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CTpyKTYpHan HAAEMHOCTE. TeopUs 1 NPaKTHUKa

Bacun B.A., MBawos E.H., CtenaH4ukos C.B.

HALEXXHOCTb NbE3OCKAHEPOB B 30HA40BOM
MUKPOCKONMUMU

B cTatbe paccMOTPEHbI BOMPOCH! HAAEXHOCTN CUCTEM U3 MHOTOQDYHKLIMOHANBHBIX IMbE30MOAYENA, KOTOpE
38BUCHT OT CUCTEMbI aBTOMATUYECKOrD YNPasieHs Mbe30CKaHepamMu 8 LEJOM (1M OTAESbHLIMU TbE30
AYI5IMM), @ TaKkxke OT HaaEXHOCTU paboTel CaMmX Mbe30MOoAYNe#, B KOTOPbIX peann3yercs rnpeodpas
HUE 3/1eKTPUHECKON 3HEPI AN B MEXaHUHECKYIO.

KnroueBbie crioBa: CKaHupyrowas 30HA0Bas MUKPOCKOMWUS, MHOIOQYHKLUMOHAIbHLIA MbE30MOAYb,
LEXHOCTb Mbe30cKaHepa, BeposTHOCTb 6E30TKa3Hoi paboThl, OTHOCHTE/IbHESA MOMPeLUHOCTS,

OCHOBHBIM IEMEHTOM CKAHUPYIOLIMX 30HA0BbIX MHKpockoroB (C3M), xotopsiii u obecne
BO3MOKHOCTH paboThl MpHOOPa B pesKUMAaxX aTOMHBIX Pa3peLleHn, ABISeTCs CKaHep (IIbe30BHrare
CKaHep H3roTaBJIMBAIOT U3 NOTHKPUCTAIUIHYCCKHX Mb3302ICKTPHIECKHX MATEPHATIOB, KOTOPEIE C OfHO
CTOPOHEI O0ECTIEYNBAIOT BEICOKYIO KECTKOCTh KOHCTPYKIHMH, & C APYTOH — BO3MOIKHOCTD MEPEMELLICHH
Ha BECbMA MaJlble PacCTOAHHA, BILIOTD 10 €JIHHHIL THKOMETPOB.

Kpome Toro, coBpemenHoe cocrosinne C3M TakoBo, 4TO BO3HHK/Ia HEOOXOAUMOCTD NEPEX0/A OF
KaueCTBEHHBIX M3MEPEHUI MOBEPXHOCTHBIX CTPYKTYP K KOJIMUECTBEHHBIM, METPOJIOTHYECKH BhIB
HBIM H3MEPEeHHAM, 9T0 TpeOyeT yITyONIeHHOro H3y4YEeHM TIOBCACHHA NbE30KEPAMHYCCKAX MaTepHal
HCIIOJIB3YEMBIX JUIsl M3TOTORIECHUS CKAHEPORB, Pa3pabOTKH METONO0B MPEIM3HOHHEIX W3MEPEHUI i
TPOTOTHYECKON aTTECTAlMH H KOPPEKLHH Nbe3ockanepos. [IpuuemM ans npoueayp Jutorpaduu
XOJIMMBI CKAHEPHI C OPTOrOHAILHOCTHIO B IUIOCKOCTH Ha YPOBHE JIy4llle JECATHIX J0JIeH IPOLEHTA.
HEOPTOTOHAIEHOCTE B ILIOCKOCTH eIIle JOITyCTHMO HCIIPABIIATE METOAaMH [IPOrPaAMMHO{T KOPpeKl
HEOPTOTOHAIBHOCTD B IVIOCKOCTH OCH Z, KOTOPasA B HCKOPPCKTHPOBAHHOH KEPAMHKE MOKET JOCTHI
JIeCSATKOB IPajlyCoB, HEJIOIYCTUMA, TaK KaK IIPUBOIUT K TOMY, YTO HH3Kast OOKOBAs 4acTOTA CKaHEpd
YUHAET ObITh CYLIECTBEHHON i PabOTEI MeTIH OOPATHOH CBS3M, YTO 3HAYHTEILHO CHIDKALT Ka
paboTel 1pudopa.

MMeHHO 5TH 0OCTOATEILCTBA TPHBEIN K HEODXOTUMOCTH YITyOJIEHHOTO M3yYeHHS CBOHCTB CK
1 pa3paboTKH TEXHOJIOTHH, HX KOPPCKIHH Ha QH3HYECKOM YPOBHE.

[IpakTiueckn Bo Bcex C3M mbe303neKTpUYECKHI CKaHep HCIIOJIb3YETCH KdK 04€Hb TOHKOE 1103
HHpYIOLIee yCTPOMCTBO /1A TOrO ITOOE TIepeMeNaTh 30H ] OTHOCHTENLHO 00pasia Wik 00paser o
TeJIbHO 30H1a. CkaHep o0ecnednBacT qBa HE3aBHCHMBIX JIBHIKCHHA: CKAHHPOBAHHE BIOJb OBEPX
o6pasna (B MI0CKOCTH XY) U MepeMelleHue B HalpaB/IeHuH MepreHIUKYIIPHOM K TOBEPXHOCT

ocu Z) [1].




