOJHBI 665 HM U HOMUHAIb-
HOM cuioii ceeta 0,15 Mk,

Ha Beixone ncrounuka MC ¢popmupyetcs ontu-
YECKUI CUTHAN JIUTEIBbHOCTBI0 Af 1 MHTEHCUBHO-
CTbIO J, 110 BO3AECHUCTBUEM Ha €ro BXOJ HalpsbKe-
Hus U,. Ilpu nosenennn Ha Bxone ncroununka MC
UMILyJIbca ¢ HanpsbkeHueM U, Ha ero BbIXOJE I'eHe-
pUpYyeTCsl ONTHYECKUN CUTHAI JUINTENBHOCTBIO Af U
MHTEHCUBHOCTBIO J, (J, <J,).

OnTHueckoe H3MyyeHHe C BBIXOJAa HCTOYHH-
ka onruyeckoro curHaga WC mnoctymaer depes
HEeUTpaJIbHBIN cBeTOGMILTp H, oOecmeumBaromumit
ocnalieHue MOLIHOCTH ONTHYECKOIO CHUTHAIA,
Ha BBIXO/Jl IEPENAOIIEr0 MOIYJIS U Jlajee B ONTHYE-
ckoe BosokHo OB.

W3 onrtuueckoro BonokHa OB wu3nyuenue mo-
JaéTcsl Ha NPUEMHBIN MOJyJIb YCTAaHOBKU, B COCTaB
KOTOPOTO BXOJST MUCTOYHUK MOCTOSHHOTO HaIpsiKe-
nu 11, naBunsbii poronuon JIO, Harpy3ounslii pe-
3UCTOpP R, yCHIUTENb Y, aMIUIUTYIHBIA TUCKPUMHU-
Hatop /1, norudeckue aneMeHTsl «1» u «2», cuer-
yuK uMItysibcoB Cu, RS-tpurrep Tp, Taitmep 7, tuHust
3agepokkn JI3 n mepconanbuelii KoMmbioTep [1K.

[Ipuémublii MOIYIIb YCTAaHOBKM padoTaeT B pe-
KUME aCHHXPOHHOTO ITpréMa HH(POPMAIUH CIEeTyT0-
mmM obpazom. M3 onrtuueckoro BosokHa OB wu3-
nmydeHue monmaércs Ha JaBUHHBIN Qoroawon JID/I,
B KauecTBE KOTOPOTO HCIOJb30BaH JIABUHHBIN
¢doronpuémunk  DJ[-115J1. Peanuzanus pexuma

cuéta (OTOHOB M BKIIOYECHHE JABHHHOTO (HOTO-
npuémuuka JIDJ[ mo cxemMe MmacCHMBHOTO TrallleHHs
JIABUHHOTO MPO0O0SI BBHIMOIHIUCH O METOAMKE,
onucanHoil B [25]. Ha JI®J] or ucTtoyHuka nocro-
SIHHOTO HanpsbkeHusa nutanus I momaercst Hamps-
JKeHue obparHoro cmeunienust U, .. Bennunna atoro
HanpsDKeHUS BBIOMpANiach OMIM3KON WITH TPEBHITIIAI0-
el HanpsKeHHe JIaBUHHOTO Mpo0ost p-n-Tiepexosa
JIO U,,, 4TO KOHTPOIHPOBAIOCH BOJIBTMETPOM.
IIpu Takoii BenMuuHEe HANPSIKEHHUST 0OPaTHOTO CMe-
menus uepe3 JIO/] nporekaroT UMITYJIbCHI TOKA, 00-
YCIIOBIIGHHBIC BO3HHKHOBEHUEM TTPOOOS IO JOKaJIh-
HBIM KaHaJIaM p-n-TIepexo/ia — MUKPOIIIa3M.

[losiBneHne TakMX MHKpOIIa3M MOXET ObITh
00 BBI3BAHO HOCHTENEM 3apsnia, 0O0pa30BaHHBIM
noJ| JeWcTBHEM (OTOHA ONTHYECKOI'O HM3Iy4YEHHS,
00 00YCIOBICHO TEPMOTEHEPAIUCH.

KonuyecTBO 3TUX MMITyJbCOB MPSIMO MPOIOP-
[IUOHAJIBHO SHEPTUHU ONTHYECKOI0 UMITYJIbCa, KOTO-
past paBHA IPOU3BEACHUIO MOIIHOCTH ONTUYECKOIO
curHasia Ha Bpems Af. KomndaecTBo ogHO(DOTOHHBIX
UMIyJbCOB N Takke MpsIMO MPONOPLHUOHATIBHO
4uCIly (POTOHOB B IMITYJIBCE.

Taknm 006pa3om, Ha BBIXOJE JAaBUHHOTO (HOTO-
nuona JID]] 3a Bpems nepenaun cuMBoia At dop-
MHUPYETCS Pa3UyHOE KOJIMYECTBO SJIECKTPUUECKUX
MMITYJICOB IIPH HAJIMYUU HA €Tr0 BXOJE CHMBOJIOB
«0» m «1», Tak KaKk OHM INEpPeAArTCS UMITYJIbCaA-
MM Pa3JIM4HON MOIIHOCTH. [Ipu 3TOM KOJIMYECTBO
3JEKTPUYECKUX HMITYJIbCOB TIPSIMO IPOMOPIH-
OHAJIBHO MOIIHOCTH ONTHYECKOIO U3Iy4YeHHs,
a B OTCYTCTBHH IIOTEph TepenaBaeMoi MHpoOpMa-
UM MaKCUMAalIbHOEC YHWCIO OJHO(POTOHHBIX HM-
nynbcoB JIDJI, chopmupoBaHHBIX 3a Bpemsi At
mpu  mepemade cuMBoiia «0», OyImeT MEHbIIE,
YeM MUHUMAaJIbHOE YHUCIIO UMITYJIBCOB, cHhOpMHUPO-
BAHHBIX [PHU Iepeaye CUMBOJIA «1».

[Ipr BOZHUKHOBEHHH TPOOOS MPOTEKAIOIIHIA
yepes JIO /[ Tok BO3pacTaer, 4To NPUBOJUT K YBEIIU-
YEHUIO TaJICHUsI HAIPSDKEHUsI HA HArpy304HOM pe-
3ucrope R, M K yMEHbIIEHHIO HanpskeHus Ha JID 1.
B pesynbrate 3TOr0 mpo6oil B MHKpPOTIa3MEHHOM
KaHaJsle npekpaiiaercs (racuTcs), a Ha Harpy304YHOM
pesucrope R, popMupyercss UMITyJIbC HaPSDKEHUSL.

