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PU3INKA KOHOAEHCNPOBAHHOIO COCTOAHUA

/1.B. lllenenv, H.C. lMTmawikuH, T.M. bypbae@

KOHAEHCALIMSl SKCUTOHOB B KBA3UJIBYMEPHDIX SiGe-CJ/IOfIX
FETEPOCTPYKTYP Si/Si, Ge,/Si

B xoH11e 1960-X ro10B OBIIO OOHAPYKEHO SIB-
JIeHWe KOHIEHCALIMU 3KCUTOHOB B 3JIEKTPOHHO-
IBIPOUHYO XuakocTh (B2XK), nmpeackazaHHOe
JI.B. KennpieMm. K cepenune 1980-x rogoB 66110
BBITIOJTHEHO OOJTBIIIOE YMCIIO TEOPETUUECKUX 1 DKC-
MepUMEHTAJbHBIX paboOT B 3TOM HampaBIeHUU
1 yCTaHOBIIEHBI OCHOBHBIE cBolicTBa D)1 K B 00beM-
HBIX TIOJIYITPOBOIHUKAX U MPEXIe BCETO B TepMa-
HUW U KPeMHUH, T]Ie 61aromapst MHOTOIOJIWHHOCTH
3JIEKTPOHHOTO CITEKTPa CTAOMIBbHOCTD KUIKOCTH
BBICOKA 1 (ha30BBIN TIepeXxo] SKCUTOHHBIN Ta3 —
OJ12K nzyuyeH HanboJee mosHO (cM. 0030phI [1-5]).
OOHapyXeHUe U MCCeNOBaHME KOHAEHCAIUU
9KCUTOHOB B HAHOCTPYKTYpaX MPEICTABISICT Cy-
IIECTBEHHBIN MHTEpeC TS (DU3NKY KOJUTEKTUBHBIX
SIBIEHUI B HU3KOPA3MEPHBIX 2JEKTPOHHO-IbI-
pPOUYHBIX cucTeMax. OQHAKO BILUIOTH IO HeJaBHE -
r0 BpeMEHU OTCYTCTBOBAIN HAJEKHBIE CBEICHMS
o HaOmwoaeHun OJ1K B KBaHTOBOpa3MEpPHBIX
ctpykrypax. [To aHamoruu ¢ 00beMHbIMU MOTYIIPO-
BOIHWKAMU CJIeOBAJIO OKUAATh, UYTO 3TO SABJIEHUE
JOJKHO CYIIECTBOBATh B HAHOCTPYKTYpaxX Ha OC-
HOBe KpeMHUS U TepMaHus. [1epBbie cOOOIIeHMS
0 HabOaoaeHuu KBa3zuapymepHoit 12K B KBaHTO-
BBIX IMax retepocTpykTyp Si/Si0, ObuIM cresaHbl
H. IMayxom u ap. [6, 7]. T.M. Byp6aes u np. 8, 9]
O00OHAPYXWIJIN U UCCIIEA0BAIN KOHIEHCALINIO DKCH-
ToHOB B DJ12K B HanpsikeHHbIX Si;_, Ge,-cosx re-
tepoctpykTyp Si/Si;_,Ge /Si (x = 0,05). Tomun-
Ha Si;_,Ge,-c10eB d B UCCNENOBaHHBIX CTPYKTYpPax
cocTapisiia 25—70 HM, T. €. 3HAUMTEJIbHO MPEBbI-
L1aJia BeJIMYMHYy OOPOBCKOTO pasnyca 3KCUTOHA d,
(B 00bEeMHOM KpeMHUM a, ~ 5 HM). [1loaTomMy Ha-
omonaBmasics 12K Obli1a TpeXMepHOI U 110 CBO-
WM CBOMCTBAM TIpaKTUYECKW HE OTINYAIach OT
DJ12K B 0ObeMHOM OIHOOCHO e(POPMUPOBAHHOM
KpemHuu [ 1-5].

B Hacrosieit pabote TpeacTaBIeHbl Pe3yb-
TaThl UCCJIEIOBAHMUS METOIOM CITIEKTPOCKOIUU (hO-
tontoMuHecueHuUu (PJI) 5KCUTOHHOU CUCTEMBI
B retepoctpyktypax Si/Si,_,Ge,/Si ¢ kBa3uaBy-
MepHbIMU (d < a,) Si|_,Ge,-CI0aMU TOILIVHOI
d=2 HM u conepxkaHueM repmaHus x ~ 0,09 u 0,25.
OOGHapyXeHOo, UTO B CTPYKTYpax ¢ MEHbIIEH KOH-
LeHTpauMreil TepMaHus TIPY TOCTATOYHO HU3KUX
TeMIiepaTypax M BHICOKMX YPOBHSIX BO30YKIEHUS
B SiGe-cnoe oopazyercst D/12K, cocrosiiuast u3 KBa3u-
IOBYMEPHBIX IBIPOK C TUIOTHOCTBIO Py = 8,510 cm?
1 KBa3UTPEXMEPHBIX DJIEKTPOHOB C IIJIOTHOCTHIO
ny~ 4,8 1018 em—3. [Toka3aHo, 4YTO B COCTaB ra3o-
BOI1 (ha3bl BXOISAT KaK 9KCUTOHBI, TAK M SKCUTOH-
Hble MOJIeKYJbl (OM3aKcUTOHBI). [lapuuanbHas
IOJIs TIOCJIEMIHUX BO3pacTaeT MPU YBEIUYECHUU
YPOBHSI HaKayKu B AOTIOPOTOBO (1715 0Opa3oBa-
Husa B/12K) o6sacT MHTEHCUBHOCTEM BO30YXKIe-
HUS ¥ OKa3bIBAETCS 3aMETHOI BIUIOTH IO TeMITIepa-
TYyp, 61n3kux K 20 K.

B cniektpax ®JI 06pa31oB ¢ OOJBIINM COAEP-
KaHueM repmaHus (x~ 0,25) TMHUM U3TYydEeHUS
6usKkcuTOHOB 1 D/12K OTCYTCTBOBAIM BO BCEM HC-
CJIeZIOBAaHHOM IMAIa30He MHTEHCUBHOCTE BO30YX-
neHus. J1eo, To-BUANMOMY, B TOM, UTO CTPYKTYPBI
Si/Si,_,Ge,/Si sBasioTCs reTepOCTPYKTYpaMu 2-ro
pora ¢ TOTeHIIMATbLHBIM 0apbepOM IS JIEKTPOHOB
U SIMOM J1J1s1 IBIPOK, pacrosiokeHHbIMU B SiGe-ciioe
[10—12]. BoicoTa Gapbepa yBeIUUUBAETCS C POC-
ToM X. B cTpykType ¢ x ~ 0,25 31eKTpOHBI U IbIPKHU
MPOCTPAHCTBEHHO pa3lesIeHbl: IBIPKUA HaXOISITCS
B KBaHTOBOM siMe B SiGe-cJioe, a 2JIEKTPOHbI —
TPENMYIIECTBEHHO B KPeMHUW BOJIM3U reTeporpa-
Hut Si/SiGe, T. €. 9KCUTOHBI SIBJISTIOTCS IIPOCTPAH-
CTBEHHO HETIPSIMBIMU U OTTAJIKUBATEJIbHOE B3au-
MOJIEeCTBME MEXKIy HUMU TITpeodaamaeT. Torma kak
B CTPYKTYpE C HU3KUM, OTHOCUTENIHHO TTPO3PaYHbIM

7
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bapbepoM (x ~0,09) B pe3yabTaTe TYHHEIUPOBAHUS
B SiGe-C101i 2J1eEKTpOHHAS INIOTHOCTH CTAHOBUTCS
MaKCMMAaJIbHOM B LIEHTpe 3TOro ciiod [12]. Dkcuto-
HBI B TAKOM CJTydae — MTPOCTPAHCTBEHHO TIPSIMBIE,
1 B3aMOEICTBIE MEX Ty HUMU ITPUBOAUT K 00pa-
30BaHUIO0 SKCUTOHHBIX MOJIEKYJ M KOHIEHCAIIUHN
BOIIK, momoOHO TOMY, KaK 3TO IMTPOUCXOIUT B OObEM-
HOM KPeMHMUU.

MerToauka 3KCepuMeHToB

CTpyKTyphl ¢ HanpsiKeHHbIMU ciosgmu SiGe
BbIpalllMBaINCh Ha KpeMHUeBo# nomioxke Si(001)
METOAOM MOJIEKY/ISIPHO-IYYKOBOI snuTakcuu. Tos-
IIUHBI 0y(PEepHOTO 1 3aIIUTHOTO KPEMHHUEBBIX CJIO-
eB cocTaBJisiv cooTBeTcTBeHHO 100 1 100—200 HM,
tonuuHa Si;_ Ge,-cnosa — 2 um. beun nccneno-
BaHbI CTPYKTYPBI C cofepKaHrueM repmanusi x ~ (0,09
un 0,25. Jayee CTpYKTypy ¢ HU3KUM COAEPKAHUEM
repMaHus (HU3KMM 0apbepoM B 30HE ITPOBOANMOC-
TH) OyaemM obo3HauaTh Kak Hb, a ¢ BbICOKHUM (BbI-
coxuii 6apbep) — Bb. MccnemoBanus criektpoB DJ1
B OmzkHeit uHdpakpacHoit (BUK) obnactu criekT-
pa npoBoauanch mpu remneparypax 7= 1,8—60 K
u ypoBHsX Bo30yxnenus P = 0,01-300 Br-cm -2
Jns  kBasucTallMOHApHOTO (POTOBO3OYXKIAEHUS
CTPYKTYP MCITOTb30BaIOCh U3TYIeHNE TeINi-Kal-
MUEBOTIO0 JIa3epa HEMPEPBIBHOTO NEUCTBUS C IUTUHOW
BosIHbI A = 0,44 MKM, IIPOMOAYIUPOBAHHOE MeXa-
HUYECKUM MpepbiBaTesieM ¢ yactoToit 80 Iir. CekTp
PEKOMOMHALIMOHHOTO U3TyUYeHUST PpETUCTPUPOBAII-
Cs1 C TIOMOILIbIO CBETOCUJIBHOTO NM(MPAKIIMOHHOTO
MOHOXPOMATOPA 1 OXJTAXKIAEMOTO KUIKUM a30TOM
repMaHueBOTO pin-(poToaANOAA C UCTIOIH30BAHUEM
CUHXPOHHOTO IETEKTUPOBAH M.

Hccnenosanach Takke PJI B BummMoii odac-
TH CTIeKTpa, BOZHUKAOIIAs TP TaK Ha3bIBAEMBIX
NBYX2JIEKTPOHHBIX ITepexoaax, T. €. TPy peKoMOu -
HAIlMK YEThIPEX YaCTUL] — IBYX JIEKTPOHOB U IBYX
IBIPOK, B pe3yabTaTe KOTOPOI NCITycKatoTcs Go-
TOHBI C DHEPTrUeii, paBHOM CyMMapHOU SHEPIrUuu
pekoMOuHupyomux vactuy [13]. M3mepenusa
MPOBOIVMIINCH TIpU Temriepatype 15 K u ypoBHAX
Bo30yxmeHus 0,3—150 Br-em2. st craumoHap-
HOTO (POTOBO3OYXKIEHUS CTPYKTYP MCIIOIb30Ba-
JIOCh WU3JIydyeHMe TUTaH-candupoBOro Jasepa
(A = 0,75 mkM). PekoMOMHALIMOHHOE U3JTyYeHUE
aHATM3MPOBATOCH TN(PPAKITNOHHBIM CITIEKTPOMET-
POM U PEruCTPUPOBAIOCH C MOMOIIBIO OXJIAXKIae-
moit xkuakum azoroM I13C-maTtputibi. Conocrasie-
HUE OOBIYHBIX (OTHO3IEKTPOHHBIX, HA0TI0J1aeMbIX
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B BUK o0061acTt) 1 ABYX3JeKTPOHHBIX CIMEKTPOB
MO3BOJISIET CAeaTh 00Jiee TOUHBIC 3aKJIIUYEeHUS
O MPOUCXOXKIEHUU PA3TIUYHbBIX KOMITOHEHT CIEKT-
pa DJI, TOCKONBKY B ITOCIEAHUX OTCYTCTBYIOT JIM -
HUUW U3JTYyYeHUs] O0OBEKTOB, COJEPXKALIUX MEHEE
JIBYX 9JIEKTPOHHO-ABIPOUHBIX Map (3KCUTOHbI, IK-
CUTOHHO-TIPUMECHBIE KOMTUIEKCHI 1 MP.).

Pesyabrarsl 1 00CyKIeHIE

Ha puc. 1 noka3zanbl ciekTpbl DJI reTepocTpyK-
Typ Si/Sij 75Geg »s/Si (06paseu Bb, puc. 1, a) u
Si/Si 9/Geg go/Si (0bpaser Hb, puc. 1, 6) mpu pas-
JIMYHBIX YPOBHSIX BO3OYXIEHWSI U TeMIIepaType
T= 15 K. [TockonbKy XxapakTepHasi BeTMINHA IT1~
HBI TG Y3UN SKCUTOHOB B KPEMHUU COCTABIISIET
~ 0,1 MM, B cniekTpax Habronatorest inHun DJI kak
cnos SiGe, Tak 1 00bEMHOI'0 KPEMHUSI, 8 UMEHHO IO -
JIOXKHU, Oy(epHOTro 1 3almuTHOTO cioeB. OT cloeB
KPEMHMUSI B CIIEKTpax MPeacTaBIeHbl JUHUN PEKOM-
OMHALIMOHHOTO M3TyYeHust cBoOonHbIX (FE) 1 cBsizaH-
HBIX (BE) 5KCUTOHOB ¢ UCTTyCKaHWEM TIOTIEPEUHBIX
ontuueckux (TO) hOHOHOB (COOTBETCTBEHHO JIMHUU
1, 2), aTakeke MeHee MHTEHCUBHASI TMHUS U3ITyYeHUsT
CBOOOIHBIX 9KCUTOHOB C UCTTYCKaHWEM JIBYX (hOHO-
HOB (IuHMs 3, puc. 1, @) 1 C uCyCKaHWeM Iomepey-
Horo akyctuueckoro (TA) poHoHa (JiuHus 7, puc. 1,
0). Jluauga mznydernst DJ1K B KpeMHUEBBIX CIIOSIX
(1082 mM3B) B uccie0BAHHOM AMAINa30HEe BO30YXIe-
HUSI OTCYTCTBYET, Tak Kak npu 7= 15 K noporosasi
MHTEHCUBHOCTS JJ151 00pasoBaHust DJ12K B o0beMHOM
KPEMHUHU CyLLECTBEHHO npesbiiiaeT 170 Brem™2.

Ot cnog SiGe B cTpykType Bb B criekTpax Ha-
omonatorcs 6ecpoHonHas (NP) nuHust cBOOOIHO-
ro skcutoHa u ee TO- u TA-¢poHOHHBIE TOBTOPE-
Hust FE(TO) u FE(TA) (cOOTBETCTBEHHO, IUHUU 4,
5, 6Hapuc. 1, a). JloctaTouHO BbICOKAsi TeMIepaTy-
pa (T= 15 K) uamepenusi criekrpoB MJI ObLia BbI-
OpaHa, YTOObI UCKIIOUYUTD JIOKAIU3ALIMIO SKCUTO-
HOB Ha (hJTYKTYalNsIX TTOTeHIINAa, BOSHUKAOIINX
13-3a HEOIHOPOAHOCTH COCTaBa Ha reTepOrpaHuLIe
mexny ciosimu SiGe u Si.

Tpancdopmarius criektpoB PJI cTpykTypbl BB
MPY YBEJTMYEHU U YPOBHS BO30YKIEHUsT CBOIUTCS,
B OCHOBHOM, K CHHEMY CIBUTY 9KCUTOHHBIX TMHUMN
4 — 6 cnos SiGe. CMHUI CIBUT CBSI3aH C UCKPUB-
JIEHMEM 30H, KOTOPOE BbI3bIBACTCS KYJIOHOBCKUM
B3aMMOJENCTBUEM MTPOCTPAHCTBEHHO Pa3ieeHHBIX
3JIEKTPOHOB U IBIPOK; TAKOI CABUT OOBIYHO CUUTA-
eTCsl MPU3HAKOM IeTepOCTPYKTYp 2-ro poja [11].
I1pu HanboNbIIEM YPOBHE MHTEHCUBHOCTU BO30YX-
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Puc. 1. Tpancdopmanus cnekrpoB ®JI npu 7= 15 K rerepoctpykryp Bb (a) u HB (6)
C yBEJMYCHUEM YPOBHSI MHTEHCMBHOCTU BO30yxuenus, Brem % 1,1(1); 28 (11); 170 (I1I)
st ctpyktypsl BB 1 0,06 (IV); 1,90 (V); 170 (VI) nna HB.

JIuHun usnyyeHusi uz oobemHoro Si (/—3, 7) u u3 cnost SiGe (4—6, §—10):

1, 2— TO-komnoneHThl usznydeHusi FE u BE coorBerctBeHHo; 3 — usnyuenue FE ¢ ucnyckanuem aByx (OHOHOB;
7 — TA-komnoneHTta usnyyeHusi FE; 4 — 6echononHast suHust uznydenusi FE;
5, 6 — TO- u TA-komnoHeHThl usnydeHusi FE; & — usiayyeHue cBOOOIHBIX OM3KCUTOHOB;
9 — 6echononnas muHus udnyuenuss EHL, 10 — TO-nostopenune nunuu EHL

A66pesuarypsl: FE — cBobomHbII 5KenuTOH, BE — cBsizanHbIi 9kcuToH, EHL — 2/1eKTpOHHO-ABIPOYHAsT SKUTKOCTh

nenus (cnektp 111) Ha JIMHHOBOJHOBBIX KPbLIbSIX
SKCUTOHHBIX JTMHUM ciog SiGe BUAHBI JOMOJHU-
TeJbHbIE MOJIOCKI, MPUPOAA KOTOPBIX TTOKA HE SICHA.

CogepliieHHO Haue U3MeHstoTes criekTpbl DJ1
cTpyKTyphI Si/Sij9/Geg o9/Si (HB) npu ysennue-
HUU YPOBHS BO30YyXaeHus (puc. 1, 6). JIunuu uzny-
yeHus SiGe-cnost rerepoctpyktypbl HB caBuHyThI
B CUHIOIO CTOPOHY ITO OTHOIIEHUIO K COOTBETCTBY-
LM JIMHUSIM U3Ty4eHUS TeTepOCTPYKTYphbl BB 13-
32 yBeJIMUEHMS IIIMPUHBI 3aMIPEIIeHHOM 30HbI B CJIOE
Si,_,Ge, Mpu yMEHBbIIEHUU X, TaK 4TO NP-Kommo-
HeHTa U3JTyYeHUsI CJI0s1 pacTioyioXKeHa rnpapee Haubo-
nee unteHcuBHoi uHuu [ (FE(TO)), BOnu3u TuHuM
7(FE(TA)) o6beMHoro KpemHusi (cm. puc. 1, 6). ITpu
HU3KUX YPOBHSIX BO30YKIEHUS B CIIEKTPaX U3JTyde-
Hust SiGe-c1os1 HabI0AAIOTCS TOIbKO SKCUTOHHbIE
nuHuu (cnektp IV). Ha atom ciekTpe rokazaHa Jiniiib
TO-KOMMOHEHTA U3JTyYEHUSI CBOOOJHOTO SKCUTOHA
(TUHUA 5) — OTHOCUTEIBHO Y3Kasl TUHUS MOy~
puHOIT 0KOJIO 5 M3B, MOCKOJABKY OHA UMEET Hau-
0O0JIbIIIYI0 MHTEHCUBHOCTb. C pOCTOM YPOBHSI BO3-
OyXIeHWs ¢ INIMHHOBOJTHOBOM CTOPOHBI OT IUHUU 5
(FE(TO)) Bo3HUMKAaET y3Kasi JTUHUS U3TydeHuUs Ou-
9KCUTOHOB (JIMHUS &), HA HU3KO3HEPTeTUUECKOM
KpbL1€ KOTOPOW IpU JaJIbHEMLLIEM YBEJIUYEHU N UH-

TEHCUBHOCTU BO30Y>KICHUS MOSIBISETCS LIMPOKast
nonoca momuHecueHuun DK (cnexrp V). [1pu
BBICOKMX YPOBHSIX Bo30yxaeHust TO-monoca us-
nyueHust DJ1K ( 10) foMUHUPYET B CIIEKTpe JTIOMU-
HecueHuuu SiGe-cnos (cnektp VI). AHanornyHbie
U3MEHEeHUs TIpU yBEJIUUEHUN YPOBHS BO30YXKe-
Hus npeteprneBaeT U NP-kKoMnoHeHTa u3aydeHus
SiGe-cnos (nHusg 9 — NP-KOMINOHeHTa U3fyye-
Hus BJ17K), MHTEHCUBHOCTb KOTOPOI 3HAYUTEb-
HO HMXeE, Y4eM MHTeHCUBHOCTb TO-KOMIIOHEHTHI
(puc. 1, 6, ciextpst Vu VI).

J17151 TOTO UTOOBI MOHSITH pa3Inyue B MOBEACHUU
cnekTpoB moMuHecleHuuu Bb 1 Hb retepoctpyk-
TYp MPU YBETWYEHUHN YPOBHS BO30OYXKIEHUs, pac-
CMOTPUM UX 30HHBIE IMarpamMmmbl (puc. 2).

Crpyxrypsl Si/Si;_,Ge,/Si siBasitoTest retepo-
CTPYKTypaMu 2-ro poaa, B KOTopbix SiGe-ciioii 00-
pasyeT MOTeHUUANbHbBIN Oapbep sl 3JEKTPOHOB
u My mist aAbipok [10—12]. B HanpsixkeHHOM ciioe
SiGe, BeIpallleHHOM Ha HEHAIPSKEHHOM ITOJTOKKE
Si(001), 1mecTMkpaTHOE BBIPOXAEHUE JTHA 30HbI
MPOBOAUMOCTU, KOTOPOE MMENOCh Obl B HEHATpsI-
xkeHHoM SiGe, cHATO. JIHO 30HBI IIPOBOAMMOCTU
HanpsikeHHoro SiGe-cj10s1 chOpMUPOBAHO YEThIPh-
MSI MUHUMYMaMU A,, PACIOJIOXEHHBIMU Ha OCSIX
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Puc. 2. Cxematuueckoe n300paXkeHNUE 30HHBIX AUAarpaMM Te€TepOCTPYKTYD:
a — BB (¢ BbicokuMm Gapbepom), 6 — HbB (¢ HU3KUM Gapbepom).

TTyHKTUPOM MOKA3aHO pacIpee/ieHre JIEKTPOHHON TIOTHOCTH (B TIPOM3BOJIbHBIX
€IMHULAX) BIOJIb OCH pocTa CTPYKTYp 4ist (A, — hh)-skcutoHa [11]
U YPOBEHb Pa3MEPHOTO KBAHTOBAHUS TSDKENBIX IBIPOK B CJIO€ TBEPAOTO PACTBOpA

<100> obpaTHOI1 pelIeTKH, apauiedbHbIX IJTOCKO-
cTu ciosi. JlBa MUHUMYyMa A,, OCU BPALLEHUSI U30-
SHEPTeTUUECKMX ITOBEPXHOCTEN KOTOPBIX Tapasiieb-
HbI HAMPABJIEHUIO POCTA, HAXOASATCS 3HAYUTEIBHO
BBILLIE TTO 9HEPTUM. BrIpoXXneHre BepIIMHbBI BaJICH-
THOM 30HBI TAKXKE€ CHSTO, U e€ MOTOJKOM B SiGe-
CJ10€ SIBJISIETCS] YPOBEHb Pa3MEPHOTO KBAHTOBAHMS
TsKenbIX (k) npipok B kBaHTOBOI sime (KA). Oc-
HOBHOMY COCTOSTHMIO 3KCUTOHHOTO CIIEKTpa B Ta-
KOI cricTeMe OTBEUatoT SKCUTOHBI, CPOPMUPOBAH-
HBbIE U3 BJIEKTPOHOB A,-10JI1H 30HbI TPOBOAUMOCTH
KPEeMHMUS 1 IBIPOK Ha YPOBHE pa3MepHOTO KBAHTO-
Banust B K BanentHoit 30Hbl ((A, — hh)-3KCHTO-
Hbl). Pacuer pacripeneneHus 3J1eKTPOHHOM IJIOTHO-
CTH BIIOJIb OCU CTPYKTYPHI B (A, — hh)-5KCATOHAX
B 3aBUCHMOCTH OT BBICOTHI 6apbepa A E, BbIOJTHEH
B pabote [12]. IIpu 1ocTaTOUHO OOJBIION BHICOTE
Oapbepa 2JeKTPOHBI B TAKMX 9KCUTOHAX HAXOMATCS
MPEerMYILIeCTBEHHO B KpeMHUEBOI 001aCTH, a bIP-
ku — B cnoe SiGe (puc. 2, a). DKCUTOHBI B 3TOM
cayJyae TIpOCTPAaHCTBEHHO HETpPSIMbIE (IUTIONSP-
HBIE), ¥ BO B3aUMOJEHCTBUN MEXIY HUMU TTpeodia-
AT CUJIBI AUTIOIb-IUITOBHOTO OTTATKUBAHUS.
Ecnu xe Gapbep He CIAMIIKOM BbICOK, BOJHOBAsI
(byHkuus Ay-31€KTpOHOB nnpoHuKaet B SiGe-cloii,
M IIPY JOCTATOYHOM TYHHEIbHO IMpO3pavyHOCTH 0a-
pbepa MaKCUMYM 3JIEKTPOHHOM TJIOTHOCTU HaXO-
IUTCS B LICHTpe cos (puc. 2, 6). Takum odpazoM,
9KCUTOHBI B CTPYKTYpax ¢ HU3KUM OapbepoM —
MPOCTPAHCTBEHHO TIPSIMBIE, Y TIPUTSKEHUE MEKITY
HUMHW MOXET MPUBOAUTH K 00pa30BaHNIO SKCUTOH-
HBIX MOJIEKYJI M KOHaeHcauuu B DJ12K.
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[lepeiineM Tenepb K 00CYKIEHNIO SKCIIEPUMEH-
TaJIbHBIX pe3yabTaToB. Kak yxe ObLIO OTMEUEeHO
BBIIIIE, CUHUI CABUT 9KCUTOHHBIX TUHUI U3JTyUe-
Hus SiGe-cJios1, HaOIIOAAIOLLIMIACS [TPU YBEIUYEHUN
YPOBHSI MHTEHCUBHOCTU BO30YkneHuss DJI st Bb-
CTPYKTYpHI (CM. pUC. 1, @), CBSI3aH UCKPUBJIEHUEM 30H,
BO3HUKAIOUIMM BCJEACTBME MPOCTPAHCTBEHHOTO
pazaeneHust 3JeKTPOHOB U AbIPOK (CM. puc. 2, a).
C pocToM YpOBHSI BO30YXIEHUS YBEJIUYUBAKOTCS
KOHLIEHTpALUY 3JIEKTPOHOB U IBIPOK, U, COOTBET-
CTBEHHO, HATTPSKEHHOCTD CO3MaBAeMOTO MMU BJIeK-
TPUYECKOTO TMOJIs1, a 3HAUUT U U3rnd 30H. [1pu aTOM
K51 nyist nbIpoK omycKaeTcst BHU3 10 9HEPT UM OTHO-
CUTEJILHO TIOTOJIKA BaJCHTHOW 30HBI B KPEMHUU,
W LIWPUHA 3aNTpellieHHOM 30HbI, paBHAsl BEIUUNHE
9HEPTEeTUYECKOTO MPOMEXKYTKA MEKIY 30HOM MPO-
BOIMMOCTHA B KPEMHHMHU M YPOBHEM Pa3MEpPHOTO
KBaHTOBaHUs AbIpoK B KA, Bo3pacTaeT. 3ameTum,
YTO MPU YBEIUUEHNUU U3TH0A 30H Gapbep, MpensiT-
CTBYIOLIMIA IIPOHUKHOBEHMIO 3JIEKTPOHOB B SiGe-
CJIOM, TTOHMKAETCs OTHOCUTENIBHO JHA 30HbBI TPOBO-
JMMOCTHU KPeMHUSsI, ¥ BOOOILIE TOBOPSI, eCI Dapbep
HEBBICOK, TO €TO BEPIIIMHA MOXET OITyCTUTBCS HIKE
Kpasi 3JIEKTPOHHOI 30HbI KpeMHUS1. IpyrumMu cjio-
BaMu, MOTEHIIMAIbHbIE SIMbl KaK ISl IbIPOK, TaK
M 3JIEKTPOHOB OyayT HaxoauThes B SiGe-coe, v 1mo-
BeJleHUE HEPABHOBECHbIX HOCUTEIEH 3apsiia CTAaHO-
BUTCSI BO MHOTOM TMOI0OHBIM UX MOBEIESHUIO B CTPYK-
Typax 1-ro poga. Bo3aMoXHO, 4TO TOSIBIEHUE MIPU
MaKCUMaJIbHOM YPOBHE MHTEHCHBHOCTU BO30YXIe-
HUSI IOTIOJTHUTEIBHBIX MOJ0C Ha JTMHHOBOJTHOBBIX
KPbUIbSIX KCUTOHHBIX TMHUM n3nydeHus SiGe-ciost
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ctpykTyphbl Bb (criektp I11 Ha puc. 1, a, 5)KCUTOHHbBIE
JVUHUU 4—06) CBSI3aHO C HEKOTOPBIM TMTOHWXEHUEM
BEpPIIMHLI Oapbepa BCIEICTBME BO3POCIIIETO U3rnuoda
30H. OT™MeTnM eie, 9T0 NP- 1 TO-KOMIIOHEHTHI
crnekrtpa @JI crpykrypsl Bb nmeror, B oriMune or
COOTBETCTBYIOIINX JIMHUI U3TydeHUs CTpyKTyphl HB
(cm. puc. 1, 6), cpaBHUMYIO UHTEHCUBHOCTb (JIMHUU
4w Snapuc. 1, a). [1o-BuauMomy, B reTepOCTPYKTY-
pe BB 6eccoHoHHAast u3yyaTebHast peKOMOMHALS
3JIEKTPOHOB 1 IIPOK, CBA3aHHBIX B HETIPSIMBIE KaK B
UMTITYJIbCHOM, TaK U pealbHOM MTPOCTPAHCTBE 9KCU -
TOHBI, TPOMCXOAMT C TIepenadeii UMITyJIbca Ha reTe-
porpanuuax Si/SiGe, BOJIM3U KOTOPBIX, BOCHOBHOM,
HAaxOISITCSI PEKOMOMHUPYIOIINE IEKTPOHBI M COCpe-
JIOTOYEHBI HEOMHOPOTHOCTH COCTABA.

B rerepoctpyktype HbB BbicoTa Gapbepa st
9JIEKTPOHOB MPUMEPHO B TPU pa3a MEHbIIE, YeM
BcTpyKType Bb. ITo-Bunumomy, B ctpykrype Hb pac-
npeaeeHne 3JeKTPOHHOM MIOTHOCTH B 9KCUTOHAX
MOJ00HO N300pakeHHOMY Ha pucC. 2, 0, T. €. B 3TOM
caydae 9KCUTOHBI B SiGe-c10e — MPOCTPaHCTBEHHO
MpsiMble. DTO MPEANON0KEHUE MOATBEPKAAETCS OT-
CYTCTBUEM CUHEIO CIBUTa SKCUTOHHON JIMHUU U3-
JY4eHUs 5, a TAaKKe TOCaeI0BaTeTbHBIM BOSHUKHO-
BEHUEM JIMHUI JIIOMUHECLICHUUU OUIKCUTOHOB (&)
u OJ12K (9, 10) npu yBeTUYeHUU YPOBHSI BO30YXKIe-
Hus (cMm. puc. 1, 6). IToporosasi INIOTHOCTb BO30Y K-
neHus niasg oopasoBanus DX B cioe SiGe npu
T= 1,8 K coctasnsia mpuonmusutesbHo 0,3 BT-cm =2

Kak 1 nomxHO ObITh AJISI TMHUM U3TYyYEeHUS
OJ12K, nmeroliieit onpeneJeHHY0 BEIUYNHY TI10T-
HoctH, hopmaiuHuu 10(cm. puc. 1, 6) He 3aBUCeNa
OT YPOBHS BO30YXIeHUsI. AHAIU3 (POPMBI JIMHUIA
momuHecueHun DK [1, 2] mo3BosseT onpenenTh
€€ IIJIOTHOCTD U (€CJIM U3BECTHO CIIEKTPaIbHOE IMO-
JIOXKEHUE TMHUU U3TYy9eHUsI CBOOOIHBIX 3KCUTOHOB)
9HEPIUI0 CBI3M YaCTULL XXUIKoCTU. Ha puc. 3 mpo-
BeneHo cpaBHeHUe hopm nuHuit @JI DJ1K B Tpex-
MEPHBIX ¥ KBa3uABYMEPHBIX C10sX SiGe.

Hawunyuiiee coBnaaeHue pacueTHOU (popMbl
JuHuy uanyderust DK (nuHus 3Ha puc. 3) ¢ ake-
MNEPUMEHTAJbHOM (IMHUS 2) JOCTUTAETCS IPU KUC-
TI0JIb30BaHUH [TPY NOATOHKE TPEXMEPHOIA (p, ~ E 1/ 2)
TUIOTHOCTHU COCTOSIHUI /1J151 9JIEKTPOHOB 1 ABYMEP-
HOI, He 3aBuUCHILei OT a3Hepruu F, — sl ObIPOK.
Dueprun @epMu 371eKTPOHOB U IBIPOK B DK, 1Mo-
JIydeHHbIe 13 00pabOTKU (hOPMBI IMHUU, OKA3AINCh
COOTBETCTBEHHO paBHbIMU Ep, = 13 M3B u Ef), =
= 7 M3B, a oTBeuaro1IMe UM BJIEKTPOHHAS U JBIPOY-
Hasl IJIOTHOCTU —

Unrencusnocts JI, 0. e.

[1044

[

BDHeprus poroHa, Mo B

[ (i

Puc. 3. Pe3ynbraThl TeopeTuueckoii 00paboTKu
dopmbl TO-koMIIOHEHTbI u3nyueHus: DK
B cTpykType HB (2 — skcnepumeHT, 3 — Teopust)
U cpaBHeHue Gopmbl tuHuil DK B KBa3uaBymep-
HBIX U TpexMepHbIX (x = 0,05, d = 70 um; nunus [)
SiGe-cnosix rerepoctpykryp Si/Si;_Ge,/Si.

2a — nuHUA 2, CMellleHHasl BIOJIb OCH abCcIuce
K TuHUU [ 171 ynoOcTBa CpaBHEHUS

ny=4.810"%cm™>,  p,=8,510" cm2.

Hna rerepoctpykTypsl HB (x =0,09; d =2 HM™)
r1y0rHa KBAaHTOBOM siMbl paBHa AE, ~ 66 MaB [14],
a dHeprusi pa3MepHOTo KBAHTOBAHMS TSIKEJIBIX bl -
poK B Hell E,, ~ 45 maB. Breicota 6apeepa B 30He
nposogumoctu AE(A4)=10 m3B [10, 12]. [Tockors-
Ky Ep, > AE(Ay) u Eg, <(AE, — E};), BBIOOD TpeX-
MEpPHON TJIOTHOCTU COCTOSIHUI IS 3JI€KTPOHOB
U IByMEPHOM [1J1s1 IBIPOK MPEACTABIISIETCS OTPaBIAH -
HbIM. JIeTKre IbIPKU B XKUIKOCTH OTCYTCTBYIOT, TAK
KaK DHEPTreTUIECKUI MHTEPBAI MEXIY YPOBHIMM
pa3MepHOTO KBAHTOBAHUS TSKEJTBIX M JISTKUX JbI-
pox [14] npesbiaet Eg,. Takum o6pa3oM, ¢hopma
JuHuM uznydeHust 912K B SiGe-ciioe onucbiBaeTcst
B KOH(DUrypauuu 30H Si (4;1) B IIpeaoNoXKeHUH, YTO
a51eKTpoHbI B DJ12K KBa3uTpeXMepHbI, a IbIPKU KBa-
3UIBYMEPHBI. 3aMETUM, UTO (hopMa IMHUM JTIOMUHEC-
ueHuuu /12K B kBazuaBymepHoMm SiGe-ci1oe 3aMeT-
HO OTJIMYAETCs OT (pOpMbI TMHUU TpexmepHoit D12K
(cp. nuuuK 2a u 1 Ha puc. 3). CienyeT TakKe OTMe-
TUTb, 4TO I10THOCTL DJI2K, obHapyxeHHoit B HbB-
CTPYKTYpE, CYIIECTBEHHO TMPEBBIIIAET TUIOTHOCTD
BJ12K B TpexmepHbIX HanpskeHHbIX SiGe-cosx [8] u
Jaxke BOOBEMHOM Hee(hopMUPOBAHHOM KPeMHMH [ 1—
5]. Pabota Bbixona s3kcuToHoB u3 /12K, onpeneyeH-
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Hasl KaK pa3HOCTb HEPIruii, OTBEYAIOLIMX MOJIOXe-
HUSIM 3KCUTOHHOM JIMHUU (CM. pUc. 1, 6) U BBICOKO-
9HEPreTUUecKoit rpaHuiibl auHuu DK (puc. 3) B
criektpe uznydeHust SiGe-cost, CoCTaB/IsIET IIPUOIU-
3uTesbHO 3 MaB. OlieHKa 13 9KCMEePUMEHTATbHBIX
JAHHBIX KPUTUYECKOI TeMIepaTyphbl Mepexoaa 9KCr-
ToHHBIH ra3 — OJI2K mana 3nauenus 18—20 K.