HABEXHOCTbL NbE3OCKAHEPOR B 30HA0BON MUKPOCKONUK

CkaHep 30H/10BOr0 MHKPOCKOIA NepeMelaeT 3011 0THOCHTCIIBHO o0pasia 1o THIy pacTpoBOl Kap-
THHBI KaK NOKa3aHo Ha pHc. .
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Pnc. 1. [IBucrune ckanepa C3M B IIOCKOCTH (X, Y). TouxaMu mokazauel MecTa cbopa uudopmaru

Cranep MBHKETCS BAOJB NEPBOH NMHUK CKaHA M 06PATHO. 3aTeM OH CMEIAeTCs Ha LIar B nepneH-
AKYIIPHOM HAaNpaB/ICHUX HA CEAYIONLYIO THHUIO CKAHUPOBAHNS, ABHKETCA BIONB Hee M 0OpaTHo,
3ATEM CMCILACTCS Ha TPETHIO TIHHHUIO H TAKUM 00pasoM nanbiue. I1yTh omimuaercs ot TPaIULHOHHOI
PACTPOBOM KAPTHHBI TEM, YTO YEPEYIOLIHECS JTMHUH JIAHHBIX H3MEpPAEMbIX CHTHAIOB He Gepyres B
obparHbIX HanpaBTeHuax. M3mepsieMble nanusie NPH CKAaHUPOBAHUH COOUPAIOTCA TONBKO B OHOM Ha-
IPAB/ICHAH, OOBITHO HAa3BIBAEMOM HANPABIEHHEM GBICTPOIO CKAHHPOBAHWS, YTOOEI MHHUMH3HPOBATE
OWHOKH PErHCTPALMK, KOTOPBIE BOSHHKAIOT H3-3a THCTEPE3Hca CkaHepa. [lepnenaukynsaproe Hampas-

IEHAE, B KOTOPOM CKaHEp MEpPEMENIaeTCA OT JIMHHH K JINHHH, Ha3bIBAETCA HAllPABICHHEM METEHHOTO
ckanupoBanus [2],

Tloxa ckanep JBHKETCA B/IOIb TMHAN CKAHUPOBAHKA, TAHHbIE U300paKeHnst olH(POBEIBAIOTCS uepes
VMHAKOBO PACTONOXKCHHbIC HHTEPBANLL. JIAHHEIMH SBIISETCA BHICOTA CKAHEPA [0 HANPABICHHIO Z 1A
POKHMA TOCTOSHHOH CHIIbI HITH PEXKHMa IIOCTOAHHOTO TOKa. {1 pe)krMa OCTOS HHOM BBICOTE! TaHH bIME
ABJIAIOTCA OTKIOHCHHUA KAHTHICBEPA MIIM TYHHEJIBHBIN TOK.

[IpomeskyTOK MEX Ty TOUKaMHM JAHHBIX HA3BIBACTCS MIATOM ckaHuposanus. Pasmep wara onpepesaercs
fIOTHEIM Pa3sMEpOM CKaHHPOBAHK M YHCIIOM TOYEK JAHHBIX Ha O/AHY THHUIO. B THIHUHOM CKaHHUPYIOILIEM
30HI0BOM MHKPOCKOIIE pa3MEpHI CKAHA M3MEHSIOTCS oT 10 a"rcrpem g0 100 mukpon u ot 64 1o 1000
T04EK AaHHBIX HA IMHUI0. Hekoropeie cuctemer umetoT 3000 TOYKH JaHHBIX HA TMHUIO. YHCIIO JTHHN
YCTAHABJIMBACTCA OOBIYHO PABHBIM YHCITY TOYEK HA JTHHHM. Takum 00pa3oM, HieanbHas YCTAHOBKA TaH-
HBIX COOTBETCTBYET KBA/IDATHON CETKe U3MepeHwii [3].

Ilpu pabote ckaHepoB UMEIOT MECTO TakWe HeskeTaTebHBIC 3(dEKTHI, Kak THCTEPE3NC, Ccrapennue,
KpHI, KOTOPBIC MPUBOLIT K MCKOKEHHIO MTOJTY4aeMOr0 H300PakKeHH .




HAOEXHOCTbL NbE3QCKAHEPOB B 30HO0BOW MUKPOCKONUU

[Tre30mexTpuyeckue ckanepsi spnsiercs KPUTHYCCKHMH 3JICMEHTAMY B CKAHUPYIOIHX 301
MHKPOCKONaX, KOTOPBIE CYIECTBEHHO BIMSAIOT HA KAYECTBO IIONy9aeMOTo n300paxecuus. [
XapaKTCPUCTHKN CKaHepa TOIDKHBI YIOBIESTBOPATE ONpPCACICHHBIM TpeOoBaHuAM. OnHuM |
MBIX  BaXHBIX TPeOOBaHUH, IPCABABIAEMBIX K CKaHepy, ABJseTCs TpeOOBaHUE OPTOroHA
ckaHepa [4].

[besoanexrpuaeckuii 3¢ pexr 6611 oTRphIT B 1880 roxy [lixexcom u [Isepom Kropu. Onn 3ay
ITO B HEKOTOPBIX KPUCTAJIIaX MPH MEXAHHYECKOM BO3/ICHCTBHM HA HUX [OSIBIACTCS SIEKTPHY
HOJAPH3ALIMA, NIPHIEM CTeNeHb ee MPONOPUHMOHAIbHA BEMHIHHE Bo3aeicTBus. [1oke Kion
KPBLI HHBEPCHOHHEIH NLE303IeKTPHIeCKhit 3(dekT — nehOpMUPOBAHIE MATEPUATOR, TIOMEN

B SJICKTPUYCECKOC [101I€. ITU SBICHUS ellle HA3LIBAIOT MPAMBIM H 0OPaTHBIM MbE303TEKTPHYECR
spdexTom [5].

IIbe3osnextpryeckwii sddext NPHCYL HEKOTOPLIM MPUPOAHBIM KPHCTAIaM, TAKHM KaK |
TYPMAJIMH, KOTOPBIC B TeYeHHE MHOTHX JIET HCIIOIB30BAIHCH B KAYECTRE ANEKTPOMEXAHUIE CKHX Mpe
pasosareneil. Kpucrammueckas permerka KPUCTAJLIOB, 0018 JAF0IHX [1bE€303IEKTPHICCKIM e
HE HMECT lIEHTpa CHMMeTpHH. BoszeiicTBure (cxuMaromee wim pacTArMBarolLLee ), NPHIoKEHHOE K
KPUCTAJLITY, IPHBOIHT K IOJAPH3ALMH 110CIIE PA3ACNESHUS T0I0KUTELHBIX H OTPHLATEABHBIX 3ap
HMCIOIIUXCS B KaXOH OT/IENbHOI SleMEeHTApHOH YacTHIle. Odbdekr npakruyeckn JIMHEHHRI, TO
CTEICHE MOJIAPHU3AIHA MPAMO IIPONOPIHAOHAIBHA BeJlMYHHE IIPHJTAraeMOr0 YCHUIIUSI, HO HAMpag

