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rpynisl npocrpancreennoil cummerpun Cs,: Ay, Ag u E. Ipegcrasienue Ay oTBevaer HeBbl-
POXKACHHOMY VIEKTPOHHOMY COCTONHUIO, HEUZMEHHOMY DU BCEX [lpe()(’)paﬁ()[ia“ HAX CUMMETDHU.
HI)C}L(}'I‘&BJ!CH ne AQ TAKZKE OIUCBIBACT HEBLIPOXKJACHHOE COCTOHNNE, BOJAHOBAL (i)y HKIHE KOYTOPOro
MEHIHET 3HAK DK OTPAsKEHUAX OTHOCHTE/bHO ocKocTel CHUMMETDUN. HaKOHC[L, npejAcTraB/enne
E COOTBETCTBYET ABAXK /bl BLIDOKJACHHOMY ICKTPOHHOMY COCTOIANUIO, BOJIHOBLIC (i)yHK[LM W KO-
TOPOro NPH NPeobpPa3OBAHKIX CUMMETDUN BLIPAMKAIOTC ADYD 4epes Apyra 1nogobHo BekTopaM
Xxny. I’Iffi JRCMHECPUMEHTE U3BECTHO, YT0 :\:\. LEHTD CYLIECTBYeT B JABY 3aPAJOBBIX COCTOAHMEX?
neirrpassuomd NV u orpunarersno sapmxennor NV~ Heitrpaibnoe cocrogune NV nenrpa
nmMeer ()CCQ)OHOH VIO JUHUIO HE JJIHHE BOJIHBL HM, & OTPUHUATE/IBHO 3aDAXKEHH bit HEeHTD ~ Ha
Jutaee Bosebt 637 um. B pasasuefiinem nog NV pewrponm 6yeM HOHUMATL OTPUIATENBHO 385
IKEHH LI e, Ha[lOMH UM, 4T0 ()CCQ)OHOH Hasl JIMHKI OTBEHACT «UUCTO ICKTPOHHOMY » OIrruie-
CKOMY HEPEXO/AY B TBEDAOM TeIe, KOUJAR HE NPONCXOANT HCIYCKAaHUA WK TTOIVIOIIECH S Q)O[VIOHOB
(koseBanuit Kpucrasmueckoil petuerku). oz npumenennit HabOABIIYIO DOJb UIPRET OTPULLE~
TEJLHO BaPAZKEeH HbIH LEHTD, B KOTODOM JONOIH WTebHBLI OTPUIETENbH bitt Bapy JLO(’)&BJUIC’I‘CH
K

W JIEKTPOHaM, OTBEYAI0IINM 3-m O(’)Op[&a““th YIVIEPOAHDBIM CBABIAM WU JABYM BaJSCHTHLIM

seKTpoHaM aroma asora. Takum obpasom, umeercs § S/EKTPOHOB, ACCOUMUPOBAHHBIX C
[LCHTI)OI\A. SKCHCI)MI\ACHTBI 1O BLIZKUTQHUIO [lp()['ia,ﬂ()['i, SJICKTI)OH HOI\Ay CHn HOBOI\Ay pefﬁ()“a“cy, Ol
THYECKH jLC’I'CKTMpyCI\AOI\Ay I\«'ia[‘[VH’I'I'[VIOI\'iy }IjLCpHOI\Ay p(ﬁ'fﬁ()“a“cy u p}IjL ijy[‘l’lX O[lpejLeJH’lJH’l THIL
OCHOBHOTO SJICKTI)OH HOrO COCTOIMHUSL 1\\' [LCHTpa, KOTOphU\A HABJAAECTCH CILKA H()Bhlﬁ 'I'pl’l[ljle'l' SAZ.
S'I'O'I' 'I'pl’l[ljle’l' paCI[LC[L}lCH B p ALTATE CIIHH-CIIMHOBOIO Bﬁal’“\«"O}LQHCTBMH H& ABEe KOMIOHEH-
ThiZ H(’)B[)Ip())l\'jl‘eﬂ Hy[() OCHOBH}’[O Al u BO(’%(’)y)K}LCH Hy[() ;LB‘\ Kpa’l'“() Bhlp())KjLeH Hy[() KOI\“IOHCHTY E
(puc. 2).

H(’)B[)Ip())l\'jl‘eﬂ Has KOMIIOHEHTa COOTBC’FCTBYCT Hyjle['i()ﬁ [lpOCK[LM W CIIHHE H& OCb Cl’ll\'ﬂWCTpl’l 44
[LCHTpa Mg — 07 B[)II)O)K}LCHHOC CIUHOBOE COCTOIMKUE OTBEYaeT [lpOCK[U’IHI\A ms — il. c[ll’l HOBOE
pacwentenne cocrasisier 2.87 [Ty B egunnuax wacrorsl. Ha puc. 2 1akike noKasapn Mera-
C’I'a(’)l’l.}lh“ bilt CHn H()Bhlﬁ CUHIJIET 1A1, KOTOphIﬁ l’l[‘pae'l' Ba)KHy[O pOJH) B JAUHAMUKE OINTUYCCKOrO
BO(’%(’)y)K}LCHMH N\. [LCHTpa. HOI\“’H\AO [lpejl‘c'l'a['ijleﬂHhIX Ha pl’leHKe Op(’)l’l'l'a,]lh“hlx U CHHUHOBBLIX
ypOBHCﬁ SHCp[‘M u, UMEeTCs Bl’l(’)pOH Hbi€ COCTOIH ws, KOTOphIC [lpOHBJUI Ores Ma (’)OJICC BBICOKHUX
"laCTOTaX, wueM ()CCQ)OHOH Has JIHH wui, B OITHYCCKOM HMOMVIOIIEHNH U Ha (’)OJICC HMU3KHX “aCTorax B
JIIOMUHECHCHIINI . Bl’l(’)p()“ Hbie ypOBHM BACEAITOTTCH [lpl’l [iOffﬁ(’)y)Kjl‘CH MU HE JJIHHaX BOJ!H, K()p()LlC
Gecpononnoll UK, HAUPUMED, BTOPOH rapMoHUKON HeosuMoBoro aasepa A = H32 um. Iocae
FIOro BO(’%’V}K}LCH Wi uMeer Mecro (’)hlc'l'paﬂ pejlaKCa[U’l 48 [LCHTpa M MUZKH nit Bl’l(’)p()“ HbIH ypOBCH by
< KO'I'OI)O[‘O [lpOMCXOjLHT [lepex()jl‘[ﬂ B OCHOBHOE SJICKTI)OHHOC COCTOHAN MCT HO Ha paﬁ“ bie Bl’l(’)pOH'
uble yposuu sueprun. B pesyawrare criexrp quiyopectennnn NV Henrpa JeskuT B OCHOBHOM B
u H'I'Cp['ia)le JJIAH BOJIH OT 6

20 800 um. Becdononnas sunust JaoKe IPU HIBKUX TEMIEDATYPAX
HUMEeT UHTCHCUBHOCTL NODAJAKS HECKOJIBKUX [POUESHTOR 0T HHTCHCUBHOUTH BCEro W3 YLlaCMO[‘O
NV uewrpom csera.

B Cuaty BLICOKOH APKOCTU JIOMUHECHEeH N :\:\. HEHTDLI MOUYT M3Y4aThCH «O OJUHOUKE» B
LMY He 0T TPaJAUIHOHHOrO UCCHe 0BaH aHCaM(’)J!Cﬁ Q)O'I'OaKTM BHBIX MW Kp()()(’)'hCK'I'OB. B pe-
BYARTATE OKA3bLIBACTCH BOSMOXKHDLIM [OAYYRTH M[Vl(i)()pMa[l‘M 0 0 HEYCPEAHECHHDIX XapaKTepueru-
KaX 9TUX [EeHTPOB ¢ [MOMOIILIO CHLHHAJILHLIX METO/A0B, OJHUM U3 KOTODLIX ABJAACTCH K()H(i)()'
KaIbHad MUKDOCKOIHE :\:\. HEHTPOB. I’ICCJ!C}LOB&HMC OJUHOUHBIX UEHTDOB NO3BOJSIET [OAYURTh
BaXKHY IO M[Vl(i)()pMa[l‘M 0 O KOPPeJHIHOn HOU CTaTUCTHKe Q)O'I'OHOB, OJUHOYHBIX OIITHYECCKUX epe-
Xoax, BffiaMM()jl‘CﬁC'I'BMM ¢ OKPY2RAWIUMH CIIUHAMK W T L.

CXCMa CKaHUPYIOLIEero KO[VIQ)OK?},JH)HO[‘O MUKDOCKOIR i UCCIe0Baus:l :\:\. HEeHTpos ¢
yC'I‘pOﬁC'I‘BOM MAPHUTHOO KOWTPOJIEH 1 MMKpOBOJ”IOBOﬁ CBIABLIO NPEJACTABACHE Ha DUC. 3. 9'1'3
CXeMa IPUMEHINAch B juccepranuonnoil pabore JLH. Ynappece «Korepewrnoe yupasienue oju-
HOYHBIMU KBAHTOBLIMU CUCTEMaMU B TBEDJAOM Teje» Il‘

B kauecrse uccaesyemoro obpasua B auccepranuu JLH. Yuaapece ucnonssosanca Ila un
AJIMA38 ¢ HU3KUM COACPXKAHUEM a3071a I YBeJIHYECHUE BDEMEHN KOEDEeHTHOCTH CITHHOBLIX CTe-
nexedt CBO(’)O)LM N LEHTDa, KOTODPLIC CHIILHO BffiahM()jLeﬁC’I‘By[O'I' CO CHIUHaMKU 6JH433J CXKALIUX
ATOMOB a3071a. ()6[)3}30[L HE NOABEPraJsics JONOJIHUTEABHOMY O(’)leLlCHM[O Wl OT2KUTY, TaK 1o
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uccaeayemsie NV nesrpsl uMean ecrecrsennoe npoucxoxjenue. Hamepenns 6a3upoBainch Ha
OIVTHYIECCKOM BO(’%(’)y)K}LCH uu :\:\. LEHTDa BHY'TDH O(’)I)aﬁ[lji C NOCHSAYIOIIHM JeTCKTUDOBANNEM Q)JIY'

OpeCueHnn BO: Y 2RJECHHOIO HeHTDa. BOS(’)V}K}LCHMC B BM(’)pOHHOC KPLLIO JHHUH OCyI[LCC'I‘BJUI'
JAOCH C TOMOIIBIO BTOPOH TapMOHUKH HeoauMoBoro aasepa (A = 532 um), a Geconounoit ju-
IyueHuemM [l()le[lpOB()jl‘HMKOBO[‘O Jasepa na JUIMHEe BOJIHbE /\\ 637 HM. BOfﬁ’V}K}La[OI[LCC
H3JLY TEHHE [POILY CKAIOCh 1epes ObICTPOASHCTBY I01He aKyCTOONTHIeCKne MOy aaTopbl (AOM)
Jtsl (POPMUPOBAHNI UMILYALCOB ¢ AAnTesabrocTbio Menee 100 ue u gokycuposasocs wa obpas-
e ¢ noMOLbI UMMEDCHOHHBIX JIKMK3. KOH'I‘pOth HOJOXKEeHn (i)OKa,thHO[‘O [ETHE Ha o()pa;fme
OCyI[LCC’I‘BJUI}ICH XX’ LaJAbBAHOMETDOM COBMEUTHO C [l[3(')’3()()6']30!('1‘!4[&()1\1 JJLEL nam‘poﬁKn (i)OKy-
ca. 3@[)!(3213, O(’)pa) OIIHE PaAbLBAHOMETD, OTPayKajn 38/ HI0K 1alTh o()%em‘nna, TAK Y4ro OHK
W3MEHIJIW [TOJIOXKEeHne (i)OKa,thHO[‘O [ETHE (’)(’)’3 BJHAHAE HE MOIHOCTDL TPOXOAAIIETrO JAa3epHOro
AYLEeHWE . CKaHMpOBaHMC BEPKaJ PaabBaHOMETDa [O3BOJEII0, TAKUM o()pa;fsom, CKaHUPOBATH
QoKAABHOE IITHO 110 MOBEPXHOCTH 00PAsHA ¢ MAKCHMANLHOH 0680 THI0 cKanuposanus 1007100
MKM. (D;xyopecuenmm N / newrpa co()npa;xau» TeM YKe OITHYeCKUM [ly'I'CM, TAK YTo jLC’I‘CK'I‘Mpy-
EMOe [ETHO CKaHUDOBAJIOTL COBM THO C BOS(’)y)K}La[OI[LMM [ETHOM. (I)leOI)CC[LCHH‘MH or BM(’)pOH'
Horo Kpuita (650-800 HM) NpoxoAuIa HUEPes AUXPOUUECKUE 3epKata U Habop DUIANTPOR nepes
BBOAOM B OAHOMOJA0BOC BOJOKHO, KOTODOE UCHOAL3OBAJIOCH BMEUTO TPAJAUIUOHHOrO OTBeDCTH
Mastoi anep'rypm. ()[l'I'OBOJlOKHO CAYIKWIO Kak Pasjie/nreib leLlel?l, Ka)KthIﬁ KOHEU, KOTOpOoro
ObIL COBJMHEH © MOY/IEM CHeTHuKa oannounbix doronos. B nenom sdupexrusnocrs cbopa juo-
MUHECHeHIK OT 0bpasia cocrasisia Menee 1%,

MUKW -~ W

st noggun crALHOrO MUKpPOBOAHOBOTO nostst Ba NV uewrp obpasel Obul DACcHoLoKeH Ha
miiare ¢ [l()jLB()jLKOﬁ MUKDPOBOJIHOBOIO W3JLY e le’l FLOM HQ o()[)a;fien, [iOffijLCﬁC'I‘BOBa,J!O nepe-
MEHHOEe MarHUTHOE [0J1e ¢ HAUPAZKEHHOCTHIO ] I'c ua uacrore 2.87 ITu U MOLIHOUTBI) 1 Br.
HOC’I‘O}I HHOC MAUrHUTHOE [10JIe MOIVIO UBMEHHATHCH ¢ NOMOIILIO MarHUT, YKPEIICHHOIO Ha TPEeX0-
ceBoil [i[)aI[La[OI[LCﬁC}I n;xa’rd)opme 38 O(’)paﬁ[LOM. ,JJUI H3MEDEHUE BEJIUYUHDI MACHUTHOIO [0/ B
1 MM o1 06pasua Oblil YKPEIIEH TPeXOCeBoil XOMmoBeKui cencop.

Maubiit ofpem Bo30YRASHUI U JTEKTHPOBAHMI KOHDOKAILHOIO MUKDPOCKONA, u300paken-
Horo Ha puc. 3, B coueranun ¢ HusKOH Kouuewrpaimel NV newrpos B uccaenyemom obpasie
HOBBOJIMIL TIOAYYURTH I’lffi()(’)pa)KC[Vl He OLJAC/IbHBIX [EeHTDOR. B Pe3YALTATe CKAHUDOBAHK q)OKa,JHY
HOPO [EHTHE 10 TOBEePXHOCTH O(’)paﬁll‘a 6[31”!4 BaperucTpUPOBARDL APKUE TEITHA CDaBH UMON MHTEH-
CHUBHOCTH. .

4. VYerpoiicrsa OiusKONONLHONR OITUKY

Briepsbie BO3MOKHOCTL NOJyUeHus cyOBOMHOBOrO pasperienus B onruaeckoil obaacrn Gblig
npogemMoncTpuposana B cratse 1984 roga . Mogem (D.W. Pohl} n coasropamn ws saboparo-
pun IBM 5 Mwopaxe [3]. Jan wuuoctpauun npunuunga AefcTBua CBOEH ONTHIECKOH CHCTEMDI
UWITHPYEMbIE ABTOPbI HCTIOIB30BAIN MEJUIMHCKHII CTeTOCKON. DToT NPOCToil npubop nossouser
JIOKAJLHBUPOBATH TTOAMKEHIE CEPALS TAIMEHTA ¢ TOUHOCTBIO ntops ks 10 ¢M npu nenoabsosanun
3ByKa ¢ Aannoit Boaust nowrn 100 M. B raxom cayuae nmeer mecTo paspelenune nopaika A/1000
38 CHET UCHOAL30BAHUI MAJIOH anepryphl (HUMKHUI KOHEl CTETOCKONR) U MAAOre PACCTOsdHud
OF HErO 10 ueeaeayemoro ofmexra (cepaua). Hpunuun crerockona MoXReT GbITh NEpEeHeceH Ha
APYUHE THIBL 1 JUIMEBL BOJH, 910 # Oblito npakruaecku peaansosano . osem u coasropamu.
O crarse E. Cumjpka [4] onu, no-suumonmy
npodienmsl, o kKoropbix nucas E. Cuupx 8 1928 rogy. K smum npobaemam orHOCIHTC: CO3ManRe
aneprypsl Majoro paguyca (10-20 uM); SKpan BOKPYT AUEPTYDbI AOKEH GbITh BHILYKJIbIM € OT-
BEPCTHEM B TOUKE HAUOO/ILINEro BO3BLILIEHN; MATEPUA FKPAHA JOJKEH ObITh HENPO3PATHBIM,
wrobbt ryOrHa NPOHUKHOBEHMS OITHYECKOTO M3y HeHns ObLIa MEHbIIE JHAMETDA AU TYDbL.

Aneprypa manoro paaunyca (30 i) 6bL18 HACOTORACHR HA OCTPUE KBAPUEBOTO KPUCTALIUYE-
ckoro crpexud (100 My pauuoil 1 2 MM TOMIMHOH), HOAYUEHHOM ¢ TOMOIIBIO BHUBOTPOINHOTO
rpasienns B HE. Hosepxuocrs ocrpust (30148} 1 GOKOBbIE CTOPOHBI CTPEIKHI GbLAM MOKDbI-
THI TOHKAM CJI0EM XPOMA, HEnpospauusiM caoeM asomunus (5001000 um) u Toukoil soa0T0MH
mtenkofl nporus kopposun. [IPpornsonosoKubil oCIPUIO KOHEL, CTEePIKHI UPeAcTaBis cobol

, HE 3Haju. B ux pa(’)()’l‘e (’)hljllfl PelleHb TeXHUYeCKIe
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ONTHHUECKN TIAJKYIO IOBEPXHOCT, 1ePe3 KOTOPYIO 3aBOANIOCH JA3CPHOE U3JLY UCHHe AJ5 OCBe-
iennst aneprypbl. OCIpue NPUBOARAOCH B KOHTAKT ¢ IbE30SIEKTPUUECKUM DEHAePOM, HA KOTO-
Dbl MOAABALOCH SAEKTPUYECKOE HAIDIIKEHRE. DTO HANDIDKEHUE BbISbIBAAO Jabienune Geujepa
Ha OCTPUE, B PE3Y/IbTATe Yero METALIMYeCKOe MOKPBITHE CTAHOBIAOCH MPOSPAMHDIM JJisl OIITH-
veckoro wsyuenns. Taxum obpasom hopmuposaiocsk orseperne Maaoil aneprypsl. Ero pasmep
MOP PErYJIUPOBATLCH IyTEM KOHTPOJIH MHTEHCHBHOCTH JIQICPHOrO W3J1Y YEHUI, IPOIIGALIEro Ye-
pes orseperue.

TecTnpoBasune ONTUYECKOTO CIETOCKONE MPOBOJANIOCS ¢ MOMOIILIO TPOMYCKAHMI JTA3EPHOTO
W3y Herus 1a Jytine Boubl 488 MM uepes Maaylo aneprypy u TecTOBbIil 0OLEeKT, MPECTaBIIB-
il cobofl “epeJoBANNe CBENIBIX I TeMHBIX [MOJIOC, HAHECEHHBIX HA HENPO3PAUHYIO XPOMOBYIO
miaenky. TecToBas MAACTHHKR, YKPEIUICHHAN HA [LE30IEKTPUUECKOM CroJle B IIOCKOCTH XY,
CKAHUPOBALACH [10 OTHOIICHUIO K HEMOABMIKHOMY OCTpUIO ¢ orsepcruen. [Iporesmmit uepes
TECTOBbI OOLEKT CBETOBOH CHIHAJ PErUCTPUPOBALCH (DOTOYMHOKWIENEM 1 MEPEJABALCH Ha Xy
pexkogep. Baluch PEKoAepa CPABHUBALACH ¢ MEKTPOHHOI MUKporpaduell yacTka TecToBO’ ia-

CIUHKH, HA KOTOPOR Gbuin u300DaskeHbl “epPeIyIOlnecs! CEETIbEe U TEMHbIE TOM0CH TOMIUHOH
200 um.

Henons3osa10ch 1B PeRUME PABOTH OIITHYECKOTO CTETOCKONA: ¢ YMEDEHHBIM Daspeliennen
(orHoCHTEABbHO GOABIIAN RUEPTYDA OTBEDCTHI Ha OCTPHE) U ¢ BHICOKUM pasperiennem (Masbii
pasMep aneprTypbl OTBePCTHI ). B 1ePBOM (1yHae noay erHoe n300paxenne KaueCIBEHHO COBIa
Aaio ¢ nsobpaxenunem snekrpornnofl Mukporpaduun. Bo sropom ciayuae OblIo GIENAHO ABA 1O~
CAEJOBATENBHBIX CKAHUPOBaHUI 0410 38 Apyrusm. Tak ke, kak n B cayuae GoabLIOR aUEePTYDbI,
ObL18, BOCHPOUSBEIEHA PEeToYHas CIPYKTYpa obhekra. Kpome Toro, Moo 6bL10 pasganauTh

Gostee TOHKHME AETAMN DA3MEPOM OKOJIO 25 HM.

HpCjLCJl Paspelerns OIrri1eCKory CreToCKONa OUpe e/ e [‘le(’)lfl HOU HNPOHUKHOBEH U Ol
TUYECKOH BOJIHBI B METAaL U y(’)hl[&aHMCM KOSQ)Q)M[LMCH'I‘& HPONYyCKaHu aleprypbl Kak 4-# cre-
[EeHKW OTHOIICHU: €€ JUaMeTDa K JUINHE BOJIHbL. 9'1'() BHAUWT, 4T0, © ()jl‘H()IL"l CTOPOHDL, TOJIIAHS
HENPO3PavUHOro 9Kpana JOJKHE (’)hl'l'h AOCTATOUHO Ma,}l()f"l, Ll'I'()(’)hI HPOIeAluas 1epes aneprypy
UHTEHCUBHOCTL W3y YeHUz (’)hljl() AOCTETOUHO (’)Ojlhlll()f"l. C ijy[‘Oﬁ CTOPOHDbL, T8 TOMIIUHE JOJMK-
Ha 6[3['1'[3 6()”[)[[[6 [‘le(’)MHhI HPOHUKHOBEHUI 1O B KD sl O(’)CC[ICLICHMH ero Henpospadio-
CTH. ()'I'C[OjLa CJACAYET, IO DU ONTUMAJILHBIX YCOIOBHAX MUHUMAJILHOE DA3PELIAcMOe DacCToinue
AWIZKHO COCTABATD 510 HM, “T0 H8XOAWTICH B COOTBEICTBUN C DE3YALTATAMU [LM'I‘MpyCMOﬁ pa-
Goret . Toas ¢ coasropamu.

I’I'I‘aK, HCHOAB3OBAHNUE ONTHYECKOrO CreToCKOoNa NO3BOANII0 OJIYUUTL DaspPelacMoe paccro-
aune 1pn HOPMUPOBAHAN H300DAKEHHI B BUAMMOM Auanasone nopsika A/20 smecto A/2.3,
XapaKTepuoro s QITHYECKON MUKPOCKOIUK JA3JLHErO IO,

K wepocrarkam onrnueckoro CreTOCKONd ero co3jaTenn oTHeCIn Kpaiine manoe pabouee
paccrodanne u «[‘le(’)lfl HY q)OKyCa», TaK Yro aHaJusupyeMbie O(’)']uCKThI AOJIZKHDBI HAXOAWTHCH M
HOBEPXHOTUTH TREDAOTE/IbHBIX O(’)paﬁ[LO B. :\"I}I[‘KMC TKAOHW U 2XKHIKHe O(’)I)aﬁ[LhI MOUYT HCCHAS OB Tb
CiH TAKUM CIIOCO(’)OM B O(’)']uCMC C NOMOLILIO eDeMEeIEeHns OUTPUE ¢ OTBEDCTUeM Masoi aneprypsbt
B UCCUICAYEeMOe MECTO.

Hpunyun deficmetus CRORUPYIOWEZO ONMUNECKOZO MUKPOCKONG DBAUNCHEZD NOAR

HOCJIC BLIXOA8 B CBET [lep['i()ﬁ Kpa’l‘KOf"l CraTby € ONMHUCAHUEM DEAJUBAIUU OIITUYICCKOrG Trero-
cxong . IMoss ¢ coasropamu onybankosaan s 1986 roay Gonee nosmnyio pabory na sty Te
KO'I‘OpOﬁ COBAaH HBI UMUK [lpl’l(’)()p HOULY UL Ha3BAHUEe CKAHUDYIOIIEro OIITHIeCKoroe MUKPOCKONa
Gamzkuero noas win no-anramiickn Near Field Optical-Scanning (NFOS nim SNOM) muxpo-
cxon [5]. B aroil pabore, B 18CTHOCTH, JAHO TEOPETHULCKOE OIMHCAHAE IIPUHIMNIA BIHKHONONeBO
MUKDOCKOIWH. B OCHOBE [PEJIOIKEH HOU 1 HISPUPETAUN JICKWT IPOIYCKANNE W3y UCHII epes
Cy(’)['iOJHVIOBy 1o anepry KOTOPOE OCYINSCTBIIACTCIH 1Yy TeM B()ffi(’)y)KjLeH H 9BAHECHEHTHLIX BOJIH 38
HENPO3PavUHbIM SKDAHOM B(’)JH’ISM aneprypb. Kal\ 2Ke OTMEeYaI0Ch, 9T 38 XQIOIIIHE BOJIHLI HE
T PacHpoOCIPatATLCH B CBO(’)O}LHOM HPOCTPANHCTBE, HO MOUYT HEPEHOCHTD SHEPIUI0 Ha APy~
Y10 CTOPORY IKPaHa. Ha puc. 4 I’lffi()(’)pa)KC[Vl bl JIMHUHK, COOTBETCIBY IOIIHUE 01K HAKOBOH TJIOTHOCTH
JHEPLUKN JJICKTPUHECTKOTO 11O/ B(’)Jll’lffil’l OTBEPCTHI MAJIOro Pajuyca a << AB Kapruue (’)JH’I)KHC[‘O

B
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W ABJILHETO 110JIs.

Ecau pasaokurs B npocrpancrsenubil nurerpas Oyphe ssexrpudeckoe nose sOIusn orsep-
CIus B HENPO3PAMHOM 9KPAHE, TO B 9T0M DASIMKEHUN OYAYT IDEACTABICHb! BOJHOBbIE BEKTOPDI ¢
BEJIMTHHOM IPOSKIAN HA [IOCKOCT 9KPana B uanasone or 27 /A 10 27 /a. 1o oznaaer Gomb-
HIYI0 HEONPEAENEHHOCT UMILY/IbCA IBAHECHENTHOH Bosmbl Ap &~ A/a, 9T0 COIIAcyeT BLICOKOE
paspetienne GUHAKHENONEBOH ONTUYECKOfl MUKPOCKOIUK ¢ TPeOOBAHMEM NPUHIMIE HEOlpee-
sennocru Feitzentepra. DTo COMACOBAHNE OCHOBAHO TAKIKE HA TOM, 4T0 KOMIIOHEHTA BOJHOBOIO
BEKTOPA $BAHECHEHTHOH BOJIHBL HA OCh cuMMeTpuu oTBeperud (0Ch Ha puc. 4} asagerca uu-
oro MHMMOlt Bestnunnoll, noyToMy AeHCTBUTENLHAS IPOCKIUS BOJHOBOIO BEKTOPE Ha IIOCKOCTH
IKPAHA MOKET ObITh GOJIBIIE €10 MOV

Hrobbl yHPOCTHIB CHTYAIKIO, [IPEATION0KUM, WI0 9KPAH nMeeT GECKOHEUHO BLICOKYIO /16K~
Tprdeckylo nposogumocrk. Toras k panuoil npofiemMe NPUMEHUMDBL DESYARTATHL, NOLYUEHHbIE
T A. Bere ewe B 1944 rogy npu pacemorpennn jgudpakiun ua magom orseperun. Cueys
Bere, Hy)KHO Da3/AHYATH SASKTPOMAIHWTHOE noJe, Bos3OYIRAEHHOE TaHreHupuatbuol Ormerny,

YIO MMEHHO [LIOTHOCTH SHEPIUK SJEKTPUYECKOrO [0/ B SBAHECHEHTHON BOJIHE, [PONOPIUO-
nastbnaz [E \2, OTBETCTREHHS 38 NOIJIOMIEHIE UB/AYHeHus B anausupyemMonm obpasie, & 3HaunT, u
38 popmuposanne n3o0paenus B G/MIKHENONEBOM MUKPOCKOe. inua BostHb 13
rpadpaka puc. 5 nosomena pasuoft 100 paanycam orseporus, r.e. ka = 0.06. Januse napaver-
Dbl NPUOANIKEHHO ONMUCHLIBAIOT IKCIEPUMEHTANBHYIO CrIyauuio nwrupyemoil padorsr . o ¢
COBBTOPaME, Koraa A = 488 umM, a = 5 um.

