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OITPEAEAEHUE ITAPAMETPOB TEIIAOITEPEHOCA
B TOHKOMU ITOTAOIIAIOIMIEN ITAEHKE HA TTOAAOJKKE
METOAOM AMHAMMWYECKUX PEIIETOK

E. B. UBAKHH", A. JI. TOJICTUK"

YBenopyceruii 2ocyoapemeennviii ynusepcumem, np. Hesasucumocmu, 4, 220030, 2. Munck, Benapycy

[TponeMOHCTpHUPOBaHBI TPEUMYILIECTBA UCTIONB30BAHUS METOAA ANHAMUYECKHX PELIETOK JUIsi OECKOHTAKTHOTO U3Y4EHHUS
TOHKOIUICHOYHBIX MaTeprajioB. PaccMOTpeHbl TOHKME (MUKPOHHBIE) TUICHKH ajIMa30IoJ00HOT0 yIiiepo/ia U TepPMOdIIeK-
TpUUECKUE MaTepuajbl HA OCHOBE TEJUTypHU/ia CBUHIIA. YCTAHOBJICHO, YTO MPH MOBEPXHOCTHOM IOIVIOIIEHUH JIa3€PHOTO
UMITYJIbCHOTO M3JIyYeHHUS! HAHOCEKYH/THOH JUTMTEILHOCTH B TOHKOIUIGHOYHOM Marepuaie GopMHUpyeTcsl JUHAMHYECKast
pemIeTka, BpeMst peslakcariii KOTOPOi MO3BOJISIET ONPEEIUTD MTapaMeTpPhl TEIUIONIEPEHOCca U PACCUUTATh KO (UIIMEHTHI
TEMIEPATypPOTIPOBOJHOCTH. YBEIMIECHHE TIEPHO/Ia JUHAMIUECKOH PEIIETKN COPOBOXKIAETCS IEPEXOIOM OT H3MEPEHHS TEM-
[IepaTypPONPOBOJHOCTH TOHKOH IIEHKH K yCTaHOBICHUIO d(()EKTUBHOTO 3HAYEHHS TEMIIEPaTyPOIIPOBOAHOCTH, B KOTOPYIO
HauYMHAET BHOCUTH BKJIAJ] MOIJIOXKKA, M IPH OOJIBIIOM MEPHOAE PEUISTKH MOXHO OINPEesATh TEMIEPaTypOIpOBOTHOCTh
camoit mooxku. OcoOblit MHTEpeC BbI3bIBAET 3((HeKT BO30YKICHNS aKyCTUIECKOI BOJHBI B IIPUITIOBEPXHOCTHOM CIIOE
BO3/yXa, KOTOPBII paHee paccMaTpHUBaAJICs Kak (hakTop, NCKaKaroUMi AMHAMUKY qudparupoBanHoro curaana. Ilokasano,
YTO B 3TOM CITydae MOSBIISICTCS BOBMOXKHOCTh H3MEPHUTH TEMIIEPATYPy TUICHKH IIPH €€ HAarpeBe JIa3epHBIM UMITYITbCOM.
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DETERMINATION OF HEAT TRANSFER PARAMETERS
IN ABSORBING THIN FILMS ON SUBSTRATE
BY THE TRANSIENT GRATING METHOD

E. V. IVAKIN®, A. L. TOLSTIK®

*Belarusian State University, 4 Niezaliezhnasci Avenue, Minsk 220030, Belarus
Corresponding author: A. L. Tolstik (tolstik@bsu.by)

Advantages of the transient grating method for contactless study of thin-film materials have been demonstrated. Thin
films of diamond-like carbon and thermoelectric lead telluride have been studied. Transient gratings are formed on a sur-
face of film due to absorption of nanosecond pulsed laser radiation. The diffracted signal character enables the heat transfer
parameters and thermal diffusivity determination. The transient grating period increase leads to transfer from thermal
diffusivity of thin film measurements to its effective value determination, with a contribution made by the substrate.
At large period of the grating one can realise measurements of thermal diffusivity of the substrate itself. Acoustic wave
excitation in the near-surface thin layer of the air, which earlier has been considered as a factor distorting the diffracted
signal dynamics is of special interest. In this case there is a possibility to temperature measurement of the film when it is
heated by a laser pulse.

Keywords: holography; transient grating; heat transfer; thermal diffusivity; diamond-like carbon; lead telluride; thermo-
electric; acoustic wave.

Introduction

Studies of the features of heat transfer in thin films are of topical importance in the field of micro- and nano-
electronics, material science. Examination of materials and measurements of the heat transfer characteristics
are conducted with the use of different physical methods, among which contactless procedures using optical
radiation are the most attractive approaches [1-6].

The paper presents optical studies of thermal properties of diamond-like carbon and lead telluride based
thermoelectric. These materials are synthesised to find numerous applications in various branches of science
and technology including the formation of protective films, manufacturing of heat-conducting coatings, deve-
lopment of solar power engineering, etc. Consideration is given to a thin film that is in a double sided thermal
contact with the air and the substrate.

According to the method used, two coherent light beams of a pulsed laser are interfering on the surface of
a sample under study. Heating of the excitation area results in the formation of a surface-relief grating. First-
order diffraction of a light beam from the continuous-wave laser by the created grating is observed. The dif-
fraction signal intensity is photometrically measured by a detector of high temporal resolution. The lifetime of
a transient grating depends on its spatial period and thermal diffusivity of film under study.

When the thermal grating lifetime is measured, one can have information about physical processes pro-
ceeding in the material under study. In particular one can measure relaxation time of thermal grating and the
thermal diffusivity of film studied. All the experiments have been performed with the use of a system, shown
in a series of works [7-9].

Influence of the thermal contact between substrate
and film on the in-plane heat transfer

Free standing thin films growth and their subsequent usage is rarely realised in practice because of range
of technological problems. In this paper the heat transfer is studied in films that are in thermal and mechanical
contacts with substrate. Pulsed heating of the film is of essentially surface character and the initial penetration
depth of exciting radiation should be much less than film thickness. Heat transfer takes place in the directions
of the thermal gradient formed, i. e. parallel and normal to sample surface.

In the process of the in-plane thermal diffusivity y , measuring, the depth of heat penetration L, into a film of
thick % in the direction normal to the sample surface during relaxation of the transient grating is a parameter
of great importance. For reliability of the measurements of y ,, it is necessary that the condition L, < / is well sa-

tisfied. We have L = \/4y,t, [10-12], where y . — thermal diffusivity in the direction normal to the film surface,
2

7, — relaxation time, t, = ——, A — grating period. Most commonly . =, (thermal isotropy) and in this case

47y,
the influence of substrate on kinetics of thermal relaxation is insignificant if the thermal grating period A < 7h.
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As heat penetrates deeper into the sample, amplitude of the thermal profile is lowered due to thermal diffusion
in the in-plane direction x. Naturally, relaxation kinetics in the case, when a film with high thermal diffusivity
is formed on the substrate with a relatively low thermal diffusivity, is mainly determined by the in-plane heat
transfer in film.

When the period A of a thermal grating, and hence its life time 1, are large enough and when during the pe-
riod of the diffracted signal observation heat has a chance to reach the substrate and to exert its thermal effect,
we measure the effective value averaged over the heat penetration depth instead of a real thermal diffusivity of
film. In this case kinetics of thermal relaxation is weakly dependent on the film properties and in fact is deter-
mined by thermal parameters of the substrate itself.

A transformation the effective thermal diffusivity (y.q4) of the film under study to its actual value is illus-
trated in fig. 1, showing the result of excitation of thermal transient gratings with different periods in a film of
diamond-like carbon (DLC). The grating is excited by laser pulses of width 10 ns at the wave length 532 nm.
The radiation absorption factor p of the film in this spectral range is ~10° cm .

It is well seen that when the grating period A decreases from 20 to 2 um, the in-plane thermal diffusivi-
ty %, 1s varying from thermal diffusivity of the glass substrate to the same parameter of diamond-like carbon
film [13]. If A > A, there is practically no heat transfer in direction parallel to sample surface, whereas the
decay of a grating is mainly determined by heat transfer in the substrate.

A
» 0030
e i DLC-film
Q
5 0.025F
= L
£ 0020 .
o L
=
0.015}
2 0.010F 5 S
2 - ]
= 0.005- °
Qmo — 8 = -8
r Glass
O 1 1 1 1 1 1 1 1 1 1 1 -
25 20 15 10 5 0

Grating period, pm

Fig. 1. Effective thermal diffusivity
of the system diamond-like carbon film — glass
as a function of the period of a thermal transient grating formed
on surface of the absorbing film of thick 2 pm

Role of the air in relaxation Kkinetics formation
of transient surface grating lead telluride film

Lead telluride (PbTe) based thermoelectrics are now actively studying because this narrow-band semicon-
ductor shows promise for the technologies of renewable energy engineering. Recently the attention has been
attracted to lead telluride doped with indium or bismuth that reveals advantageous functional qualities. Some
portion of thermal energy stored by the absorbing surface of a PbTe film is transferred to the adjacent air layer
and acoustic grating is excited in thin layer.

To estimate a contribution of the air into kinetics of the diffraction signal attenuation, one should take into con-
sideration that, according to the data from [14] obtained by the photorefraction method, thermal diffusivity of the
air on normal atmospheric pressure comes to 0.2—0.4 cm?*/s depending on its temperature. The same parameter
for the tested film is within the range 0.015—0.025 cm?/s [15]. Consequently, the life time of a thermal grating in
air is one-tenth as long as the grating in film under study. Thus, to exclude the influence of a thermal grating
in the air on the measurement results during experimental studies of heat transfer in samples based on PbTe,
the initial point of the analysed kinetics should be shifted by lifetime of air grating after the moment when the
diffraction signal arises.

As it seen in fig. 2, a, at the initial part of the kinetics curve one can observe an acoustic attenuating com-
ponent of diffraction. Ultrasonic oscillations period is about 0.12 ps.
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Fig. 2. Diffraction kinetics of a probe beam for the film of PbTe : Bi thick 2 um on glass.
The grating periods are 41.7 pm (a) and 2.5 um (b)

It has been found experimentally that when the spatial grating period is below 5 um, no acoustic oscillations
are observed due to not enough temporal resolution of a recording system (fig. 2, ). Indeed, for A =2.5 pm,
the period of acoustic oscillations in the air is 9 ns which is much less then temporal resolution of the detection
system used. Figure 2, b, shows that relaxation time of a dynamic grating comes to 0.13 ps. Then, for the grating
period 2.5 pum, thermal diffusivity of the film comes to 0.93 - 102 cm?/s.

Ultrasonic estimation of PbTe : Bi film temperature

The possibility to measure frequency of an ultrasonic wave as excited by of the transient grating method
offers estimation of the speed of sound in a near-surface layer of the air. Considering that the ultrasound propa-
gation speed in the air is linearly growing with temperature over the range up to 500 K [16], the proposed
method may be used for estimation of the film temperature at the initial moment of dynamic grating recor-
ding. It is assumed that temperature of a thin near-boundary layer of the air in intimate contact with the heated
surface of the film is close to temperature of the film surface.

Frequency of the diffracted signal acoustic oscillations has been found by means of the fast Fourier transfor-
mation (fig. 3, a), and the propagation speed of ultrasound in air /= A f'= 347 m/s has been calculated. By using
the graph in fig. 3, b, it has been found that the film temperature at = 347 m/s is approximately 310 K. This value
should be taken as an average over the probing spot.

As the energy of laser pulses which record the grating grows by a factor of 1.5, the propagation speed of
ultrasound increases up to 368 m/s. According to fig. 3, b, of the near-boundary layer temperature of the air and
hence of the film increases to 330 K.

a b
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Fig. 3. PbTe : Bi film: Fourier spectrum of the diffracted signal for PbTe : Bi film
(vertical line denotes the component of acoustic oscillations
in air at frequency 8.32 MHz) (a)
and temperature dependence of the ultrasonic speed in air
(m is reference points [16]) (b)
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To improve reliability of the results obtained during the conducted measurements, the film temperature
has been also estimated with regard to the fact that the diffraction efficiency n of grating is determined by the
amplitude of the formed surface thermal relief. For the 100 % contrast of interference pattern in the film under
study, this amplitude is completely determined by all the absorbed energy of laser radiation. This excitation
mode allows for calibration of the diffraction efficiency of a relief transient grating and for its evaluation.

As it is demonstrated by the experiments, in a linear mode of the dynamic grating recording its initial amplitude
indicated on the oscilloscope screen should not to exceed 7-8 mV. To find which diffraction efficiency of the
grating is associated with this amplitude, the probe beam was calibrated with the use of a set of neutral optical
filters, preliminary certified for transmission. The number of filters was selected so that the signal amplitude
on the oscilloscope sereen was the same as the diffraction-signal amplitude recorded. The overall transmission
was found to be 107, The diffraction efficiency of the relief-reflection type grating for diffraction efficiency
n <1 is given by the well-known relation [17]:

2
A

Here Ah = IATP, Where Ah surface relief height, / — heated layer depth taken equal to the film thick-
ness 2 um, =20 - 10 ® K" — thermal hnear—expansmn coefficient of lead telluride, A — wavelength of probe
radiation. According to (1), for n ~ 107 and the probe-radiation wave length 635 nm, the thermal relief height
comes to Ak ~ 0.7 nm. Then, accordingly to the equation (1), the temperature increase of the film due to ab-
sorption of pulsed laser radiation above the room temperature A7, averaged over the depth and the excitation
spot, is about 30—40 °C. This is in a good agreement with the result obtained through ultrasonic application.

Conclusions

In this way the experiments with thin films of diamond-like carbon and PbTe based thermoelectric have
demonstrated the potentialities for application of the transient grating method in contact-free testing of heat
transfer in thin-film materials. It has been shown that with surface radiation absorption and with the grating
period A less than film thickness, relaxation time of a transient grating is determined by thermal diffusivity of film
in the direction along the film surface. Rising up the value of A is accompanied by transition to the effective value
of thermal diffusivity of the system film substrate. If the period A much greater than the film thickness we can
go to measurements of thermal diffusivity of the substrate. Of particular interest is the acoustic wave identifi-
cation in the near-surface layer of the air. It offers a unique possibility to measure the frequency and speed of
ultrasound, enabling one to film temperature estimation at the moment of it heating by a laser beam radiation.
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OINTUYECKUE XUMNYECKUE CEHCOPBI
HA OCHOBE KOMITAEKCHbBIX COEAMHEHUUA

E. 0. HIAYHEBA"

1 o
)Hesasucumbiii uccredosamens, 2. Acmpaxanv, Poccust

CucreMaTi3upoBaH MaTepHaJl, OMUCHIBAIONIUI Pa3INYHbIE BUJIBI ONTHYECKIX XUMUUCCKUX CEHCOPOB (IaTYMKOB, aHATIH3a-
TOPOB) Ha OCHOBE KOMIUIEKCHBIX COEIMHEHHI. J[aHa XapakTepucTrka XMMUYEeCKUX CeHCOpoB. [IpecTapieHa kiaccuduka-
WS M U3JI0’KEHBI OCHOBHBIE IIPUHIIMIIBI PAOOTHI JaTUUKOB, IIEPEUNCIICHBI 001aCTH UX NpUMEHeHHs. PaccMoTpeHs! npu-
MEpBI KOMITJIEKCHBIX COEANHEHUH, KOTOPBIE UCTIONB3YIOTCS B KAYECTBE TEPMOTYBCTBUTEIIBHBIX THTMEHTOB, BBIITYCKaEMbBIX
B Pa3HBIX CTPaHax, C yKa3aHWEM TEeMIIEPaTypbl N3MEHEHHs OKpacku. [IpuBeneHs! CTPYKTYpbI 3(h(hEKTUBHBIX N3ITyHarOIINX
KOMIIJIEKCOB JTAHTAHOM/IOB C OPTaHNYECKIMH JINTAHIaMH, paOOTaIOINX B Ka9eCTBE SMUTTEPOB. [109epKHYTH BO3MOX-
HOCTH ITPUMCEHEHHS aHAIN3aTOPOB B Pa3IMYHBIX OTPACIISIX TIPOMBIIUICHHOCTH.

Knroueswie cnosa: CEHCOPBI; ONTUYECKUE XUMUIECKNE CEHCOPDI; KOMIINIEKCHBIE COEANHEHNS; TEPMOIYBCTBUTEIILHBIC
IIMTMCHTBI.

OPTICAL CHEMICAL SENSORS BASED
ON COMPLEX COMPOUNDS

E. Yu. SHACHNEVA®

*Independent researcher, Astrakhan, Russia

The material describing various types of optical chemical sensors (detectors, analysers) based on complex compounds is
systematised. The characteristics of chemical sensors are given. The classification is presented, the basic principles of opera-
tion of the sensors in question and their applications are described. Examples of complex compounds used as thermosensitive
pigments produced in different countries with indication of the temperature of colour change are considered. The structures
of effective radiating complexes of lanthanides with organic ligands working as emitters are given. The possibilities of
using analysers in various industries are emphasised.

Keywords: sensors; optical chemical sensors; complex compounds; thermosensitive pigments.
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COJIepKaHMsI OCHOBHBIX KOMIIOHEHTOB (TOKCHMKAaHTOB) M MpHUMECeH B pa3HbIX cpenax. Pa3BuTHe pa3znuyHbIX
oTpaciiel IPOMBIIIICHHOCTH, IepepaboTka pecypcoB (HedTh, Ta3, yroib U Ap.) TpeOyIOT COBEpPIICHCTBOBAHUS
METO/IOB aHaJIM3a ChIPbs M TOTOBBIX MPOAYKTOB. J[JIs yrpaBieHus: TEXHOIOTHYECKUMU MpolieccaMu Heo0Xo-
JUMBI METO/Ibl aHAJIN3a, [103BOJIIOIINE KOHTPOIUPOBATh X0 IpoleccoB. CieicTBUEM Takoi norpedHoCTH
B MOHUTOPHHIE SBJISIETCA pa3paboTKa JOCTaTOUHO MHTEIUIEKTYalIbHBIX U MOPTAaTUBHBIX CEHCOPOB ITUPOKOTO
cniexTpa aerctBusA. Co3aHue HOBBIX U yCOBEPIICHCTBOBAHHE CYIIECTBYIOIINX aHATU3aTOPOB — ATO CIIOKHBIN
MEXIMCITUTUTHHAPHBINA MPOIECC, B KOTOPBIH BOBJIEUEHBI pa3IMyHbIe CIIEIIUAIHUCTHI [1; 2].

OcHoBHAaA YacTh

CeHcopbl (IaTYMKH, aHAIU3aTOPhI) TPEJCTABISIOT COO0W YYBCTBUTEIBHBIC JIEMEHTHI JIOCTATOYHO HEOOJIb-
IIMX pa3MepOB, TO3BOJIAIONINE T€HEPUPOBATH AHATUTUYECKUI CUTHAJ, MHTEHCUBHOCTh KOTOPOTO 3aBUCHUT OT
KOHLICHTPAIIMHU ONPENEISIeMOro BeiecTsa B 00bekTe. OHU AaI0T BO3MOXKHOCTB co0parh, 3a)UKCUPOBaTh, 00-
paboraTh U MpeACTaBUTh HH(POPMAIIUIO O COCTOSIHUH OIPEIEIIeMOl CUCTEMBI (XUMHUYECKUH cocTaB, hopma,
CTPOCHHE U T. 1.).

MO’KHO BBIICIHTE Pa3HOOOpa3HbIE BUIBI JaTYUKOB. [[pUHINT UX JISHCTBUSI OCHOBAH Ha ONPE/IENICHHBIX SIB-
NeHusX (PU3NIEeCKUX WM XUMUYECKUX ) U cBoiicTBax [3—12]. CyliecTBYIOT TPpY TUIIA CEHCOPOB — XUMUYECKUE
CEHCOPBI, PU3NUECKUE CEHCOPBI U OMOCEHCOPHI.

OCHOBHBIM OTJAMYMEM XUMHUYECKAX CEHCOPOB U OMOCEHCOPOB SBJISIETCS HATMYUE PEIeTITOPa, KOTOPBIN MpH-
HUMAET Y4acCTHE B XUMUYECKUX, OMOXMMUYIECKHX HITH OMOIOTHYECKUX MPOIieccax, MPOTEKAIOIINX TP KOHTaK-
TE€ CEeHcopa C ONpeesieMbIM KOMIOHEHTOM 00bekTa. KpoMe Toro, oHH Mo3BOJISIIOT MTpeoOpa3oBaTh YHEPTUI0
aHaJM3UPYEMBIX MIPOIIECCOB B CUTHAJI, KOTOPBIH 00padarkiBaeTCsl U MOAeTCs Ha JUCIUICH.

PeneniropoM XMMUYECKHUX CEHCOPOB MOXKET OBITH pEareHT, M3MEHSIOMINN CBOM ITapaMeTphl (XapakTepuc-
TUKW) TIPA XUMHUYECKOM B3aMMO/IEHCTBUH, H3MEHEHNN KUCIOTHOCTH CPEbl U JIp. XUMUYECKUE CEHCOPHI MO-
3BOJISIIOT MOJTYYUTh HHPOPMAIIHIO O COCTAaBE paccMaTpuBaeMoi cpeibl 6e3 0TOopa MpoObl ¥ peIBapUTETLHON
MOJITOTOBKH.

B xauecTBe OCHOBHBIX PEUENTOPOB OMOCEHCOPOB MPUMEHSIOTCS OMOJIOTHYeCKHe MeMOpaHbl, ()ePMEHTHI,
MHUKPOOpPraHu3Mbl U T. 1. ConepkaHue OMpeaessieMoro KOMIOHEHTa (BEIIeCTBa) yCTaHABIMBAIOT MO KOHIICH-
Tpalyy MPOAYKTOB OHoXuMH4Yeckor peakiui. OCHOBHBIM MPEHMYIIECTBOM OMOCEHCOPOB Tepel IPYyrUMH TH-
MaM# aHaJN3aTOPOB SIBISETCS BBICOKAs UyBCTBUTEIBHOCTH ompeaeneHui. OnHaKo y HUX MUMEIOTCS U HeJo-
CTaTKH, TAaKUe KaK HU3Kasi CTaOMIBbHOCTb, TPYIHOCTH ITOyYSHHsI MaTepralia MOCTOSTHHOTO COCTAaBa.

B ¢u3uueckux ceHcopax, B OTIMYHE OT BBIIICONHCAHHBIX TUIIOB aHAJIM3ATOPOB, HE IPOUCXOAST XHUMHUYe-
ckue peaknuu. OHAKO MMOJ] BO3ACHCTBHEM ONPEIEIsIeMOro KOMIIOHEHTa Ha0IonaeTcss M3MEHEHHE TETIOBBIX,
MarHUTHBIX, AEKTPUUECKHUX U CIIEKTPAIbHBIX XapaKTEPHCTHUK.

Hcxons 3 criocoba perucTpaluy aHATUTHYECKOTO CHTHANA, CEHCOPBI MOXKHO KIIacCH(DUIIMPOBATh HA AIIEKT-
pHUYecKue, AEKTPOXUMUYECKHE, ONTHYECKNE, UyBCTBUTEIbHBIE K N3MEHEHUIO MAcChl U T. 1.

DJeKTpUYecKHe CEHCOPHI MPECTABISIOT cO00M MOTYIPOBOJHUKOBBIE YCTPOMCTBA C DIIEKTPOHHOH MPO-
BOJMMOCTBIO Ha OCHOBE OKCHJIOB ITMHKA, OJI0BA, KaAMMs, XpOMa, TUTAHAa U JPYTUX METAJUIOB, a TAaKKe opra-
HUYECKHX ITOJYyIPOBOJHMUKOB M TIOJIEBBIX TPAH3UCTOPOB. OHU MO3BOJISIOT ONPENEIUTh TAKHE BETUYUHBI, KaK
MIPOBOJUMOCTb, 3apsJl, EMKOCTh, Pa3HOCTb MOTEHIHAJIOB U T. [I.

B snekTpoXuMHuYecKuX CeHCOpax MpoLecc XUMHUUECKOTO IIPEBpaIleHHs M TeHepaIliy CUTHAIA TIPOUCXOIUT
B JIEKTPOXUMUYECKON SUEHKE, KOTOPAst UTPAET POJIb HOHOCEJIEKTUBHOIO JIEKTPOAA C KUJIKOW WIIM TBEPION
memOpaHoi. Hanbonee pacnpocTpaHeHbl MOTEHIIMOMETPUYECKHE U aMIIEPOMETPHUYECKUE CEHCOPBI, MeMOpa-
HBI KOTOPBIX MOTYT COZIEPKaTh KaK XUMHUECKUE, TAK U OMOXUMHUYECKHE KOMITIOHEHTHI. C MX TTIOMOLIBIO MOYKHO
OTIPEICITUTh HOHHBIC U HEHTPAIbHBIC COCTMHEHHSI OPTaHMYECKON ¥ HEOPTaHUUECKOH MPUPOJIBL, Ta3bl U OHO-
JIOTMYECKH aKTUBHBIE BEIIECTBA B IIMPOKOM JHarla30He KOHIIEHTPAIHH.

OnTtudeckne CEHCOPHI TAI0T BO3MOYKHOCTD YCTAaHOBUTH CTETIEHD MOTTIONIEHUS U OTPaKEHHUS M Iaf0IEer0 CBETO-
BOT'O ITOTOKA, & TAK)KE CTETICHb JIIOMHHECIICHIIUH WU TeTUI0BOTO 3(h(eKTa, COMPOBOKIAIOIIIX TTOITIOIIECHNE CBETA
peuenTopoM. JlnanazoH ONTHYECKHX aHATU3aTOPOB JOBOIBHO MHPOK. OHU MO3BOJIAIOT ONPEAEISTH HOHBI METAJI-
JIOB, KUCJIOTHOCTB CPE/Ibl, HEKOTOPBIE OPTaHWYECKUE COSTUHEHHS B PA3IIMYHbBIX 00BbEKTaX OKPYKAIOIIEH Cpeibl.

[IpakTudeckn Bce paccMarprBaeMble CEHCOPBI I0CTATOUHO aKTUBHO ITPUMEHSIFOTCS B PA3IMYHBIX 00IaCTsIX
MIPOMBIIUIEHHOCTH, MEAULIMHE, SHEPTETHKE, CEIIHCKOM XO3SIHCTBE, SKOJIOTHH, a TAK)KE TPAHCTIOPTHBIX CPEACTBAX.
YcrneniHoe UCTIONb30BaHNE OTIMCHIBAEMBIX aHAU3ATOPOB B TAKHX OONACTSIX, KaK JiazepHas (pu3nka, Gu3uka
TBEPJIOTO TeJa, MUKPOIIEKTPOHUKA, MUKPOIIPOIIECCOPHAsI TEXHUKA, MaTepHaioBeIeHIe, KBAHTOBAs AJIEKTPO-
HUKa, MHTerpaibHas ONTHKA, IPUBOIUT K TIOCTOSHHOMY YCOBEPIIIEHCTBOBAHUIO CYIIECTBYIONINX U CO3JaHHUIO
HOBBIX YCTpPOMCTB [7].

Heo0xomumo 0TMETHTB, 4TO B JIMTEpaType MpeICTaBlICHBI U Apyrue KiaccuQuKanuu IeTekTopos [3—12].
Hanpumep, ncxons u3 sHEPreTHYECKUX CBOMCTB BXOJHBIX BEMYMH, CEHCOPHI MOJPA3IENAIOT Ha aKTUBHBIC
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U MacCUBHbIE. B mepBoM ciiyyae BXOAHBIE BEJIMYMHBI UMEIOT SHEPIeTUUECKYIO MPUPOIY, BO BTOPOM Cilyyae
OHU HOCAT HEIHEPreTUYECKUI XapaKTep.

B 3aBHCHMOCTH OT YHCIia BOCTIPUHHUMAEMBIX U ITPe00pa3yeMbIX BETHUUH BBIJICISIOT OTHOMEPHBIE (OIepu-
PYIOT OZHOM BETTMUMHOM) K MHOTOMEPHBIE (BOCTIPUHUMAIOT HECKOJIBKO BXOJIHBIX BEJTMYMH) TaTYMKH, a B 3aBH-
CHUMOCTH OT YHUCIIa U3MEPUTENbHBIX (DYHKIIUH — OMHODYHKIIMOHAILHBIE B MHOTO(QYHKIIMOHAILHBIC JaTUHNKH.

[o wucny npeobpa3zoBaHMii SHEPTHU U BEIIECTBA aHATM3ATOPHI KIACCUPHUIMPYIOT KaK OJHOCTYIICHYATHIE
1 MHOI'OCTYIICHYATBhIC.

B 3aBHCHMOCTH OT TEXHOJIOTHUH U3TrOTOBJICHUS pa3an4aroT CCHCOPLI DJIECMEHTHOTO THIIA, U3rOTaBJIMBACMbIC
u3 Ha60pa OTACJIBHBIX 3JIEMCHTOB, U CCHCOPLI UHTETPAJIbHOT'O TUIIA, B KOTOPBIX COCTABHBLIC 3JICMCHTBI U3T0-
TOBJICHBI 110 HHTeraJIBHOﬁ TEXHOJIOTHUH.

C yueroM mpoliecca B3anMOICHCTBUS C HCTOUHHKaMK HH(POPMAIIUU CEHCOPBI TTOIPa3ICISIOT Ha OCCKOHTAKT-
HBbIC (,III/ICTaH]_[I/IOHHLIe) ¥ KoHTakTHEIE. [To BUAY USMCPUTCIIBHBIX CUTHAJIOB BBIJICIIAIOT aHAJIOTOBLIC HI/I(i)pOBBIe
aHaJN3aToPbI.

B xoHeuHoM urore CCHCOPLI JOJIKHBI COOTBETCTBOBATDL PAAY KPUTCPHUCB, OCHOBHBIMU U3 KOTOPLIX ABJIAIOTCA:

® TIOJTydeHHe TOYHOW HH(POPMAIIUY O TPOUCXOXKIEHUN 0OBEKTOB KOHTPOJIS;

® pa3HOOOpa3HBIN ANU3aiH M OTCYTCTBHE CYIIIECTBEHHBIX OTPAaHUYCHUH 110 (PYHKIIMOHAIBHBIM BO3MOKHOCTSIM;

® aHayn3 OOJBIIIOTO YMCIIA KOMITOHEHTOB;

® JOCTATOYHO JICTKad MHTEPpIpETAl IMOJTYUCHHBIX PE3YJILTATOB.

Hcxonst U3 BBIIIIECKAa3aHHOTO, MOYKHO 3aKJIIOYHTh, YTO UCCIIEIOBAHUS B 00JIaCTH cO3/1aHus Hanbolee co-
BCPIICHHBIX TCPMOYYBCTBUTCIIbHBIX CCHCOPOB BECbMaA aKTyaJIbHBI. HpeI/IM}/HIeCTBOM JAHHOT'O BUa CEHCOPOB
SIBJIIETCS. KOMOMHAITUSI ONTUYECKOTO 3(pdeKTa ¢ BHEUIHUM TeMIieparypHbiM ¢aktopoM. K unciny Haubosee
TMEPCIICKTUBHBIX BUJIOB XUMHUYCCKUX CCHCOPOB MOKHO OTHECCTHU ONTHUYCCKNE XUMHNYCCKNE CCHCOPLI [7], OITHNCBI-
BaeMbIe B JaHHOM MaTepuaie. OcoOCHHO HHTEPECHBI ISl UCCIICA0BAHUS aHAIN3ATOPBI HA OCHOBE KOMIUIEKCHBIX
COEJIMHEHUN.

Crenyer OTMETUTB, YTO MPOIIECChl KOMILIEKCOOOpa30BaHusI BEChMa MIMPOKO PACTIPOCTPAHEHBI B TPOMBIIII-
JICHHOCTHU. B 4acTHOCTH, OHU MCIOJIB3YIOTCS B METAIUIO- U TaJbBaHOIIPOU3BOJCTBE (MTOMYyUCHUE MaTepHAaIOB,
06J1a11a101m/1x SJICKTPUICCKUMU, MATHUTHBIMHA U OIITUYCCKUMU CBOfICTBaMPI), IIpU U3roTOBJICHUU ITOJYIIPOBOA-
HUKOBBIX U CBEPXIIPOBOJSIIINX MaTEPUAIIOB, KpacUTesel, CTabMIN3aToOpoB MoJuMepoB. KoMmIieKkcHbIe coei-
HEHUs HAIUTH IPUMCHECHHE B JTa3ePHON TEXHHUKE, a TAK)KE B KAUECTBE XUMUYECKHX CEHCOPOB. OcoObIe CBOM-
CTBa TaKuXx COEZ[HHGHHfI, CBA3aHHBIC CO CHeHH(i)HKOfI QJICKTPOHHOI'O CTPOCHUSA, IMTO3BOJIAIOT MCIIOJIB30BaTh UX
JUIA U3TOTOBJICHUA PA3JIMYHBIX JATYHUKOB.

[IporieccoM KOMIUIEKCOOOPA30BaHMUS COMTPOBOXKIAIOTCS MIEKTPOXUMHUYCCKHIE PEaKIMU, TIPOUCXOSIINE Ha
Mex(a3HOU MpaHMIIE MICKTPO — PACTBOP, YTO OKA3hIBACT BIUSHHUE HA MAacCo- U TerioooMeH [ 13—22]. Ha ocHoBe
9TOr'0 € UCIIOJIL30BAHUEM MAKPOT'€TCPOLINKITNYCCKUX KOMIIIICKCHBIX COC}Z[I/IHEHI/Iﬁ MEIU CO3JaHbI TCPMOSJIEMEHTHEI,
yAeTIbHBIE YJHEPIreTHYECKHE ITOKA3aTeNIN KOTOPBIX 3aBHCAT OT THUIIA KOMITJIEKCOOOPa3yIOIIero JJUrana u J0CTH-
raroT BBICOKHMX 3HAYCHUI IpU YBCJIMYCHUU YHCJIa KPpAaTHbIX CBSI3EH B MOJICKYJIC JIMTaHda 1 CTCIICHU OKUCIICHU A
LIEHTPaAIbHOTO KOOPJMHUPYIOILIET0 HOHA MeTasuia. JJOCTHKEHHIO BBICOKMX 3HAYEHHUM YIeNbHBIX SHEPreTUYECKUX
MoKa3areliel TakKe CIIoCOOCTBYET OTCYTCTBUE ann(aTHIECKIX 3aMeCTUTENIeH B OOKOBBIX IETISIX.

HpI/I JOCTAaTOYHO HpO‘-IHOﬁ KOOpHHHaHHOHHOﬁ CBs3U B HOZ[O6HLIX HWHCEPTHBIX 3JICKTPOAAaX BO3MOKHO UCITOJIb-
30BaHUE HEJIOPOTHX IIBETHBIX METAJIOB. TepPMOAJIEKTPUUECKUE CBOMCTBA PEIOKC-TIAp B IOCTATOYHON Mepe U3y-
YCHBI JJId TETPAaa30OMaKpOIUKINYCCKUX, Q)eHaHTpOJII/IHOBLIX 1 JTUITUPUANIIBHBIX KOMIIJICKCOB MEH. I[JIS[ TaKuX
rajibBaHMYECKUX TEPMOIJIEMEHTOB pabouuii uamna3on temmeparyp cocraniser 280—370 K. B myonukaruyu [13]
OBLTH OIICHEHBI TETIOBbIC (D (EKTHI IS TEpMOIIEMEHTa Ha OCHOBE BOJTHOTO pacTBopa (GeppolraHu/a Kajus
MIPU TIPOXOXKICHUH TOKA uepe3 TUIaTHHOBBIN AutekTpol. [Ipenmonaranock, 4To Mpu 3TOM BO3HHKAET dPHEKT
[enbThbe ¥ UMEET MECTO TETIOTA MIEKTPOXUMHYECKOTO Tpoliecca:

[Fe(CN)* + e = [Fe(CN)]*.

Jist TeXHUKH 0co00e 3HauYeHHEe MPHOOPETAIOT TePMOUYBCTBUTEIbHbBIE TUTMEHTBI, H3MEHSIOLINE OKPAcKy
IIpH ONpezeIeHHON Temneparype. Takue MMIMeHTbl, HAHECEHHbIE Ha PA3INYHbIE YaCTH TEXHOIOTHYECKOro 000-
PYIOBaHUsI, CHTHAIM3UPYIOT O [IEPErpeBe TEXHNUECKUX ITOBEPXHOCTEH. lI3MeHeHne OKpacku MOXeT ObITh CBSI-
3aHO C MOTEpel MOJIEKYI BOJbI MJIH MIEPECTPONKON KPUCTAIIMYECKON CTPYKTYPHI.

K TepMouyBCTBUTENBHBIM TIMTMEHTAM OTHOCSTCSI MHOTOUUCIICHHBIE KOMIUIEKCHBIE COeANHEHHUS. VI3BeCTHBI
KOMIUIEKCHBIE COCMHEHHsI, N3MEHSIOLINE LBET IIPH ABYX TemIieparypax. Hampumep, kommiekcHoe coequHe-
uue xpoma(Ill) ¢ murarmamu Cl™ u sTrnenanamMuaoM mipu remmeparype 119 °C MeHsieT oKpacKy ¢ jKenToi Ha
KpacHyl1o, a rpu temieparype 270 °C — ¢ kpacHoi Ha yepHyto [14]. HekoTopble KOMIUIEKCHBIE COETUHEHUS
M3MEHSIOT 1IBET B MHTEpBaJIC TEMIIEpaTyp.

B Tabn. 1 npuBeneHb! mpuMepsl KOMIUIEKCHBIX COEIMHEHHUH, KOTOPbIE UCIIONb3YIOTCS B KAYECTBE TEPMOYYB-
CTBUTEJIbHBIX IMI'MEHTOB, BHIITYCKAEMBIX B Pa3HbIX CTPAHAX, C YKa3aHUEM TeMIEepaTyphbl U3MEHEHHUSI OKPACKH.
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Tabnuma 1
Hawubonee pacnpocTpaHeHHbIe TEPMOYYBCTBHTEIbHBIE MUTMEHThHI
H MX OCHOBHBIE XapaKTePUCTHKH
Table 1
The most common thermosensitive pigment and their main characteristics
ITurment HauvanpHbIH 11BET KoneyHrblii 1iBeT E:;A::ﬁ;y?g
CoCl, - 2C4H )N, - 10H,O Po3oBsrit Cunnit 35
CoBr, - 2C(H,,N, - 10H,0 Po3oBsrit Cunnit 40
Col, - 2C(H,,N, - 10H,O Po3oBsrit 3eneHbIi 50
Co(CNS), - 2C¢H,N, - 10H,0O Po3oBsrit Cunnit 60
CoSO, - C¢H )N, - 9H,0 Po3oBsrit DHoneToBbIN 60
NiBr, - 2C¢H,N, - 10H,0 3eneHsli Cunnii 60
NiCl, - 2C,H N, - 10H,0 3eneHsli Kenreiii 60
AKenreiit ®DHONeTOBbII 100
Co(NOy), - 2C,H,,N, - 10H,O Po3oBsrit [TyprypHbIit 75
(NH,);H,[Fe(MoO,).] - 7TH,0 XKenrsrii benbrii 80
PO4(NH,)Ni - 6H,0 Caetio-3eneHblif Ceprrit 120
3eneHslit Kenreriit 135
Culmapuz),(CNS), Kenreriit Yepuslii 220
Cunnit 3eneHslit 135
Ni(mupuaun)(CNS), 3eneHsli Kenrerit 210
Kenrerit Kopuunessrii 340
PO,(NH,)Co, - H,0 [TypmypHbIii Kopuunessrii 140
[Cr(NH;)414(P,0-)4 Kenrerit ®uoseToBbII 140-150
PO,(NH,);12Mo0O, Kenrerit YepHsblit 140-150
[Ni(M00O,)];,(NH,) - 8H,0 Cepprit Cunnit 180
[Co(NH,;)sCI]SiF, [TypmypHbrii Cepprii 200
XKenrorii DHONETOBBIN 220
PO,[Co(NH;)] DHUOJIETOBbIH Kopn4nessrii 270
KopuuneBsrit UepHsrit 350
[Fe(Mo0O,)¢]H,(NH,), - 7TH,O UepHbIit Kentorii 220
[Cr(NHL) (P05, DHoneToBbIN Cunnit 230
Cunuii Kopuunesblit 280
[Cr(NH;)sCI]SiF, Cunnit Kopuunesblii 250
[Cr(NH,;)sCI]C,0, Cunnit Kopuunesbrii 260
Kenrerit Cepo-cunuit 280
P,0;H[Co(NH;)] - -
Cepo-cunuit ®DHO0NeTOBbII 400
[Fe(MoO,)¢](NH,), - 7TH,O XKenreiit benprit 80
Cr[Co(NH,),]s - Cr(CN), 3eneHsblii XKenro-kopuuHeBaThIH 140
[Ni(MoO,)¢]H4(NH,), - 8H,0 Ceperit benbrit 180-210
[Co(NH,;),Cl1]CL, [TypmypHbIii Tony6oit 190
[Cr(NH,)sCI]SiF, YepHO-KpacHBIH JKenro-koprudaHeBBbIit 250
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OkoHuyaHue Tabdm.1
Ending of the table 1

ITurment HauaneHsbll 11BET Koneunslii nser Ezggf(?;iyf é
P,0,[Co(NH;),] Cepbrit Cepo-romny6oii 280
[Cr(NH;)¢].(P,0,), Kentsrit ®DuoneToBbIi 140-150
®DHoNeToBbII 210-220
Caetio-romy6oit 220-230
PO,[Co(NH;)] JKenrsiit
Kopurunessrii 250-270
UepHbrit 320-350
CoCl, - 6H,0 Po3zoBbrii brenno-romny6oii 35
Ag,[Hgl,] Kenrsrii OpaHXKeBO-KpacHBII 50
Cu[Hgl,] TeMHO-KpacHBIi TeMHO-KeNThIi 70
CoCl, - 2[(CH,)¢N,] - 10H,O Po3oBsIit bnenHo-KOpUYHEBBIH 105
Co(NO;y), - 2[(CH,)¢N,] - 10H,O Po3oBerit TemuO-TrOIYOOM 90-95
Cununit 110
CoSO, - 2[(CH,)(N,] - 9H,0 TeMHO-p0o30BBIi
®DHOoNeTOBbII 140
Co(CNS), - 2[(CH,)¢N,] - 10H,0O Kpacusrit Tomy6oit 130
Hgl, - 10H,0 OpaHKeBO-KpacHBII YKenrsrit 150
NiSO, - 7H,0 Crerno-3eneHbiil Kenrerit 155
NiCl, - 2[(CH,)¢N,] - 10H,O CaeTno-3eneHbIi PHoneTOBBIN 160
NiBr, - 2[(CH,)¢N,] - 10H,O CBeTro-3eneHbli brenHo-kopuaHeBbIH 175
NiCl, - 6H,0 Bensrit Kentorit 200
Cu(NOs), - 3H,0 Caetno-romy6oii YepHsrit 250
CuSO, - Cu(OH), 3eneHblit UepHbrit 265
CoCl, - 2C¢H,N, - 10H,O Po3oBbrit Cunnit 45
Col, - 2C¢H,,N, - 10H,0 Po3oBbrii 3eneHbli 60
Co(NO;y), - 2C,H,,N, - 10H,O Po3oBsIit TFomy6oit 100
CoSO, - 2C,H,,N, - 10H,O PosoBeit Cunnit 120
[Ni(MoO,)H¢],,(NH,), - 8H,0 Ceporit Cunnit 190
[Co(NH;)1,(C,0,), Po3oBsrit YepHsrit 220
[Co(NH,),CI]Cl, [TypmypHbIit UYepHsrit 235
[Fe(MoO,)¢]JH((NH,), - 7TH,O UYepHblit Kenterit 285

[Ipumeuganune. CocraBneHo 1o [14].