Puc. 2. IIsesonnement




HAQEXHOCTb NbE30OCKAHEPORB B 30HA0BOW MMKPOCKOMWK

bCKOM 000PY/I0BaHIH HCTIO/Ib3Y KOTCH PA3THYHBIE THIIBI YCTPOHCTR NPEIM3MOHHBIX MepeMeleHIil.
0c000 BBIZIEIMM YCTPOHCTBA HA ITEE30MPE0OPa3OBATENAX, OTITHIHTETLHOI YepTOi KOTOPBIX ABIACTCA
ibesrHepunoHHOCTS. Biiaroxaps cBoeii KecTKo# CTPYKTYpe Nbe30CKaHepa ABASTCH WieaJdbHbIM
IHCTPYMEHTOM [1/191 OLICTPOIi M TOYHOM HX HACTPOHKH.

 XapakTepHCTHKH NBe30MpeodpasoBaTelia BEIPAKAKOTCA IPOCTCHILIMME COOTHOIIEHHAMH (pHC. 2).

k=g %0, =~ *c, (1)
o R 2)
=C, %, “(3)

U, =Exl; )
C, = e xg>F. /1, (5)

e EI. i E, — HaNPsHKEHHOCTE NOJIS B KPUCTAJLIE B HAMMPABJICHUM oceil i 1 k B B/M

0, ~ MEXaHHYECKOE HAMIPAXKCHUC B KPUCTAILIE BJIOJNb OCH 77 B H/M;

&,~ OTHOCHTEJIbHAS JIe(hopManus KpUCTAIIA BOOIE OCH 7;

U HATNpsHKEHME HA TPAHSIX KPHCTAIIIA BJOIL OCH i B 6;

= EMKOCTb KPHCTaJI/Ia MEX Ty 0OKIaKaMu, PACLIONIMKEHHBIMH Ha IPaHsX, NEPIEH/IMKYIAPHBIX OCH 71;
Hf — pasMep IIaCTHHBI BJIOJL OCH [ U N (0OBIYHO 3TO TONIHHA TUIACTHHEI /) B M;

6, ~ OTHOCHTE/IbHAA AMDICKTPHYCCKAA MPOHHHAEMOCTh (£,=8,8510712 ®/m — anexrpuueckas nocro-

,— IU101a1h OOKIIAIKH KOHAEHCATOpa B M%;
d,,, C,,— mbe30K03hdumueHTs!.

ICKCHI i, k, 7 COOTBETCTBYIOT HAIPABIICHHAM OCEH WJIH TIOCKOCTAM, TIpy 3ToM muadpam 1, 2 1 3 co-
CTBYIOT HaIpaBJiCHUA oceld X, V'u Z, iucpam 4, 5 u 6 — mnockoctu ZY, ZX u XY. IlepBrlii uniekce
CpU3yeT NPHIOKEHHOE BO3ACHCTBHE, BTOPOH — MONYYeHHBIH pesyrbrar. Tak, y xoadduuuenta
by HHACKC 1 O3HAYACT, 9TO NIACTHHA TePOPMHUPYETCS BAOJE OCH X, @ HANPSKEHHOCTH MO H3MEPSIeTCs
ok ocn Y. Y koaunmenta d,; MHIEKC 3 03HAYALT, YTO WIEKTPHUECKOE M10J1€ MPHIOKEHO BJOIb OCH
Muzexe 6 o3navaeT, 4TO KpHCTAI IPETEpPUEBAET CABUT B TIockocTH XY [6].

i MHE303/IEKTPUUECKOTO MaTepHana XapakTepHo MoABIeHHE MOIAPH3AIHOHHOTO 3apaia IPH ero
HHYECKOH e opMalii 1 Ha0GOPOT, €CITH MBE303UIEKTPHYECKHI MATEPHAT BHECTH B 3IEKTPUYECKOE
€, T0O MOXKHO HADJIONATH H3MEHEHHE ero JUIHHEL DJIeKTpUuuecKas monspusanus P = D-¢,E, xotopas
33H3 ¢ MOBEPXHOCTHBIM 3apAJOM, B ICPBOM MPUOIHKEHIH YBEIMYMBACTCA JTHHENHO OTHOCHTE/ILHO
HUYECKOIO HANPSDKEHUA 0. MaTepruanbHblil 3aKOH BRIPaXKeH Tak:

D = P+g,E = do. (6)

IEKTpHIECKOe CMellenHe D i HaNPKEHHOCTD MONMA £ — BEKTOPbI, MEXaHHYECKO® HANPSUKCHHE o
POPMALHSL & — ITO TEH30PEI BTOPOIo paHra. CHeNoRaTENBHO, MEE30IEKTPUUECKHN KO3(hduiinesT
TEH30p TPETHEro paHra. Tak Kak TeH30p HANPSKEHHS CUMMETPHYEH, TEH30P MbE303ICKTPHYECKOTr0

purpenTa B obmeM ciydae umeeT 3%6=18 HE3aBUCHMbBIX KOMIIOHEHTOB. B KOMIIOHEHTHOM npeJi-
EHHU MBI TIONTYYaeM CIIeAYIOMe OTHOMEHUS
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D, dy dyd,3d\4d, 5d) g 22
D=\ D, |=|dydyds3d>4d55d5g 03
Ds ) \dydydydydisds )|

Gs

G )

Munekcel 1,2,3 OTHOCATCS K KPUCTA/UTHIECKHM MApaMeTpaM H HX MOKHO COBMECTHTD C KOO HHATHE:
MH HanpaBJICHHAMU X, V, Z IPH COOTBETCTBYIOMIEH opueHTauu. HampuMep, nonoxuTensHoe 3Haye
O3HAYAET, YTO PACTATUBAIOIIEE HAMPSLKEHHE B HAIPABIIEHUH Z BEZIET K TIOJIOKUTEIIBHOMY 3apa1y Ha o
BEPXHOCTH, JIeXKALEH B HANPABICHHH Z.