LyveHus iz

KOM[IO[VIC[VI'I‘OI?I Ma CPHWIHOrO o u [VI()pl\Aa,th[Vl()ﬁ KOMTIOHEHTOH JIEKTPUUCCKOrO 1O B 11848~
[OI[LCﬁ BOJIHE. Jaﬂh“ee noJe (Ha PacCrosdu MHOTO (’)OJH)I[[CM JJITAHDBL BOJIH [)I) MOZKET (’)hl'l'h pei-
CraB/IeHO B BUE CYNEePosuiuu [l()JlCﬁ, COB/IaBACMBIX MAPHUTHLIM W SJICKTPUYMECKUM JIUIIOJIEM,
KaK 970 [MOKa3and na puc. 25 cupasa. C[ljl()l[[“a}l OKPYXKHOCTL Ha 9TOM PUCYHKE [IDEACTaBiaeT
JIKHUIO paBHOﬁ [WVIOTHOCTH SHEPrun JJLd OJ MarHuTHOro JUIOJE, & HIPPDUX0OBasd ~ JJE [1OJ1E
JIEKTPUUCCKOrO JUTTOJIE . BM}LHO, YIO B HAUDABJICHUK, HODMAJIbLHOM K 3KDaH [OMUHHDYET W31y~
HYEeHHE MAPHWTHOrO JUNOJH © [lOJl}IpMSa[LMCﬁ, napa. JLHOH IKPa Ha[lp{)'l‘lflﬁ, B HAlDaBJEeHuu,
Hapa/Ie/IbHOM 9KDaN OCHOBHOH BRJI JQeT [1OJIe VIEKTPUYUCCKOrO JUIIONE, TOJADPU3OBAHHOE
[0 HOPM AU K 3KPal

@OpMMpOBaH ne Mffi()(’)pa)!(e[ﬂ’l}l B OIITHYECKOM MUKDOCKONe 6JH4)KHC[‘() [OJLE OrBeY1aet B()ffi(’)y)l\"
JAECHUIO SBa[VICC[LC[VI'I'[VIOﬁ BOJIHBE MAPHUWTHBLIM JUIIONEM, HaPaUIC/AbHbIM [WIOCKOUTH HENDO3DatHOro
IKPaAa. ,IaHHOC YCAOBHE BBLINOJIHIACTCH JLL [lajLa[OI[LCﬁ Ha JKPan ¢ OTBEePCTHEeM JJIeKTDOMAr
HUTHOH BOJLHbE, SJICK'I'I)MLICCKMI?I BEKTOD B KO'I‘OpOﬁ HOAPUB0BAH NePHEHINKYEIPHO IOCKOCTH
N eHus. PC IBTAT Pacuera POCTPaHCTREH HOH TJIOTHOCTH IHEPrun SBa[VICC[LC[VI'I'[VIOﬁ BOJIHbBI Ha
OCH CHMMETDHH K[ 0N ANEPTYPDb [ 91000 CyUas], NPOBEISHH BI 11O Q)OI)J\; 7J1aM BC'I‘C, npei-

crapaen Ha puc. 5. ABCIMCCR PUCYHKE NPUBEACHR B SAMHULAX DRAMYCA OTBEPCTHI Oaiuyca
orederus ¢ = z/a.

Beanuuua [E \2, COOTBETCIBYIONIAM ODAMHATE HA DUC. D, HODMUDOBAHA HE KBRADAT HAUDI-
SKEHHOCTH MAPHWTHOTO HOJSL B Najaioleil sojue \Ho\z. Kak suano n3 puc. B8BUCHMOCTD
IIOTHOCTH SHEPUUN 9BAHECHEHTHON BOIHBI OT PACCTOMHMI 10 IKPAHA MOYKET ObITh DA3IE/NEHS
na Tpu uurepsasia. B nepsom (Ginoxaitinem k skpawmy) uwrepsase ¢ = 03 —1 (2 = 2—5
HM) TIOTHOCTL SHEPTHK MO w3Mensercs ciabo: or 0.001 go 10774 B ormocHTe BHBIX €11~
unnax. Horromawomui ofsext, noMelleHubil B 9Ty 300y, OYAeT CHILHO BJAUITH HA SHeHne
w3z aneprypst. Kosdmuuent nporyckanns Matofl aneprypst B ool Garokailineil 3oune paercs
BbIDAXKEHUEM

4 (ka)? (1)
Tprox = 7r2 .
Haa paccmarpusaeMblx suadennit napamerpos us (1) wiepyer, 4to fpror = 0.00146.

Ormerum, uro pasenctso (1) gaer nuyio Gosee cabyio 3aBUCUMoCTh KoM QUIMERTR NPTy CKa-
HUA OT Ge3PA3MEPHOrO OTHOLIEHM a/A, 9eM ero JaibHenoesoll anator. Bimkaiimas K mwioc-
KOCTH SKPaH& 30H8 HA3bIBACTCH SBAHECUEHTHON, NOCKOAbKY B HEll CyIIEeCTBYEeT IBRHECUEHTHA
WIEKTPOMATHUTHAS BOJMA.
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Caeayomuit upTepBat paccToanuit Baoss ocn or skpana ( =1 —100 (z =a+ A =5—500
HM), B KOTOPOM IVIOTHOCTD SHePrUK 110/ V(’)hl[’iae'l' KaK C73'7, Ha3bIBALTCH O(’)Jlac’l'h[() (’)JH'I)KHC[‘O
MO, B Heit IBAHECUCHTHAZ BOJIHS YIKE 3aTyXJ1a. HJK)'I'HOC'I'[) JHEPTrUU O B FTOH 30HE OUEHD
vana B[ = (1074 + 10710 |Ho%

Haxouen, nocsaeusis 3008 PAcCTOsHnil, NPEACTABISHHAs HA DUC. D, HPOCTUPALTCH 0T 2 = A
u padee (¢ > 100). Dro rak HasbIBAEMAs JR/IbHI 30H8 WIAYUEHUH, B KOTOPO# yike chopmMupo-
BRJ18Ch QJIEKTDOMACHWTHA BOJIHE, C[lOCO(’)HaH PacuHpoCTPanATLC B CBO(’)OJLHOM HPOCIPAHCTIBE. C
YIUM HBJIYUECHUEM HMEIT JeJI0 B 'I'pajLM[LMOFI[VIOﬁ MUKDOCKOIHUI JaJbHErD Mo, E[‘O UHTEHCUB~
HOCTH YMEHBIRCTCH KaK O(’)pa'I'H (8171 KB2APAT PACcCTOANN OT TOUKH HCILYCKRHUI, YT0 XapaKrepHo
Jutst cpepraeckoil BOHBL

Oruomenne Koadxbuunents nponyckanus B aaabieil sone K koadxbuiuuenty nponyckanns
B HEMOCDEACTBERHO Gmsocrn o1 Manoil aneprypst (1), nponopunonatsuoe (k a)z, POBOPUT O
TOM, YT0 TOJALKO MaJ/as 1aCTh HEPIrUN 9BAHECHCHTHOrO 1O HEePEeHOCHTCH B JAAbHION 30HY U
I’lffijlyLlaC’I'CH B BUjE CBO(’)O}\HOI"‘I ICKTPOMATH WTHOHU BOJIHBL ,JJUI BLIICIPUBEACHELIX IapaMerpos

oruotenne koadpunpenros nponyckanns cocrasaser scero 0.002. Ocrasumanca 1acrs suepruu
UUPKYAUDYET MEXKAY ABYMS KDPAsiMU AUeprypsl 1040000 DEAKTHEHOMY TOKY B IEKTPUYECKON
nenn. Xors anepryps A2eT MaAbil BKAJ B U3/AyUenue B 1aabuell 301e, oua npusosut K sdupex-
TUBHON JAUCCHIALINE SHEPIUN 1103 B HOMIOIIAIONEM 00/BeKTe, DACIIONOKEHHOM B SBAHECHEHTHON
BoHe. DruM ofvbsicHAerc BLICOKUHA KouTpact, gocruraemsiii 8 NFOS Mukpockonnn, HecMorps
HA MAJIYIO TOJLINHY SHAJANZUDYEMBIX O0LEKTOB.

PaCLlC’F pacupejestenuns o B II0CKOCTH, [lapaﬂjleﬂ[ﬂl()ﬁ IKPaALY, PCOBOPWT O TOM, 4T0 IHED~
ruz SBa[VICC[LC[VI'I'[VIOI?I BOJLHBI PE3KO YMEHLINAETCH Ha PACcCTOANUAX, (’)OJH)I[[MX pajguyca orsepCrus
OT LEHTPa aneprypbl. TaKMM O(’)paﬁ()M. pasperaomnas CIIOCO(’)HOCTB (’)JH’I)KHC[IOJICBO[‘O oIrruve-
CKOro MUKDPOCKONIA OUDENe/ercs PajuyCcoM alepr,

OnIuMaibHOe 3HAMEHUE DAJUYCA 3ABACHT OT MOIHOCTH UCTOUHUKS U3JLYIeHAA U 1yBCTBA-
reabrocTn gorogerekropa. s mMompoorn usayvenns aprouosoro aasepa 40 MBr, mromaan
QOKAIBHOTO TATHA [ SKPAHE B MECTe pacnojoKennd aneprypel 10777 cu? cm2 n pasuyca
OTBEPCTUA H HM TOAYUREM BXOAHYIO (B AUepTyPY ) MOLHOCTH yuenns 300 uBr Momumocrs
MBAYUCHUH B AQJAbHER 30He [OCAe HPOXOKACHUS OTBEPCTUH COCTABWT OKOIO OJHOPO [THKOBAT-
1. Ecan upeanoaoxurs, 2o 90% 1ol MOIIHOCTH NOTACIIRETCH HCCAEAYEMbIM 0BDABIOM, &
a0 perexropa goxoaut 10% ocrapiiefics MOIIHOCTH, TO NOCASAHII AOIKEH NOTJIOTHTE TODIAIKR
heMTOBATTS, WAy HEHIS, 4T0 COOTRETCTRYET OTOIEHIIo npumepro 2.5-10% doronos B cexymy.
Takoro noroka BIOAHE AOCTHTOMHO /3 HAAEKHON DErUCTPAINY COBPEMEHHbIMU DOTONETEKTO-
pamu. TIpn yMenbInenun pajuyca anepryphbl 5 4Ba pasa GoTorubii noTox ymenbmaercs s 20
64 pasa, 1 ero JeTEKTUPOBANNE CTAHOBUTCH YIKe HETPUBMAALHON 3agaueil.

I’I'I‘aK, Xaparkrepras pasperiaogsl CIIOCO(’)HOCTB 6”!’1)!\'“@“0”6[’30[‘0 OQIITHYECKOr) MUKDOCKONa
cocrasssier okosio 10 HM, IO Ha [OJITODa NOPIAKE MEHBINIE AJINHBI BOJIHbLI BULAUMOrO U3JIYeHns .

CHJH)H&H BABUCHMOCTDL MOLITHOCTH U3JIYYUCHUI B jl‘aﬂhﬂeﬁ BOHE OT Pajuyca orBeporusd 6”3’
COUPUATHO BAUACT HA KOHTDACT O(’)']uCKTOB, PACHOJIOKEHHBIX B SBaHCC[LCHTHOﬁ BOHE. TaK, Ha-
IPUMED, €C/H 3aKPLITL NOJAOBHIY SUEePTYDDLI TeMHDLIM [LITHOM, TO PINF YMEHBLIUWICH B 8 pas.
C1e0BaTe/IbHO, TIEPEX0/, OT NPO3PAHLIX 001acTell 00LEKTa K HENPO3PAIHbIM 001acTiIM Oy e
BAMETHDLIM O(’)paﬁ()l\d CKa3bIBATHCH Ha [NOKA3AHUNU q)O'I‘O}LCTCKTOpa (B npejesnax paﬁpel[[a[()l[[,eﬁ
criocobrocrn NFOS mukpockona).

Bosmovicnwme coemos u cocmasnvie wacmu NFOS murpocrong

Ocmpue 4 anepmypa Maa020 puouycn

Ba)KHCﬁI[[MJ\A DIACMEHTOM 6”!’1)!\'“@“0”6[’50[‘0 CKAHUPYIOLIETro OIITHYIeCKOro MUKPOCKONa 1B~
JLACTCEH Cy(’)BOJ!HOBaH aneprypa, O(’)CC[ICLH’I BRIOIAZ BLICOKOE Daspellerue u KOWTParr 31oro
npubopa. Haeanbrofl aneprypofl spjsijioch Obl [IPO3PAMHOE OTBEDCIHE B TOHKOM CJ0E Me-
TasLla © 6CCKOHCLIHOH HPOBOAUMOCTBIO. Ha CaMOM  JIeJIe DeAJIbHbIC MEeTaLIbl OTHOCUTE/ b~
HO TUIOXO  [IPOBOET SJICK'I'I)MLICCKMFI TOK H& ONTHYECKHUX “QCrorax. BCJIC}LCTBMC ITOrO TOJM-
IHHE METAJIMMECKOro CJ0 JOJKHE B HECKOALKO Das [HPEBOCXOARTL TOJMIIMEY CKUH-CI0
(ls = C/ vV 27\'0.)O',O'"'SJICK'I'I)O[lp()['i()jl‘H()CTh), Ll'I'()(’)hI BOCHUDENATCTBOBATD IPOXMIKACHUIO CRBETOBO-
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Lo y“Ka “epes 9Kpan BHE OTBepPCTUsL. 9'1'() O(’)C’I‘O}I'I‘CJI[)C’I‘BO HAKJAAbIBACT OrpaHuvenue CHu-
3Y Ha PAJUYyC aneprypbi, KO'I‘OphIﬁ HEe JOJZKEeH (’)hl'l'h CYIIECTBEHNO MEHBIE TOJAINHDL 9KPaHa.
B HNPOTUBHOM CJYy41ae, Kak ()6 ITOM Y2KE FOBOPUJIOCH, aneprypa (’)ijC’I' BJAMATL HE W y UEHHEe
KaK BOJSHOBOL 38 [PEAeaMU [OJ0CHI IPOIYCKaHNs . B pesyirare KOSQ)Q)M[LMCHT HPONyCKarus
aneprypbt (’)YJLC’I' OYEHDb MaJIbIM. (B YIUX PACCYRACHUIAX HE YUWTBIBRCTCH BOSMOMKHOEC BIHUAHUE
HNOBEPXHOUTHLIX [ljlaBM()[VIOB).

I’I'I‘aK, AHaMETD aneprypbl (’)JH’I)KHC[IOJICBO[‘O MUKDOCKOUR He JOJZKeH (’)hl'l'h MEHBIUIE Y BOCHHO-
PO CKUH-CJI0#, BEJIMYUHE KOTOPOro JUE XOPOIIUX MeTA/UIOB Ha OTHYECKUX “acToTaX CoCraB/er
nupumepno 6-10 um.

MakcuMaabHOro COMNKeHIS HCCA8AYeMOTo 0fBeKTa 1 AleDTYDbl, HeOOXOAUMOTo JJts Paborbt
B SBaHCC[LCHTHOﬁ BOHE, MOXKHO jLO(’)M'I‘hC}I, ©CJIN TOJILKO aUepTyPa HaXOAUTCH Ha BEPIIUHE TOYe -
HOrG OCTpus (a[lep’l‘vp“hlﬁ 33()[1)1‘). PajLMyC KPUBU3HbLL OCTPHE, W3LOTOBJCHHOIO W3 KPUCTALIA
kKBapua B nuonepckux paborax . oz ¢ coasropamu (puc. 6}, pasusica 10 uM, 4ro nop-
TBEPAKJIAI0CH H300DAIKEHHEM, TIOJYHEHHbIM ¢ TOMOIIBIO AJIEKTPOHHOrO MuKpockona. [Iponece
Q)OI)MMI)OBaH HEl IPO3PAYHOre OrBEePCIU: B METANIMYCCKOM [MOKDLITHU KBAPUEBOro OCIpus, Ue-
nosbzosasumiica . [Moaem, nokasan wa puc. 6 (Bumsy). Jus roro wrobel orBeperue GbLio
CASJAHO HAH CaMbIM KOHYHUKOM OCTPDHUIA, HCHOJIL3OBAJIOCH CILUIOIUBAHUE W YTOHYEHUE METajl-
Ja noj geflcrsueM npospaunofl wacrn uccaesyemoro obpasua. Ilpu srom Ba KoHUuK ocTpus
qepes ero Ga30BYIO YACTL NOJAABAIOCH jasepuoe usiyuenne. Ilpouece xonoauoil sedopmanun
METRLIMYECCKOrO MOKPLITUI HA KOMYHUKOM OCTPUH [POAO/ORKAACHA J0 TeX 0D, MoK U3JyY1eHue
u3 BCI)XHCI‘"I “aCTU OCTPUE HEe CTaHOBUIOCH BUANUMDBIM [VIA3Y. JOC’I‘OM HCTBOM OIMHCAHHOrO METOAR
ABJEICTCH €U0 IPOCTOTa U BOSMOXKHOCTL KOHTPOJIA [POLECTa. HC}LOCT&TOK{)M anepryp, noay-er-
HbIX ¢ NOMOLILIO XOJ!O}LHOH jLCq)OpMa[LMM, ABJHACTCH OUPAHUYCHHOC BDEeME UX pa(’)()'l'hl, BLI3BAMHOE
HOCTENEHHBIM YBEJHYCHUEM DaJnyCa 1oL jLCﬁC’I‘BMCM BHYTPEHHUX HANDIKEHN it

Ocrpue st GiMKHENoJAeBOr0 MUKPOCKONA 0BBIMHO U3MOTABIMBAETCIH W3 380CTPEHHOTO PO~
SPAvHOrO ONTOBOAOKHA, NOKPBHITOrO JIOMHHHEM A/ [OJAYUCHUS [OJAHOCTHIO Henpospaunoi
IIEHKY 18 OOKOBOH MOBEPXHOCTH KOHYCH, HA BEpIIHHE KOToporo (PopMUDYETCs Aneprypa.
CyliecTByI0T JiBA METOAR IPUIOTOBICHUI BA0CTPEHHBIX ONTHUECKUX BOJIOKOH ¢ OCTPOR BEPXyIU-
KOH 1 upueMieMbiM yriaoM pacteopa konyca: (1) «uarpesaune n sorrarusanues, (2} xumMudeckoe
rpassenne. [Ipu nCNoAB30BAHIN TEPBOTO METOMA MOLYUSETCH [VI8AKas IOBEPXHOCT OCTPUL, HO
TPYAHO TOLY 4RI A0CTATOUHO GOALINOH YIou PACTBODA KOHYCA OCTPHEL, B DE3YINIATE 4ero Koadr
GUUHEHT IPOIYCKAHMS ANEPTY DB CHUYRAETCH. XUMUUECKOe TPABISHHUE TO3BOIET IPOUSBOANTE
OCTPKI B MACCOBOM KOJAUYECTRE, IPUYUEM YIO/ PACTBOPE KOHYCR OCTPHI MOXKHO KOHTPOJAUPOBATH
B nponecce wirorosiaenus. Taknm criocobom yaaerct noay4ars 3046t ¢ Goubiiny koadunu-
eHToM npornyckanuns usiayuenuns. K nejocrarkaM Toro Merosa OTHOCHTC! MUKDOCKONNYECKas!
LIEPOXOBATOCTD MOBEPXHOCTH OCTPU, YTO NPUBOANT K OTBEPCTUIAM B METALIMUECKOM [TOKPBLITHH,
KOTOPBIE SBJEHAIOTCH MCTOUHUKAMI NaPA3UTHBIX CHIHAJIOB.

Konmpoav ducmanyuu ocmpue-olpasey,

KOH'I‘pOJ!h ARCTAHINN MEK/LY OCTrpueM u O(’)I)afﬁ[L()DA B HAHOMETDOBOM Niacl[['l'a(’)e nmMeer
petuatoriee suavenue s paborsr NFOS Mukpockona, nockoubky 00Jacrb B3auMOAeRCTEI
33()[1,11"”()6[)333@[1‘ JOJIKHE (’)hl'l'h orparuena SBa[VICC[LC[VI'I'[VI()ﬁ 30HON (pl’lc. 6) LE. PAaCCrodHueM He
Gostee 5 um ot nosepxuocru obpasua. B pabdorax . [Hosst uenonb3oBaics KOHTPOLL STOMO DAC-
CrosIns 11O TYHHEJALHOMY TOKY MEXK/Y METAIUUCCKUM NOKDLITHEM OCTPHI U O(’)I)aﬁ[L()DA (pl’lc.
7). it 97010, €CTeCTBEHHO, HEOOXOAUMO, 4Tobbl 0BPAIEN NME HEHYIEBY 0 3J1eKTPONPOBOHOCTD.
9'1'()'1' METO NOYURJL CBOC DasBuIHe U a[lp()(’)a[ud 0 B CKak I’lpy[OI[LCﬁ L} 1eILHON MU KPOCKOIHH
(CTM), usobperennoit 8 1982 rogy [ Bumunrom ¢ coasropamu Taioke B aaboparopun [BM
g opuxe (3a 2 roga o usobperenus NFOS). CTM 6asupyercda Ha u3MEpPEeHUn 3JEKTPOHHO-
PO TOKA, BOSHUKAIOLIErO MEXKJY OCIPUEM H I[OBEPXHOCTHIO 00DA3IA [PH MAILIX PACCTONHIIX
Mex 1y Humu (okoao 1 um), B p wrare adupexra ryrnesuposanust. Kowrpos ¥1oro pacceros-
HUA MOXKET OCYIIECTRIIATRHCH C TOMHOCTLIO TTODI K ()jl‘HOIL"I jLCC}I'I‘Oﬁ anrcrpemMa. ECJH’I HPOBOJANTL
AHAJOPHIO, TO MOXKHO CKa3aTh, 4T0 B OIUTHYEX KOH MUKDOCKOIHH (’)JH’I)KHC[‘O OJLE POJIL TYHHEb-
HOPO JEKTPUYECKOrD TOKS UIPAT SBAHCCHEHTHLIC JJIEKTPOMAIHUTHLIC BOJIHbL, TaK JKEe KaK u
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TYHHEJIBH (8171 TOK, CYIIECTBYIOIHE TONBKO B HENOCPEACTBEH HOH (’)Jllflffi()c'l'lfl Or OUTpuA.

:\"Il’leOCKO[H’I YECKUE BLICTY LI HA NOBEPXHOCTH BLIPDOBHEHHOTO METAIHYECKOro CJI103 Ha BED-
XYIUIKe OUTpUA MOryr jLCﬁC’I‘BOBa’I‘h KaK U CTOYHUKH TYHHEILHOIO TOKS (pl’lc. 7) TyH HEJILHBIH
TOK BOBHUKSET, KO PacCrodnue Mex/y MUKDOOCTpUueM u O(’)I)a;fﬁ[L()M CTAHOBUTICH MEHbIIHM
2 HM NPU IPUIOXKEHHU HAUDIKeHU 0. -1 B. TOK C’I‘a(’)lflﬂI’lffil’lpye’l'cﬁl HE 3242HHOM 3HQYUCHHK
(okoa0 1 HA) ¢ HOMOIIBIO KoL OBPATHON CBI3H, BKAIOUAIONIErD Z ILE3ONO3HITAOHED, KOTO-
puifi peryaupyer paccrosnue Mexkay ocrpuem n obpasuom. B pesyawrare nccejyembiil obpaser,
YACPKUBALTCH B SBaHCC[LCHTHOﬁ BOHE alepTypPbhl, 1 TakuM O(’)paﬁ()M AOCTUrAEeT A BLICOKa Das-
petuaiomas crnocobuoeTs 1 kKouTpact usobpaxenna NFOS mukpockona.

Croandapmnaa crema NFOS muspockona

Cranpapruan cxema NFOS Mukpockona ¢ aneprypHbIM 30HJA0M IPEJCTaBIena Ha puc. 8.
TaK()f"I MUKDOCKOI HA3IBAETTH a[lep’l‘yp“ bIM CKa[VH’lpy[OI[LMM OIITHYUCCKUM MUKDOCKONOM 6Jll’l)K'
nero nostst. o csoemy yorpoficrsa on 6iu30K K KOHQOKAILHOMY MUKDPOCKOIY ¢ TOH pasuuued,
YO JIULE OCBEINEHIs O0LEKTA B HEM HCIIOAL3YETCH ANepTypa HanoMerposoro pasmepa. pu stom
HCO(’)X{)}LMMO uMerb B BUALY, HTO :\:F()S HOBBOJACT UCCJACHOBATL O(’)']uCKTbI Ha [OBEPXHOCTH, B
TO BpeMI Kak CKa[VH'lpy[OI[LMﬁ KO[VIQ)OK?},JH)[VI[)II?I ONTUYECKU MUKPOCKOI MOXKHO UCHOAL30OBATL U
AJlE QHAJIHEE TOJICTBIX O(’)pa;fin,on. BCC TPaJUIHOHHBIC MEXaHU3MbL Q)OI)MMI)OBaH Ui KOWTDacT-
HOrO M300paXKenus!, Takue Kak nortoinenue, dasosuiil v Quyopectuentrbil KOHTPACT, MOryT
(’)hl'l'h HCHOJAB30BAHbI B MUKDOCKOIHH (’)JH'I)KHC[‘O o, I’IC[IOJ![{%OB&HMC KI)OI[[CLIHOIL"I Aleprypbl
AJLE OUBELIEH O(’)']uCKTa CyI[LCCTBCH HO e (i)le()pCC[LCHTH bIX MCCJICJLOBaHMﬁ, B KOTODbLIX HCO(’)'
xouumo usberars (poroobecupeunsanuns o6pasna.

Cxema NFOS mMukpockona, u300paskennas Ha puc. 8, CocronT U3 Tpex GJ0KOB: OCBeTHTE b
noro (a}, 6aoka cbopa u uepepacnpesesenns uucopmanuu (b} u mMopyan perexruposanus (c).
B OUBCTUTEC/ILHOM 6JIOKC JABEPHOE U3J eHue [leLXOjLHI[LCﬁ JAJIMHDBL BOJIHDBI BBOAWICHA B OIITOBO-
JIOKHO, UMEIOLIEee Ha CBOCM KOMIEe a[lep'l‘yp“hlﬁ BOMH.

H(’)I)CJL BBEOJAOM B BOJOKHO OCYINECTBIHACTCH KOHTPOLDL NOJIEPDU3AINNT U CHEKTDAIbHA (i)l’ljl[r
TP U3y eHus. ()C’I'pl’le YOTAHOBACHO Ha MEXQHUUECCKOM JAeDIKATe/Ie, KO'I‘OphIﬁ uMeer Ha-
CIPOCUHBIC BUTBLL JJIE O(’)CC[ICLICH (257 [‘py(’)()[‘() HOABOAR 30HAR B O(’)J!ac’l‘h jLCﬁC'I‘BM}I Z Nbe30NO3u-
LUOHEeDa. JCp)KaTC;Ih TAKXKe HCO(’)XO)LMM AJLH YOTAHOBKU OCTPUE HE ONITH qeckoil ocu O(’)']uCKTM Ba
O(’)[)ILI HOPO MUKDOCKOIA.

yeTCH CHIHANL, CHIILHO

,IJUI I’ISI\ACI)CH nia u KOHTI)OJUI ffiaﬁ()pa 1\16)!\'ij OCTpMCl\A u OG'])CKTOK\A 'I'pe
ffﬁa['il’lCHI[Ll’lﬁ 0T BEJIUYHUHDbI - '3()[)3. HOI\AMI\AO BLIINEOITUCAHHOTIO C[lOCO(’)a KOH'I’I)OJUI, OCHOBAMHOIO
Ha HCIHOJAbL30BAHUN 7 THEALHOTO 'I'()Ka, B HACTOHIIee Bpel\«'ﬂl UCTIOL £{97| I\AC'I'OJL, AHaJIOruY HbIH
(’)CCKOHTaKTHOI\AY QTOMHON Cl’ljl()['i()l\'iy MK KpOCKO[ly. (,)H Ha3bIBALTCH METOJA0M O(’)pa'l'ﬂ()ﬁ CBI3BKU
o Gasurosoi cuie (shear force feedback). [pu uenoabsoBanuu FTOr0 METOAA ANEPTYPHBI 3081
KOJ!C(’)J!C’I’CH [lapaﬂjleﬂh“() [lO[’iCI)XHOCTM ()(’)pa;fill,a Ha OJI‘HOIL"I W3 CBOMX MEXaHUYEeCKHUX CO(’)CTBCH'
HMbIX 42071071 © akﬂlil“'l‘yﬁ()ﬁ, I\ACHBI[[CH 1 3 HM. HO I\Aepe [lpl’l(’)ill’l)KCHl’lH K [lO[’iCI)XHOCTM Ha B3O
[¢/8] C’I'Op()“hl O(’)paﬁll‘a HauUHaer jLCﬁC'I’BOBa’I’h CABUIOBaL Cl’ljla, [lpl’lp()jlji KO'I'OI)OI:"I A0 KOHIR He
BLIACHEHA, HI)C}L[IOJ!&[‘&C’I’CH, YTO OH& CBIABAMA ¢ BIABKOUILIO [lpl’l JABUXKEHUH OCTpMH BO BJaXK-
HOM [lpl’l[lO[’iCI)XHOCTHOI\A ciaoe. ,ICI:"ICTBMC S'I'Of"l Cl’ljl[)l, ffia[i“c}ll[[,eﬁ or paCCTOHH 587} ffi()[VI,fl‘"'()()paﬁe“‘,
BbIZbIBAET UBMEHEHUE alﬂ[lil“'l’yﬁhl, URCTOTHI U (,1)3)'3[)1 KOJ!C(’)aHMﬁ BORIAQ. Hapalﬂe'l‘phl KOJ!C(’)aHMﬁ
KOHTpOJ”’Ipy Ores 1 CpaBH UBANIOTCH C 3208HHBIMHA 3HAMECHUAMK. Pa)i HULR [MOA2eTCH B Z TOBULUO-
Hep /sl HACTPOMKN 3a30D8 MEJY 30H0M 1 obpasuom ua Tpebyemoe suauenune. B pesyawrare
obpaser] yAePRUBAETCH B 9BAHECHEHTHON 30He.

Crer, U3y eHublil HAHOANEPTYDOHR 30M18, B3AUMOASHCTIBYET ¢ 00PA3IOM B 38J8HHOM e~

MEHTEe €ro O(’)']uCMa. CBC’I‘ MOZKET 6[31'1'[3 HOTJIOIIEH, CABUHYT 110 Q)a;fie WJIH JIOKQJIBHO BO: Filiey
Guryopecenumio. Do 3aBUCHT 0T BLIOPAHHOTO B JAHHOM poficrse criocoba noayaenus uzob-
paxkerus. (331\16’1‘!’11\1, wro Q)OI)MMI)OBaHMC OI'THYIECKOro I’lffi()(’)pa)KCH %57 6I4OJIO[‘MLICCKMX O(’)']uCKTOB
¢ (,1) OPECUCHTHBIMU METKAMH ABJHCTCIH OJHAM W3 Halfl(’)()ilee MHO[‘OO(’)CI[L&[OI[LMX [lpl’ljl())KC[VH’lﬁ
SNOM.} B aiofom cuyuae usiyueHne u3 30Hbl B3aUMOAeACTBUS J0JOKHO ObITh COOPAHO ¢ MAKCH-
MAILHO Bo3MOKHOH sdibexrusrocTbo (610K (b) ra puc. 8). Lua 9Toro uenos TCs OO BIMHBIE
MUKDPOCKOIBI ¢ Goabioil uucaosoil aneprypoit nan cucrembl sepkast. Cobpannoe usiyvenne ve-
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De3 AMXPOUUHOE 3EPKAIo Hanpasagerca aubo B perexrop (puc. 8 (¢)), aubo ais BU3yasbHOTO
uabuoennst.

Tunuunoe paspeienune onucanuoi saeck cxembl NFOS muxpockons cocrasaaer 30-50 um.