B criektpe V Ha puc. 1, 6 npu IpoMeKyTO4YHOM
YPOBHE BO30YXIEHUS MEXIY SKCUTOHHOI JIMHUEH
Sununueit DK /0BunnHa eue ogHa avHug §. He-
TaJbHBIC UCCIENOBAHMS IMOKa3aau (B JaHHOMU pa-
0OTE OHUM HE MPUBOISITCS ), YTO IIPU (DPUKCUPOBAH-
Hoii TemmniepaTtype (15 K) ¢ yBenuueHreM ypoBHSI
BO30YXIEHWSI pOCT UHTEHCUBHOCTU JIMHUU § B 3a-
BUCUMOCTH OT MHTEHCUBHOCTU JIUHUU 5 (TUHUS
FE(TO) cnos SiGe) — cBepxJiMHeWHbIN (0aU3Kui
K KBaipaTUuHOMY). Takoe moBeaeHUE IMHUN §TI0-
3BOJISIET MTPEATNOJIIOXKUTD, YTO ITO TUHUS UBTYUEHUST
cBoboaHbix ouskcuToHOB (FBi(TO)) B cioe SiGe.
DHepreTuyeckoe pacctosinue Mmexay JuHusimu FE
n FBi B 0nmxneit MK-061acTtu cnekTpa paBHO
9HEPTUU CBA3U OMIKCUTOHA TJIIOC CPEIHSISt KUHE-
TUYECKasi SHePTUs OTIAYM, YHECEHHAst CBOOOTHBIM
9KCUTOHOM, OCTABIIMMCS TTOCTIE U3TYy4aTETbHOTO
pacriaga 6MskcuToHa. B uccienoBaHHOM KBa3u-
JBYMEPHOM cJjlyyae 3TO pacCTOSIHUE 0Ka3alocCh
paBHbIM 3,9 M3B (cM. puc. 1, 6), UTO cylIECTBEHHO
MPEBbILLIAET COOTBETCTBYIOLIYIO BeIMunuHY (2 M5B
[15]) B 0ObeMHOM, OTHOOCHO CXaTOM, KPEMHUU.
ITpu n1OCTaTOYHO BHICOKMX TeMmIiepaTypax, Koria
TETIJIOBAst SHEPTHS CTAHOBUTCS CPABHUMOI C SHEp-
ruem cBsi3u OUBKCUTOHA, KOHLEHTPALIMS SKCUTOH-
HBIX MOJIEKYJT CUJIbHO YMEHBIIIAETCs BCIAEICTBUE UX
nuccounauunu. Tak, mpu 7> 23 K ¢ yBenueHUEM
YPOBHS BO30YXIAEHMS C KPACHOI CTOPOHBI OT JT -
Huii FE BO3HUKAIOT IIMPOKUE MOJOCH U3TyUYeHUS
3JeKTPOHHO-IBIPOUYHO MIa3Mbl, a TMHUS FBi He
MPOSIBIISIETCS B CIIEKTPE.

17151 He3aBUCUMOTO JOKA3aTeIbCTBA HATMYIMS
BBICOKOI MapLuaaibHON 1011 OUIKCUTOHOB B HE-
PABHOBECHOM B3JIEKTPOHHO-IBIPOYHOM Ta3e B CJIOe
SiGe retepocTpyKTypbl HB OblIV MpoBeaeHbI UC-
canepoBanus ®JI B BUAMMOII obysacTu crekTpa
C TeM, YTOOBI 3aPErMCTPUPOBATh U3JTyUEHUE, OTBE-
yarollee IBYX2JIeKTPOHHBIM nepexonam. [pu ot-
HOCHUTEJbHO HEBBICOKHX YPOBHSIX MUHTEHCUBHOCTH
BO30YKaeHMs1 Oblia OOHApYyXKeHAa y3Kasl JMHUS Pe-
KOMOMHALIMOHHOTO N3JTydeHH1sI OM3KCUTOHOB. Kak
U oxuaanoch |13], AMHUS u3nydeHus OUIKCUTO-
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HOB B BUAMMOI 00JaCTU CMEeKTpa HabJomanach
MEX1Y YIBOCHHbIMY 3HAYEHUSIMU SHEPTUIA KBaH-
TOB peKoMOuHanuoHHoro usziaydeHus FBi(NP)
u FE(NP), koTopoe peructpupoBaioch B OJIMXKHEN
NK-o6aactu criekTpa. C MOBBIIIEHUEM YPOBHS
BO30YXIEHMUS B ABYXDJEKTPOHHOM CITEKTPE C JJIUH -
HOBOJIHOBOI CTOPOHBI OT OM3KCUTOHHON JIMHUU
MOSIB/ISIIACh IIMpPOKas JUHUS uznydeHus S12K.
NanyueHue cTpykTypbl BB B Bunnmoit odaactu rpu
T= 15 K orcyTCcTBOBAJIO.

HTak, B paboTe nccienoBaHbl CIEKTPbl SKCUTOH-
Hoit DJI u KoHAeHCcaLMsT 9KCUTOHOB B HAIPSIXKEeH -
HbIx crnosx SiGe rerepoctpykryp Si/Si;_ Ge,/Si
2-r0 poja rpu TojirHe ciosi d =2 HMm. [TokazaHo,
yto nipu x = (0,09 B pe3y/ibraTe MPOHUKHOBEHUSI 1K~
TPOHOB B 0apbep 3KCUTOHBI B cJioe SiGe CTaHOBATCS
MPOCTPAHCTBEHHO MPSIMbIMU. [Tpu HU3KKX TemMTiepa-
Typax M JOCTAaTOYHO BBHICOKMX YPOBHSIX BO30yKIe-
nusa (I'=1,8 K; P>0,3 BT‘CM_z) OHU KOHAECHCUPY-
o1cst B OJ1K. AHanu3 (popMbl TUHUU U3TyYEHUS
OJI2K roka3zall, 4YTo OHa COCTOUT U3 KBa3UIByMeEpP-
HBIX TsKenbIX AbIpoK B KA cnost SiGe u kBazutpex-
MEPHbIX 3JEKTPOHOB, HACESIOWUX A,-1OJMHbI
30HBI TPOBOAUMOCTU. Oripeie/ieHbl OCHOBHBIE Tep-
moarHamuueckue mapameTpsl DJ12K. ITokazaHo, 9yTo
B oOsacTu Temnepatyp 12—21 K nipu oTHOCUTEBbHO
HU3KUX YPOBHsIX Bo30yxaeHus1 B criekTpax DJI ciost
SiGe 210l reTepOCTPYKTYPbl IOMUHUPYET U3TyYeHUE
CBOOOIHBIX 9KCUTOHOB 1 OMIKCUTOHOB. HaitneHo, 9yto
SHEPIHs CBSI3U OMAKCUTOHOB B KBA3UIBYMEPHBIX CJIO-
SIX CYIIECTBEHHO BbILLE, Y4eM B OObeMHOM KPEMHUMU.

[Tpu GoJbIIIO KOHLIEHTpALIMK TepMaHus (X =
= (,25) 3KCUTOHBI 00pa3ylOTCsl HAa reTepOTpaHu-
uax Si/Si;_,Ge, u SBASIIOTCS MPOCTPAHCTBEHHO
HenpsMbIMU. M3-32 IUTTOIb-ANNOJIbLHOTO OTTAJ -
KUBaHUST MEXIY 3KCUTOHAMU CBOOOIHbBIE OUBK-
cutoHbl 1 DJI2K B TakO#i cUCTEME HE MOTYT O0Opa-
30BBIBATHCS.

Astopsl npusnHarensHel JI.B. Kenppiry, H.H. Cu-
oenpauny, A.Il. CuinHy 3a 1oJie3HOe U IUI0JI0TBOPHOE
obcyxnenne pesynsraToB, A.B. HoBukosy u JI.H. Jlo-
0aHOBY — 3a BbIpaniMBaHue cTpyktyp u M.J1. Ckopu-

KOBY — 3a npoBeneHue uzmepeHuit ®JI B BUAMMOIL
00JlacTU CcreKTpa.

Pabora monnepxxana Poccuiickum ¢poHgoM QyH-
ITaMEHTaJNbHBIX wuccaegoBaHuii rpant 10-02-01003
nporpamMmamut PAH u OIIIT «HayuHble 1 HaydHO-TIE-
JIarornyeckue Kajapbl MHHOBAaLIMOHHOI Poccum» (roc-
KOHTpakT No [1546).
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W.E. bepuHckuu

CTEP)XHEBASl MOZLE/1Ib KPUCTAJI/IMMECKOM PELLETKU FTPA®EHA

KoMmIbloTepHOE MOIETMPOBAHKE BCE LLIMPE UC-
MOJIB3YETCS LTSI ONMCAHUS CBOMCTB MATEPUAJIOB HA
MUKpPOYpOBHE. B yacTHOCTH, B CBSI3U C pa3BUTUEM
HAHOTEXHOJOIU# 00JIbIION NHTEPEC MPEaCTaBISI-
0T yIJIEPOJHbBIE MAaTEPUAJIbI, 00JaAa0LI1E UCKITIO-

YUTEJIbHBIMU XapaKTepUCTUKAMU, B TOM UUCIIE
1 MexaHndecknuMu. K Takum o0beKTaM OTHOCSTCS
¥ paHee HEM3BECTHBIE aJUIOTPOITHBIE MOIU(DUKALINI
yrjiepoja, Takue Kak YrjiepoaHble OIHOCIOMHbBIE
Y MHOTOCJIOMHbBIE HAHOTPYOKU, (PyJIJIEpEHBI, YTJIE -
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pOIHbIE HAHOBOJIOKHA, HaHoalMasbl, TpadeH
W MHOTHe Ipyrue. MexaHuueckue cBoiicTBa rpagde-
Ha MPEeACTaBISIOT UHTEPEC MO HECKOIbKUM MPUUU-
HaM. Bo-miepBbIX, BecbMa MEpPCNeKTUBHBIM Tpe-
CTaBJISIETCS CO3/1aHME KOMIIO3UTHbBIX MATEPUAIOB Ha
ero ocHose. Coaepxaiiive rpadeH KOMIO3UTbI IUC-
MeprupyroTcs B MaTpUlie, KOTopasi TpuoOpeTaeT 3a-
TEM IOBbILIEHHbIE MPOYHOCTb, XKECTKOCTb, DJEKT-
po- wunu TemnonpoBomHOCTh [l1]. IIlupoxue
BO3MOXHOCTH rpacheHa paCKpbIBaIOTCS TP MPOU3-
BOJICTBE 3J1eKTpoI0OB. HakoHell, yriiepoaHbie HAHO-
TPYOKHU, KOTOPBIE HAXOISIT BCE OOJIbliIee IIPUMEHEHNE
BTEXHUKE U MENULIMHE, TIPEACTABISIIOT COO0I HE UTO
MHOE, KaK rpa)eHOBbIE CJIOU, CBEPHYTBIE TEM WJIN
MHBIM ciocoboM. Takum 06pa3om, CylIecTBYeT Lie-
JIBIYA PsIT BO3MOXKHOCTE ! /1151 TPUMEHEHUSI MeXaH W -
4yeCcKMX CBOMCTB rpaceHa. [loaTomy uzyueHue sTux
CBOWCTB SIBJISIETCSI BA)KHOM 1 aKTyaJIbHOM 3a1a4ueid.

MeToabl MeXaHUKU AehOPMUPYEMOTO TBEPIOTO
Teja MOJYYUIN IIUPOKOEe pacrpocTpaHeHue sl
MOJENMPOBAaHUS HAHOCTPYKTYpP. HacTo HAHOTPYO-
KaM 1 rpad)eHOBBIM CJI0SIM CTABUTCSI B COOTBETCTBHE
TOHKasl 000J104Ka, HO IPU [TOCTPOEHUU MOJIEJIU HE
YUMTBIBAETCSI MUKPOCTPYKTYpa 3TOI 000710UKM [2].
OnHako Mpu 3TOM MPUXOAUTCS BBOAUTH hopMasib-
HBIIi TOATOHOYHBIN ITapaMeTp, He UMEIOLINiA (13K -
YeCcKOro CMbICjia — TOJIIMHY CTEHKU OOOJOUYKHU.
Wcnonb3oBaHme TTIOHSATHN «00bEeM» M «TOJIIIHA»
HaHOTPYOKM |3, 4] BHOCHT ITPOU3BOJI B OTIpeie/IcHIE
pa3Mepa HAHOOOBEKTA U TPUBOAUT K HEOAHO3HAY-
HOCTH OTIpeAe/ICHUST €ro YIPYTUX XapaKTepUCTUK
MpU NEePexo/ie K KOHTUHYaJIbHOU TEOPUU YIIPYTOCTH
[5, 6]. dy1st HAHOTPYOOK DTO SIBJIEHME ITOJTYYMIIO Ha-
3BaHUE «Mapagokc AKoOCOHa» BCKOpPE MOCJIe BbI-
Xogma ctaTthH [2]. Hemayto posib mpy co3I0aHNN KOH-
TUHYaJbHbIX MOjJeJeid UrpaeT aHWU30TPOMUs
HaHooOpa3oBaHuii | 7]. Takum oGpa3om, U Mpu Mo-
CTPOCHUW MOJIEJIeH CIIJIONIHON Cpeabl HY>KHO TeM
WJIUM MUHBIM CIOCOOOM YUUThIBATh MUKPOCTPYKTYPY
maTepuara.

VYueT ykazaHHOI MUKPOCTPYKTYPbI MOXET OBbIThH
MPOU3BEIEH C UCIIOJb30BAHUEM U IPYTUX METO/IOB.
B yacTHOCTH, LIMPOKOE pacpOCTpaHEHUE MOTYUU -
JIO MOJIEKYJISIPHO- IMHAMAYECKOE MOAECIMPOBAHUE.
JI1s yriieponHbIX MaTepUaaoB ObLIO MPEaI0XEHO
MHOECTBO MOTEHILIMAJIOB MEXATOMHOTO B3aUMO-
neiictBug [§—10]. OgHako mapaMeTpbl MHOTOUYAC-
TUYHBIX MEXXAaTOMHbIX OTEHIIMAJIOB, KOTOPbIE UC-
MOJIb3YIOTCS ISl TTOAOOHOTO MOAEIUPOBAaHUSI, HE
HUMEIOT sICHOTO (hr3nueckoro cMmbicaa. Kpome Toro,
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0CTaeTCs OTKPBITHIM BOTIPOC, HACKOJbKO XOPOIIIO
OHU OMHUCHIBAIOT MEXaHUYECKUe CBOMCTBA HAHO-
matepuasioB. HakoHell, MCnosib30BaHueE MOA0OHBIX
METOJIOB TPeOYET OTPOMHBIX BBIUMCIUTEIbHbIX 3a-
TpaT. B TO Xe Bpemst MeTobl MEXaHUKHU nedopMu-
PYEMOTO TBEpIOTO TeJia OCHOBAHBI HA MOJIEJISIX, MH-
TYUTUBHO 0OoJjiee TOHSITHBIX UCCAEI0BATENIO
(HampuMep CTeP>KHU, 000JIOUKHU U TIP. ), a KPOME TOTO
CYILIECTBYIOT XOPOIIO pa3pabOTaHHbIE KOMITJIEKCHI
MPUKJIAIHBIX MTPOTPAMM Ha OCHOBE METO/1a KOHEeY -
HBIX 3JIEMEHTOB, KOTOPbIE MOTJIU OBl OBITh MOJIE3-
HBIMM JIJTsI pacyeTa HAaHOCTPYKTYp. Takum oOpa3zom,
HEeOOXOAMMBbI TEOPUHU, CIOCOOHBIE OOBEAUHUTDH
JIUCKPETHBIN M KOHTUHYaJIbHbIN MOIXObI, Iepe-
KMHYTh MOCTUK OT MUKPO- K MAaKPOCTPYKTYpE, OT
MUKponapamMeTpoB ((pU3NIECKUX U TeoOMeTpUYIe-
CKMX TMapaMeTpOB KPUCTAIIMYECKUX PELIETOK
1 TTapaMeTPOB MEKaTOMHBIX CBSI3€i1) K MaKpormapa-
MeTpam (YIpyTuM MOJIYJISIM, COOCTBEHHBIM YacTOTaM
WUT. 11.). J17151 3TOT0 HY>KHBI MOJIEIN, Ha3bIBaeMbIe IVIC-
KPETHBIMU (IMCKPETHO-KOHTUHYATbHBIMU, CTPYK-
TYPHBIMU ), KOTOPbI€ OCHOBBIBAIOTCS Ha aIEKBATHOM
ONMMCAaHUM MUKPOCTPYKTYPbl MaTepuana. B atux
MOJEJISIX B3aUMOJCCTBME HA MUKPOYPOBHE MOXET
OTUCHIBATBCSI B paMKax KJIaCCUUYECKOW MEXaHUKU
(6e3 yueTa KBaHTOBOMeXaHWUECKUX 3(pHeKTOB), UTO
OKAa3bIBAETCSI AOCTATOUHBIM [UTSI U3YIEHUS YIIPYTO-
ro 1echopMUPOBaHUsI OONBIIIMHCTBA KpUCTALINUEC-
KWX TBepAbIX TeJ. 151 MOIeTMpoBaHUST B3aMOICH -
CTBUSI MEXIY aTOMaMU KPUCTATUTMUECKUX PEIIETOK
BBOJSITCSI T€ WIW UHbIC B3aUMOJEUCTBUS, a 3aTEM
B 3aBUCHMOCTH OT TUIIa MOJEJIM IEJAETCs MEPEeXO
K MaKpOCKOIMMYECKOMY OIMCAHUIO UCCIEAYeMOTO
Marepuana.

Onerapn [ 11] npemIoXu CTPYKTYPHBIN TTOIXO
(Ha3BIBaEMBbIif TAKXKE B IUTEPATYPE «CTEPXKHEBBIM»
WY «IACKPETHO-KOHTUHYATBHBIM» ) IJIST OTTUCAHUS
B3aUMOJICHCTBUSI MEXIY aToMaMu yriepoga. [1pu
9TOM BBEJIeHA MapHasl CUJIOBask MOMEb C pa3iny-
HbIMU 3aKOHAMU B3aUMOAEHCTBUS ISl TIEpBOW
U BTOPOi1 KOOpAMHAIIMOHHOM cdep. cnoabayeTcs
NpoCTEHILNI (JIMHEWHBIN) 3aKOH B3aUMOJCHCTBUSI,
TO €CTb (DAKTUYECKU MEXATOMHbBIE CBSI3U 3aMEHSI -
FOTCSI TIMHEHHBIMU TIPY>KUHAMU pa3IMuHOM KECTKO-
ctu. ¥ Onerapaa v B mocienyromieii amreparype [ 12—
14] a1 mpy>KMHBI HA3BIBAIOTCS CTEPXKHSIMU, XOTS
U3TMOHAsT )KeCTKOCTh, XapaKTepHasl i1 CTep>KHE,
B OTUX MOJEJISIX He yuuTbiBaeTcsi. BooOiie roBops,
MoJ00HbIE MOJIEJIM pPACCMATPUBAIUCH U paHee, O/l -
HaKo MMeHHO paboTta Onerapaa npuBJieKia BHUMA-
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HUe IIMPOKOI HAyYHOU 0OIIECTBEHHOCTHU K 3TOMY
noaxony. B Poccuu aTOT moaxo moayuns1 pa3BuTre
B pab6ortax P.B. TonpmmreitHa, A.B. Yenuosa
n H.M. Ocunenxko [7, 13]. HecoMHeHHOE JOCTOMH-
CTBO CTEPKHEBOI MOJEIU COCTOUT B TOM, YTO IJIsI
YIJIEPOIHBIX CBsI3eii ObUT MpeIOXKEeH IIPOCTOM 1 Ha-
IJISIAHBINA MeXaHU4ecKuii aHanor. [ToatoMy, HeCMOT-
Psl Ha ee OIpee/ieHHbIe HeAOCTATKU (B YACTHOCTH,
C €€ TIOMOIIbIO He YIAeTCsI MOJTYYUTh IIPaBUIbHOE
3HaueHue KoadpunuenTa [lyaccona mis rpadeHa
[15]), oHa HaxomuT Bce Ooblliee MpuMeHeHue [ 12].

Hpyrasi CTpyKTypHasi MOJEJb AJ1sl HAHOCTPYK-
TYp, B KOTOPOI MeXaTOMHbIE CBSI3U MPeaCTaBIsI -
FOTCSI CTEPXKHSIMU, 001aJaI0 MMM KECTKOCTbIO Ha
pacTskeHue U u3ruo, OblLia MpeaaokeHa B CTaThe
[16]. C npyroii CTOpOHBI, TaKast CBSI3b MOXET OBITh
OIIMCAHA MOTEHLIMAJIOM MEXXaTOMHOTI'O B3aUMOIEI -
CTBUSI, KOTOPbIi SIBISIETCS KBaAPATUUHOMI (popMOii
MEXXaTOMHBIX PACCTOSIHUI U YTJIOB MEXIY CBSI3SI-
mu. CpaBHUBASI SHEPTUIO PACTSIXKEHUS U U3TrHda
CTEPXKHSI C DHEPrueil pacTSKeHUs CBSI3U U SHEP-
rMeil U3MEHEHUS yrjla MeXAy CBSI3SIMU COOTBET-
crBeHHO [10, 17], OHU BbIYMCIISIIOT 110 SMIIUpUYE-
CKUM Ko3(dduureHTam, 3aJal0lKUM MOTeHIAA,
HeoOXoauMble MapamMeTphl cTepxKHel. [lanee cTpo-
UTCS KOHEUHO-3JIeMEHTHAs MOJEb, C IOMOIIbIO
KOTOpPOI1 OIpenesisiioTCs YIIPyrue XapaKTepUuCTUKI
HaHOTpyOOK. [TogoOHbIN MOAX0I pa3BUBAJICS TO3-
e B pabotax [18—20].

B nanHoii paboTte mpeacTaBieH NOAXOd, CXOI-
HBI ¢ UCTIOJTb30BAaHHBIM B paboTte [16], B yacTHO-
CTU, U151 MOICIMPOBAHMSI MEXKATOMHOM CBSI3U TaK-
Ke TPUMEHSIOTCS rTMOokue crepxkHu. Paznuuune
COCTOUT B TOM, UTO B KaueCTBE aJIbTEPHATUBHOIO
OIMCAHMS MEXKaTOMHOM CBS3U UCITOIb3YETCS HE M-
NUAPUYECKUI TOTEH AT B3AUMOAEWCTBUS, A KBAJI-
paTuuHas (hopMa BEKTOPOB, OMUCHIBAIOLLIUX MOJIO-
KEHUE YaCTULl—aTOMOB. DTa KBaapaTuuHas hoopMa
SIBJISIETCSI CJIEACTBMEM y4eTa MOMEHTHOIO BKJjaaa
BJOTIOJTHEHME K CUJIOBOMY MPU OMMCAHUU B3aUMO-
geiictBust Mexay yactuuamu. B cratbe [21] onpe-
JIeJIeHA CBSI3b MEXIY YIIPYTMMU XapaKTepUCTUKA -
MU HEKOTOPbIX MaTepUaIoB ¢ MUKpOTlapaMeTpamMu
MOMEHTHOM MOJIEJIM, a UMEHHO — CO 3HAaUCHUSIMU
MPOJIOJIbHONM 1 MONEPEYHOM XKECTKOCTEM MEXATOM-
Hoii cBsa3u. Lleb nTaHHOI padoThl — MOJYYEHUE CO-
OTHOIUIEHW, CBSI3BIBAIOIINX BBHIICYTTOMSHYTHIC
JKECTKOCTH C MapaMeTpaMu CTePXKHEBOM MOIEIH,
U BBIYUC/IEHUE UX Ha OCHOBE 9KCITePUMEHTATbHbBIX
JaHHbIX 111 rpaduTa.

Onucanne MeKaTOMHBIX B3aUMOIECTBHIA
HAa OCHOBE MOMEHTHOI TEOpUH

TenoM-TOukOil HaA3bBIBAIOT MaTepUaAIbHBIN
00BEKT, 3aHUMAIOLINI HyJIEBOI O0BEM B IIPOCTPAH-
CTBE, TTOJOKEHNE KOTOPOTO CUMTACTCSI OTIPENeICH-
HBIM, €CJTY 3a[1aH €T0 BEKTOP MOJIOKEHUS U TEH30D
noBoporta [22]. B3aumozaeiictBue Mexiy TeJlaMu-
TOUYKaMU XapaKTepU3yeTCsl BEKTOPOM CUJIbI U BEK-
TOpPOM MOMeHTa. PaccMOTpuM crcTeMy U3 ABYX TeJ-
TOYEK, MOJETUPYIOLINX aTOMbI KPUCTATUYECKOM
peiieTku. Jlajee A OorMcaHus TAKOU CUCTEMBI Oy-
JIeM UCMOoIb30BaTh (pOPMYJIbl, TTOAYYeHHbIE B [21,
23]. B akTyanbHOU KOHGUTYpallMy MOJOXKEHUE Ya-
CTULI 3a1a€TCS PAANYC-BEKTOPAMH I'|, I'», & OPHEH-
Taluus — BEKTOPaMU ITOBOPOTOB @, U @, . B paBHO-
BECHOM NoJoXeHun ry — r, = 0, ¢, =0 u ¢, =0.
BBondarca obo3Hauenus: Fj, M| — cuiia 1 MOMEHT,
JNEUCTBYIOLIME HA TEJIO-TOUYKY | CO CTOPOHBI TeJa-
touku 2, F,, M, — cuia 1 MOMEHT, JeiicTByoLMe
Ha TeJIO-TOUKY 2 CO CTOPOHBI Tea-TouKH 1. 1151 HUX
CTpaBeITMBbI COOTHOIIIEHUSI:

1 1

PaccmaTpuBas ciiyyail TMHEMHOTO yrpyroro
nehopMUpOBaHUs, 7151 BHYTPEHHE 9HEPTrUy MOX-
HO IPUHATH CJIEAYIOLIYIO alIPOKCUMALIUIO:

U=F08+MOK+%8A8+SBK+%KCK. 2)

Koadpdpuuuentsr A, B u C Ha3bIBaIOTCSI TEH30-
pamu xectkocTH, a BekTops! F' 1 MY — 510 Havasb-
Hble ycunus. B nmHeiiHO Teopru TEH30PbI )KECTKO-
CTW — MOCTOSIHHbIE BEJIMYMHBI, TPUUEM TEH30PbI A
n C — cumMeTpuuHble, a B — NMpou3BOJbHBIN.
Ha BexkTOpax € 1 Kk, Ha3bIBAEMbIX BEKTOpaAMU Jie-
(bopmarnum, coBepialoT paboOTy BEKTOPBI CUJIBI U
MOMEHTA:

F=F'+Ac+Bx, M=M"+eB+Cx. (3)

TTpu nmojsyyeHUU 3TUX COOTHOILIEHU I UCTIONb-
30BaJICsl MOMEHT B3auMOoaeicTBUSI M, BBIYMCIICH-
HbIIi OTHOCUTEIBHO CEPEAUHBI OTPE3Ka, COSIUHSIIO-
1iero Tesaa-Touku. [1pu aTom TeH30pbI XKecTKoCcTU B
1 C Takke ObLIM BbIYMCIEHBl OTHOCUTEIbHO 3TOM
Touku. BekTopsl nepopmaniuv B 3TOM Ciryyae ume-
0T BUL

1
E=r—I; +51'0((P1 +0y); K=0,-0,; r=r,-1.(4)
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VYpasuenus B Buze (3), (4) ynoOHbI 1151 onpeie-
JIEHUSI CTPYKTYPbI TEH30POB XXKeCTKOCTU. B yacTHO-
CTH, B CJTy4ae, eCIM pacCMaTPUBAETCs TUIOCKAsI CU-
cTeMa 4YacTull, MMelollasi 1Be OPTOTOHAJbHbIE
TJIOCKOCTY CUMMETPUU, MOXKHO ITOKA3aTh, UTO TEH-
30pbl )KECTKOCTH UMEIOT BU

A=C,ii+Cpji, B=0, C=C,kk, (5)
raei, j, kK — BeKTopbl OpTOHOPMUPOBAHHOIO 0a3uca,
MpU BTOM i 1 j IeXaT B IMJIOCKOCTH YyacTull, kK — op-
TOTOHAJIEH ATOW MJIOCKOCTH.

OaHaKo 4acTo MpHY pellieHNU KOHKPETHbIX 3a-
Ja4 ynoOHee UCIOIb30BaTb MOMEHTbI B3aUMOIEH-
CTBMSI, BEIYUCIIEHHBIE OTHOCUTENIBHO TeJI-TOYeK.
[Tpu 5TOM HOBBIE BEKTOPHI 1ehOopMaLIMK TPUOOPE-
TalT BUJL

€ =I—T)+I)XPy; K=@; —@,; Ir=r,—1. (6)

BeKTophI CHJTBI U MOMEHTA B 9TOM CJIydae MOTYT
ObITh ITPEICTABJIEHBI B BUE

F=F"+Ag +Bx;; M=M’+¢B+Cx,. (7)

HauanbHble yeunus F’ u MPommuatorest ot Ha-
vanpHbIX yeunii FO 1 MY | a TeH30pBI XeCTKOCTH
A, B, C ommuaiorcs or TeHsopos A, B, C. [pu
3STOM BEPHbBI COOTHOILIEHUS

A:A; 1~3=B—%Axr0;

~ 1 1
C=C+5(r0xB—BTer)—ZrOXAer. ®)

CootHoureHus (6)—(8) OyayT UCITOIB30BATHCS
HaMu Jajiee MpU pacCMOTPEHUU CUCTEM YaCTUII,
HaXOASLIUXCS IO 1eCTBUEM BHELIHUX YCUJIUINA.
B nanbHeiiem OyaemM paccMaTpUBaTh HEHATIPSIKEH -
HbI€ CUCTEMBbI, TO €CTh HayaJbHbIE YCUIUS OymeM
CUUTATh pAaBHBIMU HYJTIO.

OcHoBHbIe ypaBHEeHHS JTMHEHHOI TeopuH
NPAMOJIMHEMHbIX CTeP2KHeH

B manHoM pa3snmene mpeacraBiieHa CBOAKA OC-
HOBHbIX YPABHEHUW JIMHEWUHOU TEOPUU TIPSIMOJIN-
HEWMHBIX CTEPKHENM, COCTaBJI€HHAs B COOTBETCTBUU
¢ npuBeAeHHO! B padote [24]. [IpuHumaem, 4To
CMELLIEHUS] TOUYEK CTEPXKHSI ONMChIBAIOTCS CAEAYI0-
LMW YPABHECHUSIMU

u=ut+w, tw=0; y=¢t+tx0; 6t=0 (9)
A€ U — 5TO IPOLOJIbHbBIC CMEILICHM S TOUEK CTEPXK-

HsI, W — BEKTOD ITOIIEPEYHBIX CMEIICHUI, ¢ — KPY-
yeHue, t — eAMHWUHBIN BEKTOP KacaTeJIbHOI.

16

Bexrtopsbl nedopmanuu 3a1a0TCsI COOTHOILLIE-
HUSIMA

(10)
rIe € — OTHOCUTEJbHOE YIJTUHEHUE CTePXKHS, ¥ —
BeKTOp AedopMaliMy MomepevyHoro casura, ¢ —
OTHOCUTETbHOE 3aKPYYMBAaHUE CTEPKHS,  — BEK-
TOP U3TMOHBIX AehOopMaLIii.

B nuHeiiHoi TeOpuM cTepKHEM Oe3 yueTa ecTe-
CTBEHHOM KPYTKM COOTHOIIICHUS YIPYTOCTH 1151
JEWCTBYIOLIMX B CTEPXKHE YCUIUI U MOMEHTOB IpK-
HUMAIOT CJICAYIOIINI BUI:

N=A-e; M=€-®; N=Tt+Q;
M=Ht+txL; t-Q=0; t-L=0, (11)
rae 7 — npoaoabHOe yCuiue B cTepxkHe, H — Kpy-

TSN MOMEHT, Q — BEeKTOp MOIEePEUHbBIX YCUITUA,
L — BexTOp M3rudaommnx MOMEHTOB.

e=ct+y, e=u', y=w -0, O=d't+tx0";

TeHzopbl HANMPSKEHUIT A 11 € CTPOSITCS CIeIy-
JOLIIMM 00pa3oMm:
A=FFtt+kGF(E-tt);

e =GJ tt+ Ec; (12)

2
c=Jdd, +/,dydy; K =%,

rane £ — monynb KOHra; F— mioiianb nonepeyHoro
ceueHus CTepKHs; G — MOIyJib cABUra; kK — KO3~
(buuueHT nonepeyHoro capura; d;, d, — BEKTOPbI
HOpMau u 6uHopmanu; J,, J, — COOTBETCTBYIO-
111i€ MOMEHTbI MTHEPLIMHY TTOTIEPEUHOTO CEUeHUS CTep-
XH; J, — reoMeTpuyeckas XeCTKOCTb Ha Kpyde-
HUe, TpUYeM JJIs SJUTUITUYECKOTO B CEYEHUU CTEPIKHS
OHa paBHa MOJISIPHOMY MOMEHTY MHepLmu J .

C noMol11IbI0 UCITOJIb3YEMbIX 0003HAUYEHU I 03
yueTa BHEIITHUX pacTipeeJIeHHbIX CUJI 1 MOMEHTOB
YPaBHEHUSI PABHOBECUSI CTEPXKHSI TPUMYT CJIe1y10-
1LIWI BUI;

N'(s)=0; M'(s)+txN(s)=0,
re § — eCTeCTBEeHHAasi KOOpAMHATa CTEPXKHSI.

TTpuBeneHHbIE BJAHHOM paszesie ypaBHEHHsI MO-
3BOJIAIOT PELLUTD 330a41 O PACTSKEHU U, CABUTE, U3-
rube v Kpy4yeHUU JIMHEMHO-YIIPYTUX CTepXKHE, Ha-
XOASLLMXCS 1101 BO3AEHCTBUEM BHELLIHUX HATPY30K.

(13)

CBs13b MeXKIy TUCKPETHBIM
U KOHTUHYAJIbHBIM IOIX0AAMH

HecoMHEHHBIM ILJTI0COM CTEPKHEBbIX MOJIENEN
SIBJISIETCSI XOPOIIIEe PA3BUTHE MAaTEMATUYECKOTO ar -
napara MEXaHUYECKOM TEOPUU CTEPXKHEM, ITPU 3TOM
caMu MOJIeJIM MHTYUTUBHO MOHSATHBI. Kpome Toro,
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CTEP>KHEBbIE MOIE/IM BOILLIM BO BCE CTAHAAPTHbBIC
KOHEUYHO-3JIeMEHTHBIE KOMITbIOTEPHBIE TIAKEThI, YTO
MO3BOJISIET CTPOUTD CJIOXKHBIE KOHCTPYKLIUM HA UX
ocHoBe. TakuM 00pa3om, BaxkHa BO3MOXKHOCTb UX
KUCTIOJIb30BAaHMS 1Sl MOAECIMPOBAHUS HAHOCUCTEM
1 HAaHOMATEepUaJIOB.

[IpencraBum, 4TO B3aMMOIEHCTBUE MEXKITY IBY-
MsI aTOMaMu yrjiepoja OCYILIECTBISETCS Mocpe-
CTBOM YIPYTOro CTEPXKHs, paboTalolIero Ha cxa-
THE-pacTsKeHue, n3rud u kpyyeHue. [1omoOHbIM
CTEP>KHEM MOAETUPYETCs B3aMMOACCTBUE DJIEKT-
POHHBIX 00J1aKOB, KOTOPbie (POPMUPYIOT HaMpaB-
JIEHHYIO KOBAJICHTHYIO XUMMYECKYIO CBsI3b. SICHO,
YTO YIIPYTHe XapaKTePUCTUKU ITOTO CTEPXKHS T0JI-
KHBI OBITh MOAOOpPaHbl TaK, YTOOBI MOJyYeHHas
B pe3yJibTaTe MOJe/Ib YAOBIETBOPSIIA SKCTIEPUMEH -
TaJbHBIM 3HAUYEHUSIM YIIPYTUX XapaKTePUCTUK UC-
caemyemoro Kpucrtauuia. Panee Obu1o mokazaHo [23],
YTO 3Ta XK€ CBSI3b MOXET ObITh ONMKUCAHA C TOMOIIIbIO
MOMEHTHOTO TIOX0Ja, MPUYEeM XapaKTePUCTUKH
MOMEHTHOTO B3aMMOAEHCTBUS ObLIN OMpPeaeTeHbI
IJ1S1 HEKOTOpbIX MaTepuasoB. Lleau nanHoi pabo-
Tbl — YCTAaHOBJIEHUE CBSI3M MOMEHTHOTO U CTePXK-
HEBOTO MOIXOIOB, a TAKXKE OMpeaeeHe He0OXoau-
MBIX XapaKTePUCTUK CTEPKHEN IO M3BECTHBIM
3HAYEHUSIM MOMEHTHBIX XapaKTePUCTHUK.

PaccMoOTpuM crcTeMy U3 ABYX UaCTULL, OJHA U3
KOTOPBIX XXeCTKO 3aKperjicHa, a BTopasi CMeCTUJIaCh
OTHOCUTEJIbHO MEPBOI HA TPAHCISILIMOHHBIN BEKTOP
u. U BEKTOp MoBopota ¢, . COrmacHO MOMEHTHOMY
MOAXOAY MEXIY YacTHULIaMU Havyajau AeiCTBOBATH
CUJia U MOMEHT B3auMoaeicTBus (3), KOTOpbIE Xa-
pakrepusytorcst kKomnonenramu C,, Cpu C,.C
IPYroii CTOPOHBI, MOXKHO TPEICTAaBUTh, UTO pac-
cMaTpUBaeMble YaCTUIILI COETMHEHBI YIIPYTUM CTep-
JKHEM, JIEBBIII KOHEe1l KOTOPOTo 3aKperieH, a rmpa-
BBII CMEIIIEH M3 MOJIOKEHUS PABHOBECHS Ha BEKTOP
u. Y TIOBEPHYT HA yToJ @, . B pe3ynbrate B cTepkHe
BO3HUKAIOT YCUJTUS, 3aBUCAIIINE OT U« U Q, . YpaB-
HeHus ctatuku (13) ayist HUX naloT

N=Nj,=const; M=N;—-txNys. (14
Ha ocHoBanuu 3tux (popMysa BBeaeM 0003HA-

YCHMUA 1)1 BbIYMCJI€HHDBIX CUJIbl U MOMEHTA HA KOH-
1€ CTCP2KHA:

C npyroii cTopoHbl, coriiacHo (11), (12), —
N=A(u' +txg); M=@€-¢'. (16)

Pewiast coBmecTHO cucteMsl (14) u (16), nosyua-
€M BbIPaXXEHUsI 17151 BEKTOPOB CMEILIEH ST 1 TTIOBOPOTA;

u:A’l-Nos—

_t><[(!‘1 (%Mosz —%th0s3]+(p0sJ+u0;

C y4eToM rpaHMYHbBIX yCTOBUIM

u|s:0:0; u|s:[:u*; (p|s:0:O; (pls:l:(p* (18)

Haxoamm

u. :A‘lNol—tx[e'l [lMol2 —1th013D;
2 6

¢.=¢e"! (Mol—%tholzJ; u, =0, @,=0.(19)

Pazpemnm cuctemsl (15) u (19) oTHOCHUTETBHO
u. U @.. B pesynsrare AeiicTBYIONIYIO HA KOHIIE
CTEPKHSI CUJTY MOXHO ITPUBECTU K BULY

N=A8*, €x = U« +%t><(p*l,

-1
A:[A—ll—i(txe-lxt)ﬂ] . Qo)
12

CpaBHuUBas TTOCAeAHUE COOTHOIIIEHUS C BbIpa-
KeHussMu (3)—(5), BUAMM, UTO HAM yaaJIOCh IOJTY -
YUTb CUITy B3aUMOJIEMCTBUS B TO Xe (hopme, B Ka-
KOli OHa ObLTa MoJiyueHa TPU MCITOJIb30BAHUM
OUCKPETHOTO roaxoaa. st onmpeaeneHns KOMIO-
HEHT TeH30pa A MCTTOJIb3YeM CJIeylolee CBOMCTBO:
MyCTb HEKU I TEH30P BTOPOTO paHTa MPeICTaBIsieT-
Cs B BUIE

rae Ay, Ay, Ay — HEKHE BELIECTBEHHBIE YKC/IA.