Kak cnemyer u3 Tabm. 1, Temmneparypa H3MEHEHHNS OKPACKH KOMIUIEKCHBIX COSTHHEHH BapbUPYETCS B IIIH-
POKHX TIpefieNiaX, 9YTO Ba)KHO C TPAKTHIECKON TOUKH 3PCHHUS.

OmnwchIBast MpUMEHEHNE KOMITJIEKCHBIX COSMHEHUH B KaueCTBE XUMUUECKUX CEHCOPOB, HEJB3s1 HE OTMETUTh
pOJTb OPTraHUIECKUX IEKTPOTIOMUHECIICHTHBIX THOMOB (organic light emitting diodes, OLED). B Hacrosmee
BpEMS M yIEJSETCs OTPOMHOE BHIUMaHKe. Ha 6a3e opraHndecKux 3eKTPOITIOMUHECIIEHTHBIX JHOI0B MOTYT
OBITh CO3IaHbI TTOCKUE W THOKKE I[BETHBIE HH()OPMAITMOHHBIE YKPAHBI, TUCTUIEH U YKOHOMUYHBIE HCTOUHIKHI
cBera. OCHOBY TaKHWX JHOMOB COCTABJISIOT COHABHYEBBIC CTPYKTYpPHI TOMmuHON ~100 HM, TpeoOpa3yroriue
AIIEKTPUYECKYIO DHEPTHIO B CBETOBYIO. M3mmydaroras CrmocoOHOCTh OPTaHUIECKIX 3JIEKTPOTIOMUHECIICHTHBIX
TIFO/TOB 3HAYUTEITHHO MPEBOCXOIUT U3ITYHAIOIIYI0 CITOCOOHOCTH JIaMIT HAKaJIMBaHNUS, @ X CPOK CIyKO0BI B 50 pa3
MIPEBBIIIAET CPOK CITYXKOBI Tam HakanuBaHus [ 15]. s u3roToBneHus mo00HBIX THO0B HCIIOTB3YIOTCS KOMIT-
JIEKCHBIE COCTUHEHNS JAHTAHOU/IOB C OpraHnYecKUMU turaniaMu. Ha puc. 1 mpuBeneHsr OpMyITBI OCHOBHBIX
KOMITJIEKCHBIX COETUHEHNH, FCIIONIb3YEMBIX B OPTAHUYECKUX AIEKTPOIIOMIHECIIEHTHBIX THOJaX.
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Puc. 1. DopMyIsl KOMIIIEKCOB, HCIIONB3YEMBIX B OPTaHHYECKUX JICKTPOIIOMUHECIICHTHBIX ANO/AX:
a—Alqs; 6 — Al(pop)s; 6 — CuPc; e — AZM-Hex.
Uctounuk: [15]
Fig. 1. Formulas of complexes used in organic light emitting diodes:
a—Algs; b—Al(pop)s; ¢ — CuPc; d — AZM-Hex.
Source: [15]

B Tabmn. 2 npencrasiensl GopMyiabl U CTPYKTYpbI HanOosee 3G QeKTHBHBIX H3ITyYaronX KOMIJICKCOB JIaH-
TAHOUJIOB C OPTaHMUYECKUMH JIMTaHJaMH1, paO0TalOMINX B KAYECTBE IMUTTEPOB.

Tabnuna 2
Hawu6osee 3¢ pexTrBHBbIC H3Ty4Yal0LIHe KOMILICKChI JIAHTAHOU/I0B ¢ OPraHHYeCKHMHU JTUTAHIAMHI
Table 2
The most effective radiating complexes of lanthanides with organic ligands
® C MaxkcumanbHas
opMyIna TPYKTypa APKOCTH, KIT - M
Me
Ln(acac-OXD), Ln / Ph 550 (mmpm 20 B)
0 (0]
Me
L -3
Ph % - _
| Ph
N N\ 0=
Ln(dbm),(bath) Ln 820 (mpm 18 B)
/ /
N O
| Ph
Ph N ) -
= _ _
| Ph
NN N\ o=
Ln(dbm),(phen) Ln 460 (pu 16 B)
/ /
N (0]
“ | | Ph
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[Ipononxenue Tabn.2
Continuation of the table 2

MaxkcumanbHast

Dopmyna Crpyxrypa SAPKOCTh, KT - M

Ln(tta),(phen) 500 (mpu 100 MA - cM2)

Ph

Ln(dtp)y(bath) 450 (pu 15 B)

Ln(dbm),(danac)(phen) 924 (mpu 380 MA - eM %)

Ln(dbm),(TPPO) 320 (npu 14,5 B)

Ln(dbm),(pybm-OXD) 322 (mpu 21 B)
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[Ipononxenue tabdn.2
Continuation of the table 2

MakcumanbHas
®opmyia Crpyxrypa SAPKOCTh, KT - M >
Yy [
N /N\ O0—
Ln(dbm)(tpip) Ph,N \ /Ln / 1305 (pu 16 B)
N Z SN 0
|
S i Ph | ,
i O
N = N\ 0—
Ln(dbm),(cpip) N4©—<\ /Ln / 1460 (ipu 14 B)
N Z N 0]
« . P,
_ Il)h -
N
0o—
Ln(pmip);(TPPO) l 920 (pu 18 B
p p)3( 2 (Ph3P0)2 —1In / Me p )
o
L Pri 15
_ }l) h -
o—( N
- |
Ln(tbpmp),(TPPO) Ph,PO— Ln / . 2200 (mipu 14 B)
e
0]
L Bu' 15
_ Ph -
= | |
NN jo= N\II\I
Ln(pmip);(phen) Ln 779 (upu 17 B)
/ J  Me
N o
N | L Pr iR
_ Ph -
= | |
NN po= N\II\I
Ln(pmip);(bipy) Ln 1010 (mmpu 16 B)
/ /. Me
N 0]
S | L Pr! 1,
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OkoHuaHue Tabm.2
Ending of the table 2

Dopmyna CTDYKTVDA MaxkcumainbHast
g PYKIyP SIPKOCTB, KJI - M2
— ll)h -
o—( N
Ln(ebpmp),(TPPO) ’ 20 000 (mmpm 20 B)
’ Ph,PO —Ln D Me
o
CHE, 3

IIpumeuanwue. Cocrasneno o [15].

Xopotiue pe3yabrarbl paboThl OPraHUUECKUX AEKTPOITFOMUHECIIEHTHBIX JIMOI0B OBLTH TIOJTyYESHBI JIJISI KOM-
TUIEKCOB PEAKO3EMEIbHBIX AJIEMEHTOB C MUPA30JIOHOBBIMH JIMTAHIAMH 1 JIUTAH/IaMH Ha OCHOBE MTPOM3BOIHBIX
xuHonuHa [15]. Ha puc. 2 mpuBeseHsl CTPYKTYphI TaKuX KOMIUIEKCOB. [IepBrIii koMmIieke (cM. puc. 2, a) co-
NePKUT S-THAPOKCUXUHOTUHATHBIE JIUTaH bl M KATHOH aMMOHHs. Bo BTopoM Komriekce (cM. puc. 2, 6) MeTaul
CBSI3aH C JIByMSI MOJICKYJIaMH BOJIBI.

ala o/b
Br Cl

NH;
~ Cl
B
B /@ r (
T —
O Br N 0

0 ‘ OH,
A / \N/\Er/i
/N, AN
Br o 2 cl o\ 0
Br Cl
NS NS
Br Cl

Puc. 2. ®opMyIbl KOMIUIEKCOB Ha OCHOBE IMPOU3BOHBIX XIHOIIHA.
Uctounuk: [15]

Fig. 2. Formulas of complexes based on quinoline derivatives.
Source: [15]

[ToBbITIeHHBIN HHTEpEC UCCIIeIOBATENEH BBI3BIBAIOT KOOPIMHAIIMOHHbIE COEIMHEHHS TAHTAHOHIOB C Kap0o-
HOBBIMH KHCJIOTAMH, KOTOPbIE XapaKTEPU3YIOTCSI BHICOKOH HHTEHCUBHOCTBIO JIIOMHHECIICHINH, ()OTO- B TEPMO-
CTaOMIBHOCTEIO [ 16]. B KagecTBE HOBBIX MUCCHUOHHBIX MaTEPHAIIOB JIJIsI CBETOTMOIOB OCIIOTO CBEUCHMSI TIPE/I-
JIO’KEHBI KOOPAWMHAIIMOHHEIE COSTUHEHUS PEIKO3EMEIBHBIX METAIOB [17].

CucreMarusupys UMEIOILYocs HHPOPMAIUIO O (QyHKIIMOHAIBHBIX MaTepraliaX IEKTPOHUKH, B KaueCTBE
MpuMepa MOKHO TIPUBECTH MaTepHalibl HA OCHOBE KOMITJIEKCHBIX COEIMHEHUH TrepMaHus, IO3BOJIIONINE TIPU
KOMHATHOM TeMIiepaType Moiy4aTh U3 BOAHBIX PAacTBOPOB Mpo3pauHble MmieHkHu TonmuHon 0,5-20,0 Mxm
C MHTEPECHBIMHU (PU3UKO-XUMHUECKUMH ¥ JICKTPOHU3NIECKUMU XapakrepucTukami [ 18]. [TneHku TonmuHoM|
70 1 MKM UMEIOT MEJIKO3EPHHCTYIO CTPYKTYPY € ONTHYECKH TIIAJIKON MMOBEPXHOCTHIO. VX pu3uko-xuMuueckne
Y ONITHYECKHE CBOICTBAa MOTYT MPETEPIIeTh M3MEHEHHS 3a CUET 00pa3oBaHUs COJiel C HOHAMHU JAPYTUX MeTall-
JIOB ¥ OPTaHMYECKMMH KaTHOHaMU. J{ManekTpudeckas MpOHUIIAEMOCTh TUIEHOK JISKHUT B mpeaenax 3—8. OT1o
00CTOSATENBECTBO TTO3BOJISIET UCTIONB30BaTh NX B ipubopax CBY-nuanazona.

W3BecTeH Takke maTauk razoo0pa3Horo ammuaka [19], B KOTOpoM UCTIONB3YETCs TUAICKTPpUIECKasi CUTa-
JI0Bas MOJIOKKA C XPOMOBBIMH 3JIEKTpoaMu. Ha a7eKTpo il HaHEeCEeH CJI0 ra304yBCTBUTEIHHOTO BEIIECTBA,
B Ka4€CTBE KOTOPOTO BHICTYIAIOT METAITIOKOMITIIEKCHI TOP(GUPUHOB pa3IMIHOTO CTpOeHH. MeTasTIOKOMIUIEKCHI
TerpadeHUIIOpPUprHa copepkat nonuBaaecHTHbIe HOHBI VIII rpymimsl. JIJis MOBBIICHUS YYBCTBUTECIILHOCTH
narunka B 1,5-3,0 pa3a B cocraB MoJieKys nmophuprHa BBEICHBI IIEKTPOOTPHUIIATENIFHBIE 3aMecTuTeN. Me-
TaJTOKOMILIEKCHI MOPGUPUHOB HE PACTBOPHMEI B BOJIE. DTO OOCTOATEIBLCTBO YAYyUIIAET dKCILTyaTalldOHHBIE
CBOICTBA JIaTUMKa U JIeJaeT BO3MOKHBIM ITPOBEJICHNE U3MEPEHUH B YCIOBHUSAX MOBBIIIEHHOHN BIIaKHOCTH.
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BBI):[e.HfIIOT TaKXKC SJICKTPOXUMHNYCCKNE CECHCOPLI YIrapHOT'O ra3a 1 OKMCJIOB a30Ta. OnuceiBaeMbI€ CUCTEMBI
OCHOBAaHbI Ha Ipoliecce TepMOJIM3a KOMILIEKCHBIX coequnenuii [Ru;0,(NH;),,]Cl, - 2H,0 u [Ru(NH;)]Cl,
1 U3TOTOBJICHBI HA KCPAMUKE U3 JTUOKCHIA HUPKOHUA. HOI[O6HLI€ TTOKPBITHA OBLIN MCTIOILE30BAHEI JJIs1 co3aa-
HHS 3JIEKTPOJOB 3JIEKTpOXUMHUUecKoro ceHcopa Ru/ZrO,/Ru, no3somsromero onpenenste NO, u CO [20].
3T0 0cOOEHHO BaXKHO, €CITH Y4€CTh, YTO YTapHBIi Ta3 He IMEeT 3aIaxa 1 IPEACTaBIIsIeT CePhEe3HYI0 OACHOCTD
JJIs1 9CJIOBCKA U )KUBOTHBIX.

Ha puc. 3 npuBoaurcs cxema B3aumozeiicTBusa komruiekca kodansra(ll) ¢ okcnmom asora. B cocrase iu-
raHja UMEIOTCS JIBE JAHCHIBHBIC TPYTIIIBI, COepKaIue HadTaTmHOBOEC siApo. [1o 3Toi mpruanHe mposiBIISIIOTCS
cBolicTBa JToMuHODOpAa.

Me,N. _ MeN C NMe,
O Q 0,3
SO, SO, |
II\I / _ N <NO
N Co-
=~ N
\Co"\ NO N7 ~NO
Vi \ _— —_—
N N

O NMe,
0,8

N HN”

Puc. 3. Cxema B3anMozeiicTBHs komruiekca kodansTa(ll) ¢ okcumom azora.
Hctounuk: [21]

Fig. 3. Scheme of interaction of the cobalt(II) complex with nitrogen oxide.
Source: [21]

[Ipu oOpa3oBaHuy cBsA3eH KOOAIBTa C aTOMaMH a30Ta TIPOMCXOUT TyIIEHHE JTFIOMHHECTIeHIuH. [locre mpu-
coeuHeHHs ABYX MoJieKysl NO K KOMILJICKCY JIFOMUHECIICHIIUS BHOBB MosiBiisieTcs. B padote [21] mpuBoasTcs
U JIPYTHE IPUMEPHI, TIPEICTABISAIONINE HHTEPEC JIJIsl TEXHOJIOTUN U3TOTOBICHUSI CEHCOPHBIX TTPUOOPOB.

3akaueHmne

DneKTpOHHAs CHEKTPOCKOINHUS 3aHUMAET 0C000€ MECTO CPEeIH METOI0B aHAIN3a, Oa3upyomuXcs Ha GHU3H-
YeCKHX CBOMCTBax BemiecTsa. [loydeHHbIe TaHHbIE TO3BOJISIOT OXapaKTepH30BaTh MPUMEHEHHE KOMIUIEKCHBIX
COCAMHEHHH B Ka4€CTBE CEHCOPOB, TIOATOMY OIMCAHKE MTPEACTABICHHBIX MPOLECCOB U SBJICHUI, HECOMHEHHO,
aKTyaJIbHO ¥ BaYKHO ISl IPOMBILIJICHHOTO TIPOU3BOJICTBA U 00ECIIEYCHHUS IKOJIOTHIECKOM Oe30IacHOCTH.
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MACCHBbBI ) KUAKOKPUCTAAANYECKHUX ANH3
HA OCHOBE ®OTOUYYBCTBUTEABHOI'O
IIOAMMEPHOI'O OPUEHTAHTA

B. 10. CTAHEBHY", JI. C. YEIIEJIEBA", 5
A. JI. KYPHIIOB®, B. C. BE3PYYEHKO®, A. A. MYPABCKHH"

1)I/IHcmumym xumuu Hogvix mamepuanos HAH Benapycu,
yi. @panyucka Cropunvl, 36, 220141, e. Munck, bBenapyco
Dl ocyoapemeennbiii yHugepcumem npoceeujenus,
yi. Bepot Bonowunoii, 24, 141014, o. Muimuwu, Mockoeckas o6xn., Poccus
IMoppoy HB, yr. ®puda Caiiccmpaam, 1, 9052, 2. I'enm, Benveus

Pa3paboTaHbl HOBBIE OAXOABI K CO3/IaHMIO )KUAKOKPUCTATUTMUECKUX YCTPOHUCTB, YIPABIISIONINX YIIIOBBIM pacIpeere-
HueM cBera. CHHTE3MpOBaH OPUEHTHPYIOIIUI MaTepuall, C IOMOIIbIO0 KOTOPOro (hOpMUpYETCs pacipeielieHre AUPEKTopa
YKHJIKOTO KPHUCTAaJIa Ha TOBEPXHOCTH TIOJUI0XKEK, IO3BOJISIONIEE IPH MPOXOKACHUN CBETa Yepe3 KUIKOKPUCTAIITYECKY IO
STYeHKy MONyYUTh BOJHOBOW (DPOHT, aHAJIOTMYHBIA OOBIYHON jMH3e. J[aHHBIM MaTepuai npeicTaBisieT co00i COrou-
mep (BVS) 6yrunmerakpunara (BMA), Banummiamerakpuiara (VMA) u creapunverakpuiata (SMA). M3roToBineHs! Kua-
KOKPHCTAJUINIECKUE STICHKH C Pa3IMIHBIMHU yIIAKOBKAaMH MaccHBa JIMH3 (KBapaTHON 1 rekcaronanpHoil). [Tokazano, aTo
JUTS peanu3anuy Hanbosee 3¢ (hEeKTHBHOTO pacCcesHIs YIIPaBIIeMOl pepakTHBHO-PACCEUBAIOIIECH CTPYKTYPHI INIOTHOCTh
JIMH3 B YIIAKOBKE JIOJDKHA OBbITh MAaKCHMaJIbHO BO3MOXKHOM. YCTAHOBIICHO, YTO ONTHMAJILHOM SIBIISIETCS] FeKCAroHaIbHast
yIaKkoBKa MacCHBa JIMH3, IOCKOJIBKY B 9TOM Cllydae 3aHMMaeMasl JIMH3aMH IUIoIaab Ha 5 % OoJblie, ueM B cilydae KBaj-
parHOi ynakoBKH. BeimonHeH pacueT (POKyCHOTO pacCTOSHUS MacCHBa XMIKOKPUCTAIIIMYECKHX JINH3 B ITOJISIPU30BAHHOM
cBere. BrIsiBiieHO, 4TO HanMeHbIIee (POKYCHOE PACCTOSHUE XapaKTEpHO ISl CHHETO JUana3oHa JUIMH BOJIH, a HAHO0OIb-
mee — st kpacHoro. McenenoBana 3aBUCHMOCTB (POKYCHOTO PACCTOSHHSA OT pajinyca *KUAKOKPUCTAIIHICCKON JTHH3BI,
TOJIIIMHBI KUJIKOKPUCTAIUTHUECKOTO CII08, BYTy4EIPETOMIICHHS KHUIKOKPUCTAIUTMUECKUX MaTepranioB. Pa3paboraHHbIH
conosiumep (BVS) mo3Bosisier M3roToBUTH MACCHB JIMH3 Ha IUTACTHKOBOM MOTOKKE OJ1arofapsi HU3KOTEMIIepaTypHOi 00-
padotke (<70 °C), uto 00yCIIOBIMBACT EPCIIEKTUBBI IPUMCHEHUSI TAHHOTO MaTeprajia B 00JIacTH CO3JaHUs COBPEMEHHBIX
YCTPOMCTB M CHCTEM YIIPABICHHS CBETOBBIMH ITyYKaMH.

Knroueeswvie cnosa: )KI/I,ZIKI/Iﬁ KPHUCTAJIII; COITOJIMMED; OPUECHTHUPYIOIUE MATEPHUAJIBI; JKUAKOKPUCTAIITNICCKUE JINH3BI; MacC-

CHUB JIMH3.
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ARRAYS OF LIQUID CRYSTAL LENSES
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New approaches have been developed for creating liquid crystal devices that control the angular distribution of light.
An alignment material has been synthesised, with help of which the distribution of the liquid crystal director on the sur-
face of the substrates is formed. When light passes through the liquid crystal cell, distribution makes possible to obtain
a wave front similar to a conventional lens. This material is a copolymer (BVS) of butyl methacrylate (BMA), vanillyl
methacrylate (VMA) and stearyl methacrylate (SMA). Liquid crystal cells with different lens array packages (square and
hexagonal) are manufactured. It is shown that in order to realise the maximum scattering of a controlled refractive-scat-
tering structure, the lens density in the packing should be as high as possible. It has been established that the hexagonal
packing of the lens array is optimal, since in this case the area occupied by the lenses is 5 % larger than in the case of
square packing. The focal length of an array of liquid crystal lenses in polarised light is calculated. It has been established
that the smallest focal length is typical for the blue wavelength range, and the largest for the red one. The dependence of
the focal length on the radius of the liquid crystal lens, the thickness of the liquid crystal layer and the birefringence of liquid
crystal materials is studied. The developed copolymer (BVS) makes it possible to manufacture an array of lenses on a plastic
substrate due to low-temperature processing (<70 °C), which leads to the prospects for using this material in the field of
creating modern devices and systems for controlling light beams.

Keywords: liquid crystal; copolymer; aligning materials; liquid crystal lenses; lens array.

BBenenue

Ha manHBIIT MOMEHT OrpOMHBIN HHTEpPEC MPENICTABISAET pa3padoTKa TIOCKOIAPaIIEIbHBIX MTEPEKITF0YaeMbIX
OINITHYECKUX CTPYKTYp. OJTHIM M3 IEPCIIEKTHBHBIX CIIOCOO0B CO3/IaHMS TAKOTO POJIa IIEMEHTOB SBJISIETCS HCIIONb-
3oBaHne Xuakux kpuctawioB (JKK) B kauectBe (yHKIMOHANBEHBIX MarepraioB [1]. Opuenrarus KK B sueiike
OIpEJENSeTCs B3aMMOAECHCTBUSIMU TBEPIOM MOBEPXHOCTH OpueHTUpYyromero cios u monekyin XKK. brnaronaps stum
B3aUMOEHCTBISIM TupekTop JKK MokeT mprHUMAaTh TOMEOTPOTIHYTO, HAKJIOHHYIO WM IJIAHAPHYIO OPUEHTAIINIO
TT0 OTHOIIIEHHIO K TIOCKOCTH TTOIOYKKH, C KOTOPOW OH KOHTAaKTHpyeT. HeHyeBbie 3HaueHH YIIIOB IPeTHAKIOHA
mpexropa JKK mo3BonstoT co3mate MHOYKECTBO MEPEKITI0YaeMbIX (DOTOHHBIX yCTPOMCTB, B ToM uncite XKK-1rH3bL,
crocoOHbIe APPEKTUBHO U3MEHATH (POKYCHOE PACCTOSHUE C MTOMOIIHIO HU3KUX YITPABIISIONINX HANPSHKEHUH [2].

Ha ceronusmamnii neHs MaccuBbl ananTUBHBIX JKK-THH3 MOTYT OBITH HCITONB30BaHbBI B TUCIIIESX, MUKPO-
CKOTTaX CBETOBOTO TOJIs (HampuMep, sl GOPMHUPOBAHMS aBTOCTepeockonmmueckoro 3D-addexra), opranmde-
CKHX MHUKpOJIa3epax, YCTPOMCTBAaxX BBOJA N3ITyUEHHS B BOJHOBOJ, OCBETHTEIHHBIX MTPHOOpaX U Jp.

B nacrosmeit pabore mpemiokeH COBpeMeHHbIN noaxoa K co3nanuto JKK-ycTpoiicTB Ha ocHOBE MaccHBa
MUKPOJIMH3, 00€CIIeunBaIONINX YIIpaBJIeHHE yIIIOBBIM pacupezeneHreM cBeta. OTpadoTaHa TEXHOJIOTHS Ha-
HECeHHs TOHKUX IJICHOK OpHEHTHpYIomiero Marepuana (BVS), uTo mo3Bonmiio peaim3oBaTh 3aJaHHOE pactipe-
nenenne opueHTanun aupekropa KK Ha moBepXHOCTH MOUTOKEK C MPOCTPAHCTBEHHBIM pa3pelIeHHeM, COCTaB-
JISTFOIIUM eMHULIBI MUKPOH [3; 4]. [Ipoananu3upoBaHbl ONTHYECKHE CBOMCTBA U BOBMOKHOCTH JaIbHEUILIETO
npuMeHeHus npennaraembix KK-cTpykryp.

Jmu3aitn ynpasisieMoii ZKK-1uH3b1

s co3manms agantusHON JKK-1HH3EI ObLTa BEIOpaHa CTPYKTYpa THITA «COHABUD» (PHC. 1), MpeaCTaBIMIONIAs
co0o# HeMaTH4eCcKyto TuopuaHo-opueHTHpoBaHHYIO KK-suetiky (HAN-suetiky). KimrodeBsIM KOMITIOHEHTOM
TUTSL TAaHHOW CTPYKTYPBHI SBJISIETCSI OPUEHTHPYIOIUI MaTepHall, TOHKHE TIEHKHA KOTOPOTO CIIOCOOHBI JTOKaIbHO
HU3MEHSTH YIIbI IpenHakiiona JKK mo geiicTBueM onTudeckoro oomydeHus [2].

CrenmansHoe pacrpenenenue aupekropa KK B siaetike, popmupyroriee JIMH30MOI00HYIO CTPYKTYPY, Ipe-
rmoJlaraeT TUIaBHOE M3MEHEHHE yria npeanakiona qupekropa XXKK ot 90° mo 0° mpu mepexoze ot nepudepuu
JUH3H K ee meHTpy (cM. puc. 1, a), BHe rpanuI JuH3bI opueHTarmsa KK ocraercst romeorponHoi. [ImaBHOe
n3MeHeHne opueHTtanuu aupekropa JXKK B sdelike mMo3BosSeT MOTYYUTh TPAIMEHT TOKa3aTeNs MPETOMIICHUS
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KK-cpeas! 1iist TMHEHHO-NIOISPU30BAHHOTO CBETA, OPUEHTUPOBAHHOTO B HanpasyieHnu aupekropa XK B ciny-
yae paccMaTpuBaeMoil reoMeTpuu. [1py MOAKIIOUEHNH K 3IIEKTPOIaM SYEHKH HU3KOUACTOTHOTO HaNpsKEHUs
MoneKyinsl JKK OpHeHTHPYIOTCS CBOMMU JUTMHHBIMHA OCSIMU BJIOJIb BEKTOpA HAIPSHKEHHOCTH JIEKTPUYECKOTO
nosst. [1pu gocTarouno GobIIoi aMIuInTyze yrnpasisitonero HanpsbkeHns opuenTanys JKK B siaeiike craHoBUTCS
OTHOPOJTHOM TOMEOTPOITHOM, YTO COMTPOBOXKIAETCS yBennueHueM (hokycHoro paccrosaus KK-nmuH3er [2].

ala Morexyisl JKK 6/b
BepxHss mo/uioxkka BepXHss Mo/II0kKKa
Oxcun uaaus — onosa (ITO) Oxcwun uaaus — oxosa (1ITO)
BeprukansHas OpueHTaIHs BeprukanpHasi OpueHTALUS

000000z2000000 0000000000000
0000522222200 000 0000000000000000
0 gctz===—=)Q()()( 0000000000000000

2
&/

Crieiicep

Ko110K011000pa3H0€e pacpeaeeHue yIia NPeIHaKkIOH: Ko110k011000pa3Hoe pacipeenaeHue yria IpeIHakIoH:
Oxcua uuus — onosa (ITO) Oxcu uaust — onosa (ITO)
| HuxHss n01I0KKa | [ HwkHAs MOI0KKa |

Puc. 1. Cxema ynpasisiemoil XKK-1uH3bI B IIIOCKOH stueiike:
a — 6e3 TIPUITOKEHHOTO HANPSKEHHS; 6 — C TIPUI0KEHHBIM HAMPSKEHUEM.
UcTounuk: [5]

Fig. 1. Liquid crystal (LC) lens structure: @ — no voltage; b — on-state.
Source: [5]

Hwxawmii (rpafueHTHBIN) OPUEHTUPYIOMINN CIION J0IDKeH 00eCTeuyrBaTh 3aJaHHOE pacIipe/ieieHne YIIIoB
npeaHakiiona qupektopa XKK, 3aBucsiiee ot 10361 YD-00mydenus. Tak kak mojisipHas U a3uMyTajlbHast SHEPTUU
CIIeTUIEHUS] OpUeHTHPYIOImUX cinoeB ¢ JKK-marepuanoM yBenmudnBaroTcs ¢ pocToM 10361 YD-00Ty4deHus, TO
JUISL CO3/IaHMsI TUTABHOTO KOJIOKOJIOOOpa3HOTro Mpoduilsi pactpe/elieHus YIIOB MpeaHakiona qupextopa KK
WHTEHCUBHOCTh YD-H311y4eHus I0HKHA ObITh MAKCHMaIbHOH B IIEHTPE OCBEIICHHOTO KPyTa U CIaJaTh 110 Ha-
MpaBiIeHuIo K nepudepun. Torma mpu BEIOpaHHOM BpEMEHH SKCIIOHUPOBAHUS Oy/IET MOTYIE€HO COOTBETCTBYIOIIEE
pacmpenenaeHue IKCIO3UIIMOHHBIX 103. Eciu muanazoHbl H13MEHEHUSI UHTEHCUBHOCTU YD-U3TydeHUs COOTBET-
CTBYIOT YYaCTKy YMEHBIIIEHH: YTIIOB NpenHakiona aupekropa JXKK, To Oyner momydeHo TpedyeMoe pacmpese-
JIEHWE TOCJICIHUX TI0 TUTOIaan JIUH3I. DOpMUPOBaHIE pacTpeesieHUs YITIOB IpeaHakiiona aupekropa KK
B siuCHKe MPEIoNaraeT Co3JaHue KPyroBOro Mossi 3KCIIOHUPOBAHUS C pAAUATIbHON CUMMETPUEH OCBEILICHHOCTH.
BocnpousBogumocts yros npeaHakinoHa qupexkropa KK qomkHa 10CTUraTbCs IyTeM TOYHOTO KOHTPOJIS 10351
Y®-00myueHMsI OpUESHTUPYIOIIETo ciiost [2].

Texuoaorust nrorosjenus KK-a1mnn3

s nsrorosnenus YKK-muH3b1 00BIYHO HCIIONB3YETCS STUCHKA THIIA «COHJBUW» (CM. puc. 1), cocTosimiasi u3
JBYX MOJJIOXKEK, MOKPHITHIX TOHKUMH CJIOSIMHU TPaJUECHTHOTO MOJIUMEPHOro Marepuasna. OpHUeHTUPYIOIIHUE CI0U
[OJIBEPIatOTCsl HEMPOJAOLKUTEIBHOMY OHOPOAHOMY Y@D-3KCIOHUPOBAHMIO, COXPAHSIOIIEMY BEJIMUUHY yIvia
npenHakioHa 90°, HO MPEAOTBPALIAIONIEMY U3MEHEHHUE YCIOBUI MCXOIHON TOMEOTPOITHON OPUEHTAIIMH IO
neiictBueM KK [6]. Janee npou3BoAUTCS OAHOPOIHOE HATUPAHUE OPUEHTUPYIOLIUX CJIOEB, MOCIE YETO HUMKHSS
TIO/ITTIOYKKA TTOIBEPTaeTCsl JIOKATbHOMY YD-3KCITIOHMPOBAHMIO CBETOBBIM ITOJIEM C KPYTOBO reomerpueii (puc. 2) [2].

B xoze BbInonHEHUs paO0THI U3rOTOBJICHBI MACCUBBI JIMH3 C KBAIPATHON U F'e€KCaroHAILHOM yHakoBKou. J1iist
YIPOIIEHNS aHAITN3a CBOMCTB JIMH3 BHIOPAHBI CIIEAYIOMINE Pa3Mephl: fuameTp JInH3 — 0,8 MM, pacCTOSHIE MEXITy
HeHTpaMu JIHH3 — 2,5 MM. MaccuBsl 1uH3 GopmupoBanuck B XKK-syeiikax tuna «conaBuu». it u3rotosie-
HUS si9eeK ObUT 0TpabOTaH TEXHOJIOTHUYECKHUU Tporiecc. Ha TIiaTelbHO OYUIEHHBIE CTEKIISTHHBIC TIOAJIONKKN
TontuHOM 0,7 MM C IPOBOSIIINM ITOACTI0eM OKcraa HHAUS — oyioBa (ITO) )KUIKOCTHBIM CTIOCOOOM (METOIOM
POA-KOYTHHI'a) HAHOCUJICS OpHEHTHpYIomumid cioi u3 1 % pactBopa ¢orouyBcTBUTENbHOTO Tonumepa (BVS).
3areM pOU3BOAMIIACH CYIIKA OAJIOKEK Ha TepMoIuinTe ipu reMieparype 70 °C B TeueHre 5 MUH AJ1s yoaJIeHus
CIIeNIOB pacTBOpHTENS. Jlanee moyioxKKu HaTUPAIUCh MEXaHHYECKUM CIIOCOOOM € ITOMOIIBIO aBTOMATH3UPOBaH-
HOU HaTUpaIoIlel MAIIMHBI, OCHAILIEHHOMN XJIOMKOBOH LIETKOM ¢ IIMHOM Bopca 2 MM. HanpaBienue HaTupaHus
TTOJITOYKEK BEIOUPAIOCH TAKMM 00pa3oM, 9To0b! morydnTh B XKK-sueiike anTrmapamienpayto opuenTanuto JKK.
O06a HaTepThIX CIIO0sl BEpXHEH U HIKHEH MOI0KEK IPeBApUTEIHLHO 00TyYaluch HEMOISPU30BaHHBIM H3ITyue-
HUEM JIFOMHUHECLEHTHOM JIaMIIbI ¢ JJIUHOM BOIHBI 320 HM M MHTEHCUBHOCTBIO 3 MBT1/cM? B Teuenue 60 ¢. TTocie
HATUPaHUS OPHEHTHPYIOIIHNX CIIOEB MPOU3BOMIOCH SKCIIOHMPOBAHNE HHKHEH MOATIOKKH: BBITIOHSIIACH 3aIHCh
MacCHBa JIMH3 CBETOUOIOM C JUTMHOMN BOJTHBI U3IydeHus 310 HM 1 MaKCUMalbHON HHTEHCUBHOCTBIO B LICHTPE
mydKa cBeta okoio 30 MBT/cM?. BriocieicTBIM 06€ MOIOKKH CKICHBATHCH STOKCHIHBIM IBYKOMITOHCHTHBIM
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KJieeM 11 OpMHUPOBAHUSA KOpITyca sueiiku. BemmarnHa BO3yITHOTO 3a30pa B STYEHKe 3a1aBajiach C IOMOIIBIO
BOJIOKOHHBIX crieiicepoB nuametrpom 20 MkMm. IloarorosnenHas siueiika 3anpanisiiach HEMaTUYECKUM KPUCTAI-
nom XKK-1285 (HUOITUK, Poccust) B ycaoBUsIX H30TPOMHOM (ha3bl.

3anuch B ssUeiike MaccHuBa JIMH3 C TEKCATOHAIBLHON M KBAAPATHOW YIAKOBKOU MPOM3BOAUIIACEH C IIOMOIILIO
MHKpOCKomna (puc. 3), OCHALICHHOTO MEPEABHKHBIM CTOIHKOM.

BerHf{S{ TIOIJIOKKa

CaerognogHas
cucrema (A =310 um)

Y

Wznyuenue
JIFOMHHECIIEHTHO#1 J1amitel (A = 320 HM)

.

J

OpHEHTHPYIOMHUH CIIOH

OpHEeHTHPYIOMUH CIIOH

OpHeHTHPYIOMNH CIIoi

OpHEeHTHPYIOMNH CIIoH

OKcu MHIUS — 0J10Ba

OKcua MHIKS — 0JI0Ba

Okcu MHIUS — 0J10Ba

OKcu MHIUS — 0J10Ba

(ITO) (ITO) (ITO) (ITO)
Crekio Crekio Crekio Crekio
Hanecenue OnHoponHoe OpHOpOIHOE HATHPAHUE JloxanbHOE
OPHEHTHUPYIOIETO CIIO0S, Y®-skcnionnpoBanne HETIONAPU30BAaHHOE

cymika (70 °C, 5 muH)

Y®-sKkcrioHnpoBaHue

7

HroxHss 11o1U109KKa

Puc. 2. Cxema texnonoruu nzrorosnenus KK-suaeiiku s popmuposanust KK-muH361
MeTo/10M (HOTOCTUMYIMPOBAHHON OPUEHTAIMH C HCIOJIB30BAaHUEM CBETOAMOAHOMN cucTeMsbl (A = 310 HM)
Fig. 2. Process flow of alignment layers fabrication for LC lens
by method of photostimulated alignment using a LED system (A = 310 nm)

—

Puc. 3. MUKpOCKOT AJISI SKCIOHUPOBAHHUS
MaccHBa JIMH3 Pa3HON yMaKOBKH

Fig. 3. Microscope for exposing
an lens array with different packages

VhpasieHue IBUKECHUEM CTOIMKA MUKPOCKOIA OCYIIECTBISUIOCH C IPUMEHEHHUEM CIIEHUaIbHOM Mporpam-
MBI (pa3paboTka Jraboparopun marepuanoB u TexHosoruii XKK-yctpoiicte MHCTUTYTa XUMUM HOBBIX Mare-
puanoB HAH benapycwu), a1t KOTOpOH pacCUUTHIBAIMCH KOOPAWHATHI KBAJpaTHOH (pHC. 4, @) U TeKCaroHab-
HO (pHc. 4, 6) yIakOBKH MaccuBa JIMH3 C IIAroM 2,5 MM.

Juist onipeieNieHnst ONTUMAaIbHOTO BPEeMEHH SKCTIOHUPOBAHUS JUIsI 3aIIFCH JIMH3 ObLIIa IPOBE/ICHA TECTOBAs
3aCBETKa OAHOU U3 MOJUIOKEK CBETOIMOIOM C JJIMHON BOJHBI U3nydeHus 310 HM npu BpeMEHU 3KCIOHUPO-
Banus B auanazone 70—275 c. Mcxoas U3 MOIy4eHHBIX SKCIEPUMEHTANBHBIX JAHHBIX (pUC. 5), IPU IKCIIOHU-
poBanuu B TeueHue 75 ¢ B cioe HemaTuueckoro JKK dGopMupyercs BepTukaibHas OpUEHTAIMS, IPU IKCIIO-
HUpoBaHWUH B TeueHne 105 ¢ HaunHaeT (OpMHUPOBATHCS IIaHApHAs OpUeHTaus (00pa3yroTCs CIIMBKH), IIPU
SKCIIOHUPOBaHUU B TeueHue 140 ¢ MpOUCXOAUT MOHBIN Mepexo/] B INIaHAPHYIO OPUEHTAIUIO, a TIPU IKCIIOHU-
poBaHMU B TeueHue 275 ¢ HabmonaeTcsi 0OpaTHBIN MEPeXo/l B BEPTUKAIBHYIO OPUEHTAIINIO TTPEIITOI0KHUTEIhb-
HO B CBS3H C IIPOIIECCOM JIECTPYKIUH (pa3pyIIeHUs OJMMEPHON MaTPHIIBI).
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ala 0/b
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Puc. 4. KoopauHaTel S5KCIIOHUPOBAHUS KBaJpaTHOH (@) ¥ FeKCaroHaJbHOH (6) YIaKOBKH MaccuBa JIMH3
Fig. 4. Exposure coordinates for square (@) and hexagonal (b) packages of lens array

Puc. 5. Muxpodotorpadus opuentaimu JKK B stueiike npu pa3sHOM BPeMEHH IKCIIOHHUPOBAHHS
(TIIIOCKOCTH STYEHKH PAcIIooXKeHa MoJ| yIIoM 45° B CKpEIeHHBIX MOoJIsIpU3aTopax)

Fig. 5. Microphotograph of the alignment of LC at different exposure times
(the cell plane located at an angle of 45° in crossed polarisers)

Juiia m3menenns ¢oxycHoro pacctossHus JKK-1MH3 K M3roTOBICHHBIM sueiikaM (puc. 6, a, 0) MPUKIaIbI-
BaJIOCh HU3KOYACTOTHOE 3eKkTpudeckoe Hanpspkenue (U=0B, U=1 B, U= 5 B, U = 10 B). Monekynst XKK
OPHEHTUPYIOTCS CBOMMH JUTHHHBIMH OCSMH BIOJb BEKTOPA HATPSKEHHOCTH AIIEKTPUIECKOTO MOJISL, TOCTEIIEHHO
TIepexo/is U3 TUTaHAPHOI OPUEHTAIINN B TOMEOTPOITHOE COCTOSTHHE C YBEIHMUEHUEM aMILTUTY/IbI IPUIIOKEHHOTO
Hanpspkerns (puc. 7 u 8). IlepeopuenTanms mosnexyn KK Bo BHEIITHEM 3IEKTPHUIECKOM TT0JI€ COMTPOBOXKIAETCS
yBenmmmueHueM (oxycrnoro paccrosuus JXKK-nmmu3sl [7].