Modudurayuy onmuuecrozo MUEPOCKONG DAUNCHEZO NOAR

Boiepacemorpenuas peasusanus onTuaeckKol MUKPOCKONUU OINKHEro 110/ OCHOBLIBAET-
csl Ha OcBelleHny O0BEeKTA B 9BAHECHEHTHON 30HE NP NMOMOIIN HAHODA3SMEDHON ANepTYDLI U
dopmuposannn ero n3odpaxenus: B jajbienM noje. Hepoorarkom JanHol CXeMbl ABJILEeT A TO
OBCTOMTENBETBO, HTO TOABKO MaAas 4acTh w3ayaenns (npuveprno 10774} w3 orrososoxmna way-
qaercst aneprypoil w3-3a orceukn sosnosoanoil Moast Hosromy mapsay ¢ aneprypuofl cxemoft
NFOS mukpockona Gbl1 NPeIOKEH sl ADYTHX BAPUAHTOB, JUITEHHBIX JAHHOTO HEJOCTATKA.
Opun u3 vux BaseiBaercs Gesanepryproil Kondurypauueit, koropas usobpaxena ua puc. 9.

B Gesanepryprofl KORQUIYDAINE CHABHO CKATOE B IPOCTPAHCIBE OIITHYECKOE [10Je CO3/iar
TCH HA KOHIE Ba0CTPEHHOT0 B0H8 ¢ NOMOIILIO BHEIIHErD OCBEINeHus B JaubHeil soue. B a1om
CILYyHAe MOJE3HbIH CHPHa, NOPOKICHHbIH B3anMOIeHCTBIEM BAHECIEHTHOH BOAHbE ¢ 06pasuoM,
JOJKEH ObITh M3BAeHeH 13 00IIEro SAKTPOMAIHITHOTO 110/, BKIIOUAIOMIErD PACCesiHHyI0 BOJ-
ny o1 uerownnks ocserenust. Takum ofpasom, jganuas cxema npejpnosnaraer 6ojee CAOKHY
npoueypy nocrpoenns usobpaxkenus. B o ke spemst Gesaneprypras Moqud KA 1o380/51€T
MOy Il Th GOJbIIEE DA3PELeHne, 1eM ee anepTyPHbIil anator, nopsaks 1-20 um. Besaneprypuas
MUKPOCKONUs GJUIKHETO 11O SBJETCH MUKPOCKOUUENR B OTPAsKEHHOM CBETE, WTo uMeeT (oJib-
LIYIO [PSKTHYECKYIO IIEHHOCTD, &M NEePBOHAUAILHLIA BAPUAKT, B KOTOPOM HCHOIB30BAIOCH W3-
JyueHnue, npotejiiee wepes obpaser,

Ocgeraemoe octpue (308) B 6e3a1epTyPHON| CXeME UTDRET POJL OITHUeCKoH anrennbl. Pen
orruueckofl anrenubl, BosOyrraaemMoll BrelnuM uaayvenuenM, Opia npenozkena [ Honem u Y.
Duinepom B 1989 roay ssist HABULIOAEHNI HOBEPXHOCTHBIX [IA3MOHOB B BHICTYIIAX HA IA8AKOH Me-
rasnaeckoll nosepxuocr. [osepxuocTubie m1a3MoHb BO30YRKAAIUCH IBAHECHEHTHOR BOJHON
B PE3YABTATE OCBELIEHMS NPUIMbL B YCAOBUIX NOAHONO BHYTPEHHEro OTPaKeHUs!.

Cxema, usobpaxenuas va puc. 10, IPUMEHIETCH B CKAHAPYIOIIEM TYHHEJLHOM OITHIECKOM
(nam horounonm} mukpockone. [pusnun aeilcrsus sroro npubopa nokasan ua puc. 11,

Kax suauo w3 puc. 11, omrngeckuil TyHHEALHBI MUKPOCKON SBSETCH POTOHHBIM AHAL0
rOM SJAEKTPOHHOTO TYHHEALHOIO MUKDPOCKONA. B JaHHOM Ciy4ae Posb TYHHEALHOIO JIeKTPOH-
HOPO TOK& UPPEST 3BAHECUCHTHOE SJIEKTPOMAHUTHOE 110J1€, SKCIOHSHIMAALHO 3Ty XaI0lee npu
VAAIEHUM OT NOBEPXHOCTH NPU3MBL. DBAHECIEHTHOE 10J1e BO3OYKIACTCH B YCJAOBHAX [OJHOTO
BHYTPEHHETO OTPaXKeHUs PACcHPOCTPanAIONEHCs SASKTPOMArHUTHOR BOJIHBI OT BepXHeit ropuson-
TanbHol nosepxuoctu npusMbl (puc. 11}, Hecaeayembiil ofpasen paciosaraeTed Ha OBEPXHO-
T npr3MbL B 00/1a0Th Aeficrend ssanecuerTroro noan. Tonorpadus 00pasua npOCTPAHCTREHLO
MOAYAUPYST IBAHECHEHTHYIO BOJHY, U M3MCHEHHE €6 HHTCHCUBHOCTH PECUCTPUPYETCH 0CTpUeM
30H/18, CKAHUPYIOIINM [OBEPXHOCTL 06pasia.

B BOE NPOUCXOANT KOHBEDCUS 9BAHCCHEHTHOrO [OJIHA B PDACHPOCTDar [OI[Ly[OC}I M()ij OIIrO-
BOJIOKHA, KOTOpas nockliaerc s gerexrop. Hzobparkenue ofvnexra QOPMUDYETC TOCHE COOT-
BC'I‘C’I‘By[OI[LCﬁ O(’)pa(’)()'I'KM [l()leLlCHHhIX JABHHBIX. B QIANYUE OT BBIIEOTUCAHHON a[lep'l‘yp“()ﬁ
CXEeMDbI B JQHHOM C. yLlaC uMeeT MeCTO OUBCLIEHNE O(’)’]uCKTa B jLa,thHCﬁ BOHEe U JEeTeKTUDOBAHNE B
IBAHECHEHTHON 30He.

Herexruposanne B POTOHHOM TYHHEJLHOM MUKDOCKONE OCYILIECTBINETCH ¢ MOMOIILIO JH-
QAEKTPUHECKOrO 0CTPU 063 METAIIMIECKOTO TOKPBITHA. DT0 HMEET CBOH IPEUMYLIECTRA U CBOU
HejocTaTKi. K npenMylnecrsaM orHOCHTCH TOT DAk, WI0 JUAIEKTPUYECKOe OCIPHE HAMHOrO
ciabee BOSMYLISET DACIDEIEIEHNe SBAHECIEHTHOrO 1o/, 1eM JAobofl BUJ 30HAS ¢ METALIM-
qeckuM nokpbrruem. C Apyrofl cropoubl, pasMep HPOCTPAHCTBEHHOR 00MacTH B3auMOIeHCTEI
SBAHECUEHTHOrO O ¢ ARSICKTPUYCCKUM OCIPHEM HE CTOMb OPPAMMYCH, KaK B Cay4ae Me-
TAMINUECKOTO 30HAR. DTO, eCTECTBEHHO, JIHAET PA3PEIIAIONLYI0 CHOCOBHOCTD OITHYEeCKOro
HHEJABHOTO MUKDPOCKOIA, XaPAKTepHoe 3uauenne Koropoi cocrasiser 100 um st caabo pac-
cenBalolux noste 06pasnos. Cueiyer OTMeTHTb, WI0 B CAYUae CHILHO PACCEUBAIOIIMX 00LeKTOR
BOJIOKOHHBIE OCTPUS! 063 METAIMYECKOr0o MOKPBITHI MOTYT [DOUSBOANTL cepbesuble apredak-
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Thl 1IPH Q)OI)MMI)OBaH uu I’lffi()(’)pa)KC[VH’l}I. BMCC’I‘O JAUIEKTPUYECKHUX OC’I‘pMﬁ 6(’)’3 METAUINYUECKOrO
HOKPLITUS ONTHYECKas TYHHEALHA! MUKDOCKOINE MOXKET HCHOJIB3OBRTL U AUEPTYPHBIC B0HIbI.
Xors B rakoil koudmrypauun sdupexrusnocrs cbopa nHQOPMALUT HUZKE, 3810 910 TOMOLSET
YOTrpanurh PAcCeHHbIe [TOJE, UPOHUKAIINE B OIITOBOJMOKOH HbI BOL Hepes (’)OKOBy[O [HOBEPX-~
HOCUTDh.

&'HM KaJlbHOH Llep’l‘()f"l ONTHYECKOrO TYHHEALHOrO MUKDOCKONA ABJAACTCH €ro CIIOCO(’)HOCTB W3-
MEDHATh HE TONbKO YUPESJAHEHHYIO BO BPEMEHH HUHTEHCUBHOCTD 6JH4)KHC[‘O [OJIE, HO TAKXKe ero
1y u Q)a;fi 9'1'!4 W3MEDEHU MOUYT UMETh J82Ke BPEMEHHOe DaspelleHue IPU HCioab30-

AMILLATY

BaHUK [‘C’I‘CI)O}LI’I[VI[VIOI:"I I’l[VI'I'Cp(i)CpOMC’I'pMI’l. Ja““hlﬁ BOIPOC JICKUT, OJHAKO, BHE DAMOK HACTOIH-
ero yuebuoro nocobust.

EI[LC OJHO HADABICHHUE OITHIecKOn MUKDOCKOIIHH 6JH4)KHC[‘O HOJLEl CRABANG ¢ HCHOJAB3OBA-
HHueM q)il OPECHCHIIMKN B KQUeCTBe JCTEKTUDYEMOro CHIHaJIa. TaK, B pa(’)()'l'e .,'-[. HOBO'I‘HO[‘O [

coasropamu B 1999 rogy Gouio nenoansosano asyxduwronnoe osbyrraenne QUyopecuenium Mo-
Lo jLCﬁC'I‘BMCM JIEKTPUHUECCKOrO [0, HJIEHHOTO B(’)Jll’liil’l METAJMIHUECKOrO OCTPUsEL [6‘
:\“Ia,}lhlﬁ AUBMETD OUTPOro KOHIA 30J0T0r0 30148 (1{3 HM), NPUMEHABIICrOC: B AaHHOM HCTIe-
AOBAHUK, [TO3BOJIEIL JOKAJIBHO B()ffi(’)y)KjLa’I‘h O(’)']uCK'I'. SJICK'I'I)MLICCKOC noJie B(’)Jll’lffil’l oUrpus, Co-
CrosIee B OCHOBHOM W3 3BAHECCHEHTHLIX BOJH, CO3JaBAJ0CH ¢ NOMOIILIO JAa3EePHOrO O()J!yLlCH (%57
HEHO30HAA. DTO JOKAABHOE [0J1€ B3aMMOJEHCTBOBAIO ¢ MOBEPXHOCTBIO HeC1etyemMoro obpasug,
BLIZLIBA CHCKTPOCKOHI’ILICCKMFI OTKJIAK, KO'I‘OphIﬁ JACTeKTUDOBAJICH B jl‘a)lhﬂeﬁ BOHEe Ha Dasjn4-
HbIX JJIHHAX BOJH, OTVIHYHLIX OT JUIMHDE BOJIHDBE B()ffi(’)y)l\'jl‘eﬂ ns. A[&'I‘Ophl CIaTbyl OTMEYaJIH, “UTO
TaKko#l ke CIIOCO(’) MOZKET 6[31'1'[3 HPUMEHEH i ADYIUX TUIIOB JIMHEAHOTO U HEeJUHEHNHOTO (,1)()[)'
MUDOBAHHA I’lffi()(’)pa)KCHM}I, HaupuMen, U I’lffi()(’)pa)KC[VH’l}I, HOYUEHHOrO Ha OCHOBE YCHJICHHOIO
PaMaHOBCKOrO Daccesnnd.

B crarse T. dura ¢ coasropamu us KanudopuuflcKoro TeXHOMOIHYECKOO HHCTHTYTE, CO00-
LIAJAOCH © CO3AQHUN HOBODO 6@33“0[ TYPHOTO q)ily()pec[LCH'I‘HO[‘O MUKDOCKOIS, 6JH4)KHC[‘O o, B
KOTOPOM [NOJIYY1a0Ch I’lffi()(’)pa)KCHMC q)ily()pCC[LMpy[OI[LI4X O(’)I)aﬁ[L()B nociae OJLHOQ)O'I'OHHO[‘O BO3-
6y)Kjl‘(')H 257 17‘ B OCHOBE jLCﬁC'I‘BMH ITOro [lpl’l(’)()pa JIEXKHUT (’)Cffihlffijlyﬂa'l'ejl[3[13}1 epejasa SHepruu
Q)le()pecll‘lflpy[OI[LI4X MOJIEKYJL Ha (’)JH’ISJIC)KaI[LMC METRIMMECKUE WK oY IPOBOAHUKOBbLIE T10-
sepxuocrn. Henoassosauue oguodoronnoro sosdyktenus obueruaer BuIO0D JA3EPHOTO UETOY-
HUKS B YMEHDLIIRET MUKOBY IO MOLIHOCTL W3JLY “EeHUE, IPOXOAALILY IO Yepes O(’)’]uCKTM B W 24201y 10
na obpasen,. Tak ke, Kak 1 B npocToM GE3aNEPTYPHOM METOE DA3PEIIAIONIAs CrocobHOCTL iy~
OPEeCUSHTHOrO MUKDOCKOIa 6JH4)KHC[‘O [OJLE OUPEASIHeT I PAJNYCOM KPUBISHDE 308 (OC’I‘pM}I).
,IJUI HY 2 ATOMHON CUAOBOH MU KPOCKOIUK UMEITC KOMMEDYIECKHU JOCTYILHBIC OCTPUE C DA~
YCOM KPUBR3HDI 5 HM. ()'I'C[OjLa CIeAYeT, W0 MaKCUMaJIbHas Daspellatonas] CIIOCO(’)HOCTB pac-
CMaTPUBACMOro TUNR MUKDOCKOIOB JIEXKUT B HHTEDBAJIE 1-H M. HOCKOJ![&KY B JIaHHOM Clyvae
CHIHaJL JCTEeKTUDYETCH Ha 1acrore, OV GHOW OT 9aCToThI [iOffi(’)y)KjLa[Ol[Le[‘O W3AYUEeHUI, TO 9710
CyMeCTBERHO 06er1aeT nuTepnpeTanuio nsobpaxenun. B padore 7| Gbuia nenoan3osansa Mo-
AYJHALUOHHAN METOAUKS DErUCTpalun CHIHaJa, O(’)O(’)I[LCHH&H e leyLlaﬁ OAUHOMHBIX Q)O'I'OHOB.
O6ob1eHne COCTOMI0 B TOM, WO PELHCIPUPOBANOCS BPeMsl TPUOBITHI KazKA0r0 hoToHa 0 yuu-
ThIBAJAUCH TOJMBKO Te Q)O'I'OH b, BpeMz [lpl’l(’)hl'l‘l’l}l KOTOPDBIX MO0 B 3aaHH bift HIrepBaJL. TaK,
HAUPUMED, PErUCTPUDOBAJMUTCD TOJALKO Q)O'I'OH bi, MOJIOIICHHBIE q)O'I‘O}LC’I‘CK'I‘OpOM HE3QUOIITO JO K’
[OTC/E TOr0, KaK 0UTpue JOCTUrasio (’)JIM)KaﬁI[[Cﬁ K O(’)I)aﬁ[Ly TOYKH. ,IaHH (8171 METO | uMeer (’)OJICC
BBLICOKYIO YYyBCTBUICILHOCTD 1O CPABHEHUIO C TPRAUIUOHHLIMI METOAUKAMHU. KpOMC TOro, OH
HOBBOJIZET UPUMEHITD PDAs/IUYHYIO TEXHUKY JJH aHAJMU3a JAaHHLIX B 3aBUCHMOCTH OT CBOHCTE
PeruCIpupyeMoro curnadia.

5. Bakinouyenue

Takum 06pa30M, HCIOAL3OBAHIE COBPEMEHHBIX METOI0B OUIHIKHENoAeB0 CKAHUDYIOLIEd MUK~
POCKOIMA B OIITHYECKOM JIHATIA30HE HaCTOT MO3BO/ET MOLYHATh H300DaKeHUs [IPEAMETOR, KO-
TOPBIE UMEIT DABMED, CYIIECTREHHO MEHBIIUH JJNHB CBETOROH BOMHB (HA OUH-1BA NOPIAKA).
HMubivu croBamMu, yiaercs npeogosers Anpakinotebii npeiest, OrpannauBalouil paspere-
HUE TPRIUIMOHEBIX MUKDPOCKONOB, B KOTOPbIX usobpaxenune QoPMUPYETcs B JajbHell 30He Ha
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PACCTONRII, MHOTO GOBINEM LB BOJHbE W3ty uenns. B ocnose Gusukn hopmuposanms wsob-
paKeHns B OUMIKHER 30He JEKHT MCHOAB30BAHUE B JAHHOM [POLECCe SBAHECIEHTHBIX BOJIH,
BATYXAIOMUX HA GOMBIIMX DACCTOAHMAX. DBAHECIEHTHDIC BOIHBL, UMEIOIIHE MHUMBI BOIHOBOM
BEKTOP, 00ECIEURBAIOT BBITOIHEHHe IPHHIMIE Heonpetetennocredi Teitsenbepra «pasmep npes-
MeTa ~ Pasdpoc BONHOBBIX BEKTOPOB», ABAIOLIEIOCH KBAHTOBLIM AHANOTOM AMDPAKIHOHHOIO
YCA0BMS H PASPEINAIOLLY IO CIOCOTHOCTL OITHHECKOrO NPHBOPA. DBAHECUEHTHBIE BOJIRbL HIPAIOT
BaXKHYIO POJIb TAKIKE B CKAHKDPYIONIEM OITHUECKOM TYHHEBHOM MUKPOCKONE, T/1€ ORI SIB/SIOT-
Col QHAJIOTOM TYHHEABHOTO TOKR, KOTOPBIi HCHOAB3YCTCH B OGBIMHOM CKAHUDYIOLIEM Ty HHEALHOM
MHKDOCKOILE,

6. BuaaromapuocTn

Heeeonanie NPOBEAEHo 5 PAMKAX Hay THO-HCCACA0BATEAbCKOM padoTht «DopMuposanue
OTPACAEEBIX HEHTPOB NPOCHO3UPOBAHMI HAY 1HO-TEXHOIOTHUECKOTO DABBATHA Ha (A3e BeAyLX
POCCHICKUX BY30B 110 pHOpUTeTHOMY Hanpasiennio «uaycrpus nanocucrenms»», peannsyenmoit
no sakasy Mununcrepersa ofpasosanus u nayku Poceuiickoit @ejepannu (ndp «2011-2.1-521-
021-003>).
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VIK 535.8
B.A. Acmanenso

MoCKOBCKHT (DUBHKO-TEXHHHECKHE HHOT (roCyIapCTBEHEBIE YHUBEPOHTET)

O030p TEKYHIEro COCTOSHUS U IIPOFHO3 PA3IBUTHSA
TeMaTUYIECCKOro HanpaBJaeHUA «MeTamaTepmaﬂm»

Harmetit 0630 TOCBAEH METAMATEPHATAM ¢ OTPHIIATETHHBIM TIOKA3ATETEM TIPETOMITe-
HISL ¥ UK PO B cOBpeMennol manodoronmre. [Toapobuo paceMoTpens! dhimsmrieckue npus-
TR, OOBLACHTIONTE HeOOMIHBIR 3IeKTPOMATHHTHE CBOHCTBA METAMATEDHATIOB W JIesKa-
MEE B OCHOBE NpulOPOB ¢ UX HCHomb30BanmeM. Takike OTHCAHE TEPCTIEKTHBHEIE TEXHOJOTHN
TIOTYICHAST METAMATEPHAJIOB U TIPHBEICHB] ONCHKYE TOXHIICCKHX XAPAKTEPHCTHK OCHOBAH-
HBIX Ha HHAX YCTPOHCTB.

Kmouesnie crrosa: OTpumaTessnoe TPeOMICHNE, KOMIIOSHTHEIE MATEPHATEL, METAM -
TePUATH, TEPCTIEKTHBHEIC TPOAYKTE, TICPCTIOKTHBHBIE TeXHOJIOTHA.

1. Bsenenue

c MOMEHTa OTKPLITUI METaMaTePUaAI0B B DAMKAX 9TOr0 TeMaTUUCCKOrO HAIDaBJACHI: OXK-
ABETCE CO3JRHNE HIUPOKOro CHEeKTPa YHUKAJILHLIX HPOAYKTOE KaK IParKJAaHCKOro, Tak U BOCH-
HOrO HasHaveHns. HO 1Ol puYure cefiuac aKTHBHO PeasiusByoTCH Kak (i)y HASMEHTAIbHBIC, TaK
U IPUKJIQAHBIC HCCASJOBANNE B O()J!aCTM METaMaTePUAIOE, NEDCHCKTHBHLIC ¢ TOUKH 3DEeHU CO-
B UPOAYKTOB ¢ YAYUIICHHBIMU [IO'I'I)C(’)I’I'I'CJIthMMM CBOI?IC’I‘B&MM, & TAK2KEe BOBHUKHOBEHHEZ
HOBBIX DHIHKOB. B pitzhcs HOU crarhbe PacCMaTPUBAIOTCH UDAKTHYECCKH BarKHbIe CBOHCTRA MeTaMa-
TEPUAJIOB, ONMUCHIBAIOTCIH MPOAYKTDL, KOTODLIE 10 NPOrHO3aM 6&/1, ] [QHbI Ha UX OCHOBE, &
TAKKE HAaY'HbIC U TeXHOJIOIHYMeCKHe [lp()(’)JlCMhI UX peajiusalun.

2. OrpunareibHOe HPEJIOMJICHIE

:\“I(i’l‘aMa’I‘CpMa,}laM W, WK, TOYHEE, SJCKTPDOMAHWTHLIMU METAMATCDHAJIAMI, HABBIBAIOTCH Be-
1eCrBa, O(’)[VI&I)Y)KMB&[OI[LMC HCO(’)[&ILIHMC JACKTPOMALHUTHLIC CBOACTRA. I'petxeu(an NPUTCTABKS
ILLETO[ O3HAYUACT BbIXOJ 38 [‘paHM[l‘y LIC[‘O'JHA(’)O. TaKMM O(’)paﬁ()M, MeraMarepuasl ~ 9T Bele-
CTBO KK MCK‘VCCTBCHHaH C’I‘py 'ypa, JIEKTPOMATHUTHBIC cBORCTRA KO'I‘OpOﬁ BLIXO/ET 38 DaM-
Ku O(’)[)ILI HbIX [lpejLC’I‘aBJlCHMﬁ. caM TePMUH METAMATCDHUAILL (’)hljl PEAAOIKEH pyKOBO}LM'I‘C}ICM
[enTpa 91eK TPOMAIHHTHBIX MATEPUAI0B 1 yerpoicrs B Ocrune (wrar Texac, CIIA) Pomkepom
Youacepom s 2000 roay.

le’lMCpOM METAMaTEPUAJIR ABICTCA UIOTPONHAM CPEAd ¢ OTPUUATEILHBIM [MOKa3aTe/IeM
IPeOMILeHn . TaKOC BELIECTBO UHOR HA3BIBAIT CI)C)LOI?I BCCCJI&[‘O o (i)aMMJlMM OTeUECTREH
noro husuxa B.IL Becesaaro, ncesae oBasuiero s1eKTpOMarinTibe CBOACTBa Januoil ¢pejibl [ll
Paccmorpum npocreflinuil cay4ail npesoMIeHs CBETA Ha IIOCKOH IPPAHNLE DA3eIa ABYX CPejl.
Hyc’l‘h y[‘()Jl e SJ!CK'I‘pOMa[‘HI'I'I'[VI()IL"I BOJIHBL DABEH %25 a y[‘()Jl IPEeIOMICHII DABEH 'LZJ (pl’lc.
1). IIpenomaenne 5jeKTPOMArHUTHO R BOMHDL, W300paskennoe na puc. 1 ayuamu 1-3, nasbisaerca
OTPUIRTEABHBIM [IDEJAOMACHUEM, WK AHOMAIBHOMN pe(i)paK[LMCﬁ.

CB}IS b MC)Kij YITUMHU y[‘JlaM W A2€TCH W3BECTHLBIM 38KOHOM cHC}UlMyCa:

siny _m (1)
sing  ny’

rie — koadubuimentol npesomiaenns cpet. B cayuse o0bMHBIX [IPO3PAYHBIX MATEPUAIOB UX
MOKABATENH IPESOMIIEHN ABJSIOTCH [OAMKUTENbHbIMI Bestnunuamn . Torna upesomienusiii
ayq (4) oTKaoHzETCH 1O J [0 CTOPOHY OT HOPMaJIUM K PPaHule PasAe]sd [0 CPABHEHUIO ¢
nagatony syuom (1), kak 910 Buano us puc. 1. Eciu ke nokasarets NpejsoMiaenus nepsod
CPEAbE IMOJOIKUTENEH, & BTOPOR CPeibl OTPULRTEACH, TO UPEAOMACHHDI 1YY OTKAOHACTCH B TY
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K€ CrOpOoRY OT HODMaJIH, YT0 U [lajLa[OI[Ll4ﬁ JyH. 9'1'() COOTBETCTBYET W3MECHCHUIO 3HAKa YIVia
PEAOMIEHU, BHITEKAIOIIEMY 3 pasencTsa (1).

I’I(}'I‘OI}I’ILICCKM BIEPBLIE SQ)Q)CKT OTPUIRATEILHOTO [IPEJIOMICHUI JICKTPOMArHWTHOrO U3y~
wenns ObL1 pacemorper coserckum Qusuxom JLH. Mawgessirramom s 40-x rogax XX sexa s
ool w3 ek, rae Oblil IPEACTABIEH X0/ IPESOMACHHOTO y4a B cpege ¢ n < 0.

()'I'pl’l[La’l‘ejlh“()e IPEeJAOMIACHIE UCHOJAL3YETCH B [IPOCTOM OIITHYECCKOM yC’I‘pOﬁCTBC, PeAa0-
JKEHHOM OTeYUCCIBEHHbIM (i)l’lSMKOM B.I. BCCCJI&[‘O W MOJIYUUBILIEM HA3BAHUE JIUH38 BCCCJI&[‘O.
CXCMaTMLICCKOC I’lffi()(’)pa)KC[Vl HEe JINH3bE BCCCJI&[‘O INPEeACTaBJACHO Ha PUC. 2. 9'1'() yC'I‘pOﬁC'I‘BO HBAI~
ereH [lJlOCKO[lapa,}llejl[3[1()!71 [ljlaC'I'MH()f"l, [lpl’l[‘()'l'()[iJlC[VlHOIL"I W3 M@TepUuaJIa ¢ OTPDUIATE/IbLHBIM [IDe-
JIOMJICHHEM. ECJH’I CJEB OT WIACTUHBI DACHOJIOZKUTD HCTOUYHHK CBeTa A Ha PACcCTOANUN, MEHbIIIEM
TOJIIAHBL [LICTHHbBE AII} < mn, T JAy4Yn 0T 3100 HCTOYHUKS COﬁJLy'I‘CH CupaBa o1 IIaCTHHbE
B TOYKEe B. B FIOM JIEPKO y(’)ejLM'I'hC}I ¢ NOMOLIBIO [UPOCTOrO FeOMEeTPUYUCCKOrO NOCTPOCHu: 1 ¢
€TOM TOrO, YT0 [PU IePeCeYCHUN MPauLl Dasie/1a Cd (41 fg IPEJIOMIICHHbIE UK OTKAOHAKTCH
K oCu AB &'KaﬁaHHOC HOCTPOCHUE BLIMOJIHEHO Ha PUC. 2 AJLE CayHasl, KO IIOCKONIapaJ/Iesib-

Hay ASCTHHE © [MOKQ3@Te/IeM IDeIOMICHUIH Ny — —1 HNOMEIICHS B BaK
BLINOJIHACTCHA HEPABEHTTBO AII} <L mn.

BH}LHO, YTO B 9TOM (JIyUae PeOMOTPUYMECKas JJINHA, [lp()l‘"l,fl‘C[VHVla}I JYHUOM CBETS 0T UCTOUHUKS
B o Jl[()(’)()My Iy TH, BHE IUIACTUHDBI PaBHa JIMHE I1YTH, [lp()l:"l,]l‘C[VHVl()My CBETOM B

M np = 1, npuuem

acrumne:

Am+mB =mn,Ac+ gB = cg, Ad+ fB = df. (2)

IoCKoABKY B DRCCMATPUBREMOM CIy4ae ng = —nq, TO W3 PaBeHCTR (2) cieayer, 4To onTu-
YeCKAs JIMHA 11y TH, IPORJeHHAs CBETOM U3 Touku A B Touky B, pasua wymo. Hanomuum, @wro
OIVTMYMECKAs! JINHA [yTH Dasua uwrerpasy L = fndl, (Vi NOKA3QTe/b NPEAOMIICHUS Belle-
crea, ~ gudppepennuan reomerpudeckofl st nyru. [Hockoabky omrrngeckas jauHa Lyru B
PACCMATPUBAEMOM CAYUAe PABHA HY/IO /sl 000l TPASKTOPUE DACIPOCTPDAHEHIS CBETA, OTRe-
uatoineil sakony Cressuyca (1), 1o apromarnuecku soinosusiercs npuuuun Gepuma, koropsit
dopumyaupyerca B suge 0L = 0 u raacur, 9T0 CBET DACIPOCTPAHIETCH 110 TPASKTOPUIM, HA
KOTOPBIX OMTHUECKAs! JJIMHA [IyTH UMeeT SKCTPEMyM.

Takum obpasom, ¢ MOMOIIBIO JAnE3b Becesaro MOKHO HOLy4aTh H300DAKEHHEe IPEIMETOR,
DPACIIOAMKEHHBIX HA PACCTONHIM, MEHBIIEM TOMIIMHBE JIMHAbE, HO HeJAL33 04y 9uTh u300parkenue
MCTOUHIKS, 18 GosbiieM paccrosunn. B wacrnoorn, aunsa Becesaro ne Gokycupyer B ToUKy [mio-
CKONaPAIILAbEBIR MY10K CBETS U HOITOMY Me ABJACTCH JUH30H B CTPOPOM CMBICAE FTOPO CAOBA.
Tenm ne mMenee JAHHOE OITHUECKOE YCIPORCTBO MOZBOJLBIET NOLYUUTH WAeaAbHOe u300parkenue
NPEAMETA B TOM CMBIC/IE, 970 TOUCUHbI NPEAMET OHO MEPEBOAUT B TOUeTHOe n306paKenne. Dro
XAPAKTEPUCTUIECKOe CBOACTBO Anusbl Becesaaro cBi3ano ¢ reM, 9r0 B 0CHOBE DOPMUPOBAHMSL

M300DAKEHIS! JEKUT OTPULATENLHOE [IPESOMICHIE JAEKTPOMAHITHOIO UB/AYHEeHUs, 8 He ero
audpaxipst.