OGparHblii 1K KOCBEHHBIH Tbe3031eKTpHUeCK Uit 3hPEKT TaéT COOTHOMEHE MEX Ty HAMPIKEHHOCTH
3JIEKTPUUECKOTO NoJis £ u Mexaunueckou qedopmaiiuen ¢:

Foc N F
€ dy dydy,

€ dyydyds,

E

€1 dy3dy3ds;3 El 0
= 2
€4 | | diadrdsy E
3

€5 d,sd,sdss

€ ) \disdy6dss )

Koaddumuenrs dl}. TOKJCCTBEHHBI MPAMOMY [1bE302IeKTpHYECKOMY IDEKTy. DNeKTPOCTPHKIHL
OnpeenseTcs kak 3hPeKT Rroporo nopsizika, OHa 3aBUCHT OT KBAPATA HANPSKEHHOCTH YTEKTPHIECKON.
TIONIAA, ¥ ONHCHIBACTCS] TEH30POM HeTBEPTOTrO paHra:

(ﬁl ) (d1dads; ) (Yi1Y12Y13Y14Y15Yi6 Ef

€ dyydyds, E Y217 22Y23Y 247 25V 26 Egz

€3 |_| di3dasdyy EI MREEIEETREREIGN (25 9
By | | disdaydsy E2 YaYa2YasY44VasYas || E,E, 9
Es distysdss |7 | Ysi¥s2¥s¥sa¥ssss ELE,

€ ) \distrdss Ye1Y62V63V64Y65Y66 /\ E|E, |

/1151 Ibe303IeKTPHYECKOTO 3¢ pexTa XapakTepHo, YTO H3MEHEHHE HANPABICHHS 3IEKTPHICCKOTO MOMA
BBI3LIBACT MEPEXO/ PACTATHBAIOLIETO HANIPAKEHHA B CAKUMarOIee HanpsikeHue, DPHEKT 31eKTPOCTPHK-
LMK CBSI3aH C KBAIPATOM HAMPSHKEHHOCTH YMEKTPUUECKOTO MO H, 3HAYHT, He 3aBUCHT OT MOJISPHOCTH.,
B 3aBHCHMOCTH OT KPHUCTa/UTHUECKOH CTPYKTYPBl HEKOTOPBIC Mbe303IEKTPHUYCCKHE KO DDHIHEHTE
CTaHYT HyJIECBBIMH HJIH HX MOXKHO IIPUPABHATh APYT K JPYry. PakTHUECKHil BUI TEH30pa [UIS Mbe309-
JIEKTPHYECKOr0 MaTepuaia ONpeesisieTCsl TEM KPUCTALIOrpadpuIecKHM KIACCOM, K KOTOPOMY MaTepHa
ApuHaLIeKUT. KpucTammmiecknii KBapll OTHOCHTCA K TPUTOHATBHOMY KIACCY: d,=d,,; d, ~d

25
d26=-2d 11> @ OCTAJIBHAIE KOADMUIUEHTH! ncue3atoT. OKCHI IMHKA 1 HUTPH aTTFOMHHHSA TPHHA/TEKAT
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K TeKCaroHamkHOMY KJIaccy, Ie TONbKO KOSQQUUMERTE! dy =d,,; d)=-d|5 1 d3; OTIHYHBI OT HyJ3.
Kpucrauibl, obnanaromue neHTpagbHOM CHMMETpHeH (KaK KPeMHHIT) MJIH U30TPOIHBIE MATEPUAITET

e IPOSIBIIAIOT [1bE30INEKTPHYECKHiT APeKT, 01HAKO IAEKTPOCTPUKIIHSA HMEET MECTO BO BCEX TAKHX
MaTepHanax, BKIOYas W30TPOITHEIE.

OcoGenHo BHICOKHIT The302MeKTpUYeCKUil KOApDUIIHEHT MPOABIAET CETHETONICKTPHYECKAA KCpaMHUKa.
Omoii w3 ocobennocteii moGoro CCrHETONEKTPHYECKOTO Marepraa ABISEeTCs TO, YTO OH H3MEHSET CROH
teoiicTBa B Tovke Kiopu 7 . TIpu Temmeparype T>T XpucTaILI He MPOSBISET cedsi KAK CErHETOIEKTPHK,
OIHAKO JI0 TeX MOp NOKa 1'<7, OH CErHETOEKTPUK. BOMbIIHHCTBO KPHCTAILTIOB MOTY T HAXOANTHCS B Pas-
IHYHBIX KPHCTATHYECKHX (ha3ax, KOTOPHIE YCTOMYMBEI IPH PA3THYHEIX TEMIIEpaTypax U JuanazoHax
eHmil. [lepexost Mexty azami CONPOBOXKIAETCSA U3MEHEHHEM TePMOIHHAMHIECKHX XapaKTCPHCTHK
IPYTOCTH, ONTHYECKHX H TEILTOBBIX CBOMCTB, 00beMa, SHTpONNH, 1 T.1.). Bo Bpems nepexona aroMer
EMEIIAIOTCA TAKUM 00PA30M, YTO KDUCTAILT CMEHSIET OIIMH KPHCTAIUTHYECKHUIA KIace Ha Apyroil. Boobie
*PEXOJI NPOHCXO/IUT MPH PA3TMUHBIX TEMIIEPATYPax, IPH HArPEBAHHN H OXJIAKICHHH (TemMmeparypHsbIit
TicTepesic). PasoBELH NMEPEXol NEPBOrO MOPs/IKA OTIHYAETCS CHILHBIMU M DE3KIMHA W3MEHEHHIMH B
CTaJLTMIECKOH CTPYKTYpe. B Teuenme nepexosia BTOporo mops/ika H3MeHeHHs: MeHee CHIIbHbI H [epe-
Ol HenpepbiseH. DasoBLIe Iepexo/ibl BTOPOIO MOPAIKa He 06/1a1a0T TEMIIEPATyPHBIM THCTEPE3HCOM.
OBBIC MICPEXO/IbI HACTO COIPOBOXKIAOTCS HATTHYUEM HOBBIX (DM3UUECKHUX SBIICHUI (CErHETORIEKTPH-
BO, )epPOMAarHeTH3M, CBEPXIIPOBOAMMOCTE). st BaTiO, Touxa Kiopu pasnsiercsa 120°C. Boime
oii Temnepatypsl BaTiO, npunaanexunt kyGuaeckomy KPUCTAIUTHYECKOMY KJIACCY H TepseT, TAKHM
UPa30M, CBOM CETHETONIEKTPHUECKHE U Tbe303/IeKTPHYECKHE CBOHCTBA, Hivke Touki KiopH kpucTamt
paronanbHeIi, 0T 0 1 710 -70 "C anbaeiimme dasoBble nepexoms! NPOMCXOAAT 0T OPTOPOMONYECKOTO
ATOHANTBHOMY KPHCTAILIM4ECKOMY Ki1accy. CMeHa KpPHCTATMIeCcKOii Py I CHMMETPHH, CBSA3aHHAsI
OBBIM [IEPEXOIOM, CTAHOBHTCSI IPHYHHOMN MOSBIIEHHS HOBBIX KO3 GHIUEHTOB B TEH30pe MaTepHaa.
*PUAJIBI C TPHTO/HBIM JUIA HCTIONB30BAHMS KOIPPUUMEHTOM IPOIONKHOM JePOPMAIIAN OXBATHIBAIOT
EPAIbl, MOHOKPUCTATINYECKUE BEIIECTBA U MOMHMEPBL. OObIHO mhe30dneKTpudecknii 3 dexT Hau-
€€ APKO BBIPAIKEH B MOHOKPHCTAIUIHICCKUX BeLecTBax. J{Jis MarepralioB rOOHBIX K HCTIONB30RAHIIO
POCHCTEMAX IbE309ACKTPUUECKIH KO3 PUIIMEHT 00BIYHO JieskuT B auanasone 1+100%1012 m/B.