Puc. 6. Muxpogororpadpun opuentarun JKK B siueiixe
C KBaJIpaTHOH (@) 1 rekcaroHanbHoit (6) ynakoBKOi MaccHBa JIMH3
(TTOCKOCTB SIYCHKH PACIIONOKEHA O] YIIIOM 45° B CKpEeIIeHHBIX TOJISIPH3aTopax)

Fig. 6. Microphotographs of the alignment of LC in a cell
with square (a) and hexagonal (b) packages of lens array
(the cell plane located at an angle of 45° in crossed polarisers)
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U=10B

Puc. 7. Muxpogororpadun oprentanuu JKK B siueiike ¢ KkBaapaTHOH YIIAKOBKOH MaccHBa JIMH3
npu npuiokeHHoM Hanpspkernn (U=0B, U=1B, U=5B, U=10 B)
(III0CKOCTh STYEHKM PACIIONIOKEHA M0 YIIOM 45° B CKpPEIIEHHbIX MOJIpU3aTopax)

Fig. 7. Microphotographs of the alignment of LC in a cell with square package
of lens array at an applied voltage (U=0V, U=1V,U=5V,U=10V)

(the cell plane located at an angle of 45° in crossed polarisers)

U=5B U=10B

Puc. 8. Muxpodotorpadun opuentanmu JKK B saeiike ¢ rekcaroHaabHON YITAaKOBKOI MaccuBa JIMH3
pu npuioxeHHoM HanpsbkeHun (U=0B, U=1B, U=5B, U=10B)
(TTOCKOCTB STYEHKH pacIionoXkeHa oj] yriioM 45° B CKpeIIeHHbIX HOJISIPU3aTopax)

Fig. 8. Microphotographs of the alignment of LC in a cell with hexagonal package
of lens array at an applied voltage (U=0V, U=1V,U=5V,U=10V)
(the cell plane located at an angle of 45° in crossed polarisers)

JList MONyYeHHBIX sYeeK ¢ KBaJpaTHOM (CM. puc. 7) U reKcaroHanbHou (cM. puc. 8) ynakoBkoi KK-mun3
OBUI paccunTaH MPOLECHT 3aHUMaeMOH JIMH3aMH IJIOMa . Tak Kak ajst Hanoosnee 3h(heKTHBHOTO paccesHUsI
MIPOXOJIALIECTO Yepe3 MacCUB CBeTa HEOOXOANMa MAaKCHUMaJbHO IJIOTHAsI YIAKOBKA JIMH3, TO MOKHO C/EIaTh
BBIBOJI, YTO ONTUMAJILHOM SIBJISIETCS TeKCaroHaibHasl yrakoBKa (B 3TOM cilydyae 3aHMMaeMas JMH3aMH IUTOLIa b
Ha 5 % Ooublle, 4eM B cydae KBaJIpaTHOU yIakoBKH) [§; 9.

OnTnyeckne xapakrepuctuku maccusa KK-imn3

g pacuera BeNMYMHBI ABYIY4YEHPEIOMIICHUS! IPUMEHSIICS MOISPU3ALUOHHBIH MUKPOCKOI U MHOTO-
KaHaJIbHBIH criekTpoMeTp. C UX MOMOLIBI0 ObUIH U3MEPEHBI CIEKTPBI IPOITYyCKaHMs 7 TMH3bI B OJSIPU30BAaHHOM
cBeTe (BUAMMBIN AMana3oH JUIMH BOJIH) (pUc. 9) B paBHOOTCTOSIIUX APYT OT APYra TOUKAX JIMH3BL.

Puc. 9. Muxpodotorpadus opuerramun XK B moasipu30BaHHOM CBETE
(MI0CKOCTh AYEUKU PACIIONIoKEHA MO YIVIOM 45° B MapauIeNbHbIX NOIIPU3aTOPaX)

Fig. 9. Microphotograph of the alignment of LC in polarised light
(the cell plane located at an angle of 45° in parallel polarisers)
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Jlist onipeiesieHUs BETUUMHBI (Pa30BOi 3a/IePIKKH HCIIOIh30BaIaCh 3aBUCUMOCTh IIPOIYCKAHUSI JIBYJTyYeIpe-
JIOMJTSTFOTIICH TIJIACTHHKHU OT JUTMHBI BOJTHBI CBETA:

T = sin® (n%)
A

Benuunna hazosoii 3agepxku Y = And it nmvH BotH A = 450 HM (cuHUH quanasoH), A = 550 HM (3eneHbIi
auanas3oH) U A = 650 HM (KpacHbIH JUana3oH) pacCUUTHIBAIACh HA OCHOBE CIIEKTPOB, H3MEPEHHBIX B PA3IUYHBIX
toukax JKK-am1H3b1 (cM. puc. 9), myTeM MOATOHKH BEJIMYMHBI TOKa3aTelsl ABYTy4YePeIOMIICHUS, CIIEKTPaIbHas
3aBHCHUMOCTb KOTOPOT'O allPOKCUMHUpOBanach 1o (Gopmyne Komm

An=A4+ B + £
S

st ucnonbzyemoro matepuana (KK-1285) koapdunnentsr popmynst Ko cocrapisnu cieayromue Be-
muannel: 4 = 0,139665; B =0,006867; C=0,000551.

Sueiika coOupanach U3 AByX MOAJIOKEK C pa3HOI opueHTaluei cononumepa BVS: ogna u3 Hux nMena mo-
CTOSTHHYIO TOMEOTPOITHYIO OPUEHTAIIHIO, a APYTasi — OPUEHTAIINIO C IEPEMEHHBIM YIJIOM Tof[Beca. 3a30p S4ei-
KU 3agaBaiics crericepamu auametpom 20 mxMm. CobpaHHas TakKuM 00pa3oM sUeiKa MO3BOJSET YMEHBIIUTh
KOJIMYECTBO JIC)EKTOB. DKCIIOHUPOBAHKE JIBYX MOJIOKEK STUCHKH (HaBeJCHUE TOMEOTPOITHON OpUEHTAITUH Ha
00eHX TO/IIIOKKAX ) MO3BOJIMIIO OBl YBETHYHUTH d3PPEKTUBHOE IBYITyUenperoMmiIeHie Az B 2 pa3a OTHOCHTEIBEHO
TaKOBOTO M3TOTOBJICHHON Hamu suyeiiku. OTHAKO B 3TOM CIllydae BO3HUKIIHN OBl CIOKHOCTH IpU cOOpKe H3-3a
HEOOXOJUMOCTH TOYHO COBMECTHTH «OOJIACTH JIMH3BDY.

st pacaera dpokycHoro paccrosiaus JKK-mH3 sxcriepuMeHTanbHbIH Ga3oBeiid mpoduis (puc. 10) ammpok-
CHUMUPOBAJICS TAPa0OINIECKUMHU KPUBBIMHU, Ha OCHOBE KOTOPBIX OLICHUBAIOCH (POKYCHOE PACCTOSTHHE ISl TPEX
JUTHH BOJH 110 (hopMyIie 5

F==
a

rJe @ — crapmuil kodQQUIMEHT KBaJpaTHOTO ypaBHEHUs apa0oibl. DOKYCHBIE PACCTOSHUS B 3aBUCUMOCTH
OT JUTUHBI BOJTHBI IPUBE/ICHEI B Ta0M. 1.

CoxpariieHus! OKYCHOTO PaCCTOSHHSI MOXKHO JIOOUTHCS 3a cueT yMeHbleHus paaunyca R XXK-nmuH3b1, yBe-
mmaenus TommuHbl d XKK-cios (tabn. 2), a Taxke ucnonb3obanus JKK-marepranoB ¢ OONBIIUM IBYITyYerpe-
JIoMIIcHHEM An.

®dokycHOE pacCTOSHUE JTUH3BI TAKIKE MOXKHO PAaCCYUTATh IO (hopMyIie

_ R*—(AndY’
~ 2And

2

rne And — pa3HOCTh HaOera (a3.

—0— L =450 M
A =550 um
—&— A =650 um

y=-04411x>~7-10 "x+10°

y=-0375x*~10 x+10°

1 1
~0,002 0,001 0 0,001 0,002

Puc. 10. ®azoserii npoduis KK-muH36!
Fig. 10. Phase profile of an LC lens
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Tadoauma 1

Jucnepcusi GoKycHOT0 paccTOTHUS

Table 1
Focal length dispersion
A, HM F,m
450 4,53
550 5,04
650 5,33

Tabnuma 2
H3meneHue P OKYCHOr0 paccTosiHUs pH pa3Hoii Toamune KK-cios
JJIs1 I3 ¢ paauycom R = 1,65 mm, R = 3,30 mm u R = 0,83 mm
Table 2

Changing the focal length with different thicknesses
of the LC layer for lenses with a radius R = 1.65 mm, R = 3.30 mm and R = 0.83 mm

d, MKM .M
A =450 am A =550 amMm A =650 HmM
R=1,65 MM
5 18,14 20,15 21,33
10 9,07 10,08 10,67
50 1,81 2,02 2,13
100 0,91 1,01 1,07
R =330 Mmm
5 72,55 80,60 85,33
10 36,27 40,30 42,67
50 7,25 8,06 8,53
100 3,63 4,03 4,27
R=0,83 Mmm
5 4,53 5,04 5,33
10 2,27 2,52 2,67
50 0,45 0,50 0,53
100 0,23 0,25 0,27

Wcxons n3 npuBeneHHbIX B Ta0J. 2 3HaYCHUH, HAOMI0AaeTCsl yMeHbIIeHHe (JOKYCHOTO pacCcTOsSTHUS F TMH3
Ipu yBenrmaeHuH TonmHb! d XKK-cmost 11t Kax10# 13 paccMaTpruBaeMBbIX JTHH BOH (A =450 aM, A = 550 HM,
A = 650 HM). YMeHbIIeHHE paguyca R TUH3BI B 2 pa3a MPUBOIUT K YMEHBIIEHUIO (POKYCHOTO paccTOSHUS F
B 4 pa3a, a yBeIMUYCHHUE paanyca R TMH3BI B 2 pa3a NPUBOIUT K YBEINUYEHHIO (POKYCHOTO paccTosiHus ' B 4 paza.

3akiaoueHmne

B xone mzydenns u pa3pabOTKH COBPEMEHHBIX MOAXOAOB K co3aanuio JKK-ycTpolcTB ns ynpasieHus
YIJIOBBIM paciipeieieHueM cBeTa OblIi H3roToBNeHbI MaccuBbl JKK-Mukponnn3. B kauecTBe opueHTHPYOLIETO
Marepuaiia, (OpMHUPYIOIIEro 3aJaHHOe («JIMH30M0A00H0e») pacnpeneicuue aupekropa KK, Obl1 cuHTE3H-
poBan crneranbablil conoaumep (BVS). [Monyuennoe pacnpenenenue nupekropa B ooreme XKK-cmos moxer
OBITh N3MEHEHO IO/ ACHCTBUEM JICKTPHUECKOTO OIS, YTO TO3BOJISICT YIPABISATH YIIIOBBIM PaclpeieICHUEM
U3JTYYCHUSI U pAacCesHUSI CBETa OCBETUTEIBHBIX CBETOIMOAHBIX cucTeM. OTpaboTaH MEeTo/] HAaHECEHUS TUIEHOK
cononumMepa BVS u coznanmns XKK-mukponnns, a takxe maccuBoB JKK-muxponuns. s popmuposanus XKK-
JIMH3BI POU3BOIMIIOCH IKCIIOHUPOBaHHe YD-13nydyeHreM, MMEIOnM napadoinndeckuii mpoduis. M3roroBieHs
KK-s4eiiku ¢ pa3nuYHbBIMHM YIIaKOBKaMHM MacCHBa JIMH3 (KBaJpaTHOM M rekcaroHaabHON). B ciydae rexcaro-
HaJIBbHOH yIMaKOBKY 3aHMMaeMas JIMH3aMU IIoIa b Ha 5 % OoJbllle, 4eM B CiTydae KBaIpaTHOM yIIaKoBKH, YTO
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COOTBETCTBYET TEOPETHICCKOMY IMPECTABICHUIO 0 Hanboee 3(p(heKTUBHOM paccessHUH MPOXOJISIIETO CBETa.
Onenka oxycHoro paccrosausi JKK-TuH3 B MONSpU30BaHHOM CBETE (BUAUMOM (CHHEM, 3€JICHOM, KPacHOM)
JMarasoHe JTUH BOJIH) MOoKa3aja, YTo HauMeHblee pokycHoe paccrostaue (F = 4,53 M) XapakTepHO I CH-
HEro JuarnasoHa JUIMH BOJH, JJIS 3eJIEHOTO IMana3oHa JJINH BOJIH OHO COCTAaBIsAeT BeMnuuny F = 5,04 M, a ans
KpacHOTO JMamna3oHa Bo3pacTaeT 1o 3HadeHus F = 5,33 m. O6HapyxeHa 3aBucumMocTth paanyca KK-nmuH3br
ot tonmmuHel JXXK-cnost 1 nBynyuenpenomienus XKK-marepuanos. 3ydeHbl BO3SMOKHOCTH ()OPMUPOBAHHUSI
MaccuBoB JKK-uH3 ¢ pa3nnyabiM (HOKYCHBIM PAacCTOSIHUEM W TOKa3aHbl MyTH YITyUYIICHUS HX MapaMeTpoB
(ymeHbIieHUs1 HOKYCHOTO paccTOsiHUS ). Pe3yibrarhl paboThl CIIOCOOCTBYIOT COBEPIICHCTBOBAHHUIO YCTPOMCTB,
JUIsl KOTOPBIX HEOOXOIMMO NiepecTpanBaTh GpokycHoe pacctosiane. CHHTe3upoBaHHBIN cononumep (BVS) no-
3BOJISICT M3TOTaBIUBaTh MaccHB JKK-1MH3 Ha MIIACTUKOBBIX TMOJUIOKKAX ONarogapsi HU3KOTEMITepaTypHO 00-
pabotke (<70 °C), 4To SABASETCS Ba)KHBIM TEXHOJIOTHUYECKHM MTPEUMYIIIECTBOM.
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MHTETPAABI ®MHUTHOTO ABVKEHUS
B IIOAE TATOTEHUS IIIBAPIIIIIUABAA C TOYHOCTBIO
AO YAEHOB TTOPSAKA ¢ 2

A. H. oypC"

1U?ezzopyccxuﬁ 2ocyoapcmeennwlil yuusepcumem, np. Hezasucumocmu, 4, 220030, e. Munck, Berapyco

C TOYHOCTBIO JIO UIICHOB, COICPIKALIMX C -, BHIBEICHBI IPOCThIC AHATUTHUECKHE 3aBHCHMOCTH, OMHCHIBAIOIIIE (U-
HUTHOE JBWXEHHE NPoOHOI dacTuiel B reomerpun IlIBapummnbsaa. [Tono6HOE nBMKEHHE paccMaTpUBaeTCs Kak IoIpa-
BOYHOE K HEBO3MYIIICHHOMY KEIUIEPOBY JABIKCHUIO TPU YCIOBHHM MAJOCTH OTHOIIeHMs pamuyca llIBapummasaa K pa-
JIMaJbHOW KoopAMHaTe. B yka3aHHOM NPHOIMKEHNH TaKKe HalCHbI COXPAHSIOLINECS MHTETPAJIbl, XapaKTepH3yoIHe
opOuTaIbHOE IBMKEHHUE YaCTHIIBL. [IJIs1 9TOTO ypaBHEHHMS JIBMKCHUS IPE/ICTABICHBI B TAMHIIBTOHOBOH (hOpMe 1 ITpou3Be-
JICH psii KAHOHUYECKUX MPpeoOpazoBaHmii 0000IIEHHBIX KOOPANHAT U UMITYJIbCOB, TIO3BOJISIOINX IIPOMHTET PUPOBATh 3TN
ypaBHEHUsL. BbIBeIeHBI TEPHOANYECKUE M BEKOBBIE BKJIA/IBI JUISl OCKYJIHPYIOIINX JIEMEHTOB OPOUTHI TPOOHON YaCTHIIBI —
CpenHel aHOMaJINH, apryMEHTa NEPUIICHTPa 1 O0JIBIION nomyocH. IIpeuioxkeH anropuTM paciera MoJ0KEHNS YaCTUIIBI
B IIPUOJIMIKEHUH ¢, TI0 BBIYMCIUTEIHHON CII0KHOCTH CPABHUMBIH C aJlTOPUTMOM PELICHUs CTaHIapTHO# 3ana4un Kermepa.
[IpousBeneHa oleHKa MOrPEITHOCTH OJYYSHHBIX TPHUOJIMKEHHBIX PELICHHUH, U YKa3aHbl IPAHULBI KX TPUMEHUMOCTH.
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INTEGRALS OF FINITE MOTION
IN THE SCHWARZSCHILD GRAVITATIONAL FIELD
UP TO TERMS OF ORDER ¢ 2

A. N. FURS*
*Belarusian State University, 4 Niezaliezhnasci Avenue, Minsk 220030, Belarus

Up to terms containing ¢ 2, simple analytical dependences are derived that describe the finite motion of a test particle
in the Schwarzschild geometry. Such a motion is considered as a correction to the unperturbed Keplerian motion under the
condition that the ratio of the Schwarzschild radius to the radial coordinate is small. In this approximation, conserved inte-
grals are also found that characterise the orbital motion of the particle. For this, the equations of motion are presented in the
Hamiltonian form, and a number of canonical transformations of the generalised coordinates and momenta are made, which
make it possible to integrate these equations. Periodic and secular contributions are derived for the osculating elements of
the test particle orbit: the mean anomaly, the periapsis argument, and the semi-major axis. An algorithm for calculating the
position of a particle in the ¢ * approximation is proposed, which is comparable in computational complexity to the algorithm
for solving the standard Kepler problem. An estimate of the error of the obtained approximate solutions is made and the
limits of their applicability are indicated.

Keywords: Schwarzschild metric; integrals of motion; osculating elements of the orbit; Kepler problem; Hamiltonian
formalism.

Mertpuka HIBaprimmisa, SBISIOMAsCcS TOYHBIM pPElIeHHEM ypaBHEHW DWHINTEHHA U OMHChIBAOIas Tpa-
BUTAIMOHHOE TI0JIE YEAMHEHHOTO HEBPAIIAIOMIETOCs C(pepriecKi CHMMETPUYIHOTO MACCUBHOTO TeJa, IMEET BH/T

dr?

ds?=| 1= 2 |2ar - —~ r2d®* - r*sin”0d¢?, (1
r

-

) r
e r,= C—l; — panuyc lIBapmmminbaa; i = kM — rpaBUTAIMOHHBIN MTapaMeTp; k — TpaBUTAIlMOHHAS TTOCTOSH-
Hasi; M — macca Tena; ¢ — CKOpOCTh CBETa B BaKyyMe. 3ajiada JBUKEHUS IPOOHOI YacTHIlbl ¢ Maccoit m << M
B LICHTPAJIbHO-CUMMETPUYHOM TPAaBUTALIMOHHOM TI0jie B TeoMeTpun LlIBapiimminsaa Hapsiy ¢ 3aaadeid pacipo-
CTpaHEHUS CBETA B TAKOM I10JIC XOPOIIIO H3yYeHa B HAyYHOU U YUeOHOI iuTeparype (cM., Harpumep, [1-3]). Dh-
(beKThI CMEIICHUS MTEPUIICHTPOB OpOUT TuiaHeT COTHEYHOW CUCTEMBI U TPAaBUTAIIMOHHOTO OTKJIOHECHUS CBETa
BONm3u CONHIIA, TCOPESTHUYSCKU CIESIYIOIINE U3 PEIICHUS 3TUX 3314, SBHJIUCH OJHHUMH M3 TIEPBBIX IKCIIEPH-
MEHTAJIBHBIX TIOATBEPIKIICHUH 00IIEi TEOPUU OTHOCHUTEIIBHOCTH.

Maremaruueckuii GopMati3M JJisi TO4HOTO OMTUCAHUS IBUIKEHHS TIPOOHBIX YacThIl B MeTpuke LIIBapiimmib-
Jla CJIOKEH M OCHOBAH, B YaCTHOCTH, Ha MCIIOIB30BAHUN CBOMCTB AIUIMIITHUSCKUX (DyHKIUH (Harboiee 0o0CcTos-
TEJIBHO 3TOT BOIPOC paccMOTpeH B [4]). B T0 jke BpeMs BO MHOTHX PAKTHYECKHU BAYKHBIX CITy4asx OpOUTaIBHOTO
JBUYKCHUSL OTHOILICHUE Payca ]_HBapumHan[a 1, K paiualbHON KoopauHare  Maio. Hanpumep, B nepuresuu
Mepkypust oo cocTaBiseT 6,4 - 10°%. 910 HOSBOJ‘IHCT BOCIIOJIB30BAThCS (POPMaTLHBIMU PA3I0KESHUSIMHU BXOJIS-
IIUX B YPAaBHCHHUS JIBHIKCHUSI BEJIMYUH B PSIBI [0 OOPAaTHBIM CTEIICHSIM TIapaMeTpa ¢~ U pacCMaTPUBATh YICHBI,
COJICPIKaIIUE ITOT MapaMeTp, KaK MOMPABOUHbIC K BEAYIIUM YICHAM, OMPEICISIONUM HEBO3MYIIICHHOE KEIl-
nepoBo ABmxkenue. [Ipu 3ToM mosBiIseTCS BO3MOXKHOCTh MPUMEHEHUS MOITHOTO aHAJUTHUYECKOrO ammapara
TEOPUHU BO3MYIICHUH, XOPOIIIO 3aPEKOMEH/I0BABIIETO ce0si B HEOSCHON MexaHuke [5].

B Hacrosimieit pabote mocTasiieHa 11€]b IPOUHTETPUPOBATh YPaBHEHUS (PUHUTHOTO JIBWKCHUS MPOOHON
qacTHIb! B reoMeTprn LIBapIimiIbaa B IepPBOM NPHOTHKEHIH, COIEP/KAIIEM IAPAMET] ¢ ~, TAK, YTOOBI aHAIH-
TUYECKHE 3aBUCUMOCTH 7 ¥ (0 OT KOOPJIUHATHOTO BPEMEHH / HE COJICPIKAIIN KAKUX-TTHOO CIICIUATLHBIX (DYHKITUIH.
J1J1s1 5TOTO UCTIONIB3YETCsl TaMIJIBTOHOBA (hOpMa MPEJICTABICHUS YPABHEHHUH U BBITIOJIHSACTCS PSIJl KAHOHUYECKUX
peoOpazoBaHmii 0000IIEHHBIX TICPEMEHHBIX, ITO3BOJISIONINX JOCTUTHYTh YKa3aHHOH 1ienu. [Ipu 3ToM B IBHOM
BHJIC HAXOSITCS YEThIPE MHTErpaja JIBHKCHHUSI, IIEJTHUKOM OIPE/ISIISIONINE OPOUTAIILHOE JIBUKCHUE B IAHHOM
npuOxeHnd. [1onydeHHbIe peleHus COIePIKaT KaK MePUOJMUSCKHE, TaK U BEKOBBIC BO3MYIIAIOIINAEC WICHBI
JUTSL OCKYJIMPYFOIIUX KEIICPOBBIX 3JICMCHTOB OPOUT, TAKUX KaK CPEIHSS aHOMAJHsI, apr'yMEHT IEepUIICHTPa
1 00JIbIIAs TOITYOCh. DKCIIEHTPUCUTET OPOUT IPEAIIONAraeTcs MPOU3BOIbHBIM, 1 HUKAKHX PA3JIOKCHHUN B PSIIbI
10 3TOMY MapaMeTpy He MPOU3BOIUTCS. B OKOHYATEIIBHOE PEUICHHE BXOIST JIUIIb 3JIeMEHTapHbIC (DYHKIIUHU,
YTO TMO3BOJISICT CYIIECTBEHHO CHU3HUTh BBIUMCIIUTENBHBIC 3aTPAThl P pacueTax JABMKECHUS MPOOHBIX YACTHII.
AHaTUTUYECKOE MIPECTABICHUE OCKYIUPYIOIMUX KEIIEPOBBIX SIIEMEHTOB OpOUT MTPOOHBIX YACTHI] B TCOMETPUU
[1IBapIIINIIBIA B BUIE PA3IIOKEHHUIA B PSIbI IO CTEICHAM MTApaMeTpa ¢ ~ paHee B INTEPAType He BCTPEUanoch.
PaccmarpuBaemast B pabote 3ajja4a UIMEET TaK)Ke METOIIMYCCKUI HHTEPEC.
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J1g OlIeHKH TOYHOCTH MPUOMMKEHHBIX PEeIIeHUH MPOU3BOJUTCS X CpaBHEHHE (ITPU OHUX M TeX ke Ha-
YaIbHBIX YCIOBHUSX) C YUCICHHBIMU PEHICHUSIMHA TOYHBIX TUPPEPEHIINATBEHBIX YPaBHEHUHN JIBHKECHUS, BHIBO-
JTUMBIX 13 MeTpuku (1), 1 o0cykIaercs 00IacTh IPUMEHUMOCTH YKa3aHHOTO TIPUOIMKEHUSI.

YpaBHenusi FTaMWIbTOHA M KAHOHMYECKHE MTPe0OPa30BAHNS

B cuity 1ieHTpanbHO CUMMETPHUH OIS TIOJIOKEHUE B MPOCTPAHCTBE INIOCKOCTH OPOUTHI IPOOHOM 4aCTHIIBI
s
HE U3MEHSETCs, U B BhIpakeHuH (1) mpuHuMaem 0 = > u db = 0. MzBecTHO (cM., Harpumep, [2]), 4To A pac-

4eTa ABUIKCHUA YaCTUIBI MOXXHO UCIIOJIB30BATh YPABHCHUC T'amunsToHa — SIKOOHM

% 0S 0S

F = — —m’c’ =0, 2)
ox' Ox

rae S — AelicTBre, a KOMIIOHEHTBI METPUYECKOTO TeH30pa cortacHo (1) uMeror Bua
1 7, 1 1 )
00 11 g 2 33 ik -
= ,g = — 1——’g :——,g = — - ,g =O(l¢k) 3
- Ty r r? r*sin” @ ©)
r

)4 ! peHICHU 3TOTO YPAaBHCHUA HAXOAUTCS TPACKTOPHUS YaCTULIBI, OIIpeACIsAeMasi COOTHOMCHUAMU

E
tzi_z_[ dr
c 7 2 7 2
-5 Ez_ . f2+m2c2
(4)
dr
(P_(pOZiGJ. 2 2 )
» |E |G 22
re |- || 5 tme
c rJ\r

rae sHeprus E u MoMeHT ummysbca G ABISIOTCS HHTETPAIaMy JIBUKCHUS.
YpaBHEHUS ABMKESHUS YACTHIIBI MOTYT OBITh TaKXKe MPEJICTABIICHBI B JIATPAHXKEBOH (popMe, HCXOJIs U3 IKC-
TPEMAJIbHOCTHU AEHCTBUS

S = —mcjds = det (5)
BIOJTE Teone3ndeckon. [1pu atom pyrkmms Jlarpamxka cormacuo (1) u (5) umeeT Bup
2 -2 2.2
L=—m P I¥ (©6)
c’r 2 ( 2p j c
S R
cr

rae 7 u ¢ —obodueHnsle ckopoctu. KoopanHara ¢ sBisieTcs: HUKIMYECKO, 1 ypaBHeHus Jlarpanka 3anucel-
BAaIOTCS B BUJIE
d(aﬁj_aﬁ d(oL _8£_0 )
dt\ or or’ dit\op) op
Otmetnm, uto ypaBaenus (2) u (3), ¢ onHoli cTopoHsl, 1 ypaBHenus (7) ¢ gpynkuueit Jlarpanxka (6), ¢ apyroit
CTOPOHBI, IOJTHOCTBIO YKBUBAJICHTHBI. 2u

penmnonaraem teneps, uro paauyc Ulapummibaa r, = = MHOTO MEHbIIIE paJilaIbHON KOOPIUHATHI 7.
Pasyarasi KBapaTHbIi KOPEHb B (6) B PSIL 10 CTEMICHSIM ¢~ K OCTABJISS [IPH 9TOM WICHBI BIUIOTH JI0 ¢+ BKJTFOUH-
TEIJIbHO, TTIOTy4aeM

1 2y’
L=—mc*+ E(r'2 + r2('p2) L | —(ﬁ2+ rro* + —”j + 0(0_4). (8)
2 reoar 8 r

[lepBoe cnaraemoe B (8), IPEACTABIAIONIEE YHEPIUIO ITOKOS YACTULBI C OTPULIATENILHBIM 3HAKOM, MOKET OBbITh
OTOPOILEHO Kak nocTossiHHOE. CyMMa BTOPOTO U TPETHETO CIIaraeMbIX COOTBETCTBYET (pyHKIMH Jlarpanska kiac-
CHYECKOH KeTIEPOBOH 33/1a4H, a YETBEPTOE CllaraeMoe SIBIISIETCS PEIATUBUCTCKON TIONPABKOHM K 3TOH (DYHKITHH.
He tepss o0mHoCTH, faniee BO BceX BBIPAKCHUSX I10JaraeM, uto m = 1.

Bbonee yno6no BmecTo (7) ucioabp30BaTh ypaBHeHHs [ aMUIIbTOHA, B KOTOPBIE HApsiy C KOOPAMHATAMM ¥ U ()
PaBHOIIPABHO BXOAT 000OIIEHHBIE UMITYIICHI
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oL . F[3u 1, : oL . ro(. 2

py= =i | A (P P9 ) | py= o =70 + T3 #4797+ 2E | = const. ©)
or cLro2 op 2¢ r

[ocneanwnii U3 HUX B pacCMaTPUBAEMOM MPHOJIMKESHUN SBISIETCS MHTETPAJIOM JIBHXKCHHS U MPEJICTABIISIET CO-

00l MOMEHT UMITyIbca YacTullel. M3 (9) Haxonsarcs 0000IIEeHHBIE CKOPOCTH

+O(c‘4), (p:%—%"z pf+[:—§+2—:l +0(c‘4).

2
) 2, Py
F=p — 224 + 22
p S|Pt

B pesynbrare ¢ynxims Famunsrona H = ip, + op,— L npuHUMaeT BUJT

2

2
ﬂeﬁﬁﬂpﬂz%+ﬁ_$

2r?
-1 %+l p2+p_$+2_“2 +O(c_4) "
1 Al r N r ’
a YPpaBHCHHS JIBUIKCHUSA IIPUHUMAIOT BUJ]
g0 o o, 9, (11)

T e T, T g

HenocpenctBennoe nnterpupoBanue ypasHenwuii (11) 3arpyaaurensHo. [ToaTtoMy fganee BBITOIHAM psifl KaHO-
HUYECKHUX NMPeoOpa3oBaHi MepEMEHHBIX, KOTOPBIE MO3BOJIAT MAaKCUMAJIBHO YIIPOCTUTh MHTETPUPOBAHHUE Ta-
MUJIBTOHOBBIX YPaBHEHUH.

Brauare nckiatounm u3 GyHKIMK [aMUIIBTOHA BETYIIUN YICH H, o- BpIOEpEM CIIETYIOLIYI0 IPOU3BOISILYIO
(YHKIIMIO KAHOHUYECKOTO MPeoOpa3oBaHMs:

f(f, G,r, @, t)=—ft+ Go +]—;(r), (12)
rae £ u G — HOBBIE 000OIICHHBIE UMITYIIBCHI; fr(r) — paguanbHas 9acTh QYHKITUH, TIOJICKAIIAs OTIpe/Ieie-

OF _Gap=F_dF

Huto. Torna nmmynse G GyaeT coBnafarh co CTapbiM HMITYJIBCOM P, TaK KaK p, = 20 > ”
0} r r

0
Hopas ¢ynxmus Iamumsrona umeer sug H'=H + 6_.7; =H,-E + H, Horpebyem, urobur E=H,

(1.e. H'=H,). Torna
1(dEY  G* u_ B 2u G’
E(?j +?—7—f, ;r—jd}" 2f+_]" ——rz . (13)

O06001IeHHBIE KOOPANHATHI, CONPsDKEHHbIE ¢ uMITyibcaMu G u £, 0003HauMM Kak g M —, COOTBETCTBEHHO:

_of _ dr _oF _ dr
g==-=0-GJ =, = —z=t+] (14)

(em. (12) m (13)).

Cootromrenns (14) momydaroTcst U3 pelieHns KerIepoBOi 3a/1a4u Py OTCYTCTBUY BO3MYIeHHH. [Ipu sTom
G — MOMEHT HMITyJIbCa JacTULpb], £ — MoJHast SHeprus, g — apryMeHT IIepHIICHTPa OpOUTHL, a ¢, — BpeMs IIpo-
XOXK/ICHUsI Yepe3 MepuLeHTp. B keriepoBoii 3a1aue nepednciieHHbIe BETUYMHBI SBIISIOTCS MHTETrpajaMu JIBU-
KEHUSI, B pacCCMaTPUBAEMOM K€ 37IECh ClIydae 3TU MapaMeTphl HE COXpaHsOTCs (3a uckimodeHueM G) U oT-
HOCATCS K OCKYJIHpYIoLLeil opoure.

[lepeuncnum n3BecTHbIC (GOPMYIIBI 711 KEIJIEpOBa JIBMOKEHUS, cienyromue u3 (14). YpaBHeHne opOUTHI
MOJTY4aeTCsl U3 IEPBOIO COOTHOILICHHUS:

2 2
rzL, sz—, e= 1+2£G , (15)
1+ ecosf u p?

rae p — (GOKaJIbHBIM IMapaMeTp; e — SKCLIEHTPUCUTET; f = (¢ — g — UCTUHHAs aHOManus (CM., Hanpumep, [5]).
Tak kak paccmarpuBaeTcs GUHUTHOE ABMXKEHUE, TO MPEAroaraercs, uto e < 1 (T. e. ocKyaupylomas opouta
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npecTaBisieT co00H AIUTUIIC) U, COOTBETCTBeHHO, £ < 0. [Ipu mpeoOpazoBaHHU BTOPOTo COOTHOLIEHUS 13 (14)
. 2
yA0OHO BBECTH MapaMmeTp a = —% — OOJIBIIYIO TONYOCh OCKYIUPYIOIIEH OpOUTHI, IPH ATOM p = a(l —e )

Torna

r=a(l-ecosE), E—esinE=1, l:\/g(t—tn), (16)
a

rae / — cpenHss anoMainusl, a £ — sKclieHTpruIecKast aHOMaliksl, KOTopast HAXOJUTCS KaK pellieHHe BTOPOTO ypaB-
HeHus u3 (16), ABnsIonierocs TpaHCLUEHASHTHBIM U Ha3bIBalolIerocs ypasHenuem Kerepa.

B3anMoCBsI3p UCTUHHON M 3KCLIEHTPUYECKON aHOMAJINH yCTAHABJIMBAETCS B CIy4ae NPHUPABHUBAHUS Bbl-
paxernwit s » u3 (15) m (16):

- J1-é*sinE /
cosf:L“ Sinf: ﬁ, tg%: r_etgg (17)
—e

9
1—ecosE 1—ecosE 2
YpaBHeHnus ['amuibTOHa NPUHUMAIOT BUL

Lo et o . oo
8% 7T g T e T T o)
¢ ¢pyHKIMECH
}[’z—L[lfz+4f“+4“2 —G2“J+O(c‘4) (18)
212 - 2 I

(cm. Tpetbe cooTHOomenue u3 (10)). Benmmunna 7, Bxomsmas B (18), B coorBercTBum ¢ (16) nomkHa paccMar-
puBatbes Kak ¢yHKuusa nepemeHuslx G, £ u ¢, CnenosarensHo, GyHKIus ['aMHUIIBTOHA HE 3aBUCHT OT Iepe-
MEHHOH g, U G ABIAETCS MHTErpajioM JIBUKECHHUS.

[Ipu crnepyromeM KaHOHUYECKOM MPE0Opa3oBaHUH C MIPOU3BOASALICH QYHKIHEH

2
F(L,G, -t g, t):—2“7(t— 1)+ Gg

BMECTO UMIy/ibca £ BBOAUTCS HOBBIN UMIYIILC L, a mapa COMpsHKEHHbBIX MepeMeHHbIX G U g 0CTAeTCs TOMH ike.
2
oF -
Nmeem F = =L, oTkyna L = By L= JuHa. B 1o xe Bpems G = /up = ua(l - ez). 0O60-
2
o(-t;) 2L V-2F
OmIeHHast KOOpAMHATA /, COMPsDKEHHAS C IMITYJIBCOM L, COBIaIaeT CO CPpeAHEH aHoManuel. JleiiCTBUTENBHO,

oF M
IZE:F(t_tn):\/a_t(t_tn)

(cpaBnu c (16)). [lepemennsie /, L, g u G Ha3biBatoTcs nepeMeHHbMu Jlenone [S]. B aTux nepemMeHHbIX ypaB-
HEHU JIBUKEHUS 3aIIMCBhIBAIOTCS TaK:

_OH e OH _ i _OH ;_ oH
£756° og oL’ o
nipu >toM Gyrkims Famunstona H = H '+88—F:%+5-[ " wnn
t
1 i p? pt o2t 4 G
H=H,+—H+0(c*), H=-Y g2 2 7 TH 19
o2 (") 27 ! £8L4 [ (19

(cMm. Beipaxenue (18)). Koopaunara » siBnsiercs ¢pyHkuuend nepemeHusix G, L u /.

BrimonHsis 3akmi09nTeIbHOE KaHOHMYECKOe TTpeo0pa3oBaHue, nepexoauM k nepemenusmm /', L', g’ u G/,
KOTOPBIE OTIHYAOTCS OT [, L, g 1 G JINIIIb TIONPABOYHBIME WICHAMH, COEPYKAIINME mapameTp ¢ - (mpeodpaso-
BaHHUE TAKOTO THIIA paCCMaTpUBAIIOCh B pabote [6]). s 3TOT0 UCITONIb3yeM MTPOU3BOISIIYIO (PYHKITHIO

O(L, G, 1,g)=L1+Gg+ i2q>1 + o(c-“), (20)
C

HE 3aBUCSIIYIO SIBHO OT BPEeMEHH, a HOBYI0 (yHKIMI0 ['amunbsrona H', Kak u ctapyto H, mpencrasisieM B BUJE
pasiioxeHus

H'=H| +ci2H;+ o(c™) 1)
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Kpome Toro, Beibupaem H| = 2_;2 . Umeem
oD 1 00, p? T p? },tz oD,
L=—=L'+——L+0 , Hy-Hy=——+ —~—(L-L")= 22
ol 2 ol () #a -3 o g T ey 22

oncrasnsas (19) u (21) B coornomenne H' = H, ¢ yaetom (22) B paccMaTpruBaeMOM MTPHOIMKEHNH TTOTydaeM

2 4 2 2
L® ol 8L L7 r2 ” :

Ot cpenHeit aHOManu / B KPYTIIBIX CKOOKax HE 3aBHCHUT JIMIIb TIEPBOE clIaraeMoe, 1 OHO MOKET OBbITh OTHECe-

oD
HO K H/. OcTasbHbIe clIaraeMble 3aBUCST OT / (4epe3 ) ¥ OTHOCATCS K 8_11 Takum oOpaszom, BeipaxkeHus (20)
u (21) mpuHUMATOT BHU

r2 wr

®= L1+Gg+—jdl( 2 L7 I3G,2J+O(C_4),
24

2 4
-4
H'=- “72_ l; /4+0(C )

2L 8c’L
[IpumeuarenbHo, uTo QyHKIMSA ["'amMmunbTOoHa H' 3aBHCUT TOJBKO OT IEpeMeHHOU L'. DTo o3Havaer, 4to L', g
n G' — uHTerpaisl qBvkeHus. [ [’ nmeem

2 4 2 4
I'= OH' _ RN Sy [y N U (25)
oL’ 3 27152 0 w3 2715 |7
L' L 2¢°L L 2¢°L
rzie [ — MOCTOSIHHASI MHTETPUPOBaHUs (3HaueHNe /' B HYJIEBOIl MOMEHT BPEMEHH), KOTOpAst SIBJISCTCS eIle OJi-

HUM UHTETPajioM JBUKEHUS. | aMUIBTOHOBBI YPABHEHUSI IBUKEHUS IPOUHTEIPUPOBAHBI TOJTHOCTHIO.
Ocraercs HaiiTh B3auMOCBsi3u BeiwuuH /', L', g' u G' ¢ nepeMeHHbIMH J]elI0He, UCTI0Ib3Ysl TPOU3BO/ISIIY O

!