3. Komnosuravsie Marepuaabl ¢ OTPULATEBHBIM NIPEJOMIICHUEM

Pacemorpum npuHiunnaibuble MOMEHTBl TEXHOAOTHNA W3TOTOBJEHUI METAMATEPUALIOB ¢ OT-
PHUATENBHBIM 3HAMEHUEM [oKazaTesst npeaomiennd. Kak 6110 N0KA3aHO BLILE, JJ5l DEaSn3a-
UMK OTPULATENLHBIX BHAYCHUH IOKABATE/ s IPEJIOMIEHNI HEOOXOANMO, wTOBbI UK TPUUeCKas!
M MAUHUTHAM IPOHUIAEMOCTH CPEIbI O/IHOBPEMEHHO ObLIM OTPUIATENBHBIMU Besuunnamu. 1ro
KacaeTes JAUSICKTPUYECKO] NPORKIAEMOCTH, TO 8 OTPUUATEALHOCTL XaPaKkTepha Aisl Ciyvas
[L183MBI B 0BIACTH HEBKUX 9aCTOT. DTO WISAYeT U3 «ILIA3MEHHON» (DOPpMysbl 414 € (W), KoTopas
(B npeHebpesKeHn HOMIONIEHUEM SAEKTPOMAIHUTHOTO MO/ B BEIIECTRE ) NMEeT BUJL

()‘-ICBMJLHO, IO L MAJIbIX Yacror w < wp (wp = AQ3MEHHAZ LlaCTO'I‘a) nMeeM 'I'pe(’) 7
HEPABECHCTBO HA JAUICKTPUYUCCKYIO [IPDOHUIAEMOCTD € (w) < 0. ()'I'MC'I'MM, YIO ST/ DU ITOM
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MACHUTHAs IPOHUIREMOCT HOAMKATEALHAH (B uacTHOCTH, 1 = 1}, 70 NOKa3aTE b NPEIOMACHAH
ABAACTCH MEUMON BEAMUUHON, & 9TO UPUBOANT K 3ATYXQHHIO SJCKTPOMArHUTHONR BOJARBI B Cpe/ie.

Boipaskenne (3} onuchbIBaer Takue NPUPOAHBIE CPEAb, KAK HOHOGDEPHAN U TBEPAOTENLHAA
tasMbl. OKA3bIBACTCH, WI0 MOKHO CO3JATH HCKYCCTBEHHYIO Cpey, adherTuBrad jusnexrpuye-
CK&sl IPOHUIAEMOCTD KOTOPOf B gasekom nudparkpacioM 1 6o/iee HISKOYACTOTHOM JHATIA30HAX
aaerca Gopuyaoit (3). (Hpuaarareisuoe shQeKTUBHAA FOBOPUT O TOM, 4T0 COOTBETCTRYIONIAH
BEJIMYUUHA BBEIEHS, 110 AHAJOTHI CO CBOMM IPOTOTUIIOM JU/I XADAKTEPUCTHKY POLECCos Ha 6o/tb
UK [IPOCTPAHCTEEHHBIX MACIITA0aX, KOP/IA KOMIOSHIHAS CPE/s MOYKET DACCMATPUBATLCH KaK
crtotimad. ) Takoe Beecrso MoKeT ObITh UCIOAB30BAHO, HAIPAMED, /s JaB0PATOPHOrO UCCse-
JIOBAHUS SAEKTPOMAHITHLIX cBoficrs nonocdepst. [Ipocrefitas peaansanus yKa3aHuHod cpeibl
npejperasiser coboil NepUOAMIecKyI0 CIp,
wro Aauna pebpa Ky6a () MHOTO MEHBIIE JJHHBL BOJHBL M3AYUeHns a << A, & Dajuyc IPOBOIO-
rypol adderTuBHas LasMenHas

W3 IPOBOJIOYHBIX Y(’)MKOB B IPEAIOJIOXKEeH I,

ku () MHOTO MeHbIIE JanHb pebpa r << a. Jaa pausoit crpy

wactora, durypupyloman s pasencrse (3), pasua [2].

o L y
“p all In(a/r)’ )

e — CKOPOCTL CBETa B BaKyyMe. Ha[l()M[VIMM, “wro O(’)[&ILIHOC BbIDAZKEHUEe s 1a3MeHHoH|
“YQaCTOTbl UMEeT BUJL

wp = : (5)

Gopuyna  (4) noaywaerca w3 (5] nyrem samensl kouuenTpauudn () M Macces
SACKTPOHOE Ha S(xpeKTUBHBIC SHAUEHMS FTUX BEIMUUN: 7 — Neff = 0T (r/a)z,
m — meps = 2me?r?c ?n In(a/r). Dddextusnoe sHatEHe KOHULHTPAIUN HMEET POCTOE
PEOMETPUUECKOe TPOUCXOZKJAEHIE, & HDPEKTUBHOE 3HAMEHIE MACCHl MIEKTPOHA YyUHTHIBALT Ca-
MOMHAYKUMIO B DACCMATPUBAEMON neprojnyeckoil crpykrype. st pajunyca npoBooKn MKM ¢
sl pebpa kyba mm dopmyaa (4) maer w,(fff)/Qﬂ = 8.2 I'Tu. Ouesngno, wro auns 6o/ib-
X sHadeHnit Jmesl pedpa Kyba maasMennasn 1acToTa B coorBercTBun ¢ (opmyaoit (4) Syaer
umenbite, Takum 00pasoM, W3MEHsIs NapaMeTPhl NCKYCCTBEHHOM MPOBOIOMHON CIPYKTYDbI, MOMK-
HO YHPAB/IATh 3HauenneM HPOeKTUBHOA Ia3MEHHONR 4aCTOTHl 1 COOTBETCTBERMO HDdherTUBHOM
JMAIEKTPHUECKON IPOHUIAEMOCTHIO CPEJibL.

Ha mnasmennoil wacrore (4) sdextuBras AuoIeKTPULecKad IPOHUIAEMOCTh LIA3MbL 06~
PALIAETCH B HOJb, YTO OTBEYAT BO3MOMKHOCTH BO3OYIKACHHI B Januoil KOMnoswruoil cpeje
IIR3MOHOB € HacToTol B rurarepliosoM Ananasone. HanoMuum, 9To 4acToThl IIA3MOHHBIX KO-
JeBaHIil B CIUIONIHOM METaLIe UMEIOT HOPHA0K Benunibt 101° ~ 1018 Ty,

Aot peanusaiiun JeBoH CPeibl BAKHO NOAYUATh OTPUNATEILHOE SHAUCHUE MAIHUTHOR 1po-
HUUAEMOCTH. DTOr0 MOKHO A0OWTBCS, eCAN MCHOAb3OBATL B KAUECTBE CTPYKTYPHON €HHuibl
KOMIO3UTHON Cpejibl ABOHHON KOJLUEBOH PESOHATOD ¢ PASPE3OM, CXeMATHUECKoe n300paxenue
KOTOPOro npejcrasieno na puc. 3. 3-38 BAKHOA POIN TAKOLO PE3OHATOPS B TEXHOJOTHH Me-
TAMATEPUAIOB C OTPHUATEILHLIM IIPETOMICHIEM OH HHOIAA HA3LIBALTCH aToMoM horonnku. M3
puc. 3 BRAHO, WTO ABOHHOA PE3OHATOP ¢ PA3PE3OM COCTOWT U3 JIBYX METALIMYECKUX KOJel,
BCTABJCHHBIX OJHO B JAPYTOE, ¢ PA3PE3aMU, PACIONOKEHHBIMI HANPOTUE APYD Apyra. Paspesst
HEOOXOANMBI LISl YBEJIMUEHIs DESOHAHCHON JJIMHBL BOAHBL, & MPOMEIKYTOK MEMKAY KOIbIAMA
CILYPKAT JYIA yMEHBIICHUA PE3OHAHCHOH 9aCToThl (38 CHeT yBEeJAU-eHH: €MKOCTH) M /s KOH-
HEHTPAIMA BHYTPH HEro sjekrpuueckoro nous. Pesonarop adrbexrusno ssaumopeiicrsyer ¢
BHEIIHUM [EPEMEHHBIM MAPHWTHLIM T101EM, BEKTOD HAUDPIKEHHOCTH KOTOPOro MEePHeHinKy
PeH [LIOCKOCTH PE3OHATOPA. DTO [OAE HABOAWT B POBOAALIUX KOALUAX TOKH, KOTOPLIE B CBOIO
OUEPE/ib COBARIOT MAPHWIHOE [10JIe, HANPABICHHOE AHTUIAPAIIENLHO BHEIIHEMY MAUHWTHOMY
10110,

B pesynprare B paccMaTpUBACMOM PE3OHATOPE BOZHUKACT AMAMATHWTHBIA OTK/IMK HA BHEII-
HEe IEKTPOMATHNTHOE BO3JALHCTEIE.
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Ha puc. 4 peacraBien ojAu Hap“hlﬁ KOJ![&[LCBOH PE30HATOD C PA3PEe30M B BHE SKBUBAJICHT-
noro LC-kowTypa.

Ha JJMHAX BOJH, MHOPO 6()”[31[[!4)( pasMepa PesoHaropa, ['iffialfll\d()jl‘eﬁc'l'[ﬂ’le JIEKTPOMATrHH T
HOPO [oJiE © Pe3OHaTopoM MOXKeT 6[31'1'[) OIACAHO ¢ HOMOLIBIO SQ)Q)CK'I'MBHOFI MArHWTHOH po-
HUNREeMOUTH. L TePUOANYCCKOrO MacCuBa w3 jLBOI"‘IH bIX KOJIBUEBbLIX DE3OHATODPOB ¢ PaspesomMm,
SQ)Q)CKTMBHaH MaCHUTHM [IPOHUIAEMOCTD JaeTCH BbIDArKeHUeM

Fu?

Heff (w) =1 + ? (6)

w2’
rpe F=m (r/a)2 -~ kospupenT 3anoHenus eunanoil suefikn paceMarpusaemMoil nepuou-
HOCKOTL CIPYKTYPBI, - HAPAMETD PELIETKH, ~ DAANYC BHYTPEHHEr0 KOIbla, wy = (¢/T) 4 /3d/€ rd
~ DE3OHAHCHAN Y8CTOTA, € — AUSJIEKTPHYECKAs IPOHUIBEMOCTh CPEIb, B KOTOPYIO NOMELIEH De3o-
H&TOD, ~ IUPUHA IPOMENKYTKS MEXK/LY KOAbUAMH, Winp = Wo / 1 — F — Marawruas [iasMensas
HACTOTA, HA KOTOPOH MACHHTHA NPOHALACMOCTD (6) 06palnaeTcn B HOJID.

Pesonancuas 4acrora ABOAHOIO KOABLIEBOIO PE3OHATOPS C PA3PE30M, H300PAKEHHOTO HE PUC.
4, jost v, MM o1 oMM pasua 4.85 T, & gobpornocrs B cayuae Kouel u3 Meau npessinaer 600
(cm. puc. 4 u3 muonepexoii paborsr 1.Cyura ¢ coasropavu [3}).

Boansn pesonancHoll 4acToThl Ww = wo MATHUTHAS [POHULISEMOCTL CPEbl, IPEACTABILIO
meit cobofl neprojuueckuil MACCHB KOJALIEBLIX DE3OHATOPOB ¢ DASDE30M, MOXKET NPUHUMATH
Goabiume (o MoayLo) suavenns. Marepuas, obpasoBAHHbIL W3 HEMATHUTHBIX COCTABHBIX 3J16-
MEHTOB, OOHADYIKUBAET APKO BbIPAKEHHbIE MarunTHbe ceoficrsa. Takoe BelECTBO HABLIBACTCH
MCKYCCTBEHHBIM MAPHETHUKOM.

BaMernM, 9T W3BECTHLIE IPUPOAHBIE MATEPUAJLL HA THPATEPIOBLIX YaCTOTAX U BBILIE HE PO~
SIBJSIOT MAPHUTHBIX CBOHCTR, Tak uro p = 1. (Hekinouenne coctarusior (eppuThl, MArHETHSM
KOTOPBIX ueuesaer wa vacrorax seiie 10 TTn). Do ceasano ¢o caabocrbio B3auMoieRcTBrs
MAUHITHOPO [OJSL ¢ §TOMAMHN, CoCTaBjsiomuMn obpranoe Berecrso. Jdannoe obCrosreberso
caegyer w3 roro Qakra, wro MarHwrHas cocrasssnomasn cuiabt Jloperna, sosaeficrsyome va
ATOMEBIE WIEKTPOHBL, HpuMepHo B 137 pas MeHbIIe SAEKTPUUECKON COCTABIIOIIEHN U3-38 MHOMKY-
TEIE Vo /C A ez/hc 2 1/137, pasroro nocrosuuoil Tonkoi crpykrypsL [losromy aus noyqenns
OTPUUATENLHOIO [IPESOMICHIS, HEOOXOAMMBIM YCJAOBHEM KOTOPOTO SB/ISETCH OTPULATENLHOCT
1, HY?KHO HCHOIB3OBATH HCKYCCTBEHHBIE <ATOMbDY TUIA BHIISONHCAHHOIO KOALUEBOIO De3OHa-

TOPE C PABPE3OM.

Uz dopuyast (6) caeayer, 910 B ananasone wy < w < Wpp MATHWIHAS [POHALAEMOCTD
KOMITO3WTHOH Cpeibl, [lpejl‘c'l'a['ijlﬂ[OI[LCI:"I coboit [lepl’l()jl‘l’l"lCCKMﬁ MACCUB KOJILUEBLIX DE3OHATO-
POB © DaspesoM, OIPULRTC/ILHA. ,IMC“CI)CMOH Haz 3aBACHMOCTDL W (k) (OJ - HMACTOTa, - MOJAYIbL
BOJIHOBOTO BCKTOpa) H& 9TUX 4aCTorax 6ijC'I' UMETH BAlPEIIECHEY IO 30HY (l’lj”’l C'I'O[l'ﬁ()ﬂy), e
am € (w) > 0, 94r0 CaeAyer w3 COOTHOLIEHUA W = kc/«/a(w) p(w). B apanasonax w < wo
n Wmp < W BOJHOBOH BEKTOD ABZETCH jLCﬁCTBMTCﬂ[)H()ﬁ BCJH’I"H’IHOFI, W Cpeia npospadia s
JIEKTPOMATHUTHBLIX BOJLH. Trobul PeasusoBaTh JEBYIO CPEY, HYXKHO YOIOBHE OTPUIRTE/ALHOCTH
MarHUTHON HPOHUIAEMOCTH B CTON-30HE JONOJAHUTL YCIOBHEM OTDULIRTE/ALHOCTH JUaJIeKTpH e
CKOfl IPOHUUBEMOCTH. DTO MOKHO GASARTH, ECIH MAPHUTHLIL KOABIEBOH DESOHATOD ¢ PAspesoM
(puc. 3) AONOAHWTL SACKTPUHECKHM DE3OHATOPOM, NPEICTABAAIIMM Coboll upaMoil oTpesok
METALINUECKON HPOBOJOKH, OPUESHTUDOBAHH b BAOJb BEKTODA HANDMKEHHOCTU SJCKTPUYMETKO-
Lo MOJE, KaK 910 NMOKA3ano Ha puc. s BCKTOI) HANPZKEHHOUTH MarHUTHOrO [0/ HAUDaBILEH
O HOPMaJIH K [IOCKOCTH KOABLLIEBOIO DESOHATOPS Y Be/ANYICHUE MarHUWTHOH CBIASBH.

,IJUI CIPYKTYDBI, UDEeACTABIICH HOU Ha puc. 3. CBISHL MEKLY MOAYIEM BOJAHOBOIO BEKTODA U

4aCTOTON ONUCHIBARETCH B bIPDAXKEHUeM

LB 22
o (WP —ep) (WP —uiy) @
2 (wz — w2) )
0
rie wp o d2 \/Z SQ)Q)CKTM BHa: [LIasMEeHHas! 1actora SJ!CK'I‘I}OHOB B [lp}IMOM ()'I'pCSKC ME-
TaJLIH LICCK()I?I [lp()['i()JlOKM, KOSQ)Q)M[LMCH'I‘ CaMoun [VI,]I‘yK[l‘MM Ha ean HM[I‘y AVIUHBE, ~ JJIH Ha O'I‘peiiKa
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HPOBOAMHKS, wmp = OJO/\/ 1—F -~ MaPHUTHAA [IA3MEHHaA 1aCrora, Wy ~ PE3OHANCHAM 1alTora
KOJABILECBOrO PE3OHATOPa ¢ PaspesomM, -~ KOSQ)Q)M[LMC[VI'I‘, ()[H'IC[)IBa[OI[LMﬁ BANOJIHEHNE TVIOCKOUTH
Pe3oHaTopa UPOBOJAZIIIUM MEATCDUAJIOM KOS,

W pucnepenonnors soipaskenns (7} BbITEKAET, 4TO NPU YCAOBAK Wy > Wiy BOJAHOBOR BEK-
TOD s;xeKTpomarnwrnoﬁ BOJIHBEL B IPEIKEe rfsanpemennoﬁ 30He wo < w < Wmp CTaHOBWECH jLCﬁ-
CTBUTEALHOR BeAUUUHOH. le’l FTOM JUIJIEKTPUYECKas W MAUCHWTHaA [UPOHUUIAeMOUTH CPEibL,
cocraBientoit w3 CIPYKTYDHBIX €AUHUL, [PUBCHCHHLIX Ha DPUC. 3 B 4aCTOTHOM HHTEDBAJIe
wp < w < Wmp HMEWT OTPUIATE/IbHLIC 3HAYMeH .

HGthIﬁ MeraMarepuast ¢ ()'I'pnua're;xhnoﬁ jLMSJ!CK'I‘pMLICCKOﬁ U MarHuTHOH IPOHUIREMOTTH-
MU H& OCHOBE CIPYKTYDSI, msobpaxenuofl ua puc. 5, Gplt npogemoncrpuposas s pabore .
Cmmra ¢ coasropamu [3]. Ddderr oTpUnaTebRONO IPEAOMACHUA B 9T0{ craThe Gblt 3adukcn-
posan B wacrornom nerepsase or 4.8 go 5.1 I'Tn. Hekycorsennas nepuojnveckas CIpyKIypa,
COCTOHIIRM U3 KOJILUEBLIX DE3OHATOPOR C IPODPE3LIo U NPAMbBIX OTPE3KOB [POBOAHUKS, [TO3BOI-
HO1L@2! [l()leLl UTh OTPULATENBHOC IPEJIOMIICHUE B PUTArEPUOBOM JUANAB0HE “acTor, l’lffi()(’)pa)l\'eﬂa
na puc. 6.

HOCJIC TOro, Kak (’)hljl() NPOASMOHCTIDUDOBAHO OTPUHIATEILHOE [IPEJIOMICHUE B FHIArepro-
BOM JIHAUAB0HE YaCTOT, HAYUJAW [PCAUPDUHUMATLCHN YCORAUIA U1 TOJYUeHUI JaHHoro SQ)Q)CK-
T B mnd)paKpacnoﬁ (41 ['H'ljU’ll\'i()ﬁ o();xam‘nx CHEeKTPa. ()CH()BH?;UI TPYAHOCTH Ha 9TOM [YyTH 38~
KJIOYaaCh B NOJAYUCHUH OTPULRTENLHOrO 3HAUCHU MarHUTHOH BOCHPDUUMUHUBOCTH. KaK BRI~
HO W3 BbIDAXKEHU:A Jj1e p(yﬁsonancnoﬁ “YaCTOTbL jLBOf"IHO[‘O KOJABLIEBOrO DE30OHATODRA ¢ PaspesoM

wo = (c/m) 1/3d / €73, B IPEANOIOKEHAN d ~ 7 JIANHAI 1ACTOTA BOZPACTAET ODPATHO MPOTOp-
IHOHABLHO DasMepy pesonarops . Takum ofpasom, /st Nepexois w3 PUPArepUOBOro B OlTnye-
CKUil ARANSZ0H DA3MED DE3OHATODA JAO/KEH ObITh YMEHbIIEH Towrn B Musmon pas. Ha camom
J1eJ1e BBIEONUCaHHbIA creflinur cnpaseins sors go wacrors: 200 T, Ha 6osee sbicokux
YACTOTAX METRLL, U3 KOTOPOrO W3POTORJICH DE3OHATOD, HeAb3H DAacCMaTpPUBaTh KaK HiAea bHbii
nposoguuKk. B nponecce nepexosa B onruuecknil Ananason 1o npuunie Goabiiefl npocrorsl wi-
FOTOBAEHUI ABOHHOH DE3OHATOD ¢ paspesoM Oblit saMenen Ha opuuapusil (M. puc. 7).

OKasa/10Ch, 9T0 B HAHOMETPOBOM MACIUTabe TPY/HO M3MOTOBATH TPEXMEPHYIO CIDY
M300PAKEHHYIO HA DHC. T, [0FTOM

TYPYy:
; 61t paspaboran aarTepHATUBHbLIA Ausalin MeraMarepu-
aja ¢ OTPUIATE/IbHLIM [IPEeJIOMICHUEeM. H()Bhlﬁ OAXOM 63}fﬁl’lp{)[&§ijl€}l Ha TOM q)aK'I YTO napa
METQLIMYCCKUX [IPOBOJIOK WK [LI&CTHH, Da3/JIC/ICHHbIX JUSJCKTPUHYCTKUM [lpOMC)Ky'I'KOM, MO~
2Ker O(’)CC[ICLH’ITB MarHUTHLIHA pesonane, [VICO(’)XO}LMM[)II?I A TOULY MeHUs OTPUIATE/IbHOTO 3HaMe-
HUSI MArHuwrHoi HPOHUIAECMOCTH. 9'1'()'1' MAarHWTHBIA PE3OHANT BOSHUKAET BCIEACTBUE QNTUILa~
Pa/LIJIbHOrO TOK B [lp()[*i()il()‘l“()ﬁ nape, Upu KOTopoM Ha KOHUAX [IPOBOJOK KK ylepyC’I‘C}l
sapdjl pasHoro snaxa. KpomMe MarHuTHoOro PesoHatca B DACCMaTPUBAEMON CIPYKTYDE BOSHUKAET
TAKZKE IEKTPH qecKui pesonanc, upu BOJUII[LMﬁ K ()'I'pl’l[l‘a'l'ejthOM} BHAYECHHUIO JUSJCKTDH qecKko#
HPOHUIAEMOCTH, YTO HCO(’)XO}LMMO A OPPUIRTEILHOIO PEeJIOMICHIE CDEIbL. (,)jLHaKO rep!
HEeHUE CHeKTPAJILHBIX O(’)Jlac’l'eﬁ ABYX PE3OHAHCOB OKABa/0Ch 'I'pyjl‘H() AOCTUYDL. ,IJIH yC’I‘paHCH 4971
AQHHOTO HEAOUTATKS (’)hljla paﬁpa(’)()'l‘a“a HaHOCprKTypa, KOTOPas Ha3biBaeT:d jLBOI"‘IHaH phl(’)()'
JIOBHAZA CeTh. (,)Ha COCTONT U3 HaPbI METAJJIUYUECKUX I)[)I(’)OJIOBH[)IX CC’I‘CH, PasBAC/IeHHbIX JIUSJICK-
TPHYMECKUM [IPDOMEXKYTKOM. Ja“ Hasl T Y Pa MSO(’)pa)KCHa B IPAaBOM HUZKHEM yray puc. 7

JOC’I‘OM HCTBO I)[)I(’)OJIOBIVIOI?I CeTH COUTOWT TAKXKE B TOM, YT0 JJICKTPOMArHWTHAZ BOJIHE 118,281
HEPUEHANKYIAPHO [LIOCKOCUTH O(’)I)aﬁ[lji, a He BJAOJIb €00 NOBEPXHOUTH, KaK B CJYy41ae KOJIbLIEBOro
PE3OHATOPA € PAsPesoM, IO CYLIECTBEHHO O(’)JIC[‘LlaC’I' HPOBEACHUE COUTBETCTBY IOIIUX IKCIEPU-
MEHTOB.

st yMEHbIIEHUS TOTEPh B OIUTHYECKOM JUANA30HE BEChME, BAXKEH BbIOOD METALIE, U3 KOTO-
POro M3rOTABANBAETCH HAHOCTPYKTYDa. Haumensinumu norepsivu obaasger cepebpo, koaddum-
IMEHT 3RTYXAHNI SAeKTPOMArunTrHoOl Boaubl B HeM B Ouokuell HK-ob6aactu 8 4 pasa meublie,
uem B sojore. s XapakTepueTuku noTeph BBoAMTea uncao kavecrsa (Figure Of Merit) no
dopuyae FOM = |n/| /n', vie 0/ n n ~ peficreurensnas n Muuman gactn kosdubuiuenra
npesomaenus Meramarepuana. [ dosuuarom ¢ coasropamu [4] 6bL10 mosyHeno 3natenune Ha
aanne Bosbl A = 1.4 MKM (TeeKOMMYHUKRIMORHAH JAJUHA BOJIHB) B DE3YABTATE ONTUMISRIMN
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pasMepa NPOBOIOK, TOMIIMHB METAMIE W BEJANYUHBL JUAIEKTPUUECKOrO [IPOMEXKYTKA B JABOH-
uoft purbostosuoil cern. Tak, HaupuMep, TOMIIMHA [IUPOKUX NPOBOIOUEK B DPhibosoBHON cern
JLOJKHS, ObITh A0CTaroqno Goabliof, wrobnt cieasrh sMxperTuBHYIO II3MEHHYIO YaCTOTY Bbl-
€ YACTOTHI HAEKTPOMATHATHOH BOJHBL. DTO HYIKHO JJIsl TLOLYUEHHS OTPUIATENLHOR BEIHTHHb]
apsaexrpuyeckoil npounuaemocrn € < 0. [lnasmennas wacrora B ofvbemuoM cepebpe cocrapiser
1.37-10%¢ 1, & uacrora CrOAKHOBEHMIL, ONPEAGIMIONIAN SATYXAHHE SICKTPOMATHITHOMN BOJIHbI,
pasua 91013 ¢~ Mocrosmmasn permerkn aBoiinoit priGosoBHoi cern B padoTe |4} cocrasasna
600 1m, Tommuna crpykrypst 120 Bm.

Henonbsosanue cepebpa aua asoitnoil peifo1osrolt cetn B padore [5] no3soamIo moity 1urs
MEPBLI METAMATEPUAL ¢ OTPUIATEALHBIM IPEJOMACHIEM HE KPACHOM KPAe BUANMOTO CIEKTPA A

0.78 mxm. Ha puc. 8 npepcrasiens sdxpexTnBrbil NOKA3HTENb IPESOMASHII 1 MHCA0 Kave-
crBa Kak QYyHKINT JUIHHEBL BOJHb! H3/1YHEHUs, BIYUCASHHbIE HA OCHOBAHUY SKCIEDUMEHTANLHBIX
JAHEBIX 110 KoadepuimenTy orpakenus u npoxoaigenus. s pacuera KPUBbIX, n300DaXKeHHbIX
Ha PUC. 8, TAKIKE HCMOAB30BAINCH SKCIEPUMEHTAIbLHEbIE Janubie 1o dasosoll 3auepmkie 125 do

JIABEPHOrO UMIYALCA NPU €ro [POXOKJICHUN vepes O(’)pa;fﬁeu W3 MeTaMarepuaia. 9'1'!4 JAQHHbIE
(’)hljllfl HOJIYUECHDBI € TTOMOIIBIO C[le[l‘l’laglhﬂ()ﬁ BpeM}I[lpOJ!C’I‘HOﬁ METO/JUKY, OCHOBAHHON Ha UCIOIb-
BOBAHUK C’I‘a(’)lfljlMffil’lp()BaH HOrO K H'I'Cp(i)ep()MC’I‘pa :\"IaﬁKCMhCOHa. (Daffi()qyBC’I‘BM'I‘CJI[3[1 bie BpEMI-
HPOJACTHDBIC SKCIEPUMEHTDE, IPOBEJACHHBIC B O(’)Cy)KjLaCMOﬁ pa(’)()'l'e, ABWIHCH MPHAMbIM CBUACTE/ b
CITBOM ()'I'pl’l[l‘a'l'ejlhﬂ()ﬁ (i)aﬁ()[i()ﬁ CKOPOCTH CBETA B HCCICHYEMOM METaMarTepuaJie.

CBC}LCH Wi 0 METaMarTepuasiax Ha OCHOBE METAJMIMYECKUX CIPYKTYD, UMEIOIIUX OTPUIATE/ b
HBIH [ToKaszarelb NPEeJAOMICHUE B OIITHYECCKOM JIHANa30He, [IPSJACTAB/ACHbI B 'I'a(’)JH’HLC 3.

Tabauua 3.1 -+ OTPULATENLHOE IPEJOMICHIE B OIITHKE

n' A, MKM FOM = [n/| /n" | Crpykrypa

~0.3 1.5 0.1 C/BOEHHBIE HAHOCTEPIKHIK

=2 2.0 0.5 PHIGOMOBHA HAHOCETH ¢ KPYTOBBIMA
nycroramMmu

~4 1.8 2.0 PHIGOAOBHAS HAHOCETD ¢ HJIHICOU-
ABIABHBIMI [IYCTOTaMU

-1 14 3.0 PHIGOMOBHAS  HAHOCETH ¢ [IPIMO-
YUOALHBIMU [yCTOTAMU

~0.6 0.78 0.5 PHIGOIOBHAN  HAHOCETH ¢ [IPIMO-
YIOALHBIMU [IyCTOTAMU

4. 3BaknwyeHue

I’I’I‘&K, METAMaTePUAJIbl C OTPHIRATC/IbHLIM [IDEJIOMACHUEM Ha OCHOBE METAJLIHICCKUX DJIeMEeH-
TOB [PEJACTaBIAT CO(’)OI:"I HEPUOAUYUECCKIE TPE/bL, COCTABJICHHbIC U3 MCK‘YCC'I'BCH HbIX C’I‘pyK’I‘yp-
HbIX €UHNUIL. 9'1‘!4 C’I‘py K'I‘ypH bi€ CAUHUIIbE O(’)Jla;lji[()'l‘ PE3OHAHCHBIMU CROACTRBAMU 110 OTHOIIEHKIO
K [%Offi;LCﬁC’I‘BM[O Ha HUX QJICKTPUUCCKOrO U MarHwrHOoro nosieit B CHEeKTPAJIbHOM JHANAZ0HEe OT
rurarepy Jo BM;LMMOH o();xam‘n. TaKMC MaTePUAIDI HA3LIBAITCEH MCK‘YCC'I'BCH HbIMU SJICKTDOMAr-
HUWIHBIMU KPUCTALIaMH. B OIHYHEe O HPUDOAHBIX KPUCTALIOB, C’I‘pyK’I‘ythIMM CANHULAMI
KOTOPDLIX ABJHIOTCH @TOMbL WK MOJICKlehI, HapaMerpbl 9JIeMEHTAPHbLIX HAYCCK MCK‘YCC’I‘BCH HbBIX
KPUHCTANLIOB MOXKHO U3MEHITH 38, aHHbIM o(’)pa;fsom, ynpamml TEeM CaMbIM JIEKTDOMAUHWIHbIMK
CBOMCTBAMU BCEH Cpejbl B [Ee/I0M.