PH MAKCHMaJabHOH HampskEHHOCTH nons E=107 B/M oTHOCHTe LHAS NpoaoneHas aedopmanus
CAUT B IMANIA30HE &, = 10-3+107, B pe3ynsrate A0CTIXUMDBIH AUanasoH yrnpasICHUA MaJl, HO MPH 0-
W0ILH HATPSKSHHST MOYKHO OYSHB TOYHO YIIPABIIATH IepeMeIeHueM. B oTIHyme 0T GOMBIHHCTRA APYTHX
HIHIIOB aKTHBALIMK HEJb3S TOCTHTHYTE GoJiee HU3KOTO Ipefiena, MONy4aeMoro Ha aTOMHOM YPOBHE.
0CODEHHOCTH HCTIONBL3YeTCS B PACTPOBOM TYHHEIBHOM MHKPOCKOIIC MM B MHUKPOCKOIE aTOMHO¥
1 15t Oy ICHHS PA3PEIIEHHUA HIKE, 4eM aTOMHBbIH anamerp 10710+ 1012 m,

JIeKTpOMEXaHHYECK Ui K03 punuenT CBA3U kp MIOKa3pIBACT Ty AOK MCXaHHYECKOH YHEPrHH, KO-
npeoOpasyercs B HIEKTPHUCCKYIO SHEPIHI0. ITO OTHOCHTCS Kak K OPSMOMY, TaK ¥ K 00paTHOMY
MeKTpuieckomy ahdexry.

_ IlpeoBpa3oBaHHas sHeprus
HakoruieHHnas saHeprus

2
kp

1 3QdexTuBHOrO Npeobpazoranus OHEPI'HH, ECTECTBCHHO, [IO/KEH OBITH MOCTHIHYT BBICOKMIl
HIHEHT CBAsH. OnHaKo KO3Q(OHIMEHT CBA3H HEJTh3s NPUPARHUBATE K 3()(HEKTHUBHOCTH, TAK KAK B

flIE BOSMOMHO BOCCTAHOBJIGHHE HAKOIUICHHOH SHEPrui, a 3Ha4uT >pHEKTHBHOCTD MOKET OBITH
HOro Gonbie kKoddduienta cBs3m.
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[lpoexTHpoBanue cHCTEM aBTOMAaTHYECKOIO YNPAaBICHHS MMbE30CKAHEPAMH CBSI3AHO C PacyEToN
MOTEHIHATEHOTO YPOBHA HA/IEKHOCTH BO3MOXKHBIX BapHAHTOB MX peainsaunu. [locTpoeHne cospe:
MEHHLIX CHCTEM YNPABICHHA Ha 0a3¢ MUKPOIPOLIECCOPHOH TEXHHKH, IS KOTOPOH XapaKTepHa MHOM-
(GYHKIMOHANBHOCTE MOZLYIIEHT, ONPE/IENseT akTyalbHOCTh PA3BHTHS METOLOB ONEHKH HAAEKHOCTH.
YUUTHIBAIOMMX B3aHMO3aBHCHMOCTL COOBITHH NOTEPH IBC30MOAYIAMH CMOCOOHOCTH BBITIOJNHST
pa3au4Hble QYHKIINH.

[lomyueHHEIe B 9TOM HAMPABIEHHH PE3YTLTATEL, B OCHOBHOM, KACAIOTCS MHE30MOJYICH (Y3I10B), OTKA
KOTOPBIX IPHBOAHT MO0 K MOTCPE CMOCOGHOCTH BBIMOJIHEHMUS BCEX ero (Y HKILMIT OIHOBPEMEHHO, JHf(
TOJBKO OHOM QyHKUMK. HiKe TIpe/iiokeHbl METOIbI OLeHKH HAnEKHOCTH T1C 13 MHOTOMYHKIHOHA
HBIX [EE30MOJIY/EH ¢ POU3BOILHBIM BHOM M1EPECEKAEMOCTH HAHOTCXHOMOTHIECKOT0 060pY/10BaHHS,
3a/ICHCTBOBAHHOIO TIPH BBITIOIHEHAN PA3/IMYHbIX (YHKITHIA.