WMmynbebl, BbIZEIEHHBIE HA COMPOTHBICHHUH
Harpy3ku R, MOCTYNalOT Ha BXOJA YCHJIUTENd VY,
KOTOPBIH 00ecTIieunBacT WX YCHUJIICHUE. 3aTeM C BHI-
xo/la Y HMIYNbChl MOJAIOTCS Ha BXOJ aMIUIUTY/-
HOTO AMCKpUMHUHAaropa Jl, mopor aMIuIiMTyaHOH ce-
JIEKIIMM KOTOPOTO YCTAHOBIJIEH HENOCPEICTBEHHO
HaJ YpPOBHEM COOCTBEHHBIX IIIYMOB YCHJIMTEIS.
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B npouiecce npoBoauMBbIX U3MEPEHUI MOPOT AMILIU-
TY/HOM CENeKIINH OCTaBaJICI HEU3MEHHBIM.

[Ipu momouw aMIIUTYIHOTO AUCKPUMHUHATO-
pa Jl BHIIOJIHSAETCSI aMIUIUTYAHAs CEJICKUUs YCH-
JICHHBIX HMMITYJIbCOB HANpsOKeHHUS Ha (POHE IIyMOB
YCUWIIMTENS, a TaKKe MX CTaHIApTU3alusl [0 aM-
mwTyne U juautenbHoctd. C BhIXOAA aAMILIUTYI-
HOTO JAHMCKpuMHUHaTtopa JI WMIOynbChl MOCTyMa-
0T OJHOBpeMEHHO Ha S-Bxon RS-tpurrepa Tp u
Ha MepBbIid BXoJ jornyeckoro anementa «M1x». Ilep-
BBII UMIYJIbC U3 MOCJIETOBATEILHOCTH MMITYJIHCOB
nepeBoauT RS-Tpurrep Tp B €qMHUYHOE COCTOSTHUE.
Brixox RS-tpurrepa Tp coeawmHEH CO BTOPBIM BXO-
JIOM JIoTHYecKoro anemMenTta «M1» n ynpapistommm
BxogoM TaiiMepa 7. IlosiBneHue HampsoKEHUs Ha
BTOPOM BXOjI€ JIorTu4yeckoro snementa «H1», coot-
BETCTBYIOLETO JIOTUYECKON equHMIle, MO3BOJISIET
HUMITYJIbCaM C BBIXOAA aMIUIUTYAHOTO TUCKPUMUHA-
Topa I mocTymarsk Ha BXOJ CYETUNKA UMITYTHCOB CH,
KOTOPBIA IMOJICUNTHIBAET YMCIO UMIIYJIBCOB MOCIE-
JIOBAaTEJIbHOCTH, IOCTYAIOUIUX HA €r0 BXOI.

B MomeHT BpemeHum mnepekiroueHus RS-
Tpurrepa Tp U3 HyIEBOro B €AMHUYHOE COCTOSTHHE
3anyckaercs Taiimep 7. Uepe3 MpoMeKyTOK Bpeme-
HU At Ha BbIxozie Taiimepa T hopmupyeTcst HMITYITbC,
KOTOpBIM mocTymaeTr Ha R-Bxox RS-tpurrepa Tp,
IepeBoJisl €ro B HyjleBoe cocrosiHue. Ha Bbixone
RS-tpurrepa Tp ¢QopmupyeTcst curhams, cooTBeT-
CTBYIOIIMH JIOTHYECKOMY HYJIIO, KOTOPBIM mogaercst
Ha BTOPOH BXOJ| JOTHYECKOTO 3eMeHTa «M1», aro
OCTAHABIMBAET MOCTYIJIEHUE HMITYIbCOB Ha BXOJ
cuéTynka umnyinbcoB Cu, a, cleaoBaTeIbHO, OCTa-
HaBJIMBAET M TMOJCUET HUMITYIbCOB cuéTunkoM Cu.
Nmnynbe ¢ Bhixoma TaiiMepa 1 MOCTYMaeT TakKkKe
Ha BXOJl TUHUU 3a1epkKku JI3 m Ha BTOpo# BXOJ J10-
ruueckoro ieMmenTa «M2». Beixon cuétunka Cu co-
€IMHEH C TEPBBIM BXOAOM JIOTHYECKOTO 3JIEMEHTa
«2». Ilpn HAMWYUU JTOTUYECKUX CIUHUI] Ha Iep-
BOM M BTOPOM BXOJlaX JIOTHYECKOro anemeHTa «M2»
KOJINYECTBO HMMITYJIBCOB, COCUYUTAHHBIX CUETUYMKOM
Cu npu miepenade JBOMYHOTO CHMBOJIA, TTepeaaéTcst
B nepcoHasbHbIN koMmbroTep T1K.

Copoc cuérunka uMITya6CcOB CU TIPOUCXOAUT
yepe3 HEKOTOPBI MHTEpBal BPEMEHHU IOCIHE IPH-
X0Ja UMIyJbca OT Taiimepa 7. JUIMTEeNbHOCTh 3TOTO
HWHTEpBaia 3aAa€Tcst IMHUEH 3aaepxxku JI3.