5. Buaromapuaocru

Heeneposanue NPOBEAEHO B DAMKAX HAYUHO-UCCAeA0BaTeAbeKOR paborsl «PopMuposanue
OTPACIIEBLIX LEHTPOB IPOrHOBUPOBARKI HAYUHO-TEXHOJMOIUYUECKOrO DasBITHI Ha (’)aﬁe BE)
pOCCMﬁCKMX BY30B 10 IPUHOPUTETHOMY HANIPABICHUIO «I’IH,}LyC'I‘pMH HAQHOCHTTEM» », DeaJly
no sakasy Muuucrepersa obpasosanus u nayku Poceniickoit @eaepaunn (uudp «2011-2.1-52
021-003»).
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1.

BecTHOe Kak 3akon Mypa, o

B.I' ITonos

Mockonckuit dirsiko-rexuireckuit mictityt (FOCyAapCTREHIBE yHuBepCITeT)
eyt npofiiey TEXHOAONIM MEKPOIICKTDONMIKH 1 0COBONHCTHX MATepHAIon Poccficko
asazevn Hayx

DddeKThl TYHHEIUPOBAHUA HOCUTENIEH B HAHOCTPYKTYPax
M NEepPCIeKTUBbI UX UCIOJAb30BAHUA B Ipubopax
HAHOJIEKTPOHUKH

B pabote paccMOTPERHT TPECTICKTHRH PAIBATHS TPAGOPOR HAFOIICKTPORAKH, OCHOBAN-
HEIX Ha 940PEKTAX PeAOHARCHOTO TYHHETHDORAHTA HochTeel. Takue MprOOPH MOryT GHITH
BOCTPEGORATE PaspAGOTIKAMA HETCTPATHHEIX MAKPOCKEM B KAMCCTRE JAMCHEI TPATCTO-
pant. TIOKAIARO, UTO HMEHHO HCTOTEIOBANTE PEIOHAHCHONO XAPAKTEDA TY HHCTHPOBANH 1104~
BOMAET CYMECTRENTO CHITSATY, TOKH YTESKH, KOTOPHIE ARTICTCA OTHON 13 OCHORIIX DI
KPHSACH B DASBATHA TPAACTOPOB Ha. CRrOIRSITAI j1enb. B pabore mam 0630p CymecTBy-
TOMAX TIOAYTPOROAARORETX MPAGOPOR, HCHOABIYIONIR PE3ORANCHOS TYRHeTHPORANHAC HO-
cureseit. TIpe/uioKen HOPLIE THIT TIOJIPHIX TARIHCTOPOR ¢ JATROPOM H KARAJIOM HA OCHOBE
JIBYMEPHBIX cHCTeM nHocureneii. Tak ke moapobHO PACCMOTDERBI CTIOCODH HCTTOMB3OBANIST
TAKHX TPAGODOR B COBPEMERHON CBEPXBHICOKOTACTOTHON B BEHCTHTETLHON %ICKTPORTKE.
B paGoTe PACCMOTPERE! TAKIKE TePCTIOKTHRE! JTTHHeHIel MURHATIOPHIAIIH TPAHCTOPOR.
OcHOBHOM TPHIMHON MHHHATIODUIALIH SRISCTC YEQINICHHS TPAIIHON SACTOTH! PaGOTH!
TOSTY POBOTAKORHIX TPROOPOR. Ha mprMepe mosenoro TpamsneTopa OKasAHo, ¥ MORBIERTe
KAKWX TAPaMeTPOB NPHEOAT K YBOHHCHTIO FacTOTEL [L151 TPARIACTOPOR ¢ PEIOHAHCHBIM
TYRHETMPOBANTEM YPEIMEPHAT MURHATIOPHINTIA TOJARIICT PEIORAHCHOS TYHHETHPOBATHE
TOCHTE el T, TAKIM 0GPA3OM, YReTIHBACT TOKH YTeSKH MpuG0por. TIPISHION TAKOTG T~
ABCHIA ARIACTCA TOTPETHOE KBATTOBATIC, KOTODOE /LT CHCTEM TONTKOITON pasmep-
HOCTH HACTYTIAT, KAK TDABAIIO, IPH JAMETHO GOTLINX PAIMEDAX, 9eM /LT META/LTHICCKAX
IWIEHOK ¥ CHILHO JeTHPOBAHHBIX TIOTYTPOROARHKOR, Takum 00pasoM, 7isl HCIOMBI0RAHHST
TAKIK TPAOOPOR TEOOKOTIMO OTKAIATLCS 0T AATHHEHIIeH MITATIODISATINL.

Konouesbie c10Ba: DAiBATHE HAHOYICKTPONTIKH, PEIOHAHCHOC T HHOTHPORANNE, Ty~
NPOBOHHKOREIE HAROCTPYKTYPHI, PEIOHAHCHO-TYHHEILHKIC TPAHIHCTOD W MO/, MAHAATIO
PUSAIIA, TPARTIHAT SACTOTA.

Bseaenune

B 1965 roay ojmuu n3 ocrosareseit kopnopanun Intel, Topaon Myp, ciesan sassienue, ws-

TOM, 4TO KOJHYECTRO TPARH3HCTOPOB B MUKDOCXeMax Gyier yapau-

BAThCA KasKAble ABa roja. [ocTosnno co31asas MHHOBAIHOHHBIE TEXHOAOIHH, Kopropaina [ntel
00€CIeINBACT BLIIOJHEHAE HTOIO 3AKOHA yKe 0K010 ) €T, BRAAABIBAL MULITHAPAB J0/LIADOB
B neeaegosanna 1 paspaborkun. Ceroana koprnopauua Intel spaseTcs 0TPACAEBLIM ARACPOM
MMEET CEAYIONIME DECYPCHI I e

1

3

} Beemupnaz cetb Habpuk 1mo npousBoACTE

 TOJ1YIPOBO/IHUKOBBIX KOMIOHCHTOB, BKJIOYAI0-

1@z meets Habpuk, Lie HPOM3BOAATC NPOoeccopbl Ha 300-MIIMMETPOBBIX [10/110KKAX

10 45-HAHOMETPOBOI IPOMBBOACTBEHHON TEXHOJIOTHM.

Henoabsosanne B MPOM3BOACTEE MEPEAOBbIX TEXHOJAOMHIL, B TOM 4HCIE HANDIIKCHHBIX /i~

SAEKTPUKOB ¢ BHICOKOH JUS/1EKTPHUeCKoit nponniaemoctbio high-k (Hi-k) aus meramue-

CKHX 38TBOPOB.

Hecseosanne HOBLIX TEXHOJIONHI, B TOM YMCIE TPAHSHCTOPOB ¢ TPEMs SATBOPAMH H 1101y~

HPOBOAHMKOBBIX HAHOTEXHOIOTHI, KOTOpPbIE NO3BOAT Kopnopanun Intel ofecneunts BbI-

noanenue 3akona Mypa B oGospumom Byyiuenm.
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Henpessoiinennsiil onsrr kopriopatuun Intel B 0648011 HOAYIPOBOIHUKOBBIX TEXHOJIOIMH jia-
€1 NPeUMYILNECTRO [epe, KOHKypenraMn B obuacru paspaborTkn COBPEMEHHBIX aPXUTEKTYD H
maaropyM, Koropsie Byayr crocobCrBOBATL AAAbHEHIIEMY SKOHOMUYECKOMY DOCTY.

Hporuos Topgona Mypa ser B 0CHOBY MUDOBOl TEeXHUYECKOH DEBOMIOIMN, U KOPIODALUs
Intel W cefluac ocTaeTes JIRACPOM OTDAC/U Ha [YTH K [HOBBIICHUIO NPOU3BOAWTCALHOCTH, JHED-
[‘OC()C[}C}KCHM[O W TeXHOJIOPHAM, [MO3BOJEIOIUM CO3JABATH HOBbIC BbLIMUC/JIUTC/ALHLIC DEIIeHUI.
Opnaxo B8 2007 rogy Myp 3asBu, 910 3aKOH CKOPO [EPECTAHET JeACTBOBATL M3-33 ATOMAD-
HOH NPUPOABL BEIIECTR U OUPAaHUYeHus CKOPOCTH CBeTa Il‘ HCO(’)XO}LMMO OIMETUTD, YT 3aKOH
:\’L\pa HE ABJZETCH CIPOrUM CTaTUCTHYECCKUM U TeM 6OJ100 MaTeMATUYECCKUM 3aKOHOM, KPOMe
TOrO CyHIECTBY 0T BECKUE OCHOBAHUI [OJATaTh, WT0 OH HAPYIUAJICH JOBOABHO “acTo 12‘

le’l IRCMOHEHINAIBHOM DOCTE KOJAUYUETTBS HHTCIPUDOBAHHLIX TPAHSUCTODPOB PasMeDbl eju-
HUYHOTO TPAHSUCTODa, & TaKXKe HIUPUHE KOHTAKTHLIX JOPOKEK JA0JIKHb yI\ACH LI TLCH FKCIO-
HEHIUANABHO, Ll'I'()(’)[)I O(’)CC[ICLI HTb PasMEIIEHHe BCeX TPAMIUCTODOB HA TOM HC(’)OJ![&I[[OI\A yLlaCTKC,
IO OTBEACH 1O/ [lp()[l‘CCCOp. HOCKOJ![&KY ATOM HBJAAETCH HauMeHbIlei Llac’l‘lflll‘eff‘lT COXpaH}I[OI[LCﬁ
CBOHCTBA XUMUYECKOrO JIACMEHTa, TO LIUPUH KOMTAKTHOH AOPOIKKH HEe MOXKeT 6[)1'1'[) MEeHbLIE
pasmepa aroma. Quapagch na 3akou Mypa, MOXKHO PACCUATATL, 4I0 OPpUeHTUPOBOUHO K 2050
[‘()jl‘y €€ [IUPUHE COBILAJLT 1O paﬁl\depy C CUHHUYHBIM &TOMOM, U jl‘a)lhﬂeﬁlllee YI\ACHBI[[CH ne un 6()'
JIeE IJIOTHAZ YUAKOBKA TPAHSHCTODOB B DaMKaX TeXHOJMOrHH C:\’I()S (K()l\;ﬂljlel\;ieﬂ'l'apﬂ bi€ METAJLI-
OKCHAHbIC C'I'pyK'I'yphI) CTAHEeT HeBO3MOKHON. ()jl‘HaK() OKa3bIBACTCH, IO [PEAE/ TeOPeTUYECKH
BOSMOXKHON MU HUSTIOPU3AIHT [ITHUPUHLL JODOKKH B PAMKaxX TeXHOJA0rHn C:\’I()S ropasao (’)JH'I)KQ
U PACCUUTBIBACTCH UCXOME U3 ijy[‘MX IPUHIUIIOR.

COBpCl\ACHHhIC IPOUECCOPbl BLLACIAIOT OYEHDb MHOrO TeILIa. B HACTOALLEe BPEMI JIaBHas
IPUYUHHE BLLACJICHHUA Terg ~ TOKH y'I'CLlKM. TCI\A HE MEHEE, OUbIT MNOCJACAHUX TPUALATH Jer
HOKa3aJ/, YT0 38 CUeT UCHOIL30BANNI HOBLIX M&TEPUAJIOB ijaBa,}lOCh HNOJACDIKUBATD SKCIIOHEH
HHBALHBIL POCT NPOUSBOAUTEALHOCTH KoMubiorepor. Padorawmmit 8 CIITA poceniicknit necae-
aosaredts Bukrop Aupuos upoanasusuposas [TRS-2001 (International Technology Roadmap
for Semiconductors), mian-npoexT passuTus TPawsueToproil Texuosorun nocae 2001 roga. Ero
BLIYTUCICHUE, OCHOBAHHBIC Ha [IPDUHIUIe mCHHOHa """ (DO[VI'HCIL"H\Aa[VIa """ .,'-[a[Vljl‘aySpa W ACIIOJLE
oLme nprEiun neonpegesennocru lefisendepra, NOKA3LIBAIOT, WI0 ecau, coraacho miany ITRS,
K 2016 [‘Oij 6‘\ €T UCHOJAB30BATLCH 22'HaHOI\ACTpOBaH TEXHOJIOTHEL, TO BbLAC/ACHUE TEIIa JaKe

IPU UCIOJIL30BAHNA WACAIBHBIX MATEPUaIos cocTasuT H-10 MUUIMOHOB BATT Ha KBAIPATHLI
camTuMeTp nosepxuocTH nponeccopa [3f. daa cpasrerua, MOIHOCTL OBBIKHOBEHHON JAoMAIUHE
aamnouku 60-100 Br, a Coauue seigenser toabko 6000 Br/ 2. Wro e Kacaerc CKOPOCTH
OTBOJIA TEIIA, TO TEOPETHUECKUH MOTOMOK NPU UCHOAB3OBAHUN CAMOPO HEPCIEKTHRHOIO U3 W3-
BECTHBIX KOHBEKTHBHOIO CHOCOHA OXJIAYKIEHNI KUJKOCTBIO 110/, J8BACHIEM COCTABIIET OKOLO
1000 Br/ CMQ, 8 NPAKTHIECKH JAaXKe OXJIaXAeHue o ckopoctsio 100 Br/ M2 1OKA OTHOCHTCH K
paspsty npobsem ¢ HenssecTHbIM pettennenm. Heolxoqumo orMeruth, wro Ha Cerousinuui Jenb
Kopriopatust Intel npescrasisier nPoOUEcCopsl, TEIIOBLIEIEHIE KOTOPBIX BUINBKO K IPEIENbHOMY
n cocrasaner 30-40 Br/cm®. Tlpruem TakToBas 4acrora Mpoteccopos BOSPOCIA MO CPABHEHHIO
¢ 2001 M rogom amins B 1,5 pasa. Hrak, obecrievnrs HeoOXOANMOE OXJIAYKIEHNIE IPUHITUITHA -
HO HEBOSMOXKHO, & 3HAUNT, passusarbes Texuosorun CMOS ocranocs negonro. B nayunom ke
CMBICJIE OHS YIKe m3vkuas cedsl. Boixo us AaHHON CHTYAINT BIAWICH B CO3/AHNI HOBbIX SJ1EMEH-
TOB HAHOIIEKTPOMUKH, UCIOJNB3YIOMIUX KBAHTOBbIE CBOACTBA HOCUTEIE] 1 NCIO/IL30BAIE FTUX
CBOUCTE s BhIvucaeHnit.

2. PesoHancHOe TYHHEJIUPOBAHUE B HAHOCTPYKTYpPax

2.1. CrpyKTIypBl ¢ KBAHTOBBIMUI SIMAMIL

()/’LH UM U3 KBAHTOBbLIX SQ)Q)CKTOB HABJLEETCH IPOLECT LeJIUPOBa Uz Hocure e, HI)O[LCCC[)I
HHEJIUPOBANKI B NOJAYIDOBOAHUKOBLIX JAHOAAX 6[3UH4 BHEPBLIC UCIOAL3OBAMNbL .,'-[. SCaKM 14‘
B 1958 roay. Hpumepno B 910 ke Bpema 2K P. MIpudpep [5) suickasan uaeo o pasmeproM
KBAHTOBAHUK B TOHKHUX [WICHKaX [NOAYUIDPOBOAHUKOB, KOTOPOEe U 6[31”() O(’)Hapy)KCHO DC Tsui
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B TYHHEAbHOR CrpykType Ha ocnose InAs s 1970-m roay [6]. B nocaeacrsun JI Deaxu [7]
u P. Kasapunos ¢ P. Cypucom [8] Bblckasain uAL0 0 BOSMONKHOCTH DE3OHAHCHOTO TyHHE/IA-
POBAHUI B [OAYIDOBOJAHUKOBLIX rerepoctpykrypax. B 1974 rogy Obui BrepBble SKCIEPUMEH-
Taabio obuapyken pauustil sdupexr. Ha sddexre pesoHancHoro TyHHEANPOBAHNS DEATNBOBAK
pesonancuo-Tynneabustit auog (PTA) [9) n pesonancuo-tymuessusiii Tpansucrop (PTT) [10},
[lpl’l(’)()phl, O(’)JlajLa[OI[LMC PEKOPJAHBIMU [ADAMETDAMU Ha CerOHALIH uit JEHDL (I’IMCC’I'C}I B BHAY UX
rpatuabie 1actorsl okosto 1 TTn). Kak xopouo ussecrno, 8 cospemenusix CMOS rpausucro-
Pax, CO3AaHHBIX 1O TeXHOJIOrUH 45 uM u u H2KE, LEJIUPOBAHKHE Hocuresed UrPaEeT HEraTUBHY IO
podb 1 ysesununsaer Toku yreuxku. Ho npumep yaxe cospanusix npubopos PTA u PTT rosopur
O TOM, YI0 UPABUIBHOE HCIOJIL3OBANUE HHEJILHOTO SQ)Q)CKTa CIIOCO(’)HO CYIIECTBEHHO
T pa(’)() HOMYIPOBOAHUKOBLIX [lpl’l(’)()p()['i. ,JJUI QCOBHANNUIA TOrO, KaK MOXKHO UL
sror sdgdext, ero neobxoauMo pacemorpers bojee noapoduo. P
TEPOCTPYRTYDY, UPOdUIb AHA 30HBI IPOBOAUMOCTH KOTOPOHl n300parken Ha PUC,
TOHKOM CJ10e Mexy bapbepamu (Tommua okoao 10 uum} dopmupy

.

30B2Th
CMOTPUM JABYXO8DHEPHYIO e
ke 1 (a). B
TCH JIOKQJIN30BAHHBIC KBAH-

TOBbIE COCTOARM, OHO U3 KOTOPBIX NPEACTaBIeno na puc. 1 (a) kax E.". Ofpasosanue Taxux
YpoBHEd NPUBOANT K TOMY, IO TYHHEALHA NPO3PAUHOCTH TAKUX ABOAHLIX GApbepos HaUnHAeT
HEMOHOTOMHO MEHATLCH ¢ 9HEPrUeil, JOCTUras PesKOro MakcHMyMa BIUIOThL A0 1, Koria sneprus
JIBHIKEHNI SJAEKTPOHA B HAUDABIeHUN GADbeDOB COBIAJAAET ¢ JHEprueil YPOBHI, U SHAYMTENLHO
YMEHBIIRETCH IPU SHEPIUKM MEXK Y yposusmu (Braors o T 1074, cum puc. 2 ). B orom cayuae
3aKOH COXpaHerus

IHEPrun 1 [ljlaHapH()ﬁ KOMIIOHEHThI MM[lyjtha O3BOJLEIET [l()leLl Wb, 9T0 B TYH HEJUPOBAHHK
M()[‘y'l‘ yLlaCTBOBaTh JIUIID SJISKTPOHLL SHCp[‘MCﬁ EZ 02 SJICK'I'I)OHM < SHCp[‘MCﬁ EZO uMenT
KOMHOHCH'Fy MM[llehCa P20 SIMEKTPOHOB. KOJ!I’ILICCTBO yLlaCTBy[OI[LMX B PE3OHAHCHOM 'I'yHHCJlMpO'
BAHUU JICKTPOHOB MOXKHO OUDEAS/NTL U3 (,1)33()['50[‘0 HPOCTPAHCTER WICKTPOHOB B SMUTTEDE (CM.
puc. 3(6)) ,JJUI FTOLO HAJO NOCHUTATH [VIOLIAAL DE3OHAHCHOIO AUCKS U Da3/e/ uTh Ha [IOIAAL
OAHONO KBAHTOBOIO COCTOAHMIL, T. €. ('2ph)2 , vae h — nocrosmuasn [Mrauka.

TG[leh paccMoTpuM CMellenue yp()[i“}l Ez 0 IPH IPUIOKEHUH HANUDHXKeHUA CMEeLeHus.
Byjlﬁlﬂ CHUTATD, YT IMUTTED 3a3EMJICH, T. €. Mipe COHSB, TOrJAa BOALTaMIICDHA XapaKrepucTu-
K& JIHOA8 OUDEAC/EHeTC 3aBUCHMOCTLIO SHEDIUKT yp()[i“}l B AME 0T HAUDAXKEeHUA CMEeLeHn. ECJH’I
mupung 6apbeproro npoMey ks D suaunresbro GoubIle IMMPUHL! KBAHTOROMN sivbl, 1. 6. D >>
d, JJLE ONUCQHUA 3aBUCUMOCTH EZO<\".) MOYKHO BOCHOAB3OBATHCI JIUHEHHBIM [lpl’l(’)}ll’l)KCH neM WK
appexrom Mrapra:

EY(V) = B2(0) — eV/a (1

rie & = D/(dy -+ d/2) ~ daxrop mieua. [Tockoasky npn B, 9(V) > mp, pesonancusrit rym-
HestbHbIA TOK pasen 0, CyIIECTBYET NOPOroBOe HANPIKEHNE sl TOK Vip, HAMHHAN ¢ KOTOPOro
nosisAeTca Tok. Besmunna ero onpeesaerca us yeaosna: E,0(Vin) = mpe (man pao = pr)

Torpa ws (1) MOKHO N0y YnTh:
1="28 (v —vy) @)

art

3jech €, g2 p, T - 34D SIEKTPOHA, MJIOTHOCTL JABYMEDHBIX COCTOMHUA M BPEMs TyHHE-
suposanns. Bopaskenue (2) BbIIOJHAETCA NOKA [ pe > EZO(V) > Eg. pn EZO(VP) Ee¢e
TOK PE3KO NPEKPALASTCH [0 [PUYUHE OTCYTCTBRI COCTONHAR B 3AUDEIEHHON 30He SMUTTEDA.
VMEHBILIEHUE TOKA ¢ YBEJIHUECHAEM HANPIKEHAS COOTBETCIBYET oTpuiareabroi audepeniu-
aasuoit nposogumocrr (OLT). Boasramnepuasn xapakrepucruka (BAX) aunosa upepcrasiena
na pucynke 3 (a) sesenoit aunueit. Heobxo Mo CKasaTh, 40 HAPLY ¢ IPOUECCAME DESOHAHCHO-
PO TYHHEJIUPOBAHUI CYIIECTBYET TYHHEIUPOBAHME CKBOSHOE W HEKOPEPEHTHOE Ty HHEJINPOBAHUE,
WEO MPUBOART K nosBaeHnto Toka upu V < Vi 1 'V > V. Kak suano uz BAX auona nasmune
PABMEPHOrO KBAHTOBAHUI B M€ [LOJABJIAET [IPOUECCH TYHHEIUPOBAHNI B IIIMPOKOM JIUANA30HE
HANDPSUKEHII 1 OCTAB/IACT TYHHSTUPOBARNE B PE3OHANCHOM jnanasone /mup, > EO(V) > Ee.
DTOT JAHANAZOH MOKHO CYIIECTBEHHO WTh, JJLE 9TOr0 HeoOXOAUMO CO3JATH KBAHTOBLIA ypo-
BEHb B 9MUTTEDE, HAIPUMED, HCIOAB3OBATH FETEPOCTPYKTYDY ¢ ABYMH KBAHTOBLIMU sMamMu (CM.
puc. 3(6}). B 91oM cayuae yeI0BRA PESOHAHCHOIO TY HHEJUPOBAHU BHILOAHSIOTCH JUIIL TOJABKO
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IpH COBIAJAESHUN ypOBHCﬁ EOlr EOQ, T €. TOMBKO [PHU OJHOM 3HRYCHUN HAUDIZKEeHHA CMELeHns
\’Tpl. TaKMM O(’)paﬁ()M, ANANAB0H TY HHEJUPOBAHUI (’)ijC'I' MUHHUMAJILHBIM W OUDEAC/HTHCA JUIIL
yinupenues yposreit. Ha BAX auoga 6yaer nabiosarsea yakuit tokossit nuk (oM. puc. 3(a}).
TaKMI\A O(’)paﬁ()M, BUHO, YT0 UCHOJAL3OBANUE SQ)Q)CKTOB PasMeEPHOro KBaAHTOBAHN CYIIECTREHHO
YMEHBLIIRET TYHHEJIUPDOBAHKE B IIUPOKOM JAUANA30HE [Vla[lp}I)KC[VIMﬁ. ()'I'C[OjLa Cileyer nepenes-
TUBHOCTHL UCHOJIB3OBANKI TAKUX CIPYKTIYD B TPRH3UCTODAX. HpMLICM Hah(’)()ilhl[[e[‘() yonexa B
YMEHBLIICHUN Sq)q)eKTa TYHHEJAUPOBAHUI MOXKHO jLO(’)M'I‘hC}I IPHU UCHOJAB30OBAHUNT KBAHTOBLIX AM
KaK L/ IPOBOAAIIETro

KaHala, Tak W s 3aTE0DA B [HOJAEBbIX TPA3IHCTODax. TaKMC CIT Dbl YK€ DeAJIUB0BANDbI |
NOK3aHbI IPUHIUITHAIBHLIC BOSMOXKHOUTH HUX pa(’)()'l'hl 112‘ (,)jLHaKO CO3AQHNEe BBICOKOYAC IO
HbIX TPAH3UCTOPOB U UCCACJAOBANNE UX BbICOKOYUAUTOTHLIX CcBOACTB oCTAETCH HE3ABEPIICHHbIM
Ha CC[‘OJL[VI}II[[[VIMI:"I JEHD. Ja,}lh“eﬁl[[lfle UCCACA0BAHNE MODJIK 6[31 NPUBECTH K [MOABJCHUID HOBLIX
BOBMOMXKHOCTER M HOBBIX [lpl’l(’)()p()['i.

3. Pe30HAHCHO-TYHHEJILHBIH TPAH3UCTOP

Kak sujgno us pucyska  3(a), TYHHEALHBIE TOK CHJABHO BABUCUT OT SHEPIUH KBRHTOBOTO
YPOBHI B sIME, NOYTOMY, €GN COBAATHL TPeTU SAEKTPUYUecKUi KOWIAKT /sl YUPABAeHUs FToMH
SHEPruell, MONKHO [MOAYUUTh TPAHZUCTOD ¢ BOALIIOH BeANYMHOA KPYTUSHBI U JAXKe ¢ OTPULA-
TEJNBHOR KPYTUBHOH. B0 CO3/IaH0 HECKOIBKUX THIIOE TAKUX TPAHSUCTODOB, OHU TPEACTABIEH b
B rabsune 7.1,

Taduauua 7.1 — Bujbl PE3OHAHCHO-TY HHENABHBIX TPAHZUCTOPOB

S"‘ HUTOJIEADPHBIE TPAL3UCTO- Bun OJIEIPHBIC TPASUTTODbE
pbl

Ba;fsa B KOHTAKTE CO CJ10eM PCSOH&HCH O-TYHHEIbHbIH Bur LOJEDH bIH PE3OHAHCHO-

KBAHTOBON AMbI TPAMBUCTOD ¢ KOHTAKTOM TYHHEALHbL it TPAH3UCTOD ©
K JBYyMEPHOH SUeKTPORHO#A | KBAHTOBOH Mot
cucreMe

Ba;fsa B KOHTAKTE CO CJ10eM PCSOH&HCH O-TYHHEIbHbIH C BETOW3/IY 101K it

BHE KBAHTOBOU AMBbI TPABUCTOD  Ha  POPHAYHUX PE3OHAHCHO-TY HHEILH b it
SACKTPOHAX TPAH3UCTOD

Ha pucynxke 4 IPEJACTABICHR OPrasaliuy KOHTAKTOB K CIOAM IerepOCTPYKTIYPDI B CHTYRlUK
KOMTAKTa K KBAHTOBOHN siMe (a) U KOHTAKTA BHE CJ05 KBAHTOBOU AMBbI (6)

3.1. DBunoaspuelii pe30HAHCHO-TYHHEIbHBI TPAH3NCTOP C KBAHTOBOI siMOii

B saunom cayuae aByGapbepuas rerepocrpyKTypa CO3AaeIc BHYTPH BEPTHKAILHOIO Gurto-
JPHOTO TPAHBHCTOPA B TOHKOM CJI0€, yIpasigemMoM GasosbiM komraxroM [13]. Oaue us npan-
MEPOB PeaIN3allui TAKOH PeTepOCTPYKTYPbl NPUBEJEH Ha PUCYHKe O B BUAE 30HHON CIPYK-
Typol. O6aacTh KBAHTOBOR AMbI BHAUMTEILHO JEPHPOBAHA TPUMECHMU D-TUIA, 9T MO3BOJIET
NPAKTHYCCKH HE3aBUCHMO OT NOTEHIUAIOB HCTOKS M CTOKS MEHITh NOTEHINA! KBAHTOROR sAMbL.
Pesonancuoe TyHHEJUPOBAHKE 4ePE3 AMY OCYILECTBINETCH IPU KOHEUHOM HANDIKEHUN CTOK —
ucrok (e, puc. 5 (6)). Ha pucyuke 6 (&) npeacraBienbl TPAHZUCTOPHBIE XADAKTEPUCTUKY UG-
TOK ~ CTOK 1 Tpamsucropa 6 (6) npu PasHbIX 3HAYEHUsIX HANDsKeHUs Ha 6ase Tpansucropa. U
pucynka 6 (6) BHAHO, UTO PE3OHAHCHOE TYHHEIUDOBAHNE JAET C1A0bIe 0CODEHHOCTH B KDY TH3HE
TPAHZUCTOPA, YTO, NO-BUAUMOMY, CBA3AHO C CHALHBLIM YIIMPEHUEM YPOBHEH PasMEPHOro KBaH-
TOBAHMI B fMe, BCASACTBHE ee jeruposanust. Honoan3osanue MOAYIUPOBAHHOTO JETUPOBAHUS
MO0 Obl CYIIECTBEHHO YAYUIINTL CHIYALMIO, HO ASAbHeHIINX HCCIeI0BAHIE B 9TOM HAUDABIe-
HIK He TToCe0Ba10. BosMoKno, noroMy w10 Oblit CASMAH TPAHZUCTOD, B KOTOPOM JErHPOBAHIe
BBIHECEHO 38 NPEASIbl KBAHTOBOH MBI 1 OPPaHU30BaH KOMTAKT K CA0I0 BHE KBAHTOBON fAMbL
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3.2. Cperousny4amoumuii Pe30HAHCHO-TYHHEIbHBI TPaH3UCTOP

B ciyvae (’)I’l[l()Jl}Ip[Vl()[‘O KOHTaKTa WK D-1I1 0ePexoia [POTCKaHue SJIEKTPUYUCCKOro To-
K& CONPOBOMRARETTCH UBAYUCHHUEM, BOSHUKAIOIINUM K3-38 JJICKTDOH-IBIPOY HOH pCKOM(’)M HAL K.
Ananornanoe naryuenne 66110 sadukcuposano s bunoaaprom PTI [14} u Sunonspuom PTT [15]
B 9TOM CMDbIC/IE 'I'I)C’I'I’lﬁ JIEKTPO MOXKET 6[31'1'[3 PaccMOTPer Kak Y[lpa[&il}l[()l[[,“ﬁ HE TOJALKO TO-
KOM, HO U U3JAYHCHUEM. Ha,}llfl “ne 2Ke O()J!ac’l‘lfl (),JH MOBBOJLLET CO3AABATL HE TONLKO PEHeDaTOD
HEPEMEHHOr0 TOKa, HO U PEHePaTOD OITHYMECKUX UMIY/ALCOB C TAKTOBOH 4aCTOTON BILIOTHL pite]
Tr[L JAUAINAB0HA. ()JLM W3 BaPUAKTOB 30H HOU CIPYKTYDBI TAKUX TPAHBUCTOPOE UPEACTABICH Ha
pucynke 7 (a) B AQHHOM CAYYae B KaYeCrBe Da30BOro 0 HUCHOAb30BAIACL JErHPDOBAH I
AOHODAMU KBAHTOBA AMa, KOHTAKT K KO'I‘OpOﬁ OCYLIECTBIIIICH C()OKy crpy YPbi. 9'1'() HO3BO~
JIHJIO COXPaHUTh KauerrBo CLodd KBAHTOBOH AMbI MEK/LY TYHHEIbHbLIMKI (’)apthaMM, YO IPUBEIO
SHAYMUTCALHOMY BJIWIHUIO PDE3OHAHCHOIO TYHHEUDOBAHUIL. B pesyasrare O()J!ac’l‘h (),JH pu-
YTCTBOBRJIR BO BCEX TPRHZUCTOPHBIX Xapakrepucrtukax (em. puc. 7 (6)).