HetpynHo yoenuThbest, 4To 0OpaTHBIN TEH30D
B 2TOM CJTy4ae UMEeT BUJL

1 | |
A=—tt+—dd, +—d,d,.
W B

1 2 3

(22)

W crionb3yst 3T0 00CTOATETLCTBO, U3 BBIPAsKEHUST
(20) Haitmem MHTEpeCyoLIe HAC KOMIIOHEHTBI:

l
12kEJ,F
Cp=d;-A-dy=— 2 . (23)
KFI> +24J,(1+ V)l
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VpaBHeHUsT TEOpUU CTEPXKHEI, KOTOPbIe ObLIN
HCTIOTb30BAaHbI HAMU TSI TIOJTYIEeHUST TUX BhIpaXKe-
HUI, YIUTHIBAIOT Ae(hOPMALIMIO MOTIEPEUHOTO CIBH -
ra, 4To COOTBETCTBYET MOae/ M 0anky TuMollIeHKO.
B pesynbraTe ucmnonb30BaHUsI 3TOM MOAEIN KO3(h-
(uument INyaccoHa v Boles B BhIpakeHUe s
TIOTepeyHOM XeCTKOCTH C;) KaK He3aBUCUMBIIA Ta-
pameTp. OIHAKO €CJIM HET HEOOXOAUMOCTH y4yeTa
nedopmannu rnornepevyHoro CABUra, To MOXKHO BOC-
MOoJIb30BaThCs 0oJiee MPOCTO Moeablo bepHyI-
1 — Dinepa. [lepexon K 3Toit Moaen MOXKeT ObITh
MpPOU3BeJeH, eCJIU MOJOXUTb B (23) k — oo . Torna
TOTYYNM:

c _EF c _12EJ,
A / s D / 3

BbIumcieHHbI MOMEHT Ha KOHIIE CTEP3KHS MOX-

HO IIPeNCTaBUTh B BUIE, aHaTorudHoM Buay (7):

24

M=¢. -B+C-«, (25)
Tae
E:—ltxAl; ézle—ltxAxtlz;
2 [ 4
e =u+(txQ,), Ki:=0,. (26)

Hcnoabsys dopmyiy (7), HETpYyAHO YOEIUTHCS,
YTO U3rMOHAs XeCTKOCTb C, MOXET OBITh HaliieHa
o opmye:

¢ -la et
[ l

OTMETHM, YTO M3 BhIpaXXeHuii (26) J1erko Takxe
MOJYYUTD XKECTKOCTb Ha KPYYEHUE YIPYTOro CTEPK-
Hs BOKPYT CBOEI OCH, aHaJ0ra KOTOPOi HET B pac-
CMaTpUBAEMOIi HAMU PAHEE MOMEHTHOM MOCTAHOBKE:

Ct=lt-e-t=GJ’.
I I

@7)

(28)

B pesynbraTe onpeaeneHa CBSI3b MEXIY KECT-
KOCTSIMM CTEPXKHS HA PACTSIKEHUE, TTOMEePEUHbIi
CIIBUT, U3TUO U KpyYeHUE C YIIPYTUMU 1 TeOMETPH -
YEeCKUMU XapaKTePUCTUKAMU CTEPKHEN. DTa CBIA3b
OyIeT UCIT0JIb30BAThC 1ajiee AJIsl IapaMeTpr3aLuu
MOJIE/IN PELIETKU TpadpeHa.

Onpenenenne mapaMeTpoB CTEPKHEBOI MOIETH
pemieTku rpacgena

[peacraBum cebe, YTO CBSI3b MEXKIY ABYMSI aTO-
MaMU B KPUCTAUIMYECKON PELIETKE MOIEIUPYETCSI
JIMHEWHO-YTIPYTUMU, KPYTJIbIMU B CEUEHUU CTEPXK-
HSMMU MOCTOSIHHOI'O AUAMETPA, C JJIMHOM, paBHOU
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JUTMHE MEXXaTOMHOM cBs13U. Toraa riomanb, MOMEHT
WHEPLUU CEUEHUST U TEOMETPUUECKaAs )KECTKOCTb Ha
KpydeHue (IOJsSIpHbIA MOMEHT) MPUMYT BUJ COOT-
BETCTBEHHO:

nd*

nd?
5 J,.=Jp=6—4.

F=—; n;a’z
4 64
Bocnosibzyemcsi Mmozeibio Diiiepa aJist onpeesie-
HUS yIPYTUX XapaKTepUCTUK cTepxkHs1. Torma u3 (pop-
MyJIbl (25) ¢ yaeToM BeipaxkeHui (29) mostyumm Bbipa-
JKeHUst 17151 MoayJist FOHra u iuameTpa uepes 3HaueHust
NpOA0JIbHOM U ITONEPEYHOM XKECTKOCTEN CBS3U:

T NEI (Y
nlCp’ 3 \C,
KOTOPBIE TIOJTHOCTBIO OTIPEACTISIIOT MTOBEICHUE CTeP-

SKHSI U151 TAaHHOM MOJEIH.

TToncrasnsist BbipaxkeHwusi (29), (30) B hopmyast
(27), (28), MOXeM MOJYYUTh BbIPAXKEHMSI 1Sl UBTUO-
HOW U KPYTUJIbHOM XECTKOCTEM:

_Cpl? Gyl ‘
T 120 +v)

Jy= (29)

E , (30)

CZ
12

1)

IMapamerpel C; u Cj MOTYT ObITb OHO3HAYHO

oTIpesieNIeHBl U3 YIIPYTUX XapaKTepUCTUK MaTepra-
J1a. BuactHOCTH, B padoTe [21] moka3zaHo, Kak oIpe-
JEJUTh TaKue XapaKTepUCTUKU mjs rpacdeHa. M3
BbIpaxeHuit (31) ciienyeT, 4To U3rubOHas XXEeCTKOCTh
TaKXe MOXET ObITh OMHO3HAUYHO oTpeneneHa. [Tpu
3TOM KPYTHIIbHAS XKECTKOCTD COMEPXKUT HE3aBUCH -
Mblii napametp — KoadduuueHt Ilyaccona, koro-
PpHIiA, BOOOIIIE TOBOPST, OCTAETCS HEOTIPEIeICHHBIM IS
JAHHOTO CTepKHA. JlaHHbII KO3 MULIMEHT BHOCUT
TPOM3BOJI U TIPH TIOTTBITKE BOCITOJIB30BATHCS MOJIE-
Jibto TUMOLLIEHKO [1J151 OIIpeie/IeHUsI XapaKTEePUCTUK
CTep3KHE, MOICITUPYIOIINX CBS3H, TaK KaK OH BXO-
JIUT B BbIpakeHue (23) 1151 morepeuHoi )XeCTKOCTHU.

Bocnonb3yeMcst N3BeCTHBIMU 9KCTIEPUMEHTAITb-
HbIMU JaHHbIMU 151 rpadeHa [21]:

C,=730,2 H/um;

Cp=401,6 H/M; [=0,142 um. (32)

IMoncrasnsst 5T naHHbBIE B Popmydbl (29), mo-
JIy4uM

E=8,928 Tlla, d=0,122 am. (33)

Takum 00pa3om, HaM YAAJIOCh OMPEAEIUTD Ma-
paMeTpbl cTepxkHs bepHynnmn — Diiepa, KOTopbie
MOTYT ObITb MCIOJb30BaHbI IS MOJEIMPOBAHMS
YIIPYTUX CBOMCTB rpacdeHa.



Pusnka KOHAEHCMPOBAHHOIoO COCTOAHUA

B pesyabrare paboThl Oblia MOCTPOEHA MOIEIb Pe-
1IeTKU TpaceHa, B KOTOPOit MEXXaTOMHbIE CBS31 MO-
JEIUPYIOTCS IMHEMHO-YIIPYTUMU LIWIMHAPUIECKUMU
cTepKHSIMU. TTpeniokeH noaxo, Mo3BOJISTIOLLNIN CBSI-
3aTh IMCKPETHOE OIMCAHUE B3aUMO/ICCTBUS YACTUL,
MOJAEIUPYIOLIMX aTOMbI PELIETKN, U KOHTUHYAIbHOE
OIMCAHME C [IOMOLLBIO KITACCUUECKOM TEOPUU CTEPXK-
Heil. CooTHOLIEH U, MOJyUYeHHbIE B pe3yJIbTaTe Mpu-
MEHEHMSI 3TOT0 MOAX0/a 17151 TTIPOJOIbHOM 1 M3TMOHOM
JKECTKOCTEM CTEPXKHSI, COBMAAAIOT C MOJyYEeHHBIMU
paHee B pabotax [16, 19]. OnHako B 3TuX paboTax
napaMeTpbl CTEP>KHEN OMPEACISIOTCS, BUYACTHOCTH,
U3 CPABHEHUSI SHEPTrUM U3ruda CTepKHS C SHEpPruei
W3MEHEHUs yTiia MeX Iy aTOMHbIMU CBSI3sIMU. B naH-
HOIi paboTe MPeII0XEeHO CPaBHUBATD MOIIEPEYHYIO
JKE€CTKOCTh CTEP>KHSI C TOTIEPEYHOM KECTKOCTBIO CBSI-
34, OINPEALJCHHON HAa OCHOBAHMMW MOMEHTHOM TEO-

pun. Takoii moaxon nmpeacTaBiisieTcs: 0oJee pauno-
HaJIbHBIM ¢ MO3ULIMIA (PU3NUEcKoro cMmbicaa. B pe-
3yJIbTATE OMpPeaeeHbI TapaMeTPbl CTEPXKHEN, COOT-
BETCTBYIOILIME KPUCTALIMUECKON pellieTke rpadeHa.
IIpensioxxeHHas: MOME/Ib MOXKET MCIIOJb30BAThCSI
B CTAHIAPTHBIX MPUKJIATHBIX KOHEYHO-3JIEMEHTHBIX
MaKeTax IporpaMM ¢ LIeJIbIO UCCICIOBAHMSI YIIPYTUX
CBOWCTB rpaeHa 1 HAHOTPYOOK.
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E.A. VIBaHOBY, MTHULIMMPOBABIIYIO 3Ty padOTy, 1 3aBe-
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BUOPUN3NKA N MEANLUWNHCKAA PUIUNKA

I.H. Poiuko6, H.U. lNoBapod,
A.l. Akumod, K.A. lLlabanuH

CHUWXEHUE KOH®OPMALLMOHHOMU NOABUXXHOCTU BEJIKA
METUOHUHCYJIb®OKCUA-PEAYKTA3bI B1 MbILLU
B PE3YJIbTATE OKUCJIEHUA

B nipoliecce abixaHus a3pOOHBIX KJIETOK MOJie-
KYJISIPHBIN KUCJIOPOJ IIEPEXOIUT B MOHHYIO (hOpMY,
Ha3bIBaEMYyl0 aKTHBHOI (opMoOii Kucaopoaa
(ADK). IMocaenHuit MpeacTaBasiioT coO0i CUITb-
HBII OKUCTUTEb. B 6e1Kax aMMHOKMCIIOTHBIE OC-
TaTKu MeTuoHMHA (Met) B HaubobllIel cTeneHn
nonBepxkeHbl Bo3aeiicTerio ADK. [Mpu okuciennn
METHOHMH TTPEeBPAIIaeTCs B METUOHUHCYTbMOKCHT
(Met-S0O), uTo MOXeT MoBJIeUb 32 CO00I U3MEHEHUE
TPETUYHOM CTPYKTYPBI O€JIKa 1 TTOTEePIO UM (PYHKIIM -
oHanbHOCTH [1]. B coctaBe Genka Met-SO MoxeT
CYIIIeCTBOBATh B BUIIE ABYX SIMTUMEPOB IO aTOMY CEPBI:
MeTUOHUH-S-cynbdokenm (Met-S5-SO) u MeTMOHUH-
R-cynbpokenn (Met-R-SO) [2]. B otinuune ot apy-
TUX OKUCJIUTETbHBIX TOBPEXKICHU I OEJTKOB OKHCIEe-
HIE€ OCTAaTKOB METMOHMHA 00PAaTUMO Y MOXKET ObITh
BOCCTAHOBJIEHO crielIn(pUUECKHM KJIACCOM perapu-
pyomx GepMeHTOB — METUOHUHCYIb(POKCUI-pe-
nyktazamu (Msr). [IpucyrctBue (pepMeHTOB Msr
B CaMBIX pa3HOOOPA3HBIX OPraHM3MaX M TKAHSX K1 -
BOTHBIX TTOKA3bIBAET, YTO OHW UTPAIOT BAXKHYIO POJIb,
TaK KaK 00ECTIeUMBAIOT 3aIIUTY KJIETOK OT OKHCITH -
TeJabHOro cTpecca. [1o MexaHu3My neicTBuYs hepMeH-
TbI Msr nensitcst Ha nBa kiacca: MsrA u MsrB. Iep-
BbIe cTepeocnel(uuHbl B OTHOIIeHUU Met-S-SO
[3], Torma kak BTOpble BOCCTAHABIMBAIOT B OOJIbIIEH
crerienn Met- R-SO [4]. B Kj1ieTKax MJIEKOITUTAIOIINX
CYLIECTBYIOT BCeTO OnuH (hepMeHT MSrA, HampaB-
JISIEMBIi B pa3IUyHble KOMMAPTMEHThI KJIETKW CUT-
HaJIbHBIMU MENTUAAMMU JIOKaIu3aLuu 5], u tpu dpep-
MeHTa MsrB, kaxnblii U3 KOTOpbIX (PYyHKIIMOHUDPYET
B CBOEM OITPeIEIEHHOM KOMITAPTMEHTE KJIETKH [6].
®epmeHT MsrB, GyHKIIMOHUPYIOLINHT KaK B SIApE,
TaK 1 IUTO30J11, HOCUT Ha3BaHue MsrB1. OcobeH-
HOCTb MsrB1 3akitouaeTcst B TOM, YTO 3TO CEJEHO-

conepXKallnii 0eJJOK — OMHUM U3 €ro KaTaTuTU4ec-
KMX OCTaTKOB SIBJIsIeTCs cefeHouucTenH (Sec) [7].
Karanutuueckas akTuBHOCTS k,,,/K,, (K ,, — KOH-
CTaHTa CKOPOCTH peakuuu, K,, — KOHCTaHTa Mu-
xansauca) Sec-comepxamiero MsrBl B 100 pas
BBILLE, YEM Y €70 LIMCTEMHOBOro MytaHTa [6]. Kosu-
YeCcTBO CeJieHa, TTOCTYMAloIIEro B OpraHu3M ¢ MH-
e, MOXeT PeTyJUpOBaTh YPOBEHb SKCITPECCUM
MsrB1, Tem cambIM noaaepKrBast OKUCIUTEIbHO-
BOCCTAaHOBUTEIbHbIN roMeocTas KieTku [8]. Henas-
HO OBLTO IMOKAa3aHO, YTO MBIILIM, HOKAYTHBIE 110 TeHY
MsrB1, xu3HecnocoOHbI, HO ITPY 3TOM ITPOXKMBAIOT
B YCJIOBUSIX OKUCIIUTEILHOTO cTpecca [9].

B coctaB 6esnka MsrB1 miiekonuTaronimx BXo-
JIAT IBYXBAJICHTHBI HOH HMHKA Zn>", KOTopbIii CBsI-
3aH KOOPIMHAIIMOHHOM CBSI3BIO C YETHIPHMS OCTAT-
kamu muctenHa (Cys), opraHU30BaHHBIMU B JBa
motuBa Buga CysXXCys, roe nBa ocTaTka pasaese-
HBbI IO MOJTUTIEN TUAHOM LIeTTH OeJIKa ABYMS APYTUMU
amuHokucnotamu (X) (puc. 1). Ilpennonaraercs, 4to
LIMHK UTpaeT UCKIIUYUTEIBHO CTPYKTYPHYIO POJIb
B 0enke MsrB1 [10]. B mociaeanem n1Ba aMMHOKHUC-
JIOTHBIX OCTaTKa YYacCTBYIOT B BOCCTAaHOBJICHUU
Met- R-SO: katanutuueckuii Sec95 — Ha C-KoHlLie
Oesika M KoHcepBaTMBHBIN Cys4 — Ha N-KoH1ie. Pe-
aKIIMs TPOTeKaeT uepe3 00pa3oBaHMe MHTEpMenaTa
CeJIEHEHOBO KMCIO0ThI (€€ 00001IeHHASI XUMUYeCcKast
(opmyna nmeet Bua RSOH, roe R — pagukan, oT-
JIMYHBII OT aTOMa BOJAOPO/IA), TTOSIBIISIOIIETOCS B pe-
3yJbTaTe aTaku atoma cepbl B Met- R-SO octaTkoM
Sec95. anee nHTepMeauar IMOABEpraeTCs BO3Ieii-
CTBUIO PACHICTIISIONIETO OCTaTKa, YTO MPUBOIUT
K (hOpMUPOBAHUIO CEEHOCYIb(PUAHOM CBI3M [11].
[IpyponHBIM BOCCTAaHOBUTENIEM OKUCIIEHHOM (hOPMBI
MsrB1 siBasiercst 6esiok Tuopenokcut (Trx).
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Coysd

CysXMCys CysXKCys Cysbb

Puc. 1. Cxema ctpyktypsl 6enka MsrB1 mbiim:
@ — yKJIAAKA BTOPUYHBIX CTPYKTYP HOJIMIICIITHI-
HOU 1IenH Oejika, 6 — pacTioNOKEHKE €T0 KITI0-
4eBbIX (DPArMEHTOB B IEPBUYHON CTPYKTYpE.

BblgeeHbl y9acTKK Lenu, y4acTByouue B GopMupo-
BaHUU IBYX B-cnoeB (a); B1—P7 — oTnenpHbIe B-HUTH.
B on1HOOGYKBEHHOM TIpeCTaBIeHUH YKa3aHbl HAauaslb-
Hasg ¥ KOHeuHasl aMWHOKHCIOTBI KaXIOi B-HUTH.

0O603nauenust: C, N — C- u N-KoHL11bI 6€/1Ka, COOTBETCTBEHHO;
Cys4, Cys95 — paciueruisionuii 1 KaTajluTU4eCKUit OCTaTKu
1mctenHa; CysXXCys — IMHK-CBSI3bIBAIOIINE TOMEHBI

ITocTanoBka 3amauu

B CB$13U CO CJIO3KHOCTBIO MOJTYUEHUSI CEIEHOCO-
JepKalyx 6eJ1KOB B KOJTMIECTBAX, JOCTATOYHBIX TSI
CTPYKTYPHOTO aHanm3a, ucnonb3oBanue Sec/Cys-
MYTaHTHOU (hOPMBI CEJICHOCOAEPXKALIMX OEIKOB SIB-
JiseTcs OOBIYHBIM IpreMoM. X0oTs Sec95Cys-MyTaHT
MsrB1 obnanaer CylecTBeHHO MOHMXKEHHOM aKTHUB-
HOCTBIO, TEM HE MEHEE, €TO KaTaTUTUIeCKast aKTHUB-
HOCTB COXpPaHSIETCST, UTO CBUACTEBCTBYET O (DYHK-
LIMOHAbHON KOMMETEHTHOCTU aKTUBHOTI'O LIEHTPA
(bepmenTa. Kpome Toro, aKcrpeccus IMCTEMHOBO-
ro mytaHTa MsrB1 B GakTepralbHbIX KJIETKAX 10C-
TATOYHO BBICOKA, TTOTOMY OH MOXET OBITh NCTTIOJTb-
30BaH B KAYECTBE PA3yMHOI MOAEIU 15 U3YYEeHUSI
(byHKLIMOHATIBHBIX Y CTPYKTYPHBIX CBOMCTB TIPH-
POIHOI ceieHO(POPMEBI OEJIKA.

HemaBHO MeTOgaMM CIEKTPOCKOTTNH STACPHOTO
MAarHUTHOTO PE30HAHCA BBICOKOTO pa3pelieHus
Obla HaiimeHa TPOCTPAHCTBEHHAS CTPYKTYpa BOC-
cTaHoBJIeHHOI (popMbl 6e1ka MsrB1 mbiiuu (PDB-
kon — 2kvl) (puc. 2, a). [To conepxxaHuio BTopuu-
HBIX CTPYKTYp MsrB1 MoxHO KiraccudumpoBaTh
Kak [-6eJyi0K, COCTOSILIUM U3 IBYX aHTUTapaJIE b-
HBIX J-TUCTOB, OMMH U3 KOTOPBIX BKITIOYAET B CE0sT
Tpu (OH (hOpMUpPYET THIIbHYIO YAaCTh 0€JIKa), a Ipy-
roil — yeTbIpe B-HUTU (U 00pa3yeT GPOHTATLHYIO
yacTh 06enka) (cMm. puc. 1, @). N-koHel (aMMHOKHUC-
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notel 1—18) n C-konen (amuHOKKMCIOTE 105—116)
Oeska He yJ4acTBYIOT B 00pa30BaHUM KaKUX-JTMOO
BTOPUYHBIX CTPYKTYP U MOTYT CBOOOIHO Tepeme-
11aThCsl B pacTBoputee. HeoO0XoaumMo yTOUYHUTS,
YTO B IEMIOHUPOBAHHOI B 0a3y naHHbIX PDB-cTpyk-
Type Ha C-KOHLIE OeJIKa UMEETCSI UICKYCCTBEHHO BBE-
JieHHas TpyMnra M3 11ecTu ocTaTKoB His, KoTopast
ObL1a HeoOXxoaMMa Ha dTale BblAeJeHUsT Oeika.
B cBs3u ¢ Tem, uto ocratku Cys23, Cys26, Cys71,
Cys74 BOBjI€YEHBI B KOOPAMHALIMOHHYIO CBSI3b
C MOHOM LIMHKA, a ocTaToK Cys58 HaxomuTcst Ha Ipy-
roii CTOpOHe 3-IMCTa OTHOCUTENIbHO KaTAIUTUYEC-
Koro Sec95, To poJib pacilensitoueii aMMHOKUC-
JIOTBl MOXET BBIMIOJHSITh TOJbKO ocTaToK Cysd,
pacrnoyioxkeHHbII Ha N-KoH1ie 6eka. Takum obpa-
30M, MOXHO MPEAINOJOXUTb, UYTO CEJIEHOCYIb( I -
Hasl CBSI3b, BOBHMKAIOIIIAsI B pe3yJibTaTe Mpeodpa-
30BaHUsI MHTepMearaTa CeJIeHEeHOBOW KUC/OTHI,
MOXET COeIMHATEL TOJIbKO ocTaTku Cys4 u Sec95.
IIpu npoBeneHny npouenypbl OKUCIEHU OeJIKa in
Vitro 3a4acTy0 MPOUCXOIUT €TO arperalus v BhIIa-
JeHre B ocalokK. B ¢BsI3M ¢ 9TUM Ha TeKYLIU MO-
MEHT He YAaJI0Ch ONMpPeaeTUTh MPOCTPAHCTBEHHYIO
CTPYKTYPY OKUCIEHHOU (popMbI 6eka MsrB1 mite-
konuTtaromux. [ToaTomy Lienblo JaHHOK pabOThI U
SIBJISLIOCH YCTAHOBJIEHUE ik Silico TPETUYHOM CTPYK-
TYpbl OKUCEHHOM (hopMbl Oe1Ka MsrB1 MbItu.

Hcnonb3oBanHbie METOAbI

[Mpoueaypsl MUHUMU3ALWWA TTOTEHIIMATBHOM
9HEPTUM OEJTKOB M MX MOJIEKYJISIPHON TUHAMUKHN
(M) npoBoaunuch B nakete mporpamm GROMACS
Bepcrn 4.0.7 [ 12] ¢ icnob30BaHUEM CUIIOBOTO MOJIST
G53a6 [13]. Crpykrypsl 6enka MsrB1 B BocctaHOB-
JIEHHOM ¥ OKUCJIEHHOI (hopMax MOMELIATUCH B 10-
JIeKa3IpUIECKUiA BOTHBIN OOKC, pa3Mepbl KOTOPOTO
ObLIM BBIOpAHBI TAKUM 00pa3oM, YTOObI TOJIIMHA
BOJIHOTO CJ1051 BOKPYT O€J1Ka Obljia He MeHblie 12 A.
Mosiekyibl BoAbl ObUTH MpeacTaBaeHbl Monebio SPC
(single point charge). /17151 BoccTaHOBIEHHOI (POPMBI
Oesika BOAHBIN OOKC comepxKaa MpUOIU3UTEIbHO
14700 moneKy Boabl, a IJ1s1 OKUCIEHHOM (pOpMbI —
npubausuteabHo 11800 Mosekyn Boabl. ITomoxu-
TeNIBHBIN 3aps OeTKa ObUT HEWTpaTu30BaH ABYMSI
noHamu Cl™. Takas OoJibliast pa3HuUlia B pa3mMepax
BOIHOTO OOKCA /11 OKMCJIEHHOI 1 BOCCTAHOBJICH -
Hoi1 popm Oenka MsrB1 o0bsicHsIeTCST 00MbLLIEl KOM-
MAKTHOCTBIO OKUCJIEHHO (DopMBI, Tie N-KOHel1 0e1-
Ka (UKCHUpOoBaH AUCYIbGUIHON CBSI3bIO.

MuHUMU3ALMS SHEPTUM CUCTEMbI TTPOBOAMIACH
METOIOM HaucKopeiiiero crycka. [Ipouenypa M/I
MPOBOIMUJIACH COMJIACHO cienytoleit cxeme, CHaua-



na B TedyeHue 300 1c mpoBoaMIach CTaaAMs MOJIEKY-
JISIPHOW IMHAMUWKY C HAJIOXKEHUEM OTPAHUYEHUI HA
nepeMelieHre aToMOB Oejika, YTO TTPUBOAUIO K
YpaBHOBETTMBAHWIO MOJIEKYJT PACTBOPUTES B OOK-
ce. 3aTeM ciaenoBaia cTaaus npoaykrupHoi MJI 6e3
(bmkcauuy MpOCTPAHCTBEHHOTO MOJIOXEHUSI AaTOMOB
cucteMbl. B 6enke MsrB1 mist coznaHusi mpaBUJib-
HOWl CTPYKTYpPbI KOOPAMHUPOBAHHOTO MoHa Zn>*
C MOMOLIbI0O TAPMOHUUYECKOTO MOTEHLMANA ObLIN
HAJIOXKEHBbI OTPAHUYEHUSI HAa PACCTOSIHUS MEXIY
MOHOM IIMHKA M aTOMaMM Cepbl YeThIPEX OCTATKOB
LHUCTeHAa, (POPMUPYIOLINX KOOPAMHALIMOHHYIO
CBs13b. PaccTosiHME, COOTBETCTBYIOLIEE MUHUMYMY
MOTeHIIMAJIa OTPaHUYECHUS, OBLITO BBIOPAHO PABHBIM
2,35 A, 4TO COOTBETCTBYET MIEATBHOMY PACCTOSIHUIO
MEXy aTOMaMU CEPbl U MIOHOM LIMHKA B CUCTEME,
KOOPIMHUPYEMOI YETBIPbMS IUCTEUHAMM.

Lllar uarerpupoBanus M/I coctasnsin 2 dpc. s
yaepKaHuUsl BEeJIMUYMH IJIMHbBI KOBAJIEHTHbIX CBSI3€i
M BaJIEHTHBIX YIJIOB KCIIOJIb30BAJICSI AJITOPUTM
LINCS. TemnepaTypa cucTeMbl MOAIEPXKUBAIACH HA
ypoBHe 300 K ¢ ToMoIIbIo aropuT™Ma MaciuTaOu-
poBaHusi ckopocteit yactull (velocity rescale). st
MoaIepKaHUs 1aBJIEHUsI B CUCTEME HA YPOBHE 1 aTM
UCToJb30BajIcs 0apocTaT bepeHaceHa ¢ KOHCTaH-
TOl BpeMEeHU B3aumoneicTBus, paBHo# 0,5 mc.
JlanbHOOeCTBYIOLIME B3aMOIECTBUS YYUThHIBA -
nuck MetogoM PME (particle mesh Ewald — cym-
MUpOBaHKe DBaJibaa Mo TPOCTPAHCTBEHHOM CEeTKe
yacTulr). PaccTossHe OTCeUKM HeBAJIEHTHBIX B3aU-
MOJIEMCTBUIT aTOMOB OBIJIO YCTAHOBJIEHO PaBHBIM
10 A st BaH-Iep-BaabCOBBIX B3aMMOICHCTBUI
u 14 A U141 571€KTPOCTATUYECKHUX.

B pesynbrate okucnenus 6enka MsrB1 oopasy-
eTcs TUCYabMUIHAS CBA3b MEXIY KATATUTUISCKM
octatkoM Cys95 m pacuienasiolmnuM OCTaTKOM
Cys4. Yto6bl 00pa3oBaTh TaKylo AUCYJIbDUIHYIO
CBSI3b METOJAMU MOJIEKYJIIPHOM TMHAMUKU B BOJI-
HOM OOKCe, 9TH IBA OCTATKA ObUTH COJIMKEHBI B IIPO-
CTpaHCTBE TIOJI IeCTBUEM rapMOHWYECKOI CHITHI,
MPEeBbILLIAKLICH 10 BEIMYUHE CUJTY BaH-1ep-Baajib-
COBOT'O OTTAJIKMBaHUsI aTOMOB. PaccTosinue 2.8 A
MeXIy LIEHTpaMH aTOMOB CepPhI INCTEMHOB ITO3BO-
JIKJI0 00pa30BaTh AUCYIb(PUIHYIO CBSI3b U ONITUMU-
3UpPOBATh €€ FEOMETPUIO METOIAMU MOJIEKYJISIPHO
MexaHWKM B iakeTe mporpamMm ICM Pro 3.6 B cuito-
Bom ntosie ECEPP/3. MuHuMu3auusi noTeHLua b-
HO1 BHEPruy CUCTEMbI POBOAMIACH METOIOM I'Pa-
JUEHTHOTO CITYCKa.

s BU3yanu3alunu U aHAIM3a MOJIEKYJISIPHO-
IWHAMWYECKUX TPACKTOPUI M Pe3yTbTUPYIOIINX
CTPYKTYp NpUMEHsUIMCH mporpamma VMD [14]

bnounsmnka n meguymHckas cbmsvu(a»

Puc. 2. [IpocTpaHcTBeHHAas CTPyKTypa (a)

¥ pacrpenesieHue 3JIeKTPOCTaTUUECKOTO

MOTEHIIMAa Ha MOBepXHOCTU (0) Genka
MsrB1 mblim;

a — B TPETUYHOU CTPYKTYPE BbIICICHBI 1B 3-CJI0sI.
O6o3HaueHusi coorBercTBylor puc. 1. Csersio-
¥ TEMHO-CEPbIE YJACTKU MOBEPXHOCTH yKa3bIBa-
IOT He3apsKeHHbIE M 3apsDKEHHBbIE 00JacTH
COOTBETCTBEHHO

M IIAKET [IPOrPAMM ISl MOJIEKYJISIPHOTO MOAETHPO-
Banus ICM pro Bepcum 3.6 [15].

Pesyabrarsi u 00cyKaeHIE

B xauecTBe MCXOMHOM CTPYKTYPBI MBI B3SJTH O¢-
JI0K MsrB1 B BoccTaHOBIEHHOI (hopMe 13 6a3bl 1aH-
Hbix PDB (kox ctpykTypsl 2kv1). Jlanee ObLia npo-
u3BeneHa ToyeuyHas myTtauus Sec95Cys u ynaneHa
ructuarMHoBast MmeTka ¢ C-koH11a 6eska. YToObl or-
peneuTh IMHAMWYeCKHe CBOMCTBA BOCCTAHOBIICH-
Holl (popmBbI Oeska, ToJydeHHast CTpyKTypa Oblia
YTOYHEHA MOJIEKYJISIPHOM IMHAMUKOW B BOJHOM OK-
PYKEHUMU C TEPUOANUECKUMU IPAHUYHBIMU YCJIOBU -
aMU. B McXomHOM CTPYKType paccTOsSTHUE MEXIy
octatkamu Cys4 u Cys95 npepbiuano 15 A, u Ha
MPOTSLKEHUU TPACKTOPUU MOJIEKYJISIPHOM IUHAMUKU
OHM He COJIMKAIUCh B TIPOCTPAaHCTBE. TpedoBaIoch
TTPOBEPUTH TUTTOTE3Y O BO3MOXKHOCTH (hOPMUPOBAHUS
JUCYJIMOUIHOM CBSA3U MEXKIY KATATUTUYECKUM OCTAT-
koM Sec/Cys95 u pacieruisiiorm octatkoM Cys4.

B cayuae, ecnu Cys4 siBasieTCs1 paClIeIIISIOIIUM
OCTaTKOM, TO 00Opa30oBaHMe TUCYTb(MUIHON CBI3U
JIOJI)KHO OBbITh COMPSIKEHO CO 3HAUUTEIbHBIMU KOH-
(bopMamMOHHBIMU U3MEHEHUSIMU B Oeke. Tem He
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Puc. 3. CpegHexBanpaTudHOe OTKJIOHEHHE KOOpP-

JNINHAT aTOMOB OCHOBHOWM IIEMU KaXIO0TO aMWUHO-

KHCJIOTHOTO OCTaTKa OT UX MCXOTHOTO TTOJIOXKEHMS
B IPOCTPAHCTBE

TlycTele u 3aTylIeBaHHBIE CTOJOIBI OTHOCATCS COOTBET-
CTBEHHO K BOCCTAHOBJIEHHOI 1 OKUCJIEHHOM (hopmaM Oesika

MEHee, CyILIECTBeHHAsI ITIOABVXKHOCTD (puc. 3) 1 He-
CTPYKTYPUPOBAHHOCTH (pUC. 4, a) N-KOHILIEBOTO yua-
CTKa LIETIM MOXKET CITOCOOCTBOBATH (POPMUPOBAHNIO
Takoi cBsi3u. OYeBUIHO, UTO 0OpPa30BAHUE TUCYITb-

(buaHoI cBsI3K NpU OKKCIeHUHU Oeska (cMm. puc. 3)
CYIIECTBEHHBIM 00pa30M CHIDKAET KOH(OPMALIMOH-
HYI0 oaBMXKHOCTh MsrB1. Beicokasi mogBuxXHOCTb
N-koH1a MsrB1 o0ycioBiaeHa OTCYyTCTBUEM KaKUX-
JIM0O MPOCTPAHCTBEHHBIX OrPAHUYEHMIT, BOBHMKA-
JOIINX TP HAJTMYUK BTOPUIHOM CTPYKTYPHI, KaK 9TO
MOXHO BUIETH B 0aKTepuaibHbIX 0eakax MsrB, roe
N-KkoHeI (hOpMUPYET MATIOTTOABIKHYIO 0L -CITUPATTb.
Crnenyromue npyr 3a npyrom octatku Gly8 u Gly9,
00J1anao1IIMe MOBBIIIEHHO TTOABMKHOCTBIO OCHOB-
HOI LIeTH, a TAK>KE IHapHUPHBIA MOTUB, 00pPa30BaH -
HbIl TaHaeMoM Pro18-Gly19 obecrieunBaioT He00-
xoaumylo ruokoctb N-koHua MsrBl. B cBs3u
C 9TUM CTAaHOBUTCS BO3MOXHBIM 00pa30BaHUE TV -
CcyNb(hUIHON (CeNeHOCYNb(MOUIHOM) CBI3U MEXIY
Cys4 u Cys/Sec95, koTopble B BOCCTAHOBJIEHHOM
(opme OeJika pa3HeceHbl B IPOCTPAHCTBE 00Jiee YeM
Ha 15 A. Kpome Toro, eciu yuecTs, uto MsrB1 cro-
co0eH BOCCTaHABIMBATh OCTATKM METHUOHMHA B pa3-
HOOOPa3HBIX 0EJIKOBBIX 00BEKTAX, TO BOBMOXKHO, UTO
noaBuHOCTb ero N- 1 C-KOHILIOB cliocOOHa 0bec-
neynTh (popMHUPOBaHUE HEOOXONUMbBIX MHTEP(EicoB
B3aMMOJIEICTBUSI.
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Puc. 4. JlunamMmuka u3MeHeHHUsI BTOPUUYHOM CTPYKTYphl Oenka MsrB1
B BOCCTAHOBJICHHOW (a) M OKUCJeHHON (0) ¢opmax.

DJIeMEeHTbl BTOPUYHOM CTPYKTYPBI BbIPAXKEHBI PA3TMIHBIMU TOHAMU
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Puc. 5 unaroctpupyeT CTpyKTYpHBIE U3MEHEHUS,
npoucxoasiue B N-KOHILEe OejKa B MpoLecce ero
okuciaeHus. UTorosast CTpyKTypa IeMOHCTPUPYET
BO3MOXHOCTb 00pa30BaHUs IUCYIb(PUIHON CBS3U
mexay Cys4 u Cys95, 4To conpoBOXKAAETCS MEpe-
opueHTauueit N-KoHlia 0ejika 1 ero repeMeleHu-
€M B 00J1aCTh, paCMOJI0XEHHYIO HaJl AKTUBHbBIM LIEH-
TpoMm. [lonyyeHHast B pe3yabTaTe MOACIUPOBAHUS
CcTabMJIbHAs CTPYKTYpa OKUCIEHHOU (popMbl Oeika
MsrB1 noarBepxaaeT OnMucaHHbIE BbILIE PACCYX-
JIEHUSI O CYLIECTBEHHOM BAXXHOCTU TAKMX CBOWCTB
N-KOHILIeBOW 00J1aCTU, KaK TMOKOCTb U BbICOKaS
MOABIKHOCTB. [Ipy 3TOM ciienyeT OTMETUTh, UYTO
Hasimyre Ha N-KOH1le MOOWJIbHOTO YYaCTKa LEMNHu,
conepKallero pacuiersiioIIMii OCTaTOK LIMCTEMHA,
SIBJISIETCSI OTIMYMTENIbHOM uepToiit MsrB1 B psimy mpy-
TUMX U3BECTHBIX METMOHUHCYIb(MOKCUI-PETyKTa3
U3 0aKTepuit, apxeil U KWBOTHBIX.