ITepconanenbiii komnetorep IIK oTaensHO
(hopMHpOBAT MACCUBHI JaHHBIX YUCIIA UMITYJIHCOB
pu nepegaye cuMBoJIoB «0» U «1», MOCTyNUBIINUX
B T€YeHUE MHTepBaja BpeMeHu Af. Ha ocHoBaHuUM
MOJIyYeHHBIX TaKMM OOpa3oM MacCHUBOB JIaHHBIX

PaccUnTHIBAINCh CTATUCTHUYECKUE PACHpPENCIICHUs
P,,(N) n P, (N). 3aremM nepcoHaabHbI KOMIIBIO-
tep 11K BbIIOIHSUT cpaBHEHHE KOJINYECTBA UMITYJIb-
coB N ¢ AByMs MOPOTOBBIMH YpOBHSIMU N, u N, n
OCYIIECTBIISUI IPOBEPKY BBHIMOJIHEHUS YCIOBHIA:

N, <N<N,; (5)

N> N,. ©6)

Ecnu ycnoBue (5) BBINOTHSIIOCH, TO TPUHH-
MaJoCh pElIeHHE, YTO 3aperUCTPUPOBAH JBOMY-
HbIi cuMBoal «0». Ecnu BeimonHsioch yenosue (6),
TO MPUHUMAIOCH PEIICHHE, YTO 3apETUCTPUPOBAH
JIBOMYHBIA cUMBOJN «l». [Ipnuém ommbounas pe-
THECTpalys AaHHBIX (QUKCHUPOBANACH B CIEAYIOMINX
CITyJasx:

— ecnu ycioBust (5) unu (6) He BBITONHSIINCE;

— ecid ycaoBue (5) BBIMOIHSIIOCH, HO IIPH ATOM
Ha BXOJIC KaHalla CBS3M JABOMYHBIN cUMBOJI «0» OT-
CYTCTBOBAJI;

— ecniu ycioBHe (6) BBITOJIHAIOCH, HO TIPU 3TOM
Ha BXOJIe KaHalla CBS3M JBOMYHBIN CUMBOJI «1» OT-
CyTCTBOBAJI.

BeposiTHOCTH O1IMO0YHOI perucTpanuy JBOUY-
HBIX CUMBOJIOB «0» U «1» MOYHO paccUuTaTh MyTEM
MoJcTaHOBKH B popmyuisl (3) 1 (4) MOTyUIEHHBIX CTa-
THUCTHUECKUX pacnpenenenuit P, (N) u P, (N) co-
OTBETCTBEHHO.

CymHocTh pa3padoTaHHOW MEeTOANKH

Kak oTmedanocs BeIIE, MPU PETUCTPAITHH TBO-
HYHBIX CUMBOJIOB («0» min «1») HEOOXOAMMO IO~
OMpaTh WHTCHCUBHOCTH ONTHYCCKUX H3TyUCHHH,
WCIIONB3YEMBIX [IJISl Tepenadd dJTHX CHUMBOJOB,
a Talke noporosblie ypoBHu N, u N,, obGecneuu-
BAIONINE YMEHBIICHUE TIOTEPh TeperaBacMoOl WH-
dbopmaruu. B 3TOM CBS3M IS CHIDKEHHUSI TIOTEPh
nHOpPMALIMK B paccMaTpuBaeMOM ACHHXPOHHOM
0HO(OTOHHOM KaHaje CBs3M pa3padoTaHa Me-
TONWKA, ONMCAaHHAs HWXE. B KauecTBe KpuUTEpus
IUISL peamn3aIiii dTOW METOIUKH MCIOJIB30BAH I1a-
pamMeTp:

Ny
1—

N=N|

Ny
Py (N)+ Y, Py (N)
N=0

(N

Ny
1+
N:Nl

Ny :
pstO(N)_ Z F,’ytl(N)
N=0

Bripaxkenue (7) mOIy4eHO U3 CIEAYIOUIUX CO-
0o0paxxeHHuH.
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C ofHOU CTOPOHBI, BEPOITHOCTH TOTO, YTO TIPH
HAJIMYUM Ha BXOJle KaHala CBSI3U CUMBOJOB «0»
n «1» 3TH CUMBOJBI He OyIyT 3aperHCTPUPOBAHBI
Ha BBIXOJIC KaHalla CBS3HM, PAaBHBI COOTBETCTBEHHO
P,,onP,,  IlpudéM kaxnas U3 3TUX BEPOATHOCTEH
UMeeT JABe cocTapisromue: 1t P, — 310 P(—/0)
u P(1/0); nna P,,, — ato P(—/1) u P(0/1), uto oT-
Medanochk paHee. CyMMapHOE 3HAU€HHUE IEePEXOJ-
HBIX BepositHOcTe P(—/0), P(1/0), P(—/1) u P(0/1),
OTIpe/IETISIONIEe B IIEJIOM OIIMOKHU MPH PErHCTPAIUN
JIAHHBIX JIBOMYHBIX CHMBOJIOB («0» m «1»), paBHO

N2
-2

N=N;

Ny

Pyo(N)+ 3, Py ().
N=0

C npyroii CTOPOHBI, BEPOATHOCTH PETHCTPAIIMH
cUMBOJIOB «0» ¥ «1» MPU HATHMYUH HA BXOJIC KaHAa
CBsI3H CUMBOJIOB «0» 1 «1» paBHBI COOTBETCTBEHHO
(1-P,,)=P0O0)ul-P,,;)=P/1). Cymmap-
HOE 3Ha4YeHHe nepexoaHbx BepostHoctedt P(0/0) n
P(1/1), ompenensromiee B 1eI0M 0€30MIMOO0IHYIO
PETUCTPALIMIO TBOMUHBIX CUMBOJOB («0» U «1»),
paBHO

Ny
1+ 2 P

Ny
(N)= Y, Py ().
N=N; N=0

Kak nokasano B paborax [3, 19], yBenuyeHue
nepexoaHbix BepositHoctenr P(0/0) u P(1/1) crioco6-
CTBYET YMEHBIICHUIO COOTBETCTBYIOLIUX CyMMap-
HbIX coctapysromux P(—/0), P(1/0) u P(—/1), P(0/1),
YTO UMEET MECTO 3a CYET pocTa JOCTOBEPHOCTH 3a-
PETUCTPUPOBAHHBIX JIAHHBIX.

[Ton mocToBepHOCTHIO OyJieM MOHMMATh BEPO-
SITHOCTH TOTO, YTO NPHUHSITHIC JaHHBIE COOTBETCTBY-
10T TepeaanHbM [19].

CrenoBatenbHO, MPH COBMECTHOM Yu€Te BCEX
YKa3aHHBIX BBIIIC IEPEXOIHBIX BEPOSTHOCTEH BEJIU-
gunel [P(0/0) + P(1/1)] u [P(-/0) + P(1/0) + P(-/1) +
+ P(0/1)] uenecooOpa3HO UCIIOIL30BATh KaK B3aHM-
HO OOpaTHbIe.