3agaua popmupyetca cacayrommm obpasom. Mycrs I1C, Beinonusomuii Gy HKwio F = VisJorill
COCTOMT M3 M MHOTO(YHKIHOHATEHEIX NhezoMonyiieit (M®OIIM), kakIblii U3 KOTOPHIX B HCXO/HOM
COCTOSHMHM BBINOTHACT MHOXKECTBO GyHxumi {f|, /..., £, }. s Kam10ro HAHOTEX HOMOTHIECKOTO 000
pynoBanHsa 0003HauuM Yepe3 O, COBOKYIHOCTH 1bE30MOMYIIEH, 3aeHCTBORAHHYIO MPH BbLIMOTHEHHH
rbymclmufl. B obmem ciyuae MHOMNECTBA D, D,,..., D, MOTYT HepeceKaTLesl, YTO IPUBOAMT K B3aH: |
MO33aBHCHMOCTH COOBITHH MOTEPH CHOCOOHOCTH HAHOTEXHOIOTMYECKOTO 060PYILOBAHUS BHITIOIHATE
pasauunble Qynkuuu. [lo BuAY mepecexaeMOCTH MHOXKECTR @, ©,,..., ©, BbICIUM CIEYIOUIHE
CTPYKTYypsl M®ILIM [7]:

@) )i #j)—> ©,N D, +0]; (10)

(VY £]) = ©,N D, =0];

(VYD %)) » ®,N D, =Q],
raei,j e NN={1,2,3,..., n}.

Crpyxrypa MOIIM (10) xapakTepusyercs HE3aBHCHMOCTBIO COOBITHI MOTEPH HAHOTEXHOIOT YECKIN
000py10BaHHEM CMIOCOOHOCTH BEITTONHATH PA3inyHbIe QyHKIMM; cTpyKTYpa MMIIM (11) COOTBETCTRYET
MPOU3BOILHOMY BHJLY IIepecekaeMoCTH MHOXeCTB @, D,,..., @ : cTpykrypa (12) siBisercs qacTHoii o
ornomenuio K (11). B M®IIM suza (11) Beiensrores HekoTopbie 00LIME MTbe30MOLy M £2, 0TKa3 KOTOPIX
HPHBO/IHT K OIHOMY OTKa3y HAHOTEXHONOrMUYECKOro 000pyioBaHus, 1 ibe3oMonymu @ \Q (i=1,2,...,n),
OTKa3 KOTOPHIX CBSI3aH C MOTepeil CocoOHOCTH HAHOTEXHOIOTHICCKOrO 060PY/I0BAHHUS K BBITIOIHCHHUI
TONbKO OHOH (yHKImH ;. MuoxecTBa @ \Q He niepecekaoTcs.

Yenosuem pabotocnocobrocty [1C sBaseres cnocoGHOCTb BemonHeHust GyHKn £ = {fii ool
[Tpu 3rom Kainas QyHKIIHS J; € F omxHa REIMOMHATECS X0Ts 061 omauM MMIIM, a BpeMs OKHIaHN]
00CITY)KMBaHHS 3aIIPOCOB HA BLINMOMTHEHAE QYHKLMH £, € F 10/DKHO OBITh HE GOIbLIE 3a1aHHOTO TPeaEbHI
pomycTuMoro sHadenus. Hapéxnocts [1C onpejennm 110 BepoSTHOCTH Ge30TKa3HOM paBoThI.

Ouenxa BepoatHocTH Oe3oTkasHoi paGotel IIC. Pacemorpum IIC, s kOTOpBIX yCioBHE paboTo-
CIOCOOHOCTH 3AKIIHOYAETCS B BO3MOMKHOCTH BHITIONHEHHMS. KAXK/I0H (PYHKIMH J; € F xors OBl B 07HOM
M®ILIM. OueHky BepoSTHOCTH 0€30TKa3HOH paboTLl MpoOBEEM Ha OCHOBE H3BECTHOIO KOMOK HAaTOPHO-
BEPOATHOCTHOIO METOAA BKIIOYCHUA-UCKIIOYCHHA (8], 103BOMSIOMIETO MOXYYNTh KaK TOUHYIO, TAK I
MPUONMKEHHYIO ¢ TpeOyeMoii OTPeHIHOCTEIO OLEHKY.
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Jlns MOIIM Bupa (11) BeposTHocTs GesorkasHoii paborsi I1C P oneHUBaeTes Kak

P=3 P(R)-LP(hvi)+ X P(f VIVt Y (v, v.._vfJ—...%—(—l)"P(El_ﬁ] (13)

ieN i,jeN i,JJleN [, fe@eN
i#] i jl E L]

rae P (j; VifiMev L ) — BEPOATHOCTB TOrO, 410 B IIC MOMKET ObITE BEITIONHEHA XOTS GBI O/HA (hyHKIHS
W3 MHOKCCTBA PyHKIMIE {f,, _};, sigh 3

P(iv 1y v 1) 1-[1=p (v Sy v v 1, )]

Bepositnocts coxpanenns I1C cnioco6HOCTH BLITOMTHEHHSA XOTH GbI OMHOH QYHKUHH U3 MHOXe-
CTBA

PNV v f)= 2 PN - Y pUfi A f)+

ieN i,jeN
i# ]

(14)
2 PUALAR =t (D X plfinfy A A S,

i, jleN i, j.aeN
7 jEl i#j#.2a

e N, = i, s @)y P (f! s Jo oo fa) — BEPOATHOCTE HCIIPABHOCTH B HAHOTEXHOMOTHYECKOM
000pYIOBAaHUH TBE30MOTYIIs, 38,1€HCTBOBAHHOIO TIPH BBINOJHEHHH (yHKIHIA £, _};,. e

3HaveHue p(ﬁ Aj} A Aj;]) OUNPEACTACTCA KAK BEPOATHOCTh MCIIPABHOCTH Mbe30MOYICH
o Uo,U .. Ud,.

Ilpu SKcoHeHIMATEHOM pacTipesieNle R BpeMeHH [0 0TKa3a
p(f; A A e AfH): exp(—A((I)IU(;DzU - UD )z),

e A(®,Ud, U ... U®, ) — cymmapras narencusrocts otkasos M®IIM, sapeiicTBOBaHHBIX HpH
BHIOTHEHUH (DYHKLMIA £, j;,..., /s t—Bpems paGoTHL.