3.3. Pe30oHaHCHO-TYHHEJILHBI TPAH3UCTOP ¢ 6A30BBIM KOHTAKTOM K ABYyMep-
HOIl 3JIEeKTPOHHOI cucreme

Bosmoxen sapuant cossanus riybokoil KBAHTOBON fIMbI MEIKY TYHHENbHbIMU Oapbepamu,
B KOTOPO#l 3aN0/HEHa HOCHTEMI TOJLKO OCHOBHA AsyMepuas noisona Eo, naxossuasict B
HENOCPEACTBEHHOM KOHTAKTE ¢ GasoBbIM saexTposoM [16]. B srom cayuae 6a30Bbiil konTAKT
pacnooken oKy OT SMUTTEDR W yIPAB/IACT NOTEHIMALIOM KBanToBOH aMbl (eM. puc. 8 (a)).

Pesonancuoe TyHHEARPOBAKNE SJEKTPOHOB NPOUCXOANT uepes yposens F1 nin uepes nepsyio
BosOy K ienuyio asymepuyto noasony. Ha pucynxe 8

3.4. Pe30HAHCHO-TYHHEJILHBI TPAH3UCTOP HA FOPsMMX 3JIEKTPOHAX

Beinoc 6asosoro cios 38 npejenbl KBAHTOBON AMbI cyluecrsenno yiyuiaer padory PTT,

w10 HBULO IPOAEMOHCTPUPOBaHo B paborax [17] n [18]. Tonosorna TPAHZUCTOPA U AHATPAMMA
€ro 30HbI NPOBOAUMOCTH U COCTAR CJI0EB UpeicTasaenst ua pucynke 9 (a). Ha pucyunkax 9 (6),
()
UPEACTABACHDI TPASUCTOPHBIC XapaKTePUCTHKY, NOAYHUEHHBIC DU TeMIeDATYDE JKUAKOro a3ora
Jyig Tosuuus 6a30soro caod 50 um (6) u 25 um (B). U3 pucynkos Bugno, 9ro mwupokuil 6a3osbli
o YXYALIRET XapakTepuCruky (),JH W TOBLILAET 63;3()[%[3“?1 TOK, IPH YMEHBIICHUN IIUPHUHbLL
CLOZl XapPaKTepUCTURKK YV UINATCs W yCHACHUE [10 TOKY pacrer.

3.5. Pe30HAHCHO-TYHHEIBbHBI TPAH3UCTOP C ABYMS! KBAHTOBBIMUI SIMAMI

Belitte paceMoTpenbl PE3OHAHCHO-TY HHEIbHBIE TPAHSHCTOPLI ¢ TPEXMEPHBLIMIA MK TPOHHbIMK
cueTemMaMu B KonTakTax. Kax yaxe 6o110 ynomanyTo s nyusre [L1, curyanuio MOKHO SHAMNTE -
HO YAYHUIINTD, UCHOb3Y
saTBOpa TpansucTopa (Komrakt 3 cm. puc. 10 (6)) MOKET BLICTYIATH ABYMEDHAH SNIEKTPOHHAN
cueTeMa ¢ KOHUuenTpanuei nocureneil, omuunoil oT konuenTpammuu B kanate (cm. puc. 10 (a}).
Jnst cospanus TAKO CIpyKTypbl HeobxoAuMa tenad cucrema sarsopos. [Ipobirema saxmouaer-
Csl B TOM, YTO JBA MPOBOJHIIAX CJI05 HAXOJANTCH B HEMOCPEACTBEHHON BaAN30CTI APYD OT Apyra,
UTO CYLIECTBEHHO BaTPYAHACT CO3MAMNE OTACILHLIX OMUYCCKUX KOHTAKTOB HENOCPEJCTBEHHD K
KaKJAOMY 1010, B 9T0M Ciyuae CO3Ja10T OMUYECKIe KOHTAKTBI CPa3y K ABYM CJO0MM, & 3aTeM
sonoanureabubivu sarsopamu (1, 2 na puc. 10 (6)) obeapsmor opun n3 caoes. Tax wa pacyn-
ke 10 (6) MOKHO HCIOAL3OBATL 33TBOD 1, NOAABAA HA HELO OTPUUATENLHOS HAIPIKEHAE L5
obe/iHenns BEPXHEro 91eKTPOHHOrO CJlos, & ABORHON 3aTBOD 2 MCHONL3YETCH jJis 0beaHers
unokuero caos. Pasuununy suepruii Eg u By B 9/eKTDOHEBIX CHOAX MOXKHO CO3JATH, 3888 Pas-
HbIE TOJIIUHB] KBAHTOBBIX #M. H3-38 PasHunbl SHEPruil Ty HHEIUPOBAHME MEXIY C1oaMu Oyaer
MOAABACHO M TOK YTEUKH U3 B38TBOPA B KAHAL CTAHET 3aMETHO HUIXKE, YTO MO3BOJMT
Gostee BLICOKOUACTOTHLIR TpansucTop. Ha cerogusmmmil Jens noXoKUe TPAH3UCTOPb AKTHEHO

TYPBI C ABYMI KBRHTOBBIMU JIMaMU. B YIOM CJIYUae B Kauecrse
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nceaeayloren (19, [21]. Oguraxo cymecTsylor pU3AIECKUe OrPAHHIEHAS A MUHUATIOPH3ALIIO
TAKUX TPAHBUCTOPOB, KOTOPbIEe Mbl noapobuee pacemorpus B IV paspene paborst.

4. Orpunarensuas muchdhepeHIMAILHAS IPOBOANMOCTD I €€ IIPUMEHEeHHne

()'I'pl’l[La’l‘ejlh“a}l HPOBOAUMOCTD, KAK U CBEPXUPOBOAUMOUTD, ABJACTC Hah(’)()ilee PUBJIEKa~
TCJILHBIM ABJCHUCM B COBDEMEH HOH (i)l’lffil’lKC TBEPJAOrO Tejla, 6Jla[‘()jLap}I IIIUPOKOMY CHEKTDY €ero
HNPaKTHYECKOrO UPUMEHEeH N . JOC'I‘&'I‘OLI HO OPMETWTID, Y0 [POBOAUMOCTL CaMa 110 CC(’)C OIUTHI-
BACT JUCCHIAUUIO IHEPIUN HAUDABJICHHOrO JABUIKECHH: Hocure el TOK&, OTPUIATENbHA JKe ee
BEJIMMUHE COOTBOTCTBYCT YBO/AUYUECHUIO 1Ol IHEPrun. HOCKOJ![&K BEJAUIECHNE epruu ABJACTCH
pesynTaTom [lpe()(’)paﬁ()[ia“lfl}l OQJHOrO BUA SHEPIUU B ijy[‘Oﬁ, CIIOCO(’)M COBJaHU OTPDUIATE b
HOH HNPOBOAUMOCTH DA3/NYA0TCH 10 DAa3/IMYHbIM BUAAM HUTOYHUKOB [lpe()(’)paf emMofl IHEPrun
W PasJmHbIM C[lOCO(’)aM JABHHOTO [lpe()(’)paﬁ()[ia“lfl}l. le’l ITOM MOXKHO BBLACIUTDL JABa KAacca
yC'I‘pOﬁC'I‘B. B yC’I‘pOﬁC’I‘BaX HEPBOTO KJAATCA IPOUTXOANT [lpe()(’)paﬁ()[ia“ HE SHEPrUun [OCTOAHHOTO
JIEKTPUUICCKOrD TOKa B SHEPrUI0 SJICKTPUYICCKUX KOJ!C(’)&H uil wim FHEPLUID NEPEeMEHHOTrd TOKa.
Takue yerpoitersa ofaaaanr orpunareabuoit audpepennuansuoit nposogumocrsio (O u
HaXOAAT HIUPOKOE NPUMEHEHHE B COBDeMEH HOH JIEKTPOHUKE. B HOC/eHee BpeM A (’)OJH)I[[OC BHH-
MaHue yiesnercsd yC'I‘pOﬁC'I‘BaM BTODOro THILS, B KOTOPLIX a(’)COJHO'I'HaH OTPUIATE/IbHAA TIDOBO-
AUMOCTD (A()H) BOBHUKAET B DE3Y/IbTAaTe [lpe()(’)paﬁ()[ia“ U2 SHEPIUU BHELIHErd HCTOMHIKA. HO}L
BHEIIHAM HCTOYMHHUKOM JjaJee 6ijC’I' HOAPABYMEBXTHCI JJACKTPOMAIHWTHOE W3/YyYCHURe. B ITOM
CMbIC/IE MOXKHO POBOPUTL O [lpe()(’)paﬁ()[ia“lfllfl BLICOKOYACTOTHOH IHEPrUU B IHEPLU) HU3KOYUa~
CTOTHOrO WK J22Ke NOCTOANHOrO TOKa. TaKMM O(’)paﬁ()M, I[[I’lpOKMﬁ KJ1ace yC’I‘pOﬁC’I‘B ¢ oTpuLa-
TeALHOHN NPOBOAUMOCTBIO BIOIHE MOXKHO OIUCHTD Ha A3bIKEe COBpCMC[VHVIOI?I JIACKTPOHUKH, OIEePU-
Py NOHATUAMK UCTOUHUKOB TOK&, U [lpe()(’)paﬁ()[ia’l‘ejleﬁ “acroThbl, 4ro €le pas AeMONCTpupyer
BO3IMOXKHOUTH (’)hICTpO[‘O (41 SQ)Q)CKTM BHOPO UPUMEHEHNZ TaKuX yC’I‘pOﬁC’I‘B.

4.1. TIpuGopnl MUKPOBOJIHOBOIO AMANA30HA

Haubonee pacnipocrpanennoe npumenenne npubopst ¢ orpunarensuoil gudxpepenuuaibroi
HPOBOAUMOCTBIO ((),IH) HAILIW B yCMJlM'I‘CJUIX, CEHEDATOPAaX U HEePeKJIOUATENHAX MUKDOBOJIHOBO-
PO JAUATIAB0HA. B FIUX O()JlaC'I'HX JAHOJABL C (),IH OKaB3JUCH IPSANOWIHTE/AbHEe, YeM TDA3UCTODbL,
[lOCKOthKy UCHIMIB3OBAHHE ABYX METAJINYUCCKUX KOHTAKTOB [MO3BOIACT CO3JaBATH 6OJ100 BLICO-
KOYaCTOTHLIC VC’I‘I)OFIC’I‘ Ba. KpOMC TOro, HaJAN1ue (),IH HOBBOJAUAD CyI[LCC'I'BCH HO yMCH BIIWTB KO-
JIHYECTRO JJIEMEHTOR HCO(’)XO}LMM[&IX AL COBAaMnE [lpl’l(’)()p()['i. TaK, HanpuMen yCM}lM'I‘Cth MOXKHO
peasnsoBaTbh B BUAE JE/UTeNs HAUDIKeH (CM. puc. 11) le’l STOM KOSQ)Q)I'IILMCH'I' Jeslenns
k = Viy/Vax = v/(r = Br) > 1, npn R < r, T € B Pe3syibTare NPOMCXOAUT YCUJAEHUE CHI-
HaJuLa ¢ KOSQ)Q)M[LMC[VI'I‘OM yCMJlCHM}I k ECJ!M B Kauecrie Har, 'Y 30YUHOrG CONPOTUBACTHE RL B3HTH
p(*)’fi()[VlalVIC[Vlhlﬁ KOWTYD, TO [l()leLl WEICH PeHePaTop. ,JMOJLM ¢ CHALHO Heaunrelnoi BAX M()[‘y'l' U~
HOAB3OBATHCIH B yMHO)KM'I‘C}HIX HYaCTOTbI. le’l FPOM HQ JAUO NOARCTCH IEPEeMEHHOE HAUDIKEeHHe
KOHEUHON amMIm Yibl 1 (,1)!4 KCUDOBAK HOH YACTOTbE, BLIXOAHOEC 2KE HANDIZKEHUE [IDOIODITHOHA b

Ho ToKy 4epes auog (em. puc. 12 ). Ecau aMuinTy s BXOAHOTO HAIDAKEHUS! AOCTHIAET 0BA8CTH
nemororonnoctn 8 BAX, 1o koaebanus Toka GyayT HErapMOHHUHbLL U OYAYT COAEPIKATHL BHICO-
KHE TAPMOHUKH BXOAHOTO Hanpskenus. dajee, nenonssys GUIBIPb, MOXKHO BbLIEANTH CHIHANL
1y KuO# wacTorsl. Y anopos ¢ O 06aac¢rs CHILHON HEMOHOTOHHOCTH TOKA, KAK IPABUJIO, Ha-
XOJWTCA TPH BHATUTENHOM HANPIDKEHAR. DT 03HAMAET, 410 s 3(DeKTUBHONO yMHOKEH s
HEOOXOANMO HCHOAB3OBATL BXOAHON CHrHaL GOMbLINOR aMILITY bl

le’l[VI[LI’I[H’I?},JH)[VI[)IM BOUPOCOM [IPUMEHEHHUA JAUOJA0B C (),JH ABJAACTCHA BEJAUYHUHA [‘pannqngﬁ
HaCTOTbl WKW BDEMI NEPEeKJIIOYUeHIA . rpan HYHa: 2Ke 1aCTora OUDeJe/sercd KOH KpC’I'HOﬁ peain-
ffia[LMCl?l (),JH AR08 1 [lapaﬁlfl'l'[Vl()ﬁ EMKOCTBIO KOHTAKTOB. HCO(’)XO}LMMO OTMETUTD, YT0 B JyUIIUX
obpasuax guogos ¢ O, a umenno pesonancuo-Tyunensubix puogax (PTH) 6buia npogemon-
crpuposano waanane OO surors go 4 Ty [19), a yeroituusaa remepanus nabiloAasach Ha
712 I'T'w [20}. dos onpepenenns O pacemorpum noapobuee BHICOKOUACTOTHYIO CXEMY JHOAR
(CM. puc. 13 ) JlaHHOe UPEACTABIEHIE XOPOIIO OMUCHIBAET BLICOKOUACTOTHLIA orkank PTI
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JIHO0B ['21|. B pannom cryuae Rg onucsisaer omudeckue norepn B kowrakrax, Cp ~ eMKOCThL
MEXKJLY METAIINUECKUMU SJIEKTPOAAMU JUOA8, -I (dI/d\"mx)’l ~ pudbeperuuansuoe co-
HPOTUBILCHUE, L SQ)Q)CKTMBHaH MHijK'I'MBHOC’I‘[&, OIUCHIBAIOLLQ SQ)Q)CKT BANABALIBAHUI WK
Bpemst neobxoaumoe aaa sosuukuosennd O npu srom 7 = L/r. Makcumaabuas 4acrors pa-
GoThl AHOAR onpeenserTca w3 ero uMuesanca Z caenyonuy obpasom: Re(Z(wmae) = 0. Toraa
nmMeemM CJIC}Ly[OI[LCC BbIDAZKEHUE L1 PPDaHu YHOR “aCTOTb pincieyit:

Ly
(rPcp—2L)° — AL(r+ Rs) RS)D (3)

_1
Wmax = (QLZCD) 7 <2L - TZCD ol R
5

I’IB HOUIYUEHHOTO BBIPDAXKEHUI BIJIHO, YTO JaXKe eCu L 0, e 0, PPaHUYHaZ “LaCTora
(’)ijC'I' KOHEeUHOH 1 OUPEAESIHTHCH CIISAYIOIIHM O(’)paﬁ()Mi

i = (00 (1722 k ()

KaK BHAHO W3 MOJAYUCHHOIO BLIDAXKECHUI BeJUIUHa ()'I'pl’l[l‘a'l'ejlhﬂ()ﬁ jl‘lfl(i)(i)epeﬂ[LI’I&J![&[VIOIL"I po-
BOAUMOCTH U eMKOCUTL JHOA8 UIPAI0T BECLMA 3aMETHYIO W Ba)KHYIO DOIbL B OlIpEJesienun rpa-
HUYHOR 48CTOTHL. B HACTHOCTH, 1eM BbILE a(’)COJHO'I'HaH BEJAUIUHS (),IH K YeM MEHbIIE eMKOCTh
piNteyie:H CD, TEeM BBILLIE PPAHUHAZ “CalToTa.

4.2, DysaxknmoHalbHOEe npuMenenue auonos ¢ OII1

Cyumecrsyer paj, npumenenuit guogos ¢ O st cosjanus 1eMeHTOB TAMITH W ORI e
cknx saementos |9]. danubie npuMenenns oCHOBAHBI Ha PAfOTE AUOJOE B PEKAME MEPEKIIOHE-
uuil. Pacemorpum noapofuee npouece nepeksiovennd Toka npu yeaosun Ry > r. Buadenne toka
B (XEME H8 PUC.

Pelenne 970 MOKHO UPEACTABATL TPAPUUECKE KAK IPECeMenne BOATaMIePHOR XapaKkre-
PHCTUKK JHOAR U HArpysounoit npamoit (em. puc. 14 ). Hpu s1oM Mbl 6ygeM 1OJ8MATH, 4T0
CYLIECTBYET JIMANAB0H HANDIIKEHUA Viy, e yoaosue R > r soinosssercs s juddepen-
HAABLHOTO CONPOTUBIEHU — I (dI/d\"mx)*l. B orom cayuae cyliecrsyior asa suavenus Vi
n Vg HanpsKenns Vi, CAE OJHOBPEMEHHO CYIIECTBYIOT ABa pellenns cucremnl (5). Do ozua-
YAET, YTO [PU HTUX SHAUEHUIX TPOUCXOAUT IEPEKIIOUEHHE AU0LA MEKLY JABYMIA yCTORUHBBIMA
sHaueruaMi ToKa Iy o u nanpmkenns Ve oo Jos guogos ¢ OAI L > I > 0m Vo > Vs
>{.

4.3. VYupasisieMblil 3JIeMeHT HAMSITH

Paccmorpum pabory aunoga ¢ O B peskume nepeksodenns. B uacrnocu, npeacrasiser
MHTEDEC 3ABUCUMOCTL BHIXOAHOTO HAUDIKeHns or Bxoguoro. B coorsercrsun ¢ pucynkom 14
JAHEYIO 32BUCHMOCTb JIECKO IOLYIUTh B BUAE, Npeacrasiennom na pucynke 15 (a). Hpeacrasum
TENEPh, WIo Ha BXOAHOe Hanpszkenue pasto Vou Vi < Vo < Vo, 101048 BHIXOAHOE HANDIKEHUE
(¢m. puc. 11} Moxker npuHuMaTh ABa 3Ha4eHus Vo 1 Vog, KOTOPbIE MOXKHO DACCMATPUBATE KAk
JIOPHHMECKHME «HOMby ¥ «epuuuiy». [lepexos MeskLy STUMY COCTONHUIME MOKHO OCYLIECTBIANT,
TOJABAs HA BXOJ, JONOMHITENbEbIE HMILYALCH Hanpsrenus. Tak, wrober nepefirn us Vor 8 Vog,
HEOOXOANMO KO BXOJHOMY HANDIDKEHUIO A008BUTH UMILY/ILC NOJMOKNIEAbHOA OMPHOCTH ¢
aMiuryaoi Vg > Vo -~ V. Peannsanus auefikn namsru na aunoge ¢ O tpebyer ropasio
MEHBIIErO KOJMUECTRA HAeMEHTOR, YeM peaausaius na rpansucropax. [Ipuvep rakoil peaiusa-
UMY IPEJACTABAEH Ha pucynke 17

4.4. Jlornyeckue 3j1eMEeHTBL

Hemounorounoors BAX auoga ¢ O MOXKHO HCHOABZOBATH sl NOCTPOSHUH AOTHUECKUX
SAEMEHTOB, B Y8CTHOCTH, JOCTATOMHO IPOCTO PERNNBYETCH SAEMEHT <HCKAIOUUTENBHOE Hians (CM.
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puc. 36) le’l FIOM JIOPUYECKa: CUHUIR PEHePUDYETCH, eC/U TOK Yepes UG/ IPeBLIIIALT HEeKO-
TOPOE NOPOTOBOE ZHAUEHHE, WTO 0BECHEeUHBACTCH CXeMOl cpaBHenns (obo3Hauena KaK 9(17 —1Io)
na pucyuke 16). Hpusuun paborst suemenra MoxKkuo nonars us BAX PTI, N-ofpasuocrs Koro-
p()f"l HOBBOAICT NOJAYHUHTD OJHO SHAYCHUE TOKS [IPU JABYX HAUDIKECHUAX. Ha BXO/bI CYMMaTODa
A uB MOUYT HOAABATHCH JIOPUYECKUE <HOIDLY WK «ECAUHUIE», YT0 COOTBETCTBYCT HYJICBOMY W
NOJOKUTEABHOMY HAUDAXKEHUIO. P(’)’fiyjlh'l'a'l' CYMMUDOBAHUI CUTHAJIOB A u B nepesout PT,J
anbo B HusKoTOKOBOE cocrostuue «lows, aubo B Beicokorokosoe <highs. Tox npeobpasyerca ¢
NOMOILBIO KOHBEKTOPAR TOK-Hanpsurenue («current-voltage conversions } B HaUPsKEHNE, KOTOPOE
cxemoit cpasuenns («thresholds ) nepepabarsiBaercs B JOHUECKYIO €UHUILY, 6C/AN BXOAHOH Cur-
HaJl IPEBLIIACT NOPOroBYIO BEJUIHHY. .,'-[()[‘MLICCKMI?I pes
B BuAe Tabaunst nerusrocTu (oM. puc. 16).

TeT pa(’)()'l'hl JJIEMEHTa [IDPeJCTaB/ICH

5. MuHuaTiopusauus TPAH3UCTOPOB U €€ IIePCIeKTHBLI

Kak yxe ynomuuanoch 8o Beeaenun, MAHANTIOPUSAIAN TPAHZUCTOPOB ABIAETCH OCHOBHBIM
HANDABIEHUEM Da3BIINI MUKDOAIEKTPOHUKY yaKe Gostee B0 ster v npuuuuoil TOMY HE TOALKO
YAOOCTBO UCHOAB3OBAHKI HJIEKTPOHHLIX yerpoiers. OCHOBHON NPUUNHON MUHUATIOPUSAIUN 5B~
JISIETCS TOBLIIEHIE PPAHUYHON 4aCToTh NOAYIPOBOAHUKOBLIX npubopos. Paccmorpum noapod-
Hee, KK YMEHBIIEHNE DASMEDOB [PUBOJANT K YBEJANUEHUIO 4acrorsl paborst rpamsucrops. Ha
pucyrke 17 (a) npusejena CTAHARDTHAS TONOAOTHI NOAEBOIO TPAHZUCTOPA ¢ METALINYECKUMA
saexrposamu (obosnatens KeaThiM 1BeToM ). TPasucrop BKAOUEH B LENb CMEIEHUs 1epes
kowrakrel 1 (uerok) u 2 (crok). Cueugnne E, HeobxoaumMo s NEPEBOAA TOKR TPAHZUCTODS B
HACHILECHUE, YTO BUAHO HE UCTOK ~ CTOKOBOI X8PaKTEePUCTHKE TPARH3UCTOPa, NPUBeieHuoil Ha
puc. 17 (6). B pexxunme HACHILEHUS CKOPOCTL HOCHTE el B Kanate (0B03HAMEH CEPbIM 1IBETOM
na puc. 17 (a)) He MEHAETCH ¢ NPUACIKEHHBIM HANDIKEHUEM U MOXKHO HOAYIUTH CIEAYIOIIEe
BBIDAIKEHUE JIJIsl TOKS:

Iy = nevSy (!

3/1eCh 1 - KOHUEHTPAUMI HOCHTENell B KAHALe, V ~ CKOPOUTh HocWTredel, Sy - HIoMalb
MONMEPEUHOTO Ccedenust B Kanate. s n3MeHeHus KOHILEHTPAIMI HOTo TCH TPETHH SJeKTPOA,
~sarsop (cm. 3 wa puc. 17 (a)). pu nogade wanpsoxenusn Vay B cuity Koneunot emkocru Ca
MEMKJLY KaHAIOM W 33TBOPOM:

n=mng+ q/(WKe) =mno+ CRVBX/(WK5)<6)

rje 1o KOHUEHTPalus HocuTe el B KAHALE (DU HYJEBOM HANDIKEHUM H8 33TBODE, ( — 38,
MHJY IMPOBAHHBI 3ATBOPHLIM HANDIIKeHuneM Vi, Wy Syly = ofmem kanana, Ly ~ gunea

sarsopa wan kauata (oM. puc. 17 (a)). Hogcrasisa seipackenne (6) B soipazkenne (7) nosyaaem
CIEY IOILEE BLIPAIKEHUE JIJLsl TOKA:

IC*H =Io+ UCRVBX/LK =Io+ gvﬂx<7)
rie 8 KI)yT H3Ha TPaH3UCTODa, HMeeT BUL
g =vCy/Ly(8)

Ha pucynke 17 (&) 10TPUXOBBIMA AUHUAMU [DEICTABAEHB S1EMEHTH SKBUBAJNCHTHOR CXe-
MBI TDAHSUCTOPA, T. €. SAEMEHTH, KOTOPBIMU DPAboTy TPAHSUCTODE MOKHO CMOAEJUPOBATL. B
JGHHOM C/y48¢ NOBEJCHUE NOAYIPOBOAHUKOBOIO KAHALA MOKHO CMOASAUPOBATL PEHEPATOPOM
TOKA, 3ABACHIIAM OT 3ATBOPHOIO HAUDIKEHNs Vi, PaccMorpum renepb nepeMeHHblii CUrHasl
Vx, TODI BOSHUKAET TOK eMmettenns dl, uepes napasnruyio emxocrs Cy v emkocers sarsopa Cy.
Tox uepes eMKOCTb YBEANUUBAETC [IPU YBOAUUEHIHN Y8CTOTH HEPEMEHHOTO HAUDIIKEHNI Vi
, HOSTOMY CYLIECTBYST PPAHMYUHAd 4acToT®, NPU KOTOPO# TOK 4Yepes eMKOCTH CPaBHUBAETCH ¢
TOKOM B TOAYIpoBounkosoM kanate dl,_y , T e

dl, = wvnx(cn + 03) = gVBX = d10711<9)
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Torpa ¢ yaerom (8) noayuaeM CAeAyIOIIEE BHIPAIKEHUE Mg PPAHUYHONR 48CTOTH:
-1 -1
w=uvL (14 Cn/Cs) (10}

Orciona Buuo, 4o yseanuusad Cy u ymenniuag Cp 1 LK MOXKHO HOBBIUATH 9acroTy pado-
TBl Tpamsucropa. Yeeauansars Cy; MOXKHO, HAIDUMED
Ay kauaaom u sarsopom . Korarn nenoassosasue 1oy
- 910 Apyroit cnocob nossunenns Ci. Ymenbinenue C, BO3MONKHO TAKIKE 38 CUET
YMEHBIICHUS [IUMPUEDL 3@TBOPE U YBEAUYUCHUS DACCTONHUS MEXK/Y KOHTAKTAMU W 3&TBOPHBLIM
KOHTAKTOM. OJIHAKO YBEJIHUEHNE DACCTONHUI MEXK/LY HIEKTPOJAMA HMEET OUPAHHUEHHE, CBil-
BAHHOE ¢ KOHTAKTHBIM conporusienuem R.. leficreurensuo soipakenne (10} onucsisaer rpa-
HUYHYIO 4acTory pabouell ofaacrn TPAH3uCTOpa, T.e. obA8CTH KAHAL ~ 3RTBOD, BHIXOAHOH 1e-
peMeHHBI CHPHAL H3MEDSIercs [PH IDOTEKAHNM TOKA “epe3s Harpysounoe conporusienue R.
Conporusienue ke R 3ai1ynuposano eMkoeTbio Cy, HOYTOMY IPEAENbHAN TACTOTE EePeatu
MEPEMEHHOrO CHIHALA He MOKeT npespinars wi = 1/(R.Cy). Hockoasky R, pacrer ¢ yseanue-

38 CUET YMEHBLINCHU DACcCTONHU MEXK-

QATBOPHLIX JIUSJIEKTPUKOB ¢ BbBICOKUM

HUEM MEKIJICKTPOAHOrO DACCrodnns, SQ)Q)CKT or yBCJH’I HEeHUIA FTOr0 DaceTodnmsd CyI[LCCTBCH HO
yMCH LIITAETCH.