Cy11ecTBeHHYIO POJTb BO B3aUMOAECHCTBUU MO-
o6mnbHOro N-KOHI1Ia 0e1Ka ¢ aAKTUBHBIM LIEHTPOM M-
patoT rTuapodoOHbIe B3aUMOICHCTBUS. AHAIU3 CO-
ctaBa N-KOHIIEBOTO y4yacTKa ILIETIA ITO3BOJISIET
OTMETHUTb, YTO OH OOraT apoMaTU4eCKUMU aMUHO-
kucrmotamMu. M3 19 aMUHOKMCIOTHBIX OCTaTKOB
N-koHLIeBOl 00jgacTu OenKa 5 sSABIsiOTCS (heHUI-
ajaHuHamu, Tpu 13 KoTopbix (Phe3, Phe6, Phe7) Ha-
XOMSITCS B HEMOCPEACTBEHHOI OJIM30CTH OT paclier-
Jgsiotiero uucterHa Cys4. JIBa apyrux ocTaTka
(benunanannna Phe82 u Phe97 pacnonaratorcs B ak-
TUBHOM LIEHTpe hepmeHTa. Posib runmpodoOHbIX B3au-
MOIEUCTBUI MOATBEPKAACTCS TAKXKE U AHATU30M pac-
MpeneneHrst 3IeKTPOCTaTUUECKOro MOTeHIMaia Ha
MOJIEKYJISIPHOI MOBEPXHOCTH Oefika (CM. puc. 2, 6),
paccuuTaHHOro npu HeiitpansHoMm pH. M3 pucynka
MOXHO BUIIETb, UTO IMOBEPXHOCTL (PPOHTATILHOM CTO-
poHbI MsrB1 B 0611acTt ero akTUBHOTO LIEHTpa Tpe-
MMYILIECTBEHHO HECET HEUTPAJIbHBIN 3apsi/l.

CpaBHeHMe TMHAMUYECKHX XapaKTEPUCTUK BOC-
CTAaHOBJIEHHOI U OKMCJIEHHOM (hopM Oesika MsrB1
TIPUBOINT K 3aKJTIOYEHUIO, YTO 0OpA30BAHME THCYITb-
(bunHOI CBSI3M MPU OKUCIEHUN OeTKa CyIECTBEH-
HBIM 00pa30M YMEHBIIIAET €T0 KOH(POPMALIMOHHYIO
MOABUXKHOCTb. 32 UCKJIFOUEHUEM YUaCTKOB MOJIUTIE-
TUIHOM Lienu, BKIoyamoux octatku 1—3, 30—35,
43-52,86—91, 106—109 (c™m. puc. 3), cpeaHeKBaI-
patruHoe oTkJaoHeHue (CKBO) koopanHat aToMOB
OCHOBHOI1 LIETTM OT IIEPBOHAYATBHOIO y O€JIKa B OKHC-
JIEHHO (hopMe TTOUTH B IBa pa3a MEeHbIIIe, ueM y OeJl-
Ka B BOCCTaHOBJIEHHOU (popme. B oboux ciayuyasx
MOXHO OTMETUTb OTHOCUTEIbHYIO CTAOMIBHOCTh
simpa 6eaKa, 00pa30BaHHOTO B-CI0sSIMU. AMUHOKHC-
J0THI 1—3, HeCMOTpsI Ha 00pa3oBaHME AUCYTb(UI -

bnounsmnka n meguymHckas CbM3MKa>

Puc. 5. Tpu ycpenHeHHBbIE MPOCTPAaHCTBEHHBIE
CTPYKTYPBI OKUCTIEHHOI (hopmbl Gesika MsrB1
(1-3).

CTpyKTypbI MOJy4eHBl METOJOM KJIACTEPHOTO aHa-
34 MOJIEKYJISIDHO-IMHAMUYECKON TpaeKTOpuu
(mmuHa 10 He). DpOHTANBbHBIN B-TUCT YAJIUHSET-
Cs HA ONTHY 3-HUTH (HOBasl) B CBOEI BepxHell yacTu

HOI ¢Bs131 Oytn3exam octatkoM Cys4, coxpaHsi-
[OT OTHOCHUTENIBHO BBICOKYIO TTOIBMXKHOCTD. YJacT-
k1 30—351 43—52 HaxomdaTcs B IPOTSKEHHOM TTETIIe
Mexy B-Hutsamu B2 u B3, a yuactok 86—91 — mMex-
ny B5 u B6. UHTepecHo, 4TO 00€ 3T METIU U Ha-
YaTbHBIN y9acToK N-KOHIIa 6eJTka HaXOmsITCs B He-
MMOCPEACTBEHHOM OJM30CTU OT AKTUBHOTO IIEHTpa
(bepmenTa. ITpu 3TOM Jaxe y 6esika B OKMCIEHHOM
(bopme 3Tu 06sacTh GeaKa COXpaHSIOT BbICOKYIO
CTeTIeHb MOABMKHOCTU. DTO HaOMI0OIEHIE HABOIUT
Ha MBICJIb O HEMOCPEACTBEHHOM YYaCTUH YKa3aH-
HBIX TIeTesTb 1 N-KOHIIa 0eJTKa B CBSI3BIBAHNU KaK
cybcTparTa, TaK MU CBOETO BOCCTaHABIMBAIOIIETO
rnmapTHepa — OeJika TAOPeIOKCHHA.

Janee paccMOTPUM TMHAMUKY U3MEHEHUSI BTO-
PUYHBIX CTPYKTYp B cocTaBe Oejika MsrBl B Boc-
CTAHOBJIEHHOM U OKUCIIEHHOM (popmax (cM. puc. 4).
31ech MOXHO OTMETHUTh, UTO [3-CJIOUCTast CTPYKTY-
pa 6esika ToCcTaTOYHO KoHcepBaTuBHA. OMHAKO He-
00X0a1MMO 0OPATUTh BHUMAHME HA 1BA y4aCTKa LMK
B paitoHe amuHokucyoT Phe31 u Ala45, koTtopbie
BOKUCJIEHHOH (hopme OesIKa ¢ TeYeHUEM BPEMEHMU NPy -
00pETAIOT CKIIOHHOCTB K (DOPMUPOBAHUIO B-CTPYK-
Typbl. Tak, K 4eTBepTOit HUTU (PPOHTATILHOTO 3-CJI0SI
TIPUCOETUHSETCS TIATas 3-HUTh, CHOPMUPOBAHHAS
ocratkamu Ala45, Phe46, Tre47, uro Takke cTabu-
JIU3UPYET CTPYKTYpY OesKka (cM. puc.S). Kpome Toro,
B pe3yJsibTrate okuciaeHus: N-KoHell 0enka (aMUHO-
kucioThl 1—10) ctaHOBUTCS OOJiee CTPYKTYPUPO-
BaHHBIM U B HEM TIOSIBIISTIOTCS TAKWE JIEMEHTHI BTO-
PUYHOM CTPYKTYPBI, KaK ITOBOPOTHI ¥ U3THOHI.

Takum 006pa3om, Mo pe3yabraTaM 9KCTIeprMeH-
Ta in silico BIiepBble Obl1a MOJyYeHa OKKCJIEeHHas
(dopma 6enxa MsrB1 okucimTeIbHO-BOCCTAHOBU -
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TeJbHOI CUCTEMbl MbILIU. [1py OKUCIEHUU 3TOrO
Oesika ero N-kKoHel cOJMXAeTCsl B MPOCTPAHCTBE
C aKTUBHBIM LIEHTpOM. Takoe cOnmkeHune oKa3biBa-
€TCsl BO3MOXHBIM 3a CYET OO0JIbIION MOABUXKHOCTH
¥ TMOKOCTU N-KOHIIA, YTO SIB/ISIETCS OTJIMYMUTE I b-
HOM uepToii O0eska MsrBl mbiu B psimy OelKoB
MsrB u3 apyrux opranu3moB. B cOnvxkeHuu npu-
HUMAaIOT yyacTue ruapodoOHbie OCTaTKU (heHUI-
aJlaHMHAa, pacrioyararoimecs Kak B N-KoH1ie 0e-
Ka, TaK ¥ BOJIM3U €ro aKTUBHOTO LIEHTpA.

Kak B oknciieHHO, TaK 1 B BOCCTAHOBJIEHHOM
(opmax Ges1Ka UMEIOTCST yIaCTKU TTOJIUTICTITUIHOMN
Lenu, ooagarolKe yBeJIMYeHHOM MOABUXHOCTbIO.
OTu yyacTKy npuHaaiexat N-KoHIy Oeska, a Tak-
JKe IBYM ero IeTIsIM, HaXOOSIIUMCS B HEIoCpe-

CTBEHHOMI OJIM30CTH OT aKTUBHOIO LeHTpa. Takasi
MOJIBUKHOCTb YKa3aHHbIX 00J1acTel 0ejika MOXeT
CBUIETETLCTBOBATH 00 MX YYaCTUM HE TOJIBKO B CBSI-
3bIBAHWM CyOCTpaTa, HO Takke B (DOPMUPOBAHUM
KOMILIEKCa ¢ 0e1KoM TuopenokcutoM. Obpa3oBa-
HUe NIUCYIbMUIHON CBA3U B MPOLIECCE OKUCTCHUS
CYIIECTBEHHBIM 00pa30M yMEeHbIIaeT KOH(hOpMaII-
OHHYIO MOABMXXHOCTb CTPYKTYpbl MsrB1. TTpu aTom
00pasyeTcst IOMOTHUTEIbHAsI HUTh BO (PPOHTATbHOM
B-nucte G6enka, a ero N- u C-KOHLbI CTAHOBATCS
0oJiee CTPYKTYpPUPOBAHHBIMU.

Pabora nonnepkana rocy1apcTBEHHLIM KOHTPAKTOM
Ne 02.740.11.5014 B pamkax (peaepaabHOIA 11eJIEBOIt TTPO-
rpammbl «HayuHble ¥ HayuyHO-II€JArOrMUYeCKUe Kajpbl
nHHOBanMoHHOU Poccum» na 2009 — 2013 romsr.
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MOZE/Ib MPOCTPAHCTBEHHOM CTPYKTYPbl KOMIJIEKCA
METUOHUHCYJIb®OKCUA-PEAYKTA3bI B1 U TUOPEAOKCUHA
OKWUCJIUTEJ/IbHO-BOCCTAHOBUTE/IbHOU CUCTEMbI MbILLU

OkucneHue metTuoHuHa (Met) 10 METUOHUH-
cynbpokcuna (MetSO) npencrapisieT OO0 TTOCT-
TPAHCISILMOHHOE U3MEHEHUE OeJIKOB, COMTPOBOXKIA-
ouee Takue OWOJIOTMYECKME TPOLECChl, Kak
HarpuMep OKUCIUTEIbHBIN CTPECC U CTapeHue Ha
MOJIEKYJISIPHOM YpOBHE. B oTimmume ot 60IbIIMHCTBA
JIPYTUX BUIOB OKUCIUTEIbHOTO MOBPEXASHUS Oel-
KOB, OKUCJIEHHE OCTATKOB METUOHMHA MOXET ObITh
«OTPECTAaBPUPOBAHO» MO IEICTBUEM Kjiacca (ep-
MEHTOB, MMEHYEMOTO METUOHUHCYIb(MOKCUI-Pe-
aykTasbl (Msr). DTu (hepMeHTbI ITOAPA3ALISIIOTCS Ha
nBa ceMmelictBa — MsrA u MsrB, B 3aBucumocTi oT
nx crepeocrennduuHoctu. [lepBoe Karanusupyet
BoccTaHoBleHue S-popmbl MetSO (Met-5-SO) [1],
TOTHA KaK BTOPOE MOXKET BOCCTAHABIUBATH TOJTBKO
R-dopmy (Met-R-SO) [2].

MeTHOHUHCYIb(MOKCUA-PEAYKTa3bl — 3TO KO-
YyeBbIe pernapaTUBHbIE OEIKU, KOTOPBIE 3allUILIAI0T
KJIETKW OT OKMCIUTEJIBHOTO CTpecca U CIIOCOOHBI
3aMeISITh poLecchl ctapeHust [3, 4]. B kierkax
MJIEKOTIMTAIOLIUX UMEeeTCsl BCero oauH (hepMeHT
MsrA u tpu pepmenTa MsrB, Bce ¢ pa3innuHoii Kjie-
TOYHOI JoKanu3auuei [S]. @epmMeHTb Msr OTHO-
CATCS K THOJIOBBIM OKCUIOPENYKTa3aM, B KOTOPBIX
uuctenH (Cys) (yHKLIMOHUPYET B KAUeCTBE KaTa-
JIMTUYECKOIo ocTaTka. [Iyist obonx cemeiicTB ep-
MEHTOB KAaTAIUTUYECKUN MEXaHU3M OKUCIUTEb-
HO-BOCCTaHOBUTEJbHOM peaky BKIOUYAET B ce0s1
Tpu ctaguu (puc. 1) [3, 6, 7]. Ha mepBoit cTanumn
obpasyeTcst KoMmriekc Mwuxasanca Mexay Msr
n Met-S-SO (wiar /a), KOTOpbIN MpeaiecTByeT
HykJIeoduabHOM aTake KaTanutuueckoro CysX Ha
aTOM cepbl CyIb(oKcuaa, 4To MPUBOAUT K 00pa3o-
BaHUIO UHTEpMenuaTa cyabOeHOBON KUCIOThI Ha
CysX (war /6). Ha Bropoit ctanuy mpoucxXoauT
HyKJeo(puabHas ataka pacieruisiiomiero CysY Ha
aTOM cepbl CYTh(heHOBOI KUCIIOTHI, B PE3yJIbTaTe
yero obpasyetcst nucynbduaHas csizb CysX-CysY
C OMHOBPEMEHHBIM BBIXOJOM MOJIEKYJbl BOJIBI.
Ha tpeTbem 1mare nucyabguaHas cBsizb B Msr Boc-
CTaHaBJIMBAETCS C TTOMOILIbIO Oe/IKa TUOPENTOKCUHA

(Trx), KOTOPBIiA B CBOIO OYEPENb OKUCIISIETCS C 00-
pa3oBaHMeM TUCYIb(MUIHOM CBSI3U MEXITy KaTau -
TUYECKUMU aMUHOKUCTOTHbIMU ocTaTKamu Cys32
u Cys35.

ITocTanoBKa 3amauu

W3 Tpex 0eJIKOB METUOHUHCYIb(MOKCUI-PEIYK-
ta3 B, MsrB1 saBiseTcs ceeHocoaepKaum ep-
MEHTOM, B KOTOPOM KaTaJWTUYECKUM OCTATKOM
SIBJISIETCS ceJieHouucTenH (Sec95), nexatiuii B C-
KOHIIeBOi1 o0nactu 6enka [5]. [TossBeHMEe ceaeHo-
LMCcTenHa B ceieHogepMeHTax, Kak mpaBuio, co-
NpsiKeHO ¢ 0ojiee BBICOKOIM KaTaaUMTUYECKOMN
AKTUBHOCTBIO 3TUX (DEPMEHTOB, MO CPABHEHUIO
¢ ux Cys-myrantamu unu Cys-romosnoramu [ 35, 8].
B 6enke MsrB1 Takxke muMeeTcs1 KOHCepBaTUBHBIN
octaToK Cys4, KOTOPBIi CUMTAETCS paCIIeIsaIO-
muMm [5]. B ocHoBe cTpykTypsl MsrB1 nexart nBa
B-nucTta (puc 2,a). DTOT GEepMEHT COACPKUT UOH

CysX (MelB-E0)

3 SxH O
-f"".—.' 3 + S
Sx Trx -
} syH R~ CH,

Cysy

Sy
2§ HO
H+ 1a
e +
Sx—OH Exﬂ_\ﬂj
o + 8
S P
Y SyH R CH;4

R-5-CHy
16

Puc. 1. TpexcranuiiHbelii MeXaHM3M KaTajau3a
OKMCJIUTEJIbHO-BOCCTAHOBUTEIbHON pPEaKIuu.

Craguu XapakTepusyloTcsi 00pa3oBaHUEM: KOMILIEKCA
Muxasnuca mexiay Msr u Met-S-SO (/a); uHTepmeaunara
cysibdeHoBoi kucinorel Ha CysX (16); nucyinbdumaHoi
cBsa3u CysX-CysY ¢ Beixonom H,O (2), a Takke BoccTa-
HOBJICHUEM 3TOM CBSI3U TUOPEIOKCUHOM Trx (3)
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a)

DpoHTATbHBI
B-snuct

Puc. 2. [IpocTpaHCTBEHHBIE CTPYKTYPBI

LUCTEMHOBOTO MyTaHTa Oenka MsrB1

B OKKCJIEHHOI hopme (a) U CepUHOBOTO
myTaHTa 6enka Trx (6).

Cys4, Cys95, Cys32, Ser35 — aMMHOKHUCIIOT-

HbIE OCTaTKH, UTPAIOIIINE POJIb B KATAIN3€ OKIIC-

JINTEJIbHO-BOCCTAHOBUTEJIbHOM peakinu. VoH

Zn*" (@) KOOPIAMHUPOBAH YETHIPbMSI OCTATKAMU
uuctenHa MsrB1

LIMHKA, KOTOPbI BBIMOJHSIET CTPYKTYPHYIO POJIb.
N- u C-xoH11bI (pepMeHTA He BOBJIEUEHBI B (DOPMUPO-
BaHME BTOPUUYHBIX CTPYKTYp U 00J1a1atI0T BEICOKOM
MOOMIbHOCTBI0. benok Trx 6osiee CTpyKTypupOBaH
(puc. 2,6). OH mpencTaaseT coboil o/B-06e0K,
B KOTOPOM OJMH [-JTUCT OKPYXEH YEThIPbMS Ol -
crimpansiMu. Katanurruueckre oCTaTKy LIMCTEMHOB
Cys32 u Cys35, ocyliecTBsSIONe BOCCTAHOBIIE-
HUe ceJieHoCcybduaHOM cBs13u B 6esike MsrB1, pac-
MoJIaraloTcsl Ha Kpato OJHOU 13 o -CriipaJieit.
DOyHIaMeHTAIbHBIN MHTEPEC MPEACTABIISIET 3a-
naJya BBISIBICHUS KaTaJTUTUYECKOTO MeXaHM3Ma
OKMCUTEIbHO-BOCCTAHOBUTEIbHOMN peaKivu, ITPo-
UCXOISIIEH TIpU B3auMOAEUCTBUU OeJKOB MsrB1
¢ ero maptHepoM Trx. 17151 TOro 4ToObl 3apETUCTPU-
poBaTh 00pa3oBaHUE KOMILIEKCca, TpeOyeTcs Cyliie-
CTBEHHBIM 00Pa30M 3aMeIJIUTh CKOPOCTb OKUCIIH -
TeTbHO-BOCCTAHOBUTETBLHOM peakIliuy, TO €CTh, TTO
BO3MOXXHOCTH, 9KCIIEPUMEHTATLHO MOJyIUTh IIPO-
IOYKTUBHBIN, HO TIPY 3TOM HEaKTUBHBII KOMILJIEKC
MsrB1-Trx. C 3T0i1 11€71b10 MOXHO MCII0Jb30BaTh
MYTaHTHYIO0 ¢popmy MsrB1, B KoTopoil KaTanuTu-
YecKuii OcTaTok Sec95 3aMeHeH Ha LIMCTEWH, U My-
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TAHTHYO (110 OJIHOMY U3 KATAIUTUYECKUX OCTATKOB)
dopmy Trx. I[IpuMeHeHNE LIUCTEMHOBOTO MyTaHTa
MsrB1 B ucciienoBaHMM TaKKe OMPaBIAHO B CBS3U
CO CJOXHOCTBIO MOJYYEHUsI CEJIEHOCOIepKaIUX
0eJIKOB B KOJIMYECTBAX, HEOOXOMMMBIX JIJISI CTPYK-
TypHOro aHajiu3a. Kpome Toro, akcrnpeccusi LucTte-
“HOBOro Mmytanta MsrB1 B GakTepuanibHbIX KJIET-
KaX JOCTaTOYHO BbICOKA, MO3TOMY €ro MOXHO
KCIOJIb30BaTh B KAUe€CTBE Pa3yMHON MOAEIU IJIst
n3ydeHUs (DYHKIMOHATBHBIX W CTPYKTYPHBIX
CBOICTB NpUpoaHOIi ceieHohopMbl O6esika. [ToaTo-
MY B JaHHOW paboTe MPOBOAMUIOCH UCCIEeA0BaHE
UMEHHO MyTaHTHOI1 (popmbl Sec95Cys 6esika MsrB1
u MyTaHTHOU popmbl Cys35Ser 6esika Trx.

Llenbio paboTHI SIBISIETCS YCTAHOBJIEHUE BO3-
MOKHOM MTPOCTPAHCTBEHHOM CTPYKTYPHI KOMTUIEK-
Ca 9TUX IBYX MyTaHTHBIX (pOpM OETKOB.

MeTtoabl HCCJIEIOBAHNSA

WccnenoBaHusi NpOBOAUINCH METOIAMU MOJIE-
KYJISIPHOTO MOIETTMPOBAHMSI, BKITIOYAIOIIIMU MOJTIe-
KYJISIPHYIO MEXaHWKY, O€JKOBBIN JOKUHT (MakeT
nporpamm ICM pro Bepcuun 3.6 [9], moreHuma
ECEPP/3 [10]) u MoJeKkyasipHYIO IMHAMUKY (Ta-
ket nporpamm GROMACS Bepcuu 4.0.7 [11], no-
tennuan G53a6 [12]). Jasg Bu3yanusaivu 1 aHa-
JIU3a MOJIEKYJISIPHO-IMHAMUUYECKUX TPAeKTOpUit
U pe3yJbTUPYIOLINX OEJIKOBBIX CTPYKTYP MTPUMEHS -
nace nnporpamma VMD [13]. ITogpobHoe onucaHue
WCMOJb30BAHHBIX B UCCAECIOBAHUU TIPOLEAYD in
silico IpUBOAUTCSI B HalllEll TIPEabIAYIIE cTaThbe
B3TOM HOMeEpe XypHalia.

B xauecTBe MCXOTHBIX JAHHBIX MBI B3SLJTA TTPO-
CTPaHCTBEHHYIO CTPYKTYpY Oejika THOpenloKCHHA
(PDB-kon — 3trx) u mpoCTpaHCTBEHHYIO CTPYK-
Typy O6eaka MsrB1 B okucieHHOI opme, TTOJTY-
4YEeHHOI HaMU paHee (CM. pucC. 2, @) Ha OCHOBE CTPYK-
Typbl 2kvl u3 OGenkoBoii 0a3bl gaHHBIX. Jlaee
B Oenok Trx Obina BHeceHa myrtauusi Cys35Ser
U MPOBeIeHa MUHUMU3ALMS TTOTEeHLIMAIbHOM 3HEep-
MU KaK 00KOBOI LIeTT MyTUPOBAHHO aMUHOKHC -
JIOTBI, TaK U OOKOBBIX LIeTei COCEIHUX C Heil aMu-
HOKUCJIOT, Haxonsiuuxcs B paguyce 5 A. YtoOsl
YCTAaHOBUTbH BO3MOXHbIE BapUaHTbl B3aMMHOTO
pacIiojioxkeHus 0eJIKOB B KOMILJIEKCe, ObL1a IIPOBE-
JieHa Mpolueaypa JOKUHTa.

[TomyyeHHBIE TIO pe3yIbTaTaM JOKWHTA PeTpe-
3E€HTAaTUBHBIE CTPYKTYpPbl KOMILJIEKCA YTOUHSUIUCH
METOIOM MOJIEKYJISIPHOM IMHAMUMKM, BKJIIOUYAIOLLEH
B CceOs1 TpY MocjaenoBaTeIbHbIX cTaauu. Ha nepBoii
KOMIUIEKC MOMEIIAJICSI B OKTadAPUUIECKUil OOKC,



KOTOPBI 3aII0JIHSLICS MOJIEKYJIAMU BOJIbI, Y IIPOBO-
IWJIaCh MUHUMM3ALMUS TOTEeHLINATbHONW HEPTUU
TaKOM CUCTEMbI METOOM HAMCKOPEHMILEro CIyCKa.
Ha BTopoii ctamny BOTHBI O0KC ypaBHOBEIITNBAJI -
cs B TeueHue 300 nc. M HakoHeLl, TpeTbsl cTaaus
MpeacTaBisia co00i MPOLYKTUBHYIO TMHAMUKY
IJUHON 5 He. MoaeanpoBaHue IIPOBOAUIOCH IIPU
temnepatype 300 K u mocrossHHOM maBiaeHuu 1 at™.
B 6enke MsrB1 nist co3nanust mpaBUIbHOM CTPYK-
Typbl KOOPAMHUPOBAHHOTO HOHA LIMHKA Zn>" Gbim
HaJIOXEHbI OTPAHUYEHMSI HAa PACCTOSIHUS MEXIY
yKa3aHHBIM MOHOM W aTOMaMU Cephl YeThIPEX OC-
TATKOB LIMCTEMHA, (DOPMUPYIOLIUX KOOPAUHALIMOH-
HYIO CBSI3b, IJIS YETO MCITOIb30BAaJICS TapMOHUYE-
CcKMit moTeHIuan. PaccTossHe, COOTBETCTBYOIIEE
MWUHUMYMY TIOTeHIIMAJIa OTpaHUYeHUsI, ObLIIO BBI-
OpaHO paBHBIM 2,35 A, 4TO COOTBETCTBYET UICAb-
HOMY PacCTOSTHUIO MEXIy aTOMaMU Cepbl U HOHOM
LIMHKAa B CUCTeMe, KOTopasi KOOpAUHUPYETCs de-
TBIPbMS IUCTEUHAMM,

Pesynbrartel v 00CyKIeHHE

IIpu popmMupoBaHUM aKTUBHOTO KOMILJIEKCA
JOJIXKHO TTPOMCXOIUTh COJTMXKEHNE B TTPOCTPAHCTBE
katanutndyeckux octatkoB Cys32 u Cys35 (Ser35
B MYTaHTHOI (hopMe) THOPETOKCUHA C AUCYIb(hUI-
HOM CBSI3bI0, OOPa30BaHHOM KaTaJIUMTUYECKUM
Cys95 n pacmerstiomuM Cys4 ocTaTKaMy OKHMC-
sneHHoro MsrB1. JIuiib npu 10CTaTOYHO IJIOTHOM
COMKEHUU MOXKET MTPOUCXOIUTD HYKJIeo(hUIbHAas
aTaka, OCYIIECTBIsIeMasl KaTaTUTUIECKUM IIMCTe-
nHoM Cys32 TMopeaoKCUHA B HATTPaBJIEHUU OTHOTO
U3 aTOMOB Cepbl IUCYIbGUIHON CcBsI3u B MsrB1.

a)

MarB1
Tre  [MEH EE EEN

bnounsmnka n meguymHckas cbmsvu(a»

Ha ocHoBe npuBeIeHHBIX TPOCTPAHCTBEHHbIX OT-
paHUYEHUI B OKPECTHOCTH YKA3aHHBIX AMUHOKMC-
JIOT Ha ITOBEPXHOCTU 0€JIKOB ObLIM OTMEYEHBI «TO-
psuuvie» TOUKU JoKUHTa. [1o pe3ynbraTtam JOKUHTA
ObU10 1oJ1y4eHO 0K0J10 1000 B3auMHbBIX PacIioI0Xe-
HUIi 0EJIKOB, U3 KOTOPBIX IS JaJIbHENIIEro aHAIM -
3a Mbl OTOOPAJIX TOJBKO T€ KOMILIEKChI, IIe pac-
ctogHue d; ot atoMa cepsl Sy Cys32 Trx no atoma
cepbl Sy Cys4 MsrB1 ne npesbiiano 10 A. Octas-
IIrecsl KOMITIEKCHI 0Ka3ajJ0Ch BO3MOXKHBIM 00be-
JUHUTb B YEThIPE IPYIIIIbI 10 IPU3HAKY B3aMUMHOMN
opueHTaluu 0eJKoB. Puc. 3 meMoHCTpUpYyeT 110 011~
HOMY PEIpe3eHTATUBHOMY KOMILIEKCY U3 KaXI0M
rpymnbl, YTOOBI ONTUCATh B3AUMHYIO OPUEHTALIMIO
0eJIKOB B IIPeICTaBIeHHBIX KOMILJIEKCaX, JOCTATOU-
HO yKa3aTh TPU Mapbl aMUHOKUCJIOT, COJTMKAIOIINX-
sl B IIpOCTpaHCTBe (CM. puc. 3).

Ha caemyromiem stare pabOThI KaXKaast U3 pe-
Mpe3eHTATUBHBIX CTPYKTYP KOMILJIEKCca ObLIa yTOU -
HeHa C TTOMOIIIBIO TTPOIIEIYPHI MOJIEKYISIPHOM TV -
HaMuKM (CM. pazgen «MeToabl UCCAEA0BAHUSY).
B xoHTEKCTE 0Opa30BaHUS TPOAYKTUBHOTO KOM-
MJaeKca OMHUM U3 UHTEPECYIOUINX Hac mapaMeT-
POB ABJISJIMCH PACCTOSTHUS MEXIY aTOMOM CEPBI
Sy Cys32 Trx u atomamu cepnl Sy Cys4 (paccTosi-
Hue d;) nu Sy Cys95 MsrBI1 (paccroanue d,). Ha
puc. 4 peIcTaBIeHO U3MEHEHME TOTO MTapaMeT-
pa Ha TIPOTSIKEHUU TPACKTOPUU MOJIEKYJISAPHOMI
JUHAMMKU U151 YEThIPEX PENPE3eHTATUBHbBIX KOM -
TUIeKCOB. BuaHO, 4TO B TIepBOM KOMILIEKCe (pU-
. 4,a) c TeueHUEM BpeMeHU MTPOUCXOIUT YBEIU-
YyeHWe WHTEPECYIOIIETO HaC pacCTOSTHUS MEXKIY
napamu aTOMOB cepbl. BaXKHO OTMETUTB, YTO B MO-

Puc. 3. Penpe3eHTatuBHBIE CTPYKTYpPhl KOMILIEKCOB MsrB1-Trx,
00HApYXEeHHBIX B pe3yJibTaTe 0eakoBoro nokmHra. Crpyktypa Trx BbimejieHa YepHBIM IIBETOM.
Paccrosinue d;, A: 7,1 (a); 7,8 (6, 6); 5,4 ().

Js Kaxmoi CTpyKTYypbl MPUBEIEHBI TPU Tapbl aMUHOKUCIIOT, COMMKAIOIIMXCS B TIPOCTPAHCTBE
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Puc. 4. Kunetuka n3MeHeHust paccTossHUil d;, d, B 4eTblpex KomIekcax (cM. puc. 3);

d, — paccrossnue SyCys4 MsrBl — Sy Cys32 Trx (cepast nunus), d, — Sy Cys95 MsrBl — Sy Cys32 Trx
(uepHast JMHUS).

TTokazaHbl M3MEHEHUS TeOMETPUH AUCYIbGUIHOM cBsi3u: @ — oT 0 10 2,2 He; 6 — o1 0 1o 1,4 He (cBeTI0-cephiM);
a, 6 — Ha OCTaBIINXCSI BPDeMEHHBIX OTPe3KaX (YEPHBIM TOHOM)

MEHT TpaeKTOpUH 2,2 HC MPOUCXOIST HEKOTOPbIE U3-
MeHeHUs B uHTepdelice B3auMOAeicTBUs OEJIKOB,
MpUBOIASILIME K CONMUXeHUIo atoma cepbl Sy Cys32
Trx ¢ atomoMm cepbl Sy Cys4 u yganeHUIO ero
oT Sy Cys95 MsrB1. Takoe usmeHeHue pacCTOSTHU
CBsI3aHO ¢ HeOOJbLIMM cMelleHrueM N-KOHIa
MsrB1, B pe3ysibraTe 4ero UBMeHSIIOTCSI TOPCUOH -
HbI€ YIJIbl OOKOBBIX LIETIeH LIUCTEMHOB, BOBJIEUEH-
HBIX B IUCYJIb(MUIHYIO CBSI3b (CM. CTPYKTYphI Ha
puc. 4, a, 6). OT0 B KOHEYHOM UTOre€ NMPUBOIUT
K U3MEHEHUI0 TeOMETPUU AUCYIbGUIHON CBI3U
1 ONKMCAHHOMY BbILIE U3MEHEHUIO MEXATOMHbIX
paccTosiHuit. JI1s1 KOMIJIEKCOB, MOKa3aHHBIX Ha
puc. 4, 8, 2, He IPOUCXOJUT TAKUX 3HAUUTEIbHbBIX
M3MEHEeHUIT paccMaTpuBaeMbIX PACCTOSTHUI (3a UC-
KJTI0OUeHreM u3MeHeHuit Ha nepBbix 0,5 HC TpaeKTo-
PUU MOCIEAHET0 KOMIIJIEKCA, UTO MOXKET ObITh CBSI-
3aHO C YpaBHOBELIMBAHUEM CUCTEMbl OEJIKM/
pacTBOpUTENb B LIeJ0M). [Tpu 3TOM B KOMILIIEKCe Ha
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puc. 4, ¢ atom Sy Cys4 MsrB1 HaxoauTcst 6vxke
Kk atomy Sy Cys32 Trx, a B KOMITIEKCe Ha puc. 4, ¢
TakuM atoMoMm sBisercs Sy Cys95, Bxoasuimii
B MsrB1. Eciu o0paTtuthest K CpeaIHUM BeTUYMHAM
paccTosiHMii d| v d,, TO B KOMIIeKcax Ha puc. 4, a—e
OHH COCTaBJISIOT cCOOTBETCTBEHHO 0,9—1,0 HM, 0,7—
0,8 um; 0,8—0,9 um 1 0,5—0,6 HM. OUeBUIHO, YTO
W3 YeThIPeX MPenCTaBIeHHBIX KOMITJIEKCOB ITOCIe-
JTHUI MOXeT ObITh Hanbosiee OJIM30K K pealbHOMY,
TaK KakK B HEM PACcCTOSIHME OT aTaKylOIIero aroma
cepbl Cys32 Trx 1o aTOMOB cepbl AUCYIb(hUIHON
cBs13u MsrB1 — Hanmensblee. Kpome Toro, ¢ Teue-
HUEM BpEMEHU 3TO PACCTOSTHIE UMEEeT TeHIESHIINIO
K yMeHblleHuto (puc. 4,2) U gaxe B HEKOTOPbIX
CIIy4asix MOKeT coKpaluatbes 10 3,4—3,6 A, uto co-
OTBETCTBYET JOCTATOYHO TUIOTHOMY BaH-Iep-Ba-
aJIbCOBY KOHTAKTy aTOMOB. Takoe COIKeHMe B TTPO-
CTPaHCTBE AaTOMOB CEPbI MOXKET IMTPUBOIUTH K HAYATy
KaTaJTMTMUECKOTO aKTa, B pe3ysIbTaTe KOTOPOTO TTPO-



MCXOAUT PA3PbIB AUCYJIb(OUIHOM CBSI3U U ITOCIEAY-
fo11ee BOcCTaHOBeHMe Oeika MsrB1.

[NpuBeneHHbIE Bblllle PACCYXKIECHUS MOATOJIK-
HYJIM Hac K 00JIee IeTaTbHOMY U3YIeHUIO CTPYKTY-
Pbl KOMILIEKCA, [IPEACTaBJIeHHOro Ha puc. 3, eu4, e.
Ha puc. 5 mpuBeaeHbI «CTOM-KaApbl» KOMIUIEKCA 1O
X0y TPAEKTOPUU MOJIEKYJIIPHOM AIMHAMUKU,, UILTIO-
CTPUPYIOIINE TTPOLIECC B3AUMOICHCTBUS OETKOB BO
BpeMeHu. ClielyeT OTMETUTh UBMEHEHMUS, [IPOUCXO-
asimue B CTpyKType Oenka MsrBl (Ha pucyHke
BBIIEJEeH YePHBIM TOHOM). B 1cXomHOM cocTOsSIHUMA
9TOT 0€JI0K UMEET IBa B-Cy10s1, OOAbLINUI U3 KOTO-
pbiX ((DPOHTAJIbHbBII) COCTOUT U3 YEThIPEX HUTEN
(puc. 5,a). B xone B3aumoneicteus ¢ 6eakom Trx
MPOUCXOAUT YAJTUHEHUE ABYX BEPXHUX B-HUTEH
(poHTANBHOTO 3-CJ1051, UTO MPUBOAUT K 00Opa3oBa-
HUIO MMATON HUTH (pUC. 5,0). DTa nsitasi 3-HUTb 00-
pasyetcs B N-KOHLe 0e/1Ka, KOTOPbIi yaepXXuBaeT-
cs1 AucynbUuAHOM cBs13bio. OHa Obl1a 00pa3oBaHa
Mpu oKucaeHuu oenka. Hanbosee nHTepeCcHbIE 13-
MEHEHMSsI IPOUCXO/IST Ha 3aBepllaroLIeM dTare: oe-
7oK Trx momcTpaMBaeT CBOIO HECTPYKTYPUPOBAH-
HYI0 TIETJIIO K TISITO HUTH O0enka MsrB1; mpu aToM
00pa3yeTcst MeXXMOJIEKYISIPHBIN 3-JIUCT, IATh HU-
Teli KoToporo HaxonsTcst B 6enke MsrB1, a mec-
tast — B Oesike Trx. B okoHuUaTenbHOI CTPYKType
KOMILIeKca pacCTOSIHME OT aTOMa Cepbl aTaKyHoIIIe-
ro octatka Cys32 Trx 1o Gauxaiiiero atoma cepbl
Sy Cys95 nucynbbunHoii cBsi3u B MsrB1 coctas-
aset Bcero 4,8 A.

B dopmupoBaHMy ABYX HOBBIX 3-HUTEl TP 00-
pa3oBaHWM KOMTUIEKCa YIaCTBYIOT IE€BIThH aMUHO-
kucnor: wecthb (Ser5, Phe6, Phe7, 11e96, Phe97,
Ser98) — B MsrBlu tpu (Lys72, Cys73, Thr74) —
B Trx; Ipu 3TOM CyMMapHO 00pa3yeTcsl IIECTh HOBBIX
BOIOPOIHBIX CBA3ei. OQHaKO TaKoe 00pa3oBaHMe

bnounsmnka n meguymHckas CbM3MKa>

HOBBIX BJIEMEHTOB BTOPUYHOM CTPYKTYPbI IIPUBOAUT
K MCKaXXEeHUIO0 TeOMeTPpUN IUCYJIb(GUIHON CBI3U
B MSsrB1, u, Kak cieacTBue, MosiBIsSIeTCS] HAIIPSIKEH -
HOCTb B ee CTpyKType. [To 3HepreTuyecKuM oleH-
KaM, IIPOBEIEHHBIM C UCII0JIb30BAHUEM MapaMeT-
pOB, B3AThIX M3 myonukanun ®.A. MoMaHU U
c0aBTOPOB [ 14], pa3HoCTU MeXIy KOH(OPMALMOH-
HBIMU BHEPTUSIMU TUCYIb(MUIHON CBSI3U HA TEPBOM
U TPeTheM dTanax (CM. puc. 5,a U 8) KOMILIEKCO00-
pazoBaHMsT cocTaBysTIOT (0,74 KKajx/MOJIb i BaH-
nep-BaanbCOBBIX B3aumonaeicTeuii u 0,50 kkan/
MOJIb — JIJISI 3HEPTUY TOPCUOHHBIX YTJIOB OOKOBBIX
uerneit. Takum o6pa3om, 1UCyabdUIHasI CBSI3b CyM-
MAapHO 1eCTAOUIM3UPYETCS Ha BEIMUMHY CBOOOTHOM
sHepruu 1,24 kkan/moib. OgHaKO 0YEBUIHO, YTO
oOpa3oBaHue 1IECTH HOBBIX BOJIOPOIHbBIX CBSI3Ei
B MeXO0€eJIKOBOM [-JIMCTe, KOTOPbIN MOSIBIISIETCS
B pe3yJibTaTe (POpMUPOBAHUST KOMILJIEKCa, ¢ 3ama-
COM KOMIIEHCUPYET DHEPreTUYECKYI0 HAMPSIKEH-
HOCTb TUCYJIb(PUAHOMI CBSI3U MexX Ty ocTaTkKaMu Cys4
1 Cys95 pepmernTa MsrB1.