¢ynkmio @ (cMm. (24)). PaccunrtsiBas uHTErpa J.ﬂ B (24), ynoOHO 3aMEHHUTH TIEPEMEHHYIO / Ha SKCLEHTPH-

YecKyro aHomanuio FE, 3armmcas dl = (1 —ecosE )dE B mnTerpanax xe I— " I— nepexoauM K nuddepen-
yany UCTUHHON aHOMaNu| f*

g (l—ecosE) 72 L p?

- oY Ga f_GL3

dl E pn dl - p? W .
Tea b lamp I =gpUren),

df.

Torna

U ¢ yuetom Toro, uto L =L"+ 0(072) uG=G+ 0(072 ), npou3BoAsIIas QyHKUUS IPUHUMAET BUJL

2(2E 3

e

o=11+Gg+ 2L 3 ey +0(c™). (26)
c L G G

O0600menHble KoOpaAuHATH /' 11 g' mony4atorest npu anpdepeHurpoannd @ mo 0600IIEHHBIM UMITYIIb-

caM L' u G' cooTBeTCcTBEHHO. [Ipu HaxXOXKIEHUU MPOU3BOIHBIX CJIEIYET YUUTHIBATh, YTO OT MEPEMEHHBIX L

1 G 3aBUCAT aHOMaNWU E | f, KOTOpBIE BBIPAXKAIOTCS Yepe3 3TH NepeMeHHbIE TIOCPEICTBOM IKCIICHTPUCUTETA

=,/1- G—2 OueBHHO, UTO e _ G—2 u Ge =G B 10 e Bpemst u3 ypaBHenuit (16) u (17) HecinoxHo ycra-
Vo oL el 0G el*

HOBHUTB, YTO

. 2
6—E:ﬂ—ismf af Mlnf:%(ZJrecosf)sinf.
Oe  J1—¢* G 1-¢? G
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Torma

OE OEcde G OE OF Oe 1 .
—=—_—-=—75sinf, —=——_—=-—sinf,
OL Oe OL eL 0G 0Oe dG el @7)
of of ce 1 : of of oe 1 .
—=——=—(2+ecosf)sinf, —=-——=——(2+ ecos f)sin f.
OL Oe oL eL( f) 4 0G 0Oe 0G eG( f) S
Huddepentupys © u3 (26) mo L', umeem
2
oL’ c"\L*" LoL G'oL" G'ol G' oL’
i a b E’ a b E’
[Ipunumas Bo BHMMaHue ypaBHenue Keriepa B Buge E =17+ %L;f U TO, YTO {eaL’ f} = {e oL f} +
+ O(c_2 ), ¢ yuetoM hopmyi (25) u (27) momydaeM BEIpaKeHUE I CPEIHEH aHOMAIIAN:
2 2
.. 3u
=15+ 1- t—
s , (28)
u 3 3 G’ e 2u : 1. e . )
-———|| =+ l-— | ——+ —ersinf+—sin2f——sin3f |+ O|c "),
G'L|\ € e( L’ZJ 4 17 / 2 f 4 / ( )
W
IJIe BMECTO MOCTOSIHHOM /) BBEIGHA TOCTOSIHHAS /) = [ [1 - WJ Huddepenuuposanue ® u3z (26) no G’
c
c yuetom g'= PYe] JaeT CIENYIOUNHA pe3yabTaT Al OCKYIUPYIOIIEro apryMeHTa epuLeHTpa:
2 2
o, 3 3 G Se | . 1. e . _4
g=g+— 3| G 5[1 - 7} - [sin s+ sin2f - Tsin3f |+ O(c ) (29)
Janee, Tak kak L = 82, TO
1 2LI 4L13 Ll3 2
L:L’+—2[— S G3 J+O(C4) (30)
¢ r r ur
(cMm. (24)). Hakonen, HM OTHO M3 3aKJIIOYEHHBIX B KPYTJIble CKOOKHU CllaraeMbIX B BBIPAKCHUH (26) HE 3aBUCUT
oD ,
ot g, moaToMy G =—=G". G?
L!2 5
AL sei0fe?) kpo-

Otmerum, uto B popmynax (28) u (29) MOKHO BOCTIONIB30BATHCS 3aMEHOM

M€ TOI'o, HAJIMYHUE ClIaracMbIX E B OTHUX @opMynax, Ka3ajaoCh 6])1, YKa3bIBA€T HA UX HEIIPUMCHUMOCTD IJIsI KPYy-

TOBBIX OPOUT C HYJIEBBIMH 3KCIIeHTprcHTeTaMu. OJTHAKO JIJTsl TAKAX OPOUT pa3iinine MKy CPEIHEH, IKCIICH-
TPUYECKOM M MUCTHHHON aHOMAJIMSIMH MCUYE3aeT, U B BBIPAKCHUU ISl YIIIOBOW MEPEeMEHHON ¢ = f+g=/+g
COOTBETCTBYIOUIUE PACXOAUMOCTHU Ipu e — () cokpamaroTcs.

OO0cynuM TOMy4YeHHBIE pe3yabTaThl. B OTIIMYMe OT KeIIepoBOi 3aa4u CpeHss aHOMAIUs COrIacHo (28)
HE TOJBKO JIMHEMHO 3aBUCUT OT BPEMEHH, HO U UCIIBITHIBAET MEPUOIUYECKUE U3MEHEHMUSI, OPEICIIIEMbIE TPU-
TOHOMETPHUYECKUMH (PYHKIMSIMHU OT UCTUHHOM aHoManuu f. J[7st apryMeHTa NmepuIieHTpa XapakTepHbI Kak T1e-
pUoMUeCcKre U3MEHEHHs, TaK M BEKOBOHM yXOJ, CBSI3aHHBIN C HaJIMYWEeM B BhIpakeHUH (29) nuHelHoro 1o f
yjieHa. 3a OJJTH 000POT UCTUHHAS aHOMAJIHSI YBEITUYUBACTCS HA A f'= 27T, MO3TOMY JUISI CMEILIEHUS MIEPULICHTPA
IIOJTy4aeM XOPOIIIO U3BECTHYIO (popMymy

Ao — 3u? Af = 6mp’ by 6mkM
g 267 2G2 czp cza(l— ez)

(cm. [1-3]). DnemenT opOUTHI L =/lla 1 CBSI3aHHBIM ¢ HUM pa3Mep OOJBILON MMOIYOCH ¢ B COOTBETCTBUH
¢ (30) moaBep>KeHbI TOJIBKO NEPHOAMYECCKAM U3MEHEHUSIM 13-3a 3aBUCUMOCTH OT MEPUOANYECKU U3MEHSIOLIECHCST

koopnuHatsl 7. Hakoner, anmemMenT opoutsl G = /p ¥ CBSI3aHHBIM ¢ HUM (OKaJIbHBIM ITapaMeTp p B paccMaTpu-
BAaeMOM MPUOIMKEHUU OCTAIOTCSl HEU3MEHHBIMH.
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PacueTHas cxema JIBHKEHHUS l'lpOﬁHOﬁ YacTHIbI

OCHOBBIBasICh Ha TIOJTYYEHHBIX Pe3yJIbTaTax, H3JI0KUM CXeMY pacueTa IOJIOKEeHUs IPOOHOM YaCTHIIbI 7 = ¥ (t),
o= (p(t) B [POHM3BOMBHBI MOMEHT BPEMEHH B IPHOVKCHHIH ¢~ [P HAYAIbHBIX YCIOBUSX

r(0)=ry, ¢(0)=0,, #(0)=7y, ¢(0)=a,. (31)
Omna OyzeT COCTOSTh B HAXOXK/IEHHUH OCKYJIHPYIOIINX KETUIEPOBBIX AJIEMEHTOB B HAYaJIbHBIII MOMEHT BPEMEHH,
B OIIPE/ICIICHUH MHTErPaJIoB JIBIKeHus [j, L', g’ 1 G', B IOCTPOCHUN UTEPALMOHHBIX IPUOIIKCHUN KeIepo-
BBIX 2JIEMEHTOB JUII MOMEHTA BPEMEHH / U B OOpaTHOM Iepexo/ie K IEPEMEHHBIM 7 U (.
WnTerpan apmkenus G’ paccuuThIBaeTCs cpasy ke cormacHo (9):

’”oz(bo .2 2.2 21

G'=G=p,=ridy + 2| 72+ ri2o + == |. (32)
e~ 0P 27 o T oo T
G2
Torna dhoxanbHbI MapameTp p = o Y 711 Ha9aJIbHOTO MOMEHTa BPEMEHHU NMeeM
N R Y Y Przo G’ u [ p
Pro=h+t— _"'_(’”0 + ’”o(Po) B =t s ag = g = 1 (33)
clh 2 2 2 N 2E, o
ITo sKkclieHTpUYEeCKOil aHOMaJIMK
. 1 Ty
E, =sgnr,arccos| —|1—-—1]|, (34)
€ dy

L€ Sgnr, — 3HaK BEJIMYUHBI F;, HAXOIATCS HauaJIbHbIEC 3HAYECHUS CPEJIHEH U MCTUHHOHN aHOMAauil, a TaKxke
apryMeHTa IEepULEHTpa:

. I+ E
ly=Ey—e,sinE,, f,=_2arctg l—eothO » 80 =00 fo- (35)

B cootserctBun ¢ (28)—(30) paccunThiBacM OCTABIINECS HHTEIPaJIbl ABHKEHHS, IPH 3TOM BMECTO HHTerpasa L’
”2

ynoOHee UCIONb30BaTh a' = T:

11 2
I=ly+—Ht ;+ﬁ+% sin f,+ ~sin2f, — Dsin3f |,
CZ% h—eé 0 4 0 2 4
7 . . .
g'=go—% 3+ i+ﬁ smf0+ls1n2f0—e—°sm3f0 , (36)
cao(l—eo) &) 4 2 4
, 2u| 2a, 4a; ag(l - eé)
d=ay+—|——-—-+ 3
c| To % I

[lepexoaum K OIpPEAETICHUIO MECTOINOIOKEHHUS TPOOHOM YaCTHUILIBI B IPOU3BOJIbHBIM MOMEHT BPEMEHH .
K sTomy MoMeHTy cortacHo (28) cpenHsisi aHOMaNHs TOJIyYaeT JIMHEHHYIO 110 BpEMEHH YacTh NpHpaIleHHs

/u 3 p
Al=|—|1-—— |t 37
al3( 26‘2 a/j ( )

0 0 (0 0
PemB ypasaenue Kerutepa / ©) - ly+Al=E ) _ €, SinE (©) orHOCHTeMBHO E! ), BBIYNCIIIEM 3aTPAaBOYHbIC 3HA-
YEHHs] pasiiaabHON KOOPAWHATH M HICTUHHON aHOMAJINU K MOMEHTY £

1+e, EY
tg—— | 38
e, g (38)

A0 ao(l — ¢, cos E(O)), f(o) = 2arctg

38



Teopernueckas ¢puzuka
Theoretical Physics

Jlanee T 3HAUCHUS YTOUHSIOTCS COTYIACHO MTepannoHHou nporeaype (j =0, 1,2, ..., n — 1, tne n — HOMEp
KOHEUHOUN UTEpaIVHn):
A 11 260),.0) _ N1 A (/) _ A
g - —— B %+ € 4= (/,’; sin U+ Zsin2 /) - £ —sin3 £V |,
PadD 1= 2 || e 4 a* 2 4

AN g2 2a 4a” A R N P A (39)

U+ _ (j+Y) _ (j+1) (j+1) (j+1):
r =a (1 e cos E ),f 2arctg RVES tg 5

3mech EV+Y pereHue ypaBHCHUS U0 2 U _ U Dgin E(j+1), aa?= a, u 0= e,. Ilocne n urepa-

W TIepeXOAM K BBIYHCIICHUIO apTyMEHTa epUIIeHTpa:

g(n) =g'+ B x

2al" (1 - e(")z)

(n) (n)
() 3 T gm0y Lino p0 _ € g o)
x{?»(f +2nq)+[e(n) + 1 jsmf + 2s1n2f 1 sin3f } (40)

Al .
3neck g — 1efnas 4acTh BETUYUHBI —, T. €. KOJMYECTBO IMOIHBIX IIMKIIOB MO 27T pajiiaH B MPUPAIIICHUN CpeiHei
AQHOMAJIHH. 2n

B xadecTBe BBIUMCICHHBIX 3HAYEHUM pajuaibHOM M YITIOBOW KOOPAMHAT MOXKHO IPUHSATH 7 = r(t) ~ ")
uQ= (p(t) ~ (p(") =f () 4 g("). IIpuBeneHHas BBIYMCIUTENbHAS CXEMA HEMHOTUM CJIOKHEE TOUHOTO PEILIEHUS
CTaH/IapTHOM KEeIIepOBOH 3a/1aul, KOTOpoe Oy/leT MoTydaThCsl B IPEAENIbHOM ciaydae ¢ — . Kemneposo pe-

0
menue cuexyer u3 gopmyn (32)—(35), a taxke u3 Gopmyn (37) u (38) npu a’ = a,, 1pu 3TOM ¥ = r(t) =
_ — 7(0)
no=0(t)=/"+g
CpaBHeHHe C TOYHBIMH pelIeHUSIMU

OLleHUM TMOTPENIHOCTh HAWJEHHBIX PEIICHUN, CPaBHUBAS MX C TOYHBIMU PEIICHUSIMHU, MOTYYCHHBIMU U3
ypaBHeHuii (4) (npu m = 1). Ilpu 3TOM Ui YUCICHHOTO PEIICHUsT BMECTO (4) nayiee ynoOHO HCIOIb30BaTh
SKBHUBAJICHTHYIO cUCTeMy U (hepeHIInaIbHBIX YPaBHEHUI

: 2u ¢t [ 2u J G’ : ch( 2u j
F=tc|l-— | [l-=|1-—||1+— |, p=—|1——|. 41
( czrj\/ E? cr c*r? ? Er? c? “h

[MpuHuMasi BO BHUMaHUe HadalbHble YCIoBHS (3 1), MOXKHO MONYYHUTh Clienyronue Beipakerus aiusi G u E:

2 2 2 -1
cr c 1-2pc™r,

1
2.2 2.2 )
E:[—zuj{l— 20 ey T }
2 2 2 2 2 1| -
c c'r c'r c 1-2uc ™,
Jlerko yOeauThCs B TOM, U4TO PaHEe pacCMaTPUBABILIMIACS MOMEHT umiyibca G (cM. (32)) ¢ TOUHOCTBIO 0 UJie-
HOB, COIIEPIKAIIIX ¢ , coBmagaeT ¢ G B (42).
Jiist TOro 4TOOBI YCTPAaHUTh HEOIHO3HAYHOCTH, CBSA3aHHYIO C BRIOOPOM 3HAKa B IMEPBOM U PepeHIInATb-

HOM ypaBHeHHH u3 (41), npoauddepeHnppyem ode yacT dTOro ypaBHeHus 1o ¢. [locie HeCI0KHBIX BhIKIIA-
JIOK TIOJTy4aeM OKOHYATEIbHYIO CUCTEMY YpaBHEHUIH

) 2.2 2.2 3
Gzroz('p{l— Lo 5P ¢ ’

(42)
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cr E? E ) P

2
. G 2u
= — 1——’
® Erz( czrj

rie G u E paccuntsiBatores mo ¢popmynnam (42), mepBoe ypaBHEHHUE CIIEIYET JOMOMHNUTH HadyaJbHBIMU YCIIOBHS-
MU r(O) =Ku ;?(0) =7,, @ BTOPOE — Ha4YaJIbHBIM yCIIOBUEM (p(O) = @, IIpn mepexone kK HBIOTOHOBY IIPEACITY
2

E .. . .
c—>oHu c—2 — |, u ypaBHEHHS IPUHUMAIOT BUA /' =— + —, ¢ = r—z, e G= ”02%-
r

7

4 4 2 2 202
1(_2_;0 3, £ @, |l TG 106Gk

(43)

[Tpu yncnenHoM pereHnn cuctemsl (43) Oyaem UCTonb30BaTh Oe3pa3MepHbIe IepeMeHHbIE, BBIpakasi pac-
3
"o
CTOSIHMS B €IMHUIIAX 7, a BpEMs — B €AMHULAX I Torna B (42) u (43) MOXXHO MPHUHATH WL = 1, a Takxke

= ?g Kpome HauanbHoro ycnosus r(0) = ry =1, He Tepsis oGmHocTH, Bo3bMeM ¢(0) =@, =0u7(0)=7y=0

(B HayanbHBIA MOMEHT paJualbHas CKOpPOCTh HysaeBas). HakoHel, 3HaueHne @, BbIOMpaeM B HHTepBaje oT 1
710 \/2, 4TO B HBIOTOHOBOM TIpefieie O3HAYAeT U3MEHEHHE IKCIIEHTPUCUTETA € = ‘(’p(z) - 1‘ ot 0 1o 1, a Gomnpoi

oT 1 no oo.

HOJIyOCH a = -

®o
Ha puc. 1 moxa3zana opbuta mpoOHOI YaCTHIIBL, Hal/IEHHAS B pe3yJIbTaTe YMNCICHHOTO PELISHHUS TOYHBIX YPaB-

Henuit (43) npu 7, =2 - 107 u ¢y =1,180 (uro coorBercTBYeT 3KcuUeHTpUcUTeTy 0,40) U MU3MEHEHHUH ¢ B TIPO-

MexyTke oT 0 1o 670. 3a yKa3aHHBIN MPOMEXYTOK BPEMEHHU dacTuIia coBepmraeT S0 MOTHBIX 000POTOB BOKPYT
TATOTEIONIEro TieHTpa. [Ipy Tex jke HavyalbHBIX YCIOBHUSIX MOTYUSHO TAKKe PUOIMKEHHOE pelieHue o (HopMy-
nam (32)—(40), mpuyeM A5t €ro CXOJMMOCTH 0Ka3aJIoCh JIOCTaTOYHO OJHOM uTepanuu cornacHo (39). CoorBer-
CTBYIOILIMI 3TOMY PELICHUIO Tpa(yK HE MPUBOUTCS, IIOCKOJIbKY OH BH3YyaJIbHO HEOTJIMYUM OT U300PaKEHHOTO
Ha puc. 1. HamsimHoe mipesicTaBieHre 0 3aBUCHMOCTH OCKYJIMPYOIIHX 3JIEMEHTOB OPOHUTHI — OOJNBIION MOy~
OCH @ ¥ apryMeHTa MIePUIICHTPa g — OT BPEMEHH MOYKHO TIOJTYYHUTh U3 PUC. 2 U 3 COOTBETCTBEHHO. DOKaNbHBIN Ma-
pamerp, Kak 0TMe4alioCh paHee, 0CTAaeTCs OCTOSHHBIM, a €T0 3HaueHHe (p) B JAHHOM ciiy4ae cocrasisier 1,397.

OKCIIEHTPHCHUTET € =, /1 - g pU 3TOM nepuoanyecku uzmensiercs ot 0,393 no 0,397.

20 -1,5 -1,0 -0)5

-0,5

-1,0

Puc. 1. Opbura wactuusl npu 7, = 0,002 u sxcuentpucurere e = 0,40,

paccurTaHHasi TOYHO 1o hopmyiam (43) u npudmwKeHHo 1o Gopmynam (32)—(40)

Fig. 1. Particle orbit at r, = 0.002 and eccentricity e = 0.40 calculated exactly by formulas (43)
and approximately by formulas (32)—(40)
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Fig. 2. Time dependence of the semi-major axis of the orbit
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Puc. 3. 3aBECHUMOCTb apryMeHTa MEPHULIEHTPA OPOUTEI OT BPEMEHHI
Fig. 3. Time dependence of the argument of the periapsis of the orbit

B kadecTBe Mephl pa3nuyus NPUOIMKEHHOTO U TOYHOTO PEHICHUH paccMaTpHBaeTCs TIOTPEITHOCTh OIpe-
JICTIEHUS TIOJI0KEHUS YaCTULIbL

d(t)= \/[r(t)coscp(t) - r<‘)(t)cos<p<‘)(z)f +| r(r)sino(r) - r(l)(t)sin(p(l)(t)T (44)

(puc. 4). IlorpenrHocts IMeET Kak BEKOBOI X071, TaK U IIEPHOINYECKIE N3MEeHEHH 1 JocTruraeT 3Hadenus 0,048.
IIpu 5TOM JIOKaNbHBIE MAKCUMYMBI d COOTBETCTBYIOT TPOXOXKICHHUIO YACTHIIBI Uepe3 MePUIICHTP.

[Ipu npyrux 3HaYEHUSIX pamlyca IIBapumiibaa BUA KpUBOH A5 d He npeTepneBaeT CYIIECTBEHHBIX H3-
MEHEHUH. O,HHaKO npur,=2- 10 MOTPEIIHOCTh IOCTUTAET BEJIUYUHBI 4,5 - 104, a npur,=2- 10~ — Bcero
b 4,5 - 1076, Takum 06pa30M OHa MPAMO NPONOPLIMOHATIbHA KBA/IPaTy pajuyca U_[BapLIIHI/IJ'IL)Ia OT0 03Ha-
4aeT TO, YTO PACXOKICHUE MPUOIMKEHHOTO M TOYHOT'O PEIICHUH MPAaKTHYECKU LETUKOM 00YyCIIOBIICHO HEeyd-
TEHHBIMH TTOMPABKAMHU TIOPSIKA ¢ * (cM. (opmyiy (8) u nasee).

IIpu HHUKCHPOBAHHOM 7, TOYHOCT l'[pI/I6J'II/DKeHHI>IX pelIeHnH CYIECTBEHHO 3aBUCHUT OT 3KCLIEHTPUCUTETA
U CHUXKAETCS IIPU €r0 yBeHI/IIIeHI/H/I Ecmur,=2- 10™*, 1o put e = 0,40 MOrPENIHOCTS, KAK YKA3BIBATOCH BBIIIIE,
nocruraer 3Hagsenns 4,5 - 107, B TO e BpeMs TIpH e = 0 10 (¢, =1 049) B IIPOMEXKYTKE ¢ € (0 670) AMeeM Mak-
CHUMAJIbHYIO MTOTPELIHOCTD 7 - 107, npu e = 0,60 (¢, =1,265)—-1,2 - 1073 ,anpue=0,80 (p,=1,342)-5.4- 1073,
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Puc. 4. TlorpemHocTs onpeneeHus NONI0KEHUS YacTUIBI (CM. popmyiy (44))
Fig. 4. Error in determining the position of the particle (see formula (44))

Hcrnione3yst perieHnst TOUHBIX ypaBHEHHUH (43), MOXXHO yCTaHOBUTH MakCUMaJlbHbIe 3HaUeHHs paauyca LlIBap-
LIMIBAA, IPY KOTOPBIX JOCTHUrAaeTCs 3alaHHas OrPELIHOCTh MPUOIKEHHBIX petteHuid B (32)—(40). B Tabnuue
TIPUBE/ICHbI COOTBETCTBYIOLIUE PE3YIIBTAThI JUIS 7, B Clly4ae, KOIa MOrPpelHOCTh He JobkHa npesbimars 0,01
TUTst IepBEIX 50 000poTOB TTPOOHOM YacTuIlsl. [Ipu BEIOOPE MPyTOii TOTPENTHOCTH TIPEICTABICHHBIC 3HAYCHUS

JICTKO NMEPCCUUTHIBAKOTCA C YUCTOM €€ KBa,I[paTH‘IHOﬁ 3aBUCUMOCTH OT I"g.

3uayennst papuyca lIBapuuniIbAa r,, NPH KOTOPBIX NOrPeNIHOCTH peennii B (32)—(40)
He npeBbimaet 0,01 115 nepBbIX 50 060pOTOB MPOOHOI YACTHIIBI

Values of the Schwarzschild radius r, at which the error of solutions in (32)-(40)
does not exceed 0.01 for the first 50 rotations of the test particle

SKCHGHTpI/ICI/ITeT e MaKchaanoe 3HAUYCHUC Vg 3KCLICHTpI/ICI/ITeT e MaKchanbﬁoe 3HAYCHUC Vg
0,1 3,0-107° 0,6 41-10*
0,2 1,9-107° 0,7 24-107*
0,3 1,3-10° 0,8 1,2-107*
0,4 9,3-107* 0,9 34-107°
0,5 6,3-107*

B 3akimoueHue oTMETUM, YTO MOJTy4YEeHHBIE B paboTe aHATUTHYCCKHE COOTHOILCHHS, onpeelsonme ¢u-
HUTHOE JBIKEHHE TIPOOHOH JacTHIB B MeTprke LIBapIIIIIIBIa ¢ TOIHOCTBIO JI0 WICHOB TIOPS/IKA ¢, CPABHH-
TEJIbHO MPOCTHI. PacdeTsl Mo HUM, Kacaroluecsl ONpeAeIeH s MOJI0KEHNS YaCTUIIbI B KOHKPETHBIH MOMEHT
BPEMEHH, MOTYT OBITh BBITIOJIHEHBI C TIOMOIIBIO TPOCTEUIIICH BEIYMCIUTEIBHON TEXHUKU. B pacueTHOi cxeme,
npenctaBieHHoi popmynamu (32)—(40), kak IpaBMIIO, TOCTATOYHO HCIOIB30BaTh OJHY MTEPAIUIO B COOT-
BETCTBUU C ypaBHEeHUsMH (39).

HanbHeliee yroyHeHNE NPUOIMKEHHBIX PELICHUH CBSI3aHO C YYETOM IOIIPAaBOK OoJiee BBICOKOTO MOPSII-
Ka ¢ *. JIist 5TOr0 J0CTAaTOMHO MPUMEHEHHs TeX K€ MPHEMOB HHTCIPHUPOBAHUS YPABHCHMII IBUKCHHUS, UTO
paccMaTpHuBalIUCh B HACTOAIICH padorTe.
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O0603HaYeHBI MEPCTIEKTUBBI IPUMEHEHHUS B COBPEMEHHOM MAIIHHOCTPOCHHUH, aTOMHON 3HEPreTHKE M KOCMUYECKOM
TEXHHMKE CTOMKHMX K PSy HEraTHBHBIX BO3ACHCTBUI MOKPHITHH Ha 0a3e HUTPUAOB U KAPOOHUTPHIIOB MEPEXOAHBIX Me-
TaJJIOB, (POPMHUPYEMBIX BaKyyMHO-IUIa3MEHHBIMH METOJaMU HAaHECEHUsl. MeTO/IOM peakTHBHOTO MarHeTpOHHOTO pac-
MIBIIEHUSI COPMHUPOBAHBI HAHOCTPYKTYypHpoBaHHbIE MOKPHITHs TIAICN ¢ paznn4Hoii KOHIIEHTpalel a30Ta 1 yriiepoa.
OmnpeneneHsl CTPYKTYPHO-()a30BOE COCTOSIHUE, SIIEMEHTHBII cOCTaB, MOP(OJIOTHS U TOIIIMHBI MOITYyYCHHBIX TOKPBITHH.
C ucnonp30BaHNEM HAaHOMHICHTHPOBaHUS 1Mo Metoxuke OnmuBepa — Pappa, a Takke TPUOOMEXaHUIECKUX MCIIBITAaHUH
u3MepeHsl TBeprocTh (H), Moxyib IOura (E), nokasarens ynapHoil Baskoctd (H/E™) 1 kod((UIHMEHT TPEeHUs TIOKPbI-
tuit TIAICN. Cdopmuposannbie okpbiTHs TiAICN 0061amaroT ogHO(Ga3HON CTPYKTYPOil HEYHOPSIOYCHHOTO TBEPIOTO
pactBopa (Ti, Al)(C, N) ¢ rpaneneHTprpoBanHoii Kyonueckoii pererkoit. Cpenuuit pazmep kpucrammuros (Ti, Al)(C, N)
cocrauia oT (10 £ 5) go (60 = 5) Hm. YcraHOBIIEHO, YTO KOHIIEHTpanus yriaepona B HokpeITHsax TiAICN cymecTBeHHO
BJIMSICT HA N3MEHEHNE MX MEXaHUIECKHX cBOMCTB. [Ipy Masoii KoHIIeHTpalmu yrieposa, paBHoit 7,3 at. % (P (e, =2 1),
mokpeITrs TIAICN 061agaroT 70CTaTOYHO BRICOKUMH TBEepAoCThIo (Oomee 25 I'Tla) u ymapHOi BA3KOCTBIO. ‘TloBbliueHHas
KOHIIEHTpaLWs yriepoa, pasras 30,3 at. % (Py,: Poy,=1:2), obecrieunBaet nonyuenne nokpbiTuid TIAICN ¢ Gonbieit
TBepaocThio (cBbime 32 I'Tla), Ho mpu aTOM HaﬁmouaeTc;l CHHIKEHHE y/IapHOii BazkocTH (oTHOWeHUs H/E ™). Hanmenbumii
koadduirent tpenust (0,30—-0,32) nponemoncrpupoanu nokpbitus TIAICN, copmrpoBaHHBIE B peKMMaX ¢ COOTHOILIE-
HUSIMH TIapLHUabHbIX JaBICHUN PEAKTHBHBIX Ta30B (a30Ta U aueruiena) Pyt Py =2 1u Pyt Poy =112

Kntouesvte cnosa: peakTUBHOE MarHeTPOHHOE PACIBUICHHE; HAHOCTPYKTypHupoBaHHbIe MOKPbITUS TiAICN; cTpyk-
TYpHO-(a30BO€ COCTOSIHUE; TPUOOMEXaHNYECKHE CBOWCTBA; HAHOWHJICHTUPOBaHKE; KO3 (DUIIMEHT TPEHUSI.

THE EFFECT OF CARBON
ON THE STRUCTURAL-PHASE STATE
AND TRIBOMECHANICAL PROPERTIES
OF NANOSTRUCTURED TiAICN COATINGS

S. V. KONSTANTINOV®, F. . KOMAROV?,
L. V. CHIZHOV®, V. A. ZAIKOV®, V. V. PILKO*"

’A. N. Sevchenko Institute of Applied Physical Problems, Belarusian State University,
7 Kurchatava Street, Minsk 220045, Belarus
®Belarusian State University, 4 Niezaliezhnasci Avenue, Minsk 220030, Belarus

Corresponding author: S. V. Konstantinov (svkonstantinow@gmail.com)

Prospects for the use in modern mechanical engineering, nuclear power engineering and space technology of coatings
resistant to a number of negative influences based on transition metal nitrides and carbonitrides formed by vacuum-plasma
deposition methods are outlined. Nanostructured TiAICN coatings with different concentrations of nitrogen and carbon
were formed by reactive magnetron sputtering. The structural-phase state, elemental composition, morphology, as well
as thicknesses of the obtained coatings are determined. Hardness (H), Young’s modulus (E), impact strength index (H/E")
and friction coefficient of TIAICN coatings were measured using nanoindentation according to the Oliver — Pharr method, as
well as tribomechanical tests. The formed TiAICN coatings have a single-phase structure of a disordered (Ti, Al)(C, N) solid
solution with a face-centered cubic lattice. The average crystallite size of the (Ti, Al)(C, N) was in the range from (10 + 5)
to (60 £ 5) nm. The carbon concentration in TIAICN coatings significantly affects the change in mechanical properties.
At a low carbon concentration of 7.3 at. % (Py N, Po, =20 1) TiAICN coatings have sufficiently high hardness (more
than 25 GPa) and impact strength. Increased carbon concentration of 30.3 at. % (P, Peyn, = 1+ 2) makes it possible to
obtain TiAICN coatings with higher hardness (above 32 GPa), at the same time, a decrease in impact strength (H/E ratio)
is observed. The lowest friction coefficient (0.30—0.32) was demonstrated by TiAICN coatings formed in regimes with
nitrogen and acetylene reactive gases partial pressures ratios Py : Py, =2 :1and Byt Py, =11 2.

Keywords: reactive magnetron sputtering; nanostructured TiAICN coatings; structural-phase state; tribomechanical
properties; nanoindentation; friction coefficient.

BBenenune

O dexTHBHOE MOBBIICHUE YKCIUTyaTallMOHHBIX CBOWCTB MOBEPXHOCTEH TPYLIMXCS JETalleil y3/I0B U Me-
XaHW3MOB BO3MOYKHO ITyTEM HAHECEHUS N3HOCOCTOMKUX MOKPBITUH [1]. B KauecTBe TaKOBBIX MOTYT HUCHOJb-
30BaThCsl KEPAMUUECKUE MOKPBITUS Ha 0a3e HUTpHIA TUTaHa ¢ nobaBkamu, Hanpumep TiAIN [2]. CoiicTBa
HUTPHUAHBIX TOKPBITUH UCCIEOBAHbI B 3HAYUTENBbHON cTeneHu. V3BecTHO, UTO OHM 001a1at0T BEICOKOH TBEP-
JIOCTBIO, U3HOCOCTOMKOCTBIO, @ TAKKE CTOMKOCTBIO K OKHCIIEHHIO, B TOM YHCJIE BBICOKOTEMIIEpaTypHOMY [3].
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B 10 ke BpeMsi cBoliCTBa KapOOHUTPHIHBIX MMOKPHITUH U3YUYCHBI B CYIIECTBEHHO MCHBIIICH CTEIIEHH, OJTHAKO
COoO00IIANOCk, YTO Takue 13 HUX, Kak TIAICN, MoryT o0naiath CBEpXTBEPIOCTHIO [4], HU3KUM KOI(DPHUIIUSHTOM
Tpenus [5]. UnTepec mpeacTaBiseT Takke MpUMEeHeHHe uX ontudeckux cBoictTB. [Tokpeitust TiAIN, TiAICN
TIEPCIIEKTUBHBI JUTS COJIHEYHOMN SHEPTETHUKH, TI€ OHH MOT'YT UCTIONIb30BaThCs KaK TOMIONIAIOIINE CIION B COJTHEY-
HBIX KOJJIEKTOpax [6; 7]. ABTOpHI yOnukaiuu [8] coolIaiv 0 BO3MOXHOCTH NpUMeHeHUs oKpbiTuii TIAIN
B Ka4eCTBE CEJIEKTUBHO-TTIOMIOIIAIOIINX TTOKPBITHIH TSI KOHTPOJISI TEMIIEPATypHOTO peKUMa paboThI CITyTHUKOB,
MaJIbIX KOCMHYECKHUX arapaToB. B HacTosIee BpeMs y)ke N3BECTHO, YTO HAHOCTPYKTYpPUPOBAaHHBIE KepaMuyie-
CKHE MOKPBITUS 00J1aIat0T MOBBIIICHHON paJualliOHHON CTOWKOCTBIO BBUTY HAJIMYKsI OOJIBIION HHTErPaIbHON
MPOTSHKEHHOCTH UHTEP(HEHCOB, KOTOpBIE AEHCTBYIOT Kak d((PEKTUBHBIC CTOKH JIJISl paJUallHOHHO-UHTYIIHPO-
BaHHBIX JIeheKTOB CTPYKTYpHI [9—13].

Jia HagexxHoro (ByHKIIMOHMPOBAHMS MEXaHWYECKUX Y3JI0B KOCMHUYECKHX arlaparoB TpedyeTcs MmpHumMe-
HEHHE M3HOCOCTOWKUX TOKPBITHIA, 00T afolnX aHTH(QPUKIIMOHHBIME CBOlicTBamMu. JloOaBiieHue yrieposa,
Menu 1 cepedpa B cocTaB mokpbITuii TIAIN mo3BossieT yMeHbIIUTE KOAQQUITUECHT TPEHHUS U YBEITHYHUTH CPOK
JKCIUTyaTalui Mexanuaeckoro y3ia [1; 3]. Kpome Toro, B messix o0ecrnedeHus cTabMIbHOTO (ByHKIIMOHUPO-
BaHUS KOCMUYECKOTO afrapara B I1eJIOM U ero 000py1oBaHUA HEOOXOJMMO MPUMEHSTh 3al[UTHBIE TTOKPBITUS
U crienraibHble (PyHKIIMOHAIBHBIE PaJHallMOHHO CTOWKHE MaTrepHalibl. B yacTHOCTH, U1 oOecreueHus: Ha-
JEKHOTO (PYHKITMOHMPOBAHUS MEXaHHMUECKHX Y3JI0B U COWJICHEHUH KOCMHUYECKOTO amnrapara, UCKITfouast KOH-
TaKkTHOE 3aJIMIIAHKE, [1e1ecO00pa3HO UCIIONB30BaTh HUTPUAHBIC U KapOOHUTPHIHBIE HAHOCTPYKTYPUPOBAH-
HBIE TIOKPBITHS HA OCHOBE MOJM(DUITMPOBAHHOTO T00aBKaMU HUTPH/IA TUTAHA.

B cBs131 C BBIIIIEN3/I0)KEHHBIM aKTyallbHON 3a/1a4ueil sIBIIsIeTCs BBIACHEHHE MEXaHN3MOB U 00HApYKEHHUE 3aK0-
HOMEpHOCTEH CTPYKTYpooOpa3oBaHus KapOOHUTPUIHBIX NTOKPBITHI TIAICN, a Takke yCTaHOBICHHUE BIHSHUS
KOHIICHTPAIINH YIIIEpo/ia Ha UX CTPYKTYPHO-(a30BOE COCTOSIHUE H CBOWCTBA, B YACTHOCTH TPHOOMEXaHIUECKHE.

MaTepI/IaJIbI U METOAbI HCCJICAOBAHUSA

st ocaxnenust KapOoHUTpuAHBIX TOKpBITHIA TIAICN U1 onpeienieHnst UX CTPYKTYpHBIX H TPHOOMEXaHn1e-
CKHUX CBOWCTB MCITOIb30BAINCH TIOJIOKKU U3 MOHOKpHUCTaumnaeckoro kpemuus Si (100), Tutana mapku BT1-0
u Heprkageronien ctanu Mapku 12X18H10T. Ocaxaenue nokpsituii TIAICN ¢ aaresuonnbsiM noacinoem TiAl
METOIOM PEAKTHBHOTO MarHETPOHHOTO PACTIbIIIEHUSI TPOM3BOMIOCH HA MOJIEPHU3UPOBAaHHOHN ycTaHoBKe Y BH-2M
(puc. 1), ocHaIIEHHOH MarHETPOHHBIM PACIBUTUTENIEM, HIOHHBIM HCTOYHUKOM, CUCTEMaMH HarpeBa MoJUI0KeK,
MOJIaYM CMEIEHHSI Ha MOIOKKY M MOAYJIBHBIM KOMIUJIEKCOM YIpaBiieHus pacxozom razoB (MKVYPT) [1; 14].
J1st popMupoBaHUST KapOOHUTPHIHBIX CIIOEB UCIIOIb30BaIach KOMOMHAIMS PEAKTHUBHBIX Ta30B — a30Ta (N,)
n aneruinena (C,H,). Hanecenue ocymecTisnocs u3 KoMno3uTHoi mumenu TiAl. AHamorn4Hast TEXHOIOTHS
(dhopmupoBanust Oblia mpuMeHeHa s Hanecenus cinoeB TiAICuCN, TiAISiCN [14; 15].

A 4
OTtkayka

z

Puc. 1. Cxema BHyTpeHHEI OCHACTKH BaKyyMHOW KaMepbl MOJICpHU3UPOBaHHON ycTaHOBKH Y BH-2M:
1 — ontnyeckuit narunk MKYPI'; 2 — MarueTpoH; 3 — MoJUI0KKoAepKaTeb;
4 — VIK-narpeBatenb; 5 — cucTema BpalleHust; 6 — 3aCI0HKa; / — MOHHBIM HCTOYHUK

Fig. 1. Scheme of the internal equipment of the vacuum chamber of the modernised UVN-2M facility:
1 — optical sensor of modular gas flow control complex; 2 — magnetron; 3 — substrate holder;
4 — IR heater; 5 — rotation system; 6 — damper; 7 — ion source
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Hanecenue nokpertuit TIAICN mpoBoauiiock B pa3inudHbIX peXXUMax ¢ pa3HOM CTENEeHbI0 peakTUBHOCTH [ 14].
Hywmepartiust pe>kMMOB ¥ OCHOBHBIE TTapaMeTPhl OCAKICHHSI TOKPBITHH MpeICTaBIeHbI B Ta0M. 1.