Tarum obpasom, ymMeublienne pasMepos padouell obaacTH TPAHBUCTOPOB PUBOANT K YBeAU-
HYEHHUIO Parnu GHOR HACTOTbI, IO U ABZETCH OCHOBHOMN (i)l’lffil’l qeCKoi npusn HOU Mu HATIOPU3a-
un. ()jl‘HaK(), Kak y)KC y[lOMM HAJ0Ch BO BBEACHUN, MUHUATIOPUIALHUI TDAHIUTTODOB [IPUBEIS K
BOBPACTAHUIO TOKOB y'I'CLlKM, KOTOPbie CyI[LCC'I'BCH HO yBCJH’I UUBAIOT SHCp[‘O[IO'I'I)C(’)JICH He U CBOAT
jLa,Jl[»[VICﬁI[[MC HEPCHEKTUBDE PA3BUTHI B 9TOM HANPABJICHUU K Hyjl[(). I’IC[IOJ![&SOB&H HE De3OHAHT-
HOTO TYH HEJUPOBAHE CIIOCO(’)HO CyI[LCCTBCH MO CHU3WTL TOKH y'I'CLlKM, HO TPH 9T0M HCO(’)XO}LMMO
UCHOAB30BATD CHCTEMbl HOCHTE e MOHMKEHHON PasMepHOCTH. Ja“ Hbi€ CHCTEMb!I BO3BHUKANOT
B [OLY IPOBOAHUKOBLIX HaHO[‘C’I‘CpOCpY 'ypa)(, B [OC/IE/HEe BPEeMI TaKXKe aKTUBHO I’lffiyLla[O'I"
[67] y[‘JleOJLHMC HAaHOMaTePUA LB BJLCCB BO3BHUKANT HOBbLIC [lp()(’)CMhI < MI’I[Vllfla'l'[()plflfia[LI’ICI?I, a
HUMEHHO IIpu yMC[VH)I[[C[VH’IM pasmMepa LK pite] 20 HM BO3HUKAET [MONEPEeYHOC DasMePHOe KBAHTO-
BaHUe, KOTOpoe CyI[LCC'I'BCHHO Y 'yﬂ,l[[ae’l‘ peffi()[VlalVIC[Vlhlﬁ Xapawkrep 'I'yHHCJH’IpOBaHMH W CBOANT K
Hyjl[() yCMJH’l}I [0 ero NOAaBIASHUI0, YT0 6[31”() IPOASMOHCTDHUPOBAHO [IPH HCCACAOBANUNT PT,J
HANOPA3MEPOB [9] Opuaxo ua cerogusiuuil geus 66110 nokasano, wro PT/ ¢ nonepednsiv pas-
MEPOM 3 MKM, CIIOCO(’)CH pa(’)()'l'a’l‘h Ha 1acTorax Bbillle 4 Tr[L, YTO Ha JBA NOPAJKS BLILIE 1alTor
COBPEMEHHDBIX BLICOKOUAUTOTHLIX TPAHIUTTOPOB. cephefﬁ“ bIM [PENHTCTBHEM IUDOKOrG IO b~
BOBAHKIL PT,J ABJZETCHA JOPOrOBUBHA CO3aHud [l()le[lp()B()jl‘H HKOBBIX HAHOreTepoCrpy P, 4O
'I'pe(’)y(i'l' [PUBJICUCHU MOJIEK, }Ip[VI()'[lyLlKOBOIL"I SHUTAKCHN. (,)jLHaKO PasBuTHe OTHOCHTEILHO Je-
LIEBbIX CIIOCO(’)OB [lOleLlCHMDI y[‘JleOjLHhIX HAHOMATEePHALIOB CO3JQeT CePbe3NbIe NeDPCIeKTHBbI
MCIIOB30BARN TAKUX MaTepuatos sl cosganns PTA. ¥Yxe yenemmo cozpaus PT na ocuose
[‘pad)CHOBMX [WVIEHOK [20‘ [21‘ HO KQUerrBO UX [MoKa yC’I‘y[laC'I‘ [lOle[lpOB()jl‘HMK()B[)IM aHaJIoramMm.

6. 3SaknwyeHnue

Toasoas wror, MoXuO yrBEpKAAThH, wro nupubopst ¢ OII, a umenno PTI B cocrosuun
B3aMEHNTL TPAHBUCTOPH! B ajekTponubix cxemax. [lpu srom PTI obaasser Gosee BbicokuMu
PPAHUYUHBIMA Y8CTOTAME, 9eM HAHOTPAH3UCTOPLL. Henoab30Banne PESOHAHCHOIO Ty HHEJANDOBA-
HUS CHIOCOOHO CYIIECTBEHHO OBBICHTL Y9ACTOTb PAGOTHL TPAHUCTOPOE U CHUBWTL TOKH YIeUKH.
OJIHAKO HCIONB30BAHME HUBKOPASMEPHBIX CHCTEM HOCHTEesEll HAKJIQIBIBAET HOBbIE OrpAHUYe-
HUZ HA MUHHATIODUBALMIO, CBOJAI ee [epCHeKTuBbl npakrndecku K nysao. Tem ue meunee, ja-
sre cpasuurensuo doasiine PTI yike cefiuac padoraior Ha 4acrorax UPEBLIIAIOIINK YaCTOTbE
TPAHBUCTOPOB Ha ABS nopsaka. B pabore nokasano, wro npubopsbl HE PE3OHAHCHOM TYHHEANDO-
BAHUN BIIOJHE B COCTOAHAN 3aMEHWTh Tpansncropsl. OCHOBHOR 1poGaeMoil MHPOKOrO UCIOJb-
S0BAHK TAKUX [PUOODOB HA CErOAMMIIHUN JeHb SBJSIETCH SHAYMTENALHAs AODOIOBU3HA TeX-
HOJOTMN MOJIEKY/SIPHO-ILYMKOBOR snmrakenn. BosmorkHo paibHefiiies DasBUIHe TEXHOJIOIMN B
HANPABJAEHUT CO3AAHNI YIEDOAHBIX HAHOMATEPUALIOR. Y IVIEDOAHBIE HAHOMATEPUAIb!, BO3MOXK-
1o, nossosst cozaarb P BHICOKOrO KaUeCTBa CYLIECIBEHHO JEIIeRAe, YeM FT0 JOCTUIATCH HE,
MOJAYIIPOBOHUKOBLIX MaTepUaIax. B 9T0M iIyuse CjAeiyer ORUAATL CEPLe3HbIX u3MeHenuil B
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APXUTEKTYPE, KaK KJIACCHYECKUX KOMIBLIOTEDOB, TaK W NOABICHUI HOBBLIX pel[[e“lflﬁ B O()J!aCTM
KBAHTOBBIX BbIMUCAEHUH.
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Puc. 1. (a) Ipodmin ana 3006l NPOBOAMMOCTH PE3OHAHCHO-TYHHEILHONO /IHO/A IPH HPH/IOKCHHOM Ha-
npszkennn V. TonyOpiM [MBETOM 3aKPAIICHDI 3aMO/IHCHIDIC COCTOANAA B KOMICKTOpe H B smurTepe. (6)
Toaycdepa @epmu At SICKTPOIHOB B MATTCPE B (Ha30BOM IPOCTPAICTBE, HAJCTAIOIMX Ha JABOANOH
Baprep. KpacHniv KONTYpPoM 0003HA9CHO MHOKCCTBO HMITYILCOB 3ICKTPOMNOB, PESONAICHO TYHICHPYIO-
MIAX B KBAHTOBYIO sIMY MEXKy Oapbepami

Igfn), lg(ese?) E.oB

16 s

98 oo

dor o

1) 165 14 1 ad ool 100 T(E)

@ ©

Puc. 2. TIpodmuib Aa 3005l TPOBOIHMOCTH PE3OHAHCHO-TYHHEILION CTPYKTYpDI (a) i pacter ee TyH-
neqpHoil npospaynocti (6), B3aruid 13 Monorpadgun [9]

Puc. 3. (a). BoapraMmeprbie XapaKTCPHCTHKH PE3OHAHCHO-TYHIEILABIX THOAOB € TYHHEIHPOBAHACM
MEXKJLY TPCXMCPHOM i JIBYMCPHOMN CHCTCMaMA (3e/1CHas KPHBAS) H MEXLY [BYMCPHDLIMA CHCTEMAMH HO-
crresefi (cnmnsas kpupag). (6) TIpodmin Ana 301bI TPOBOAMMOCTI HOIYIIPOBOAIHKOBO FCTCPOCTPYKTY LI
€ ZABYM:I KBAIITOBLIMH SIMAMIT PA3JCICIIBIM TYHICIBILM 6aphepoM

Tunnel
Barriers

@ ©

Pric. 4. Tonosorns pesoHancHo-TyHHEABHLIX Tpansuctopos. (a) Bazoswiit snexrpos B naxoqures B kon-
Takre co caoem kpanropoil ambl (Quantum Well Base) ¢ asymepnoit cucrenmoit nocareicii (2DEG). (6)
Basopbiii ssexTpo1 B HAXOAHTCA B KOHTAKTE €O CJI0CM BHE KBAHTOBOI MBI, PACIIOIOKEHHOM B HENOCpe;1-
cTBeHHOfi Gan30cTA K c10aM TyHHebHBX 6apbepos (Tunnel Barriers). Pucynku B3arnl u3 pators [13]
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Puc. 5. Bounse guarpanvmbt ounoaapuoro PTT ¢ KBaHToBOl MO IIpH HYJIEBOM CMCLieHHH (a) # CcMe-
IEHHH UCTOK-CTOK -2 B it nerok — 6asa 1.55 B (6). ITo Bep1MKaIbHONR 0CH O1VI0MKCHB 3HAUCHIH SHEPIUH
(energy) B 9B (6V), no roprsonTaannoi nosozkenue ciog (position) » pm (nm)

. |
B |
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Puc. 6. Tpamsnucropupie xapaxrepreraxn oumomnapruoro PTT. (a) 3abrcmyocrs Toka IC or mampszkennsa
HCTOK CTOK \YCE.' HOJYy4eHHDIEe 1PH KOMHATHOI TeMileparype Nnpu pasibiX 3HAYCHMAX Hiillp}l)K(}llMﬁ
uerok — Gasa. (6) Basucumoct 1oka (collector current) n kpyrusnnt rpansucropa (dIo/dVpg) or na-
npszkennd 6a3a — HCTOK PH HaNpPsIzKeIHK HCTOK — ¢cToK Vep = 2.5 B

Mo ! 1
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} g oao wear— I\ i
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DPuc. 7. (a) BoHHAs CIPYKLYPE P-li-P PE3OHAHCHO-TYHHEIBLHOIO TPAH3MCTOPA HPH HPUIOKEHHOM HALIDH-
skennn. XapakTepHCTHKY TPAH3HCTO]:

(6) suexTputiecKie: 3aBUCHMOCTH TOKa croka (collector current),
TOKa HerToka (emitter current), Toxa Gasor (base current) or HANPAKCHHA HCTOK-C
HpsKennax MeK Ay Gasoit n crokom (Vo). () onra=eckne

'OK TTPH PA3IbIX Ha-
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Pnc. 8. (a) Toroaorns Pe3OHAHCHO-TYHHENBAONO TPAH3NCTOPA € AMATPAMMOIT 30HBI MPOBOAMMOCTH 1
COCTABOM CJI0EB IeTEPOCTPYKIYPBL TpasH3ucropuble XapakKTePUCTHKH PE30HACHO-TYHHEILHOIO TPaH3H-
cTopa ¢ 6a30BBIM KOHTAKTOM K JBYMEPHOIi a7eKTponHoii cncreme: (6) Herok-cTox BomsraMmepras xa-
pakTepucTuka npu csobosnom 6azosom Konrakre. (B) Merok-cToK BONbTAMIEPHbIE XAPAKTEPUCTHKH HPH
pasubix GUKCHPOBAHHBIX HANpsKennax Gasa-uctok (V gg)

] [Emitter] [ | rGaas
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Puc. 9. (a) Tornonorns pe3oHAHCHO-TYRHEIBHOTO TPAH3UCTOPA HA ropadnx aaektponax. Cnpasa mo-
Ka3an TpohHIbL JHA 30HBI TPOBOJIAMOCTH, & TAKKE COCTAB W TOMIMIMHBL CMOEB TETEPOCTPYKTYDBI.
Tpas3ucTOpHble XapAKTEPHCTHKE, HOJIY1eHHbIe np1 mpnHe 6a3080ro cos 50 M (6) 1 25 Bm (B)

@ ©

Puc. 10. Tynmeasnpiii TPAH3HCTOP ¢ ABYMS KBAHTOBBIME saMaMu. (a) CxemarmdecKas JuarpaMMa JHA
30HBI TPOBOZMMOCTH B KAHATE 7 3aTBOPE NPH MPHIOKEeRHOM Hanpsxkennn V o Ha 3arsop 3. (6) Tonomorns
TYHHEIBHOTO TPAH3HCTOPA ¢ OMAIECKHMH KOHTAKTAMH (O003HAYMEHBI KPACHBIM IBETOM) H JOTOTHHTETb-
ubvn 3aTBOpaMu 1, 2 (0603HAUCHD! KEATHIM IBETOM)
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Puc. 11. Cxeng yenanreas 13 OCHOBE ANOAS ¢ OTPHNITEALHBIM CONPOTABACHACM -~ T

[ }ﬁ/\lii /ﬁf’\?l&‘ B
T
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Puc. 12. Pabors anoas ¢ O/I1 8 peave yMBOKATERS H3CTOTH

Puc. 13. Dxpupanentnas (xeM3 Au003 B NPHOIIIKCHAA MATAOTO CATHAAS
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V. ¥

Puc. 14. Hepekmouenue Toka B auogax ¢ O/Il prmouennnx B exemy, uzobpaskenuyio ma puc. 10,
Crpenkamu yKa3ano HaPaBICHUC NEPEKTIOYEHHs U0,

@ ©

Puc. 15. (a) BaBHCHMOCTD BBIXOZHOTO HANPAXKEHUS OT BEIMYMHLL BXOJHOTO HANPIXKCHUS JJIS CXCMDI,
npegcrasaeHtoi ma puc. 10. (G) ueiika namsTu na ocuose auoga ¢ Q11

T s s P
O

analogue ATD  voltage  threshold

sum conversion
current
' high high A | B [out |[XxOR
T [0 [ow | O
o[ 7 [Ran| T
il 0 [hgh| 1
T {7 [low [0
w low
— —

voltage V

Puc. 16. Jloruueckuii smement «uckmounTenbaoe wins ¢ auogom ¢ OIL B rabmuue uCTHHHOCTH TpH-
BEJICH PE3YIILTAT JOTHYCCKOi 0GpaboTKH CHIHATIOB Ha, BXogax A u B
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\ E. Vg

Puc. 17. Tonmosorus u xapaxrepucTiry nojaeporo rpansucropa. (a) Tonogorua noseroro tpansucropa
H CXEMA €10 THOJKIKEHHA. [IyHKTﬂ‘pOM ()6()3}!3‘1(’)}!]7! AIEMEHTH IKRHBAJEHTHOR CXeMBE TPAHIHCTODA. (6)
HeTor-CTroRospie XADAKTEPUCTHRE TOACEOID TPAHZHCTODA TIPH DPAIHBIX 3ATBODHRIX HANDPIKEHHAX V4
. Hargonnas npasas JuHrs COOTBETCTRYET HATDY30UHON MPAMON, €€ MEPECEUCHNe ¢ HCTOK-CTOKOROR
KAPAKTEPHCTHKON COO1 PabOElt TOUKE TPAHZACTOPA, T. €. onpeaganer ToK [, u nanpurenne
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M.IO. Topzawumn

Mockopekui GUMKO-TeXHUHCCKUA HECTHTYT (TOCYIAPCTBeHHBT YHUBEPCHTET)
Uncrwryr paspossextporuky wm. B.A. Koreasruxosa PAH

CBerIIpOBO,Z(HI/IKOBaﬂ HAHONICKTPOHNKA

B crarse npeacTapien KpaTkyi 0030D KOHKY PEHTOCTIOCOOHEIX TEXHOTOTHE CBEPRIPOBOI-
HUKOBOH HAHOYIEKTPOHUKY. BOBINHCTBO OMUCAHHBIX YCTPOHCTE paspaloTane mpw yua-
CTHH POCCHHCKHX HCCIeI0BATELCKHX KOMVIEKTHBOB HiTH UMeeT POCCHICKTE AHAJOTH.

Kuaouessie ciosa: OH0DATOHHBIE JeTEKTOPEL, GOIOMETPEI, CBEPXIPOBOIHAKOBLIE 16~
TEKTOPH, TEPCTEKTHBHEIE TPOIYKTEH, TEPCIEKTHBHEIE TEXHOJOTHH.

1. Bsenenue

H(’)thffi}l CKaBaTh, YT0 CBePXUPOBOAHUKOBAA JJCKTPOHUKS ceftuac HEePEKUBACT BHAUNTC/ILH (8171
(’)yM, Kak (’)hljl() [OTC/e OTKPLITHA BhICOKO'I‘CM[lepa’l‘yp“(}ﬁ CREPXUPOBOAUMOCTH I. BC}LHOp[LCM (41
K. :\"IIOJIJICI)OM, HO B TO 2KEe BPEeM: HEAABHEEe OTKPLITUE CBEPXIPOBOAUMOCTH B CJAOHCTBIX CO-
CANMHEHNIX 2KeJIe3a U 9JIEMEHNTOB \’T CPYIb ([lHMK'I‘M}LaX), QUEBHIHO, TPHUAAI0 HOBLIH UMILYJILC
HCCICA0BANNAM CREDXIPOBOANMOCTH. TCM HE MEHEee, JO TeX 0D, NOKa HOBbLIC DE3YILTAILI |
MarepuaJIbl CMOUYT (’)hl'l'h HCTIOL30OBANBI B NPDAKTUYCCKUX yC’I‘pOﬁC’I‘BaX AOJIZKHO [lp()f"l'l'l’l Bpe-
Ml KaKMC HNOBUIUH 3aHUMaeT cefiuac CBREPXUPOBOAHUKOBAI MUKDO- U HAHOWICKTDOHUKS (M[)I
HE PACCMAaTPUBACM CHILHOTOYHBIE [IDUAOXKEH M}I) C TOUKH 3PEHUEA IPUKARIHDBIX CHUTEM MOMEHT
ABTOPDI NONLITAJUCH DACCMOTDETb B 9T0M O(’)fi()pe.

2. TITpuemuuxu TT'y aquanasona

B macrosmee BpeMsa MakCuMaabHble pabodue 4acTorsl noaynposoguukossix CBY jerex-
TOPOB HAXOMUIC NPUOIMSUTENLHO HA OJHOM YDOBHE €O CBEPXIPOBOIHUKOBBIMKM [PUEMHBIMI
TPORCTBAMHI, HO UX 4yBCTBUTEALHOCTH BCE €lle SHAYNTeNbHO Dasianuserc. Hvenno nosromy
[PUMEHEHNE KPUOPEHHBIX CHOTEM, HEOOXOANMBIX JJIsl JOCTHIREHNI DAbOYUX TEMIEPATYD OT eju-
aui K o coren MK, 0OnpaBiano KaK 1o TeXHUUeCKUM, TAK | 110 9KOHOMUUECKUM COOODasKeHusIM.
B uacrnocrn, na HoAbIIMHCTEE DAJANOTENECKONOB KAK HABEMHOr0, Tak 1 opouraasroro 6asupo-
BAHUS /15 CHEKTPAJILHOrO anajnsa curuasos na wacrorax or 100 TTu go 1300 I'To ucnoat

OTCH NIPUEMHHKH Ha OCHOBE TYH HEJAbHBIX C'I'py I\'I'yp CREPXUPOBOAHUK- 3O/ TOD-CBEPXUPOBOAHUK
(CHC), a ua Gosee BHICOKAX 4ACTOTAX ~ CBEPXIPOBOAHUKOBBIE BOJIOMETDBL DTO CBAZAHO ¢ TeM,
YIO BpeMi OJUHOYMHOrO Ha(’)JHOJLCH Wi KBRADATUYHO BO3DACTaer ¢ pocroM CO(’)C'I‘BCH HbIX I[[yl\AOB
NPUHEeMHHUKR, [O9TOMY [PDUMEHEHUE CBePXMIPOBOAHUKOBLIX JACTEKTODOB [MO3BOJIHECT 3HAYMWIC/ILHO
HOBBLICHT KOSQ)Q)M[LMCH'I‘ HOJAE3HOrO UCIOJIL30OBAHNL TeJISCKOIA. KpOI\AC TOrO, 3@TPATHL Ha CO-
3ganne u O(’)CJIy)KMBaHMC KI)I’IO[‘CHHOI"‘I CUCTEeMDbE HE CJUIITKOM CHJIBHO OTPaXKaWwTCsd Ha O(’)I[Leﬁ
CrOUMOCTH DAJHOACTPOHOMUYMCCKOrO IIPOCKTa. H()l\'1141\'1() PaAnoaCTPOHOMUN Cyl[LCC'I‘ByC’I‘ P ()6'
Jlac’l'eﬁ, B KOTOPDLIX CREPXIPOBOIHUKOBbLIM CBT‘I JACTeRTODaM ija,Jl()Ch BaHITH H uIy: IO CHCTEMbI
BBICOTHOrO MOHWTOpHHDS armocdepsl, nanpumep aspocraruntit komnaeke « TELIS» (Terahertz
and Submillimeter Limb Sounder) [1f, cucrempl pagnosuaenus TeparepuoBoro auanasona 2|,
TAK2KE BOZMOXKHO UX [IPUMEHECHUE B ME/IUIN HCKOH TEXHUKE U CUCTeMax (’)Gin[laCHOCTM, OCHOBAH-
HbIX H& [NOUCKE XaPaKTePHbIX CHEeKTDAJAbLHBIX JIHH uit BELIECTB-MAPKEPOB B Fa30BbIX [lp()(’)a)( 13‘

2.1. CHC-cmecnresn

TyH HEAbLH bifth HCI)CXOJL C[&CpX[lpOBO}LH MK-I'lffi()il}l'l‘()p—CBCpX[lpOBOJLHMK W3POTABJANBALTCH METO~
JaMu O[l'I‘MLlCCKOﬁ WJKn SJ!CK'I‘pOHHOﬁ ;m'rorpa(i)nn Ha jLMSJ!CK'I‘pMLICL '()f;l HOJIOXKKEe (KI)CM[VIMIL;I,
candmap, okeus Maruus, kKsapu u ap.). Toaumna 6apeeproro ¢ioda (MB047TOPR) COCTABIAET BCEro
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OKOJIO 10 A K OT ero KauecTBa 3aBUCHT XapaKTePpUCTHKH BLero yC'I‘pOﬁC'I‘Ba. HJK)I[L&}L[) epexosa
OBBIMHO COCTABAAET OKOMO 1 MKMZ, a TOJMINHE, ¢oeB Merasumsanuu ~ 2000-4000 A. Baaroaaps
cBoeit KOHCprK[LM u CIIC [EPEXOL JIePKO K H'I'C[‘pl’lpyC’I'C}l B MH KI)O[IOJIOCKOBY[O JIMHHUIO epeiatn
n MOXKeT 6[31'1'[3 coraacoBal ¢ [lpl’lCM[VI()ﬁ KBA3UOTITHYECKON anTennoi JH’I(’)() BOJHOBOAHBIM 30H-
JOM. le’l HPOCKTUPOBAIHK CIIC IPUEMHUKOB IPUXOANTCE yLH’l'I'[)IBaTh B[)ICOKy[O CO(’)C’I‘BCH HY10
EMKOCTD TYH HEJIBHOO Mepexoia, [lOS'I‘OMy AUMQB0H IPUHUMACMbBIX YaCToT JJis OJHOrO yC’I‘pOﬁ'
CTBa O(’)[)ILI HO HE [PeBLIaeT 13% or [LC[VI'I'I)?},JH)[VIOFI HACTOTbI. :\"IaKCMMa,JH)[VI bie pa(’)OLl He “uacToTht
OrPaHUICHbE BEJIMUUHON S[VICI)[‘C'I'MLICCKOIL"I IIEH UCILOJLE h; EMbIX CBEPXUDOBOAAIINX MATePUAIOE,
U L IeDPeXoJ0B u3 HMO(’)M}I He M()[‘y'l' IPEBLILIATH 14 Tr[L

st peasusaiiun KOPePEHTHOTO NPHeMa HeoOX0MM BhICOKOUACTOTHLIA ONOPHBII PeHepaTop
- rereposui. OOBIMHO HCHOJB3YETCs BHEIIHUA MCTOUHIK, TAKON KAk JaMua obpaTHOl BOJHbL,
HEMOUKA HOLYIIPOBOAHUKOBBIX yMHOKIreseHd win PoToHHbIi MCTOMHUK, EHUE KOTOPOTO
«MOAMEIIMBACTCH B KBASHOITHUECKUI TPAKT M/ CMECHTENbHYIO KAMEDY BMECTe ¢ [OMe3HbIM
curuasom. B ro ske pemst, Obuin paspaboTanbl 1 YCIEIHO AlPOSHPOBAHL! CBEPXIPOBOJHUKOBbLIE
nuTerpasbibie npuemuste yerpoficrsa (CHILY, uenoassyoiue B Ka4eCTEe PeTePOHHE CBEPXIPO-
BOAHUKOBBIL (GIaKCOHHBIL renepaTop ~ pacupesenennslii prosedeonosekuii nepexon [4f. CHII
06ABA88T DIAOM NPEUMYIIECTE ~ GJAArOAADI HHTErPAILHOMY TEHEDHTODY, UBTOTOBJAEHHOMY HA
O/HON MUKDOCXEME ¢ AHTeHHOH W CMecwreseM, YUPOINAETcs KOHCTPYKIMI KBH3HOITHYECKOrO
TPAKTA U OTIaAeT Heobxoanmocts Bo sremner CBY reneparope, T.e. cHUKaeTCH 0011a% MACCA,
SHEPronoTPebAeHIe B CTOMMOCTD NpHeMHol cucrembl. IMeHHO TAKHE MUKDOCKEMbL, H3POTOB/IEH-
uple 8 UPD nv. B.A. Koreabuukosa PAH, Gplan ucnoassosansl B uacroraom kanase H00 - 650
I'Tu aspocrarnoro cnexrpomerpa “TELIS” [5]. Hlymosan remneparypa CHII cocrasnaer menee
200 K B ABYXIOAOCHOM DEXRUME, [100CH IPOMERYTOUHbIX yacror: 4-8 T

2.2. Bonaomerpsl

B HACTOALIEe BPEME B CBEDPXIPOBOALHNA KOBOH HAHOIEKTPOHUKE OJHOBDEMEHHO DA3BUBACTCH
HECKOJBKO KOHKYPUDYIOIIHUX K()[VI[LC[HLMI"‘I (’)OJ!OMC’I‘pMLICCKMX CeHCODOB, TAKHE Kak (’)OJ!OMC’I‘phI Ha
kpato nepexoga (TES), 6oaomerpnt ¢ sdubexrom saexrpounoro pasorpesa (HEB), 6osomerpot
C QJEKTPOHHBIM OXJIAXKJACHUEeM (CEB) K 1ol Ke CpyHne MOXKHO OTHECTH JeTeKTODLI Ha KH-
HETUYECKOH UHAYKTUBHOCTH (KID) Ha OCHOBE KaX0ro W3 NOAX0J0B CO3AaHbI IDAKTHYCCKHEe
yCTpOﬁCTBa. CaM o CC(’)C (’)OJ!OMC'I‘p ABJEETCH HACTOTHO-HECCJCKTUBHBIM JACTEKTODOM, OCHOBHLIM
SJAEMEHTOM KOTODOTO SIB/SETCH HanopasMepHbiil abcopbep, urrerpuposanuslii ¢ npreMuoi au-
TEHHOH. Hx UPEUMYIIECTBO ~ CPABHUTEILHO MIPOCTas CHCTEMa CHUUTHIBAHW (KOHC'I‘p‘VK[LM}I KOTO-
p()ﬁ BABUCHAT OT UCHOJIL3YEeMOro THILS (’)OJ!OMC’I‘pa), HOBBOJAIOINRH CO3AaBATHL MHOTPOIJICMEHTHBLIC
METPHILBL

BOJ!OMC'I‘I} MOZKET (’)hl'l‘h HCHOAL30BAH B KQUEeCTBe CMECUTEILHOID IEMEHTa CYIePrerepo -
noro npuemunka. Hanpumep, ua ocrose GosomMerpos ¢ sdupexToM aIeKTPOHHOIO DASOIPERa, Co-
BIIAHBI CMECHTEINN ¢ HyMOBOi Temneparypoit 1300 K na wacrore 4,3 TTu [6]. AGcopbep cmecure-
a1, padorawoero ua wacrore 4.3 TTu upepcrasiser coboil MOCTUK 13 HUTPUAE HUOOU JJIUMHON
2 Mxm, mupunoit 0,2 MkM 1 TosunuHoit 5,5 HM MHTErPUPOBAHHLIA B 30J0TYI0 CHUPAILHYIO AH-
TeHHy ¢ Bepxueil wacroroil cpesa oxoso 6 [Ty, Pabouas remueparypa 4,2 K.

3. OpxodoroHHbie HETEKTOPHI

Crepxuposojuukossie oguothoronnsie gerekropbl (CO) MOKHO BHASAUTS B OTASHLHBI]
KJBCC NPUeMHBIX yorpofiers, K. nx adubexrusubil pabounil puanason gexkur B obuacru wi-
Jayuenus nHPPAKPACHOrO U BHAMMOTO JAUAIAS0HA, W OCHOBHLIE OOJIACTH NPUMEHEHNI JIAIEKH
OT PAAMOACTPOHOMUN U TA30BOH criekTpockonun. dyBCTBHTeLHBIR SJEMEHT TAKOTO JEeTeKTODA
npeacrasaner coboit |7} romcyio (4 uv) u yskyio (100 uM) nosocky u3 cBepxnpoBoazAeil mwien-
ku (NbN} ma candmposoit nopaoxke. Paboraer PORCTBO NPU TEMIIEPATYPE KUAKOTO Destust
wan ke (4,2-1,6 K}, Duepruu oguoro HK-dorona socrarouno aas toro, 4robbi HeGoaboH
YUACTOK ILIEHKH NePeles W3 CBEPXIPOBOAIIIEre B HOPMAILHOE COCTOIHME, U3-38 Yero Ha KOH-

T
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TAKTHLIX [WIOIIRAKAX BOSHUKaET KOpOTKMﬁ UMIYIBC HANPIPKEHN, BEJAUYUUHE KOTOPOro ponop-
[TUOHAQIBLHE TOKY CMEIIEHns. le’l Beel IPOCTOTEe KOHCTPYKIUKI, DANEe TAKUe JeTeKTODBI He MOIVIN
HbITh WETOTORJAEHBI H3-38 TEXHOAOIHUECKHUX orpanuven uit. Boicokast KBauToBas Sq)q)e KTUBHOCT D,
GuICTPOJERCTBAE, MALAs CKOPOCTh TeMHOBOro cuera nossousior COL KOHKYPUPOBATL ¢ HOJLY-
HPOBOAHUKOBBIMHA QHAJOraMU B KPUIHYUECKUX [IPUIOXKEHHUAX. ,ICTCKTOI) JIEPKO UHTerPDUDyercs
C QJHOMOJAOBLIM OIITHYCCKUM BOJOKHOM. ()(’)Jlac'l'l’l NPUMEHeH C(),I: HCCACHOBANNE HIE3KODAs-
MEpHBIX 00LeKTOB (KBAHTOBLIX TOUeK) |8, pexoHCTpyKuMs COCTOAHAA KBAHTOBBIX cucrem |9,
nedexrockormna KMOIL cxem [10], xpanToBoe pacupesesenne KIoueil B 3aIIUIIEHHBIX JHTHAX
ceasu |11, |12} onruueckas peduiekroMerpust Jid oupejeneHus napaMerpos auunii cesu [13], a
TAKZKE CBeDXAAJAbHEE CBISL [0 KAACCUYUCTKUM JIMHUAM [epeadu. Mockosckoe 3A() «CKOH’I‘CJ!»
HaJI8ANJIO BbII K CBEPXUPOBOAHUKOBBIX OJI‘HOQ)OTOH HbIX JAeTCeKTODOB U MHOPOKAHAJIbHBIX CHUTEM
Ha UX OCHOBE KaK ¢ )KI’IJI‘KOCTHOIL’-I cucremMoit OXJIAKJEHUE, TaK U C peq)pl’l)KCpaTOpal\A U BaMKHYTOro
kg Sumitomo [14]

4. VYcrpoiicrsa na ocaose CKBILIL

CKBH, wiaun CBepXUPOBOJAHMKOBLIE KBawTOBLIA nurepdepomerp, npeucrasiser oo
CBEPXUYBCTEUTEIbHBIR ARTUUK MACHUTHOTO O/ (MATHUTOMETD), HA OCHOBE OAHOTO WM ABYX
sexosedeonosekux nepexoos (naupumep, CHC nepexosos), BKAIYEHHBIX B CBEPXIPOBOALAIIEE
KoAb1L0. Takue MArHUTOMETPB! NPUMEHIIOTCH B IIIMPOKOM CIEKTDE YOrpofiers.