B 3akntoueHre He0OXOAMMO NOAYEPKHYTh, YTO
MoJIydeHHast HAMU paHee MPOCTPaHCTBEHHAS CTPYK-
Typa oKucJieHHOM hopmbl 6es1ka MsrB1 Mbiiiiy no-
CJyXWJ1a XOpOolllelt OCHOBOM ISl UBYYEHUST Mexa-
HM3Ma 00pa30BaHMs KOMILIEKCA 3TOro OejiKa ¢ ero
BOCCTaHAaBJIMBAKOIINM MAPTHEPOM — TUOPEIOKCU-
HoM. MccnemoBaHust IpoBOAUINCS in silico MmeTo-
JaMu 0eJIKOBOTO JOKMHTA U MOJIEKYJISIDHOMW IHAa-
MuKu. B urtore Obl1 oOHapyKeH CTaOMIbHBIN
KOMTLIEKC IBYX U3ydyaeMbIX OeJKOB. [TJ10THBIN KOH-
TakKT 0EJIKOB B MHTep(Pelice B3auMOAeHCTBUS IPU-
BOJIUT K COJMXEHHUIO B TPOCTPAHCTBE aTOMa Cepbl
kataautudyeckoro ocratka Cys32 Trx ¢ atomom
cepbl octatka Cys95 nucynbduaHoii cBsa3u B MsrB1

Puc. 5. luHamuka u3MeHEHUsl CTPYKTYpbl 6e1K0B MsrB1(uepHblii TOH)
u Trx (cepslii) B xone 00pa3oBaHUs KOMILIEKCA.
YcpenHeHHbBIE CTPYKTYPBI MPEACTABICHBI «CTOM-KaapaMu»

B MOMEHTHI BpeMeHu, He: 0,2 (a), 1,7 (6) u 4,1 (8)
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MeHee ueM Ha 5 A. B TeueHue TpaeKTOprK MOJIEKY-
JISPHOW IMHAMUKY IJIMHOM 5 HC yKa3aHHbIE aTOMbI
M3pelKa BCTYIAIOT B NMPSIMOI BaH-Aep-BaajibCOB
KOHTAKT, UTO CBUIETEIbCTBYET O BO3MOXHOCTH Ha-
yaJia KaTaJuTUYECKOIr0 aKTa BOCCTAHOBJIEHUSI (pep-
meHTa MsrB1.

B pesynbraTe nmpoBeaeHHOIO MCCIEIOBAHUS
MOXHO c/ieJIaTh IBa OCHOBHBIX BbIBOJIA:

obOpa3oBaHUI0 KOMIIJIekca 0enkoB MsrBl u
Trx ciocoO¢cTBYeT hopMUpOBaHUE MEXKOETKOBO-
ro B-yiucTa;

cTabuim3alys KOMILIEKCa II0CpencTBOM o0pa-
30BaHUST MEXOETKOBOTO 3-1MCTa MPUBOIUT K BO3-
HUKHOBEHMIO HAMPSKEHHOCTU B CTPYKTYPE TUCYJIb-
dugHoit cBsa3u Oenxka MsrBl, uto, BeposITHO,
MOHMKAET SHEPreTUUECKUI Oapbep ee pa3pbiBa Ipu
HYKJ1€e0(UJIbHOM aTaKe KaTaIUuTUUECKUM OCTATKOM
nucterHa Cys32 TMOpe1OKCHUHA.

Pabora noanepxxkaHa rocynapCTBEHHbBIM KOHTPaK-
toMm Ne 02.740.11.5014 B pamkax (emepaibHOIi LEeje-
BOI mnporpaMmmbl «HaydHble ¥ HayuyHO-IleJaroruye-
CKMe KaJIpbl THHOBaLIMOHHO Poccum» Ha 2009—2013.
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MATEMATUYECKOE MOAEJIMPOBAHUE

PUSNYECKUX TTPOLLECCOB

YOK 536.24:611.23

A.A. XpyuwieHko, K.M. Apegpvel

MOAEJ/INPOBAHMUE TEMJ10- U BJIATOOBMEHHbIX MPOLIECCOB
B TPAXEE JIETKUX YEJTOBEKA

HeobxonnmocTh co3maHust HOBBIX MOME/IEl TeI-
JIO- ¥ BJarooOMeHa B Tpaxee JIeTKUX YeJIoBeKa CBSI-
3aHa C TeM, YTO KOHAULIMOHMPOBAHUE BO3ayXa ITPO-
WCXOIUT B BEPXHUX IBIXaTeIHbHBIX My TSIX (HOCOBOM
MOJIOCTU, HOCOTJIOTKE U TOPTAaHU) HE MOJHOCTHIO,
U B JaHHBIH ITPO1IECC HEM30eKHO BOBIEKAIOTCSI BO3-
JyXOBOIHEIE KaHAJIBI TerKuX [ 1]. B KauecTBe 00beK-
Ta UCCAEN0BaHMSI BhIOpaHa Tpaxess — MpeaBapu-
TeJIbHBII KaHAJl, B KOTOPOM U3MEHEHUSI BIIAXKHOCTH,
TeMIIepaTyphl BO3AyXa U CTEHKU HauboJiee 3HaUU-
TeJbHbI. BBUAY MepeMeHHOro pexXuma AbIXaHusl,
CBSI3aHHOTO C UBMEHEHUEM pacxoia U HallpaBIeHUS
JIBWKEHMST BO3AYXA IMPU BAOXE Y BbIIOXE 3214 SIB-
JisieTcss HecTalmoHapHoi. O0beMbl U MPOIOIKU-
TEJbHOCTH BIOXA W BbIIOXA y KaXIOro 4yejaoBeka
B OIpeAe/IeHHOM Mepe MHIUBUAYaIbHEL. [1o cpemHe-
CTATUCTUYECKUM JAHHBIM YaCTOTA IBIXaHUS B CITO-
KOMHOM COCTOSTHUU — |2—14 gbIXaTeIbHBIX IUKIIOB
(B10XOB-BbIIOXOB) B MUHYTY. [Ipu 3TOM 4enoBek
BIBIXA€T M BBLIBIXAET KAXIbIii pa3 0komo 0,5-107> m°
BO3Iyxa (IbIXaTeJbHbI 00beM). M3MeHeHre CKOpo-
CTHU BO3[lyXa B Tpaxee C TeYCHUEM BPEMEHU MOXHO
MpeACTABUTD B BUJIE CJICAYIOLLIEH 3aBUCUMOCTH (HaK-
0oJiee COOTBETCTBYET IMTEPATYPHBIM TaHHBIM [2]):

w=%cos(m/z‘+3n/2+0), (1)

rae Vi, M’ — mBIXaTenbHBI 06BeM; S, M? — TIIO-
1IaJb CEUEHUS TPAXEU; T, C — MEPEMEHHAs BpeMe-
HU; t, ¢ — TIPOJOJIKUTETLHOCTD BIoXa (BBIIOXA);
¢ — KOHCTAHTa, KOTOpast 3aBUCUT OT 00beMa BIOXA;
mrs Booxa ¢ =0.

JlaHHAas1 3aBUCUMOCTb [IO3BOJISIET KOPPEKTHUPO-
BaTh JIJIS pACUETOB 00BEMBI U IPOJOJIKUTETLHOCTH
BIOXA M BBIAOXA COMTIACHO MHAMBUAYATbHBIM 0CO-
OEHHOCTSIM YeJIOBEKaA.

Tpaxee npeaiIecTByIOT HOCOIJIOTKA M TOPTaHb.
[TosocTh TopTaHU pasnejieHa IBYMS CKIagKaMu

CJU3UCTONM 000J0YKH (TOJI0COBBIMU CBI3KAMM ), HE
MOJHOCTbIO CXOISILIMMUCS 1O cpeaHel TnHuu. B pe-
3yJIbTaTe TAKOTO CTPOEHUSI TIPY BAOXE MOTOK BO3MIY -
Xa, TPOXOSILIMIA TOJIOCOBYIO LIEJIb, 00pa3yeT CTPyIo,
MHTEHCUBHOCTbL KOTOPOI OTMTPENEsieTCsI CKOPOCThIO
BIBIXaeMOIO BO3AyXa M pa3MepaMu TOJOCOBOit
esu. [1pu BbImoxe B MPOTUBOTIONIOXKHOM YacTH Tpa-
XeU TIPOMCXOAUT CMELIEHUE TTOTOKOB BO3yXa, IMO-
CTYIAIONIIETO U3 IBYX OPOHXOB, UTO HAKJIAIbIBACT
IOITOTHUTEIBHOE BO3MYILIEHNE Ha TEYEHNE BO3IyXa
B Tpaxee Mpu Bbimoxe. BiusHue aTux (pakTopos Ha
TEIIOMAacCOOOMEH OLEHUTD CIIOXKHO.

B ocHOBY MaTeMaTHueCKOi MOMIETN BXOMIST 1B
nrddepeHIMaTbHbIX YypaBHEH S EPBOTO MOPSIIKA,
OTBEUAIONIMX 3a TETJI0O0OMEH MEXIY BIbIXaeMbIM
BO3IYXOM U CTEHKaMU JIbIXaTeJbHBIX MyTei U Mac-
CcO0OMeH BOISIHbIM MapoM. TeueHue Bo3ayxa B Ka-
Hajie OyJeM CUYUTaTh OMHOMEPHBIM JJISI YITPOLLIECHUSI
3a/1a4M U C 11eJIbIO BbISIBICHUS TJ1aBHbIX (DaKTOPOB.
DTOo naeT BO3MOXKHOCTb 3alliCcaTh HECTALIMOHAPHOE
ypaBHEHME TETJIOOOMEHA B CIICAYIOIIEM BUIE:

oT
[pVvaYv +p, G, (1- I/V)]EJr

oT
+[vagv+Cpag]g=—oc(T—Tw)F, 2)

Tae p,, P, — IVIOTHOCTH I1apa U cyxoro Bo3nyxa; Cp,,
Cp, — TeNJI0EMKOCTH TIapa ¥ CYXOro Bo3ayxa; ¥, —
OTHOCUTEJIbHOE MapLUUabHOE AaBjieHue napa, 7' —
TeMIiepaTypa BO3yxa; g, , & — MacCOBbIE IPOIOJIb-
HbIE MOTOKMU Mapa U Bo3ayxa; X — MpoaoJbHast KO-
opnuHara; oo — Ko3GdULUMeHT Teroornauy; 7, —
TeMIIepaTypa MoBEPXHOCTH BHYTPEHHE CTEHKH Ka-
Hana; F — OTHOCHUTEIbHAs TOBEPXHOCTD TETUIOMAC-
cooOMeHa B KpyIJIOM KaHale.

BenauuunHbl, BXoasiiye B ypaBHeHUe (2), BbIpa-
JKAIOTCS CAeayomMU hOpMyTaMU:
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>
Y, =P, /P ;3necy P=P,+P, St = o ,
rae P — obiuee nasnenue; P,, P, — napuuaibHble Pii Wi (i
JaBJIEHUS ITapa U CyXOro BO34yXa; Te Pi; — MIOTHOCTb CMECH BO3yXa M BOASHOTO

M, N
gv_Ma (I—Yv)g’

rae M,, M, — MOJIeKyJIIpHbIE MACChI I1apa U CyXOro
BO3IyXa;

Fe nd

nd’ / 4
rae d — nuaMeTp KaHaa.

B Hameit Mogenu Mbl mpeHeOperaeM MeTadboIu -
YeCKUM TEIJIOBBIIEIEHUEM, TaK KaK B Tpaxee OHO
HeBeuko [1, 3, 4]. YpaBHeHUe MaccooOMeHa 3aru-
ChIBAETCS AaHAJIOTUYHO YPABHEHMIO TEMJI000OMEHA:

4
d’

08w % g Py v VE @)
ot ox RT "

rae f — KoabGUIMeHT MaccooOMeHa; Yvw — OT-
HOCUTEIbHOE MapliuaibHOE TaBJICHKE Mapay MoBep-
XHOCTU CTEHKHW; Yvw =va / P (va NPUHUMAETCS
KaK mapuMajibHOe JABJIEHWE HACBIILIEHHOTO Iapa
MpU TeMIiepaType MOBEPXHOCTU CTEHKU); R — yHU-
BepcaJbHas Ta30Basi MOCTOSIHHASL, T — CPEeIHSISI

temmnepatypa; T =(T+T,,)/2.

Pa3o0ObeM BpeMsi AbIXaTebHOTO LIMKJIA Ha He-
00JIbLIME UHTEPBAJIbI, BHYTPU KOTOPBIX OYIEM CUK-
TaTh PACXO[ BO3IyXa MOCTOSTHHBIM, HE 3aBUCSLLIUM
OT BpeMeHU. DTOT pacXO YCTAHABIUBAETCST OTHO-
BPEMEHHO T10 BCEMY KaHaJy, TaK Kak CKOPOCTb JBU-
JKE€HUSI BO3IyXa 3HAUUTEJbHO MEHbLIE CKOPOCTHU
3ByKa. B pe3ynbrate pelieHre ypaBHEHUS TETI000-
MeHa (2) o715 KaxKa0ro BpeMeHHOI'O y4acTKa BbIpa-
JKAeTcsl Kak

(O =0y 1) =01 =6, 1 Jexp <_4Stk,iE.vi ),
rae Stk’ ; — Kputepuil CreHTOHA; &, — Oe3pasmep-
Hast KOOpAMHATA, OTCUMThIBAEMAs OT Hayasla yJac-
TKa; k — UHIEKC UHTepBaJia BpEMEHMU; [ — UHIEKC
y4JacTKa Mo KOOpAMHaTe BIOJb Tpaxeu; &; = Ax/d ;
*
T.,-T

N

Oy

* 2

T}c,i—l -T

i
)

rne Ty ;-1 — TeMIepaTypa BO3/yXa Ha BXOZIE B y4ac-
ToK; T — TemriepaTypa, OTBe4aroLias HyJIlo OTcue-
Ta DHTAJIBLIINU, B JAJIbHENIIEM OyIeM MPUHUMATh

*
T :ka,i’
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napa (To eCTb BJIaXHOTrO BO31yXa), OTHECEHHasl
K CpeIHeit Ha yuacTKe abCOoMoTHOM Temriepatype 7T ;

Pri= MP/ (RJ_“) (M — monexynsipHas Macca 3ToM

cMmecu,

M= Mvak,i + Ma(l - Yvk,i);
C_'pk’,. — CpeIHsIs 10 COCTaBY yAENbHAsT TEIIOEM-
KOCTb,

= vaMva,i+CpaMa(1_Y\1k,i)

Oy = ”
i =
! Mva,i+Ma(1_Yvk,i)

v

AHAJIOrMYHO pelleHre ypaBHEHUSI MacCOOOMe-
Ha (3) uMeeT BUL:

Yori=Y, ki :<Yv ki-1= Yy, k,i)eXp(_4StD KEi);

rae St,, =p/w, — Anddy3uoHHbIE KpuTepuii
CTeHTOHa.

Pacuet koadpuieHTa TEMI00TAAUU O TPOU3-
BOIUM 13 SMITUPUIECKUX (POPMYIT TSI TAMUHAPHOTO
WY TypOYJIEHTHOTO TEUEHMI B KPYTJIBIX KOPOTKMX
KaHajax ¢ y4eTOM HavaJbHOTO ydacTka. B ciyuae
JJaMUHApHOTO TeUeHMsI, Koraa yuciao PeitHonbaca
MeHblue kputuyeckoro (Re . =2- 103 ), pacueTt MecT-
Horo KoadhduireHTa TeII00TIaYu MPOU3BOIUM IO

dopmye [5]:
0,1
Nujyy =0,33kRe™ Pr)® (x/d) ™, (4)

e k =3,66/4,36 — Koo bULIMEHT, HEOOXOIUMBbIIA
I MpUMEHUMOCTH (GopMynsl nipu 7, =const ;
Prg —yucio [Mpanaris.

[l pacyeTa MECTHBIX KOG GULIMEHTOB TETLIO-
OTIAauM MpPU TypOYJIEHTHOM T€UEHUM BO3AyXa UC-
nonb3yeTcs popmyia [5]:

N, =0,022K;, Re® Pro® (5)

)—0,12

rie K, =1,38(x/d — TIONpaBKa Ha y4acToK

TePMUUECKOI cTabuIM3auny npu x/d <15 u Typ-

OyJI€HTHOM T€YEHHUHU C CAMOI0 HayaJia TpyObl.
KoadduimeHTsI Ter10- 1 MacCoOTaauu mpu-
ONVKEHHO CBSI3aHbI clieaytolleit popmymoi:

D«
'3 — v—a ,
ALe

rae D, , — kospduument niuddysun napa s Bo3-
nyxe; Le — uucio JIbouca.



[1pu onpeaeieHu OTHOCUTEILHOTO MapLUaIb-
HOTO NaBJieHus1 ¥, Tapay CTeHKH OyneM UCIONb-
30BaTh CJICAYIONIYI0 (hOPMYITY, KOTOpPast allIpOKCH -
MUpYET TaOJu4HbIE 3HaYeHus1 (B auariazoHe
temnepatyp ot 0 1o 100 °C cpeaHeKkBagpaTUUHOE
OTKJIOHeHWe paBHO 0K0J10 0,19 %):

v

£ K

In —
T 71?2

o)

roe K, =11,872789; K, =-3836,2087; K, =-217060,31;
va, Ila; T, K.

Cneuunuka rnepeHoca TerJia B XKMBOi TKAHU 00y C-
JIOBJIEHA MPEXKIE BCErO HEMPEPBIBHOM LIUPKYJISILIMEH
kpoBu. [Toxa Bo3aeiicTBUeM HarpeBa (Mau oxaaxiae-
HUST) Ha TKAHb B OpraHN3Me CPadaThIBalOT MEXaHM3-
Mbl, €r0 KOMIIEHCUPYIOLLMUE B TOU UM UHOM MepeE.
BuactHOCTH, CKOPOCTBH KPOBM B COCYIaX TKAHU yBe-
JIMUUBaETCs (YMEHbIIIaeTCs1), TAKUM 00pa3oM OTBO-
UTCst (TIOABOIUTCS ) TOTIOTHUTENILHOE TETUIO [6, 7].

[lepBast MOze/Ib OCHOBBIBAETCSI HA ITPETIOOXKE-
HMM ITOCTOSTHCTBA TEMITePATYpPhl CTEHKHU Tpaxeu, PaB-
Hoit 37 °C| 3] 3a cueT TeueHUs1 KPOBU (TaK ObLIO TTPU-
HSITO B psifie padOoT MO pacueTy Ter1o00MeHa B JIETKUX
[1,4]). Botauuue oT nipencTaBieHHbIX B JIMTEPAType
Hallla MOJIE/Ib yYUTbIBAET NEPEMEHHbI I XapaKTep pac-
XO7la BO3/yxa B MpoLiecce AbIXaHusI, a Takke Koa(d-
(bureHTa TETI0OTAAUM, KOTOPBIM 3aBUCUT HE TOJIb-
KO OT BpEMEHU, HO ¥ PACCTOSIHUSI I10 [UTMHE TPAXEH.

CornocTaBuM pe3y/ibTaThbl paCYETOB M0 Mpeia-
raeMoit MOZIEJTN C OKCTIEpUMEHTATBbHBIMUA JTaHHBIMH,
npuBeAeHHBIMU B padoTe [8]. B Hell mpeacTaBaeHb
PEXMMBbI, KOTOPbIE OTHOCSITCSI K MHTEHCUBHOMY JIbl-
XAHUIO YEJIOBEKA MTPU PA3JIUYHON MUHYTHOM BEHTU -
JITIIAN JIETKUX, KOTOPBIi BOBIXAJ BO3AYX TeMTIepa-
Typoii 26,7 °C. BennunHa MUHYTHOM BEHTUISILINNA
JIETKMX PAaCCUMThIBAJIACh IO (hopmyie:

VE:VTf’

rae f— 4acToTa JIbIXaHUSI.

* Marematnueckoe moaenmpoBaHue unueckmnx npou,eccos»

3HaueHus TeMIIepaTyp Ha BXO/IE U B KOHLIE Tpa-
XeU IUTST BCEX PEXKMMOB TTPUBEICHBI B TAOJIMIIE U OT-
MeuYeHbl TOYKaMu Ha puc. 1. BenmuumHbl abixa-
TEJIbHOTO 00beMa 1 YaCTOTHI AIbIXaHUs B padboTe [§]
He yKa3aHbl. Halm pacueTsl mokasanu, 4To BbIOOD
YaCcTOTHI ABIXaHUS M 00beMa BIoXa He BIMSIET Ha TEM-
rnepaTypy Bo3ayxa B Tpaxee, TaK Kak Ipu 0OJIbLIEM
o0beMe BpeMsi BIoXa YBEJIMUMBAETCS U B pe3yJibTaTe
TeMIIepaTypa BO31yXa U3MEHSIETCS HA TY Xe BeJIU-
YUHY, 4YTO W Tpu 00Jee 4YacTOM IBIXaHUU
C MEHbILIMM 00beMOM. Pe3ynbraThl pacueToB mpes-
CTaBJICHBI Ha puc. | B Buae rpahMKOB N3MEHEHUS
TeMIIepaTyphl BO3/1yXa I10 AJIMHE TPaxeu 1Jist KOa(d-
(bMLIMEHTOB TETTOOTIAYM, PACCUMTAHHBIX IO (DOp-
myaaMm (4), (5). U3meHeHre BIaXXHOCTU BO3Iyxa
¢1a00 BIUSIET HA €r0 TeMIIEpaTypy Mo Mepe MPOXOXK-
JIeHUsI Tpaxeu, IO3TOMY He IPEACTaBAEHO Ha Ipa-
(pukax. UcnapeHue (Mau KOHAEHCALIMS ) B 9TOU MO-
JIeJ IV He BIUSET Ha TeMIIepaTypy CTeHKHU Tpaxeu; 3Ta
TeMrepaTypa CUMuTaeTCs MOCTOSTHHOM.

DKcIepUMeHTalbHbIC a3POJUHAMUYECKUE UC-
caenoBanus [ennu [9] Ha Mome U JIETKUX IS TIEP-
BOI1 ¥ TOC/IEAYIOLIMX T'eHepaliiii OpOHXOB ITO3BOJISI-
0T OLIEHUTh KOA(POULIMEHT TETJI00TAaYM Ha OCHOBE
aHaJorMu nepeHoca teria u umiysbca [10]. dust
cyJasi JaMMHAPHOTO TEUEHMUS 3Ta BeJIMUMHA OKa-
3ajach B 2,0—2,5 pa3a BblllIe, Y4eM BIYMCIIEHHAS 10
aMIupuyeckoit popmyse. B Tpaxee, kak yxxe oTMe-
YeHO paHee, BO3MYILLEHUE BO3AYILIHbBIX BUXPEU ITpU
BIIOX€ BbI3bIBAET r0OJIOCOBAS 111€J1b; Ha 00paTHOE Te-
YyeHHe Bo3IyXa IpU BbIIOXe NeHCTBYET, KaK U B CITy-
yae OpOHXOB, coeIMHeHre ABYX KaHasloB. ClienoBa-
TeJIbHO, KOA(MOULIMEHT TeIJI00TAa4YM HY>KHO B3SITh
0oJibliie, YeM BbIYMCIIEHHBIH 1o (hopmynam (4), (5).
[ToBbrneHne KoahduIMeHTa TEIIO0TIaYn B 1,5 paza
obecrieurBaeT Jydlliee COOTBETCTBUE pe3yabTaTOB
BKCIEPUMEHTATbHBIM JaHHBIM (CM. KPUBbIE I1O]1 HEe-
YeTHBIMU HOMepaMu Ha puc. 1). PesyabraThl pacue-
TOB XOPOILIO COIJIACYIOTCSI C 9KCIIEPUMEHTAIbHBIMU
TaHHBIMU OJ1aTomaps TIPEATIONOKEHUSM O TIOCTOSTH-
HOI1 TemIiepaType CTEHOK Tpaxeu (COBIANAeT C TeM-

DKCnepuMeHTaJIbHbIe 3HAYEHHS] TeMIepaTypbl BO3AyXa
B Hayajie M KOHIE TPaxXeu NP PA3IMYHBIX PeKMMAX HHTEHCHBHOIO AbixaHus [8]

Pexxim V., n/MyuH TeMvnep arypa, °C
B KOHIIE TOJIOCOBOJA IIEJIM | B KOHILIE TPaxeu
I 15 32,0+0,5 33,2+0,5
1 30 31,2 32,1
111 60 30,3 31,4
v 100 29,2 30,2
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Puc. 1. CpaBHEeHME SKCIEPUMEHTAIbHBIX (TOUYKU) U PACUETHBIX (JIMHUN)
3HAYEHUI TemIeparypbl BO3[yXa MO UIMHE TPaxeu i PasjiuyHbIX
pPEXUMOB JbIXaHUsl (cM. Tabnuily) M Ko3(hOUIIMEHTOB TEIUIOOTIAUM.
Pexxumsr gerxanust: 1 (1, 2), 11 (3, 4), 111 (5, 6), IV (7, §). Jlunun 2, 4, 6, § —
K03 GUIMEHTH TETUTOOTIAYM paccuuTansl o dopmymnam (4), (5); muauu 1, 3, 5,

7— Te Xe, HO 3TH KO3 ULMEHTH B3SATH B 1,5 pa3a 0oJjbllle; TyHKTUPH —
pacyueThl YUYUTHIBAIOT U3MEHEHUE TeMIIepaTypbl CTEHKU TpaXxeu

rnepaTypoit KpoBu) U MaJjioll Pa3HOCTU TeMIIepaTyp
KpOBHU U BOo3iyxa Ha Bxojie B Tpaxeto (5—7 °C).

Ilepenaua Tena B CTEHKAX Tpaxeu oOecreym-
BaeTCs TEMJIOMPOBOAHOCTbIO OKPYXKAIOLINX TKaHEH
U NPSIMbIM KOHBEKTUBHbBIM [1IEPEHOCOM TEILJ/1A C KPO-
BbIO, TEKYILIEW MO CPABHUTEIbHO KPYITHBIM COCY-
nam. YTo kacaeTcs MEJIKUX COCYIOB, TO TIepeHOC
TerJia ¢ KpOBbIO, TEKYILIEN MO HUM, COTJIACHO pabo-
TaMm [6, 7], CyMMUPYETCSI C MOJIEKYJISIPHOM TEILIO0-
MPOBOAHOCTHIO. TakuM 00pa3om BBOAUTCS AP PeK-
TUBHASI TETUJIOTIPOBOAHOCTL TKaHEU IJIsl OLIEHKHU
TETI000MeHa B Tpaxee Mpy YCJIOBUU UBMEHEHUS TEM-
reparypbl €e CTEHOK B PE3YJ/1bTaTe M101a41 X0JI04HO-
ro (ropsiuero) Bo3ayxa, KOraa MOXHO YYECTb MO/ -
BOJ (0TBOM) Teria U3 TKaHel (B TkaHu) |7]. Takas
OLIEHKA MO3BOJIMT YCTAHOBUTD Mpee/ibHOe 3HaUe-
HUE UBMEHEHUS TEMIIEPATYPbI CTEHOK IPU TEX U1
WHBIX YCJIOBUSIX.

Ha ykazaHHOII OCHOBe TipeiaraeTcsl BTopasi
MOJIeJIb TEMJIOMAacCOOOMeHa B Tpaxee, YUUThIBaKo-
1asi HECTAllMOHAPHOE U3MEHEHUE TeMIIepaTypbl
CTEHKU B MPOLIECCE IbIXaHWs. DTa MOJIeJIb OTIUChI-

36

Bajlach B cTaThe [11], HO B JaHHOM BapuaHTE OHa
JIoIojiHeHa (hopMyJIaMu pacueTa MU3MeHEeHMs KOA(P-
(uMeHTa TEIJI00TIAY Y.

B Halllem ciiydyae HecTallMOHaApHOTO Tpoliecca
oxjaxnaetcsl (MporpeBaeTcs) CA0W CTEHKU JIMIIb
KOHEUHOW TOJIIMHBI, TAK KaK BO3MOXHO TOJIbKO
He00JIbILIOE MPOHUKHOBEHME X0J10/1a (TeTia) B I1yOb
TKAHU CTEHKU. DTO 00YCIOBJIEHO MaJIOi BETMUNHOM

(pCp),, — 0GBEMHOI YIIeTBHOIE TEMLTIOEMKOCTH BO3-

IyXa, TI0 CpaBHEHUIO C 3TOM BEIMUMHOM I TKAHU
CTEHKMN:

(pCp), >> (), (6)

B ¢BS131 ¢ 3TUM MOKHO CEJIaTh BEIBO O TOM,
4TO TEILIOBOM PEXUM CTEHKU —Cyrybo HecTaluo-
HapHbIi. [1py MoaBOIaX M OTBOIAX TETIJIa U3MEHE-
HME TeMIIePaTypbl CTEHKU IIPOUCXOAUT TOJIbKO Ha
HeOOoJIbIION r1yOrHe (3TO OyIeT MoKa3aHo aajee).
J1J1s1 ynIpOLLEHMSI PACYETOB HECTALIMOHAPHOI'O IPO-
TpeBa CTeHKN KOHEUHYIO TOIIINHY CTEHKHU 3aMEHS -
€M 110J1y0eCKOHEUHbIM MAaCCUBOM, T. €. PACCMATPU-
BaeM IIeJb B OCCKOHEYHOM MaccuBe. JlaHHOe



OpuOJIMXKEHHOE TOITY1LIEHUE BO3MOXHO, €CJIM OTHO-
LIEHWE PACCTOSTHUS, HA KOTOPOM TTPOM301IIO0 U3ME-
HEHHE TeMIIepaTyphbl B CTEHKE Tpaxeu, K IMaMeTpy
Tpaxey UMEET MOPSI0K OJHOU AECSTOM.
W3meHeHue TeMnepaTypbl CTECHOK TPAxeu HaXo0-
JUTCS U3 PELICHUS 3a1a41 O HECTALIMOHAPHOM Tem-
JIONIPOBOJHOCTU I1OJIyOrPaHUYEHHOIO MaccuBa.
VpaBHeHUE TEIIONPOBOIHOCTU IIPUMET BUJT

P =aA9

ot "

CIrpaHUYHbIM YCJIOBUEM HaA ITIOBEPXHOCTU MAaCCUBa:

83," __OC_ZS

"

oy y=0
rae oy — KOo3(GULUUEHT TErIooTaaYu, 9, (y)=

=T,(»)-Ty(T,, T, — TemmepaTypbl MaccuBa
1 OKPYKAIOIIEH CPEIBI).

1151 ToTy0eCKOHEUHOTO MacCHBa, MMEIOIIETO
B HAYaJIbHBI MOMEHT BPEMEHU pacIpeieieHre TeM-
neparyp 7,,,(y) BCTeHKe, a 3aTeM MTOABEPrLLETrocs
TEIJIOBOMY BO3IAEWCTBUIO CO CTOPOHbBI OKPY>KAIOLLEHN
CpeIbl, KOOpAMHATHOE U BpeMEHHOE pacTipe/ie;IeH e
TemrmepaTypsl B Maccuse T, ( Y, ‘t) pacCUMTHIBAET-
csa 1o popmyite [12]:

1
9, (9,7) = ——x
2\ mar

0

X J 9,,0(1)| exp
0

C(y+y)

+exp
4at

=y
dat

2
—2a—Zexp i exp _r+y)” X
A A 4at

.| osb
OISmo(C)exp[ : jdé dy.

B ciyuae dazoBoro nepexoja Ha MIeHKE KU~
KOCTH BblaesisieTcsl (KOHIeHCcalusl) WX IMOTJIo1a-
eTcs (MCTiapeHue) TTIOTOK TETJIOThI

_V
RT
rae » — TerioTa (ha3oBoro nepexoaa.

OO01ee KOJIMYECTBO Teria, OTaaBaeMoe (Moy-
4yaeMoe) CTeHKOM, onpeaessieTcs: anreopandeckoi
CYMMOM

RM(n_ny

w

qB:"B

* Marematnueckoe moaenmpoBaHue unueckmnx npou,eccos»

ds =qp £4,,

TIe ¢, — TeTUIOBOI MMOTOK, BO3HUKAIOLIUII BCIIE]I-
CTBUE KOHBEKTUBHOI TEIMJI0O0TAAYM; 3HAK TUTIOC Oe-
peTcs, Korga TeMmIepaTypa MoBepXHOCTH OOJblie
TEMIIepaTypHhl spa BO3AYITHOW CMeCH, 3HAK MU-
HYC — B TIPOTUBOTMOJIOKHOM CJlyuae.

Ortcrona cliefayeT, YTo MOJHbIN KO3(DhULIMEHT
TEIUIOOTAAYM, OTIPEAC/ISIOLINI TETIOBOE COCTOSIHUE
TUTEHKH JXUIKOCTH Ha CTEHKE, BhIpaXKaeTcs Kak

PMV (Yvw _Yv)
r-1,) "

BeauunHa rosnHoro ko duiiyeHTa Teriooia-
YU Oy B OCHOBHOM OIIPENEJISIeTCSI BTOPBIM cllarae-
MbIM (OTBeuaeT 3a (pa3oBbIii Mepexo), KOTopoe TM00
TPEBOCXOIUT, IMOO CPAaBHUMO C O, B 3aBUCMOCTH
OT HAYaJIbHBIX YCIOBUIA (BIaXKHOCTH W TEMTIEpaTY-
pBI BXOogHOTO Bo3ayxa). [ToCKOJbKY TUIeHKa XKW~
KOCTHM Ha CTeHKaX OYeHb TOHKas (ee TOJNIINHA He
oosiee 50—200 MKM), OyaeM cUMTATh, UTO TEMIIEpA-
Typa TUIeHKH TIPaKTUIECKHU COBITAIAET C TeMIlepa-
Typoui cTeHKu 7', .

Ter1onpoBOAHOCTh TKAHM JIETKUX C YUYETOM
LMPKYJISLIMU KPOBU COCTABIISIET, COIJIACHO JIMTEepa-
TypHbIM JaHHbIM, 0,6 Br/(M-K) [6]. HauanbHas
TeMITepaTypa CTeHKHW Tpaxen MpUHUMaeTCs paBHOM
TeMIiepaType BHYTPEHHUX OPTaHOB M COCTaBIISIET
37 °C. Ilo Mepe nbIXaHUS TeMIIepaTypa CTEHKU 13-
MEHSeTCs, ¥ 32 YCTAHOBUBIIIEECS COCTOSTHUE TIPU -
HUMaeM TaKoe, KoTaa TeMIiepaTypa CTeHKH Tpaxen
B HayvaJjie IbIXaTeJIbHOTO IIMKJIa paBHA TEMIIepaType
BKoHILe. Ha puc. 1. nyHKTUPHBIMU KPUBBIMU TIPS/ -
CTaBJIEHBI M3MEHEHMS TeMIIepaTyphl BO3AyXa IO
IUTUHE TpaXey MPU pa3TMIHbBIX peXXUMaX IbIXaHUS
C y4EeTOM U3MEHEHMS TeMIIepaTyphl CTeHKHU. [aH-
HbIe KPMBBIE OTBEYAIOT ABAALIATOMY IBIXaTEJIbHO-
MY LUKITY, IPU 3TOM KO3((OULIMEHT TeIJIOOTAAYU
npuHAT B 1,5 paza 60siblie pacCUMTaHHOrO 110 (hop-
myaam (4) u (5).

TemioBoe BO3AECTBIE HA TKAHU TpaXe! BhI3bI-
BaeT yBeJUUYEHME ITPUTOKA KPOBU, KAK OTMEUATIOCh
paHee. Bocmob3yemcs pemioxXeHneM psiaa aBTo-
POB — YTOOBI yYECTb YBEIMUEHUE KPOBOTOKA B MEJI-
KHX KPOBEHOCHBIX COCYIax, — BBeCTH 3(PpPeKThB-

HYIO TeIUIONpPOBOIHOCTD A. =0,9 Br/(m-K) [7].

PesynbraThl pacyeToB TeMIepaTyphl BO3IyXa B TPa-
Xee MPU UCMob3oBaHUM 3 (HEKTUBHOM TEMJIONPO-
BOIHOCTH ITPAKTUYECKHU COBMANAIOT C ITPEACTABICH -
HBIMU Ha puc. |, Mpu 3TOM HAOII0JAETCS YACTUUHOE

37



HayuHo-TexHuueckne Begomoctn CII6IT1Y. dusmnko-matrematnueckme Haykm 3’2010

L

2l

=]
L

_n—'—"'._.-.-'
il 2 DR

R LS 1

Ao

Puc. 2. PacueTHOe M3MeHEeHME TeMIIepaTyp IO IJIUHE Tpaxeu
npu koaddunmenrte teronpoonHoct 0,9 Bt/(M-K) (1, 3)
u 6,0 Br/(m'K) (2, 4): Temmieparypbl MOBEPXHOCTH CTCHKHU
tpaxeu (I, 2) u Bo3ayxa B Tpaxee (3, 4)

(B Hauaje Tpaxeu) yBeJUUeHUE TeMIIePATypPhbl CTEH-
KU Tpaxeu [0 CPaBHEHUIO C COOTBETCTBYIOLIEH TEM-
neparypou, noJiydeHHOM IpU pacyeTax TeIionpo-
BoaHoctu co 3HaueHuem 0,6 Br/(m-K). st 6osee
MOJIHOM KAPTUHBI BOBMOXHBIX U3MEHEHUI TeMIIe-
pATypbl CTEHKU TPaXeu U BO3AYXa PACCMOTPUM CITy-
Yaif CITOKOIHOTO IbIXaHWs, KOTIa TeMIiepaTypa mo-
cTynatoiero B Tpaxeto Bozayxa — 0 °C. I[IpoBemem
pacueThl TTpu 3P PEKTUBHON TETIOTPOBOIHOCTH
A« =0,9 Bt/(M°K) 1 yBeTMUeHHOM €€ 3HAYCHUUN —
A« = 6,0 Br/(M-K). PesynbraThl yKazaHHBIX pacue-
TOB ISl TPUALIATOTO IBIXaTeJIbHOTO LIMKJIA Tpe-
ctaBieHbl Ha puc. 2. CylecTBeHHOe U3MEHEHUE

'C

3n

=

TEMITEPATYPbl CTEHKM IIPOMCXOIUT B HAYAJIE TPAXEH.
Ha puc. 3 npuBeneHa pacueTHasi 3aBUCUMOCTb TEM -
nepaTypbl B CTEHKE OT €€ IJTyOuHBI (OCh y) B Havasie
U KOHIIe Tpaxeu. [ Bcex BapMaHTOB 0Ka3ayiocCh,
YTO MPOHUKHOBEHUE TEMIEPATypHOro (GpoHTa
B CTEHKY HeBeMKO 1 cocTasisiet (0,8—1,6)-10 > m.
Takum 00pa3om, OTHOLLIEHUE paauyca, Ha KOTOPOM
MPOU30LLIO U3MEHEHUE TEMIEPATYPhI, K PAIUYCY
Tpaxeu umeeT ropsinok 1/10, v Hallia TpuOIVKeH-
Hasl 3aMeHa UUJIMHIPUYECKOTO KaHala LIEJIeBbIM
C IUIOCKMMU CTEHKAMU OIpaBaaHa.