Takum o0Opa3om, BeipakeHue (7) HTPUTOIAHO
B KAue€CTBE KPUTEPHS ISl peav3aliud METOAUKU
CHIDKEHHUSI MMOTeph MH(OPMAIMU MPUMEHUTEIBHO
K paccMaTpHBacMOMY KaHay CBS3H.

OTMETHM, YTO B OINMCAHHOHN BBIIIE METOIUKE
B Ka4e€CTBE KPUTEPHUS MOXKET MCIOJIb30BATHCS JINOO
HauMeHbIas BeanunHa K, 1nbo Hanbosbliee 3Ha-
yenue K, .

Janee paccMOTpUM CYIIHOCTh TpeiiaraeMoi
METOJIMKH, €CJIM B KAUECTBE KPUTECPHS UCIIOIb30BAHA
HaUMEHbIas BenunHa Kp.

MeToauKa COIEPKHUT IISITh ATANIOB M 3aKII0YACT-
Csl B CIIEYIOIIEM.

Oman 1. opmupyem maccugvl OaHHbIX CIAMU-
CMUYecKux pacnpeoenesutl CMecu 4ucia memHoEblx
u cueHanbHolx umnynvcos P, (N) u unmencuernocmeii
ONMUYECKUX CUSHANLOE J.

B muccinenyemMom nmanazoHe MHTEHCHMBHOCTEH
ONTHYECKHUX CHUTHAJIOB C MCIOJIb30BAHUEM YCTa-
HOBKH, TIOKa3aHHOH Ha PUCYHKE, U3MEPSEM CTaTH-
CTHYECKHUE PACIIPEIEIEHH CMECH YUCIIa TEMHOBBIX
Y CUTHAJIBHBIX MMITYyJbCOB Ha BBHIXOJE CUETYMKA
(GOTOHOB M Ha MX OCHOBE (OPMHPYEM MACCHBBI
JIaHHBIX:

2, ={R, "2, 2,0, L 8)

{000 50,70, ©

rae Pst(N)(i)—i—e CTaTHCTUYECKOE pacIpe/elieHue
CMECH YHCIIa TEMHOBBIX W CHTHAIBHBIX WMITYIb-
COB Ha BBIXOJIC CUETYMKA (POTOHOB, COOTBETCTBYIO-
1wiee i-ii MHTEHCHBHOCTH ONTHYecKoro curhana J;
i=2+m (m omnpenensiercs 00bEMOM HAKOIUICHHBIX
JTAHHBIX YHUCIIA UMITYJIBCOB).

ITo Mepe peanuzanuu paccMaTpyuBaeMoil MeETO-
JUKHA UTEPALIMOHHO OINPENEIAIOTCH BEAUYHHEI iy, I},
N,, N, u Kp, aTakxke iy, 1,”, N;”, N, u K’ cnenyro-
MM 00pa3oM.

BHaauane ycranaBnuBaem i, =1, i; =2, N, =1,
Ky = 10°. 3arem MEepPEXOAUM K 3Tamy 2.

Oman 2. Onpedensiem UHMEHCUBHOCMb ONMU-
YecKo20 CcucHana 0asa nepeoauu 08OUYHBIX CUMBO-
7108 «Ox.

Ecmu iy < m, 10 ycTanasmasaem P, o(N) = P, (N)©
W TIEPEeXOIUM K dTamy 3; WHa4ye 3aBepliacM BbI-
MTOJTHEHUE METONIUKH.

Oman 3. Onpedensiem UHMEHCUBHOCMb ONMU-
Y4ecK020 CUcHana 01 nepeoaui 080UYUHBIX CUMBO-
7106 «1».

Ecmni; < m,toycranasnusaem P, (N) = P,, N)
U TIEPeXoquM K dTamy 4; WHaue MOoCIeI0BaTeIbHO
ycraHaBnuBaeM Kp’ 10°, YBEJIMYMBAEM Ha €JIU-
HUIYy [, YCTaHaBIMBaeM I, =i,+ 1 u mepexomum
K JTamy 2.

Oman 4. Onpedensem HUINCHUL NOPOSOBBLIL YPO-
BEHb 3APECUCPUPOBAHHBIX HA 6bIX00e CUEMUUKA
gomonog umnyiecos Ny, npu KOmopom oeiaemcs
8618600, UMo nepeodan cumeosn «0y.

Ecmu N, <10, To ycranaBnueaem N, = N, +1
U TEPEeXOUM K dTaly S5; WHaue MOCIeI0BaTeIbHO
ycTaHaBiuBaeM N, = 1, yBelIMUUBaeM Ha €AUHMULLY i,
U TIEPEXONM K dTarry 3.

Oman 5. Onpedensiem gepxuuti NOpo2oswvlll ypo-
BEHb 3APecUCPUPOBAHHBIX HA 8bIXOOE CUEMYUUKA

J
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@omonos umnynvcos N,, npu npesvlueHuu Komopo-
20 0enaemcst 8bl800, Mo nepedan CUMBON « 1.

Ecimu N,> 10, To yBenuuuBaeM Ha EIUHUILY
3HaueHue N, U NepexoAuM K dTaiy 4; uHaye 1ocie-
JOBATEJIbHO BBINOIHAEM CIEAYIOIIUE IEHCTBUA:

—no ¢opmyrne (7) Boruucisiem Kp; ecnu
Kp,<K,’, TO IOCIEAOBaTEeIbHO YCTaHABIUBAEM
K,’, paBHbIM Kp, U (opmupyeM MacCHB JaHHBIX,
copepxkawuil i, =iy, i;’=1i;,, N'=N,, N, =N,,
a TaKXKe BEIWYMHBI J, U .J;, COOTBETCTBYIOILNE
CTaTUCTHYECKUM pacrpeneneHusM Pst(N)([0)
u Py (N)™;

— YBeIMYMBAaEM Ha CIUHMILy BEPXHHH MOpO-
TOBBIM YpPOBEHBb 3apETHCTPUPOBAHHBIX Ha BBIXOAE
cuéTunka (POTOHOB UMITYJILCOB NV,;

— [IEpEXOAUM K Hadajdy sTana 5.