Bo-uepspix, g usmepenus caabbix Maruutibix nodeil, CKBHII-MarsnroMeTpsl Uenoansy-
TG B TEOJOTOPR3BEAOUHOM 0BODYAOBAHUN, B DASAUYHBIX cucTeMax gedektockonun (Haunnag
o1 TPYOONPOBOAOE N KPYIHBIX HHIKEHEPHBIX KOHCTPYKUMA N 38KAHUNBAs HOUCKoM JedekTos B
PABBOJKE MHTEIPAIBHBIX CXEM ), MAPHUTHOR MAKPOCKOIUM, & TAKXKE B GHOMAIHUTHBIX CHCTEMAX:
smaruurokapauorpadun (MK}, maranrosnuedasorpadun (MOT) u B ¢PRBHUTENBHO HOBOM HA-
PABICHIN MAPHATO-PE3OHAHCHOI TOMOrDA(IA B CBEPXMAJIBIX MATHUTHBIX [1o/sx [15].

Tosopa o npakruaeckux CKBI cucremax, paspaboranunx B8 Poccun, HeobXoumMo ynoms-
nyrs OO0 «HIIO Kpuorons [16], KOTOPOe B HACTOAIEE BPEMI IPOBOANT KIHHIIECKHE HCIIbITA-
Hust T- 1 9-KaHaabHbIX npombiivienusix ob6pasuos MKD komnuexkcos «MAT-CKAH» cobersen-
1oft paspaborku.

Kax nokassisaer onbrr sxeryaramun MOT 1 MK cncrem, nenonb30Balne KuiKoro reans
JLULS OXJLAZKJIEH NS MHOPOKAHAIBHBIX CHOTEM IIPUBOJAAT K CARIIKOM BBICOKUM FKCILY ATAIHOHHBIM
pacxogam. Paspaborano nosoe nokosenne BTCII CKBH rpaguomerpos [17}, obecneansatonux
DU TEMIEPATYDE JKUJKOIO 3078 TAKYIO XK 4yBCIBHIENLHOCTH, KAK U HU3KOTEMIEDATYPHbIE
aaruukn (15 GT/em?Tu). Bueapenne Takux CeHCOPOB NO3BOANT SHAYUTENBHO CHUBHTE DACXO/bI
HA XABJAPEHTH M TEXHUYECKOe 00CLY KUBAHTE.

Bo-sropeix, CKBUI-ycuiuresan uCnoabsyoTed B IIHPOKOM KJIACCE yCIPOHCTE CBEPXUPO-
BOJHUKOBOH 9JIEKTPOHUKH, B “aCTHOCTH, B cucreMax caurbisannd TES-Gosomerpos, cucremax
GLICTPOil OJIHOKBARTOBONR JOMMKH 1 JD.

B-rpersnx, CKBH bl uCnoas3yores B pasIuaHbiX KOHCTPYKIMIX KyGuros. XoTs camMa Bos-
MOJKHOCTh COBAHUI [IPAKTHIECKUX KBAHTOBLIX KOMIIBIOTEPOB JIO CHX [OD BLI3HIBAET OUpejie-
JIEHHYIO AOJMIO CKEIUTHIUAME, TeM He MeHee, (DUHAHCHPOBAHUE HCCIEIOBATENLCKUX [IPOEKTOB
NPOAGIIKAETCH. DTO JIErKO 0TLACHUMO ~ B JMOXY, KOJIA BOCHHAA JOKTPHHA KPYyUHEHInnX ro-
CYABPCTE BRAIOUALT noHsrrue Kubepsoflubl, eaunoananoe ob/18,1aH0e KBAHTOBLIM KOMILIOTEPOM,
KOTOPBIA CAEJNAeT BO3MONKHBIM UPAMYIO PACiindPOBKY KPAITOCOOBIEHHH NO3BOIAT NOMYIHTH
BHAMATENLHOE NPeUuMyIecTBo. OTMETUM, w0 0K CAMBIX W3BECTHBIX [POEKTOB [0 CO3/ar
HUIO KBAHTOBBIX KOMILIOTEDOB BLITOAHIETCH Kauasckoll komnaunelt D-Wave. Inc., n ocnosan
HA MCIOJIB30BAHUA CBEPXIPOBOJIHUKOBBIX HHTErPAIbHLIX cxeM. KoMuauus yreep:kiaer, 4o e
VARIOCh co3aaTh 128-KyOurHbiil wnncer aus Auckpernoil onrnMusanuu (OJMH W3 KBAHTOBBIX
aaropwryos) [18].
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Heeneposanue NPOBEAEHO B DAMKAX HAYUHO-UCCASA0BATENbCKOR paborel «PopMuposanue
OTPACIIEBLIX HEHTPOB IPOrHOBUPOBAHNI HAYUHO-TEXHOJMOIHYECKOrO DasBIIus Ha 63;36 BEAYIIIAX
pOCCMﬁCKMX BY30B 10 IPUHOPUTETHOMY HANUDABJACHUIO «I’IH,}LyC'I‘pMH HAHOCHTTEM» >, DeajIn: ao#
no sakasy Muuucrepersa obpasosanua u nayku Poceniickoit @epepaunn (uudp «2011-2.1-521-
021-003»).
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YIK 535.8

B.A. Acmanenso

MoCKOBCKHT (DUBHRO-TEXHHHECKHE HHOT (rocyIapeTBeHEBI YHUBEPCHTET)

ITepcriekTuBbl pa3zBUTH TEMATHYECKOrO HATIPABJICHUS
HAHOODBLEKTHI U yCTpoiicTBa BIAUZKOTIONBHON ONTUKN

CT&TI)H TIOCBSINEHA JABYM HAIIPABJICHHIM H&HOQ)OTOIHTKH, COCODHBIM OKA3ATH HABGOIb-
I BIVSTHAC HA PASBATHAC HAHOUHIYCTPHAA. B U(‘,I)B(Jﬁ " BTOI)Oﬁ ™IABE COOTBOTCTBOHEO DAt~
CMATPHBAIOTCA HAHOOOHEKTHI ¢ YHARKWMILHBIMHA d)OT()d)PT.}H‘K‘,CKHMH CROHCTBAMY TOJTYTIPO-
BOJHAKOBBIC KBAHTOBLIC TOYKH H A30T-BAKAHCHCHHBR IOHTDEHI (E\ A% HC,HTI)I)I) B O0LEMHOM T
HAHOCTPYKTYPUPOBAHIOM AJIMase, HAICNAC IMVUPORCE IPHEMCHCHAC B DEPBYID O9CDOIL B
OHONOTHN ¥ MEIHIHHE. TI)(‘,TBH TJaBa HOCBSIINCH yCTI)OﬁCTB&M OAFIKONIONBHON OTTHKYE U
COBPCMEHIBIM TOXHOJOTHSIM B MAKPOCKOTNA GITFZKHETO TIOITS.

Kurrouesnbie ciioba: H&HOM&I)KCI)I)I, KBAHTOBBIE TOYKH, HELHOQ)OT ‘OHHKA, GITIIROTOTHAST
OOTHKA, TCPCHOKTUBHBIC TPOAYKTEIL, TEPCTIOKTABHLIC TOXHOJOTHH.

1. Bsenenue

B A HOH pa(’)()'re INpeACTaB/IeH 0633()[) pasBuTHI NEePCHeKTHBHBIX O(’)']uCKTOB KBRHTOBOH HAHO-
Q)O'I'OH UKW U VC'I‘pOﬁC'I‘B (’)JllflffiK()[l()th HOU OITUKH. PaCCMO'I'pC[VI bi HaM(’)OJ!CC BHAUUMbBIC paﬁpa(’)()'l‘KM
HOCHSAHUX JIeT, & TAKXKe TCODCTUUCCKUE UCCISHOBAHN, JA0IINE BOSMOKHOUTD FOBOPUTD O NOAB~
JIEHUW HOBBLIX UPOAYKTIOB HaHOq)OTOH UKW, CIIOCO(’)H bIX OKQ38Th 3HAMWIC/AbHOE BJUAHUE HE COOT-
BETCIBYIOLIUE DBINKK. B CrarThe [l()jl‘p()(’)ﬂ() ONUCAHDI OXKHACMbIC TeXHUYECKHUE XapaKTePUCTuKu
AQHHBIX HEePCHeKTHUBHBIX TIDO TOB, & TaKXKe UX [lO'I‘pC(’)M'I‘C}IthMC cBOficTBA U KOHKYPEHTHBLIC
HPEeUMYyIIeCTBa.

2. Hanomapkephl HA KBAHTOBBIX TOYKAX

oy poBOAHUKOBbIE HAHOYACTHIBL PA3MEPOM O HECKOALKUX HAHOMETDOB 0 COTHH HAHO-
METPOB - KBAHTOBHIE TOUKH (MM HRHOKPUCTAMIBL) ~ AEMOHCTPUDYIOT YHUKAIBHBIE ONTHYECKHE 1
XUMUYECKUE CBOACTRA, ONPEAeIeMbIe HX DASMEDOM, KOTODBIE JEASI0T IEPCIEKTHBHbIM UX [IDH-
MEHEHUE B KRUECTRE JIOMUHECIUDYIOIIUX HAHOMAPKEPOB ((IyoPecenTHBIX METOK ) B BHOAOI MY 1
veauiune. Hanomaprepst npegcrasasior cobofl ofbekrbl ¢ XaPAKTEPHLIM DASMEDOM OT €IHHUL,
JI0 JIECITKOB HAHOMETPOR, CHOCOOHBIE NPUCOSJANHITECH K UEJIEBLIM MAKPOMOJIEKYIAM, HANDH-
MED, KJETKAM ¢ DASAMTHOrO POJA IATONOTHEN U OTCIEKUBATE UX EPEMEIIEHIE B IIPOCTPAHCTRE
¢ HMOMOLIBLIO BO3OYKAaeMoll BHeIHIM w3ty ennenM poMurectenunn. loaynposouukospie Ha-
HOKPUCTALIbL (KBAHTOBBIE TOUKK) CoCTonT us aromos suementor 11— VI wan I ~ V rpynn
nepuouaeckoil Tabaunpt Mereseesa n uMeloT pasMep MeHbIE Daiuycs skewrona Bopa s
aannoro Marepnasa: d < A2 n/m €2, tie K~ AMIICKTPHUECKA NPOHANACMOCT BEIECTBA, 1M -
SMEKTUBHAN MACCE FKCUTOHA.

B cayuae cdpepraeckux 4actull CeAeHNAS KAMUI UX JuaMerp Josrkel Obrrb Menbine 10 mm,
4TO0b! YAOBAETBODITH NPUBEAEHHOMY HEDABEHCTRY.

OTAnUnTebHBIMA YePTAME KBRHTOBLIX TOUEK, BRKHBIMU A8 UX OHOMEAUIUHCKAX IPUME-
HEHUIL, SIBAAETCH BHICOKUH KBRHTOBBIR Bbixos (cebine 70% s oreuecrBennbix 06pasuos), xu-
Muueckas u QOTOCTABUIBHOCT, IMPOKAd CHEKTPAIbHAs 1o0ca BosbyKaenna (or Ganxuei
HK obaacran go YO guanasona), OMHOZHAMHAN CBI3L MEKLY AJAHOA BOJHB JIOMAHECHEHINK
u juamerpoM, yakuit cnekrp (mmpuna 20-25 um) n cummerpuunad GopMa JHHUK JIOMUHEC-
nentun. Kpome 1oro, K J0CTOMHCTBAM KBAHTOBLIX TOYEK OTHOCHTCH Bbicokuil kosdxpuupenr
SKCTHHKIMN, HE OINH-BA [OPIIKA NPEBOCKOAHINHA Ko PUIMeHTh! SKCTUHKIUY OPTAHNYeCKUX
Kpacureneil. HaHOKPHOTAUIBE CONeHMAS KaAMUSL, HADUMED, juaMerponM or 3-6 uM Bo3OyxR/ja-
HOTCH W3y HeHneM ool 1 Tofl XKe ML BOJIHbL, U3/AY9asl 1PU 91oM (DOTOHBL HA JJIMHAX BOJLIH
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ot Gmzknero UK no YO quanasona B 3aBHCHMOCTH OT ¢BOEro auamerpa (om. tabuuuny 4.1) |1}
K[’iaH'E'O BbIe TOYKHU OKA3BIBANTCI Ha MHOTO HOPAJKOB 6OJ100 C'I‘a(’)nilh“ BIMU, “EeM JIYUIIHe Opranu-
HYEeCKHUe q)ily()p()(i)()phl, O(’)CC[ICLI UBas KaK BOSMOXKHOCTL MHOTPOKDRTHOIO YBEJAUYEHUS MOLIHOCTH
[iOffi()y)KjLa[Ol[Le[‘O W3AYUCHUE, TaK U JJIUTEe/IbHOCTH (O'I‘ COTEH J1O ThiCaY LlaCOB) OTCACKUBAH KA
HOBEACHUI METKH B DEAJIbHOM BPEMEHU.

Ta(’)Jll’l[La 31 """ C[leK'I‘pa,}thhIC CBORCTBS MaTEPUAIOB KBAHTOBLIX TOYECK
:\”Ia’l‘epha,}l HAHOKPDUCTALIR ()[l'I'MLlCCKMﬁ JAMANAB0MN 9MUCCHH, HM
Zn$S 300-380

Cds 380-460

ZnSe 360-500

CdSe 480-660

CdTe 000

InP 50

PbhS -1600

InAs 830-1350

TTouy poBOAHUKOBBIM HAHOKPUCTAMLIAM [IPUCYIIK B8 OCHOBHBIX JOCTONHCTEA, BHIPOJHO 0T~
Jrualoline X o1 opranueckux Quiyopodocdopos. D1o, Bo-IEPBLIX, BO3MOKHOCTD YIPABACHH
JTHHON BOJIHBE JIOMUHECIEHIUY 38 CUeT W3MEHeHUs AHaMerpa Hanokpucrawia. H, Bo-Bropbix,
LIUPOKAs [1040¢8 BO3OYRKASHM JIOMUHECIEHIMN, TO3BOISIONIAS HCIOAL30BATE MU HCTOY-
HUK JJ3 HAHOKPUCTALIOB Dasian4Hbix pasmMepos. [lpu sroM aiuua BOAHB BO3OY K IEHUS JAIEKO
OTCTOWT OT AJUHBL BOAHBE JoMUHecHernun, Gosee uenm ua 100 nv (6oabl10l cTOKCOB CiBar). D18
0COBEHHOCTD BAXKHE [IPU UCIIOABL30BAHNY HAHOKPUCTAMIOR 113 Mederus 00LeKTOR, 0018181011H1X
cobersennofl guyopecuennpefl. Boabluas CHeKTPaIbHA DASHUNS B JIMHAX BOJH BO30YKEHMs
v JHOMUHECHEHIMI TIO3BOIAET CYyIIECTBEHHO MOBBICHTL CeJEKTUBHOCTD PErUCTPALUK [TOJIE3HOIO
CUPHAJA ¥ COOTBETCTBEHHO NMOHUBNTL OPOr OOHADYIKEHUS MEUEHOrO OGLEKTE.

B 6uosornueckux NPU/IOKEHUIX [IHPOKO UCHOAL3YETCH KOMMOUAHBI 1Oy IPOBOAHUKOBLIH
HAHOKPHCTAL! CEAEHUAR KaIMUsl, HOKPbIThIA obostoukoil u3 ZnS. Ofonouka w3 IMHPOKO3OHHO-
PO MOJLYIIPOBOAHUKS ZNS NPensTerByeT Gesbly 1aTebHOR JMCCHIIAIUKT SHepriu, obecreunsas

BLICOKHUH KBAHTOBBIN BLIXO/ B DAB/JIHYUHBIX BHEIITHUX

IOBHUAX.

&’[/II’IK?},}H&[VI[)IC oIrrniecKue CBOUCTRA 1oL

IPOBOAHUKOBLIX KBAHTOBBIX TOUEK [MOBBOJANT UX
UCHOAB30BATL KAK B in ViVO, TaK u B in vitro IKCHECPUMEHTaxX B paﬁ“()()(’)paﬁ“hlx (’)MOJI()[‘MLIC'
CKUX U MEIUUHUHCKUX UCCISAOBAHUAX, B KOTOPLIX [IPUMEHEHHUE TPAJAUIUONHLIX OPrauveCKux
dutyopodopos orpannteno Hepoctarodnoi GorocraliibHOCTBIO H HEBO3MOKHOCTBIO OJIHOBDE-
MEHHOIO JCTEeKTUDOBAHUI B MHOrOUAPDaMETPDHYECKUX CHCTEeMax. BOSMO)K[VIOC’I‘[) NPUPOTOBICHUE
BOAOPACTBOPUMbIX (i)ily()pec[l‘eﬂ'l' HbIX HAHOKPUCTALI0B U UX KOWBIOTATOB CO C[le[l‘l’lq)M MHbIMK 6!4()'
JOMHYECKUMU MOJICKYJIaMHU, CIIOCO(’)H BIMU C BBICOKOU CEJEKTUBHOCTBLIO CBABLIBATLCH C B3RAANHBIMU
MUIICHAMHK, BEJACT K MHO[‘OO(’)CI[L&[OI[LMM IPUMEHEHHAM HAHOKPDUCTALIOB B MEYEHUU KACTOUYHBIX
O(’)']uCKTOB. C UX [MOMOIULIO MOXKHO MOJAYYATH I’lffi()(’)pa)KC[VH’lC [‘le(’)OKO BAJIErAoI X 'I'KaHCIL"I, Ae-
TEKTUPOBATD 3aA8HHLIC MOJCKY/IbI B TECTOBBIX U JAUACHOUTUMECKUX CUCTEMAaX, & TaKXKe UCTo/ib-
B30BATHL HAHOKPUCTALIbBI B KAUECTBE JOHODOB B CUCTEMax C p(*)’fi()[VlalVIC[Vl()ﬁ [leCjLaLlCﬁ IHEPrUu.
(, AHUM W3 JAOCTHIKEH uil B paccMmarpu BaeMOH O()J!ac’l‘lfl ABJHETCH JAEeMOHCTDANE BOBMOXKHOUTH
JAHUA HAHOCEHCOPOB ¢ BhIcokoill sddexrusnocrsio (okoao 100

()[l'l'l’l qecKue crofeTBa [l()le[lp()B()jl‘H HKOBBIX KBAHTOBBIX TOUCK OUPCAS/EIOTCH CIEKTDOM BO3-
(’)‘V)Kjl‘(')H usl Hocwreseit Bapaiaa, KO'I‘OphIﬁ B CBOIO O4eDe/b 3aBUCHT OT DasMepa KBAHTOBON TOUKHT
(pasmepuoe kKpanrosanue sueprun). Pasmeproe ksanrosanue (Wan KBanrosbiil KondaiinmenTt)
Xapakrepern sl HAHOKPDUCTALIOB ¢ pajLMyCOM HECKOJIbKO HAHOMETDOB. B KBAHTOBbLIX TOYKAX
ANAMETDOM HECKOJILKO JCCATKOB HAHOMETDOB JHEPrUs JJIeMEHTapHbiX B()ffi(’)y) T nuit nepecraer
BABUCETL O pajLMyCa. 33[&!’1CMMOC'I‘[§ HaCTOThl PAJUALUOHHOrD [IePexXoja 0T DasMepa Hatok]
CraJula IPpUBOANT K [VICO)L[VIOI)O}L[VIOM‘Y yl[[MpCHM[O JHHHK B aHCaM(’)J!C KBAHTOBbLIX
pasbpoca ux pajguycos. B page o
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1e HEeOAHODOAHOrO YIIUPEHU, CRAZAHHOIO CO C()OCM q)aﬁhl JJIIEMEHTAPHOrD W3/ Y&/ Te . T()[‘jl,a
OK&BLIBACTCH BOSMOXKHBIM HCIIOJILBOBATL METOAUKY 3XO-CHEKTPOCKONIUKN B pa(’)()'l‘e C Oy IPOBOI-
HUKOBLIMU KBAHTOBBIMU TOYKAMHU.

HO JABHHbIM yjl[)'I'pa(i)lfl()ﬂe’l'()[i()ﬁ CHEKTPOCKOIHKU B KBAHTOBBIX TOYKAX O(’)Hapy)KCHO 6();1[31[[()6
KOJUYEeCTBO yp()[i“eﬁ JHEPrUU U COUTBETCTIBEHHO 3HAYMWTE/AbHOC “HCIO DAJAHATHOHHBIX [IeDeX0-
JOB. CaMhIﬁ HU3KUH B()ffi(’)y)KjLCH HbI YPOBEHDL SHEPrUK OTBEYACT SKCUTOHHOMY [UKY B [IOIVIOIIE-
HAW W Wz FHUEHUI. B[)II[[C O YHEPrUK JICKAT MYJILTUILIETHBLIC COCUTOANNI C (’)O[‘a'l'()ﬁ C'I‘pyK'I'ypOﬁ,
“ro O(’)CC[ICLI UBAET BOBMOXKHOCTDL SQ)Q)CK'I'MB[VIO[‘O B()ffi(’)y)KjLCH Ui KBAHTOBBIX TOYEK KOPOTKOBOJI-
HOBBLIM H3J1Y4ECHUEM. KOSQ)Q)M[LMCH'I‘ HOMVIOIIEHHS W3YUCHII B HRHOKPUCTALIAX BO3DACTaer ¢
YMEHBLIICHUEM JJIUHDBI BOJIHDBL. 9'1'() HO3BOJAET B()ffi(’) KAATH KBAHTOBLIC TOYKKU C Das/mY HOH A~
HOH BOJIHbE JIOMUHECHEHINHT OJHUM HCTOYHUKOM 1 LeHnz (Ha[lpMMCp, ot /THON JlaM[l()ﬁ), wro
Kpaﬁ[{e BaXKHO JJis (’)I’IOJI()[‘MLICCKMX [lpl’ljl())KC[VH’lﬁ.

(Dle()pCC[LCH[LMH B KBRHTOBLIX TOUKaX O(’)y AOBACH Q)O'I'OI)CKOM(’)M[Vlall‘lfleﬁ CBO(’)O}LH bIX W CB2-
BAHHBIX HOCKHTE el B3apsia. B HEePBOM CJIYUae, HA3bIBACMOM SKCUTONHDIM, IIIHPUHS CHEKTDA U3y~

UEeHNI BeChbMa MaJla. TaK, HAUPUMED, IIHPUHE CHEKTDa WU CHUA OJUHOMHOIO HAHOKPDUTTALI1S
CdSe ¢ obosoukoit w3 ZnS cocrasiser 13 uM npn KOMHATHON TeMuepaType.

Xapakrepuoe BpeM# KU3HA BO30YKACHHBIX COCTOANAN B KBAHTOBbIX Toukax (20-30 uc) cy-
BEHHO MEHbLIE, “1eM Y PEAKOBEMEIbHBIX HOHOB (011 I\AC), HO (’)OJH)I[[C BpeMEHH JKW3HU
BOS(’)y)K}LCH nit B OPraMuveCkKux Kpacuressdx (1 HC). I’ICCJIC}LOB&H K3 [IOKa3a 1, IO BPeMEHHas!
BABUCUMOCTD ffia'l'yXaHMH JIOMUHECHCHIIUN B [l()le[lp()BOjl‘[VH’lKOB[&IX HAHOKPUCTAIaX HOCHT MHO-
POPKCIIOHEHII AL (8474 XapakreD U 3aBUCHT O UHTEHCHBHOUTH I’lffidyLlCH 45718

I’ISI\ACHHH COCTaB U PasMepbl KBAHTOBLIX TOYCK, ijaC'I'C}I [l()leLH’I'I'h q)}ly()pec[l‘eﬂll‘l’l[() B I~
POKOM CHEKTDAJABHOM JAHANAZ0MHEe OT 6}“’1)!\'“6[‘0 MH(i)paKpaCHO[‘O A0 CHHErO. HOJUII)I’K%&[LMH W3-
leLlCH 4571 [lOle[lp()BOjl‘HI’IKOB[)IX HAHOKPUCTAMIOB 3aBUCHT OT UX (,1)()[)1\«1[31. B[)I'I'}IHYT[)IC O(’)paﬁll‘hl
(KBaH'I‘OBhIC CTePIKH M) JA310T JIMHERHO HOJEAPUZOBAHHOE I’lffijlyLlCH ue. (I)le()pCC[LCH[U’IH Cq)epl’l “e-
CKHUX O(’)paﬁ()['i CEJACHIIA K IMUA HeNOJEADUB0BANS WiIH uMeer [l‘l’lpKylep[Vlle HOJEIPDI3AIHIO .

KBaH'I‘OBhIﬁ BLIXOL l’lffijlyLlC[VH’lH HAHOKPUCTAIOB [IDK KOMHATHOMN 'I'Cl\zﬂlepa'l'ype HPUMEDHO Ta-
KOM JKe UKl HECKOIBKO MEHbIIE KBATOROTO BbIXO/A8 OPratuv1eCKux Kpach'l‘eﬂeﬁ, TAKHUX KaK DOia-
MUK G)K Wi q)}ly()pCC[LCM H. le’l FIOM, OJHAKO, CeUCHUE DAJAHAIHOHHOrO eDeX0/a B KBAHTOBLIX
TOUKAX 3aMETHO BbILE, & q)O'I‘OTyI[[CHMC JIOMUHECHEHINK CyI[LCCTBCHHO MeEHbILE. B I ALTaTEe
CBEYECHUE HaHOKPUCTALIa W3 CeJICHIAR KajMus O(’)OJ!OLI KOU u3 Cy}lhq)l’lﬂ‘a HHHKS OKQ3bIBACTCH
npumepuo B 20 pas Gosee APKUM, YeM CBEYEHIE OPPaHNYecKuX Kpacuresel, 8 GorocmaduibHocTh
Ha ABAa~TPU TOPsLIKaE GoJiee BhICOKOM.

,Ia,}lh“eﬁl[[l’le HCCHeA0Banu: B O(’)Jlac’l'l’l Q)le()peclI‘CHTH[&IX HAHOMaPKePOs O()J!C[‘Lla[()'l'c}l o~
ABJACHUEM KOMMEDUEeCKH jLOCTy[thIX [‘I’I,II‘I)OQ)O(’)[VI[)IX U BOJAOPACTBOPUMDBIX HAHOKPHUCTALIOB Bbi-

biite

COKOPO Kauerrsa, NPOU3BOAUMBIX OTeHCCTBCHHbIMU U ffiapy()e)KH LIMH HAHOTEXHOJAOIHYICCKUMU
komnanuamu (Hawoduiyopecnenrusie rexuosornu, Quantum Dots Corporation, Evidentech
TCChnOlOgiCS). KJHOLICB[)U\AM MOMENTaMu, O(’)ycjl()['il’l['illll’ll\ﬂ’l BOBMOMKHOCTD [PUMEHEHUH KBAHTO-
BbLIX TOYEK B 6!4()Jl()[‘l’l W U MEJIUIUHE, ABWIHCD DAsBUTHE METOJ0B CUITe3a (’)OJH)I[[MX KOJINYECTB
SQ)Q)CKTMBHO JIOMHK HCC[I‘Mpy[OI[LMX HAHOKPUCTANLIOB, JOCTUIKEHHA B XUMUKU UX NOBEPXHOCTH, Das-
pa(’)()'I'Ka METOA0B UPUTOTORJACHUI BOAODACTBOPUMBIX U COBMEUTHUMBIX C 6I4OJIOI‘I4LICCKMI\1M ()6']3'
CKTaMU HAHOKPUTTALIOB, & TAaKXKe METO/J0B BRBEJACHUI KBANTOBLIX TOYECK Das/JIHUYHbIX [BETOB
(jU’lfilWCTpOB) AULE MEOPOUBETHOTO CHEKTPAALHOrG KOAUDOBAHHE 6!4OJIO[‘MLICCKMX I\AOJICKYJI.

3. NV peHrpsl B anMase — HepcrexTuBHbiil o0bexT KBaHTOBOM
HaHODOTOHVKY

Asor-sakancuonusie tentpbl (NV ueHTphi) B 0GHEMHOM U HAHOCTDYKTYPUPOBAHHOM 8IMase
B CHJLY CBOUX YHUKAAbHBIX (PorodQmsunuecknx cBOACTE sBAMIOTC HePCHeKTHBHBIM O0LeKTOM J1s
nestoro psaa npuMenennit or ksawrosofl uudopmarukn g0 Guosorun n Meauuuusi. Ha puc. 1
npeacrasiena crpykrypa NV uenrpa B ajgMase, COCTOHINEro w3 3aMellaionero yiepo aroma
asora 1 GAuBAeKALIEH BAKAHCHY.

CrereMaTuka SJ4eKTPOHHLIX cocrodunil NV Uenrpa oupejessercs UPeJCTaBlennsiIMu ero