Tab6auma 1
OcHoBHBbIe TapaMeTpbl ocaxaeHus: NOKPbITHIl TIAICN B pa3sinyHbIX peskuMax
Table 1
Main parameters of TiAICN coatings deposition in various regimes
p}elz\l/flifa a I, A U,B P, 1la | [,,MA U,B T.,°C | t,muH | h,HM Vieps HM/C
1 0,46 1,51 450 0,72 68 —-150 450 40 1380 0,58
2 0,55 1,51 470 0,72 65 —-100 450 42 2520 1,00
3 0,55 1,51 465 0,72 64 —-100 450 42 3350 1,33

IIpumevanue. CHMBOI O — CTCNCHb PEAKTHBHOCTH; [, — TOK UCTOYHMKA NUTaHUs; U, — HAIPSDKCHUC HCTOY-
HUKa UTaHus; P — naBieHue ra3os; [, — Tok cMenenus; U, — HanpskeHue cMeleHus; 1, — TeMieparypa HOAI0KKHY;
T— BpeMﬂ HaHECCHU l'[OKprTPIfl; h — TOJIII[UHA HOKprTI/Iﬂ; Vdep — CKOpOCTb HaHECCHUS l'lOKpblTI/ISL

Jist pexkima 1 COOTHOIICHHE TapLMabHBIX AaBieHui asora (Py, = 0,045 Ila) n anermnena (P, = 0,045 ITa)
COCTAaBJISLIIO PNz : PC2H2 =1:1, ans pexuma 2 COOTHOLICHHE MapUUAIbHBIX IaBICHUH a30Ta (PNz =0,084 I1a) u are-
tunena (Fe y, = 0,042 Ia) 6bu10 Pyt Py, =2 : 1 (HegocTatok aneTuieHa B ra3oBoi cMecH), a Uil pexuma 3
COOTHOIICHHE MapUHalbHBIX JaBleHui asota (Py, = 0,045 Tla) n anernnena (P, = 0,090 Ila) cocraisiio
Py, Pey, =1+ 2 (130bITOK anieTnsicHa B Ta30BOi cMecH). CTENeHb PEaKTUBHOCTH U PEXKUMBI OCAKIACHHSI BbI-
OWpaKCh U3 YCIOBUS TOCTIKEHUSI HAUITYUYIIHX MEXaHWIECKUX XapaKTePUCTUK MOKPBITHH [ 1; 2; 9—15] (BhICOKas
HAHOTBEPAOCTH U N3HOCOCTOMKOCT ), KOTOPBIE CBA3aHBI C KOMITOHEHTHBIM COCTABOM IMTOKPBITUI 1 UX CTPYKTYPOI.
3HaueHue cTerneHn peakTuBHOCTH o = 0,55 coorBercTByeT MOKphITHsIM TIAICN cTexnomMeTpruecKoro cocrasa,
a 3Ha4YeHHUe cTerneHn peakTuBHOCTH o = 0,46 — mokpeITHsiM TIAICN ¢ HeOoNmbIIUM 1e(DUITUTOM PEaKTUBHOTO
rasza (a3oTa M aleTuiIeHa).

Moponorust 1 MEKpOCTPYKTYpa UCCIIEAYEMBIX TIOKPBITHI Ha KDEMHHUEBBIX TIOIUIOKKAX U3Y4aIUCh METOIOM
CKaHHpYIoIIeH a1eKTpoHHoN MuKpockorin (COM) ¢ moMoniblo anekTpoHHoro Mukpockona Hitachi S-4800 (Smo-
HUS). YCKOpSIIOLee HapshDKEHHIE AIIEKTPOHHOTO MyYKa BapbrpoBasiock ot 3 10 20 kB. Mukpockor 60Ut OCHaIIEH
JATYUKOM PEHTI€HOBCKOTO U3Ty4YeHHUs (IHEPTOIMCIIEPCHOHHBIM CIIEKTPOMETPOM ), TTIO3BOJISAIOIIIM OTIPEIENATh
JIIEMEHTHBIN COCTAB MCCIEAYEMBIX IIOKPBITHI METOLOM YHEPrOJUCIEPCUOHHON PEHTIEHOBCKOM CIIEKTPOCKO-
run (O/1PC). TomnmuHaa moKpeITHI M3Mepsack ¢ momolpio COM B reoMeTpun nornepedHoro ceueHns. CKopocTh
OCaXJIEHHS pACCYUTHIBAIACh HA OCHOBE MOy4YeHHBIX MeToJ oM COM 3HaueHuil TONIINHBI.

PentrenocTpyktypHbIit ¥ (a30oBbiii aHaau3 NOKpbITHE TIAICN OCyIIeCTBISIICS ¢ UCIIOIb30BAHUEM PEHT-
renoBckoro nudpakromerpa ADANI PowDiX 600/300 (ADANI Systems, BenukoOpuTanusi) ¢ pOKyCHPOBKOH
1o Bparry — Bpentano. Jlnuna Bonubl uzinyuenus CoK,, cocrassna 1,7889 A,

W3mepenust TBEpAOCTH MOKPBITHI MTPOU3BOIMINCH METOJIOM HAHOMHIEHTHPOBaHUA 10 MeToauke OnuBe-
pa — ®appa [16], npu 3ToM ucnonb3opaics npudop Nanohardness Tester (monens NHT2) (CSM Instruments,
[IBeiiniapusi) ¢ anMa3HbIM HHAEHTOpOM bepkoBuua. McnbITanus U OCTPOEHUST KPUBBIX HArpy3KH-pa3rpy3Ku
OCYIIECTBISUINCH MPU MaKCUMalIbHOUM Harpy3ke Ha uanentop 0,05-0,10 H.

st uccnenoBanusi TPHOOMEXaHUYECKUX CBOMCTB HAHOCTPYKTYPHPOBAHHBIX MOKPHITHH B IHCTHTYTE ITpH-
KJ1aHbIX pusnueckux npoodiaem umenn A. H. Cesuenko BI'Y 0bu1 pa3paboTan 1 a1anTHPOBAH METO/T UCCIIEI0-
BaHHS U3HOCOCTOWKOCTH U KO3 (UIMEHTA TPEHHS TNIOCKKX 00pa3IoB KOHCTPYKIIMOHHBIX MaTepUaoB B TIape
JIUCK — TUIOCKOCTh ¢ HAHECEHHBIMU Ha MX MOBEPXHOCTH YIMPOUHAIOMUMHU MOKpeITUAMH [11]. KoncTpykius
MakeTa, peajn3yIoIlero 3Ty METOIUKY, JOMYyCKAeT MPOBEEHUE IKCIIPECCHOTO KOHTPOJS M3HOCOCTOMKOCTH
MOKPBITUS TIyTEM MPOCTOTO U3MEPEHUs UIMHBI TpeKa U3HOCA C MOMOIIBI0 ONTHYECKOro MUKpockona. Me-
CJIC/IOBAHMUSI N3HOCOCTOHKOCTH M KOX(PPHUIIMEHTA TPEHHUS MTOKPHITUH MTPOBOAMIIMCH MTPH BO3ACHCTBUH HA HUX
Harpy3ku 100 MH B Teuenne 20 MuH.

Pe3yJ'[I)TaTI)I H UX 06cymefme

YcraHoBieHHbIE 110 pe3yibraram COM TommuHa U cKopocTh HaHeceHust NoKpbITHiE TIAICN npuBeneHb
B Ta0i. 1. B Tabn. 2 npencraieH 2IeMeHTHBIN cocTaB Mmoay4eHHbIX TOKpbITHIH TIAICN, ocakICHHBIX U3 KOM-
n03UTHON MuIIeHU TiAl B pa3nuuHbIX pexHMax.

BreIsiBiI€HO, UTO MOBBIILIEHNE NAPLUUATIBHOTO JIABJICHUS allE€TUJIEHA C PCsz = 0,042 Ila B pexxume 2 10
Fcp, = 0,045 Ila B pexxume 1 npu yMEHBIICHNN AABICHHS a30Ta B 2 pasa NPHBOIUT K yBETHYCHHIO KOHIICH-
Tpatuu yriepoaa B nokpeitun TiAICN ¢ 7,3 10 26,1 at. % cooTBeTcTBeHHO. [Ipu fanbHeiieM MoBbIICHUN
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NapIUaIbHOrO JaBIeHNs ateTiieHa 10 Py, = 0,090 Ia koHuenTpamms yriepozna ysemmansaercs 10 30,3 at. %.
W3MeHeHne KOHIIEHTPALMH a30Ta TP 3TOM IPOITOPIIMOHATBHO U3MEHEHNIO KOHIIEHTpannu yriepoaa. Konmen-
Tpanuu Metamnaeckux komrnoneHToB (Ti u Al) Bo Bcex Tpex pexiuMax MPUMEPHO PaBHBI U COOTBETCTBYIOT HX
KOHIeHTpanuu B MuieHn. Hamuuust kucnopona B mokpeitusix TIAICN He oOHapy) eHO.

Tabnunma 2
JneMeHTHBIH cocTaB nokpeITHiIT TIAICN
Table 2
Elemental composition of TiAICN coatings
Howmep Konnenrparms, at. %
o
pexnMa Ti Al N C Si Mg Cu

1 0,46 | 30,5 30,8 10,9 26,1 0,6 0,4 0,7
2 0,55 36,9 27,8 26,8 7,3 0,2 0,4 0,6
3 0,55 28,7 25,1 14,5 30,3 0,3 0,5 0,6

Ha puc. 2 u 3 npezicraBiensl peHTreHOBCKHe AudpakTorpammMbl TOKpbITHI TIAICN, c(hopMHpOBaHHBIX B PEXKHU-
Max 2 1 3 CO CTETIEHBIO PEaKTUBHOCTH 0. = 0,55 ¥ COOTHOIIIEHNEM MapIUaTbHbIX JaBICHUN a30Ta U alleTUICHA
Pyt Pop,=2: 1Py Py, =112 COOTBETCTBEHHO.

OObHapyxensl ukn audpaknuu ot ¢assl aycrernta y-Fe (111), (200), (220), (311) nomioxkn U3 Hepka-
Betorielt craimu mapku 12X 18H10T. Taxoke ooHapy»kensl muku mudpakimn ot dassl (Ti, Al)(C, N) (111), (200),
(220), (311), (222), (400). Jannas da3za npeacTaBiseT cOO0H HEYMOPSAIOUCHHBIN TBEPIbIH pacTBOP 3aMellie-
HUs Ha 0a3e rpaHenieHTpupoBanHoi Kyondeckoii (I'LIK) pemerku Trma NaCl aurpuaa turana (TiN). YeraHos-
JIeHO, uTo Muku Audpakunu ot TOKpeITui TIAICN cmeteHs! B 00macTs OONBIINX 3HAUEHUH yrita 20 0THOCH-
TEJIHHO MUKOB AU(PAKIIUHN OT YUCTOTO HUTPHUIA TUTaHA. J|aHHBINA (PaKT CBUIETENBCTBYET O 3aMEIIEHNH aTOMOB
THTaHa aTOMAaMH AJTFOMHMHUS, 00IaIal0IIMMI MEHBIIMM aTOMHBIM paauycom (Ry; = 1,47 A, R, = 1,43 A) [14].
dopmuposanue ogHoGa3zHON CTPYKTYphI XapakrepHo ais nokpeituil TiN [2], TIAIN [12], TiCrN [3], a Takxe
HEKOTOPBIX IPYTUX MOKPBHITHH [4—8], HAHOCUMBIX BaKYyMHO-IUIa3MEHHBIMH METOJIAMU.

26 000 -

v-Fe (220)

24 000 -
22 000 -

y-Fe (200)

v-Fe (111)

20 000

y-Fe (311)

18 000 -

(Ti, Al)(C, N) (200)

16 000
14 000

VHTEHCHBHOCTD, OTH. €.

12 000

(Ti, AI)(C, N) (111)

10 000

8000 - \

6000 |

(Ti, AI)(C, N) (222)

f (Ti, A1)(C, N) (400)

)

0 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | >

40 50 60 70 80 90 100 110 120 130
20, rpag

F (Ti, Al)(C, N) (220)

@Al)(C, N) (311)

—

Puc. 2. Pentrenosckas qudpakrorpamma nokpbitust TIAICN,
c(OpPMHUPOBAHHOTO B PEXKUME 2 CO CTEIEHBIO peakTuBHOCTH o = 0,55
1 COOTHOIIEHUEM TIAPIUAITGHBIX JIABICHAHN a30Ta U aneTunena Py : Poy =2: 1

Fig. 2. X-ray diffraction pattern from the TiAICN coating
formed in regime 2 with the degree of reactivity o = 0.55
and the ratio of partial pressures of nitrogen and acetylene Py : Pey, = 2:1
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Puc. 3. PentrenoBckas nudpakrorpamma mokpsitast TiAICN,
c(hOpPMHUPOBAHHOTO B PEKHME 3 CO CTENEHBIO peakTUBHOCTH o = 0,55
¥ COOTHOLICHHEM MAPLHAIbHBIX JABICHHUH a30Ta v auerTuiena Py @ Poy =1:2

Fig. 3. X-ray diffraction pattern from the TiAICN coating
formed in regime 3 with the degree of reactivity o = 0.55
and the ratio of partial pressures of nitrogen and acetylene Py : Pey,=1:2

He BbIsSIBIEHO OTAEIBHBIX yIIIEpoAcoaepkKalux (a3, YTo CBUAETEILCTBYET O IIPUCYTCTBUU aTOMOB YIJIEPO-
na B coctase (aspl komrmiekcHoro HutTpuaa (Ti, Al)(C, N). Aranorudnoe (ha30Boe COCTOSIHAE OTMEYANIOCh IS
kapOoHuTpuaHbIX MOKPbITHI TIAICUCN [1; 14], TiAISICN [15], rae Takke ObLJIO YCTAHOBJICHO (hOPMHPOBA-
HHUE 0HO(DA3HOW CTPYKTYPHI TBEPIOTO PACTBOPA C MHKOPIIOPUPOBAHUEM aTOMOB yIjiepojia B HUTpuI. B ciy-
yae MOBBIIICHNUS KOHLEHTPALUH yIJIepoJa B pekuMe 3 HaOIogaeTcsi MHTEHCU(UKAMS TUKOB AU(PAKLNU OT
dazsr (Ti, A)(C, N) (111), (220), (222). [Ipr 5TOM MOKHO OTMETHTB pa3BOcHHE MHKa (222), YTO B HEKOTOPOH
crerieHu ceueTenbeTByet o cerperammu dassl (Ti, Al)(C, N) va Ti(C, N) u Al(C, N) npu yBelTn4eHUH KOHIICH-
Tparuu yriaepozaa csaimie 30 at. %.

Hanuane muddysnoro ymmpenus nukoB nudpaxmun ot ¢assl (Ti, Al)(C, N) roBopuT 0 HAaHOKPUCTAIITH-
yeckoi mpupone nonydeHHbIX mokpbITuil TIAICN. Paccuntannsiii no ¢popmyne CensikoBa — Llleppepa [14]
cpennnii pazmep kpucramutos ¢assl (Ti, Al)(C, N) nokpeitust TIAICN Bapwsupyetcs B muanazone ot (10 £ 5)
1o (60 = 5) HM.

Ha puc. 4—6 npusenensr COM-mukpodoTtorpaduu moBepxHocT U ckojoB mokpeituii TiIAICN, cdop-
MHUPOBAaHHBIX Ha KPEMHHUEBBIX MOUIOKKAX B PeXKUMax 1—3 ¢ pa3iMuHbIM COOTHOLICHHEM MapLUaTbHBIX
JABJICHUH PEaKkTUBHBIX ra3oB. M3 mpeacTaBieHHbIX MHKpodoTorpaduii BUIHO, YTO MOBEPXHOCTH BCEX
OCaXK/ICHHBIX TIOKPBITHH TiagKas, 0e3 pa3peiBoB U ImycToT. Onpenenenapie MetogoM COM TONMIHUHBI TT0-
nydgeHHbIX TOKpeITHi TiAICN cocraBunu 1,3-3,4 mxm. [Tokpertus TiAICN, ocaxaenHsie B pexxume 1,
SIBIISIIOTCSL CTONIOYATHIMHU, C XOPOLIO BBIPAKCHHBIMHU T'PAaHULIAMH M AMaMETPOM cToi01oB oT 50 10 150 HM.
CTpyKTypbl, COPMHUPOBAHHBIC B PEXKHUME 3, TAK)KE HMEIOT CTOI09aTyI0 MOP(HOIOTHIO CO 3HAYUTEIHHO MEHB-
MU cTosionamMu nuameTpoM 1o 50 uM. [lpu HaHeceHUH B pexuMe 2 TOKPBITHS 00aTar0T PaBHOOCHOM
oOyIsIpHON MOpQoIoTHEH, CTOIOIBI pOCTa HE HAOIFOAAIOTCS, YTO, KaK U3BECTHO [3; 14], TOMOKUTEIHHO
CKa3bIBaecTCS HA MEXaHMUECKHUX CBOMCTBAX: CIIOCOOCTBYET MOBBIILICHUIO TBEPIOCTH U YAAPHOH BSI3KOCTH T10-
KpBITUH. PaccunTanuelil cpequuit pazmMep KpUCTauIUTOB, cocTaisttonuii ot (10 £ 5) go (60 £ 5) aM, Koppenu-
PYET ¢ pe3yibTaTaMi peHTTEHOCTPYKTYpHOTO aHaim3a. M3 3Toro cienyer, 4To yMEHbIICHHE KOHIIEHTPAIUU
yniepozaa B nokpbITHX TiAICN cnocoOcTByeT GpopMHupoBaHUIO 001€€ MENIKOAUCIIEPCHOW HAHOCTPYKTYPbI
100y pHON MOP(OIOTHH.

Ha puc. 7-9 npencraBieHsl pe3yabTaThl HAHOMHACHTHPOBaHUS 1o MeToauke Onusepa — Dappa [16] mo-
kpeituiit TIAICN, copMHpOBaHHBIX B peXUMax 1—3 ¢ pa3iIMyHBIM COOTHOIIEHHEM MapIHAbHBIX TaBICHUH
asora u aueruieHa. [lpu usmepenusx kospuuneHt IlyaccoHa B COOTBETCTBUH C JIUTEPATYPHBIMU JaHHBIMH
MIpUHKUMAJICS paBHBIM BenuuuHe v = 0,3 [3; 14].
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ala

12.0 kV x40.0 k SE(U) 12.0 kV x60.0 k SE(U) 500 nm

Puc. 4. COM-muxpodotorpaduu nmosepxHocTH (@) u ckona (6) nokpbitust TIAICN,
cOpMUPOBAHHOTO HA KPEMHHUEBOH MOJIIOXKKE B pexKuMe 1
C COOTHOIICHHEM ITAPUHMANIBHBIX JABICHMIA a30Ta 1 aueTunesa Py : Py = 1:1

Fig. 4. SEM micrographs of the surface (a) and cleavage (b) of TIAICN coating
formed on silicon substrates in regime 1 with the ratio of partial pressures
of nitrogen and acetylene Py : Py =1:1

ala 6/b

12.0 kV x10.0 k SE(U)

Puc. 5. COM-muxpodotorpaduu nmoBepxHocTH (@) u ckona (6) nmokpbitust TIAICN,
cOpMUPOBAHHOTO HAa KPEMHUEBOH MOIOKKE B PexKUMe 2
C COOTHOIICHHEM ITAPUHUANIBHBIX JABICHHI a30Ta 1 aueTuneHa Py : Py = 2:1

Fig. 5. SEM micrographs of the surface (a) and cleavage (b) of TiAICN coating
formed on silicon substrates in regime 2 with the ratio of partial pressures
of nitrogen and acetylene Py : Py =2: 1

ala o/b

I q s 2 . i
12.0 kV x10.0 k SE(U) 5.00 um 2.0 kV x60.0 k SE(U) 500 nm

Puc. 6. COM-mukpodororpadun mosepxaoctH (a) u ckona (6) moxpsitust TiAICN,
c(hOpMHUPOBAHHOTO HAa KPEMHHEBOW TOIOKKE B PEXKHUME 3
C COOTHOLICHHEM MAPLHUANbHBIX JAB/CHHIA a30Ta n aneTunena Py : Poy =1:2

Fig. 6. SEM micrographs of the surface (a) and cleavage (b) of TIAICN coating
formed on silicon substrates in regime 3 with the ratio of partial pressures
of nitrogen and acetylene Py : Poy =1:2
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Puc. 7. KpuBble Harpy3Kku-pasrpysku (a) u ¢poTtorpadus ornedarka uuaeHTopa (0)
qutst mokpeIThst TIAICN, chopmupoBaHHOTO B pexknme 1 ¢ COOTHOIIEHHEM
napIHaTbHEIX TaBICHUIT a30Ta U auetunena Py : Poy =111
(H — nanotBepnocthb; £ — moxaynb HOHra;

S — KECTKOCTS; F),, — MaKCHMaJbHas Harpy3Ka;

N0y — MAKCUMAJIbHAS [IIyOUHA IPOHUKHOBEHHUS HH/ICHTOPA)

Fig. 7. Load-unload curves (a) and a photograph of the indenter imprint ()
from the TiAICN coating formed in regime 1
with the ratio of partial pressures of nitrogen and acetylene Py Poy,=1:1
(H — nanohardness; £ — Young’s modulus;

§ — stiffness; £, — the maximum load on the indenter;

N, — the maximal indenter penetration depth)
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Puc. 8. Kpusble Harpy3ku-pasrpysku () u ¢potorpadus ornedarka nuaeHTopa (6)
Jutst mokpbIThst TIAICN, chopmMupoBaHHOTO B pexknMe 2 ¢ COOTHOLICHHEM
napuuaIbHbIX JaBIEHUH a30Ta U aleTUIeHa PNZ: PCsz =2:1
(H — nanotBepaocth; £ — monyns FOHra;

S — KECTKOCTh; F), — MaKCUMaJIbHas HAarpy3Ka;

Nyax — MAKCHMaJIbHAS TIIyOMHA IPOHUKHOBEHUS HHIAEHTOPA)

Fig. 8. Load-unload curves (a) and a photograph of the indenter imprint (b)
from the TiAICN coating formed in regime 2
with the ratio of partial pressures of nitrogen and acetylene Py : Py =2:1

(H — nanohardness; £ — Young’s modulus; o
§ — stiffness; £, — the maximum load on the indenter;
h,. — the maximal indenter penetration depth)
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Puc. 9. Kpussble Harpy3ku-pas3rpy3ku (a) u pororpadust ornedarka uujaenTopa (6)
qutst mokperTust TIAICN, copMupoBaHHOTO B pexknMe 3 ¢ COOTHOIICHHEM
napuUaIbHbIX JaBICHUN a30Ta i anetniena Py : Poy =1:2
(H — HaHOTBEPAOCTD; £ — MOIYIb IOHra

S— KECTKOCTb, Fmax — MaKCHMaJIbHasl Harpy3kKa,

Ny — MAKCHMaIbHAS ITyOMHA MIPOHUKHOBEHHS HHACHTOPA)

Fig. 9. Load-unload curves (@) and a photograph of the indenter imprint ()
from the TiAICN coating formed in regime 3
with the ratio of partial pressures of nitrogen and acetylene PyiPey,=1:2
(H — nanohardness; £ — Young’s modulus;

§ — stiffness; £, — the maximum load on the indenter;

P — the maximal indenter penetration depth)

Ha puc. 10 mpeacrasieHs! 3aBHCHIMOCTH HAaHOTBEpAOCTH B Moayis FOura mokpertuii TiAICN, chopmupo-
BaHHBIX B PEXKHUMaX C PA3JIMYHBIM COOTHOIIEHUEM JJaBIIEHUH PEaKTUBHBIX ra30B B BAKYYMHOUH Kamepe.

[o pesynbraram U3MEpEHUs] HAHOTBEPIOCTH yCTAHOBJIEHO, YTO NOKPBITHA TiAICN, HaHeceHHBIE BO BCEX
TpeX pexHuMax, 001aJaroT T0CTaTOYHO BBICOKOH TBepAocThio (6onee 17 I'Tla) m moaxoasaT anst mpUMEHEHUs
B cepax MAIIMHOCTPOCHUS M KOCMUYECKOH TEXHUKH. BapbupoBaHe KOHIICHTPAILUH yIIIepoa B TOKPBITHIX
TiAICN cymecTBEHHO BIUSET HA N3MEHEHUE BETMYUHEI HX TBEPIOCTH.

OO6HapyXeHo0, YTO HauOOIBIIMMHE TBepAocThIo (H = 32,3 I'Tla) m Mmomynem FOnra (£ = 306 I'T1a) oGmamator
nokpeitus TIAICN, cchopmupoBaHHBIE HA IOATIOKKAX U3 TUTaHa Mapku BT1-0 B pexknMe ¢ COOTHOIIEHHEM Tap-
LHaIbHBIX JABICHHIT a30Ta 1 ateTunena Py, : Py, =1:2 (pexum 3). Haumenpue TBepaocts (H = 17,1 I'Tla)
u Monyiib FOHra (£ = 248 I'Tla) noka3ano nokpeitue TIAICN, HaHECEHHOE B PeKUME C COOTHOIICHUEM MapIIH-
aIbHBIX 1aBJICHHI a30Ta 1 aueTuineHa Py : Py =111 (pexnm 1). Cpenuuii pesysisrar 1o BeTHIHHE TBEPAOCTH

(H = 25,5 I'lla) u moxymnto FOnra (E = 226 I'Tla) npoaeMOHCTpHUPOBAJIO MOKPBITHE, OCAKICHHOE B PEKUME C CO-
OTHOIIEHUEM NaplUaIbHbIX JaBICHUM a30Ta U alleTUIeHa PN2 : PC2Hz =2:1 (pexum 2).

Kak 6b110 IOKa3aHo B pabotax A. JIstinanga u A. Materoca [17], . Mycuna [3], ynapHas BI3KOCTb HaHO-
CTPYKTYPUPOBAHHBIX MOKPBITUIL onpenensercs oTHomenueM H/E", rie E* — sddexrunnbiii Moxynas FOnra,

BBIYHUCIIEMBIH 10 hopmyie E*= 5 (v — koo duument [lyaccona). Ecin otnowenne H/E *>0,1, To mo-

KPBITHSI MOYKHO CUMTATh TBEPABIMU M OJHOBPEMEHHO JOCTATOYHO IJIACTUYHBIMHY, T. €. 00J1a1aI0IIMMH BBICOKOI
yIapHOU BA3KOCTBIO paspymenus [3; 14; 17].

Bbuti paccuntansl otHowmenus H/E ™ ayist cpopmupoBannbix nokpbiThii TIAICN ¢ pasindHbIM COlepKaHUEM
yrepona. Jlis nokpeituit TIAICN, HaneceHHBIX B pexume 1, otHomenue H/E™ coctasuio semuuuny 0,06,
nns nokpeituii TIAICN, chopmMupoBaHHBIX B peskume 2, — Beauuuny H/E"= 0,103, ais nokpertuii TIAICN,
OCaXIEeHHBIX B peskuMe 3, — Benuunny H/E" = 0,096. U3 nonydeHHBIX Pe3y/IbTaTOB CIeIyeT, YTo HauOomblIeH
YIApHOH BA3KOCTbIO paspymeHus obnamaer nokpeitie TIAICN, chopmupoBaHHOE B peKkHUMe 2 ¢ COOTHOILIEHHEM
napuyagbHbIX JaBICHUN a30Ta U atetuinena Py : Py, =2 @ 1. HauMeHsIIyio yiapHyio BS3KOCTb pa3pyIICHHS
umeet nokpeitue TIAICN, HaHEceHHOE B pexche 1 ¢ CoOOTHOIIEHNEM MapIUATIbHBIX JaBIECHHH a30Ta U alleTUIeHa
Py Pop,=1:1

*Anamis (ororpaduii 0TIIEUaTKOB TPEXTPAHHOTO aIMAa3HOTO HHIEHTOpa bepkoBHYa Ha TOBEPXHOCTH HCCIIe-
nyembix mokpeltuil TIAICN, chopMUpOBaHHBIX BO BCEX TPEX PEKMMaX HAHECCHHUS, CBUIETEIbCTBYET B TIOJIB3Y
UX BBICOKOH TPEIIMHOCTOMKOCTH M yAapHOH BSI3KOCTH. Ha MOBEPXHOCTH MOKPHITUH He OOHAPY>KEHO TPEIInH
0CJIe MUHAEHTHPOBaHUs. [ TaiKkuii XapakTep KpUBBIX HArpy3KU-pa3rpy3Ky TaKKe yKa3bIBaeT HA OTHOPOJHOCTh
TTOKPBITHI M0 IIyOMHE M MX BBICOKYIO TPEIIHHOCTONKOCTb.
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Puc. 10. 3aBucumoctu HaHOTBepaocTr 1 Moay st FOura nokpertuit TIAICN,
c(OPMHUPOBAHHBIX C PA3THYHBIM COOTHOIICHUEM
NapIyaJIbHEIX JaBICHUH a30Ta U alleTHIeHa

Fig. 10. Dependences of nanohardness and Young’s modulus of TiAICN coatings
formed with different partial pressure ratios of nitrogen and acetylene

W3 pe3ynbraroB HAHOWHIEHTHPOBAHHS MIPOCIICKUBACTCS HETMHEHHAsI CBSA3b MEKAY KOHIICHTpAIMen yrie-
pona B mokpeITUAX TiIAICN 1 UX TBEPIOCTHIO.

['maBHBIM JipaiiBepom n3MeHeHus TBepaocTh MoKpbITHi TIAICN sBisieTcss U3MEHEHHE X CTPYKTYPhI K MOP-
(donorun npu BapbUPOBAHWHU KOHIEHTpALMHU yriiepoaa. B pexxume | mpu paBHBIX MapIUaTbHBIX TaBICHHUIX
azota v anetwieHa B mokpetin TiIAICN dopmupyetcs prixiiast MOPGOIOTHS POCTOBBIX KOJIOHOK C HAHOOJIBIIUM
CPEIHUM pa3MepoM 3epeH B HUX. BeseactBue storo Bepaocts nokpeituit TIAICN, nmomyueHHbIX B pexuMe 1,
OKa3ayiach MUHIUMabHOH. [ [pn HaHeCceHnH B pexrMe 2 ¢ COOTHOIIIEHUEM apIalbHBIX TaBJICHUN a30Ta U arle-
tinena Py, 1 Py, =2 1 1 dopmupyercst CTpykTypa ¢ 6oiee IIOTHOI pPaBHOOCHOH MOPOIOTHei KpUCTaIIINTOB
0e3 BBIZICIICHHBIX KOJIOHOK pocTa. BenencTaue aToro TBepaoCcTh MOKPHITHN TiAICN 3HaUNTETEHO TTOBBIIITASTCS
C YMEHBIIIEHHEM KOHIICHTpaIuu yriiepoaa 1o 7,3 at. % mo pesynbraram DJPC.

B peskime 3 ¢ cooTHOIICHNHEM NaplHaIbHbIX JaBICHHIT a30Ta i aueTuinena Py, : Py =1 : 2 npu yBenmieHun
KOHIIeHTpaluK yriaepoaa B mokpbituu TiAICN no 30,3 at. % TBepIOCTh MOCIEIHEr0 CYIIeCTBEHHO BO3pac-
TaeT (1o BennuuH cBbire 32 ['Tla). B nanHoM ciryuae MOpQosiorusi OKpBITHIA cl1abo MEHSETCS TI0 CPAaBHEHHUIO
C TaKoBOI Ipu HaHeceHuH B pexxume 2. OnHako ¢asa tBepaoro pactsopa (Ti, Al)(C, N), U3 KoTopoii cocTosT
mokpeITHs TIAICN, obexHsieTcs 10 a30Ty W o0oraImaeTcs 1Mo yriepoiy, BCIEACTBUE Yero ee MeXaHnIeCcKue
CBOICTBA CTAHOBSTCS OoJIee OJIM3KU K CBOMCTBAM YHCTOTO KapOuaa Tutana. ComIacHO JTUTEPaTyPHBIM TaHHBIM
TBEPJIOCTHh KapOuaa TUTaHa MPEBOCXOAUT TBEPAOCTh HUTPHIA TUTaHA U cocTaBisieT mpumepro 30 I'Tla [3].
B T0 e Bpemsi, kak u3BecTHO [ 18], kapOua TMTaHa He 00JIaaeT TOCTATOYHON yIapHOU BSI3KOCTBIO 110 CPaB-
HEHHIO C TAKOBOM HUTPHJA TUTAHA U CKIOHEH K XPYNKOMY pa3pyLIeHUIO, YTO MOKET ObITh KPUTHYHBIM IS
MHOTHX cep MPUMEHEHUS], B YaCTHOCTH U1l KOCMHUYECKON TEXHUKH.

Taxum 0O6pazom, 1o pe3yibTaraM HAaHOWHACHTHPOBAHUS YCTAHOBIIEHO, YTO KOHIIEHTPAIUS YIIIepo/ia B TI0-
kpeITEsIX TiAICN cyIecTBEHHO BIHSAET HAa N3MEHEHNE HX MEXaHWIECKUX CBOMCTB. Matast KOHIICHTpaIINs yIe-
pona (Py,: Pe,y, =2 : 1) obecrnieunBaer nonydenne nokpeituii TIAICN ¢ 10€TaTo4HO BBICOKHMH TBEPIOCTBIO
(6omee 25 I'Tla) 1 ynapHoii Bsskoctbio. [loBbimernas koHIEHTpanws yriepona (Py,: Py, = 1 @ 2) mosBossier
rroiry4ath MOKPITHS TiAICN ¢ GombImiei TBepocThio (cBhImIe 32 ['TIa), HeCKOIBKO KePTBYS MPH TOM YIapPHOH
BSI3KOCTBIO ((OPMUPYIOTCS OOJee XpyTKue TUIeHKN ). PexxuM HaHeCEHUsI ¢ OIMHAKOBBIMHE ITapIIUalIbHBIMH JIaBIIe-
HHSIME a30Ta 1 atetuiena (Py 0 Poy, =11 1) ABIseTCs caMbIM HEBBITOIHBIM KaK [0 TBEPAOCTH (hopMupyeMbIX
HOKPBITHH, TaK U TI0 X YAapHOH BSI3KOCTH.

Ha puc. 11 npeacraBieHsl pe3ynbTaTsl TPHOOMEXaHUUECKUX HCIIBITAHUH UccaenyeMbIX MoKpbITHi TIAICN,
c(OPMHUPOBAHHBIX C PA3TUYHBIM COOTHOIIEHHEM MapLHaIbHbIX 1ABICHUH PEaKTUBHBIX I'a30B.

Oo6napyxeHo, 9to ko3 dumueHT TpeHus mokpbITiii TiIAICN BapbHpyeTCs B JOBOJIBHO IIMPOKOM JHaria-
3oue (0,30-0,60). Hebompimme koneOanuss BeTUIUHBI KOd(DQUIHeHTa TpeHUS MTOKPBITUH B 3aBUCUMOCTH OT
BpPEMEHH HCIBITAHUH CBHJIETEIBCTBYIOT 00 OIHOPOIHOCTH TOKPBITHI MO TIyOWHE M aJIeKBaTHOCTH METOIa
HCCIIEZIOBAaHUS.
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Puc. 11. 3aBucumoctu kodddunmenta tperns nokpbiruit TIAICN,
c(hOPMHPOBAHHBIX C PA3INYHBIM COOTHOIICHHEM APILHAIIbHBIX JIABJICHHUI a30Ta 1 alleTHIICHA

Fig. 11. Dependences of the friction coefficient of TIAICN coatings formed
with different partial pressure ratios of nitrogen and acetylene

YeranoBieHo, uTo HanbonbmM koddduireaToM Tperus (0,55-0,60) odnanaer nokpeitue TiIAICN, chopmu-
POBAHHOE B P&XHUME C COOTHOIICHNEM MapIHAIbHBIX JaBICHHIT a30Ta 1 auetinena Py 0 Foy =11 (pexum ).
Hanvenpmmit koadpumment Tperns (0,30—0,32) mokazamu mokpeitus TiAICN, HaHECEHHBIC B PEKUMAX C CO-
OTHOLICHUSIMU ApUHaIbHBIX JaBICHUI a30Ta 1 aueTmiena Py @ Py =2 1 (peswum 2) u Pyt Py, =112
(pexwm 3). B pexumax 2 1 3 MOKPBITHS IEMOHCTPHPYIOT IPUMEPHO paBHBIE KOA(D(DUIIMEHTHI TPEHUS, OTHAKO
B cpemHeM KO3 PUITMEHT TPEeHUT HECKOIbKO MeHbIIe 1 ToKpeITHA TiAICN, copMupOBaHHOTO B peKUME 2
C COOTHONICHUEM MapUHaIbHBIX AaBICHUI a30Ta u anetniaena Py 1 Py, =2 1.

Kaxk cnenyer u3 pe3yasTaTtoB TpHOOMEXaHUYECKUX HUCIIBITAaHNH, N3MEHEHHE KOHIICHTPALUK yIiIepoa 3aMeT-
HO BJIMSICT HA N3MEHEHUE BEIMYMHBI K03 dunneHTa TpeHus mokpeituii TIAICN.

3a cueT GpopmupoBaHus cToia0uaTroi pexioil Mopgonorun pocta nokpeituii TIAICN B cryyae HaHeCEHUS
B pexxume 1 k03(pHUIMeHT TpeHust U3MEHSIETCsl BO BpEMEHHU B pe3ylbTare mpolecca u3HamuBanus. st no-
kpbiTHii TIAICN, chopMUpOBaHHBIX B pexxumax 2 U 3, TaKOTO SIBICHUS HE HAOMIOAaeTCs BCICACTBUE 3HAYH-
TeNbHO OoJiee TIOTHON U OTHOPOIHON MOP(OJIOrHH PAaBHOOCHBIX KPUCTAIUTOB. Takxke 1 Ko duimeHt tpe-
HUS HIDKe 11pH popmupoBaHun OKpbITuii TIAICN B peskumax 2 u 3 mpu OTCYTCTBHU B MOP(OIOTHUH KOJIOHOK
pocTa ¥ MHBIX HEOIHOPOIHOCTEH.

Taxum obpazom, i obecreueHns: ONTUMAIBHBIX TPHOOMEXaHNYECKUX CBOMCTB U MUHUMAIN3ALUHU KO-
s¢punuenta rpernst nokpeITuit TIAICN KocMudecKoro Ha3HaueHHs LeJIeCO00Pa3HBIM SIBISIETCS TOIyYeHUE
I'IK-ctpykTypsl Tuna NaCl onnodasnoro tBepaoro pactsopa (Ti, Al)(C, N), obnanatomieii paBHOOCHOH
100ysIpHOM MOP(OIOTHEH ¢ MOaBICHNEM CTOIOLOB POCTA, UTO AOCTUTaeTCs (POPMUPOBAHHEM B PEKUMAX
¢ U30BITKOM (pex<1/11v£ 2, a=0,55, PNZ: PCsz =2 : 1) mm HenocTatkoM (pexum 3, o = 0,55, PNZ: PCsz =1:2)
alleTUIICHA B Ta30BOH CMECH.

3akJroueHue

MeTon0M peakTHBHOTO MarHETPOHHOTO pacnblieHus chopmupoBansl MOKpbITUs TIAICN Xoporiero kauecTsa,
MpeCTaBIsIoNIne cOO0M CIIOIIHbIE INIEHKU 0€3 pa3pbIBOB, MAKPOITyCTOT U BKJItOUeHHH. OnpeieIeHHbIE METOIOM
COM Tommuuasl nomydeHHbIX MOKpbITHi TiAICN cocraBumm 1,3-3,4 MxM. BrisiBieHa pa3nudHas KOHIICHTpAIns
yrepona (7,3-30,3 ar. %) B 3aBUCUMOCTH OT MapIHAILHOTO JIaBJICHHS alleTHIIeHa B TIPOIleCCe HAaHECEHHUSI T10-
KpBITHH.

YceranoBneHo, uTo chopmupoBaHHbIe TOKPhITHS TIAICN 00anarot ogHO(BA3HOH CTPYKTYPOIl HEYTTOPSIOYEHHOTO
tBepaoro pacteopa (Ti, Al)(C, N) ¢ I'TIK-pemerkoii Ha ocHOBe HUTpHa TUTaHA. [ [OBbINIEHNE KOHIIEHTpAIHN
yrepoza B nokpsituu ¢ 7,3 1o 30,3 at. % npUBOIUT K PAa3ABOCHUIO MUKOB TU(PPAKLNK, CBUACTEILCTBYIOIEMY
0 BO3MOYKHOM cerperaiun TBeporo pactsopa. Cpemnuii pazmep kpructaiumtos (Ti, Al)(C, N) coctaBun ot (10 £ 5)
1o (60 £ 5) am.
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[To pe3ynbraTaM HAHOWHJICHTUPOBAHMUS YCTAHOBJICHO, YTO KOHIICHTpaIus yrieposa B mokpbiTusix TIAICN cy-
IECTBEHHO BIHSCT HA H3MCHCHHE HX MEXaHHYCCKUX CBOWCTB. Maas KoHueHTpauust yriuepona (Py,: Poy,=2:1)

obecnieunBaeT noydenue mokpeituii TIAICN ¢ qocTtaTouHO BERICOKUME TBEpAOCThIO (Oomee 25 'Tla) u yoap-
HOH BSI3KOCTBIO. ITOBBIILIEHHAs KOHLIEHTpaUusl yIiepoaa (PNZ: Pen,=1: 2) TIO3BOJISIET MOMYYaTh TOKPBITHS
TiAICN c Oonbiueit TBeprocTbio (cBbime 32 I'Tla), HECKOMBKO KEPTBYs MPH 3TOM YIapHOH BS3KOCTHIO. O0-
HapyKEHO, 4TO pexuM HaHeceHUs: NoKpbITui TiAICN ¢ oIMHAKOBBIME MapIUaTbHBIMA JABICHHUSIMH a30-
Ta U aneruiena (P 1 Foy, = 1 : 1) sBISETCs CaMbIM HEBBITOAHBIM U I10 TBEPAOCTH (YOPMUPYEMBIX TIOKPBITHIA,

¥ TI0 MX yapHo# BsaskocTu. [t nokpeituii TIAICN, HaneceHHBIX B pexume 1, orHomenue H/E™ cocTaBuiio

sesmunny H/E™ = 0,06, nns nokpeituii TIAICN, chopmupoBaHHbIX B pexkume 2, — Benuuuny H/E™ = 0,103,
a ns nokpbituit TIAICN, ocask/IeHHBIX B pexume 3, — Benuuuny H/E™ = 0,096. CeoBarensHo, HauOObIIeH
yIapHOH BSI3KOCTBIO paszpytreHns oomamnaet mokpsitre TiIAICN, chopMupoBaHHOE B PEKUME C COOTHOIIIEHHUEM
napuxaIbHbIX JaBICHNN a30Ta M aneTuieHa Py : Py, = 2 : 1. HanMeHpITy10 yIapHYIO BI3KOCTh pa3pyIICHUS
nmeeT okpeiTe TiAICN, odydeHHOe B PeKUME C COOTHOIIEHUEM MapIiHaibHBIX TaBICHUN a30Ta U alleTH-
nena Pyt Poy,=1:1.