OTmeruM, 4YTO IpU pealu3alud ONUCAHHOU
BbIILIE METOJUKH BEPXHHUH MOPOTOBbIM ypOBEHb 3a-
PErUCTPUPOBAaHHBIX Ha BbIXOAE cuéTunka (GoTo-
HOB HMITYJILCOB N, HE MOXET IPEBBIMIATL JIECATH,
IIOCKOJIBKY B NPOTHBHOM CiIydae NPUMEHEHHE pe-
KHUMa cuyéra (OTOHOB Ul PETHCTPALUM JIAHHBIX
B paccMaTpHBaeMOM KaHaJle CBSI3U CTaHOBUTCS He-
nesiecooOpaszueM [3, 4]. Tak kak N, < N,, 1o3TOMy
HUKHUHA TTOPOTOBBI ypOBEHb 3aperucTpUpOBaH-
HBIX Ha BbIXOJE CuéTyuKa ()OTOHOB MMITYJIBCOB NV,
HE MOJKET MpeBbImaTth AeBaTH. C yu€ToM 0coOeHHO-
CTeH paccMaTpUBaeMOro KaHaja CBS3H, YKa3aHHBIX
BBIIIIC, HANMEHBIINE BO3MOKHBIE 3HaUeHud N, u N,
paBHbI COOTBETCTBEHHO 1 u 2. Benuuuna K’ 10°,
HCIIOJIb30BaHHAs HA MIEPBOM U TPETHEM dTarax Mpu-
BEJCHHOI METOJMKH, HeoOXoauMa B KayecTBE Ha-
YaJabHOI'O 3HAYEHUS U1 BO3MOXKHOCTU CPaBHEHUS
co 3HayeHueM Kp, BBIUMCICHHBIM 110 dopmyie (7)
U COOTBETCTBYIOIUM yCTaHOBJICHHBIM Ha BTOPOM U
TPETbEM JTallaX CTATUCTUYECKUM pPACHpPEeTICHUSIM
CMECH 4YHCJIa TEMHOBBIX M CUI'HAJIbHBIX MMITYJIbCOB
Ha BbIXOZle Cu€TynKa (POTOHOB MHPHU PETHCTPALUH
JIBOMYHBIX CUMBOJIOB «0» P, ((N) u mpu perucrpa-
UM JBOMYHBIX CUMBOJIOB «1» P (N). 3HaueHue
K}’ MOxxeT BEIOMpAThCs U APYTUM, OTJINUHBIM OT 10°,
OJTHAKO OHO HE MOJKET ObITh MEHbILE MUHMMAJIbHO-
ro 3HaueHus Kp; B IPOTUBHOM Clydae peaau3aLus
METONUKU HE BO3MO)KHA. HanMeHbliee KOJIM4ECTBO
CTaTHCTUYECKUX PaCIpeleseHnil CMeCH 4HCiIa TeM-
HOBBIX U CUTHAJIbHBIX MMITYJIbCOB Ha BBIXOJIE CUET-
yrKa (POTOHOB, COOTBETCTBYIOILUM i-M HHTCHCHUB-
HOCTSIM oITHYecKoro curaana J', pasHo 2. I10 06-
YCIOBJIEHO T€M, YTO B HCCIIEIyEMOM KaHaJle CBSI3U
KaXIbIi IBOMYHBIA CUMBOJI NTEPeAa&TCs C IOMOLIBIO
OIITHMYECKOT'0 CUTHaJIa Pa3IMYHON HHTEHCUBHOCTH.

Ilo okoHuUaHMM peain3aluu METOAMKH U3 Mac-
cuBa C(OPMUPOBAHHBIX AAHHBIX iy, i;’, N,’, N,’,
Jy u J, BblOuparoTcs BenuuuHbl N;” U N,’, KOTO-
pBIE HCTIONB3YIOTCSI COOTBETCTBEHHO KaK HYDKHHN U
BEPXHUH IIOPOrOBbIE YpPOBHU. 3HaueHus i,’ U i,
OIPEJEIII0T CTATUCTUUECKUE paclIpee/ICHUs CMECH
YrcIia TEMHOBBIX M CUTHAJIBHBIX IMITYJILCOB Ha BBIXO-
Jie cyéTunka (POTOHOB MPU PErHCTpaIy ABOMYHBIX
cuMBOJI0B «0» P ,o(N) 1 IBOMYHBIX CHUMBOJIOB «1»
P, (N), a TakxKe UHTEHCUBHOCTH PErHCTPUPYEMBbIX
ONTUYECKUX M3IYyYCHUH IpU Iepefade 3TUX CUM-
BoJioB J, u J, COOTBeTCTBy}omHeP;,(N)('O), ()
u P, (N )("), J ("), BLI6I/IpaeMLIe M3 MACCHBOB JAaHHBIX

) u(9).

B ciyuae HCIONB30BaHHs BeTHunHbl K, | B Ka-
4eCTBE KPUTEPUS MIPH pean3aliid METOAUKH BCe €€
3Tarbl JOJKHBI BRITIOTHATHCS aHAIOTUYHO, KaK OTIH-
CaHo BBbIIIIE, 32 UCKIIIOUEHUEM cieyrouiero. Ha sra-
nax 1 u 3 HeoOXoauMO ycTaHaBiuBaTh Kp = 10_3,
aaTal S5 pean30BaTh B cleayollel pegakuuu. Ecau
N, > 10, To yBennunBaeM Ha €IMHHUILY 3Ha4YeHHe N,
U MEpexXoAuM K 3Taly 4; MHaue I0CIIeN0BaTEIbHO
BBITIOJIHSIEM CIIEYIOIINE AEHCTBUS:

—no d¢opmyne (7) BbruucisieM Kp; eciu
K P’l >K,’, TO MOCIeN0BaTeIbHO YCTaHABIUBAEM
K}’, paBHBIM Kpfl, u (hopMHpyeM MacCHB JIaHHBIX,
cogepxkamui i, =iy, i;’=i;,, N’=N,;, N,’=N,,
a TaKKe BEJINYMHEI J, U J|, COOTBETCTBYIOIIHE CTa-
TUCTUYECKUM pacrpenencHusm P, (N )0 i P, (N );

— YBEJIMYMBAaEM Ha €IWHUIY BEpPXHUH MOpo-
TOBBI YPOBEHb 3apETMCTPUPOBAHHBIX Ha BBIXO/E
cuéTunka (OTOHOB UMITYJILCOB IV, ;

— IIEPEXOAMM K Hadaly dTana 5.