Hnst MOIIM Rupma (12) BeposSTHOCTE 6e30TKa3110i pabotsi [1C Beraucusiercs

P=icf?p5(l—m)"_k f[[l-(l-p;ﬂ. (15)
k=1 =1

FAC P — BEPOATHOCTE OC30TKA3HOH PaGOTHI MBE30MOIYIICH, COCTABISIONINX MHOKECTRO Q; p.— Bepo-
ATHOCTD Oe30TKa3HOI paboTHI MTHE30MOJTYTIeH, OTHOCSIINXCA K MHOKECTBY D.\Q.




HALEXHOCTb NbE30CKAHEPOB B 30HA,0BON MUKPOCKONMWM
Ecmm motepst nbezomonty1em pasmuiubix $yHKImi paBHOBEPOsTHA (p; = p; = p), TO it
C ok k m—k %
P=Nelpl-p;) [1 - —p‘-j‘] .
k=1
ot M®OIIM Bupa (10) BeposTHOCTB Oe30TKa3H0i paboTe! I1C P BEMHCIHM Kak O
P
P= ]‘[[ -(-p)"] K I1
cuu
B2
Paccmotrpum BepoATHOCTB 6¢30TKa3HOH paboThl KOHCTPYKIMA € YIETOM OrpaHHYEHHA BPEMEHH 00- Ha
CITY)KMBaHMSL. 001

Ilycte 3amano w,, — npesienbHO A0MYCTHMOE CpeIHEE BpeMs 0xKHAaHKUs 00C/y/KUBAHUSA 3aIIPOCOB Ha
BHIIOJIHEHHe QyHKIMH [, € F, i € N. Kaxplif Mbe30M0o1yiIb NPeACTaBAM NpocTeiilieli cucTeMoi Macco-
Boro obcmyxusanua tnna M/M/1 [9]. Uucno nbesomoynelt m,, Ipu KOTOPOM 3aTIPOChl 00CITyKHBAKOTCA
3a JONYCTHMOE CPEHEe BPEMS, ONPEAEITUM KaK

" b
Wy p{

e p = v
A — cyMMapHas HHTEHCHBHOCTb 3aIIPOCOB Ha BbINONHeHNe QyHKImHi /; € F; M
V — cpejJiHee BpeMsl X BHITIOTHEeHHUS. 1l
»

Bynem cuurars, yro [IC ucnpaBeH, €Cli CMOCOOHOCTB BHITIOHERHS KX 1010 Buja Gynxumii f; € F
coxpansieTcs Xors 6sl B 72, M@OIIM. Ilpu sTom BeposaTHOCTE paborocniocodbnoctr I1C onpegenserces mo
dopmyne (13) ¢ To# pasuuueit, 4ro P(fv f; V...V J;) — BEPOATHOCTB TOTO, YTO X013 Obl 0Ha YHKLMS 13
MHOXKeCTBA {f;, f...., f,} MOXeT GbITh BEINONHEHA HE MEHee YeM m, Nbe3omoaynam [10]:

P(fiv f,vv fo)= i cEp(fivfivavt,) ><[1—p(fi vf;.v...vfa)] ,

g=my
I/e BEPOATHOCTS p(f v j; v...v f) Beraucascmas no gopmyae (14).
Onpejenenne 3HAYEHNUS 7, IPU HANPABJIEHHUH BCETO IIOTOKA 3anpocos m, MOIIM npusouT K Hinkiei

(MECCMMHUCTAYECKOH) OIIEHKE BEPOATHOCTH pabotocnocodnoctu [1C.
s M®IIM Buaa (12) BepositHOCThL O6e30TKa3Hoi padots! [1C

=Y Gra-ra) " TI| X G -2 )7 |
k=my

i=1| s=m,
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i MOILIM suna (10) Bepositaocts Gezorkasnoi padorsl I1C

P:H Y Copl(-p) 7 |

i=1 | s=m
Onennm BeposTHOCTE Ge30TKa3HOM paboTs! IIC ¢ pyHKuHOHANEHOM HeoaHOpOIHOCTEIO MOIIM.

Pacemarpusaemsie 10 cux mop I1C KOMMIIEKTOBATNACE H3 OUHAKOBEIX MMIIM. Teneps nepeiném
kIIC, conepxamum z Tumos M®IIM, pasnuuaeMbIX 0 COCTaBY BHIIOTHACMEIX PyHKUMH. Bynem
CYHTATh, YTO MHOXKeCTBa GyHKuMH, BeimoTHsAeMbIx MOIIM pa3nndHOro Tuna, He MepeceKaloTCs.
B s1om ciyqae muoxecTBo BoimomHgemeix B IIC ynkuuii u MmaoxectBo M®IIM MokHO pa3éuTh

Ha z HEeNepeCceKalomuXCs MOAMHOXKCCTB, YTO MO3BOJIACT OLEHATH BEPOATHOCTh GE30TKa3HOM pa-
oore T1C, kak

Ijie P, — BeposATHOCTL 6e30TKa3HOH paboter moxcuctemsl I1C, sxmouaromeit MPIIM i-ro Tuna (mo
(yHKIHMOHATBHON KOMILIEKTALNH).

3navuenue P, Berumcnisiercs no $popMynam, npuBeAeHHEM Bhie s [1C U3 GyHKIHOHATEHO OAHO-
POMHBIX MLE30MO/TYIICH.

Ouenka BepOATHOCTH 6e30TKa3HOM paboTel 110 MeTony BKIIOUeHHA-uckmoderuns pua 1IC u3 npeso-
Moayxeii 00tero sua (11) conpskeHa ¢ JOCTATOMHO CTOKHBIMU pacuéTamu. Boree mpocTo moayunTs

NPHOMIDKEHHYIO OIEHKY MPH TIPe/ICTABIEHHH CTPYKTYPEI Mbe3oMoxynel suaa (11) crpyxrypoit nbeso-
Monyneit Buga (12).