Munnmansneiid kodgduuuent tpenus (0,30—-0,32) nponemoncrpuposain nokpsitis TiAICN, HaneceH-
HbIE B PEKUMAaX C COOTHOIICHUSAMHU MAapUUATIbHBIX JaBICHUM a30Ta U alleTUIICHA PNz: PCsz =2:1 (pexum 2)
u Py Foy,=1:2 (pexnm 3).

Takum o6pazom, popmupoBanue nokpsitiii TIAICN I'IK-ctpykrypsl Trna NaCl ogrodasnoro tBepaoro
pactBopa (Ti, Al)(C, N), obnanaromieii paBHOOCHOH IOOYISIPHONH MOPQOIIOTHel ¢ MoJaBIeHHEM CTOJIOLOB
pOCTa, MO3BOJISIET MOTYYUTh ONITUMAJIBHBIE TPHOOMEXaHuUeckue cBoiicTBa (H = 25-32 I'Tla, H/E™ > 0,1) npu
MuHHMaIbHOM Koddduuuente Tperus (0,30—0,32), yTo mocTUraeTcsi HAHECEHUEM B PEXHMaX ¢ HM30BITKOM
(BN, Peu, =2 0 1) mim mepocrarkoM (P @ Py, = 1 @ 2) aneTuieHa B ra30Boii CMeCH.
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VIIK 539.21

ABE CXEMBI ITOAYYEHUA MOAEKYAAPHBIX NOHOB
HA N30OTHYTBIX AUCTAX IT'PAG®EHA

H. A. TOKJIOHCKHH?", C. B. PATKEBHY", C. A. BBIPKO", A. T. BIACOB"

])Eeﬂopycczcuﬁ eocyoapemeennwlil ynusepcumem, np. Hezasucumocmu, 4, 220030, . Munck, Berapyco

[IpuBenen kpaTkuii 0030p METOIOB ITOIYYEHUSI MOJIEKYJISIPHBIX HOHOB, HA OCHOBE KOTOPOTO MPE/JIOKEHBI JIBE OPUTH-
HaJIbHBIE CXEMBI TCHEPAIMH IOTOKA OTPHIATEIBHO U TIOJIOKUTEIIHLHO 3apsHKEHHBIX HOHOB U3 ITOTOKA MIEKTPHUECKH HEHT-
PaJIbHBIX MOJIEKYII, PACCEUBAIOIIMXCS HA HIIEKTPOIPOBOISIINX H30THYTHIX JINCcTax rpadena. I1pu usrude muctos rpadena
MPOUCXOIUT TIepepacpeieNieHNne INIOTHOCTEN T-3JIEKTPOHOB aTOMOB YINIEPO/d, U B HAMPABICHUH, TIEPIICHANKYIISIPHOM
K M30THYTOW MMOBEPXHOCTH, MOSIBJISIETCS WHIYLIUPOBAHHBIN JedopMalieil deKTpruuecKrid IMIoNbHbIH MoMeHT. [pen-
CTaBJICHHBIE CXEMbI OTJIMYAIOTCS B3aUMHBIM PACIIOI0KEHHEM U30THYTHIX JINCTOB rpad)eHa OTHOCUTENBHO TOTOKA MOJIEKYII.
Ha ocHOBe KBaHTOBO-XMMHYECKHUX PACUETOB MOMYIMIHUPHUUECKUM MeToAoM PM7 naHbl OLIEHKH CPOACTBA K IEKTPOHY
U 3Hepruu (moreHunuana) nouusanuu psga monekyi (Cej, O,, H,O, CO, u 11p.), IPpUroAHbIX IJIs OTYyYEHHUs U3 HUX MO-
JIEKYJISIPHBIX HOHOB IO TIPEVIOKEHHBIM cxeMaM. Ecii paccessHiue MOJISKyYITbI IIPOMCXOUT HA OTPHLATENBHO 3apsSHKCHHON
cTopoHe rpadeHa, To 3a CUET Nepexo/ia AEKTPOHa OT rpad)eHa K MOJIEKyle OHA IPHOOpeTaeT OTpULaTebHbIN 3apsia. Eciu
paccestHue MOJIEKYIIbl IPOUCXOAUT Ha MOJIOKUTENIBLHO 3apsKEHHON CTOpPOHE Tpad)eHa, TO 3a CUeT Mepexo/ia AEKTPOHa OT
MOJIEKYJIBI K Tpad)eHy MoJeKyia MpHoOpeTaeT MOIOKUTENbHBIH 3apsi. [lJ1s oy deH st MOJISKYJISIPHBIX HOHOB HEOOX0ANMO
BBIOMpATh MOJIEKYJIBI CO 3HAUCHHUSIMH CPOJICTBA K QJICKTPOHY (JJIsI TTIOJTyYEHUsI OTPUIIATEIbHBIX HOHOB) MIIN DHEPIHH HOHU-
3aluH (IS TOTYYCHUS TTOJIOKUTEIHHBIX HOHOB), OJMI3KUMH K BETMYNHE paOOTHI BRIXOA AMEKTPoHA U3 rpadeHa (24,3 3B).

Knroueswie cnosa: u30rHyThIi TUCT rpadeHa; T-IIEKTPOHBI; MOJICKYJIa; MOJCKYJISIPHBIA NOH; HOHU3AIMS; CPOACTBO
K DJICKTPOHY.
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TWO SCHEMES FOR PRODUCING MOLECULAR IONS
ON A BENT GRAPHENE LAYERS
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A brief review of methods for producing molecular ions is given, on the basis of which two original schemes for
generation of a flow of negatively and positively charged ions from a flow of electrically neutral molecules scattered on
electrically conductive bent graphene layers are proposed. When graphene layers are bent, the densities of n-electrons of
carbon atoms are redistributed, and a deformation-induced electric dipole moment appears in the direction perpendicular
to the bent surface. The presented schemes differ in the mutual arrangement of the bent graphene layers relative to the
flow of molecules. Quantum chemical calculations using the PM7 semiempirical method provide estimates of the electron
affinity and ionisation energy (potential) of a number of molecules (Cy, O,, H,O, CO,, etc.) suitable for production of
molecular ions from them according to the proposed schemes. If a molecule is scattered on a negatively charged graphene
side, then due to the transfer of an electron from graphene to the molecule, the molecule acquires a negative charge.
If a molecule is scattered on a positively charged graphene side, then due to the transfer of an electron from the molecule
to graphene, the molecule acquires a positive charge. To obtain molecular ions, it is necessary to select molecules with
values of electron affinity (to obtain negative ions) or ionisation energy (to obtain positive ions) close to the work function
of graphene (=4.3 eV).

Keywords: bent graphene layer; n-electrons; molecule; molecular ion; ionisation; electron affinity.
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Introduction

To solve a number of problems of high-energy ion implantation, mass spectrometry, diagnostics of the compo-
sition and topography of the surface of crystals, etc., sources of negative ions are required [1-3]. Let us note the
known approaches to obtaining flows of molecular ions and electrically neutral radicals. Thus, a technique was
proposed [4] for removing desorbed (from the engineering surfaces of accelerating devices) ions from the general
flow using an ion filter, which passes only gas-phase ions from the source to the detector and retains the desorbed
ions due to the difference in their kinetic energies. In this case, the interaction of the adsorbate (molecular ion)
with the surface of the ion filter (for example, made of a crystalline semiconductor) is important, which leads to
bending of single-electron bands of allowed energy values, and further to pinning of the Fermi level at surface
energy levels of semiconductor defects [5]. In the case of active semiconductor-adsorbate interfaces, chemical
bonds arise between them, which leads to equalisation of the energies of the valence electrons of the adsorbate
and semiconductor.

Particles adsorbed on graphene affect the width of the energy band gap induced by them and the position of
the Fermi level in graphene. In this case, the adsorbate-graphene binding energy non-linearly depends on the
concentration of adsorbed particles [6]. The electric potential of the ion-solid interaction differs distinctly from
the potential describing collisions of molecules in the gas phase [7], which is due to an increase in the electron
density in the region between the incident particle and the scattering center. In particular, it was shown by cal-
culation [8] that the ionisation energy of the hydrogen atom goes to zero when the distance between the proton
and the atomically smooth metal surface becomes slightly less than the Bohr radius. The binding energy be-
tween water molecules in a cluster (up to six molecules) is also affected by the presence of a second graphene
layer and the distance between the layers [9]. When the distance between the graphene layers becomes less
than 0.6—0.8 nm, the intermolecular interaction in the cluster quickly decreases, which leads to a weakening
of the adhesion between molecules in the «compressed» cluster.

Dielectric graphene layers and graphene ribbons, as well as soft lipid bilayer membranes, are capable, un-
der certain conditions, of converting the effects of an electric field into mechanical deformation [10]. And vice
versa, mechanical deformation can give rise to an electric field. The phenomenon of flexoelectricity is greatly
enhanced at the nanoscale, so two-dimensional membranes of atomic thickness exhibit a strong relationship
between their curvature (bending) and the external electric field. It has been shown theoretically [11] that the
value of the electric polarisation vector normal to the surface of a graphene layer (in the form of an electric
double layer) depends on the curvature of the layer, and the electronic charge of the n-bonds of carbon atoms
mostly «flows» to the convex side of the layer.
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The study of chemical reactions accompanied by the decomposition of water molecules on graphene layers
is relevant for applications in biomedicine: the resulting electrically neutral hydroxyl groups OH can be used as
a bactericidal agent. Thus, using the flexoelectric properties of graphene, in work [12] a model of an electrical
«capacitor» made of graphene was proposed to generate a negatively charged and electrically neutral hydroxyl
groups OH from a flow of water molecules. The «capacitor» consists of two graphene layers bent in one direc-
tion placed on copper substrate plates bent in the same way (see also [13]). The copper substrates are connected
to an external source of electrical voltage: positive potential is applied to the upper concave substrate, negative
potential is applied to the lower substrate bent towards the upper substrate. When the water vapor is pumped be-
tween the plates of such an electrical «capacitor», the water vapor at the exit from the «capacitor» is enriched
with electrically neutral radicals (OH) and hydrogen molecules H, [12].

Photocatalytic decomposition of water on graphene could be an effective approach to produce hydrogen by
converting solar energy into chemical energy [14; 15]. Biophysical methods are being developed for charge
separation under the influence of light in the reaction centers of plant photosynthesis [16]. Using quantum che-
mical methods and thermochemical methods (by the Gibbs energy change), we studied possible chemical reac-
tions involving molecules of water, fullerenes C,, and C,, hydrogen and chlorine with the release of atomic or
molecular hydrogen at room temperature and atmospheric pressure [17; 18].

The physical processes underlying the generation of ion beams with a high emission current density in electro-
hydrodynamic emitters operating on liquid metals and alloys, as well as with low-temperature ion liquids, are
considered in work [19]. The factors that determine the stability of ion emission and their interaction with en-
gineering surfaces are also analysed there. The results of the one-dimensional theory of a plasma emitter of
positive ions are presented in publication [20].

The model of explosive electron emission [21] allows to describe emission processes during discharges at the
points of contact of the metal wall with the plasma under magnetic confinement of the plasma. In works [22; 23]
a description of models of field (cold) emission from various low-dimensional carbon systems is given.

Another mechanism for the formation of ions is one-electron charge exchange during the collision of fast
ions such as H" and He?* with a neutral hydrogen molecule. Thus, in paper [24], the cross sections for one-elec-
tron charge exchange in collisions of fast ions with an H, molecule in the ground state were calculated. Ion-
molecular collisions are considered using the relationship between quantum mechanical and quasi-classical
charge exchange amplitudes. For the collisions H" + H, — H + H;, the dependence of the differential charge
exchange cross sections on the orientation of the symmetry axis of the H, molecule is considered. By nume-
rical modelling the possibility of separating flows of electrically polarised macromolecules in non-uniform
electric fields created by charged filaments is demonstrated [25].

The purpose of the work is to propose simple schemes for producing a flow of negatively and positively
charged molecular ions from a flow of electrically neutral molecules interacting with two bent layers of elect-
rically conductive graphene.

Schemes for generating molecular ions

In the proposed method, ionisation of molecules is carried out using bent graphene layers. When passing
through a non-uniform stationary electric field, the molecules change their configuration and (or) break up into
ions. To form a non-uniform electric field, the redistribution of -electrons (asymmetrically elongated r-bonds)
of carbon atoms on the surfaces of a bent graphene layer is used (fig. 1), creating a dipole moment (an electric
double layer covering opposite sides of a single graphene layer). The direction of the dipole moment induced
by graphene bending is determined by the density of m-electron states, which is greater on the convex side of
the graphene layer [11; 26]. The redistribution of charge density that occurs on a graphene layer is determined
by its curvature. It is quite natural to use several differently bent graphene layers on metal substrates, to which
adjustable electric potentials are applied and between which the movement of ionised molecules and the re-
moval of molecular ions along the surface of an electrically conductive grid are organised.

z n-Orbitals

Graphene

Graphene

n-Orbitals

Fig. 1. Schemes of occurrence of a local electric dipole moment in a graphene layer
due to the deformation of 6-bonds (determining the mechanical strength of graphene)
and the redistribution of electron density for the n-orbitals of carbon atoms along the z axis
(perpendicular to the graphene layer) when the layer is bent
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Due to the bending on the convex side of the bent graphene surface, the electron density increases, and it
is chemically reactive to combine with partially positively charged atoms (for example, hydrogen atoms in
water molecules [12; 26]). In this case, in molecules, the lowest energy level E| ;o unoccupied by electrons
(measured relative to the vacuum level £, ) should be located lower than the highest energy level (E; — e¢) of
electron-occupied 7-states in bent graphene, which makes it possible for electrons to transfer from graphene
to molecules, turning them into negative ions (fig. 2, ). Here E} is the Fermi level of graphene in equilibrium,
e is the elementary charge, ¢ is the electric potential of the external voltage source. This corresponds to the fact

that the work function of graphene WF((p) =E,.— (EF - e(p) should be less than the electron affinity (EA) of
the molecule (EA = —E| ;\0)- The experimentally measured value of the work function of graphene monolayer
is WF ((p = O) ~ 4.3 eV [27]. Energy relations for electronic states in macromolecular and metal nanocontacts
see in publications [28; 29].

E.—ep

Graphene Molecule Graphene Molecule

Fig. 2. Schemes of the transition of an electron (e¢”) from the Fermi level of graphene (E — ep)
to the lowest unoccupied molecular orbital (LUMO) with the formation of a negative molecular ion (a)
and the transition of an electron from the highest occupied molecular orbital (HOMO)
to the Fermi level of graphene with the formation of a positive molecular ion (b).
The dependences of the single-electron energy of graphene in one of the six equivalent points
of the 1* Brillouin zone on the wave number k of t-electrons

when an electric potential @ < 0 (a) or ¢ > 0 (b) is applied to the graphene are shown;

EA is the electron affinity of the molecule, IP is the ionisation energy (potential) of the molecule

Let us consider a scheme for obtaining a flow of negatively charged molecular ions M from a flow of elec-
trically neutral molecules M° when they interact with two electrically conductive graphene layers bent in op-
posite directions (fig. 3, ). Two bent graphene layers (placed with their convex sides facing each other, which
leads to compression and then expansion of the flow, as in a Laval nozzle) are electromechanically attached at
the edges to two flat substrates of a chemically inert metal (see also [12]). The substrates are connected to an
external source of electrical voltage: a negative potential (¢ < 0) is applied to two substrates (cathodes), and
a positive potential is applied to the anode in the form of a metal grid located (perpendicular to the flow of
molecular ions) far from the cathodes (see fig. 3, a). The intensity of ion formation depends on the flow density,
the speed of molecules, the distance from the molecules to the graphene surface and other factors.

The transition of electrons from the convex side of the graphene surface to the lowest unoccupied mole-
cular orbital (LUMO) of a molecule M is initiated by the electric potential ¢ applied to the substrate from
an external source. Potential ¢ can be either constant or variable. In the case of an alternating potential, the
electric field acts on the electron with a certain frequency, this can lead to the coincidence of the electron ener-
gy with the energy level E; ;o of the molecule. Varying the frequency of electric field oscillations makes
it possible to increase the intensity of ion formation. There is an analogy here with the Sena effect [30; 31],
in which, when a negative ion and an atom collide, an electron transfers from the ion to the atom without
changing their trajectory (the so-called resonant charge exchange), that is equivalent to the scattering of
the ion. The resonant charge exchange cross section replaces the elastic scattering cross section in the phe-
nomena of ion transport in the intrinsic gas of atoms, when the transport of particles is associated with their
elastic scattering.
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a b

Electromechanical Electromechanical
contact graphene/copper contact graphene/copper

Flow of neutral - Flow of neutral 0 +
molecules M° I molecules M" :> M I

Copper g+ + 2 Copper & —
Cathode Anode Anode Cathode

Fig. 3. Schemes for generation of a flow of molecular ions: @ — scheme for generation of negative ions (M )
between convex graphene surfaces on a copper substrate (analogy of a Laval nozzle), WF((p) < EA;

b — scheme for generation of positive ions (M ) between concave graphene surfaces, WF((p) > P

Similarly, by changing the sign of the electric potential on copper substrates (¢ > 0) (fig. 3, b), it is pos-

sible to realise transitions of electrons from the highest occupied molecular orbital (HOMO) of molecules
to graphene, resulting in the formation of positively charged molecular ions in the flow. In this case, the
energy level Ey\o in molecules should be located higher than the energy level (E; — eg) of electron-filled
n-states in bent graphene, which makes it possible for electrons to transit from a molecule to graphene, turni
molecules into positive ions (see fig. 2, b). This corresponds to the fact that the work function of graphene

WF(¢) = E,, — (Eg — e@) should be greater than the ionisation energy of the molecule (IP = —Ejo0)-

ng

The table shows the experimental values [32—34] of electron affinity and ionisation energy for molecules that

Values of electron affinity (EA) and ionisation potential (IP)
of neutral molecules and radicals

Molecule EA, eV 1P, eV Reference Molecule EA, eV IP, eV Reference
~0.72 - [32] . 2.17 - [32]
Hy(dl_rlofen B 1543 | [33] Hyd“zf‘gg)admal 183 | 13.02 | [33]
2 —7.04 15.02 PM7 1.63 11.18 PM7
0.87 - [32] . . 1.62 - [32]
Oz((})lg)en 045 | 1206 | [33] N“ro(gz‘f\‘l‘(;h)ome 227 | 959 [33]
2 0.92 9.17 PM7 2 1.09 10.56 PM7
Nitrogen - 15.58 [33] Nitrate radical ggi | 2757 Eg}
(N,) 0.13 | 13.66 | PM7 ("NOs) vos | 11a | oy
Dicarbon 327 | 1141 | [33] Methyl radical I I Bg}
(&) 2.15 11.74 PM7 ('CH;) 054 997 PM7
Water I IV Bg% Ammonia - 1007 | [33]
(H,0) a5 | oG | B (NH,) —457 | 1015 | PM7
Carbon dioxide -0.59 13.78 [33] Carbon monoxide 1.33 14.01 [33]
(CO,) ~055 | 1276 | PM7 (CO) 160 | 1233 | PM7
Anthracene (1) ! 2 » [32] Adamantane -03 . [34]
I 5 7.44 [33] Cor - 9.25 [33]
147410 1.09 8.39 PM7 10°716 —-4.07 10.20 PM7
Fullerene 2.68 7.6 [33] Fullerene 2.77 8 [33]
(Cy0) 296 | 966 | PM7 (Cro) 323 | 919 | PM7

Fullerene + adduct Fullerene + adduct
2.88 9.75 PM7 3.54 9.45 PM7
(Cgo + [2(COOH)]5) (Cy + [2(COOH)],)

can be used to obtain molecular ions. To compare with experimental values and evaluate data missing from the
literature, we have calculated EA = —E| ;o and IP = —E}; 4, using the PM7 semiempirical method [35], imple-
mented in the MOPAC2016 package.
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To obtain negative molecular ions, it is necessary to select molecules with electron affinities close to the work
function of graphene (WF = 4.3 eV). To obtain positive molecular ions, it is necessary to select molecules with an
ionisation energy close to the work function of graphene. When a negative potential (¢ < 0) from the external
voltage source is applied to the graphene, the Fermi level in graphene (£ — e) shifts upward to the vacuum
level E,., this makes it possible to obtain negative ions from molecules with EA < WF ~ 4.3 eV. When a po-
sitive potential (¢ > 0) from the external voltage source is applied to the graphene, the Fermi level in graphene
(Er — eo) shifts downward from the vacuum level £, this makes it possible to obtain positive ions from mole-
cules with IP > WF =~ 4.3 eV. From the data presented in the table it can be seen that candidates for obtaining
negative and positive ions are molecules of fullerenes and fullerenes with carboxyl adducts, as well as nitrate
and hydroxyl radicals and dicarbon. Positively charged ions can also be obtained from oxygen molecules,
anthracene, adamantane, methyl radical, nitrogen dioxide and ammonia.

Molecules with negative electron affinity are, as a rule, very stable molecules with fully occupied outer bon-
ding HOMO orbital (Eyop0 < Ey,e) and antibonding unoccupied LUMO orbital (E| j\o > Ey,c)- This rules out

the addition of an extra electron to the molecule and the formation of a stable negative ion. These molecules
include: hydrogen, water, carbon dioxide, ammonia, adamantane.

Conclusions

It has been shown that during the charge-exchange interaction of molecules with bent graphene layers, the
generation of both negative and positive molecular ions in a flow of electrically neutral molecules is possible.
Quantum chemical calculations using the PM7 semiempirical method provided estimates of the electron affi-
nity and ionisation potential of a number of molecules. Based on values of electron affinity and ionisation po-
tential known from the literature, supplemented by our calculated estimates, molecules are identified that are of
interest for the production of molecular ions and require electron affinities and ionisation potentials close to the
work function of graphene. The energy received by the molecules must be sufficient for their ionisation, which
is achieved by changing the electric potential ¢ by adjusting the circuit to recharge molecules of a certain type.
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NCTOYHUK XECTKUX 'AMMA-KBAHTOB
HA OCHOBE U3AYYEHUSA SAEKTPOHOB U ITO3UTPOHOB
B ITOAE ITAOCKOCTH ATOMHBIX HEITOYEK
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KoppenrpoBaHHbIE CTOIKHOBEHUsI OBICTPBIX YaCTUII C aTOMaMU KPUCTATMYECKOH PEIIETKU IIPHBOJISIT K KOTEPEHTHOMY
YCHUJICHHIO UX paccestHus U u3imydeHus. D(H(PEeKTHBHBIC KPUCTATUTMYECKHIE MO ITPU ATOM Ha 3—4 mopsiika MpeBbIIaoT
10JIsI MATHUTHBIX OHJTYJISTOPOB U MOTYT KOHKYPHPOBATh C HUMH 110 HHTEHCUBHOCTH M3JYYCHUsI IPH JUTMHAX KPUCTAILIIOB,
MEHBIINX Ha 2—3 mopsiaka u 6oee, a I0 YaCTOTe H3ITyUSHHS TPEBOCXOINTH X B COTHH, THICSYH pa3 1 Oonee. B gacTHOCTH,
OCHOBaHHBIE Ha M3JTyYSHHH IEKTPOHOB B KPUCTAIIAX HCTOYHHKU TaMMa-KBAaHTOB C SHEPrHeil HECKOJILKO TMTadlIeKTPOHBOIIBT
YK€ MHOTI'O JIET MPUMEHAIOTCA JId UCCIICTOBAHU CBOMCTB ME30HOB. 21_]'[5{ TMOBBIIICHUA NHTCHCUBHOCTH U3JIYUYCHUA HEAAB-
HO MPE/UIOKEHO HCI0JIb30BaTh HCTOYHHUK HA OCHOBE KOPOTKONIEPHOJMYECKHX KPUCTAUIMYECKUX OHIYIATOPOB M Hayara
pa3paboTka TEXHOJIOTUH UX MPOMU3BOJCTBA. B MpoTHBOBEC 3TOMY B HacTosimiel paboTe ImpeaaraeTcst HICTOYHHUK TOTO XKe
CIEKTPAJIbHOIO JUANAa30HAa HA OCHOBE M3JIYUYEHUsI B TOJIE TIOCKOCTEH, 00pa3yeMbIX aTOMHBIMH [ETOYKAMU KPUCTAIIIIA, HE
MOIBEP)KEHHOTO HUKaKOW fAedopmarin. JJaHHBINH PeKnUM JIBHXKSHUS YACTUI] OTHOCUTEIHHO KPUCTAIITMYSCKON PEIIETKH,
BBE/ICHHBIH M. JIMHIXapIOM IO/l HA3BAHUEM String of strings, TO3BONSET OJHOBPEMEHHO MCIIOIb30BATh KOTEPEHTHOE
YCUIICHNUE U3TTYUCHHUA UHTCHCUBHBIMHU IMOJISIMHA aTOMHBIX HECMOYEK U YIIOPAAOYECHHOC ABUKCHUEC YaCTUIl B PEKUME I1JI0C-
KOCTHOTO KaHaJMpOBaHMs. B kauecTBe mpuMepa paccMaTpUBaeTCsl M3JyYSHUE DIISKTPOHOB U MO3UTPOHOB C dHEPrHEH
10 I'»B B monie ocu <1 1 1> u mockoctu (110) kpucramion anmaza tonuuHon 100—1000 mxwm. J{7ist pacueTa xapakTepuCTHK
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W3JTy4eHHs] TPUMEHSIETCST CBOOOIHBIN OT Psijia pacipoCTPaHEHHBIX NPUOIMKEHUH METO MOJCITHUPOBAHHS, TIPOLICALIHNA
JIECATUIIECTHIOIO IIPOBEPKY B PSAE DKCIIEPUMEHTOB B EBpOIEHCKOM LIEHTPE sIEPHBIX MCCIEAOBAHUN U HA MUKPOTPOHE
Maiinnckoro ynuBepcurera nmenn Moranna I'yrenGepra. Pesynbrarsl pacuera NOKa3bIBalOT, YTO 110 MHTEHCHBHOCTH
M3Iy4YeHHUs IPEUIOKEHHbBIN UICTOYHUK HE YCTYNMAeT UCTOYHUKY HA OCHOBE KOPOTKONEPUOAUUYECKOTO KPHCTAIINIECKOTO
OHJYIISITOpA, HO TIPH 3TOM OH MOXKET OBITh pean30BaH 0e3 KaKnX-JIM00 MPUHINIHAIBHBIX 33EPKEK.

Knwuesvie cnosa: N3JIYYCHUE; DJICKTPOHbBI; TO3UTPOHBI; TaMMa-KBAaHTLI; PEIATUBUCTCKUEC YaCTHUIbI; KAHAJTUPOBAHUEC
YacTull B KpUCTaJlliaX; KOr€pEHTHOC U3TYUCHUC YaCTUILl B KpUCTaAJLJIax.

HARD GAMMA-QUANTA SOURCE BASED
ON THE ELECTRON AND POSITRON RADIATION
IN THE FIELD OF PLANES FORMED BY ATOMIC CHAINS

V. V. TIKHOMIROV?®

nstitute for Nuclear Problems, Belarusian State University,
11 Babrujskaja Street, Minsk 220006, Belarus

Correlated collisions of fast particles with crystal lattice atoms lead to a coherent enhancement of both their scattering
and radiation. At the same time, the effective crystal fields are 3—4 orders of magnitude superior to the fields of magnetic
undulators and can compete with them in radiation intensity at crystal lengths smaller by tens and hundreds of thousands
of times, and surpass them in radiation frequency by 2—3 orders and more. In particular, sources of gamma rays with ener-
gies of several gigaelectronvolts based on the emission of electrons in crystals have long been used to study the properties
of mesons. To increase their intensity, it was proposed recently to use a source based on short-period crystalline undula-
tors, and the development of a technology for their production has begun. In contrast, this paper proposes a source of the
same spectral range based on radiation in the field of planes formed by atomic chains of a crystal that is not subject to any
deformation. Introduced by J. Lindhard under the name of string of strings, this mode of particle motion relative to the
crystal lattice allows for the simultaneous usage of both the coherent amplification of radiation by intense fields of atomic
chains and planar channeling that regulates particle motion. As an example, we consider the radiation of electrons and
positrons with the energy of 10 GeV in the field of the (1 1 1> axis and (110) plane of diamond crystals with thicknesses of
100—1000 pm. To calculate the radiation characteristics, a simulation method is applied, free from a number of commonly
used approximations, which has been verified in multiple experiments in the last decade at the European Organisation
for Nuclear Research and at the microtron of the Johannes Gutenberg University of Mainz. The simulation results show
that the intensity of the proposed source is not inferior to the intensity of radiation in a short-period crystalline undulator,
which makes it possible to implement such a source without any delays.

Keywords: radiation; electrons; positrons; gamma-quanta; relativistic particles; particle channeling in crystals; cohe-
rent particle radiation in crystals.

BBenenue

B 1950-x rT. 6110 YCTAHOBJIEHO, YTO KOPPEIUPOBAHHBIE CTOIKHOBEHHMSI OBICTPBIX YaCTHUI] C AaTOMAaMH KpHC-
TAJUIMYECKON PELIETKH MPUBOAST K KOTEPEHTHOMY YCHJICHHIO MX paccesHUs U n3mydeHus [1]. YHUKanpHOCTD
MIPOTEKAHMSI STHX POLIECCOB B KpUCTAIIaX 00yCcIIOBIeHa TeM, YTO 3(h(heKTHBHBIE KPUCTATUTMYECKUE TI0JIS1 Ha
3—4 nopsiKa NPEeBBIIAIOT M0JI1 MATHUTHBIX OHAYJISTOPOB U MOT'YT KOHKYpUPOBAaTh C HUIMH 110 HHTEHCUBHOC-
TU U3JTy4eHUs TIPU JUIMHAX KPUCTAJIIOB, MEHBIIMX BO MHOTO THICSIY pa3, a 110 YaCTOTE U3JIy4YEHHUs MIPEBOCXO-
JIUTh UX B THICSYU pa3 u Oouee [2].

MexaHU3MBbI ¥ IMANa30Hbl U3JIyYEHHs JIEKTPOHOB (¢ ) U O3UTPOHOB (¢') B KPUCTAILIAX MOTYT CYIIECTBEHHO
BapbUPOBAThCS Kak MyT€M U3MEHEHN S HAIIPABJICHNUS IaI€HUS YaCTUI] Ha KPUCTANIMYECKYIO PELIETKY, TaK U MO-
CPEICTBOM €€, KaK IpaBuiIo, Iepruondeckoii sedopmarun. B orcyTcTBHE nocaeqHel 3IeKTPOHBI M HO3UTPOHBI
MOTYT MHTEHCHUBHO H3Jy4aTh B PeKUME KorepeHTHOro ropmosnoro uznyuenust (KTH) [1], a Taxke oceBoro
1 IJIOCKOCTHOT'O KaHAJIMPOBaHus [2; 3]. Beicokas ycTOIMUMBOCTh KaHAIMPOBAHUS MO3UTPOHOB OTKPBIBAET BO3-
MOYKHOCTH CYIECTBEHHOTO TOBBIIIEHNS HHTEHCUBHOCTH MX M3JIy4E€HHs MO CPABHEHHIO C MHTEHCHBHOCTBIO
U3TY4eHUs SIIEKTPOHOB. MIMEeHHO 3 deKT KaHATMPOBaHU IO3BOJISIET PEATN30BaTh KOHUETILINIO KPUCTAINYe-
CKOT0 OHJYyJIsITOpa [2; 4—6] B nepuoanvecku Ae(OpMUPOBAHHBIX KPUCTAIIAX, TOTMOTHUTEIBHO PACILIUPSIIONLY IO
CIIEKTpaJIbHBIN JMAa30H KOrepeHTHOro n3inydenus. [lepuon nedopmarmum kpucrania, Urparoiluii posib HeEproaa
KPHUCTAJNTNYECKOTO OHIIYJIATOPA, MOXKET OBITh KaK 3HaUUTEIbHO OoJble [2; 4—06], Tak 1 HAMHOTO MeHbLIE [7]

66



du3nKa spa 1 IeMeHTAPHBIX YaCTHI
Atomic Nucleus and Elementary Particle Physics

neproja kKananuposanus. KopoTkonepuonnieckie OHIyIATOPBI ITO3BOJIAIOT TeHEPHUPOBATh HanboIIee JKeCTKOe
KOT€PEHTHOE U3JIyUYEHHE B OTPAHUYECHHON CIIEKTPAILHOM OJIOCE U JMana3oHe SHepruil raMma-kBantoB 1 ['9B
u Oosee, 1aBHO IIPUMEHSIEMOE [T UCCIIEI0BAHUS CTPYKTYPbI HYKJI0HOB B Jlaboparopun nmenu xeddepcona
(Jefferson Lab, JLab) [8]. B yka3zanHom auanasoHe yxxe ucrnonssyercst KTH B 1ocTaTouHO TOHKOM KpUCTa-
ne (B pabore [8] TonmuHa KprcTamia cocTasisieT Bcero 20 MKM), MO3BOJISIONIEM IPUMEHATD AJIsl HPOCTOrO
TEOPETUYECKOTO OMHUCAHMS MPUOIMKEHNE MPSIMOIMHEHHBIX TpaeKTopuid. J{is Oonee MOIIHON reHepalnuu
B MUIIEHSAX MIJIJTUMETPOBOM TOJIIIMHBI, TpeOyromell mpuMeHeHus 0ojiee pa3BUTHIX TEOPETHUECKUX MOIXO0-
JIOB, B IIOCJIEIHEE BPEMs IIPEUIarajoch UCII0Ib30BaTh U3JIyUeHHUE B INIOTHOM m1a3Me [9] 1 KopoTkonepuoanye-
cKuX oHOynsTopax [ 10], skcriepuMeHTanbHas pean3alys KOTOPOro B 000X CIIyyasix sSBISAETCS 3HAYUTEIbHBIM
TEXHOJIOTHYECKUM BBI30BOM.

B nporuBoBec 3ToMy B AaHHO# paboTte npezsaraercst He MeHee 3()(EKTUBHBIM HCTOYHUK TOTO JKE KECTKOTO
CIEKTPAILHOTO JTMara3oHa Ha OCHOBE M3JYUYEHHs B IOJIE TUIOCKOCTEH, 00pa3yeMbIX [EMOYKaMH aTOMOB KpHC-
Tajyia, He TOABEP)KEHHOTo HHKakod aedopmanyu. COOTBETCTBYIOIIAS OPUEHTALMS HANPABICHUS IBIKEHUS
YaCTHULl OTHOCUTEIIbHO KPUCTAUINYECKOH PEIeTKH, CIOCOOCTBYIOIAsi MAKCHMAJIbHOMY IIPOSIBIICHUIO OPHEHTa-
IMOHHBIX (D (HEKTOB, ObLITa BBEIEHA B OOMXO]] €IIle B NCTOPUIECKOH cTaThe [3] 1Mo Ha3BaHUeM string of strings,
KOTOpOe OyzieM MEpEeBOANTD KaK N0CIe008aAmMenbHOCb AmMOMHbIX yenouex. [y pacuera XapakTepUCTHK U3ITy-
YeHHs B KPUCTAJIax 3HAUYUTEIbHOH TONIIMHBIL, TPEOYIOLIEro BBIX0Aa 32 PAMKH MPUOIMKEHHS TPSIMOTMHEHHBIX
Tpaekropuid [1] u ydera a¢dekra KaHaTUPOBAHUS MO3UTPOHOB [2; 3], HUKE UCIIOIB3YETCSI METO/ MOJIEIUPO-
BaHuA [11-15], mpoBepeHHBIN B psijie 3KCIIEPUMEHTOB B BEAYIIIMX MUPOBBIX YCKOPHUTENBHBIX LeHTpax [16—19].

Hanpasiienne najgeHust 3JIeKTPOHOB
¥ TIO3UTPOHOB HA PELIEeTKY KPUCTAJLIIA

B3aumosieticTBre OBICTPBIX YaCTHIl C OPUSCHTHUPOBAHHBIMUA KPUCTAIAMHU U JIPYTUMH YIIOPSI0YCHHBIMU
ATOMHBIMH CTPYKTYPaMH OTIMCHIBACTCS d(PPEKTUBHBIMU MOJISIMH, TIOIy4aeMbIMH yCPETHEHUEM I10JIeH aTOMOB
B HaIPaBJICHUH KPUCTALTNIECKON ocH Wi miockocTu [2; 3]. [lockombKy 9acToTa OMU3KUX CTOJKHOBEHUI
C aTOMaMH IeTI0YeK OYTH Ha TIOPSI0K MPEBBIIIAET CPEAHIOI0 YaCTOTY CTOJIKHOBEHUH ¢ aTOMaMH IIJIOCKOCTEH,
3¢ (heKTUBHBIE TTOJII U COOTBETCTBYIOIINE M YCPETHEHHBIE AIEKTPUUECKIE MTOTEHITHANBI TIEPBEIX OoJiee 4eM
B 5 pa3 MPEBOCXOIAT AHATOTHYHBIE TAPAMETPhI BTOPBIX, cocTaBsist okono 10'! B/cm, 4To Ha HECKOIBKO T10-
PAAKOB OOJbLIE, YeM Y JIFOOBIX J1A00PaTOPHBIX MOJIEH.

Yerynasi o HanpsKEHHOCTH MOJISIM 1IeTI0YEK, aTOMHBIE IIOCKOCTH MO3BOJISIIOT, OJJHAKO, Ooee 23 eKTHBHO
YIPaBIIATh JBHKEHUEM YacTHIl B peKUMeE IIIOCKOCTHOTO KaHanmposaHus. [lyrem nmogdopa HanpaBneHus najeHus
YaCTHIl Ha KPUCTAINTUIECKYIO OCh U TTPOXOASIIYIO Yepe3 Hee TUIOCKOCTh YIaeTCsl COBMECTHUTH NCIIOIb30BaHNE
WHTEHCHBHOTO OCEBOTO TIOJIS C YIOPSIOYUBAIONIMM JIBIKSHHE YaCTHIT IEHCTBUEM MO TuTocKocTeit [3; 11].
Jist 5 PeKTHBHOrO 3axBaTa 4aCTHLl B PEXKHUM KaHAJIMPOBaHMs YIVIbI UX MajJeHHs Ha ItockoctH 0, (puc. 1)
JOJDKHBI OBITH MOPSJKA yIVIa TUIOCKOCTHOTO KaHAJTUPOBAHMS, a CIIe JIyYIle B HECKOJIBKO pa3 MEHbIIE €ro.
Yrou e najeHus Ha ¢k 6, ClieayeT, ¢ OIHON CTOPOHBI, YMEHbLIATH JUIsl YBEIMYCHHS JUTUTEIbHOCTH ACHCTBHA
WHTEHCHBHOTO T0JISl OTACIBHBIX LIETIOYEK, a C PYTOi CTOPOHBI, OTPAaHUYHBATH CHU3Y, YTOOBI pacCEessHUE Ha OT-
JIETTBHBIX IETI0YKaX He HapyIIaio yCTOWYNBOCTH TNIOCKOCTHOTO KaHanupoBanus. [Ipu cobmonennu 6ananca 3THx
TpeOOBaHMIA CKOPOCTh KAHATMPYIOIINX YaCTHI] Ha 3HAYUTEIBHBIX YIaCTKaX TPACKTOPHI OyJeT mpeTepreBarb
CYIIECTBEHHYIO BBICOKOUACTOTHYIO MOAYIISAIINIO, aHAJIOTHYHYFO TOM, YTO CO3/JAETCsI KOPOTKOTIEPHOANIECKUMHU
KPUCTAITIMYECKUMH OHAYISATOpaMu [7], A7l M3TOTOBJICHHS KOTOPBIX HeoOXonuma pa3paboTka crieuaibHOMI
TEXHOJIOTUU MOJU(PHUKALIMN CBOWCTB KPUCTAJUINYECKON PEIICTKH.

y 1\

Puc. 1. TeomeTpust aieHust SIEKTPOHOB M IO3UTPOHOB 110/ yriiamu 0, 1 0,
Ha CeMeiCTBO aTOMHBIX IUTOCKOCTEH 1 00pa3yIoIiX UX IENoUeK

Fig. 1. Geometry of both electron and positron incidence at angles 0, and 0,
on atomic planes and the chains that form them
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Onucannble TpeOOBaHUS MOTYT OBITH peaTn30BaHbl B IIMPOKOM JIHAIIa30HE YHEPTH 3JIEKTPOHOB U MO3H-
TPOHOB U HaIIPABIEHUH MX MaJeHHsI Ha PELIETKH PA3InYHbIX KpUcTaioB. OHAKO, TOCKOIBKY 3KCIIEPUMEHTHI
[0 U3JIYYCHUIO 3JIEKTPOHOB U MO3UTPOHOB BBHICOKUX HPHEPTUN B OPHUEHTHUPOBAHHBIX KPHUCTAIIAX MPEILyCMOT-
PEHBI JTUIIb B HECKOJIBKUX YCKOPUTENBHBIX IIEHTPaX, cienys padote [10], Oynem paccMarpuBaTh B Ka4eCTBE
npumepa yckopurenabHblil komiuieke FACET [20]. DkcniepuMeHThI 0 U3JIyYEHHIO JIEKTPOHOB B KPUCTAJLIAX
Ha 3TOM KOMILIEKCE CTaBUJIUCH paHee [21], a B HacTosee BpeMs Ha HeM IIPOBOIUTCS MOISPHHU3AIINS, KOTOpast
00eCIeUuT MPOBEJICHUE IKCIICPUMEHTOB U € IMyYKaMU MO3UTPOHOB [22]. B COOTBETCTBUH C BBITIOJIHICMBIMHU
JKCIIEpPUMEHTANIbHBIMU UcclienoBanusiMu [9; 20] u HoBbIMU poekTamu [9; 10] OyneM paccmarpuBarh U3iyde-
HUE 2JIEKTPOHOB U MO3UTPOHOB ¢ sHepruer 10 I'B.