Kak cnemyer u3 npennaraeMoil MeETONUKH,
UTEpalMoOHHOE OOHOBIICHHE Kp' M TOCIeayrolee
(dbopMupoBaHHE MaccUBa IaHHBIX Ha 3Tame 5 ocy-
mectBnsiercs, ecmu Kp < Kp” u Kp ' > K’ ipu -
[0JIb30BaHUU B KauecTBe KpUTepus BeIU4YMH K, U
K, ' cooTBeTCTBEHHO. ITO MO3BONAET ONPEIETUTH
HAaUMEHBIINE MHTEHCUBHOCTH ONTHYECKHUX CHTHA-
JIOB IIpH Ilepejade ABOMYHBIX CUMBOJIOB «0» U «1»,
MpY KOTOPBIX MOTEepH MH(GOPMALIUK B paccMaTpuBa-
€MOM aCHHXPOHHOM OAHO(OTOHHOM KaHaJle CBSI3H
MUHUMAJIBHBI.

Paccunrars Bepoarnoctu P, u P, MOXHO
nyTéM MOJCTaHOBKH B Gopmyinsl (3) u (4) moporo-
BBIX YPOBHEH 3aperuCTPUPOBAHHBIX UMIYJIBLCOB NV,
n N,, a Takke COOTBETCTBYIOIIMX CTAaTHCTUYECKUX
pacnpenenenuit P ,(N) u P, (N), NOIy4eHHbIX
Ha OCHOBE DTOW METOIUKH.
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Takum oOpaszoM, peanu3anusi OINUCAHHOW
BBIIIIE METOANKH MPUMEHHTEIBFHO K paccMaTpuBa-
€MOMY KaHally CBSI3M IO3BOJISET ONpPENEIUTh WH-
TEHCHUBHOCTH ONTHYECKUX CUTHAJIOB IIPH Mepeaue
JBOUYHBIX CUMBOJIOB «0» 1 «1», a TaKke HIKHUH U
BEPXHHH IIOPOTOBBIE YPOBHU 3apETUCTPUPOBAHHBIX
Ha BbIXOZie Cu€TyMKa (POTOHOB HMMITYNIBCOB, 00e-
CIIEYMBAIOIINE YMEHBIICHUE MTOTEPh TepeaBaeMoi
nH(popManHH.

3akiao4eHue

[IpuMeHHuTenbHO K aCHHXPOHHOMY JIBOUYHOMY
HECUMMETPHUUYHOMY OJHOPOJHOMY BOJIOKOHHO-OII-
THYECKOMY KaHaly CBsS3M Oe3 MaMsTH U CO CTHpa-
HHUeM pa3paboTaHa METOAMKA CHUXKEHUS II0TePb UH-
dbopmaruu.

Metonuka OCHOBaHa Ha Y4€Te BYX COCTaBJISIIO-
IIUX BEPOSTHOCTEH OMIMOOYHON PETHUCTPAIMU JIBO-
UYHBIX CUMBOJIOB «0» P, o U CUMBOJIOB «1» P .
Ilepsas cocraBnsromas g P, u P, MOXeT
OBITh OIpeAeNeHa Kak BEPOATHOCTh TOTO, YTO
MPU PErucTpalyy JBOWYHBIX JAaHHBIX Ha BBIXO-
J€ KaHaja CBA3M He OyleT 3aperucTpupoBaHO
HU cuMBoa «0», HE cuMBOJAa «1», B TO BpeMs Kak
Ha BXOJIe KaHaja CBA3U ObLI chOPMHUPOBAH CHMBOJI
«0» 1 cuMBOI «1» COOTBETCTBEHHO. BTOpas cocras-
JISIFOILAs BEPOSITHOCTHU P, OIIpeIeIIsieT BEPOSITHOCTh
perucTpanuy Ha BbIXOJIE KaHala CBSI3M CUMBOJIA «1»
[IpY HaJIMUUU Ha ero Bxoxe cuMaouia «0», a BeposT-
HOCTH P,,; — BEpOSITHOCTb PErUCTPAllMd Ha BBIXO-
JIe KaHajla CBsi3U cuMBouia «0» MpyU HaJIUYUU HA €r0o
BXOJI€ CUMBOJIA « 1.

Peanuzanust MeTonUMKU BKIIOYAET H3MEpEHHE
CTaTUCTUYECKUX PACIPEIEICHUI cMecu 4ucia TeM-
HOBBIX W CHUTHAQJIBHBIX HMITYJIBCOB, MOJYYEHHBIX
Ha BBIXOZE CYETYMKA ()OTOHOB NPH PETUCTPALUH
JBOMYHBIX CUMBOJIOB «0» P o(N) n cumBoi0B «1»
P, (N), a Takke omnpeleleHUE HHTEHCHBHOCTEN
ONTUYECKUX CHUTHAJIOB Ui Tepelady JABOMYHBIX
cuMBOJIOB («0» M «1») U MOPOTOBBIX YpOBHEH 3a-
PETHCTPUPOBAHHBIX HA BbIXOAE cuET4mKa (OTO-
HOB MMITyJIbCOB IV, 1 N,. B KauecTBe KpUTEpHs I
peanu3alMyd  METOIUKU UCIIOJIb30BaH IapaMeTp

Ny Ny Ny Ny
Kp=|1= 3, Pyg(N)+ X Py (N) /|14 3, Py (N)= 3 Py (N) |.
N=N| N=0 N=N| N=0

[MpeanoxkeHo ycTpoiicTBO, peanm3yrolee pa3pado-
TAHHYIO METOJIUKY.

Metonrka o3BoJIAeT ONPEACIUTb HIDKHUN V| 1
BEPXHUH NN, MOPOTOBBIE YPOBHH 3apErHCTPUPOBAH-
HBIX MMIIYJIbCOB, & TAKXKE UHTEHCUBHOCTH ONTHYE-

CKHX CUTHAJIOB IIPH Mepeaade ABOMYHBIX CHMBOJIOB
«0» u «1», obecrieunBaroie YMEHbLICHUE BEPOSIT-
HOCTEH OIMO0YHOI perucTpauny 3TUX CUMBOJIOB.