[pu HyDKHeH (meccuMUCTHYECKOI) OLIEHKE BEPOATHOCTH Oe30TKA3HOMH paboThl OyIeM CUHTATD, YTO A

1peoOpasoBaHiA HAHOTEXHOMOTHIECKOTO 000PYI0BaHMsA K cTpyKType MDIIM Q 0THOCATCS [be30MOIyIIH
n -1

0\ ﬂCDj UJ | L@, |, 1o ects o1xas no6Goro nsesomonyis, 3aneiicTBOBAHHOTO TIPH BBIMOTHEHHH
j=1 k=1

Gonee 01O YHKIIHH, BBI3BIBACT 0TKA3 BCETO HAHOTEXHOIOTHUECKOTO 0GO0PYIOBAHHS.

[lpn BepxHeH (ONTHMICTHIECKOI) OLEHKE BEPOATHOCTH GE30TKA3HOI PaBOTHI T Mpeobpa3oBaHHMs
HAHOTEXHOJIOTHYECKOTO 000PYIOBaHHS K cTPyKType MOIIM €, 0TKa3 KOTOPO#i BHI3BIBAET OTKA3 BCETO

m
HAHOTCXHOIIOTMIECKOT0 060PYIOBaHHsA, OTHOCATCS MBE30MO/LY 1K U D,
i=1
3an1a41 MBE30MOTYJIs, MCTIONB3YEMOTO IIPH PealM3aliy HECKOIBKHUX (HO He Beex) QyHKImil, pacmpeie-
JAOTCA MEXIY HElEPECeKalOUMHACA MHOKecTBamK D |Q. Hanprmep, BO3MOMKHO pacmipe/ienieHue, npu
n =l
Koropom B nnesomonyis @, |Q prmouactea P\ | [P y U | D, | Crenyer ormernts, uro wem Gonee
J=1 k=1
PABHOMEPHO (ITO CYMMApHOH HHTEHCHBHOCTH OTKA30B) PACIPEACACHAC MBE30MOMYICH 1O MHOKECTBY
B 10, Tem Gonee onTHMHCTHYHA BEPXHAA OLIEHKA.
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OTHOCHTENIbHAS [TOTPEIIHOCTh MpeU1araeMoi OLEHKH:

P, - P
5=0,5u
Py

-

rne Py u Py, — BeposatHocTn 6e3otkasnoi paborsi [1C, peraucimaemsle o dopmyie (15) wiu (16) upn
npejacTaBneHuu cTpykTypsl MOIIM, cOOTBETCTBEHHO, U1 BepXHEl M HHKHEH OLeHKH.

OuennBaemas MOrpemIHOCTE MPEIaraéMOTO0 METOZl@ 3aBHCHT OT PaBHOMCPHOCTH pacrpecieHus
Mbe30MOyJIEH 110 MHOKECTBY D 1€, MpUYEM OHa MHHMMAaJIbHA IIPH Hauboliee HepaBHOMEPHOM pacripe-
JIETIEHHH.

Ecmu nonmyyennas TOUHOCTB pacu€TOB HETOCTATOYHA, TO BOSMOKHO €& YTOYHEHHE Ha OCHOBE METO/A
BKJTFOUEHUA-UCKITIOUEHHS, KOTOPBIH NPH HEKOTOPOH IPOMO3AKOCTH BBIYMCICHHUH MO3BOJISET MOJIYYHTh

nc

~

CHCTEMA ABTOMATHZHPOBAHHOTO
YIIpapJieHHA

Puc. 3. Crpyxrypuas cxema I1C ¢ nocnenosatenbHEIM pacnionoxeHHeM IIbe30MOYICH
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CHCTeMa aBTOMATH3HPOBAHHOTO

VITP ABJIEHEST

Puc. 4. Crpykryphas cxema INC ¢ napaniensHBIM PACTIONMKEHAEM TTHE30MOIYI1eiH
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modoe Tpedyemoe npubmmienne. [TpuGinKeHHas OLEHKA 0 METOMY BKJTHOUEHUS-MCKITIOUEHHS 0CY-
mecTriseTcs Ha ocHoBe Gopmyant (13) ¢ y4&TOM TOTO, YTO NP OTPAHUYEHUN TOYTHOCTH BHIMHCICHHH
A0 HITeHa CO 3HAKOM ILIFOC MOTYYaeM BEPXHIOIO OLIEHKY, @ CO 3HAKOM MHUHYC — HIKHIONW [10].

HocnenoBarenbHoe 1 Mapaie/ibHOE PACTIONOKEHUE HE30MOTYIIEH.

Han&xuocts cuctem nz M®IIM 3aBHCHT OT CHCTCMBI aBTOMATHYCCKOTO YIPABJACHUA ITHMH [1E30MO-
AyIAMH, & TAKKE HAAEHKHOCTH PabOTHI CAMHX NBE30OMOJTYNIEH, B KOTOPEIX Peanusyercs npeobpasoBaHie
AMEKTPUYECKOH 3HEPTHU B MEXaHHYECKYIO.

Bee [1C Moo pasieuTh Ha KOHCTPYKIA C IOCIEI0BATENbHBIM, HAPAIIICTBHBIM U [OCTEI0RATETHHO-
NapajuIeJIbHBIM COETIMHEHHEM TThe3oMoyseii. [Ipu mocie1oBaTebHOM COSIMHEHHH T1be30MOjTyIIeil (pHC.
3.) morpemHocTs nosunuoruposania [IC nbesockancpa npeacTaBuser coGoil BEKTOPHYIO CYMMY 110~
IPELIHOCTE [0 BCEM CTENEHAM MO/1BHKXHOCTH. [IPH NapannensHOM COeMHEHH Mbe30MOTyIIeii (puc.4.),
KaK 9T0 MMEET MECTO, HanpHMep, B Mbe30CKaHEPaX HAa OCHOBE /-KOOPIMHAT, HOIPEIIHOCTD TON0KSHUA

OIHOTO MBbE30MO/IY/IA HE3ABUCHMA OT MONOKEHMA ApyTrux. B stom doibinoe npenmymectso takux [1C ¢
TNO3HIIHK TOYHOCTH T10J10KeHUs paboyero oprana.
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