OnHako comocTaBleHre pe3yJIbTaTOB MTOKa3a-
JIO 3aHUXKEHHYIO, 10 CPABHEHUIO C BKCIIEPUMEH-

ta R 1

12 TR IR [ ™

Puc. 3. PacuerHoe m3MeHeHUE TeMIIepaTypPhl
o TIyOWHe CTeHKHU Tpaxeu B Hauvane (17, 3)

=

B KoHLe (2, 4) Tpaxen nipu KOd3hGULIUEHTAX TEILIONPOBOIHOCTH

0,9 Br/(M-K) (1, 2) u 6,0 Br/(M:K) (3, 4)
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TaJIbHBIMU JAaHHBIMU, TEMIIEPATYPY BO3IyXa B KOH-
e Tpaxeu. [axe rnopbillieHUE KOAGhGULIMEHTA TeT-
JnooTnayu B 1,5 u 6osee pa3a He IIPUBEJIO K JOCTA-
TOYHOMY YBEJIMUYEHHUIO TeMIMepaTypbl BO3ayxa
B KOHLIE Tpaxeu 151 BCEX CyJaeB.

PazpaboTaHHbie MOIE€IM MOTYT ObITh UCIIOJb-
30BaHbI IS aHAJIM3a MPOoLIecca OXJIaXKIEHUS Topsi-
4yero cyxoro (MJiv BJIaXKHOT0) BO3AyXa, [IOCTYMNal0-
IeTo B Tpaxelo. BBIMOMHEHHBIE pacueThl IO
MOCJeIHe MOIEIN MOKA3bIBAIOT BO3MOXKHbBIE MaK-
CHUMaJTbHbIe U3MEHEHUSI TeMTIepaTyphl TTOBEPXHOC-
TU CTEHKU; 3TO M103BOJISIET OLIEHUTh BO3MOXXHOCTH

HETaTMBHOTO TeperpeBa WK MePeoXTaXKIECHUS I10-
BEPXHOCTU TPaxeu B pa3JUUYHbBIX IKCTPEMaIbHbBIX
KJTMMAaTUYECKHUX YCJIOBUSIX. PacueTHOE M3MeHeHne
TeMmepaTypbl CTEHOK TpaXer MOXET 0Ka3aThCs 00-
Jiee CriakKeHHbIM, €C/IM YYeCTb MPsIMON KOHBEK-
TUBHBII MEPEHOC TerJia ¢ KPOBbIO, TEKYLIEH o
KPYITHBIM cocynaM. [1onBoast UTOTH, MOTUYEPKHEM,
YTO MPUBEAECHHbIE B CTaThe PE3YJIbTaThl PACUETOB
MOJTYYeHbI [UTsI CJTy4aeB KaK MOCTOSIHHOM, TaK U TTe-
PEMEHHOU TeMIiepaTypbl CTEHOK Tpaxeu U YYUTbI-
BAlOT MU3MEHEHMSI pacxoa BO3Iyxa B TEUeHUE BIO-
Xa U BbIIOXa, a TAKXKe U3MEHEHU s KO(DULIMEHTOB
TEIJIO- U MaCCOOTIAYM.
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A.H. Bacunved, B.I1. OcunogB, [.A. TapxoG

YHUOULMUPOBAHHbBIN NMPOLIECC MOAE/IMPOBAHUS
®U3UKO-TEXHUYECKUX OFbEKTOB
C PACMPEAEJIEHHbIMU MAPAMETPAMU

Kiaccuueckasi TocTaHOBKA 3aJauu IMOCTPOEC-
HUS aA€KBATHOM MOJIEIY CJI0KHOTO TEXHUYECKOTO
00BEKTA WU CUCTEMBI OOBIYHO BKJTIOYAET B Ce0s

nuddepeHIraIbHbIe YPABHEHUS B YACTHBIX ITPOM3-
BOAHBIX TM00 MHTerpoauddepeHIanbHbIe ypaBHe-
HUSI WJIU UX CUCTEeMbl (OOBIYHO HEJIWHEKHBIE),
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HavyaJbHOKPAEBbIEC YCIOBHUS U YCJIOBUS HA CThIKAX
noa001acTeil, a TaKKE MHBIEC YCI0BHUS, OTBEYAIOIIME
3a CUMMETPUI0, 3aKOHbI COXPAHEHMUSI, CBSI3aHHbIE
¢ (pa30BBIMU TTEpEXOJAMU, KAUECTBOM MOJETUPYE-
MOIi KOHCTPYKIIMHU U T. II.

7151 onipefesieHust KauecTBa MOJIE I 3Ty MOCTa-
HOBKY HEOOX0AMMO MepeBecTu B popmy (PyHKIIMO-
Hasa (Habopa (pyHKIIMOHAIOB), XapaKTepU3YIOILIEro
TOUHOCTb YIOBJIETBOPEHMUS yKa3aHHbBIX TPeOOBaHUI
K IIPUOJIM>KEHHOMY PeLLeHUIO WK pa3padaTbiBaeMO
KOHCTPYKLIWM.

HeiipoceTeBoii mOaXom MO3BOJISIET ITOJTYIUTh Pe-
LLIeHWe cpa3y B BUAE QYHKIMU, YIOBIETBOPSIIOLICH
TpeOyeMbIM YCIOBUSIM TJIAAKOCTHU U, €CIU HYXXHO,
o0Janaroliieit 3a1aHHBIM MOBeAeCHUEM Ha OeCKOHEeU-
HocTU. bosee BaXKHBIMU U151 MOTMBALIMM BEIOpaH-
HOTO MTOAX0AA MPEICTaBIISIOTCH YCTOMYMBOCTD HEW -
POHHBIX CEeTel IO OTHOIIEHUIO K OLIMOKAM B JaHHBIX
M €CTECTBEHHOE pacIiapaijieIMBaH1e BbIYMCICHUIA.
CiieayeT OTMETUTb, UTO HEMPOHHbIE CETU HauboJiee
YIOTPEOUTEIbHBIX ADXUTEKTYP — 3TO YHUBEPCAJb-
HBbIE alIIPOKCUMATOPHI, T. €. COOTBETCTBYIOIIIMMU UM
(byHKUMSIMU MOXHO MPUOJIU3UTH TAKOBBIE U3 10C-
TaTOYHO LIMPOKUX (PYHKLIMOHAIBbHBIX K1accoB [1].

ITosicHuM cyTh HelipoceTeBoro nomxona [2] Ha
npUuMepe MPOCTEHILIEN 3a1a4un

Aw)=g, u=u(x); xeQc R?; B(u)|r =h, (1)
3necb A(u) — HekoTopblil guddepeHLnanbHbli
oreparop, T. €. aJredpandyeckoe BbIpaxkeHue, Co-
Jepxallee yaCTHbIe TPOU3BOIHBIE OT HEU3BECTHOM
dbyHkunm u; B(u) — onepartop, MO3BOSIOLINI 3a-
JIaTh rpaHUYHbIe (MK HAYaJibHbIE) yCaoBUsI; [T —
rpanuia ooiaactu Q.

Nuwem npubauvxeHHoe peweHue 3agauu (1)
B BUJZIE BBIXOAA MCKYCCTBEHHOW HEUPOHHOU CETHU
(MHC) 3anaHHOIT apXUTEKTYPHI:

u(x,w)= %‘ cv(x,a;), 2)
i=1

rae wW=(W,...,Wy) — BEKTOp BECOB W, =(c;,a;) .
Beca MHC — nuHeiiHO BxoaslIKMe napamMeTpshl c;
W HEJIMHEITHO BXOAAILIVE TAPAMETPHI 4; — HAXOAATCS
B IPOLIECCE MOATAMTHOTO OOYUEHUS CETU, TOCTPOCH-
HOM Ha MUHUMU3AUU QYHKIIMOHAIA OILIMOKHU.

Bapl/laHTbl HaCTpOﬁKH HeﬁpoceTenoro peuieHuA

OTMeTUM TPUMEHsIeMble METOIbI 00yUeHUsT (Ha-
ctpoiiku napameTpoB w) MHC:

obyuenne MHC, uMerollieit 3agaHHOE YKUCIIO
cJlaraeMbIx /N, ¢ HACTpPOIKOI Bcero Habopa BECOB
Ha OCHOBE METO/IOB IV100a/IbHOI ONTUMU3ALIUY;
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obyuenue pacrywux MHC, g KoTtopbix Ha
KaXX70M 11are o0yuyeHusi HaCTpauBaloTCsl mapameT-
bl JIMLIb J00aBISIEMbIX HEPO3JIEMEHTOB (B IIPO-
CTelIlIeM cllydyae — OTHOTO HeMPO3JeMEHTa);

obyueHue pacrywux MHC, g KoTtopbix Ha
KaXX70M 11are o0yuyeHusi HaCTpauBaloTCsl mapameT-
Pbl BCEX HEMPOAJIEMEHTOB;

obyuenue pactymux MHC, nig KoTopbix Ha
KaX/I0M 111are moMuMoO OOy4YeHHUsl 100aBIsIEMOro
HelposieMeHTa (2JIEMEHTOB) MOXET YA THCS 2J1e-
MEHT (3JIEMEHTHI);

TEHEeTUUECKUE AITOPUTMBbI TOA00pA CTPYKTYPhI
HEMpOdRJIEMEHTOB, BKJOUaoLe 6ojiee COXKHbIC
METOJbl MAHUTTYJISILUU CTPYKTYPOU CETU;

ooyuenne MHC co cnenimaibHO MogoOpaHHbI-
MU HeipoaieMeHTaMU (C LIeJIbl0 YMEHbBIIEHMUS Clia-
raeMbix B (pyHKLIMOHAJIE OLLIKOKM).

Munumu3anus GyHKUHOHANA AJ1s1 Beeid ceTn. On-
HUM 13 BapMaHTOB ITOI00pa MapaMeTpoB HEMPOHHO
ceTu (2), narolieit mpuOJIMXKeHHOE pellieHre 3a1a4n
(1), siBsIeTCSI MOMCK METOIaMU HEJIMHEMHOM ONTH -
muszauuu [2,6] MuUHMMYMa GYHKLIMOHAIA OLUMOKH.
OTOT MOAXOA TPUMEHUM B JOCTATOYHO OOIIEH CH-
Tyaluu, 10O HE MIPEIbIABISIET OCOOBIX TPEOOBAHMIA
K FeOMEeTpUU 00J1aCTH, TUILY YPABHEHUSI, IJIaIKOCTU
KO3(OUIIMEHTOB U T. 1., IUIIb ObI HA OCHOBE HEBSI -
30K, CBSI3aHHBIX C YIOBJIETBOPEHUEM YpaBHEHMUSI
U KPaeBbIX (WJIU UHBIX) YCJIOBUI, MOXHO ObLIO CO-
CTaBUTb TAKOU (PYHKLIMOHAJL.

B npocreiiiiem ciaydae pyHKIIMOHAI OLIMOKHU
BbIOEpEM B BUZIE

M 2
Juy= | A& ))-g& )| +
Jj=1

M 2
+8Y|B(E;)—hE; )| - 3)
j=1

31ech UCTTOB3YIOTCS MEPUOTNYECKH ITePEreHepH -
pyeMble NpoOHbIe TOUKM E: {§,} — B obaactu Q,
{€;} — Ha rpaHuue I' — c BO3MOXHOCTbIO 3a1a-
HUSI pa3HbIX 3aKOHOB pacipeneJeHUs TUX TOUeK —
peryisipHoe, cilyuyaitHoe paBHOMEPHOEe, HOpMaJb-
HOE U JIp.

Ha camoMm fiesie paccMaTpuBaeTCs MOMEPEeMEH -
Hasi MUHUMU3a11sl OTHOTO (DYHKIIMOHAA U3 Ha-
b6opa E(w,E)=J(u); IpU 3TOM KaXIbIA TaKOU
(byHKIIMOHAT MUHUMU3UPYETCS HE O KOHIIA, a TTPO-
M3BOIMTCS HECKOJIBKO IIIAarOB MUHUMM3ALIMH, TTOC-
Jie Yero OH MEHSIETCS B COOTBETCTBUU C 3aMEHOM
npoOHbIX ToueK. Heobxonumo nmoguepkHyTh, 4TO



WIIeTCSI He MUHUMYM (PyHKIIMOHAa J, a TouyKa Ha
MHOT000pa3uu Un HelipoceTeBbIX PYHKIUMI 1aH-
HOI apXUTeKTypbl — M -peiieHue [2] 3amauum (1);

=u, (x,w)=

N
=Z;c,-v,-(x,a,-), J(u,) = E(W,E)<n;
i=

[PY 3TOM YMCJIO M AOCTATOYHO MAJIO 151 TOIO, YTOObI
CUUTATh MOCTPOEHHYIO MOJIENIb JOCTATOYHO TOUHOA.

AJIropuT™ mnocjienoBaTebHOH MHUHUMHU3ALUU.
B MeTofe pacTymx ceTeii uncio ciaaraeMbix N yBe-
JIMYMBAETCS OT 11ara K mary aaropurma. Oocynum
caMblii TPOCTOM cayyaii, Korma cjaaraeMbie 100aB-
JISTIOTCSI 110 omHOMY (MeToa HbroToHa OyaeT UCIomb-
30BaH MPU PACCMOTPEHUM).

ITyctb onpeneneH TpeOyemblii ypOBeHb TOYHOC-

un’ >0.

— 1 _
[Iar 1. bepem N= 1, Torna u, (X,w;)= ¢ vx
X (X, al) .
DTO BbIpaXkeHUE MOPOXIAET 3a1auy ONTUMMU-
3allMM TOJIBKO C OJIHUM BEKTOPHBIM MapaMeTpoM

w, . Torna mpoBoaMMm MpoLecc MUHUMU3ALUK U 110-
JTydaem:

=mi ). 0 0,0 :
nl—n‘lvlln'](”n)’ W, :(cl,al):argmmm;

nonaraeM ) (x) = cv,(x,a)).

Jst HaXOXIeHUsT MPUOIMXKEHHOTO 3HAUECHUS
MUWHKWMYMa UCIONb3YeM OMH U3 METOIOB HEJIMHEH -
HoI onTUMM3aLNU |2, 6]. B ¢Bs31 ¢ TEM, UTO IO -
OupaeTcs HeOOIbIIOE YMCIIO BECOB, JOCTATOUYHO
MEePCTIeKTUBHBIM MPEACTaBISIETCS UCTTOIb30BaHe
meTona HbloToHa, B OCOOEHHOCTH B CUTYallUMU,
KOraa eCTeCTBEHHBIM 00pa30M MOXKHO IMogo0paTh
yIauHOe HauaJlbHOE MPUOIVKEHUE.

Ecnu TpeOyeMblii ypoBeHb TOUHOCTH TIOCTUTHYT,

T.e. M < no, TO TIPOLIECC BHIYKMCICHU I 3aKaHUWBa-
€TCsT; B IIPOTUBHOM CJTydae MepexoanM K miary 2.

lar 2. bepem N = 2, Torma uccieayeMas
(bynkuwmst nis wara 2 6yaeT UMeTh BUJL

2 0
U, (X) =1y (X)+ 6,7 (x,2,),

rJe BTOPOE C/IaraeMoe BBOAMTCS B PABYIO YACTh Pa-
BEHCTBA C HEOTIPEIEIEHHBIM BECOM W, =(C),2,) —
C MCKOMbIMU NIaPAMETPAMU C,,a, , MOUIEXAILUMU
ONpe/e/IeHUIO HA 3TOM Llare.

* Marematnueckoe moaenmpoBaHue unueckmnx npou,eccos»

3azlaqa MUWHUMMU3ALIMUU BbITJIAOUT TAK:

. 2 .
N, =minJ(u;) =min E(w,),
W W

rae E(w,) — 9TO pe3ysbraT MOACTAHOBKU uﬁ (x)
B oO11Iee BeIpakeHue 1151 pyHKLIMoHana J. B pe3yib-

TaTe MOJTy4NM HOBOE PELIEHHE 1), >0, W9 = (cg ,a) ) =
. 0y — o0 0
=argminn, ¥ 3Ha4YEHUE U, (X) =y 1(X,a5).

OueBuaHo, yto My <M;. Eciu n, sno , TO TIPO-

1eCC 3aBepIIAeTCs; €CIU HET, TO IEPEXOINM K IIary
3 1 TaK manee...

HUlar i (i=3,4,...): bepem N = i. Bynem uc-

MOJIb30BaTh PELICHUS u? (x), HailieHHbBIE HA TTpe-

ObIOYIIUWX IIarax, Toraga uccjacayemast d)y'HKHI/IS{ IJTIS1
ara i BbIJISIAUT TaK:

i1
j 0
Uy (X) = > u; (x)+cvi(x,a;),
P

r1e MOCJAeIHee caraeMoe B MPaBOi YaCTU paBeH-
cTBa — (DYHKLIMSI TOTO K€ TUIIA, YTO U paHee (UIun
3aIaHHOTO THUTIA), HO C HEM3BECTHBIMM ITapaMeTpa-
M1 W; =(c¢;,a; ) . BeKTOp BECOB W, MOIEXUT ONpe-
JIEJICHUO HA JAHHOM [-M 1Iare.

3agaya MUHUMU3ALUU BRITISIAUT CASAYIOIIUM
o0pa3zom:

n, =minJ(u; ) =min E(w,),
w; w;

rae E(w;) — pe3yJbTar NoACTaHOBKU u,’% (x) B OG-

111ee BhIpaXKeHME 115 J.
[ToBTOPSISI MpoLiecc, MbI TOJYYUM MOHOTOHHYIO
MOC/Ae10BaTEbHOCTb OTKJIOHEHU N

m=ny>..2n,>..2n" >0

1 COOTBETCTBYIOILYIO ITOCJAEA0BATEIBHOCTD BECOB
0 0,0 0 0,0
Wl =(Cl ,al ), w2=(02,32),...,

w =(c2,,a?,,); m=34,... .

ITaru moBTOPSIIOTCS OO TEX MOP, MOKA TEKYyIIee
3HAYEHUE 1|, OKAXKETCS JOCTATOYHO MANIBIM: 1, < no.
B Takom ciyyae ntepalioHHbI IPOLIECC 3aBepliia-
eTcd, U 1), — SKBUBAJIEHTHOE PELIEHNE 321241 Oy-
T HAUAEHO.
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CTpyKTypa MaTpuLibl BECOB CJeAyIoLLIast:

w0 0
wowd 0 ... 0 0
0 &0 0
wo|lW w2 W 0 0
0 W0 0 0
W, W, W; w,; 0
0 &0 0 0 0
W Wy W3 ... W, W,

OTHOCUTENBHO APYTUX YETHIPEX YITOMSHYTHIX
MeToIoB HacTpoliku BecoB MHC orpannummcs
KOMMEHTApUSIMU.

Tpernii noaxoa. DTOT NOAXOA OTJIMYAETCS OT
BTOPOTI'O TEM, YTO Ha KAXKIOM 11Iare yTOUHSIIOTCS cpa-
3y BCE Beca, a He TOJIbKO MOCIeTHETro 100aBISIeMOrO
HelpodJieMeHTa. DTO 3aTpyaHSIET UCTTOJIb30BaHe
METOAO0B, BpeMsl pa0OThl KOTOPbIX CUJIbHO 3aBUCUT
OT pa3MepHOCTH (Hanpumep, metona HbloToHa), HO
MO3BOJISIET OTPAHUYUTLCS HEOOIBIINM YHCJIOM I11a-
OB ONTUMU3ALUM, TAK KaK BeCa MOXXHO YTOUYHUTD
U Ha CJIeAYIOLIMX 3Taax padoThl AJIrOPUTMA. DTOT
MOAXO/ MO3BOJIIET YMEHBIIUTH TPEOyeMOe YMCJIO
cJlaraeMBbIX MO CPAaBHEHUIO ¢ MPEAbIAYIIUM, XOTS
BpeMsI ero pabOThI 10 JOCTYXKEHMS TAKOM K€ TOUHO-
CTU OOBIYHO OKA3bIBAETCSI HECKOJILKO OOJIbIIKM.

YerBepTsiii noaxo. [IprMeHeHe JTaHHOTO Me-
TOAA OCHOBAHO Ha TOM IIPOCTOM COOOpPaXKeHUHU, UYTO
yYMEHbIIIEHNE OITNOKM Ha 00yJarolleil BLIOOpKe He
BCEraa COIPOBOXKAACTCS] yMEHbILIEHUEM OLLIMOKM HA
TeCTOBOI BbIOOpKE. B mpocTteiilliem BapuaHTe Ha
KaxXJI0M 3Tarle aJropuTMa U3 MeToaa 2 MOXKHO I0C-
Jie Toa0opa BECOB OUEePENHOTO 3JIeMEHTA BIYUCIUTh
OLLIMOKY Ha TECTOBOM MHOXKECTBE C HUM U 0€3 HETO
W, €CJIN TIOCJICIHSSI OKAXKETCS MEHBIIIE TIEPBOI, TO
N00aBJI€HNE COOTBETCTBYIOIIETO CIaraéMoro Mpo-
BOIUTH He cieayeT. [1ogoOHbIi aITOpUTM JOJIKEH
BKJIIOYATb CIy4ailHYIO0 reHepaluio HayaabHbIX Be-
COB 100aBIsIEMOT0 HelipoaaemeHTa. bosee mpoaBu-
HYTBII BapHaHT 3aKJII0YAETCs B IPOBEPKE Ha TeC-
TOBOI BbIOOPKE KaK MOJHOM CeTU, TaK U ceTeli 0e3
OJIHOTO HelpoaieMeHTa (110 ouepeny nepeduparT-
Csl BCE TaKue CeTU) M OCTABJICHUU JyYllIEero Bapu-
aHTa.

ITarblii noaxon. JlaHHbBIN MOAX0OA OTAUYAETCS OT
MpeabIIyILINX TeM, UYTO 00yJaeTcs: cpa3y Habop ce-
Tel (MOoMmyasiuust), MpU 3TOM NPOLIECC O0YYeH S Tie-
peMexaeTcsl TeHETUYECKUMU OIlepaliisIMu — MyTa-
LUSIMUA U cCKpellnuBaHueM. 11 HelipoHHO# ceTn
paccMaTpuBaeMOi apXUTEKTYPbl OCHOBHbIMU THIIA -
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MU MyTaLM SIBJISIIOTCSI PACCMOTPEHHBIE BbILLIE OTIe-
paunu 100aBJIEHMS CIaracMoro U yaaJeHus cara-
emoro. B kauecTBe onepanuu CKpeuBaHU MOX-
HO MPeIIOXUTb CASAYIOLLYIO TPOoLIeAypY: 6epeM nBe
CEeTHU, OIIpeeJisiEM MHOXKECTBO, Ha KOTOPOM Kaxast
CeThb JaeT MUHUMAJIbHYIO TECTOBYIO OIIMOKY; IJIsI
KaXIIOil CETU MO oYepeay BHIKUIbIBAEM I1OJOBUHY
HEMPORJIEMEHTOB, JIJ1I KOTOPBIX 3Ta OIePaLlUs TPH -
BOJUT K HAMMEHbIIE OLIMOKE Ha €€ IOAMHOXECTBE,
aTIOTOM CETU OObEIUHSIEM.

IIecToii moaxon. OTHOCUTENLHO JAHHOTIO MO/~
X0JIa YKaXXeM TOJIbKO, 4YTO, HAIIpUMep, B CJTydae JIv -
HEMHbIX ypaBHEHUIA C YACTHBIMU IIPOU3BOAHBIMMU,
HCII0JIb30BaHUE B KAUECTBE HEIPORJIEMEHTOB (PyH-
JIAMEHTAJIbHbIX WJIM UHbIX PELIEHU YpABHEH U 110~
3BOJISIET YMEHBIIUTD YMCJIO CIaraeMbIX B (DYyHKIIM -
OHaJjie OLIMOKN — YCKOPHUTb IIPOLIECC HACTPOMKM
BecoB MHC. TTosicHUM 3Ty MBIC/Ib HAa IPUMEPE 3a-
nauu (1). [Touck ee peLieHust MOXHO CBECTH K I10-
WMCKY pelIeHUs IBYX 3aJa4: C OTHOPOIHBIM ypaBHE -
HMEM M HEOQHOPOAHBLIM I'PAHMYHBIM YCJIOBHUEM

A(yy) =0, B(u1)|r =h W 3ama4M ¢ HEOTHOPOIHBIM
ypaBHEHUEM ¥ OIHOPOIHBIM IPaHUYHBIM YCIIOBUEM

A(wy) = g, B(wy)| - =0.

IIpu 5TOM pelieHre UCXOAHOM 3aJauu eCThb
CyMMa u = u; + u,. B KauecTBe HEIIPOSTIEMEHTOB
IUTST TIEPBOM 3a4a9W MOKHO B3SITh YHIaMEHTallb-
HBIE peleHus1 ypaBHeHUsT A(u) =0, Toraa ocTaHEeT-
Cs1 YIOBJIETBOPUTH TPAHUYHBIM YCIOBUSIM: B (PyH-
KLuoHaJe (3) ocTaHeTCsl TOJIbKO BTOPOE CJlaraeMoe.
st BTOpoit 3a7auu BbIOMpaeM HEMPOIJTEMEHTHI,
yIOBJETBOPSIIOLIME OJHOPOJHOMY I'PAHUUYHOMY

YCJIOBUIO B(u)|r =0, — B ¢pyHkuuoHaie (3) ocra-

eTcsl TOJIbKO MepBoe ciaraemoe. [TogooHast nekom-
MO3UIIKS CYILIECTBEHHO YCKOPSET Mpoliecc Moa00-
pa BECOB CETH.

HeiipoceTteBoii mogxom mo3BoJsieT ¢ eAMHOMN TOU-
KM 3pEHMS pACCMOTPETh TOCTATOUHO LIMPOKUI KPYT
MpaKTUYECKU BaXKHBIX 33[1a4, BKJIIOUAsI HEKOPPEK-
THBIE. [Ip1 3TOM BO3MOXHO MCIIOJb30BAHUE HE-
KJIACCMYECKOro HeillpoceTeBoro 0asuca, a TakxkKe
PAacCMOTPEHUE KIIACCUIECKUAX METOAOB CETOK U KO-
HEYHBIX 3JIEMEHTOB C €IMHOI TOYKHU 3PEHUS; 3TO
IpUIAeT UM 00JIbIIIe TMOKOCTH, TTIO3BOJISIET IIPUME -
HSTb XapaKTePHbIE [1J151 HEMPOHHbIX CETEN 3BOJIIO-
LHMOHHBIC METOABI ¥ UCITOIb30BATh CUJIbHBIE CTOPO-
HBI KaXI0T0 13 0a31COB.

Ha ocHoBe MeTomosiornu padoThI [2] pa3pabo-
TaH YHU(DULIUPOBAHHBIN IPOLECC PELLEHMUSI CJIOXK -



HbIX 3a7a4 MaTeMaTuyeckoil ¢pusuku. Oxapakre-
PU3YeM €ro OCHOBHbBIE ATallbl.

1. XapakTepucTuKa KauyecTBa MOAEIU B BUIE
(byHk1moHana (Habopa GyHK1MOHANOB). JJaHHbIN
3TaIl OCHOBAH Ha MH(OpMaLIMy 00 U3ydyaeMblX sIBJIE-
HUSX (MOIeV 1 (DyHKIIMOHATBI MOTYT YTOUHSIThCS B
MpOLECCe MOCTPOSHMUS pELEHUsI, KOHCTPYUPOBAHUSI
1 GYHKILIMOHUPOBAHUSI 00BEKTA) U MOXKET ObITh pea-
JIN30BAH CIIELIMAJIMCTOM B [IPEAMETHOI 00J1aCTH.

2. Bi0op yHKIIMOHAIBbHOTO Oa3uca (0a3ucos).
JlaHHBIN 3Tan MOXKET OBITh BHITIOJIHEH KaK CIela-
JINCTOM B IIPEIMETHOI 00J1aCTH Ha OCHOBE MH(MOP-
MalMU O XapakKTepe MOASJUPYEMBbIX SIBJCHUI, TaK
U1 aBTOMATUYECKU, C TOMOILIbIO pa3pabOTaHHBIX aB-
TOpaMU 3BOIOLIMOHHBIX A ITOPUTMOB.

3. BoiOop u peanusaiusi METOIOB Moadopa
CTPYKTYPbI MOJEJIM U HACTPOUKM napameTpoB. JlaH-
HBIH 3Tan MOXET ObITh MOJHOCTbIO aBTOMATU3UPO-
BaH U He TpeOyeT 00s3aTeIbHOrO BMeIIaTeIbCTBa
crieuranaucTa B IpeMeTHOM 00J1acTH, XOTS UMEI0-
asicsi y Hero npuoauM3uTeabHass MHMOPMALUS
0 MOBEAECHUN 00BEKTA MOXKET ObITh JIETKO YUTEeHA MpH
MOCTPOSHUY MOJIETH.

4. Peanuzauusi METOJOB YTOUHEHUST Moeeit
00BbEKTOB B Ipolecce UX (PYHKLMOHUPOBAHUSI
(M cOOTBETCTBYIOLLEN MOACTPONKY AJITOPUTMOB YII-
paBieHus UMHU). [IpMHLIMITBEI TOCTPOESHUS TAKUX Me-
TOJIOB HAMM pa3paboTaHbl (CM. [2]), AaHHbIE METObI
U AJITOPUTMbI MOTYT OBITh PEaIN30BaHbI B ITPOrPAMM-
HOM KOMILJIEKCE, KOTOPbIii OyIeT MPUMEHSITHCS CIie-
UATKCTaMM B IIPUKJIAIHBIX 00J1aCTIX 0€3 1opadoT-
KU JIJIs1 peLIEHUST LIIMPOKOTO Kpyra 3a/1ay.

5. IlonmonHeHMe 6a3bl JAHHBIX MOAEeH, anro-
PUTMOB U MTPpOrpaMM. DTOT 3TAIl CYILLIECTBEHHO YUK~
ThIBA€T KOHKPETHbIM CIIOCO0 peanu3aluuy BblUUC-
JINTEJIbHOU Cpebl.

Enunble MeTOIBI PA0OOTHI C IIMPOKUM KIaCCOM
3a7a4 ¥ Mojiesieit TO3BOJISIIOT UCTTOIb30BaTh UIEO0-
JIOTMIO paCLIMPsIEMbIX ITPOrPAMM U OObEKTHBI 101~
XOJ B MOCTPOEHUU TTPOrPAMMHOTO 00eCIeueHUsI
¢ OonbIION JOJiell TTOBTOPHOTO MCIOJb30BAHMS
KOJa, JIeTKOI ero MonuduKaluein Mpu BKIKYEHUN
HOBBIX KJIACCOB 3a/1a4 U aJIrOPUTMOB MOCTPOCHMUSI
MomeJieil, a TakxKe MPOCTOTOM MOMUCKA OLIMOOK
B IPOrpaMMHOM KOMILIEKCE.

YHuduumupoBaHHbI METOI ObLT MPEIToXeH
U IPOXOJUT arpoOALIMIO B XO/I€ BBIITOJIHEHUS HAy4-
HO-UCCIeN0BaTeIbCKUX pabOT MO TOCKOHTPAKTy
Ne 02.740.11.0204 — o teme «Pa3paboTka ceTeBoit
KOMIIbIOTEPHO JTAOOPATOPUU a3pOTUAPOMEXAaHUKH,
TEIJIOMACCONEPEeHOCa U MeXaHUKU HEBECOMOCTU».

* Marematnueckoe moaenmpoBaHue unueckmnx npou,eccos»

[MosicHUM KaXnblii M3 YKa3aHHBIX ITAIlloOB Ha
npuMepe 3TOro yHU(PULIMPOBAHHOTO METO/IA.

IIpumepbl NOCTAHOBOK 32124 M (DYHKIIMOHAJIOB

PaccmoTpum mpsiMyto HadaabHO-KPaeBYIo 3a-
Jady TS SBOJIOLIMOHHOTO YpaBHEHMS Ha TIpUMepe
YpaBHEHUS TETIJIOMPOBOIHOCTH 151 CTPYHBI. [1ycTh

u(t,x),rne tel0;T], xe|[0;1], — perieHre HEOTHO-
POIHOTO ypaBHEHMUSI TETUIOMPOBOAHOCTU

ut _uxx :g(trx)’

YIOBJIETBOPSIIONIEE KpaeBbiM ycaoBusiM u(f,0)=
=u(t,1)=0 n HayanbHbIM ycnoBusaM u(0,x) = o(x).
3amaHue 3TUX YCIOBUI TTO3BOJISICT PEIllaTh 3a1auy
«BIlepel» — M, KaK U3BECTHO, TaKas 3amava sSIBIIsI-
eTCsl KOpPEeKTHOM. PetlreHre psaMoii 3agaun MImeT-
¢S Ha OCHOBE MUHUMM3ALNH (PYHKIIMOHAJIA OO0~
ku J(u):

M 2 M, 2
Sl — =)t x)) +8y X Jucr, 0 +
J=1 j0=1

2

M, 2 M,
+8, Y ‘u(tjl ,1)‘ +8, ) ‘u(O,xj2 )—o(x;)
Ji=1 A=l

Crnaraemble B BTOM BBIpaXX€HWW OTBEYAlOT
COOTBETCTBEHHO 3a YIOBJIETBOPEHNE YPABHEHMUIO,
KpaeBbIM M HaudyalbHbIM yciaoBusiM. IltpadHbie

MHoxuTenu §; > 0 B mpocTeiiliem BapuaHTe — QuK-

M
CUpOBAaHHbIE u4ucaa. MHoXecTBa {(tj,xj)}_ v
j:

M,
Ji=

{(tfo ’0)};‘:11’ {(tfl ’1)} 1’ {(0’ X )}j”i

. Ha0OPBI TeC-

TOBBIX TOUEK BHYTPU 00JIACTH, HA JICBOI U MpaBOii
rpaHuIax, Ha ceyeHuu ¢ = (), puKcauss KOTOPbIX
JaeT KOHKPETHbIN (DyHKLIMOHAJ.

B coopHuke [3] B KauecTBe mpruMepa HEKOPPEeK-
THOIi 3aau¥ MpUBEeHA 3a1a4a MPOIOIKEHUS He-
CTallMOHAPHBIX [10J1e1 MO MPUOIMKEHHO U3BECTHBIM
JaHHBIM TOUEUHBIX U3MepeHuii. [1pu nmpeanaraeMom
MOIXO/e PeLIeHMe KaK MPsIMOI, TaK 1 0OpaTHOI 3a-
a4 CTPOUTCST eAMHOOOPa3HO Ha OCHOBE MUHUMMU-
3aUuu (PyHKLMOHANA OLIMOKU. 3aMEHUM Havajlb-

HOE YCJIOBME COOTHOLUEHWAMHU u(fy,X; )=y,
k=1,..., pBTOUKAX(f} , X; ) HEKOTOPOIO MHOX€ECTBA

P. 3necy ¢, — ONBITHBIE JaHHBIE, MOJTYYEHHBIE
C HEKOTOPOI OLIMOKOIA €.
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g
IIpubnuxkeHHOE pelIeHne — Peryasipru3aluio b
9TOM 3aJayy UILIEM, KaK 1 p&iHee, MUHUMU3UPYS J(y)= ﬂ y'(x)- F(x, y)|2 dx+8| Y(Xy)— y0|2 (4)
(byHK1IMOHAN OLLUMOKU, B3Thli1, HAIIPUMED, B BUJIE s

M 2 M, 2
3~ = )t )| +8 3 fute, 0 +
J=1 Jo=1

Ml 2 p - 2
+3, Z‘u(tj],l)‘ +8, Y |ue 5~ -
=1 k=1

YucneHHoe UCcaeq0BaHMEe JaHHOM 3aJ1a4uu 00-
cyxiaeTcs B cratbe [3].

AHaJIOTUYHO CTPOATCS (PYHKLIMOHAJBI /151 APY-
rUX 3a7a4, HarmpuMep ¢ MOTOJIHIEMOI B Ipoliecce
BBIYMCIIEHU BEIOOPKOI (ITepeMEeHHOM MHOKECTBE
P). Pe3ynbratbl pacueToB MOIYT, B CBOIO OUYEPE/lb,
KCTO/Ib30BaThCS MTPU MJIAHUPOBAHUU IKCIIEPUMEH -
Ta. Takoil momxom MOXHO C YCIEXOM NMPUMEHSTh
U TIpYU MOCTPOEHUHU Cepuu (Mepapxuu) pelleHui
B COOTBETCTBUU C YTOUHSIEMbIMU TAHHBIMU.