Pesynbrarel, momydyeHHble B JaHHOM padore,
MOTYT OBITh MCIIOJIB30BaHbI IPH CO3JaHUU BBICOKO-
CKOPOCTHBIX CHCTEM KBaHTOBO-KPHIITOrpapuyecKoi
ACHHXPOHHOM CBSI3H, COAEPKAIIUX B KaUYECTBE MPH-
EMHBIX MoOynel cuéTuyuku (POTOHOB C «MEPTBBIM»
BPEMEHEM TIPOJUIEBAOLIETOCS TUIA H XapaKTepU3y-
IOIIMXCSl HU3KOH BEPOSITHOCTBIO OMIMOOK JIETUTHM-
HOTO MPUEMHOTO 000PYIOBaHHUS.

ABTOpY HacTOsILell pabOThl BUASATCS BEChbMa
Ba)XHBIMH HCCIIEZIOBAaHUS TIO OLEHKE BIMSHUA HH-
TEHCUBHOCTEH ONTHYECKHX CHTHAJIOB IPH Iepena-
4ye JBOMYHBIX CHUMBOJIOB «0» M JBOMYHBIX CHUMBO-
J0B «1» Ha 1OCTOBEPHOCTb IPUHSTHIX AAHHBIX, YTO
TUTAHUPYETCSI BBIMOJIHUTD B XOJ€ JAJbHEHIINX KOM-
IJICKCHBIX WCCIIEOBAHUM.
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MMPABUJIA O®OPMJIEHUS CTATEN

Crarpy, HanpaBlICHHbIE B DPEJAKLMIO JKypHala, JODKHBI YHIOBIETBOPATH TpeOoBaHMsM «MHCTPYKIMM O IOpsiIKe
odopmiieHns KBaIM(PUKAIIMOHHON Hay4dHOH paboThl (uccepTanui). ..», yreepxaennoi [Tocranosnennem BAK Pb
or 28.02.2014 1. Ne 3

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

2. Crarbs NpPEACTABISAETCS HA PYCCKOM WM aHIJIMA-
CKOM SI3bIKE W ITyOJIMKYeTCs Ha SI3BIKE MTPEACTAaBICHNUSI.

3. [locTynuBine B peJakLUIO CTaTbu MPOXOAAT IBOM-
HOE Toycienoe peneHsupoBanne. OCHOBHBIE KPUTEPHUH
1IeJIeCO00PA3HOCTH OITyOTMKOBAHUSI — AKTYaJIbHOCTh TEMa-
THKH, HTHOOPMATHBHOCTh, HAYYHAS! HOBH3HA.

4. Crarbsi IpeiCTaBISICTCS B PACTICIATAHHOM H B DJICK-
TPOHHOM BHJIE B (hopmaTe TekcToBoro penakropa Word for
Windows. O0beM cTaTbi HE JODKSH TpeBbImarh 14 cTpa-
HUT, BKIodas TekeT (mpudt Times New Roman, pasmep
12 ., maTepBan 1,5), Tabmurpl, rpadpudeckuii MaTepual,
BCIO HEOOXOMMYT0 HH(OPMAITHIO Ha AHTIIMHCKOM SI3bIKE.

5. Ha mepBoii cTpaHHIe CTaThH YKa3bIBAIOTCS: MHIIEKC
VK, HazBaHue craThd, (aMITHN aBTOPOB ((aMILTHS aB-
TOpa, ¢ KOTOPBIM CIIEyeT BECTH TEPENHCKy, OTMEUaeTCs
3BE3JJ0YKOM M YKA3bIBAETCSl €0 aapec 3JIeKTPOHHOW MOod-
TBI), HA3BaHMS W TIOYTOBBIC aJ[peca OpraHM3anui (ynuuna,
HOMeEp JIOMa, HHJIEKC, TOPOJI, CTpaHa), B KOTOPBIX padoTaroT
aBTOPBI, HA PYCCKOM W aHIIMHACKOM si3bIKaxX. CTaThsi BKIIIO-
gaeT: aHHOTaIuo (B mpenenax 200—250 cioB); KITFOYEBEIC
cioBa (He Oonee 5); BBe/IeHNE, B KOTOPOM JIENIAeTCsT Kpar-
KWt 0030p C/IETAaHHOTO B MUPE M KOHKPETHO (pOpMyIHpyeT-
Cs 11e7Th pabOThI; OCHOBHYIO YaCTh; 3aKIIFOYCHHUE, B KOTOPOM
B CXXAaTOM BHJE CHOPMYTHPOBAHBI OCHOBHBIC TIOJTyYSHHBIC
pe3ynbTaThl ¢ yKa3aHHEM WX HOBH3HBI, MPEUMYIIECTB U
BO3MOYKHOCTEH TIPHMEHEHUsSI; CHHCOK HCIIOJIb30BAHHBIX
WCTOYHNKOB. AHHOTAIMs, KIIIOYEBBIC CIIOBA, CIMCOK HC-
TIOJTb30BAHHBIX MCTOYHHUKOB MPEICTABISIIOTCS HA PYCCKOM
1 aHDJINICKOM SI3BIKax.

6. AHHOTanWs IODKHA OBITH WH(POPMATHBHOH (co-
JIep>KaTh «BBDKUMKY» U3 BCEX Pa3/IeNiOB CTAThH — BBEJCHUS
C yKa3aHHEM LeJIM PadOThI, METOIMKH, OCHOBHOH YacTH H
3aKITFOUCHUS).

7. I'paduuecknii MaTepuan JAOIKEH OBITh KOHTPACT-
HBIM U 4eTkuM. Dortorpadum mpeacTaBiusOTCS B 3NIEK-
TpoHHOM Buze (dopmar tif, jpg, pa3pemienne He MeHee
300 dpi). Bce prucyHku HyMepyrOTCS U COIPOBOXKIAIOTCS
MTOAPHCYHOYHBIMHU NOATIHCAMHU. DparMeHTs pruCyHKa 000-
3HAYAIOTCSl CTPOYHBIMH KypPCHBHBIMH JIATHHCKUMH OyKBa-
MH — «a», «b» uT. 1. Haamucn Ha puCyHKax M TOIIHMCH
K PUCYHKaM JalOTCsl HAa PYCCKOM M aHIVIMHCKOM SI3BIKaX.
Bce cokpamienust 1 0003HaYECHUS] HA PUCYHKAX JIOJKHBI
OBITH pacIU(pPOBAHBI B MOAPUCYHOUHON MOANHCH. PrcyH-
KM JKeJIaTeJILHO TPEOCTABIISTh B IIBETE.