CraBs 33124y OI[EHUTHh MaKCHMalIbHbIC ITApaMeTPhI TIPEJIaraeMoro HCTOYHHKA, €CTECTBEHHO BhIOPATH IS
€ro peanu3anuu Kpuctamnt anmmasza. OcoOble MpeuMyIecTBa JaHHOTO KPUCTAJIa CBI3aHbI C PEKOPIHON aToM-
HOW KOHIIEHTpaluel M MaJlbiM aTOMHBIM HOMEPOM 00pasyrollero ero yriepoaa, o0yCIOBIMBAIOIINMHI HaH-
Oobliee TPEBBIIIEHUE KOTEPEHTHBIX 3()()EeKTOB Ha/l HEKOTEPEHTHBIMU KaK B PACCESHHUH, TaK M B H3ITyYCHUH.
3aMeTHM, YTO MacuTad HKCIIEPUMEHTOB B (DU3MKE BHICOKMX YHEPTUH MO3BOJISIET HE OCTAHABIMBATHCS TEPE]]
WCIIOJIb30BAHUEM KPHUCTAJUIOB aJiMa3a Ja)Ke BEChMa 3HAYUTEIBHOTO 00bema [23].

BriOupast HanpaBieHHe Ta/IeHUs] YaCTHIl Ha KPUCTAJUIMYECKYIO PEIIETKY, CIeIyeT UCXOIUTh U3 TpeOoBa-
HUH MaKCHMAaJIbHOM BEIMYWHBI YCPETHEHHBIX TOJEH M MPOCTOTHI UX MPOCTPAHCTBEHHOTO MOBEIEHUS, KOTO-
pBI€ IPUBOJIAT K BEIOOPY OCH <1 1 1) u miockocTH (110), SBISFOIIEMYCS ONITUMATBHBIM HE TOJBKO JITSI PEIIETKH
THIIA ajaMasa, HO | JIsi OObEMHOIEHTPUPOBAHHON KYOMUECKOW PENIeTKH BOJIb()paMa, UTPAIOIIETro OOJIBIIYIO
poJb B UccaenoBaHuAX A(PQEKTOB IMEKTPOIUHAMUKN CHIILHOTO TONSA B KpucTayuiax. [Ipu BIOpaHHOM KpuC-
TayuorpaduueckoM HarpaBieHun U dHeprun gactull 10 ['9B xapakTepHbIe yIiTbl 0CEBOTO M MIIOCKOCTHOTO Ka-
HAJIMPOBAHMs COCTABISIOT B, ~ 160 Mkpax u 0, ~ 65 Mkpaz coorBercTBeHHO. [TocenHuil U3 HUX OIM30K

1 N
K XapaKTepHOMY YTIIy U3ITyICHHS ¥ ~ 50 MKpa, KOTOPBI €CTeCTBEHHO Oy/IeT BRIOpaTh B KaueCcTBE yTJia KOJ-

numaunu usnyuenns [10]. Mexons us Benuunnbl yria 6, 1st o6ecreyennst 3Ha9UTENbHON BEPOATHOCTH 3a-
XBarTa YaCTHII B PEXKUM ILUIOCKOCTHOT'O KAHATMPOBAHHS BRIOPAHO CIICAYIOIIEE 3HAYCHUE CPETHEKBAAPATHYHOIO
yIia najieHus 4acTHIl Ha MIockocTh: AO, = 20 Mxpaj. Ilockonbky BeauduHa yria 0, CyIECTBEHHO IIPEBBI-
LIaeT BEJINYNHY yria 6, yroi najieHus 4acTHIl Ha 0Ch JIOJDKEH ObITh J0CTAaTOYHO OOJIBLINM IS TOTO, YTOOBI
OTKJIOHEHHE B TIOJISIX OTAEIBHBIX IeMo4YeK (aTaqbHO HE BO3MYIIIAIO MPOIECC TUIOCKOCTHOTO KaHAITMPOBAHUSI.
MO}IeHHpOBaHI/Ie 3axBaTa 4aCTUIl B PEKUM INIOCKOCTHOT'O KaHAJIMPOBAHUA IIPU BJICTEC B KPUCTAJLI ITPUBEJIO K BbI-
6opy 3Hauenust 6, ~ 300 mxpaz. ITockonbKy 4acTOTa CTONKHOBEHHI YaCTHLL € LIEMOYKaMU 0OPAaTHO IIPOOPLHO-
HasubHa yoty O, majeHus Ha HUX (CM. puC. 1), M3MEHEHHE MOCIeAHEero 00eCIeYMBaCT MEPECTPONKY YACTOTHI
M3ITy4eHHs B [IMPOKOM HHTepBase. 3HaueHue 6, ~ 300 MKpaj KaKk pa3 COOTBETCTBYET PABEHCTBY SHEPIUH ITHKA
KorepeHTHOTo m3nydeHus 1,5 ['9B (naHHOe 3HaueHWe SHepruy paccMaTpuBaeTcs B KauecTBe IpUMepa B pado-
te [10] 1 HacTosmIel cTaThe). OTMETHM TaKkKe, YTO ATOT CIIOCO0 MEPECTPONKH YaCTOTHI H3ITyUCHUS PeaTN3yeTCs
IIPpU UCIIOJIB30BAHUHN CIMHCTBECHHOT'O KpUCTaJlJIa B IPOTHBOBEC HeO6XOI[I/IMOCTI/I MMPUMEHCHUA JId JOCTHKCHUS
AQHAJIOTUYHOH IIEJTH OMPEIeICHHOTO YHUCa KPUCTAIUIMUECKUX OHIYISTOPOB C pa3nuyHbIMU niepuogamu [10].
[ToMuMoO BapbupOBaHHUS MIEPHOJIA OCIIJUISAINN TPACKTOPUI M3TyYarOIINX YaCTHI], UPOKUE BO3MOXKHOCTHU TIepe-
CTPOMKHU YaCTOTHI 00ECTICUNBAIOTCS TAKKE M3MEHEHUEM dHEPTUU U3TYYarOIINX YaCTHII.

MonesnpoBanue IBHKeHUsI )JIeKTPOHOB U MO3UTPOHOB

Crenyer OTMETUTb, UTO JIaXKe ONFCAHUE JABMIKCHHUS PENIITHUBHCTCKUX YACTHI] B KPHCTAIIAX JIO y4eTa H3Iy-
YeHUsI ellle He HalLI0 OOLIeTPUHATOro ToskoBanus. [Ipobrnema B ToM, 4To Ha ()OHE HE BBI3BIBAIOIIETO MPUHIIN-
MUAJIbHBIX PA3HOUYTCHUH OMMCAHUS IBIKEHUS B YCPEAHEHHOM ITOTEHIIMAIE HEOOXOAMMO pacCMaTpUBaTh TAKKe
BO3MYIIAIOIIEE €T0 HEKOTEPEHTHOE PACCEsSHIE YaCTHIl Ha OTACIBHBIX SApax M MEKTPOHAX aTOMOB KPUCTAJLIa,
OOBIYHO MOZEIUPYEMOE C UCIONb30BaHueM (opMyIT Ut aMOphHOM cpenbl 0e3 yueTa BIUSHUS HepaBHOMEP-
HOTO pacIpeeieHNs] aTOMHBIX 1P U 3JIEKTPOHOB. [Ipy onucaHny HEKOrepEHTHOTO PACCESIHUS B KPUCTAIIIAX
ABTOP MCXOJUT U3 KAYECTBEHHOTO OTIIMYHSI PACCESIHUS HA «Majible» U «Oombinme» yriiel [11]. [ox mocnenanmu
371ech MOHUMAIOTCS YIVIBL, YKE TIPH OJHOKPATHOM OTKJIOHEHHH Ha KOTOPBIE JIBUJKEHUE YACTHUI] B yCPEIHEHHOM
MOTEHIHANE, B YACTHOCTH MPOLIECC KaHAIUPOBAHUSI, CYILIECTBEHHO M3MeHsieTcst. HanpumMep, MporcXoauT MrHo-
BEHHOE JCKaHAJMPOBAHUE MO0 3aXBaT B PEKUM KaHanupoBaHHA (pexananuposanue) [17]. Takue mpoueccot
PEIKH, OHU OIUCHIBAIOTCS HAa OCHOBE MPOW3BENCHUS pe3ep(OPIOBCKOrO CEYECHHs Ha JOKaJIbHYIO IJIOTHOCTh
SIIEP WK SJICKTPOHOB U SIBJISIFOTCS] BECbMa yAOOHBIMU 7151 MOzieIupoBaHusl MeTogoM Mounre-Kapiio, taBHO ocy-
mectBisieMoro aBTopoM [11]. Tem He MeHee MoA0OHBIE TTPOIIECCH HTHOPUPYIOTCS, HAYMHAs ¢ 00Jiee paHHHX ITy-
Onukaruii [24; 25] v 3akaHuuBast myOIMKaIMsIMu nociaeHux jiet [26]. CormyTcTByOIIee S TOMY HEOOOCHOBAaHHOE
BKJIFOYCHHE BKJIAJIa TAKMX MPOLIECCOB B CPEAHUM KBaJpar yriia HEKOTEPEHTHOTO PAacCEsHUSI KaHAINPOBAHHBIX
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YACTUI] IPUBOJUT K €r0O 3aBBIIMICHUIO B HECKOJIBKO pa3 [25], KOTopoe MPUXOAUTCS KOMIICHCHUPOBATH MCKYC-
CTBEHHBIMH MeTO/IaMU [24—26], IPUHITUITHAIHHO HCKaXKasl TPH TOM KOOPJIUHATHYIO 3aBHCHMOCTD JIOKAJTLHOM
WHTEHCUBHOCTH HEKOTEPEHTHOTO PACCESTHISI.

Hcnonb3yemsrit ke aBTopoM mmoaxon (cM. [11-15]) 3akmrouaercs B pa3neaIbHOM PaCCMOTPEHUH PACCESHUS
Ha «Maltbley U «0oJbIe» yribl. PaccesiHue Ha «Majbie» yIbl HOCUT XapaKkTep KBa3UHENPEePBIBHOH nTudy3un
10 MTOTIEPEYHOMY MIMITYJIbCY | dHepruu. Ha done Beell TpaauimoHHOCTH BhIIeneHHs qUdQy3HOro mpoliecca
paccesiHust 010 0OHapYKeHO [14], 9To paccessHue Ha «Majble» YTIbI B YCIOBHIX HEPABHOMEPHOTO pacipe-
JIEJIEHUS paccenBaresiell B KpUCTaJIe He BCer/ia yaeTcs OMCaTh B TEPMUHAX BEPOSITHOCTH MIJIM CEUEHUS pac-
cessHus. [peyioskeHHOE aBTOPOM pellieHue 3Toi MpobIeMbl 0CHOBAHO Ha BBEACHNUHN CPETHUX KBAIPATOB YIJIOB
paccesiHHsI Ha «MaJIbIey YIIIbI, TOJIOKHUTEIbHASI BEIMYMHA KOTOPBIX 00SCIICYMBACTCS BHIOOPOM I'PaHMIIBI MEKTY
«MAJTBIMI») U «OO0IBIIMMIY yriamu [14].

Pesynbrarhl MOJCIMPOBAHUS TPASKTOPHIA IEKTPOHOB U MO3UTPOHOB B BHIOPAHHBIX YCIIOBUSIX MAJCHUS Ha
KpHCTaJLT MPEACTABIEHBI HA PUC. 2, IEMOHCTPHUPYIOIIEM ITPOSIBIICHHE BIMSHUS OCEBOTO TIOTEHIIHAIA B YCIOBHUAX
TUIOCKOCTHOTO KaHATUpOBaHMsl. HeTpyHO 3aMeTHTh, UTO TNIOCKOCTHOE KaHAJTMPOBAaHHUE ITO3UTPOHOB 00NIaaeT
ropaso 60JblIe yCTOWYMBOCTRIO, YeM INTOCKOCTHOE KaHAJTMPOBAHKE JIEKTPOHOB, YaCTO HE HAPYIIAsACh Taxke
Ha aiuHe 500 MKM, B TO BpeMs Kak AJIeKTPOHBI IeKaHATUPYIOT cpa3y MocIe MoMalaHus B KPUCTAILT THOO0 mocie
3axBara B PeXXUM KaHaJIMpoBaHUs BHYTpH Hero [ 18] Ha aimune okosio 10 Mxm. bosee neranbHoe npeacTaBieHne
TpaeKTopuil Ha puc. 2, 6, 2, WUTIOCTPUPYET KPATKOBPEMEHHOE YCKOPEHHE YaCTHI B MOJISIX aTOMHBIX IIETIOYeK
Ha ONMM3KUX K BEPTUKAIBHBIM y9acTKaX KpUBBIX. OTKIOHEHNE Ha ATUX yJacTKax MOCTUTAET MOJOBUHBI yIia

Opl
IJIOCKOCTHOTO KaHAJTUPOBAHHS (Tp ~ 30 MKpam), 9T0 00eCIIeUNBACT 3HAYUTEIHHYIO HHTCHCUBHOCTH U3TYICHHUS

B IIOJIC HEIIOYECK IIPpH HeOOIBIIIOM nmaaCHun yCTOfI‘lPIBOCTPI IIJIOCKOCTHOI'O KaHaJIMPOBAaHUA.
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Puc. 2. TlpencraBneHHbIe B pa3HBIX MacIITa0ax 3aBUCUMOCTH
MOTIEPEYHON KOMIIOHEHTBI CKOPOCTHU MO3UTPOHA (&, 6) U 3IEKTpOHA (8, 2)
¢ sHepruelt 10 I'3B oT npoonbHON KOOpAUHATEL

Fig. 2. Dependences of the transverse component of the velocity
of a positron (a, b) and an electron (c, d) with an energy of 10 GeV
on the longitudinal coordinate presented on different scales
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CHeKprI U3JIYUYCHUSA IJTCKTPOHOB U IMO3UTPOHOB

Tpaexropun 9acTHIl, KOTOPBIE OBUTH TTOTYYCHBI METOaMH, N3JIOKEHHBIMH B padoTtax [11-16], ucmomns3o-
BaJIMCh IJIST pacueTa BEepOSTHOCTH M3IydeHUs MeTonoM baitepa — Karkora [27] mo dopmynam (IpuMeHSIETCS
cucTema enmuHuIl i =c = 1)

df;e B 8;(;)’2 ["’2|A|2V2 + (e 8'2)\11}\2} (1)
A= j.‘oexp{icp(t)}dt, B= [ (ﬁl(t) - ﬁ)exp{i(p(t)} d, @)
(1) =Jc‘p(t’)dz'= = (or-k7) :%’ﬂyz (5.0 - éﬂdﬂ, N
of= oo )

e

IJ€ € M Y — SHEPTHs ¥ JOPEHI-DAKTOP HIEKTPOHA HMIIA MO3UTPOHA; ® W k — SHEPTHs ¥ MMITYIhC HCITyCKae-
Moro (otona; 6 u \1(1) — TONEepeYHble KOMIIOHEHTh!I €AUHUYHOTO BEKTOpa HAIpaBIICHHUS UMITyJIbca (GOTOHA
1 CKOPOCTH AIIEKTPOHA MJIM O3UTPOHA B MOMEHT BpeMeHH £. Otiuune Gopmyn (1)—(4) oT COOTBETCTBYIOLIMX
(hopMyn KIacCHYECKON IEKTPOJUHAMHUKH 3aKIIFOYAETCs B MOSIBICHUH CIIaraeMoro 032|A|2y_2 B dopmyre (1)

. , OF
¥ IIEPEHOPMHMPOBAHHOM YaCTOTHI U3TydeHUs ®'=—- B (ase (3) unrerpaios (2).
€

]_ICHTpaJ'IBHLIM SJICMCHTOM HJAHHOTIO IMOAX0Aa ABJIACTCA OTACIIBHOC OMMMCAHUC BKIIAIOB B BEPOATHOCTD U3JTy4C-
HUS PE3KUX OTKJIOHCHUH IIPpHU HCKOTCPECHTHOM PACCCAHUU U IIJIABHBIX OTKJIOHCHUH IpU KOTCPCHTHOM PACCCAHUU.
HeKOFepeHTHBIC BKJIaJIbI paCCMAaTpuBAOTCs KaK BKJIAJIbl TPAHUL] IPU MHTCTPHUPOBAHUU 110 YaCTAM B IIPCACIax
HEOONBIIINX Y4aCTKOB TPACKTOPUU. KOFepeHTHBIC BKJIaAbl paCCUUTBHIBAOTCA aHAJIUTUYCCKU B l'IpI/I6J'II/DKCHI/II/I
OJHOPOAHOTIO IMOJIA KaK 2JICMCHTAPHBIC MHTCTPAJIbI IO TEM K€ y4aCTKaM, YTO IMO3BOJISACT 00€eCcreynTh UxX KOp-
PCKTHOC MMOBCACHUC IIPHU SHCPIUAX raMMa-KBAHTOB, HpI/I6J'II/I)KaIOH.[I/IXC$I K SHEpruun I/I3J'Iy"IaIOH_[eI>i YacCcTHlbl, HC
Tpe6y5[ IIpu 3TOM CBA3AaHHOTO C obecreueHueM HeO6XO}.'[PIMOﬁ TOYHOCTHU YUCJICHHOI'O MHTCTPUPOBAHUA pa-
AUKAJIbHOT'O COKpAIICHUA AJIMH YY4CTKOB IPOIOPLIMOHAIIBHO PE3KO y6bIBaIOH.[€fI IIpHU O —> € KOI epCHTHOfI JJINHE

1

Lion = ﬂ oc € — . B xagecTBe 00CY)KIa€MbIX Y9aCTKOB TPAEKTOPHUHU B OONACTSAX OONBIINX MOJNEH W BBICOKHX
(01§

KOHIIGHTpALMH sep €CTECTBEHHO MCIONb30BaTh MIarH pacyeTa TpaeKTopuid. B oOmacTax ke manbIx mosiei

1 HU3KHX KOHIIGHTPALUH siIep A7l yCKOPEHUS pacieToOB MOJKHO BBIOMPATh Oosiee KPYIHBIE yYacTKH, MoTyvae-

MbIe 00bEAMHEHHEM IaroB pacuera TpackTopuu. [locie BbleIeHsI KOTEpEHTHOTO U HEKOT€PEHTHOTO BKJIA-

JIOB MHTETPaJIbl (2) MPUHUMAIOT BH]

o0

A= I exp{i(p(t)} dt =

—00

2 oo o A\ O(7 ) ( o
_W_) VJ_(ti)_(VJ_(ti)_e).(_) sin . expio(7)),
e 6(0) =i (3. (1) ~ )i (0. 7= 2L

HULIBI KQXKJI0T'0 YYacCTKa TPACKTOPUU

, @ TaKKe BBEACHBI IPOM3BOAHBIC (asbl (3) cieBa U crpasa OT rpa-
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o(t+0)= 2 4 (1) + B

[Ipenebperaem 31ech Kak npesoMiIeHneM (OTOHOB, TaK U BIMSIHAEM TPaHHIl KPUCTAIlIA, KOTOPBIE [T paccMar-
PUBAEMOTO JKECTKOTO M3IYUYEHHsS HTPAIOT TOPA3I0 MEHBIIYIO POJb, YeM IS MSTKOTO M3My4deHus (moapooHee
cm. [28]).

PesynbpraTel MOETMpPOBaHNS CIEKTPOB M3IYUYESHHSI 3JIEKTPOHOB 1 MMO3UTPOHOB B M300paXeHHOI Ha puc. 1

TEOMETPUH MaJCHUSI YaCTUL HA KPUCTALIMYECKYHO PELIETKY IIPH yIVIe KOJJIMMALUU U31yYEHUs Y =50 mxpan

u TonuuHe kpuctania 100; 200; 400 n 1000 mxM nipeacTasieHsl Ha puc. 3 U 4, 0 OCH OpAUHAT KOTOPBIX OT-
JIOKEHA DHEPTHsl U3IIydyaeMbIX (DOTOHOB B TMra’iaeKTPOHBOJIbTaX. il BU3yalbHOTO BBHIPABHUBAHUS KECTKON
1 MATKOM oOnacTeil CeKTpoB Mo ocH abcIuce Ha puc. 3 TPAJULMOHHO OTIOXKEHA CIEeKTpaibHas HHTEHCHB-
HOCTb M3JIy4€HUs], MOJy4eHHas! JOMHO)KEHHUEM CIIEKTPAIBbHOTO paclpeieseHHsl BEPOATHOCTH U3IyUYeHHs Ha
sHepruio ¢potoHoB. OOMIMI BU CIIEKTPOB, MPENCTABICHHBIX HA PUC. 3, MO3BOJIAET CPABHUTh HHTEHCUBHOCTH
M3IYYEHHUS B KpUCTaJIaX pa3IMYHOMN TOJNIIMHGI, @ TAKXKE UX BETMUYMHBI B MATKOH U JKECTKOW 00JIacTsAX CIEKT-
poB. VIMeHHO M3JTydeHHe B )KECTKOM o0nacTu crnektpa (o ~ 1,5 ['9B) sBnsercs ueHTpaabHbIM OPeIMETOM JIaH-
HOW cTaTbu, CTaBALICH 3a/ady pa3paOOTKH MHTEHCHBHOTO MCTOYHHKA raMMa-KBAaHTOB Ha OCHOBE M3JTYUYEHUS
3JIEKTPOHOB M MO3UTPOHOB B TOJIE MOCIENOBATENLHOCTEH aTOMHBIX LIEMOYEK AJIS UCCIIE0BAaHUM CBOMCTB Me-
30HOB [8].

ala o/b
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Puc. 3. CiektpanbpHOE pacnpeeieHie YHEPTHH U3ITyUeHHs JICKTPOHOB (&)
U O3UTPOHOB (6) ¢ sHeprueit 10 I'3B B kpucramtax tonmmuoi 100; 200; 400 u 1000 Mxm

Fig. 3. Spectral radiation energy distribution of electrons (a) and positrons (b)
with an energy of 10 GeV in crystals with a thickness of 100; 200; 400 and 1000 um

Wznyuenue B Msirkoii obnactu criekrpa (o < 0,5 I'9B) npeacrasiseT co6oii u3BecTHOE U3ITydeHHE PH KaHATH-
poBanuH. [1ockoNbKy OHO He SIBISIETCS OCHOBHBIM IPEAMETOM ITAHHOM CTaThbH, 3aMETHM TOJIBKO, YTO 3HAUUTEIBHO
00JIbILIAst THTEHCUBHOCTD U3JTyYEHUsI TIO3UTPOHOB 00YCIOBINBAETCS BRICOKOH YCTOMUMBOCTBIO IBHKEHHS TTOJI0-
KUTEIBHO 3apsKEHHBIX YacTUL] B peKUME KaHaupoBaHus. CpaBHEHHE MSTKOH M JKECTKOHM 00nacTeil crieKTpoB
U3ITyYeHUS KaK 2JIEKTPOHOB, TaK M HO3UTPOHOB OTPAKAeT OOBIYHBINA POCT HHTEHCUBHOCTH KOT€PEHTHBIX Y(D(EeKTOB
B U3JIy4€HHUHU, CBA3aHHBIN C YBEIMUYEHNEM JUIMHBI KOTEPEHTHOCTH BMECTE C ITTMHON BOJIHBI.

[IpuBeneHHbIE pe3ynbTaThl pacueTOB JUIsl KpUCTasia anMasa ToamuHoi 100 MKM MOXKHO HETOCpeICTBEH-
HO CPaBHUTH C pe3yJbTaTaMu, MPEACTABICHHBIME Ha pucC. 5 B padote [10] 11 KpUCTAIIIMYECKOTO alIMa3HOTO
OHTyJIITOPA TOJIIMHO#M 96 MKM ¢ ieproziom 600 HM 1 ammuTynoi 0,3 A 1 Toif ske sHepruu yactun (10 I'HB).
HerpynHo BuneTsb, 4To Halllu IpeAcKka3aHusl BBICOTHI JKECTKOTO MHKa CIIEKTpa MPEBBIIAOT MPEeICKa3aHus pa-
0ots [10] Ha 20—30 %. OqHAKO, TOCKOJIBKY Ha CAMOM JISJIe CTEIICHD STOrO MIPEBBIIICHUS MOXKET JJOCTATOYHO
JIETKO BapbUPOBATHCS Pa3IUYHBIMU CIIOCO0AMH, B TIEPBYIO OUEpEAb IMyTeM U3MEHEHHS aMILTUTYAbI (sl KpHC-
TAJIMYECKOTO OHAYSATOPA) U HApaBlIeHHs MTaJeHNs YaCTUI] HA OCh (7151 paccMaTprBaeMOro HaMy OOBIYHOTO
KpHcTauia), bonee NPUHIUIHAIBHO TO, YTO B OTIIMYKE OT HICTOYHHKA, OIMCaHHOTOo B padorte [ 10], mpeaynaraeMplit
HCTOYHHK He TpeOyeT pa3paboTKu CrenuanIbHON TEXHOJIOTHH U3TOTOBICHUS KPUCTAJUIMIECKUX OHIYIISTOPOB.
Takke CTOUT OTMETHUTD, 4TO B yOnukauuu [10] TonmuHa oHaynaTopa 96 MKM SIBIISIACH MAKCUMAaIIbHOM JIIst
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IIPOBE/ICHNUS PACYETOB Ha CYNIEPKOMITBIOTEPHOM KJIACTEPE, B TO BPEMSI KaK HCIIOJIb3yEMBbIi B JAHHOM CTAThE METOJ
MTO3BOJISIET MTPOBOUTH PACUETHI 11 MHJUTMMETPOBOTO KPHCTAILIA Ha IEPCOHAIILHOM KomIbioTepe. CpaBHEeHHE
C MHTEHCHBHOCTHIO M3nyueHus: bere — ["aiitiiepa, naromieil olleHKy HHTEHCUBHOCTH M3Ty4YeHHs B aMOop(pHOit
MHILEHY, TOKA3BIBACT, YTO MOCIEAHSS HAUMHAET IIPEBBIIIATh HHTEHCUBHOCTh KOT€PEHTHOIO M3JIyYEHHs KaK
3NIEKTPOHOB, TaK U MO3UTPOHOB, HAUKHAS ¢ FHEpruit 3—4 ['3B, Tem cambIM IeMOHCTPHPYS yiaydieHre (OHOBBIX
YCIIOBHH B JKECTKOW 00JIACTH CIIEKTPa B CIIydae UCIIONb30BaHUS KPUCTATUTMIECKAX HCTOUHHKOB U3TTYUYCHUSI.
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Puc. 4. CiekTpbl U3Ty4eHHs] SJICKTPOHOB U NMO3UTPOHOB ¢ sHeprueit 10 I'3B B kpucTamiax
u amop¢Hoit mutreHn (BH — cootBeTcTByrommii criekTp u3myuenus bere — [aiitiepa)
tommuuHoi (/) 100 Mxm 1 1 MM

Fig. 4. Emission spectra of electrons and positrons with an energy of 10 GeV in crystals
and an amorphous target (BH — corresponding Bethe — Heitler radiation spectrom)
with a thickness (/,,) of 100 um and 1 mm

Ha puc. 4 MmoxkHO OoJiee eTalIbHO CPaBHUTH M3ITyUYEHHE MIEKTPOHOB U TIO3UTPOHOB B 00JIACTH KOTEPEHTHOTO
YKECTKOTO TMTHKa CIEeKTpa M3IIy4eHHs JacTuI] B KpucTayuiax Tonmumuoid 100 mxm n 1 MM. B wactHOCTH, BBICOTa
TTUKa CTIJIONIHOM KPUBOW TOBOPUT O TOM, UTO B JIECATUITPOIIEHTHOM HHTEpBae sHepruii potoHoB BOmu3u 1,5 5B
B KpucTaye 1uHoi 1 MM MoxHO nony4uts 0,003 4 raMMa-kBaHTa B pacueTe Ha OJUH MO3UTPOH. Takxke He-
TPYZIHO BUJETH, YTO TpU ToimuHe KpucTtamia 100 MKM HHTEHCUBHOCTD M3JIy4YEHHUS MTO3UTPOHOB MPEBBINIACT
WHTEHCUBHOCTH M3JTyUEHUS 3JEeKTPOHOB npumepHo Ha 10 %, a npu Tommuue kpuctamia 1 MM — 6onee ueM
B 2 pas3a, 4TO OTpakaeT BIUSHUE YMEHBIIEHHsS] CKOPOCTH HapacTaHHs YIIOBOW PacXOIMMOCTH My4yka IO3H-
TPOHOB BCJIEJICTBHE MHOTOKPATHOTO PACCEsTHHS B YCIOBUSAX YCTOHYMBOTO KaHanupoBaHus. [IpeBsienne mu-
KOBOM MHTEHCUBHOCTH TP TONIIKHE KpUcTauioB 100 MKM cocTaBlIsSieT MPUMEPHO MOPSIOK BETMYUHBI, OTHAKO
TIPU TOJIIIMHE KPUCTAUIa 1| MM OHO YMEHBIIIAETCS 10 2 pa3 y AIIEKTPOHOB U 6 pa3 y MO3UTPOHOB, UYTO TAKKE
OOBSICHSICTCS] BIMSTHIEM Ha U3IYUYCHUE HApACTaHUS YITIOBOW PACXOAMMOCTHU YYKOB 3THX YaCTHIL BCJIC/ICTBHE
MHOTOKPaTHOTO paccesiHus. biarogapsi 1aHHOMY OOCTOSITENILCTBY YCKOPUTEIBHBIC [IEHTPBI, MTPEI0CTaBIISIO-
e MO3UTPOHHBIE MyYKH, TO3BOJISIOT peajn30BaTh 00siee MOIHbIE NCTOYHUKHA FaMMa-KBaHTOB IPEIOKEH-
HOW KOHCTPYKIIUH.

3aKjaoueHne

[IpoBenenHble pacueTsl OKA3adu, YTO U3ITyUSHHE raMMa-KBaHTOB AJIEKTPOHAMH U MO3UTPOHAMHU B yCIIO-
BHAX TAJICHUS 07l MaJBIMU YIJIaM{ HA OJHY M3 IIaBHBIX KPUCTAIIIMYECKUX OCEH M TUIOCKOCTEW TMO3BOJISIET
CO3/1aTh MepecTpanBaeMblii HCTOYHUK TaMMa-U3y4eHHs TUTaIeKTPOHBOJIBTHOTO JMANa30Ha, PEeBOCXOSAIINI
10 THTEHCUBHOCTH HE TOJIBKO CyIIeCTBY oMU ncTouHuK Ha ocHoBe KTU B ToHKOM KpucTanie [8], HO u pen-
JIOXKEHHBIH B padore [10] “HHOBAIIMOHHBIN UCTOYHHUK HA OCHOBE KOPOTKOIIEPHOANYESCKOTO KPUCTAILITNYECKOTO
onaynsitopa [7]. Kpome Toro, mpoieMOHCTPHUPOBAHO, YTO OCIA0ICHIE HEKOTEPEHTHOTO PACCESIHUS B YCIIOBUSAX
KaHAJIMPOBAHUS JIeJaeT UCIOIb30BaHUE B TAKOM UCTOYHHKE TIO3UTPOHOB Ooliee 3h(HEeKTHBHBIM, YEM HUCTIOJb-
30BaHME AIEKTPOHOB, MO3BOJISASA B HECKOJIBKO Pa3 yBEJIMYHUTH JUIMHY KPUCTAJUIAa U UHTEHCHUBHOCTH JKECTKOTO
W3ITyYEeHHUS.
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NMHOOPMAILIMOHHO-UBMEPUTEABHASI ABTOMATU3UPOBAHHASA
CUCTEMA PAAMALIMOHHO-METEOPOAOTUYECKOTIO, ITOKAPHOI'O
N BUAEOKOHTPOAS C ABTOHOMHBIM ITUTAHUEM

A. H. HOBHK"?, I. B. KYYHHCKHUH",
I 4. XHJIBKOV, B. A. KOJKEMSAKHUH?, E. B. ELICTPOB?

])HHcmumym npuxnaousix Qusuveckux npoonem um. A. H. Cesuenxo BI'Y,
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J1y1st aBTOMAaTH3AIMH [IPOIECCa MOHUTOPUHIA PAIHAIIOHHOM U IOXKAPHON 00CTaHOBKH TEPPUTOPUH pazpaboTaHa U 3arry-
I[IEHA B OMBITHYIO SKCIUTyaTAI[MI0 aBTOMATU3UPOBAHHAS CHCTEMA PaIHal[HOHHO-METE0POJIOTHYECKOT0, TIOKAPHOTO M BUIEO-
KOHTPOJIA C aBTOHOMHBIM NUTAHUEM. CucremMa COCTOUT U3 JBYX HE3aBUCHUMBIX U B3AMMOAOIIOJHAIOIINX ITOJACUCTEM (HOI[-
CHCTEMBI paIMalliOHHO-METEOPOIIOTUUECKOTO KOHTPOJISI M MTOACUCTEMBI TIOXKAPHOTO M BUIACOKOHTPOJIS) U MIPEICTABISIET
co00i nepapxuyecKylo HHPOPMAIIMOHHYIO CETh C TEPPUTOPUAIEHO PA3HECCHHBIMH MOCTAMH PaHAIIIOHHO-METE0PO-
JIOTHYECKOTO U BUJICOKOHTPOJIsSI Ha Oase 31 moskapHO-HAOMIOMATEeIbHOM BhIIIKK. Bee MOCTHI MMEIOT B CBOEM COCTaBe
MIpOrpaMMHO-aIIapaTHbie CPEICTBa, odeceunBaroire QyHKIIMOHUPOBAHNE CHCTEMBI TI0 33J[aHHBIM aIIrTOpUTMaM cOopa,
00paboTKH, XpaHeHHUs U 0ToOpakeHUs nHpopManuu. Kpome Toro, KakIaplil MOCT MOAACPKUBACT KOMMYHUKAITHOHHBIE
CBSI3U U151 00CCIIeUeHNUs Tepenadd HH(opMaluy B rmpeaesiax nHPOPMAIMOHHON ceTH. B cOCTaB CUCTEMbI BXOMMT LICHTP
pearupoBaHusl, KOTOPBIH OCHAILEH TPOTrPaMMHO-AIapaTHBIMU CPEJICTBAMH IS TIpreMa, 00paboTKH, XpaHEeHHs 1 0ToOpa-
JKEHUsI THOPMAIIH C TOCTOB PaAUAIIMOHHO-METEOPOJIOTHIECKOT0 U BUICOKOHTPOIsL. KoMMyHUMKanus: MexX 1ty ocTaMu
PaIUaIMOHHO-METEOPOIOTHUECKOTO U BUICOKOHTPOJISI U [IEHTPOM PEarupoOBaHUs OCYIIECTBISETCS uepe3 nHTepHeT. Takas
KOH(UTYpAIUs CHCTEMBI 00€CTIEINBACT TEPPUTOPHUATBEHYIO THOKOCTB IPH BEIOOPE MECTa pa3MeIIeHIs IIEHTPa pearnpoBa-
HUSL U IPOCTYIO MHTETPALIMIO AIIEMEHTOB CUCTEMbI Pa3IndHbIX ypoBHEH. OCOOCHHOCTHIO CHCTEMBI SIBIISIETCS OCHAILICHNE
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IIOCTOB, HC UMCIOIIINX HpOMLIIHJ'[CHHOﬁ HI/ITaIOH_[eI\;I CCTH, q)OTOBJ'IeKTpI/I‘-IeCKI/IMI/I CTAaHIIUAMU. Hasnauenue cucreMsl — Ha-
JIeKHBIN, TOCTOBEPHBIN, HETIPEPHIBHBIM aBTOMATU3UPOBAHHBIA KOHTPOJIb PAJAUAIMOHHON M MOYKapHOH OOCTAHOBKH JIJIsI
paHHEr0 OOHAPY)KEHUS TOXKApOB M OTIEPATUBHOTO MPHHATHS PEIICHUS NMPH BO3HUKHOBEHUH UPE3BBIYAWHBIX CHUTYAIHH
MIPUPOAHOTO U TEXHOTEHHOTO XapakTepa.

Knwuesvie cnosa: ABTOMATU3UPOBaHHAasA CUCTEMA, NOHU3UPYIOMICEC U3ITYUYCHUC, pa}II/IaLII/IOHHO-MeTeOpOHOFI/I‘ICCKI/Iﬁ
MOHHUTOPUHI'; BUICOKOHTPOJIb, COTHEYHAA DJICKTPOCTAHIINA.

INFORMATION-MEASURING AUTOMATED SYSTEM
OF RADIATION-METEOROLOGICAL, FIRE AND VIDEO CONTROL
WITH AUTONOMOUS POWER SUPPLY
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To automate the process of monitoring the radiation and fire situation of the territory, an automated system of radia-
tion-meteorological, fire and video control with autonomous power supply was developed and put into trial operation.
The system consists of two independent and mutually complementary subsystems (the radiation-meteorological control
subsystem and the fire and video control subsystem) and is a hierarchical information network with territorially separa-
ted radiation-meteorological and video control posts based on 31 fire observation towers. All posts include software and
hardware that ensure the functioning of the system according to specified algorithms for collecting, processing, storing
and displaying information. In addition, each post maintains communication links to ensure the delivery of information
within the information network. The system includes a response centre, which is equipped with software and hardware for
receiving, processing, storing and displaying information from radiation-meteorological and video control posts. Com-
munication between the radiation-meteorological and video control posts and the response center is carried out via the
Internet. This configuration of the system provides territorial flexibility in choosing the location of the response centre and
easy integration of different levels of the system with each other. A feature of the system is the equipping of stations with
no industrial supply network with photovoltaic power plants. The purpose of the system is reliable, credible, continuous
automated monitoring of the radiation and fire situation for early detection of fires and prompt decision-making in the
event of natural and man-made emergencies.

Keywords: automated system; ionising radiation; radiation-meteorological monitoring; video control; solar power plant.

BBenenue

Benapycs, kak onHO n3 HanboJee nmocTpagaBIluX Mpu aBapu Ha YepHoObuibekoir ADC rocyaapcrs, yue-
nsieT OOoNbIIOe BHUMAaHUE JTMKBUAALMHI €€ TIOCIEeICTBUM st 0€30MaCHOCTH MIPOXKUBAHMS M )KU3HECATEILHOCTH
HaceJIeHUs B TpeiesiaX CTPAHBI.

Heo6xonuMocTs pannanioOHHO-9KOJIOTHYECKOT0, MOKAPHOTO U BUACOKOHTPOIIS TEPPUTOPHH Takxke 00y-
CJIOBJICHA HAJIMYKEM BOJIM3HU TpaHul] pecyonuku yersipex ADC compenenbHbIX TOCYAapcTB U BBOAOM B KC-
nnyaramuio Benopycckoit ADC' [1].

Ha Bcex ADC Poccuu pyHKIIMOHMPYIOT aBTOMATH3UPOBAaHHBIE CHCTEMbI KOHTPOJISL PaJalldOHHON 00cTa-
HoBkH (ACKPO) B paifoHax UX pacroiokeHusl, 00beTUHEHHBIC B OTPACIEBYIO MOJCUCTEMY C IEHTPAIbHBIM
IIYJIETOM KOHTPOJISI B KPU3UCHOM LIEHTpe KoHLepHa «Pocaneproaromy».

[Ipu cozpannun ACKPO poccuiickux ADC uCHonb30BaIoCh B OCHOBHOM OT€YECTBEHHOE 00OPYIOBaHHUE
(cuctema «Atnanty, pazmernierHas Ha Bcex ADC, kpome Konbckoit u Jlenunrpaackoit ADC). JI0MOMHUTETBHO
K cucreme «Aminant» Ha banakoBckoit, Kamunnunckoit u Kypekoit ADC ycranosiena cucrema «SkyLinky» (I'epma-
wmst). Ha Kosbekoit 1 Jlennnrpanckoit ADC npuMensitores cucteMsl Gpupmst Rados Technology (Ousmstamms)’.