Bpi6op hyHKIMOHAILHOTO 0a3Kca

CpaBHeHMe pa3IuYHbIX BADMAHTOB METOIOB Ce-
TOK B KJIACCMYECKOU IOCTAHOBKE C METOJaMu
KOHEYHBIX 2JIEMEHTOB Y HEMPOHHBIX CETEH 3aTPY/I-
HEHO pa3Hol (POPMOI1 IOJTydaeMbIX MOJEJICI: TUC-
KPETHOW — JUIST METOMIA CETOK, a TAKXKE METOAA KJIe-
TOYHbIX HEMPOHHBIX ceTeil U (PYHKIIMOHATbHON —
JUTS METOJIA KOHEUHBIX 3JIEMEHTOB Y METOIA HEMPOH-
HbIx ceTeit, Hanpumep RBF-cereil. OnHako 31o pas-
JINYYE HE SIBJISIETCSI CTOJIb KAPAWHAIBHBIM, KaK 3TO
MOXET IoKa3aTbcsi. Bo-mepBbiX, OT IUCKPETHOIO
PEIIEHUSI C TOMOILBIO MHTEPIIOJISILIMY MOXHO TTepeii-
T K GYHKIIMOHAIBHOMY IPEICTaBICHUIO, TTO3TOMY
JIOTUYHO COTIOCTaBISATh (PYHKLIMOHATbHYIO MOJEb
C pe3y/1bTaTOM TaKoi uHTepnossiuu. Bo-BTopbix,
BO3MOXHO MTOCTPOCHUE CMEITAHHOU MOJIEIN, TUCK-
PETHOI B OIHOM U (PYHKLIMOHAIBHOM B APYroii oji-
00J1acTSIX ee OoTpeAe/IeHUST, B 3aBUCUMOCTH OT Tpe-
OoBaHMI1 K MOIEN: ec/i (PYyHKIIMOHATbHAS MONIEb
HYXHa TOJIbKO B MOI00J1aCTH, U3BECTHA ACUMIITO-
THKA PELIEHUS U T. T1.

Paznuuue TUTIOB MojeJieli CTAHOBUTCS €IIe
MEHbIIUM, €CJIU 3AMETUTh, YTO 32 CETOYHbIMU ME-
TOJAaMU 3a4acTyl0 MOXHO YBUJIETHh MOCTPOCHUE
(byHKIIMOHATEHBIX MOIEICH.

Haunem oOcyxaeHue ¢ 3amay 1j1s1 OOBIKHOBEH -
HbIX 11 pepeHIMaTbHBIX ypaBHeHU . [TpruOIkeH-
HOE pelreHne Kiaccuvyeckoi 3amaum  Komm
Y'(x) = F(x,); (xy) = y, Ha IPOMEXyTKe (a; b) Mo-
JKET ObITh MOJy4YeHO MUHUMU3aLMel (hyHKIIMOHA A
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Ha HEKOTOPOM JOCTAaTOUHO OOraToM MHOXECTBE
CKaJISIpHBIX (PYHKLMI oqHOM nepemeHHO. [Tono6-
Hble QYHKIIMY OOBIYHO UILYT B MapaMeTPrU30BaH-
HOM Buje y= f(x,w), cBOAs 3amady K [1oaoopy
napaMmeTpoB wW. Yaille BCEero ucImoab3yeTcs: KBa3u-
JINHEMHBIN BUA UCKOMOM (PyHKLINU:

=3 wolxa,) 5)
i=l

Ha npakTuke 00bIYHO MCITONB3YETCS JUCKPET-
HOe TIpeacTaBiIeHre (GPyHKIIMOHAJIA OLIMOKHU

J(»,E)=

. (6)

|2

M
=3 [y(E) - &, me )| +8]yx) - 3y
j=1

roe Z={§ j}j]‘i | — MHOXECTBO TECTOBBIX TOYEK Ha

nHTepBane (a; b); 6 >0 — mTpadHO mapameTp.
Br16epeM B KauecTBe 0a3MCHOM (DYHKIIUM «Tpe-
YTOJIbHYIO IAMOUKy» (CM. PUCYHOK):
(=l | |) 1—|x, |x|$1;
’ o,y

=3 ) 1

Ipaduk cranmapTHoOil 6a3ucHOI GYHKIUU @y(X)

bynem cuuTaTh, 4TO TPOMEXYTOK (a; b) pa3ouT
TECTOBBIMM TOUKAMM

&,j:a+jh,j:0,...,m,meN

Ha TIPOMEXYTKU PaBHOM [UIMHBI A =(b—a)/m ; 3TH
K€ TOYKU OyIeM CUMTATh LEHTPAMU «IIAMOYEK»
®;,Jj=0,...,m pryem LMpUHA OCHOBAHWSI TAKOIL
LIaMOYKKY paBHa 2/ , T. €. OfiHA 111al04YKa 3aKaHYU -
BAaeTCs B LIEHTPE CJACOYIOLIECIH:



* Marematnueckoe moaenmpoBaHue unueckmnx npou,eccos»

(P(xs‘ij):([’j(x):(PO((x_‘ij)/h)-

IIpencraBnenue (5) npuHUMAET BU,

y =3 woy((x—2,)/h).
i=0

onpenensist QyHKUMIO Yy Ha 60Jee IMPOKOM ITpoMe-
XKyTKe (a—h; b+ h) . TTpr 3TOM MOUCK MPUOTUKEH-
HOTO PEIICHUST CBOIUTCS K HAXOXICHUIO 3HAYCHU
w; =y, =y(§;) . 3amMeTnm, 9T0 JT106ast KyCOUHO-JU-
HeltHas GYHKIINS MOXET ObITh TIPEACTABICHA B Ta-
KOM BUIE.

st onipeneneHus mapameTpoB w ;U3 dyHKUM-
oHauia (4) Hy>KHO BbIOpaTb METO/I, MPUOJIUKEHHOTO
BBIUMCICHUS MHTeTpata. CaMblii TPOCTON METO —
MPSIMOYTOJIbHUKOB — 1aeT popMy.y

Xigl

J 80x) dx= gl

X

C Y4€TOM TOTO, UTO HA STOM MTPOMEXYTKE ' = %
MPUBOIUT K METOY Diliepa, COTJIACHO KOTOPOMY
Vi =Y thF(x;,y;).
Bosee TouHast popMyIia TparneLmii
Xitl h
I g(x)dx ~ E(g(xi) +8(xX;4 ))

X

MPUBOIUT K (hOpMyJIe

h
Yin=Ji +E(F(xi!yi)+F(xi+1’yi+1))-

B otninume ot metona Diiniepa 3ta popMysia He
MO3BOJIAAET HEMOCPEACTBEHHO ONPENEIUTD Y, | 110 V;,
TaK KaK ypaBHEHUE MOTydaeTcsl HesiBHBIM. [1pume-
HsIsl K HEMY OJIMH LIar MeToJa MPOCTOM UTepaluu,
nojyvyaem meton Ditnepa — Kotu:

h
Yiai =JY; +E(F(x,-,y,-)+F(x,-+1,yi +hF(xl-, y,-)).

Ewe 6osiee TouHas ¢popMysia BEIYUCICHUS UH-
terpaja — popmysia CUMIICOHA

th g(x)dx~ g(g(xi) +48(X;1/2) + 8(X;4 )),

X

TIe X, ,, — CepelnHa oTpe3Ka (x;, X;,;), MPUBO-
IUT K (popmyJie

h
Vi1 =i +E(F(xi’yi)+

+4F(xi+l/27yi+1/2)+F(xi+1’yi+1))’

OTKyaa npuxoaum K meroay Pynre — Kytra.

s nonaydyeHus 0oJiee riaakux npuoIrxKeHun
MPUXOJUTCS PACKJIAAbIBATh IO AaHATIOTMYHBIM KY-
COYHO-TTOTMHOMMATTbHBIM (PYHKIIMSIM COOTBETCTBY -
fo111eTo MopsinKa. beckoHeuHy10 T1anKOCTh MOXHO
MOJIyYUTb, UCTIOJB3YS B pa3iokeHUH (5), BYaCTHO-
ctu, Takue tunudHblie 111 RBF-cereit pyHkuuu,
KakK raycCuaHbI:

o(x,a,,a,) = exp{—a1 (x—a, )2}

wiu pyskumu Kot

2 0!
(p(x,al,a2)={1+al (x—az)} .

ITo nuckpeTHOM (PYHKIIMHU TOXKE MOXKHO ITPOBE-
CTU WHTEPTNOJUPYIOLINI CTJIaiiH HeoOXOoaUMO
[JIAAKOCTU, HO TOYHOCTh, C KOTOPOi1 TTOJTyYMBILIAs -
csl QYHKIIMS YIOBJIETBOPSIET yPAaBHEHUIO, OCTACTCS
HeomnpeaeaeHHOU. boee 10rmuHo CTpoUTh UCKOMBII
criaiiH (uckath Koa(hduureHTs pasnoxenusi (5)),
OJHOBPEMEHHO MMHUMMU3UPYsI QYHKLMOHAN (4)
U TpUOAUXKasich K HalIEHHOMY JUCKPETHOMY MPU-
OJIKEHMUIO.

TTpencraBaeHHas Bblllle CTaHIapTHAsT BbIUMC-
JIUTEJbHAS POLIENYPA TIOUCKA JUCKPETHOTO PeLLIe-
HUS 00J1aAa€ET PSIIOM CYLLIECTBEHHBIX HEOCTATKOB.

Bo-nepBbix, anpruoOpHbIi BEIOOD 1l1ara Ipu He-
M3BECTHOM XapaKTepe pelleHUs 3aTPyAHEH, a ero
PEryIMpoOBKa B MPOLIECCE PELLIEHUS TPEOYET Crein -
(pnueckux nmpouenyp, TPYAHO NOJAAKOLIAXCS MOIM-
(puxkauuu. IpeacrapneHue (5) NO3BOJISIET yMEHb-
111aTh LIAT, 100aBJIsIsi TPU HEOOXOAMMOCTU OAHY WU
HECKOJIbKO (OyHKUMI. M0OXHO ObLIO Obl paOOTATh
¥ C TIEPEMEHHBIM MOIGMPACMBIM LIArOM A=A,

Bo-BTOPBIX, BEIUMCIUTENBHAS POIIEIYPa HOCUT
MoCeI0BaTebHBIN XapaKTep, YTO 3aTPYIHSET ee
napajljieJIbHYIO U pacipeleJeHHYIO pean3aliiu.

B-TpeTbux, xecTkas MpuBs3Ka KOHTPOJIbHBIX
TOYEK K LIeHTpaM 0a3MCHBIX (DYHKLIMI (KaK 3TO Je-
JIaJIOCh B PACCMOTPEHHOM MPUMEPE) MPENCTaBISIeT-
cs1 HeynoOHoli. BooO1e roBopsi, 3T MHOXeCTBa
MOTYT U He coBnaaath. [louck pelreHus mpu Gpuk-
CUPOBAaHHOM HA0OPE TECTOBBIX TOUEK = U ITPU 00Ib-
LLIOM YUCJIe m 4acTo MPUBOAUT K MEPEOOYUECHUIO,
KOrIa Majbie OIIMOKY B TOUKAX TECTOBOTO MHOXKE -
CTBa COMPOBOXIAIOTCS OOIBLIMMU OLIMOKAMU BHE

Hero. [eperenepanus TeCTOBBIX TOYEK {E; }ﬁl rnoc-
JIe OTIPENEIEHHOrO YMCIIA IATOB MTPOLIECCa MUHM -
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mu3auuu GyHKLroHana (6) aenaer 3ToT npoLecc
6omee yctoitunBbeIM. DakTHUECKM TIPU KaXKIOM Tie-
pereHepaLyy TeCTOBbIX TOUEK Mbl [10J1y4aeM HOBbII
(byHkuMOHAN

Ew,E)=J(f(x,w),E).

Takoe mpepbIBaHUE Mpoliecca MUHUMM3ALUN
(byHkumoHana ETo3BosieT U30eKaTh 3aCTPeBAHUS
B JIOKAJTbHBIX OKCTPEMYMax.

B cBs131 ¢ TTepexomoM OT HeTTpephIBHOM (hOPMBI
npeacTaBieHust GyHKIMOHAIA OLIMOKY (4) K IUC-
KpPEeTHO (6) HAlO OTMETUTH CJIEAYIONIUEe 0OCTOS-
TETbCTBA!

BBIUKMCIICHUSI MHTerpajia (WX MHTErpaioB) B op-
Mme (4) MOryT ObITh PeaJIM30BaHbl B KOHEUHOM BUJIE
KpaitHe peIKo — B CJTydae BEICOKOM CUMMETPHH;

armpoKCUMALIM MHTErPaIoB B IIPEICTaBICHUN
(4) naet BapMaHT nepexona K AMCKPETHOMY Mpe-
cTaBjaeHUIO QyHKLIMOHaMa ook (6);

OUCKPETHOE TIpencTaBieHne (yHKIIMOHAIA
FE(w,E) Cy4eTOM MO3TaIrHoM nepereHepauy MHO-
JKeCTBa TECTOBBIX TOUEK = TIPUBOIMUT K HAOOPY
(byHK1IMOHANOB.

‘VYpaBHeHus1 60J1ee BbICOKOTO MOPSIAKA AaHATU3U -
PYIOTCS TTIOTOGHBIM 00Pa30M, TOJTEKO HY>KHO BMECTO
«TPEYroJbLHOM MAMTOYKH» UCIIONb30BaTh 0A3MCHYIO
(byHK1LIMI0 GOJIEee BEICOKOTO TMOpsaKa, 00ecTieunBa-
0110 HEOOXOIUMYIO TJIAAKOCTh, MEPEXOIUTh OT
yYpaBHEHUS K (DYHKIIMOHAY, UCTTOTb3YIOIIEMY TTPO-
W3BOIHBIE MEHBILETO MOPSIAKA WK MEePEeXOIUTh
K CHCTeMe TTIepBOTO TTOPSIIKA.

AHAJIOTUYHO paccMaTpUBAIOTCSl YpaBHEHUS
B YaCTHBIX MTPOU3BOAHBIX, MHTErpoandhepeHIIN -
aJTbHbIE M TOMY ITOAOOHBIE YPaBHEHMSI.

1o cBoelt CyTH CeTOUHBIE, KOHEUHORJIEMEHTHEIE
Y KBa3WJIMHENHbIE HEMPOCETEBBIC PA3TOXKEHUS CXO/ -
HBI, OTHAKO B HEMPOCETEBOM TTOAXOIE UMEETCST Y BO3-
MOKHOCTb HACTPOMKN BEKTOPHBIX MTAapaMeTpPOB a,
BXOMISIINX B 2JIEMEHTHI (PYHKLIMOHAJIBLHOTO Oa3nca,
B TO BpeMsl KaK 0a3MCHBIC 3JIEMEHTBI B IPYTUX MO~
XOJIax MpearoIaraloTcs N3HaYaIbHO 3aJaHHBIMM.

Bot HekoTOphIe peKOMeHIALMHU 110 BLIOOPY TUIIA
0a3zuca B 3aBUCUMOCTH OT OCOOEHHOCTE peliaeMoii
3a/auu.

B momo6macTax ¢ mpocToii TeoMeTpueit, TIe eCTh
OCHOBAHME TPEATOIaraTb HECIOXHBIN XapakTep
pelIeHs, pa3yMHO UCTIOIb30BaTh 0a31C 13 PYHK-
L1 TpeyrojabHOro Buaa. B 6osee cioxXHBIX cliyda-
SIX ¥ TIPY BO3MOXKHOCTHU PE3KOTO M3MEHEHMS XapaK-
Tepa peleHMsT pa3yMHO UCIIOIb30BaTh «IIATTOYKI»
0oJiee BHICOKOTO TIOpSIIKA, TayCCUaHBI U WHBIE
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HelipoceTreBble (DYHKLUMU aHAJIOTMYHOrO THUIIA.
B nopo6aacTsix ¢ BeIpaxkeHHOW aHU30TPOIUE ciie-
JIyeT UCII0JIb30BATh AJIMITUYECKUE FayCCUAHBI (CM.
[2]). B 3amauax co cBOOOAHON rpaHULIEH UJIU B 3a-
Jadax yrnpapjieHUsl TPaHULEH, KOrga M3HauyalbHO
rpaHua 00J1aCTU UM yYaCTKHU pasiesia He 3a1aHbl,
a HaXOJISITCs B IIPOLIECCE PeLeHMsI 3a0auu, IS UX
OTTMCaHUS TaKXKe MOKHO IMPUBJIeUb HEHPOCETEBBIC
pasiioxeHusi. J1jisl MOMCKA HEM3BECTHBIX IPAHMULI,
HampuMep pasnaesITioIInX pa3Hble CpeIbl MU OTIpe-
JEJISTFOLIMX YIAPHYIO BOJIHY, O0Jiee MePCIeKTUBHbI-
MM SIBJISTIOTCS TIepCENTPOHHBIE (hyHKIINM. B ciryuae
COCTaBHbIX 00J1aCTel BO3MOXHbI [1Ba [IOJIX0Ja: KAK
KCIOJb30BaHMe eAMHOTO Oa3uca s Beceit o0aacTu
U eIMHOTO (PYHKIIMOHAJIA OIIMOKH, TaK K HA0OPOB
0a31CcoB 1 (DYHKLIMOHAIOB U151 TOA00JIACTEI.

Pa3pabaTeiBaeMbie METOIbl AOMYCKAIOT MC-
MOJIb30BaHNWE CMEIIAHHOTO 0a3nca, MEHSIOIIETO
CBOI TUII (ITPY HEOOXOIUMOCTH) B IIpOLiecce pellie-
HUSA 3a1a91.

MeTtoabl NoA00pa MapaMeTpPoB
H CTPYKTYPBI MOZIEJIH

TTocne popMynupoBKY 3amauu B BUae (PYHKIIA-
OHaJla U BbIOOpA TUIIA Ga3UCHBIX (PYHKIMIT HEOOX0-
MO BbIOPATh AJITOPUTM MOUCKA KOA(pULIMeHTOB
pa3noxeHus 110 BbIOpaHHOMY 0a3ucy (Ipu He00Xo-
JMMOCTHU — BUJIA 9JIEMEHTOB 0a3uca) u/ujiu CTpyK-
Typbl — CII0c00a MepecTPOiKM 3JIeMEHTOB Oa3uca,
€CJIV TaKYIO MepecTPOKY UCTTOIb30BaTh 1LIE1eCO00-
pa3Ho. BeiOpaHHbIE aIrOpUTMbI JOJIKHBI IOITYCKATh
3 (heKTUBHBIE TapaJICIbHYIO U pacTipeeJeHHYIO
peanu3aiuu.

[1pu mompOope onTUMaaIbHOTO 6a3uca ISt KOHK-
peTHOI 3a1a4 11eJ1ec000pa3HO UCTIOIb30BATh DBO-
JIIOLIMOHHBIE AITOPUTMBbI. TaAKOT0 poJa aropuTMbl
paccMOTPUM B JOCTATOUHO OOIIIEH CUTYaIlUH.

[TycTb 3agaH HaOOp yCIOBUit

o
:o} ,
q=1

Q,

{Aq(ul,ug,..., u.)

rae Q, — HeKOTOPOe MHOXECTBO, Ha KOTOPOM CO-
OTBETCTBYIOILIEE YCIOBUE JOJKHO ObITh BBIITOJTHE-
HO, U, — Heu3BeCTHble PyHKUMU. OnepaTopbl Aq
MOTYT 3a7aBaTh YpaBHEHMS, a TaKKe TpPaHUYHBIE
¥ UHBIE YCIIOBUS — HATIPUMED, 3aKOHBI COXpaHe-
HUS, ypaBHEHUS COCTOSTHUSA, TPEOOBAHUS CUMMET-
PVV WU JAHHBIE, TIOJIYYEHHBIE U3 OIBITA.

Bynem nckaTh Kaxaylo HEU3BECTHYIO (DYHKIIMIO
B BUJIE PA3JIOXKEHMUSI:



NS
u(x)= ¢, vy(x;a;,), s=1,2,...,r,
i=1

U [IPY 5TOM [TOAOMPATh BECA — NAPAMETPLL A, , C;
MyTeM MUHUMU3aLUUU YHKLIMOHAIA OLLIMOKHU, CO-
CTaBJICHHOTO U3 CjlaraéMbIX BUJa

M,

Zl Aq(ul,uz,...,u,)(xj,q)|Qq
j:

2

b

KaX10e 13 KOTOPBIX BXOIUT B CYMMY C BECOBBIM MHO-
XKUTEJIEM O 0> 0, 0OBIYHO (PMKCUPYEMBIM 3apaHee U
MepecUUTHIBAEMbIM BpeMst OT BpDEMEHHM T10 OTpe/Ie/IeH-
Holi mpouenype. [py 5ToM poGHbIe TOUKN X ; ,, CO-
OTBETCTBYIOIIME 0€CKOHEYHBIM MHOXECTBAM Q,,
BbIOMPAIOTCSI CJTyYaiiHO Yepes3 ONpeaeeHHOE YUCIIO
1IarOB AJITOPUTMA ONTUMU3ALIMH, 2 TOYKHU, COOTBET-
CTBYIOLIME KOHEUHbIM MHOXECTBaM, MOTYT BbIOU-
paTbCs CYJaiftHO, €CITM MCTIOTb30BaTh UX BCE CPa3y
He IpeAcTaBsieTcs ueaecoodpa3HbiM. CraraeMble B
(byHKLIMOHAJIE He 00s13aTeIbHO OpaTh KBaAPATUYHbI-
MM, OHU MOTYT OBITb B3SIThI U B IpYroit hopme.

g pelreHnst mTogo0OHO 3aga4i MOXKHO TIPU-
MEHUTb HECKOJIBKO NMPUHLUMMNUAIBHO PA3JIMYHbBIX
BapuaHTOB OpraHU3ally aJITOPUTMa.

Bo-nepBbiX, MOXKHO COCTABUTDb €AUHBIN (DyHK-
LIMOHAJ, TP 3TOM UCMOJIb30BaTh Cpasy BCe YCI0-
BMSI M ICKATD CPa3y BCe MMapaMeTpbl, MUHUMU3UPYS
9TOT (PYHKIMOHAI. DTOT BApUAHT BeCchMa TpeboBa-
TEJIeH K BBIYMCIUTETbHBIM Pecypcam.

Bo-BTOpBIX, MOXHO COCTaBUTb HECKOJIbKO
(byHKIIMOHATIOB, OCHOBAHHBIX Ha Pa3TMYHBIX HA00-
pax ycJIoBUi, U MOAOUPATh CBOKO YACTh BECOB, MU-
HUMM3HUPYS TOTIEPEMEHHO KaxXnblii u3 HuX. [Ipu
pallMOHaIbHOM OpraHu3aluy pacyeToB TaKO Ba-
PMAHT MO3BOJISIET YCKOPUTD BHIYMCIICHUS, HO OCTa-
eTcsl Tpo0JieMa pa3yMHOT0 BbIOOPA CTPYKTYPHI MC-
MOJb3yEeMbIX MOAEEH.

B-TpeTbux, MOXXHO MPUMEHUTH OAWH U3 aJIro-
PUTMOB, COUETAIOIIN I TTOIOO0P TTapaMeTPOB MOIETH
U ee CTPYKTYpbl. Takoii BapuaHT MO3BOJISIET TTOMY-
YUTb HanboJIee TOUHOE 1 aIeKBaTHOE PEIlIeHNE TT0-
cTaBJIeHHOI 3amaun. B [2] 00CcykmaroTcs TOaX0Ib!
TaKOTO poia, OTMETUM IISATh M3 HUX:

I. O0OOILIEHHBIN alIrOPUTM KJacTepusaluu
OLIMOOK.

I1. O6061meHHbIN MeTon LI Bapia (Moaudurka-
L1HN).

I11. MeTon, ucronb3yroinii uaeonoruo MI'VA.

IV. Crieunanu3ypoBaHHbIM T€HETUYECKUIA all-
TOPUTM (MOAU(UKALIAN).

* Marematnueckoe moaenmpoBaHue unueckmnx npou,eccos»

V. Obyuenue kouiektupa MHC-moneneii (ce-
Tel-2KCIEPTOB).
OCTaHOBUMCSI HA KAXI0M M3 3TUX [10AX0A0B.

0600ueHHbLIL areopumm Kaacmepuzayuu ounuboK

1. Miem Habop yHKIMIT BUIa

NS
L{S(X) = Z CisPs (x; ai,s)’
i=1

P 3TOM COBEPIIAEM HECKOJIbKO LIATOB MUHUMMU -
3auu GyHKIIMOHAIA

9] M,
Tty )= Y8, D | Aty oyt ) (X )|
g=1 j=1

Q,

B oTOM Ciyyae MOXHO B3ATb YMCI0 N, HE CIMIL-
KOM OOJIbIINM.
2. J1y1st KaXXmoro Habopa BEIUMCIISIEM OIINOKHU

Z; =AUy, 4, )(X ),

0
MpPY 3TOM Ha0Op TECTOBBIX TOUEK X ; m3 Q= U Q,
g=1
MOKHO TTOMEHSTH 10 CPABHEHUIO C TMPEIBITYIINM
TTYHKTOM; TJTAaBHOE YCJIOBME — OH TOJIKEH OBITH 10-
CTAaTOYHO MPEICTABUTEIbHBIM. DTU TECTOBBIE MHO-
KeCTBa TepeTeHePUPYIOTCS TTOCNie 3aBepIIeHUs
KaXJ0ro 3Tarna o0yuyeHusl (MpOoXoXAeHUs Orpee-
JIEHHOTO YMCJIa 1IAaroB B MPOLIeCCe MUHUMU3ALINU
(byHkuumoHana). Eciu 3HaueHue A, He onpe/e/eHO
B HEKOTOPOH TOUKE X ;, TO mojiaraem z; , =0.
3. [IpoBOAMM KJ1aCTEPU3ALINIO TOYEK

{(xj, Zj1sZ)0sees Zj,Q)}
B COOTBETCTBYIOILIEM ITPOCTPAHCTBE.

4. bepeMm kjactepbl (OHU MOTYT U MepeceKaThb-
cs1), CTPOUM JIJISI KaXKJ0TO COOTBETCTBYIOLIEE TTPU-
OnukeHue, Jalpliee MUHUMAIbHYIO OLIUOKY IS
cyxeHus pyHKunoHana J (v, u,, ..., 4,) Ha MHOXe-
CTBO TOYEK M3 pacCMaTPUMBAEMOTO KilacTepa.

5. Jlo6aBisieM K ICKOMbBIM (DYHKILMSIM [TOCTPO-
€HHbIE B MpeabIayIleM MyHKTe caraeMbie U MOBTO-
pseMII. 1 ¢ mony4rMBIIMMCSI HAOOPOM.

6. Ecnmu ¢yHKIIMOHAI HETOCTaTOUHO Mall, TO
MOTOJIHSIEM ITOITYJISILIMIO HAOOPOB, MPUOIMXKAsT Kia-
CTephl ¥ MTpUMeHSis 1. 1—5 K HOBO# BEIOOPKE.

CrenyeT 3aMeTUThb, YTO MPEITOKEHHBII METOT
He TIPEeIbsIBIISIET OCOObIX TPeOOBaHUI HU K (hopMe
06s1acTy (0HOCBSI3HOCTb, BO3MOXHOCTb IEKOMIIO-
3ULIMU), HU K YPABHEHUIO (JIMHEIHOCTD, Be1LIECTBEH-
HOCTb Ko duuueHToB). OQHAKO YCIOXHEHUE
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dopMbl obs1acTy Q 1 ypaBHEHUSI IPUBOIUT K TPY/I-
HOCTH BbIOOpA HAYaJIbHbBIX 3HAYEHUI MapaMeTPOB
MoJeJiel, K yBeJTUUECHUIO TPeOyeMOro AIsl JOCTUXKE -
HUS 3aIaHHOM TOYHOCTH PeIIeHUs urcia PyHKUIWA
U K COOTBETCTBYIOLLIEMY 3aM€IJIEHUIO ITPOLIECCa He-
JIMHEMHOU ONTUMU3ALUN.

O6o6uwennsiii memod Illleapya (moouguxayuu)

B aTOM cityyae cyiecTBEeHHO UCTIOJIb3YETCS BO3-
MOXHOCTb I€KOMIIO3UILINY UCXOIHOU 00JaCTh Ha
noa001acTy, nepeceKamrecs: TOJAbKO M0 4acTu
TPaHUII;

P
Q= U Q[',
p=1 '

1. [Tono6HO TOMY, KaK 3TO ObLIO peayn30BaHO
B npeabiayiieM noaxone I oisa Bceit oonactu Q,
B Kax 10 13 momoodaacTei QI’) CTPOUM CBOIO arlli-
POKCHMALINIO LIS PEWUCHUSL Uy 1y s evslly s
MoJIb3ys TpY 3aAaHuM (PyHKIIMOHAIA OLIUOKU J »
4acThb YCJIOBUIA, COOTBETCTBYIOLIYIO Q

nuc-

9 M, 2

Jp = Z 6q,p Z Aq(“lﬁp’ W preees ”r,,p)(xj,q,p) .
o} =) L quQﬂ

MPU 3TOM YUUTHIBAIOTCS KpaeBble YCIOBUS JIUIIb HA
4acTU rPaHULIB! Q) M), — KOHTPOJIbHBIE MHOXE-
CTBa TOYEK OepyTcsl Ha TpaHULIe MoKa JUIIb TaM,
Tlie U3BECTHBI KPaeBble YCIOBUSI.

2. ITocne onpenesieHHOIO YKCia 3TaroB o0yue-
HUS KaXI0Tro Habopa HEMPOHHBIX CETel BOZHUKA-
0T MPUOIMKEHUS U1 HEM3BECTHOM YACTU KPAeBbIX
YCJIOBUI Ha IpaHULIaX KaXK a0 Moa001aCcTH.

3. ITpoucxonut oOMeH JaHHBIMU — B KaXKIbIi
13 (YHKIMOHAIOB OIIMOKKU BBOISITCS JTOTOJHMU-
TeJIbHBIE clTaraeMble, 00yCIOBIEHHbBIE MHMOpMAII-
eii 0 pellleHMHY Ha TOI YaCTU rpaHuLIbl Togo01acTei

QI’, , Ha KOTOPBIX pelleHMs] He ObLIM 3a1aHbl; 3TOK
nHbOpMAaLIMel SIBSIETCS pellieHe, TOCTPOSHHOE Ha
Ipyroi mogooaacTu.

4. lMpouenypa BbIYUCICHUI MOBTOPSIETCS 3a-
JAHHOE YKCJIO Pa3 WU 10 JOCTUXKEHUS YPOBHS Tpe-
OyeMOi1 TOUHOCTH.

Bonee naTepecHoi mpencraBseTcss MoauuKa-
uus metona IlIBapua, mpu KoTopoii momodnacTu Qj’,
MOTYT HE€ TOJIbKO UMETb OO1LYI0 FPaHULLy pasiea,
HO U NEepPEeceKaTbCsl 10 MHOXECTBAM HEHYJIeBOW
Mepbl. [Tpu 5ToM B 1I1. 3 airopuT™Ma 1eKOMTIO3ULIUT
B hyHKUIMOHAIB O1MOKH J |, BBOOUTCS HH(OpMa-
LIMSI O PACCOTJIaCOBAHUY pellIeHU:
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>
ql’ P
qu, Z Z :q| (Xj,q,p)’
q#p J=li=1
rie MpoOHbIE TOUKU X OepyTcs B IiepeceueHumn

'y
Q; NQ, (310 1aet 6o1ee IANKYIO CTBIKOBKY).

PacueTt npuOIM>XeHHBIX pellieHn i 1)1 Moao01a-
cTeit 1 0OMeH JTaHHBIMU MPU TOCTPOEHU N PELLIEHUST
BO Bcelt 00J1aCTH MOXET ObITh peaju30BaH B paMKax
grid-texHonoruii. I[1pu 3ToM peleHue 1st Kaxaoi
nomo0JiacTu Q[', nondupaeTcsi HA CBOEM KOMITbIO-
TEpe C y4ETOM alIMpOKCUMALINi pellIeHU i Ha Iepe-
CEYCHUM C COCETHUMMU O0JACTIMU, MHMOPMALIUS
0 KOTOPBIX MTePECHIAETCS BpeMsI OT BPEMEHMU C CO-
OTBETCTBYIOLIMX KOMITBIOTEPOB.

1100x00 ¢ ucnonvzoeanuem udeonsocuu memooa
epynnosoeo yuema apeymenmos (MIT'YA )

1. JInst kaxxmoro yciaoBus A (ul, Uy, .

BBIOMpPaeM HEKOTOPOE MHOXKECTBO Ha60pOB 6a3Mc—
HBIX QYHKUUHA U, Uy, ..., U, .

2. PaccmaTtpuBaem nuHelHbIe KOMOMHALIMY Ta-
KX Ha0OPOB (TOJILKO MapHbIE WK HE TOJILKO, B JIIO-
OoM cityyae o0beM Iepedopa cieayeT OrpaHUIUTD)
U noadoupaeM UX Kod(h@uULMEeHTbl (BO3MOXHO, HE

TOJIBKO ¢; ), MUHUMU3UPYA QYHKLIMOHAT

M,
Jj=1

3. BoeiOupaem Jyuiiive M3 noaydrBLIKXCS (DYHK-
LM B CMBIC/IE JTyUYILErO 3HAUEHUST (I)yHKuI/IOHa.HOB BUOA

2 8qp Z

q€0, J=1

rie Q, — HoMmepa obyacTeit, mepecekalumuxcs

(6m3kux) ¢ Q, . Jlst BBIGOpA MOXHO MCTIONB30-
BaTbh U HECKOJILKO TaKUX (PYHKILIMOHAJIOB.

4. PaccmaTpuBaeM JUHEWHbBIE KOMOMHALIMHY 10~
JYYUBIINXCS (PYHKILIVI U TTOBTOPSIEM TTPEABIAYIIINE
MYHKTbI, MOAOMpPasi mapaMeTpbl MOJEIEH MO OMTHUM
(byHKUIMOHAaMaM, a BBIOOP JTYULLIHUX MOAEe ocyllie-
CTBJISISI TIO IPYTUM, TTOKa OIIMOKA HE CTAHOBUTCS
JOCTATOYHO MAJION.

3aMeTuM, YTO BOBMOXHA Takasi MOAM(UKALIUS
aJITOpUTMa: IIPU COCTABJICHUM MapHbIX JUHEHHBIX
KOMOMHALMI B I1. 2 BEIOUPAIOTCST (PYHKIIUM, OTBE-
YyawlIre pa3HbIM TToA00JacTsIM, a Tpy 0TOOpe nap
BTI. 3 Iy4IIMMU CYUTAIOTCS, HAIPUMED, Maphbl, Aa-
[olllie MUHUMAaIbHOE paccoriacoBaHUe B Iepece-
YeHUuU noaodaacTei.

2
RUR )(x,,,>|

A (u15u27 U )(qu)|



lenemuueckuii aneopumm (moougurxayuu)

ITpu 5TOM Noaxoe, UCMOJIb3YIOIIEM 1eKOMITO-
3ULIMIO 00J1ACTU, peasi3yeM CIeLIMaIu3UPOBAHHbII
TEHETUYECKMIA AJITOPUTM ITOCTPOEHMSI HAabopa Heil-
POHHBIX CETEN Uy, Uy, ..., U,, 3A0AIOLIETO PEILIEHUE:

1. 1151 Kaxxaoi U3 nogodaacteit Q l’, CTPOUM TO-
nyasuuio u3 K annpokcumaluil st pelieHust
U, p>th ps--s Uy p, NICTIONIB3YS TIPU 3aIAHUN COOTBET-
cTBylouero GyHKIMOHaAa OWMNOKKU J , JacTb
YCJIOBMIA, COOTBETCTBYIOLLYIO Q['J :

9, M, 2
Jp= qu,p Z Aq(ul,p’ W, ps-es ty, ,p)(xj,q,p) .
R » Q,nQ,

IIPpHU 3TOM, KaK 1 BO BTOPOM IMOAXO0A€C, NCITOJIb3YIOTCA
KpaeBbI€ YCIOBUA JIMIIb HA 4YaCTU TpPaHUIbI

Q

18 Q /) — KOHTPOJIbHbIE MHOXKECTBA TOUEK OepyT-

Cs1 Ha TPaHULIE TaM, TIe U3BECTHBI KPaeBble YCIOBMUSI.

2. Beioupaem 11 ganbHeiileil paboThl U3 KaxX-
JOr0 KOJUIEKTUBA JIy4llne Moaeau Buucie K| < K,
KCXOOSl U3 MUHUMYMAa (DyHKLIMOHAIA OLIUOKU IO
obaactu Q\ Q[',. Jpyroii BApyuaHT 3TOrO Iara —
BbIOMpaeTcs K| Moneleil, 1arolmnx MUHUMalbHOE
3HaueHue PyHKIMOHAIY, KOTOPbIi UCITOJb30BaJICs
ans ux o0yyenus, a u3 Hux K, < K, moneneii, Ha
KOTOPbIX MUHUMAJIEH APYroii (pyHKLIMOHAJ aHAJIO-
ruyHoro Buaa. Ellie o1vH BapuaHT — paHXUPOBATh
BCE MOJIEJIU MO OLIMOKAaM Ha KaXX1I0M U3 MOIAMHO-
XKECTB Q[’J W ISl fajibHelel paboThl BEIOUpPATh
MOMEIN, UMEIOIINEe MUHUMAJIbHBIN CyMMapHBIi
panr. Eciiu Moaenb nonaja B YMC/I10 XyILIKUX C TOY-
KU 3peHust cBoero (PyHKIMOHAJIA, HO OTHOCUTEIbHO
Ipyroro (OyHKIMOHAJA ToMajia B YUCJIO JYYLIHX,
TOrJA €€ MOXKHO IePEMECTUTD B COOTBETCTBYIOLLIUIA
KOJUIEKTUB.

3. [pousBoauM ciiydaitHble MyTallu MOJIENE,
BEPOSTHOCTb KOTOPHIX TeM OOJiblIe, YeM OOJIbIIe
OLIMOKM IO CBOEH U IO Uy>K0ii 00J1acTh (Harmpumep,
CyMMa OLIKOO0K). DTU MyTaLIMX MOTYT ObITh PA3HO-
ro TUTA: yaaJeHHUEe caraeMoro B cyMmme

N
US(X) = Z Ci,s(Ps(X;ai,s)a
i=1

IUTSI TAaHHOI MOJIETN ¢ MUHUMATbHBIM KO3 hUIII-
EHTOM ¢; WM yJaJleHne CIy4ailHO BHIOPAHHOTO
c1araemoro; 1o6asneHne GyHKIUN @; €O cIyyaii-
HBIM BEKTOPHBIM MAPAMETPOM A, ; ClIyyaiiHoe U3-
MEHEHMe MapaMeTpoB a; Ha HEKOTOPOE 3HAYEHUE

* Marematnueckoe moaenmpoBaHue unueckmnx npou,eccos»

uT. 1. [1py 5TOM GYHKUMM @; MOTYT ObITb Pa3HbI-
MU, YTO TIPUBOJIUT K IMMOCTPOCHUIO TETEPOTEHHBIX
MOJENEN.

4. lenaeM ciydyaiiHble TPAHCJIOKAIlMM — Ha-
npumep, oOOMeHUBaeM KO3(MOULMEHTHI ¢; Y IBYX
MoAHA00POB (DYHKINI. DTOT MyHKT HE 00s13aTesIeH,
U €70 MOXHO OTYCTUTb.