8. Tabmuib! He TOHKHEI TyOIrpoBaTh rpaduku. Kax-
Jast TabIMIla UMEeeT 3aroloBoK. Ha Bce TabnuIIs! 1 puCyHKH
cIIe/tyeT JaBaTh CCHUIKH B TekcTe. Ha3zBaHue u comeprkanne
TaOJHI] TIPEJICTABIISICTCS Ha PYCCKOM M aHTJINHCKOM SI3BIKaX.

9. O003HaueHNS U COKPAIICHNS, IPUHATHIE B CTaThE,
pactm(ppoBBIBAIOTCS] HETIOCPEICTBEHHO B TEKCTE.

10. Pa3mMepHOCTb BCEX BEIMYUH, IPUHATHIX B CTAThE,
JTOJDKHA COOTBETCTBOBAaTh MEXIyHAPOIHOH CHCTEMe ellu-
HU1 mmMeperuit (CH).

11. MHOTOCTpOUYHBIE (HOPMYITHI OIKHBI OBITH HaOpa-
HBI B penakrope MathType, HOMepa dopmyn — 1o TipaBo-
My Kpato. HymepyroTcst mummb popMyIisl, Ha KOTOPEIE €CTh
CCBUIKH B TeKcTe. OTIeNbHBIe CTPOYHBIC OYKBBI M CITCITH-
aJbHBIC CHMBOJIBI HAOMPAIOTCS B TEKCTE TAPHUATYPOI Sym-
bol 6e3 mcmoab3oBanus pegaxkrtopa dopmyna. [Ipu Ha-
Ooope QopMmyn U OyKBEHHBIX 0003HAYCHHUH HEOOXOIUMO
VYHATBIBATh CIEAYIOMIAE TIPaBIJIa: PYCCKHIl ajadaBuT
He UCTOJIB3YeTCs; TpeUecKue OyKBBI, MaTeMaTHICCKHe
cumBodH (grad, div, In, min, max u ap.), CHMBOJBI XUMH-
YECKUX DIIEMEHTOB (B T.U. B HHJCKCE) HAOMUPAIOTCS MPSAMO;
JMATHHCKUE OYKBHI — IMEPEMEHHBIC I CHMBOITBI (PH3HYECKUX
BEIMYMH (B T.4. B MHICKCE) HAOUPAIOTCS KYPCHBOM; BEK-
TOPBI — KUPHBIM MPADTOM (CTPETKH BBEPXY HE CTABATCS).

12. CrucoK MCTIOJIb30BAHHBIX WCTOYHUKOB COCTABJIs-
eTCsI B TIOPSAKE YIMOMHHAHUS CCBUIOK IO TEKCTY, JOJDKCH
CofiepKaTh TOJHEIE OMOMUOTpauIecKie TaHHBIC U TIPH-
BOJINITCSI B KOHIIE CTaTh. He pekoMeHIyeTcs 1aBaTh CChII-
KA Ha MaTepHajbl KOH(EPEHINH, CTaThl U3 3JIEKTPOHHBIX
KypHanoB 6e3 uneHtudukaropa DOI, yueOHBIE TTOCOOUS,
HHTEpHET-pecypchl. CCHUTKM Ha HEOITyOIMKOBaHHBIE pado-
THI HE JOMycCKaroTcs. JKenaremnsHo, 9TOOBI KOJTMIECTBO CCHI-
1ok Obw10 He MeHee 10; camonmTrpoBanue — He Ooiee 20 %.

13. ABTOpBI Ha OTAENBHON CTPAHULIE MIPETOCTABIISIIOT
0 cebe cremyronue CBeIeHUS: (haMWIINs, UMs, OTYECTBO,
ydeHasl CTEeTIeHb W 3BaHHE, MECTO pabOTHl W 3aHMMaeMast
JOJDKHOCTB, aJipec IIEKTPOHHOH CBA3M.

14. Crarpu, u3nararonde pe3yJbrarbl UCCIeJOBaHMH,
BBITIOTHCHHBIX B YUPSIKICHUSX, TIOTDKHBI IMETh COOTBETCTBY-
IOIIIee pa3pelIeHre Ha OITyOITMKOBAHIE B OTKPBITOM TIECYaTH.

15. TIpn HE0OXOAMMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBAlOTCSI HANMEHOBaHME (DOHIA, OKa3aBIIETO (pHHAH-
COBYIO TIOAJCPXKKY, WJIH YPOBEHh W HANMEHOBAaHHE TIPO-
TpaMMBI, B paMKaX KOTOpPOW BBIITOJHEHa padoTa, Ha pyc-
CKOM W aHTJIMACKOM SI3BIKaX.

16. ABTOpBI HECYT OTBETCTBCHHOCTH 32 HAIIPaBIICHUC
B PEAKIINIO CTaTeH, paHee YKe OMyOITMKOBAHHBIX HIIH TIPH-
HATHIX K [ICUATH APYTHMHA U3TaHUSIMH.

17. Cratbu, HE COOTBETCTBYIOIIME MEPEUUCIEHHBIM
TpeOOBaHUAM, K PACCMOTPECHUIO HE TMPUHUMAIOTCS U BO3-
BpamaroTcs aBTopam. JlaToif IMoCTyIUICHUS CUUTACTCS ACHB
MOYYCHUS PeIaKIiell TepBOHAYaIFHOTO BAPHAHTA TEKCTA.

18. Pemakuusi mpeaocTaBisieT BO3MOXKHOCTb MEPBO-
0YEpEIHOTO OIYONUKOBAHUSI CTATEH JIUIIAM, OCYIIECTBIISO-
MM TIOCJIEBY30BCKOE OOydUeHHe (acrmupaHTypa, TOKTOpa-
HTYypa, COWCKATEIhCTBO), B TOH 3aBEpPIICHUS OOYUYCHHS;
HE B3UMAeT IUIaTy C aBTOPOB 3a OIMyOJIKOBAaHNE HAyYHBIX CTa-
TEH; OCTaBIIIET 3a COOO MPABO TIPOM3BOINTH PEITAKTOPCKUC
TIPABKH, HE HCKAXKAFOIIIEe OCHOBHOE COICPIKAHUE CTAThU.
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