IMOHI/ITOpI/IHF OKpY KaroIIel cpepl U HICTOUHHUKOB JJIS LeNeH paAnallMOHHON 3aIUTH : pyK. o Oe3omacHocTu. Bena : MexayHap.
areHTCcTBO 10 aToM. ’Hepruy, 2016. 141, [19] c. (Cepus HopMm 6e3omacHoctd MATATD ; Ne RS-G-1.8).

2 PaHalHOHHKI KOHTPOIb [DeKTponHsi pecype] // Konmepn «Pocameproaromy : [caitr]. URL: https://www.rosenergoatom.ru/
safety environment/obespechenie-bezopasnosti/radiatsionnyy-kontrol/ (rara obpamenus: 15.09.2022).
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Oo6opynosannbie cuctemoit «SkyLink» ACKPO ¢ynkunonupyror va Urnamuackoid ADC (JIutsa), UepHo-
oputbekoit ADC (YrpanHa) u Beex 19 ADC ®panmmmn’.

B Genopycckoit yactu 30Hb1 oTUYXAeHUsS YepHOObIIbCKOH ADC pacnonoxen [lonecckuii rocynapcTBeHHBIN
PpaIuaoOHHO-IKOJIOTUUECKHIA 3aITOBETHHUK. TeppuTOpHs 3aNI0BETHUKA B HAMOOIBIIIEH CTENeH! MOIBEpIIiach pa-
JTUOAKTUBHOMY 3arpsi3HeHUIo npu aBapuu Ha YepHoObuibekoit ADC. B HacTosIiee BpeMsi TaM BeJETCs XO-
3SIMCTBEHHAS! 1€ATENbHOCTD, U OTHUM M3 OCHOBHBIX TPEOOBAaHUI K aAMUHUCTPALIUH 3aII0BEIHHUKA SIBIISETCS
KOHTPOJIb PaINOAKTUBHOTO 3arpsA3HEHHs, a TAKXKE IPOBEJCHNE MEPOIIPUSATHH 110 OOHAPYKEHHUIO U TMKBUIALUH
o4aroB Bo3ropanus. Ha Tepputopun 3amoBejHHKa pa3MelieHa CEeTh OKapHO-HAOIIOAATENbHBIX BBIIIEK BBICO-
To#t 30—35 M. MOHUTOPHHT MOKapHOI 00CTaHOBKH BEAETCS B TOKAPOOIACHBIH MEPHO CHIIaMH PAOOTHUKOB
3aI10BEJHUKA, KOTOPbIE Ka)KAbIe CYTKU OCYLIECTBIISIOT BU3yalbHOE HAONIOAECHUE 32 TEPPUTOPUEH C TOKAPHO-
HAOJIOaTeNIbHBIX BBIIIEK, UCIOJB3Ys] OMHOKIM. MOHUTOPUHT pajlalliOHHONH OOCTAHOBKHU BBHIMOIHSICTCS
MyTeM MEPUOJUUECKOT0 U3MEPEHUS B PYUHOM PEKUME MOITHOCTH JI03bl FaMMa-U3ITy4eHHs C IPUMEHEHUEM
MOPTATUBHBIX JIO3UMETPOB. ITO TPeOyeT HAIUYHS OTIPE/ICTICHHBIX YeJI0BEYECKIX H TEXHUYECKUX PECYpPCOB,
B CBSI3U C UEM aKTyaJIbHOMU 3aaueli cTaiay pa3paboTKa U CO3JaHue aBTOMAaTU3UPOBAHHON CHCTEMBI KOHTPOJIS
MOYKapHOW M PaJIMallMOHHON 00CTaHOBKH JaHHOW TeppuTopuu. Ele omHO# akTyabHOW 3amadell mpu pas-
paboTKe ¥ CO3MaHUH TaKOH CHCTEMBI SIBJISTIOCH IPOCKTHPOBAHNE aBTOHOMHBIX OJIOKOB ITUTAHUS HA OCHOBE
(hOTOBNEKTPUUECKUX CTAHIIUU.

OO0uas CTpyKTypa aBTOMATU3MPOBAHHON CHCTEMbI
PaANALMOHHO-METEOPOJIOrHYeCKOI0, MOKAPHOT0 U BUICOKOHTPOJIS

C TouKHM 3peHnss KOMMYHHUKAIIUH CUCTEMA paJuallMOHHO-METEOPOIOTUYECKOTO, T0KapHOTO U BUICOKOH-
TpoJIsI (anee — cucTeMa) MpeACTaBIsIeT COO00M nepapXuIeCcKyo HHPOPMAIIMOHHYIO CETh C TEPPUTOPHUATEHO
pa3HEeCEHHBIMU ITOCTAaMH PaJuallMOHHO-METEOPOIOrHIeCcKoro 1 BuaeokoHTpois (nanee — [IPMBK) na 6aze
31 noxxapHo-HaOMIOAaTeNbHON BBIIKH [loecckoro rocyrapcTBEHHOTO PaguallMOHHO-3KOJIOTHYECKOTO 3a-
noBenHuKa. Bee [IPMBK umeroT B cBoeM cocTaBe MporpaMMHO-aIapaTHbie CPEICTBa, 00eCIICUYUBAIOIIUE
(hyHKIIMOHHPOBAHME CHCTEMBI TIO0 3aJaHHBIM aJTOpUTMaM cOopa, 00pabOTKH, XpaHEHUS U OTOOPaKEHHS
nHpopmanum.

CucrteMa cOCTOUT U3 IBYX HE3aBUCHMBIX U B3aMO/IOIIOIHSIONINX MOJICUCTEM — MOJCUCTEMBI PaJHALlMOHHO-
METEOPOJIOTHIECKOTO KOHTPOJISI M IOACUCTEMBI MTOKAPHOTO U BUICOKOHTPOIISl. BBIOOp KOH(UTypanuu cucre-
MBI, TAPaMETPOB PATHAIIMOHHOTO KOHTPOJIS M COOTBETCTBYIOMINX OJIOKOB JETEKTHPOBAHUS raMMa-U3ITydeHUs
ocHoBsIBaJicA Ha cymectBytonieit ACKPO benopycckoit ADC [2-5].

B cocras cucteMsl Takke BXoAUT LeHTp pearupoBanus (L[P), koTopslii ocHaleH mporpaMMHO-arnapaTHEIMU
Cpe/CcTBaMH JJIsl IpueMa, 00paboTKH, XpaHeHUsI U 0ToOpakeHus nH(popmanuu, nonyyaemoit ¢ [IPMBK.

Kommynukanus mexay [IPMBK u IIP ocymectBisiercs uepes uarephet. st atoro Bce IIPMBK ochae-
Hbl GSM-MoieMaMH, BBIXO/l B HHTEPHET BBIMOJIHSAETCS Y€PE3 OJHOTO U3 COTOBBIX onepatopos bemapycu. Ta-
Kasi KOHQUTYpaLHs CHCTEMBbI 00€CTIeYNBACT TEPPUTOPUATBHYIO THOKOCTh TIPH BbIOOpe MecTa pasmerenus LIP
Y TIPOCTYIO MHTETPALIMIO COCTABHBIX AJIEMEHTOB CCTEMBI.

OcoOEHHOCTBIO CHCTEMBI SIBISIETCS OTCYTCTBHE Ha OOJIBIIMHCTBE MOYKapHO-HAOIIONATENFHBIX BBIIIEK MPO-
MBIIIICHHOH nTuTaromei cetu. s pemenus atoit mpoodiems 26 [IPMBK ocnamensr pazpaboranabiMu GoTo-
UEKTPUYECKUMH CTAHIMSMH.

Ha puc. 1 (cM. BrIIeiiKy) nipeicTaBiaeHa 00Iasi CTPyKTypa CHCTEMBI.

ITo ¢pyHKIIMOHANTEHOMY Ha3HauYeHHUIO obopynoBanue kaxaoro u3 [IPMBK cuctemsr MOXXKHO pazfenuTs Ha
cienyromue O0Ku: OJOK BUAEOKaHaa, OJI0K paAualliOHHOTO MOHUTOPUIa U yIpaBiIeHus paboToi 00opyno-
Banusa [IPMBK, 610k nutanus Ha ocHOBe (POTOINEKTPUIESCKUX CTAHIINH.

Ha xaxnom [IPMBK 650k BueokaHasia BKJIFOYaeT TOBOPOTHYIO U YEThIPE CTAI[MOHAPHBIE BHIEOKaMEpHI,
OXpaHHYIO BHIIEOKaMepy, MapmipyTusaTops 1 GSM-mozem.

brox pamuanmoHHOTO MOHUTOPHHTA M yTipaBieHus pabotoit obopynoBanust [IPMBK cocrout n3 momyns
YIpPaBISIOMICH AIIEKTPOHUKH, J03UMeTpryecKkoro Onoka nerekrupoBanusi bBIAKI-224, cnektpomeTpruieckoro
6oka nerextuposanns BJIKI-211M u meteoctanmun WXT-536 (Ounmsnus)’.

Kaxnapiit [IPMBK ocHallieH 1ByMs JaTYUKaMHu pagualiOHHOTO KOHTPOJISA, OAWH U3 HUX Pa3MEIleH CHU3Y,
a Ipyroi — Ha BepXy NOKapHO-HAOII0AATeIbHOM BRIIIKH. TakuMm 00pa3oM, U3MepsieTcs pajiualloHHbINA (GoH
Ha yYpOBHE 3eMJIM U Ha BbicoTe 30—-35 M.

*WHTerprupoBaHHas aBTOMATH3MPOBAHHAS CHCTEMa KOHTPOIIS pagHalHoOHHO# o6cTanokn (ACKPO) Ha 6ase «SkyLink» st atom-
HBIX cTaHIui, npeanpusatuii PocPAO u apyrux paapanuoHHO omnacHbIX 00bekToB [DnekrponHslil pecype] / OAO «Corozarommpu-
6op» ; mu3aita H. Kpasmosa. URL: https://www.calameo.com/read/002942705aldcd81ec684/ (nara obpamenns: 15.09.2022).

*Vaisala [Electronic resource]. URL: http://www.vaisala.com/ (date of access: 18.09.2022).
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Puc. 1. O6mas cTpyKTypa CUCTEMBI
Fig. 1. General structure of the system

Puc. 2. dotorpadus [IPMBK,
060pPYI0BAHHOTO COIHEYHOI MEKTPOCTAHIHCH

Fig. 2. Photograph of a radiation-meteorological
and video control post equipped with a solar power plant
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Fig. 3. Algorithm of operation of the system
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Puc. 4. Cxema COTHEYHOM SIEKTPOCTAHIUI
U nozikiroueHus odbopynosanust [IPMBK

Fig. 4. Scheme of solar power plant and connection
of radiation-meteorological and video control post equipment

o/b
7 PXOSIT:16221 XN 1320510
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Puc. 5. Buneon3obpaxeHus: TeppUTOPHH
Iomecckoro rocynapCTBEHHOTO PaJANAMOHHO-3KOIOTHYECKOTO 3aIIOBETHHKA
B 3UMHHI (@), BeceHHHH (), IeTHUH () u oceHHni (¢) mepuoast ¢ [IPMBK,
000pPYIOBAaHHBIX COTHEUHBIMH JIEKTPOCTAHIINSIMA

Fig. 5. Video images of the territory
of the Polesie State Radiation-Ecological Reserve
in winter (a), spring (b), summer (¢) and autumn (d) periods
with radiation-meteorological and video control posts equipped with solar power plants
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Puc. 6. IlpumMepbl 0ToOpakeHHS paIralliOHHON HHPOpMAINK:
a — BIEKTPOHHAs KapTa ¢ 0TOOpaKEHHEM MOIIHOCTH J103bI TaMMa-N3ITyYeHHs;
6 — OKHO TIPWIOXKEHHS JUIs IPOCMOTpa 6a3bl JAHHBIX U OTOOPaYKEHHs CIIEKTpa TaMMa-U3ITyYeHHs
Fig. 6. Examples of displaying radiation information:

a — electronic map displaying gamma radiation dose rate;
b — application window for browsing the database and displaying the gamma radiation spectrum

Puc. 7. llpumep oToOpaxxeHHs paHallIOHHOI 00CTaHOBKH Ha MOHUTOpax [P

Fig. 7. Example of displaying the radiation situation on the monitors of the response centre

o/b

Puc. 8. Ilpumep otobpaxxeHust HHPpopMauy Ha MoHHTOpax [P
pu OOHAPY>KEHUH 04aroB BO3TOPaHUS (IbIMa, OTKPBITOTO OTHS)

Fig. 8 Example of displaying information when fires (smoke, open fire)
are detected on the monitors of the response centre
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Bo Bpemsi IOkapoB B 30HE OTUYKICHHS CYIIECTBYET BEPOSTHOCTh BTOPHYHOTO BETPOBOTO MOIABEMA U T1C-
peHoca PaIMOHYKIIMIOB, IIPH STOM HAIIPaBIEHUE UX MEPEMEIEHHsI OyIET ONPEAeISTHCS METEOPOIOT HUECKOM
00cTaHOBKOM. [1py BO3HUKHOBEHUH JJAaHHON CUTYAI[MH BO BPEMSI IPOXOXKACHHUS 00J1aKa paJHOHYKIHIO0B Yepe3
TouKy ycraHoBku [IPMBK B03MOXKHO yBennueHHE MOKA3aHUN BEPXHEro JaT4yrKa MO0 OTHOIICHUIO K MOKa3a-
HUSM HHYKHETO JIaT4MKa, 4TO IMO3BOJISAET ONPEACIUTh TpaduK JBHKECHUS 001aKa paJHOHYKIUIO0B U SIBISIETCS
JIOTIOJTHUTEIILHBIM yCIIOBHEM OOHAPY)KEHUSI BO3TOPAHUSL.

Biiok nuTaHus Ha OCHOBE (POTOICKTPHUUECKHUX CTAHIIMH pa3padOTaH Ha OCHOBE COJTHEUYHBIX MOJUKPHCTAI-
JIUYECKUX MOJYJIeH MOIITHOCThIO 275 BT, AByX KOHTPOJUIEPOB 3apsijia ¢ TOKOM 3apsiaa 40 A ¥ AByX akKKyMyJIsITOP-
HBEIX OaTtapeii ¢ HanpshkeHueM 12 B i emkxocteio 200 A - 4. Ha puc. 2 (cM. BKIIeliKy) mpuBenena (gororpadus
[TPMBK, 060py10BaHHOTO COTHEYHOM ANEKTPOCTAHIHEH.

Hentp pearnpoBanus codupaet nHpopmMmaluio co Bcex [IPMBK wepes uarepuer. O6opynoBanue LIP ocy-
IIECTBIISET 3apPOC, IPUEM, HaKOTUIEHUE, 00pabOTKy U 0TOOpakeHre HHPOPMAIIUH.

Ha puc. 3 (cM. BKIIEHKY) MpuBeIIeH 00N anropuT™ padoThl cucTeMbl. [IporpammHoe obecrieueHme GyHK-
IIMOHUPOBAHUS CUCTEMbI YCTaHOBJICHO Ha cepepe LIP. lHTepBanbHbIM TaliMep 3aJlaeT MHTEPBAJIBI 3arpoca
BHUICOMH(GOPMAIINY 1 TTOKa3aHWi OokoB merektupoBanus ¢ [IPMBK. Jlamee mpon3BoasaTcs BEIOOp KaHaja
CBSI3U W IIepe/iadya KOMaH]| BblJau HH(GOPMAIIMU C BHJICOKaMep U OJIOKOB JICTCKTHPOBAHUS TAMMa-U3JTyYCHUSI.
[Toce mony4yeHnst JaHHBIX 3aITyCKAOTCS JIBA MOAYJISL IPOTPAMMHOTO 00€CTIEYeHNST — MOJTYJTh PaJIHalliOHHBIX
H3MEpeHHd U MOIYIIb 00pabOTKH BUACOMH(OPMALIUH.

Moayns paguanoHHBIX U3MEPEHUH OCYIIECTBIAET 00padoTKy MHPOPMAINU C OJIOKOB JETEKTHPOBAHUS
ramMMma-u3JIydeHHsl, aHaJU3 MMOPOTOBBIX YPOBHEH, 3aKch B 0a3y pajuaiuoHHON HH(OpMAIMH, OTOOpaxeHHe
Ha dKpaHe W CUTHaJM3aIuio. Moayls 00padoTKH BUACOMH(POPMAIINN BBITTOIHSAST aHATH3 HAJUYUS JBIMHON
(ha3bl WK IJIAMEHH, 3aMUCh B 0a3y 04aroB BO3TOpaHUsl U IPU OOHAPYKCHUU 0UaroB BO3rOpaHusl JJOBOPAYUBACT
MTOBOPOTHYIO KaMepy Ha a3uMyT odara BO3TOPaHUs.

baok BugeokaHnaia

Ha Bcex moxapHO-HaOMIOMATETFHBIX BBIIIIKAX YCTAHOBIEHBI YETHIPE CTAIIMOHAPHBIC BHUICOKaMEpPhI, YOIl
0030pa KaxkJ10i U3 KOTOPbIX cocTapisieT 90°, 1 MOBOPOTHAs BUCOKaMepa JJis o0ecrieueHus yria 063opa 360°
C MPHUBS3KOH K a3UMYTaJIbHOMY KPYTY, 9TO TO3BOJIIET KOHTPOJIUPOBATH TEPPUTOPHIO BOKPYT BBIIIKH HA yia-
neHnu He Meree 10 kM.

CdhopmupoBanHble kKamepamu Buaeon3o0paxenus no GSM-kananam cotoBoii cBsizu (3G/4G) nepenarorcs
B LIP.

[Ipu oOHapy>keHUH 09aroB BO3ropaHus (ApIMa, OTKPBITOTO OTHSI) IIOBOPOTHBIE BUICOKAMEPHI O] yIIpaBIIe-
HHEM TPOTPaMMHO-AIAPATHOTO KOMIUIEKCA TOBOPAYMBAIOTCS B CTOPOHY OOHAPY>KEHHOTO O4Yara BO3ropaHus
U niepenaroT Bugeonzodpaxenue B LIP.

Buieokamepsl IMEIOT BOBMOXKHOCTD JIUCTAHIIMOHHOTO YIIPABJICHUS TeJeMeTpuelt (n3meHenue GoKycHOro
paccTosiHUSL, TOBOPOT 0OBEKTHBA KaMEPbI K 04ary BO3TOpPaHus sl ONpeaesieHHs €ro KOOPANWHAT).

B nemsax obecnieuennst 6ecrniepeboitnoit pabotsl cuctemsl Ha [IPMBK ¢ mutannem OT cOHEYHOH IeKTpo-
CTaHIMHU I OCYIIECTBICHHS BHICOKOHTPOJISI B OCEHHE-3UMHUI MEPUO U BO BPEeMs JUIMTENBHBIX AOKICH
MpeaycMOTpeHa BO3MOKHOCTh TIOAaBaTh AIIEKTPOITUTAHIE Ha OIHY TIOBOPOTHYIO MIJIM YETHIPE CTallMOHAPHBIS
BUCOKaMEPBbI, [IPU ATOM HE MTPOUCXOIUT OTKIIOYCHHE U HapyLlIeHue paboThl 0JI0Ka PagrualliOHHOIO MOHUTO-
pUHTa B yIpaBieHus padotoit ooopymosanus [IPMBK n kanana nepenaun ganabix B LIP.

Ha kax10ii BbIlIKe yCTaHOBIICHA €I1le OJ{Ha CTallMOHAPHAS BUCOKaMepa, KOHTPOIHUPYIOIas 30Hy IpUOI-
YKeHHA K BhIIKe. [Ipu oOHapyXKeHNN NBIKEHHS B TIOJIe 3peHUs KaMephl Buaeon3o0paxkeHue nepenaercs B LIP
JUISL aHAJIM3a IPOrpaMMHO-aNapaTHbIM KOMILIEKCOM.

Bce Bumeokamepsl IMEIOT BOZMOXXHOCTh THHAMHYECKOTO M3MEHEHHS TIO0TOKA Tepeadn TaHHBIX, 9TO T0-
3BOJISICT YMEHBIIUTH TPa(UK B IEPHOJl OOCTAHOBKH, HE CBSI3aHHOM C BO3TOpaHHEM Ha TEPPUTOPHU.

Biok nuTaHUA HA OCHOBE COJIHEYHOM JIEKTPOCTAHUMH

O6opynosanue [IPMBK umeer notpedisiemyro MomrHocTs okono 50 Br. [Tpu Takoii motpednasiemoit Mo-
HOCTH BbIpa0OaThIBaeMasi COJTHETHOU AIIEKTPOCTAHIINEH dHEPTHS JODKHA COCTaBIATh 1,2 kBT - 1.

CorHeuHast BJIEKTPOCTAHIINS Ha OCHOBE (POTOIIEKTPUUESCKHUX COTHEUHBIX MaHesie MomuocThio 1,12 kBT pas-
paboTaHa UCXO/s U3 pacdeTa WHCOINH IS Teorpadrueckoi mupoTs! [lonecckoro rocyrapcTBeHHOTO paina-
[IMOHHO-IKOJIOTHYECKOTO 3aM0OBEAHIKA B HAMXYIIINHA MECSII U151 BRIPAaOOTKH SHEPIHH (1eKaOph) C NCTIONB30BAHUEM
IIPOrPaMMbI MOHHTOPHHTA COTTHEYHO# akTiBHOCTH SolarGIS”. Pesynbrars! pacueTa BRIpaOOTKH COTHETHON AIIEK-
TPOCTaHLIMH NPUBEACHBI B TabM1Ie. [Ipy BOBHUKHOBEHNH CUTYAIIUH, KOT/Ia COJIHEYHbIE TaHeTl He 00eCIeurBaroT
HEOOXOIMMYIO MOIITHOCTH M3-3a TIOTOIHBIX YCIIOBHH, HETOCTAIOIAS SHEPT U TIOTIOJTHAETCS 38 CYET aKKYMYJISITOPOB

3SolarGIS [Electronic resource]. URL: https:/solargis.info (date of access: 18.09.2022).
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cymMMapHO# eMkocThio 400 A - 4, 3apsia KOTOPBIX Oy/IeT XBaraTh Ha Tpoe CyToK 0e3 nomzapsiaku. Kpome Toro,
IIPY MPOTHO3UPOBAHMH TaAeHHs (H(PEKTUBHOCTH BUICOHAOIIONEHHUS M3-3a ITOTOJHBIX YCIOBHI NPeIyCMOTpEeHa
BO3MOXXHOCTb JUCTaHLIMOHHO OTKJIIOYaTh HEKOTOPBIX MOTpeduTesnei (dacTs Buaeokamep) ¢ LIP.

Pe3ynbTarsl pacdyera BbIPA0OTKHU COTHEYHOM 3JIEKTPOCTAHIIUU
Results of calculation of solar power plant output

[TapameTpsl SuBaps |DeBpains| Mapt | Anipesnis| Maii |Urons | Uions |ABryct|Centsaops| Oxtsi6ps |Hosi6ps | [exadpsb

Komaectso 4acos 40 56 | 87 | 118 |127] 132|134 | 116 | 92 71 37 | 30
TIMKOBOUW HAarpyskKun

MomHocTh cTanuu, KBT 1,12 1,12 (1,12 1,12 |1,12{ 1,12 | 1,12 | 1,12 1,12 1,12 1,12 | 1,12
Bripabotka B Mmecsn, kBt - u| 44 62 96 | 130 [140| 145 | 147 | 128 101 78 41 33
KonnuecTBo nHel B Mecsitie 31 28 31 30 31| 30 | 31 31 30 31 30 31
Bripabotka B cyTku, kBt -9 | 1,42 | 2,21 |3,09| 4,33 [4,52|/4,83|4,74| 4,13 3,37 2,52 1,37 | 1,06

IIpumeuanmue. 3arox obiee KOJIMIESCTBO YACOB TUKOBOM HATPY3KU HocTuraet Benuuusbl 1040, a cymmapHas BeIpaboTKa SHEp-
rum coctaBiser 1145 kBt - u.

Ha puc. 4 (cM. BrIIeliKy) IpUBEJCHA CXeMa COJHEUHOW 3JICKTPOCTAHIIMK U MOJIKIIOUYCHUST 000PY/I0BaHUS
I[TPMBK.

Baok paananmoHHOro MOHUTOPUHTA
U ynpasJjenus pa6oroii ooopynoBanus [IPMBK

DJeKTpoHHKa OJI0Ka paJInalliOHHOTO MOHHTOPWHTA U ynpaBieHus padbotoii o6opynosanus [IPMBK mo-
cTpoeHa Ha Oase nporeccopa ATxmega256A 1 u pyHKIMOHUPYET MOJT YIIPABIEHHEM BCTPOSHHOTO IPOrpPaMMHO-
ro obecreyeHusl.

PazpaboTanHbIi aaTOPUTM YIIPABICHUS 00€CTICUHBACT:

® [ICPBOHAYAIBHYI0 HHULMAIN3AIHIO allllapaTHbIX CPEJCTB M ONpeesieHHe KOH(PUTypaluy Ipu BKITIOUe-
HUW TIUTAHNUS;
aHam3 padoTOCIOCOOHOCTH NIepUdepUH U arlapaTHbIX CPEIICTB KOHTPOJLIEPa;

MOHMTOPHHT 3apsiia aKKyMYJIATOPOB COJIHEYHOM IEKTPOCTAHINY;

nonaepkKy uaTepdeiica RS485 mis onmpoca 1eTeKTOpoOB raMMa-U3IyICHIS B IPYTHX CEHCOPOB;
noanepxky nopra Ethernet ajst mpoBoaHOM CBSI3U ¢ poyTepaMu BHICOKaHAIIA;

TTONIIEPKKY TEXHOJIOTHH ITAKETHOTO ITU(GPOBOTO TIpreMa-Tiepeaadn mo mpotokory UDP/IP;
MOAJIEPKKY MHTep(deiica CBA3M C METEOCTaHIUECH;

coxpaHeHue HHPOPMALK B SHEPIrOHE3aBUCUMON TaMSITH;

® [TOCTOSTHHBIN KOHTPOJb U CHHXPOHHU3AIUIO paOOTHl MPOTPAMMHBIX MOJYJIEH, BBIMOIHSAIONNX 3aJaHHbIC
(hyHKIIHHT;

e pean3altIo alllapaTHO-IPOrPaMMHOIO MEXaHU3Ma Iepe3allycka IporpaMMHOI0 00ecedeH s IIpH cOosx
WJIM 3aBHCAHNU B IIMKJIE BHITTOJIHEHUS TPOTPAMMHBIX MOAYJEH;

® [IOAJICPXKKY YIIPABJICHUs] HACTPOCUHBIMU IapaMeTpaMy (PyHKINOHUPOBAHUS MPOrPaMMHOIO obecrieye-
HUS M COXpaHEHHUE UX B SHEPrOHE3aBHUCUMOI mamMsaTu KoHTposiepa [IPMBK;

e [O/IJICP’KKY HHULIMMPOBAaHHOH niepenadn nHdopmaimu B LIP npu npeBbIieHny H3MEpeHHBIMH 3HAYCHUSMH
rapaMeTpoB 33JJaHHBIX TOPOTOBBIX YPOBHEH;

e nogyiepxkKy nporokoioB TCP/IP, IP-anpecanmu, ypoBHel npusuieruii nocrymna k [IPMBK.

Kaxmyto w3 mepeunciieHHbIX QYHKITHH peaan3yeT COOTBETCTBYIOMINN IPOTPaMMHBIH MOy b, O01mast CHH-
XPOHHU3AIMS U BBIJIETIEHUE BPEMEHHBIX HHTEPBAJIOB 15l pabOThI OHOTO U3 MPOTPAMMHBIX MOAYJIEH OCyIIecT-
BIISIIOTCS IJIABHBIM CUCTEMHBIM IUIAHUPOBLIMKOM. YIIpaBieHHEe NapaMeTpamMu (yHKINOHUPOBAHHS IPOIPAMMHOTO
o0ecIieueHns U UX COXpaHEHHUE peajn3yloTcs MPOrpaMMHBIM MOAYJIEM HACTPOEK, KOTOPBIH MOAIepPKUBAET
uHTepdeiic nocryna c L[P.

ITepenaga unadopmanun B [P ocymecTrisieTcst o 3ampocy mporpaMmmHoro odecrniedenus [P niam wHU-
UHPYETCS MPOrpaMMHBIM oOectieuenneM konTposuiepa [IPMBK nipu nipeBbliieHn# H3MEpEeHHBIMHU 3HAYCHUSIMH
MapaMeTpoB 3aJaHHbIX MOPOroBbIX ypoBHEW. [Tpu Hapymenuu cBsizu [IPMBK ¢ [P npoucxoaut HakomieHue
UH(QOpPMAIIMY B SHEPrOHE3aBUCUMOH NaMATH Yepe3 3a7aBaeMble BpeMeHHbIe HHTepBalibl. [lepenada Bo300OHOB-
JSIETCSl IPU BOCCTAHOBJICHUH HOPMaJIbHOHM paboTocriocoOHOCTH KaHasa cBsizu ¢ LIP.

B cocraB paccmarprBaeMoro 6J10Ka BXOIAT BEICOKOUYBCTBUTENLHBIN CIIEKTPOMETPUIECKII HHTEIIEKTYalb-
HBII ONOK AerexkTupoBaHus ramma-usnydenuss bJIKI'-211M na ocHoBe cuunTmisitopa Nal(Tl), npennasna-
YEHHBIH /17151 OBICTPOTO 0OHAPYKEHUSI ICTOYHIKOB TaMMa-M3Ty4YeHUs, U3MEPEHHUS CIIEKTpa TaMMa-M3TyIeHUs
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¢ mocrenyroei uaeHTuuKanyeil panoHyKIHIHOTO COCTaBa, a TAKXKE N3MEPEHNS MOITHOCTH aMOMEHTHOTO K-
BUBAJICHTA JIO3bI FAMMa-M3ITyYeHHsI, ¥ ITUPOKOHAIa30HHBIIN 103UMETPUICCKUI HHTEIIEKTYaIbHbIN OJIOK IeTeK-
TUpoBaHus ramma-u3nydenus bJIKI-224 na 6a3e TkKaHEIKBUBAJIIEHTHOTO IJIACTMACCOBOTO CLIMHTHILIATOPA [6].
Jlo3UMETpUYECKUI B CIIEKTPOMETPUUECKUN OJIOKH JETEKTUPOBAHUS TaMMa-U3Iy4eHUs] COBMECTHO C Ka-
HAJIOM M3MEPEHUsI METEOaHHbBIX 110 CBOMM METPOJIOTHUECKUM XapaKTepPUCTHKAM 00CCIICUNBAIOT MTOIyUCHNE
HcUepITbIBaroNei HHGOPMAITNN O paguaIlioHHON oOcTaHOBKe. [IpuMeHseMbIe cpecTBa H3MEPEHUH COOTBET-
CTBYIOT TPEOOBaHHSIM K MOIITHOCTH JI03bI FAMMA-U3JTyUCHHUS], 9yBCTBUTEILHOCTH CIIEKTPOMETPUIECKOTO KaHaa,
MeTeomnapaMeTpaM (JaBjieHre, OTHOCUTEIbHAs BIaXKHOCTh, CKOPOCTh BETpa, HalpaBJIeHUE BETpa, TemMIeparypa
BO3/yXa, XKHUJKHE U TBEpbIe 0CaKN). BO3MOXKHOCTh N3MEHEHMSI HACTPOEK MOCPEICTBOM yAAIEHHOI O JOCTYTIa
MTO3BOJISIET ONIEPATUBHO MPOBOAUTD BCE AEUCTBUSA M0 YIPABIECHUIO JATYMKAMHU U UX JHArHOCTUPOBAHUIO.

IenTp pearnpoBanus

Lentp pearupoBanus — 3To0 BepxHHH 1Mo otHomeHnto k [IPMBK y3en urdopmarmonnoii cetu. OH 000-
PYZIOBaH CEpPBEPOM C CHCTEMHBIM IPOTPAMMHBIM 00€CIiedeHHeM, ABYMS TUCIUIESIMHU C pa3MepoM dKpaHa Io
JMaroHaj Iy 86 JOWMOB JJIs BU3YaJIbHOTO OTOOpakeHUsI HH(POPMAIIUH, ABYMSI KOMITBIOTCPU3UPOBAHHBIMU Pa-
Oounmu MecTamu oneparopoB. Anmaparypa [P umeer xanai BbIXxoza B MHTEpPHET.

Cepgep LIP gyHKIIMOHMPYET 110]] yIpaBICHHEM MHTEIPUPOBAHHOTO IMPOTPAMMHOTO O0ECIICUSHUs paina-
IIMOHHOTO ¥ BHJICOMOHHTOPHHTA. DTO MPOTPaMMHOE OOECIIeUeHHE OTPENeNsieT allTOPUTM paObOThl CHCTEMBI,
TIPEICTABICHHBIN Ha pUC. 3 (CM. BKICHKY).

Ha xommproTepax paboynx MECT OIIepaTopoB YCTAHOBJICHO KITMEHTCKOE IPOTpaMMHOE 00ecTieueHIEe pana-
UOHHOTO M BHJICOMOHUTOpUHTA. MHDOpMalus BEIBOIUTCS Ha MOHUTOPHI KOMITBIOTEPOB, a TaKke 0030pHbIE
JUCTIIIEN.

Pasmemnienne nojkapHo-HaOMIONATENBHBIX BBILIEK Ha TeppuTopuu [lomecckoro rocynapcTBEHHOro paaua-
[IMOHHO-2KOJIOTUYECKOTO 3allOBETHUKA, a TaKke HHPOpPMANHS O PaJHallMOHHONH OOCTaHOBKE B PEXHUME pe-
aJTHHOTO BpPEMEHU OTOOpaKaroTCsl Ha KapTe MOCPEICTBOM T€OMH(POPMAITMOHHONH CHUCTEMBI Map]nfo6. Kpome
TOTO, C TOMOIIBI0 HHTETPUPOBAHHOTO ITPOTPAMMHOTO 00eCTIeueH s paIualliOHHOTO ¥ BUJICOMOHUTOPHHTA Ha
ANIEKTPOHHON KapTe 0TOOPaKaroTCsl BEKTOPBI a3UMYTOB TEKYILETO ITOJIOKEHHUS TOBOPOTHON KaMephbl KaKI0H
13 BbIIEK. KOHTEKCT BHIBOAMMOM MH(pOpPMALIUU ONpeAessieTcss HaCTPOWKaMU MPOTrPaMMHOIO 00ecreueHust
KOMIIBIOTEPOB pab0YNX MECT OIepaTopoB.

Cdopmuposannsiii Buneokamepamu [IPMBK curaan mocie nepenaun nmocpencrsom unrepHera B LIP mon-
BEpraeTcs MHOTOCTYTICHYATON BHICOAHAINTHKE POTrPAMMHBIM KOMILIEKCOM Mumennexm’ .

[Ipu obHapyXKeHNH 09aroB BO3TOPAaHUS (JIbIMa, OTKPHITOTO OTHS) MPOrPaMMHO-AITIAPATHBIA KOMIUIEKC AaeT
KOMaHy TOBOpOTHbIM Bujaeokamepam [IPMBK moBepHyThCSI B CTOpOHY OOHApy>KEHHOTO Oo4yara BO3TOpPaHHUS
U nepenaBath Bugeonzoopaxenus B L[P. C ncnonb3oBanneM BO3MOKHOCTH AMCTAHIIMOHHOTO YIIPABJICHUS Te-
JeMeTpuel BUJeoKaMmep BUACOM300paKEH S o4ara BO3TOPaHusl ¢ yKa3aHUEeM TEKYILUX KOOPIUHAT BHIBOASTCS
Ha MOHUTOPBI KOMIIBIOTEPOB, a TaKke 0030pHbIe nuctuier LP.

[Ipu oOHapyXkeHNH IBIKEHHUS B TI0JIE 3PEHUS CTAIlHOHAPHON BHICOKAMEPHI, KOHTPOIUPYIOIIEH 30HY TTPH-
OMKEHUS K BBIIIKE, TPOTPAMMHO-AIIAPaTHRIA KOMIUIEKC MOAaeT TPEBOKHBIA CHTHAII, TTO3BOJISIONTNI opra-
HU30BaTh MEPONPHSTHS IO MPEJAOTBPAICHHUIO (DAKTOB BaH/IAIHM3MA U MOTBITOK YMBIIIJICHHOTO BBIBEICHUS W3
CTpOsl YCTAaHOBJICHHOTO Ha BBIIIIKE 000PY/I0BaHUSI.

Hcnonp3oBaHue B COCTABE CUCTEMBI OBICTPOACHCTBYIOIIMX BEICOKOUYBCTBUTEIBHBIX CIIEKTPOMETPHUYECKIX
OJIOKOB JIETEKTUPOBAHKSI FaMMa-U3IydeHHs JIaeT BO3MOXKHOCTh HAKAIUIMBAaTh U3MEPEHHBIE CIIEKTPhI FaMMa-
n3mydeHus B 6a3e JaHHbIX [P 1 mpon3BonTh aBTOMaTHYECKYO HACHTU(DUKAIINIO pAAHOHYKIHUIO0B, PHUKCHPO-
BaTh MaJlelne N3MEHEHUS PaJHalOHHOTO (OHA.

MeTeoponornieckuii MOHUTOPUHT OCyIIeCTBIsIeTCS MeTeocTanmmeir WX T-536, ycranosnennoit Ha [IPMBK.

(I)yHK].[I/IOH]/IPOBaHI/Ie CUCTEMbI B aABTOMATHY€CKOM PEKUME

Ha puc. 5-8 (cM. BkIieliKy) npHuBeeHbI IPUMEPBl BUACOM300paKeHHI 1 paJliallioHHON HH(OPMAIIUH, OTO-
OpakaemMbIX Ha MOoHUTOpax LIP.

[IporpaMMHoO-anmapaTHblii KOMIIJIEKC CHCTEMBbI, padOoTaroIeil B aBTOMAaTHYECKOM PEXHUME, IT03BOJISCT:

e 0TOOpaXaTh B peaibHOM BPEMEHH CUTYallHOHHYIO OOCTAHOBKY Ha TEPPUTOPUHA MOHUTOPHUHTIA;

® pearnpoBaTh M BBIJIaBaTh TPEBOXKHBIE CUTHAJIBI 1 KOMAH/bl HA UCTIONHUTENbHBIE YCTPOHCTBA Onaromaps
MHOTOCTYTIEHYaTOH BU/I€0aHAINTHKE B aBTOMATHUECKOM PEXXHME TI0 paHee 3alporpaMMHUPOBAaHHBIM CLIEHAPHSIM;

SMaplInfo [nexrponusiii pecypc] // GIStechnik: Bce o TUC u nx npumenenuu : [caiir]. URL: http://gistechnik.ru/programmy-gis/
mapinfo/ (nara odpamenus: 18.09.2022).
"ITV [Dnexrponnsiii pecype]. URL: https://www.itv.ru/ (nara obpamenns: 18.09.2022).
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e ornpaBiATh CMC- 1 MM C-yBenomieHusi, COOOIIEHNs Ha AIEKTPOHHYIO TOYTY C BIOYKEHHBIMH BHUJIEO-
(parmMeHTaMu, BECTH 3aMUCh HHPOPMAIH U XPAHUTh apXHUB B TCUCHUE OTYCTHOTO MECSIIA;

® HaKaIUIMBaTh apXUB, OTNIEPATHBHO MCKaTh 3allICAHHbIE JaHHbBIE B apXHUBE M KOMUPOBATh MX HA BHEUTHHE
HOCHTEIH HH(OpMAIH;

® BBINOJTHSTH aBTOMAaTHUECKUI 00MeH HH(popMaIyeii ¢ MOIyIIsSIMU PaialldOHHO-METEOPOIIOTHIECKOTO MO-
HUTOPHHTA C TTIOMOIIBIO MOYJISI MHTETpalliy CIEIMATU3NPOBAHHOTO IIPOTOKOJIA;

® 0TOOpaXkaTh JaHHBIE PATUAIMOHHO-METEOPOJIOTHUYECKOTO MOHUTOPHHTA B BUACON300paKEHHUSIX COOT-
BETCTBYIOIINX BUICOKAHAJIOB, a TAK)KE BECTH UX 3aITUCh B APXUB;

e [10/IKJIIOUATh y/laJIeHHbIE pa0o4Ke MECTa, C IIOMOLbIO CIIEUAIN3UPOBAHHOTO IPUIIOKEHUS OCYLIECTBIISATD
TIOJIKITIOYEHIE MOOUIIBHBIX YCTPOMCTB.

3akaueHmne

OnwucaHbl IPUHIMITEL TIOCTPOCHUS U AJITOPUTMBI PYHKIITMOHUPOBAHHS aBTOMAaTH3UPOBAHHON CHCTEMBI pa-
TUAIIMOHHO-METEOPOJIOTUYECKOT0, TTOKaPHOTO U BUACOKOHTPOJISI C aBTOHOMHBIM ITUTAHHUEM.

OmnbITHas 3KCIUTyaTalus cucTeMsbl Ha 6a3e Ilomecckoro rocyjapcTBEHHOIO pajiualliOHHO-9KOJIOTHUECKOIO
3anoBeaHrka B TeueHue 2019-2022 rT. mokasana ee crioCOOHOCTH BBIMOIHITh MOHUTOPUHT PaHalliOHHON
U TIOYKapHOH 00CTaHOBKH TEPPUTOPHHU.
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