5. [TpoBoauM ckpelBaHe — OepeM Jydlire

K, < K, Mozenei (B CMbICJIE MUHUMYMa COOTBET-
CTBYIOLLIETO (DYHKLIMOHAJIA), BHIOMpPAeM JIBE U3 HUX
W YacTh CJIaTaéMbIX OepeM OT OIHON MOIenu,
4acTb — OT OPYTOM, B Pe3yJIbTaTe MoayJdaeTcs HO-
Bast MOZIEJIb, KOTOPAsi TIOTOTHSIET MHOXKECTBO MO -
OupaeMbIX MO/l U Ha3bIBACTCS IOTOMKOM. DTa
orneparus MOBTOPSIETCSI C HEKOTOPbIM MHOXKECTBOM
nap Takux moaeneit. [Ipu 3ToM 4acTb MTOTOMKOB
MPOU3BOAUTCS OT MOJIeJIei OTHOM MOMyasuu (MO-
Jiesieit, 00yyaBILIMXCSI O OMHOMY U TOMY K€ MHOXe-
CTBY Q 1’,), YacTb — OT MOJIeJIC Pa3HBIX MOIYJISLIUIA.
TMoayanBIIMMUCS TOTOMKAaMU TOTIOTHSIEM KasKIyio
MOMYJISILIUIO 0 MPEeKHero urcia K uiv HeKOTOpOoro
IPYTOTO, ECITU PaCCMATPUBAETCS OIS TIepe-
MEHHOTO pa3mepa.

6. [ToBTOpSsieM mpeabLaylye Wark Orpeae/ieH-
HOE YMCJI0 pa3 WM 10 TeX Mop, TTOKa olnodKa

J(uy, .. u,)=

2

0 M
= 208, 2| At ) )|
g=1 j=1 »

JIJ1S1 KAKOTO-1100 Habopa Mojiesieit He CTaHeT 10C-
TaTOYHO MaJON.

AJITOPUTMBI 9BOJIFOLIMOHHOTO THUTA IOCTATOYHO
JIETKO MOAUMPULIMPYIOTCS, YTO MO3BOJISIET MTPUCTIO-
cab1MBaTh UX K OCOOEHHOCTSIM KOHKPETHOM 3a1a-
yn. OaUH 13 TOA0OHBIX BAPMAHTOB pacCMaTpuBae-
MOTO F€HETUUYECKOTO aJITOPUTMA MOJyYaeTCsl, e
BMeCTO (PYHKIIMOHAJIOB J , MICTIONb30BATb OTAE/b-
HbI€ cnaraemble B cymme J(uy, u,,...,u,). Ham. 3
OTOPACHIBAIOTCS MOJEM, XYILLIUE C TOUKU 3PEHUSI
Kaxaoro M3 paccMaTpuBaeMbIX (YHKIIMOHAJIOB.
[Tpu 3TOM CKpelIMBaHUIO Ha T1. 5 pa3yMHO MOJABEpP-
raTb MOJEJIU, KOTOPbIe Jal0T MUHUMAJIbHOE 3Have-
HUe pa3IMYHbIM U3 3TUX (PYHKIIMOHAJIOB.

MokHO MOAM(DULIMPOBATH JAHHBIN aITOPUTM,
100aBUB K HEMY ITPOLIeYPY KJacTepu3aliuy OLm-
0ok (nonxon I). [TonyuuBLmecs pyHKUMN 100aB-
JIsiEM K OCHOBHOMY Ha0Opy B KaueCTBE OJHOTO U3
BUIOB MyTallMii Ha 1. 3.
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JlaHHBII TeHETUYECKMI MOAXO JIETKO afanTh -
pOBaTh K pacripeieeHHbIM BbluncaeHusiM. Hanbo-
Jiee eCTECTBEHHbII BADMAHT BO3HUKAET, €CJIU KaX-
NIbIi KOJIJIEKTUB MOJieJIeit moadupaTh B CBOEM y3JI€.
I1pu aTOM MepechbUIaThbCs MEXIY y3/JaMU 10JKHbI
TOJbKO OTAEJbHbIE MOJEJU (Habop mapaMeTpoB
U1 UH(OpMAaLIMS O CTPYKTYpPE) WJIM YACTU MOJEIEH,
npeaHa3HayeHHbIe 17151 ckpelirBaHusi. Kpome Toro,
MepechuIaThCst MOXET HEKOTOpast MuH(popMalusi, Ha-
puMep, 3HAYCHUST ONNTUMU3UPYEMbIX (DYHKIIMOHA -
JioB. Ecir y3710B Masio, TO B OIHOM y371€ MOXKET 00y -
YaTbCs HECKOJbKO IOMYyJSILUMNA, MEXAY HUMU
pa3yMHO peajin30BaTh 00Jiee MHTEHCUBHOE CKPELIM-
BaHUE, YeM MEXIY MOMYJISILIUSIMU U3 Pa3HbIX Y3/10B.
Ecnu y310B MHOTO, TO Ha KaXXI0M M3 HUX MOXKHO
pa3MelaTh YacTh MOMYJISILIMY WM JaXe OTAeIbHbIE
BJIEMEHTbI. DTO HE CIMLIKOM CUJIbHO CKAXETCsI Ha
CKOPOCTH BBIUUC/IEHU I, BOCOOEHHOCTH, €CJIU MO-
JeJTv 00JIbIIINE, TaK KaK HanboJiee TpyaoeMKasl orie-
pauus (moadop napamMeTpoB) OCYIIECTBISETCS JIO-
KaJIbHO.

Obyuenue xornexkmuea MHC-modeneii

TTpu 5TOM MOAXOAE MPOUCXOAUT OOYUEHUE KOJI-
JIEKTUBA HEMpOCeTeBBIX MOeIIe (aHCcaMOIsI ceTeil-
9KCIEPTOB), OJM3KOE K TOMY, KaK 3TO Aeaal0Ch
B paobore [8]:

1. [Tonbupaem K HaObOpoOB (pyHKIIMI BUIA

NS
U (X)=2 ¢ 0, (X2, ),
i=1

MMHUMM3UPYS ENUHBIN (DYHKITMOHAI

J(uy, .. u,)=
o M, 2
=35,> Aq(ul,uz,...,u,)(xj’q)|Q .
g=1 j=1 a

B s10M Cilyyae MOXHO B34Tb YMCIO N HE CIIULL-
KOM OOJIBILIIM.

2. JIns1 Kaxaoii mogo01acTu Q, BbIOMpAEM Ha-

0op mozeneit, a1 KOTOPbIX MUHUMAaJbHA OLIMOKA
Sy, vy, u,) =

M,

= Aq(ul,%,...,u,)(xj,q)Lq

2

bl

J=1

COOTBETCTBYIOLLIAS JAHHOM noa00JacTH.
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3. [logObupaem Kaxkaplii HAOOpP HA CBOEM IO -
MHOXeCTBe Q) , BKJIOYas B MUHUMU3UPYEMBbIi
(byHK1IMOHAJ c1araeMbie, OTBEUAIOIIME 32 PACCOT-
JlacoBaHUe Ha cThIKax (cM. moaxon I1).

B pesynbraTe 00yyeHMs1 BO3HUKAET MPUOJIVKEH-
HOE pellieHre, KOTOpoe B KaxkI0ii Mogo01acTu 3a-
TAeTCsT COOTBETCTBYIOIIEH MOIEIBIO.

JlaHHBI aITOPUTM TOMYyCKaeT MOAM(DUKAIIIO,
MPY KOTOPOI IEKOMITO3ULIMS 00JIAaCTH HE 3a1aeTCsI
arpuopHO, a TPOU3BOAUTCS ECTECTBEHHBIM 00pa3oM
B IIpoliecce paboThHI aITOPUTMA.

1. [Tombupaem KHaO0pOB (PYHKLNI BUIA

NX
u(X)=2 ¢ 0 (X;2;),
i=1

MUHUMM3NPYS QYHKITMOHAIT

J(u,uy, .. u,.) =
0 Mq 2
:quz Aq(ulﬂ%a---aur)(xj,q)|g .
qg=1 j=1 q

B 5TOM Ci1yyae MOXKHO B34Tb 4MC10 N HE CMLLI-

KOM OOJIBIINM.
2. J11st Kaxmoro Habopa BEIYMCIISIEM OLIMOKHU

z; =AUty 0, )(X ),

Mpu 3TOM HabOP TECTOBBIX TOUEK X; U3 obJjactu

Q= LQJ Q, MOXHO MOMEHSATB IO CPABHEHMIO C IIpe-
g=1

IBIOYLIMM IYHKTOM, TJIaBHOE YCJIOBME — OH JOJI-

JKeH OBITh TOCTATOYHO IpencTaBUTeNbHbIM. Ecin

3HAYEHUE Aq He OTIpeieIeHO B HEKOTOPOI TOUKE X Iz

TO MOJIaraeM z; , = 0.
3. [IpoBoaum kiactepusaumio Touek {(X;, z;,

Zj5se2 0}

4. bepeM KJacTepbl (OHM MOTYT U IIepeCceKaTh-
csl), CTPOMM COOTBETCTRYIOILIEE MTOKPBITUE MHOXE-
cTBa Q ¥ BEIOMpPAEM IJIsI KaXKIIOTO TIOTyYHUBIIETOCS
TMOAMHOXECTBA Ha00Op (PYHKIIMIA, JAIOIINI MUHU-
MaJbHYIO OLIKOKY.

5. Momuduumnpyem Kaxablii HA0Op Ha CBOEM
MMOIMHOXECTBE, BKJIIOYAas B MUHUMHU3UPYEMBIi1
(byHK1LIMOHAN cliaraemble, OTBevalolllue 3a pac-
coryiacoBaHue Ha cThikax (cM. moaxon I1). Camu



MOJAMHOXECTBA MOT'YT MEHSIThHCSI B IIpOllecce pa-
0OOTHI AJITOPUTMA.

Tak >xe, Kak 1 peablayuii, moaxond V nomyc-
KaeT 10CTaTOYHO MPOCTYIO U 3((HEKTUBHYIO pac-
npenejieHHyo peanusauuto. Hambosee npocroit
BapuaHT TAKOM peaan3alii COCTOUT B TOM, YTOObI
00y4yaTh Ha KaXIOM y3Jie CBOl Habop DYHKLIMIA,
KOTOpPBI 0Ka3aacs JydlliuM Ha HEKOTOPOM TO-
MHoxecTBe. [Ipn 3TOM nepecoiiaTb HEOOXOAUMO
TOJbKO MH(MOPMALIMIO O MOBEACHUHN anlMpoKCcruMa-
LMY HA CTHIKAX W TOJbKO HA T€ Y3Jbl, KOTOPBHIM
COOTBETCTBYIOT 00JIACTU, CTHIKYIOLIIMECS ¢ 00J1a-
CTbIO JJIs1 IAHHOTIO y3/1a. Bo3MOXeH TakxKe Bapu-
aHT, TIPU KOTOPOM OAHOMY Yy3Jy COOTBETCTBYET
HEeCKOJIbKO HabopoB (hyHKUMI. Eciu y310B MHO-
ro, Toraa MOXHO oOyuyaTh OAWH HAOOp Ha He-
CKOJIbKMX y3J1aX, peaaun3yst Kakoi-a1ubo pacmpe-
JIEJIEHHDI aJITOPUTM.

YKazaHHbIe NOAXOIBI IJ15 MOA00pa ITapaMeTPOB
MOJIEJIU TIPeAToaraT UCTTOIb30BaHUE HEKOTOPO-
ro aJIrOpUTMa MMHUMU3aUUU (DYyHKIIMOHATA O1IN0-
ku. Eciu yucio napaMeTpoB HEBEJMKO U Hayaslb-
HO€ MPpUOIMKEHNE JOCTATOYHO XOPOIIO, TO MOXHO
UCTOJAb30BaTh MeToa HbloTOHA, Kakoii-11ub0 KBa-
3MHBIOTOHOBCKUI METOA, MM TToJ00HBIN nM. [1pn
00JIbIIIOM YK CJie TOAOUPAEMbIX TApaMeTPOB DoJiee
3 (HEKTUBHBIMU SIBJSIFOTCSI METOIBI COTTPSIXKEHHBIX
rpaarMeHToB U Moao0HbIe M. Eciu HavanbHOE Mpu-
OM>KeHME He CJIMIIKOM XOPOLIO0, TO HAUMHATh [IPO-
Liecc Jyyllle ¢ KaKOro-Ja1u0o HeJIOKaJIbHOTrO METOIA
(cM. [2]).

CrenyeT ynmoMsiHyTb BaXXHBbIM Kjacc 3amgad,
B KOTOPBIX TPeOyeTCsl MOCTPOUTh MOJAEIb HE AJIs
(bvKcUpOBaHHbBIX 3HAUEHU I HEKOTOPBIX MapaMeT-
pPOB, a Ha LI€JIOM MHTepPBaJie uX u3MeHeHus. Eciu
JeliCTBOBATh CTAHAAPTHBIM 00pa30M, CTPOSI MOJIEb
Ha HEKOTOPOU AUCKPETHOM CETKE U3MEHEHMsI Iapa-
METpOB, TO 00beM BBIUMCICHU I BO3pacTaeT MHOTO-
kpaTtHo. [IpumeHeHne metona MonTte-Kapio tak-
3Ke Oy/IeT CBSI3aHO C OOJIbIIMMU BIYMCIUTETbHBIMU
3aTpataMu. MeToabl MHTEPBAJbHON MaTeMaTUKU

* Marematnueckoe moaenmpoBaHue unueckmnx npou,eccos»

MNPUBOJAT K 3aBbILLIEHHON OLEHKE /ISl PELLIEHMUSI.
MoOKHO MOMBITATHCS B3SITh MapaMeTphbl B KAUECTBE
BXOJIHbIX M€PEMEHHBIX U MPUMEHUTb HEKOTOPYIO
Pa3HOBUIHOCTb METOJIa KOHEUHbBIX 3JIEMEHTOB, HO
SICHO, UTO 3TO MaJIO YJydlIaeT cutyauuto. OmnbIT
rnoxasall, 4YTo /ISl TaKUX 3a1a4 0oJiee MepcrneKTUB-
HBIM SIBJISIETCS TPUMEHEHME HEMPOHHBIX CETEM, MPU-
yeM 1 TpUOJIVMKEeHWS 1o mapaMeTpaM Jiydlile uc-
MOJIb30BaTh 0a3MCHBIE (DYHKLIMU ITEPCENTPOHHOTO
tuna [5].

ITpencraBiaeHHbIE BbILIE BOJIOLIMOHHBIE MO -
XOIIbI, BTIEPBYIO ouepenn [V 1 'V, TO3BOJISIOT UCTIONb-
30BaTh B KAYECTBE 2JIEMEHTOB HAUYJIbHOW MOIYJIsi-
LMK MOJIEJIU, TTOCTPOEHHbIE 151 OJIM3KUX TUTIOBBIX
3aga4. HakonneHue 6a3bl MOCTPOSHHBIX MOIENEH
(vepapxuii Mmoneseii) i o0ydyeHHbIX HelpoceTei
U151 TUTIOBbIX 3314, KOTOPbIE MOXXHO UCI0JIb30BaTh
TOTOBBIMU WJIW YTOUHSITH MPU PELIEHUN HOBBIX
1 OpaTb 3TM 6a30BbIE MOJIEJIM B KAYECTBE HAYAIbHO-
TO MPUOIUXKEHUSI, TOJKHO CTaTh OMHUM 13 BaXKHEH -
LLIMX HaNpaBJAeHU I AesITEIbHOCTH.

Haubosee nepcneKTUBHBIM MOXHO CUMTATh
MOAXO0Md, TPU KOTOPOM paccMaTpuBaeTcsl cpasy
uepapxusi mozesieil Kak nuggepeHunanbHbIX, TaK
1 (OYHKILIMOHAJIBbHBIX, BKJIIOUAKOIIast BCIO UMEIOIILY -
10Cs1 ICXOIHYI0 MH(MOPMALIMIO, IOMyCKAaloIIas 5BO-
JIIOLIMIO MOJie/iel Ha JIDOOM YpOBHE U CITOCOOHast
BKJIIOYATh B PACCMOTPEHME BHOBb MOCTYMAIOIIYIO
WHpopMaLnio.

EcrecTBeHHbII Mapasienean3mM paccMaTprBa-
eMbIX MOJIeJIelt U METOIOB UX MOCTPOCHMUST TTO3BO-
nsieT 3¢ GEeKTUBHO Peaan30BaTh UX HA COBPEMEH -
HbIX TrpaduyecKuxX TMpoleccopax Ha OCHOBE
texHosnoru CUDA. I1pu 3TOM COOTHOLLIEHUE ITPO-
U3BOAUTEIbHOCTH/IIEHA Ha 3agadyax ¢ OOJbIIUM
00BbEeMOM BBIYMCIEHUI BbIpacTaeT Ha 1—2 mopsiz-
Ka Mo CpaBHEHUIO C CYNepKOMITbIOTEpaMu CTaH-
JIApTHOUW apXUTEKTYPHhI.

PaGora BeinojiHeHa npu noanepxkke PODOU —
rpaHT 09-08-00934-a.
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N HAHOCTPYKTYP

YOK 538.9

ATOMHASA ®PUNU3NKA, PUSNKA K/ITACTEPOB

E.C. Acmano@Ba, B.C. Padomckuli,
J1.J1. KopobuupiHa, A.B. @usumoHoB

UHTEPNPETALIUA CTPYKTYPbI LLEOJIUTOB,
MOANDPULIUPOBAHHDbLIX HAHOYACTULLAMM,
C NOMOUW bIO UK-CNEKTPOCKOIMUU

PaboThl 1Mo co3naHN0 HOBBIX MAaTepUAIOB B CO-
BPEMEHHBIX YCIIOBUSIX BEIYTCS IO ITyTH MTOJTYISHUS
U UCTOJIb30BAHUS YIbTPa- U HAHOIMCIIEPCHBIX Ya-
CTHUII B BellecTBaX. YacTulibl HAaHOpPa3MEPHBIX MO-
POIIIKOB METaJIJIOB 00J1aHaI0T BBICOKO TTOBEPXHOC-
THOW DHEPrUeul, BCIEACTBUE YETO CYILIECTBEHHO
U3MeHsIeTCsT MOP(OJIOTHUSI CUCTEMbI, a TAKKe KOH-
LIEHTpaLs CTPYKTYPHBIX 1€(DEKTOB pa3TUIHBIX TH -
MOB Y BHEPTUS AUCTIEPCUOHHOTO B3aMMOIEHCTBUSI.
YKazaHHbIe (DAKTOPbI B 3HAYUTEIbHOI CTETIEHHU OIT-
penensiioT MeXaHu4ecKue, GU3NIecKre U XuMudec-
KMe cBoicTBa MaTepuasos [1]. YnpasiaeHue sTumu
CBOMCTBAMU OTKPBIBAIOT MINPOKHUE BO3ZMOXHOCTHU
MPAKTUYECKOTO MCIOJb30BAHUS TaKMUX YaCTHUIL
HaAHOMETPOBOTO AMara3oHa, B TOM YUCJie B co3/1a-
HUU HOBBIX BBICOKO3((HEKTUBHBIX KaTaanu3aTo-
POB, TTO3TOMY MEePCIEKTUBHBI UCCIEIOBAHUS, Ha-
MnpaBJieHHble Ha MOBbIIEHUE 3DPEKTUBHOCTHU
KaTaJIMTUYECKOTO NEHCTBUSI LIGOTUTOB ITyTEM UX MO-
IupUIMPOBaHUS Pa3TNIHBIMU METAJUIAMU, Pa3Mep
YACTULL KOTOPBIX COCTABJISIET BCETO HECKOJBKO e~
CATKOB HAHOMETPOB. B TnTepaType nmossBUInCH rep-
BbI€ PAOOTHI ITO IPUMEHEHH IO BBICOKOKPEMHE3eM-
HBIX LIEOJMTOB, COAEPXALIMX HaHOpa3MepHbIe
MOPOIIKK METAJUIOB, B pa3INYHbIX Mpolieccax Hed-
tenepepadboTku [2].

Ha HavanbHOM 3Tane nMoMcka Ha KayeCTBEH-
HOM YPOBHE B3aMOCBSI3U «CTPYKTYpa - CBOMCTRA»
MPEICTaBISIET UHTEPEC BHIIBUTH XOTS Obl HEKOTO-
pble KOpPEISILIMOHHbIE 3aKOHOMEPHOCTH, CBSI3bIBaA-
IoIIME CTeKTpadbHbIe XapaKTEPUCTUKU BbICOKO-
KpPEMHE3EMHBIX 1I€0JTMTOB, MOAU(PUIIMPOBAHHBIX
HaHOpPa3MEPHBIMU MOPOILIKAMU METaJIOB, U UX
CTPYKTYpHBIE OCOOEHHOCTH.

MeTtoauka u 00'BEKTHI HUCCIeJOBAHUA

CuHTe3 BbICOKOKPeMHe3eMHbIX 11eouToB (BKLI)
OCYIIIECTBIISUTM TUAPOTEPMAILHOM KPUCTATTA3AII -
el I1IeJTOUHBIX aTIOMOKPEMHETEIeH ¢ UCTIONh30BaHM -
eM rekcametuiieHanamuaa (CMJIA) [3] v kapbaMu-
Ia [4] B KauecTBe CTPYKTYypOOOpa3yIoInX 100aBOK.
B mepBoM ciyuyae Tejib MMe CAEOYIOILIU coc-
taB: 18Na,0-5,63R Al,05:60Si0,-:2100H,0, rae
R — TekcaMeTMJIeHINaMUH, BO BTOPOM — COCTaB
25Na,0-8,5R Al,0450Si0,-2100H,0, rone R—
KapOaMMI.

CHHTe3 BBHICOKOKPEMHE3EMHOTO HEO0JINTa ¢ MC-
nosb3oBanneM I'MJA. AJTIoMOKpeMHeTeJIb TOTOBH -
nu emereHnem 100 rxuakoro crekia cocrasa 9 %
Na,0, 29 % SiO,, 62 % H,0 c pactBopom TMIA
(5,25 r B 50 MJ1 BOIbI) U UCTOUHUKOM ATOMUHUS
(6 r AI(NOj3);°9H,0 B 50 ma1 Boasl). B kauectse 3a-
TPaBKU UTS CTUMYJIMPOBAHUST 00pa30BaHUS 1IEOTNT-
HOI1 (ha3bl U yBEJUUEHUST CKOPOCTU KPUCTALINA3A-
LIMU B peakLIMOHHYI0 cMech no0asisiin 0,5 r BKLL —
1Ie0JTMTa U JOBOIMIN BOIOPOIHBIN Moka3aTtenb pH
cmecn 10 10,6 ex., mpwmsast 150 M1 0,1 H pacTBopa
A30THOU KUCJIOTHI.

[lonyyeHHYI0 Maccy MoMelllaJii B CTaJbHOM
ABTOKJIAB U ITPOBOIMIN KPUCTAIIA3ALIMIO IIPU TEM -
neparype 170 °C B teuerue 96 u. [1ociie okoHUaHMs
KPUCTAJUIM3ALUY TBEPABIM MPOAYKT OTACSIIA OT
MaTOYHOTO pacTBOpPa, IIPOMBIBAIN TUCTYITUPOBAH -
HOI BOIO 15T yIaJleHUsT OpTaHNIeCKUX BKITIOUE-
Huii 1o pH <9, cymnu npu 100 °C B TeyeHue 124y u
npoxanusaiu npu 540 °C B reuenue 16 4.

OOpa3ibl, CMUHTE3UPOBAHHLIE C KapOaMUIOM,
o iepeseaeHbl B H-popmy (H-BKIIL) 06paboT-
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KOi1 25 %-M BOIHBIM PACTBOPOM XJIOPUCTOIO AMMO-
Husa NH,Cl npu 90 °C B reuenue 4 4, ¢ nocienyto-
muM BeicymmBanueM mipu 100 °C B TeueHne 16 4
U TIpoKaiMBaHueM B aTMocdepe Bo3myxa mpu 540 °C
BTedyeHue 6 .

DJIEeMEHTHBII COCTaB MOJYYEHHbIX 00pa3LoB
OIpeACIISII ATOMHO-a0COPOLIMOHHBIM METOIOM Ha
cnekTpodoromerpe Hitachi 180—50. OcHOBHBIE
XapaKTepUCTUKH UCCIIeTyeMbIX 00pa3IioB ITpUBe-
JeHbl B Ta0I. 1.

Taonuma 1
XHUMHYECKHii COCTAB MCCJIETOBAHHBIX [E0JUTOB,
macc. %
CrpykTypo-
obpasyromas Si0, | ALO, | Na,O | SiO,/ALQ,
nobaBKa
Kapbamuz 87,6 | 2,86 | 0,31 52
Texcamerunenouamus| 89,7 | 2,42 | 0,69 63

Pe3ynbTaThl 371eMEHTHOTO aHaIu3a CBUACTE ] b-
CTBYIOT O JOCTATOUYHO OJTM3KOM COOTBETCTBUM KOJTH -
YECTB ATIOMUHUS U KPEMHUSI B KOHEUHBIX TTPOIYK-
TaxX W UCXOTHBIX aIFOMOKPEMHETENISIX, M3 KOTOPBIX
OHU OBV MOJTYUYEHBDI.

Moaudukanusi CHHTE3UPOBAHHBIX IEOJIHUTOB.
CUHTE3MpOBaHHBIE LICOJUTHI ObLTU MOAUMULIPOBA-
HbI HAHOPa3MEPHBIMU TTOPOIITKAMMU Xeje3a U MeIu
METOJIOM MEXaHWUeCKOTO CMEIIEHUs Ha BO3IyXe
B 1IapoBOi BubpaunoHHoi meabHuiie KM-1 B Te-
yeHue 2 4. HaHOTIOPOIIKY MEeTalJIOB TOJYyYeHBI

Tadonuua 2

Conepxanue HAHOpPa3MepPHBIX MOAU(PHKATOPOB
B MCCJIENOBAHHBIX MEOJIUTAX

ConepxaHue,
Mmacc. %
0,5
1
5
10
1,0
1,4
XKeneso 2
5
TekcameTUaeHIMAMULL 10

1
2
5
10

CrpykTypo-

obpasyromast [o6aBKa Monugukarop

Kapbamun XKeneso

Menb
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METOJIOM 32JIEKTPUYECKOrO B3PbIBa MPOBOJTOKU
B MHEPTHOW aproHoBoii cpeae. B 3aBUcCMMoCTr OT
yCJIOBMIA B3pbIBa 0OPA3YIOTCST YaCTUIIBI MeTajia
pa3MepoM OT JeCSITKOB MUKPOMETPOB A0 HECKOJIb-
kux HaHoMeTpoB. ConepkaHue HAHOIOPOILIKOB
MoIu(pUKATOPOB B 00pa3iiax LEOJIUTOB MPeaCTaB-
JIEHO B Ta0J1. 2.

Kaxmoe KonmmuecTBO MPUTOTOBIEHHBIX TAKUM
00pa3oM 00pa3L0B METAIIOCOASPKALIIMX LICOJTUTOB
JeJUI0Ch MOToJIaM, M O HY U3 YacTell MpoKaJlnBa-
J1 Ha Bo3ayxe npu temmepartype 550 °C B TeyeHue
2 9 715 IepeBoIa HAaHOPa3MePHBIX METAJIJIOB B OK-
cuaHYyI0 hopmy.

KoHTpoJ1b 32 KaueCTBOM MOJTy4eHHBIX 00pa3LoB
OCYHIECTBJISLIICS C TOMOILIbIo MeToaa M K-criekTpo-
ckonuu. MU3mepenus npooauanck Ha MK-Dypbe
criektpomeTpe «SpectrumOne» B Auana3oHe 4acToT
400—4000 cM~'. OGpas3LbI WISt PETUCTPALINH CIIEK-
TPOB TOTOBUJIU MTPECCOBAHUEM Ta0JIETOK C OPOMU-
JIOM KaJjus B BO3AyI1IHOM cpene (1—2 Mr ieoauTa Ha
300 mr KBr).

Pe3yabrarsl 1 ux 00CyKI€HHE

Ha pucyHke npuBeaeHbl HekoTopbie U3 MK-
CIIEKTPOB BHICOKOKPEMHE3EeMHBIX IIEOJIMTOB, CUH-
Te3UPOBAHHbBIX C MPUMEHEHUEM pa3IUUHbIX Opra-
HUYECKMX H00aBOK U MOAMGDUIIMPOBAHHBIX
HaHOYaCTULIAMU METAJLJIOB M UX OKCUIOB.

Kax n3BecTHO, MexaHWUecKash aKTUBALIUS —
3TO OJIMH M3 BO3MOXKHBIX METOIOB MPEe0Opa30BaHUSI
CTPYKTYPBI TBEPIBIX T€JI 1 IOJTYYeHNsI HAHOYACTHII
[5]. BecaencTBre MexaHM4YECKOTO BO3AEUCTBUS CO-
CTOSTHUE CTPYKTYPBI LIEOTUTA MOXKET U3MEHUTLCS
(9TO MOATBEPXKIAETCS INTEPATYPHBIMU TAHHBIMMU).
Tak, mpu MexaHMYECKOI 00pabOTKe 11e0IUTa TUIIA
ZSM B TeueHure BCero HeCKOJbKUX MUHYT B IJIaHE -
TapHOI MEJTbHULIE TTPOMCXOIUT PE3KOE YMEHBIIICHUE
KaK CTeMeHU KPUCTAVIMYHOCTU, TaK U YAeJbHOM
moBepxHOCTH. [1py BO3AeICTBIY HA LIEOJIUT B TEUe-
HUe ABaAlaTU MUHYT KpUCTa/uIMyeckas pelieTka
paspyiaeTcs moiHOCTEIO [6]. [1pencraBisiio onpe-
JeJICHHBIN MHTEPeC BBISICHUTD BIUSIHUE MeXaHUue-
CKOTO CMEIIeHMSI Ha BUOPALIMOHHON METbHUIIE
U MOAUMULIMPOBAHMS KaK HAHOUACTULIAMU MeTaJl-
JIOB, TaK M MX OKCHIAMU Ha CTPYKTYpy LI€OJUTA
U CTETIEHb €r0 KPUCTALTUYHOCTH.

IHeoauTsl, Mogu(pUIPOBAHHBIE HAHOYACTULIAMHU
MeTaloB. B 1ieosuTax I10JKHO MPUCYTCTBOBATH
MUWHHMYM [IBa TUTA TIOP: 00pa30BaHHbIE MEXKPHC-
TaJJTUTHBIM TIPOCTPAHCTBOM, a TakxKe HaHOMOPbI
B ITEPBUYHBIX MUKPOKPHUCTAIIIAX LIEOJTUTOB, TNAMETP
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KOTOPBIX 0:1130K K 6 A [7]. [1pu MexaHUUECKOM cMe-
LIEHUM HAHOYACTULIBI METAIJIa COOTBETCTBYIOLICH
Pa3MEPHOCTHU 3aroJIHSAIOT 00a TUIIA MOp, Clel0Ba-
TeJbHO, CAMU HAHOYACTULBI METalJIa HE JOJIKHbI
OKAa3bIBaTb BJIMSIHUSI HA CTPYKTYPY KpUCTa/IMYe-
CKO pelIeTKM CaMOTO LIEOJTUTA.
Bce crniekTpbl 1E0JIUTOB (CM. PUCYHOK , Ta0JI. 2
1 3), MOonM(ULMPOBAHHBIX HAHOYACTULIAMU XeJie3a
U MeY, UMEIOT OJIMHAKOBBII HA00P OCHOBHbIX I10-
JIOC MOMIOLLEHUST, XapaKTePHBIIA /151 LIEOJIMTOB TUIIA
ZSM. T1onockl NOTI0LIEHUs UCCenyeMbIX 00pa3-
0B B ananasone yactot 400—1400 cm~' cooTset-
CTBYIOT OCHOBHBIM KOJI€0aHUSIM aJTIOMOKPEMHUEBBIX
TETPA3APOB KAPKACHOM CTPYKTYpHI LieoauToB. Ha-
OJrogaeMble HAMU ITOJIOCHI TTOTIOLIECHUSI ObLTA OTHE-
CEHBbI K IBYM TUIAM KOJIEOAHMIA: MIEPBBI — 3TO KO-
ne6aHust BHyTpy TeTpasapos TO, (T — katuoHbt Si4+,
Al ™), T. €. IePBUYHBIX CTPYKTYPHBIX 2I€MEHTOB Lie-
OJIMTHBIX KapKacoB, IIJIST KOTOPKIX XapaKTepHa He-
YYBCTBUTEJIbHOCTh K U3MEHEHUSIM B CTPYKTYpE Kap-
Kaca; BTOpPOM TUIl — BTO [JIaBHbIM 00pa3oM
kosnebanns TO,-TeTpasapoB MO BHEIIHUM CBA3IM,
KOTOPBIIA 3aBUCUT OT XapaKTepa COUIEeHEHU S TeTpa-
3IPOB BO BTOPUUHbIE CTPYKTYPHBIE €AUHUIIBI,  TAK-
2Ke OT 0COOEHHOCTE 110/10CTel LIE0JUTOB [8].
TlepBbiii TUIT KOJIEOaHW I COOTHECEH C TTOJIOCAM U
B 0GmacTsx 950—1250 v~ 1 400—500 cm~!. Crtb-
Hast rosoca noroweHus 950—1250 v~ 00ycCJI0B-
JieHa BasieHTHbIMU KoJiebaHussmu T—O. Cnenyrowias
110 MHTeHCHBHOCTH ronoca 400—500 v~ oTHOCHT-
cs1 K fepopMalnoHHbIM KosnebaHusM (T—0,).
BtopoMy Tumy KonedbaHuit COOTBETCTBYIOT IO~
joca B obsactu 500—650 CM_I, KOTOpasi 4yBCTBU-
TeTbHA K XapaKTepy CBA3el MeXIy TeTpasapamu,
TOTIOJIOTMY BTOPUYHBIX CTPYKTYPHBIX €IUMHULL U OTI-
penenseT cTpykTypy ueonura [9]. Bo Bcex uccnemy-
eMbIX 00pa3Lax sipKo BbIpaXkeHa 110Ji0ca ¢ MaKCU-
MyMOM Okoyio 550 em ! , UTO COOTBETCTBYET
CTIEKTpaM LIEOJINTOB, B KAPKAC CTPYKTYPhI KOTOPHIX
BXOASIT CABOCHHBIE UEThIPEX- U IIECTUUJIEHHBIE
KoJblia. Hanuuue naHHOM 1OJI0CHI HA BCeX CIEKT-
pax MOIUGULMPOBAHHBIX 00PA3LI0B YKA3bIBACT HA
X IIPUHAIJIEKHOCTD K ceMeiicTBy ZSM. YMeHbllIe-
HUE UHTEHCUBHOCTHU 3TOI MOJIOCHI XapaKTEPU3YET
najeHue CTeneHy KpUCTaJJIMYHOCTU CUCTEMBI [9].
B K-cnekTpax Bcex MOAU(PULIMPOBAHHBIX 1Ie-
OJINTOB YETKO BbIpakeHa rmosioca 780—800 em™! , OHa
OTHOCHTCS K BaJIEHTHBIM Kosie0aHusaM TO,.
[Mosoca norsowuenust B oonactu 1640 cm™' or-
HeceHa HaMU K Ie(OpMaLMOHHBIM KOJeO0aHUIM
MOJIEKYJT HE CBSA3AHHON KPUCTANIOXUMUUECKU

>

|'I-'\I|'li-\.I
— T — v '|
6 = 1'1- A
mf o ﬂ“‘x_ll |I|' i"r.'.“i
=N [ |'I 'ml i Ill'l'f |I
e _ R'.Il'l |II 5 |
I 4 - _““'-\“ I I.-lll ":rf
IS ﬂ'\lﬂ_/ I-Hh‘-._ Il'- !.,I'I|| I| '-'Ill \
o _— L} I. |
= - - !
T L 3 (Y I 0
g iy, ...\,,/) —_— _\-H\.IH\, I|.'\-I |I'III I'I I| !
T e
< o 1 ||."" - Ifl
= ",“'. L) I; 14,
7 R h“n‘ W |
b IS
I'l Wl ]
o
L |
III
4000 30I00 20I()0 IOIOO

BosHoBoe uwmcio, cm”!

HK-crieKkTpsl BBICOKOKPEMHE3EMHBIX IICOJIUTOB
(BKLI — kpuBbie I—4) u ux H-¢popm (H-BKIL —
KpUBBIC 5, 6), CHHTE3UPOBAHHBIX C TIPUMEHCHUECM
I'MJIA (/—4) u xapbamuna (5, 6), moguduI-
POBaHHBIX HAHOPA3MEPHBIMU TIOPOIIKAMHU ME-
tannos — Fe (6), Cu (4) u ux okcunos — Fe,0;
(2), CuO (3). Conmepxanue monudbukaropa, %:
0 (1, 5); 10 (4, 6); 12,5 (3); 28,57 (2)

Bozsl. IMosoca 3670 cM ™' 6buTa MPUTTKUCAaHA TUIPO-
KCHWJIaM, PACIIOIOKEHHBIM B OOJIBIIUX MOJOCTSIX
LICOJIMTHOTO KapKaca, TAe BAUSIHUE OKPYXKaILINX
ATOMOB KPUCTAJTUIECKOM PEIIeTKN CPABHUTEIBHO
MaJlo; 9Ta rnoJjoca o0ycaoBIeHa B3aUMOACCTBUEM
rugpokcuia Boabl ¢ KatnoHoM [10]. Ilupoxkasi mo-
noca 3450 cm ! OTHeceHa K BaIeHTHBIM KOJTeOaHN -
am OH-rpynmn, cBsI3aHHBIX BOZOPOAHOM CBSI3bIO
C KMCJIOpoAaMU KapKaca, yKazaHHbIe TUIPOKCUIIb-
HbIE IPYIIIbI Xa0TUUECKU (3TO ClieayeT U3 00JIbIION
LIUPUHBI oJiockl 3450 CMfl) pacripeaesieHbI B 1I€0-
JIUTHOM cTpyKType. ClieayeT OTMETUTh, UTO IIJIs JIe-
KaTMOHUPOBAHHBIX LICOJIUTOB, CUHTE3UPOBAHHBIX
C UCTTOJIb30BaHMEM KapOaMuIa, MOJOCHI BAIEHTHBIX
KoJie0aHUi TUAPOKCUIBHBIX TPYMI CABUHYTHI IO
OTHOIIIEHMIO K COOTBETCTBYIOIIMM TTOJIOCAM Helle-
KaTMOHUPOBAHHBIX LIEOTUTOB Ha ocHOBe [ M J1A.

Takum obpazom, Ha MK-cnekTpax 11eoJInToB,
MOAU(GULUUPOBAHHBIX HAHOMOPOILIKAMU XeJje3a
¥ Meau, He OOHAPYKEHO KaKMX-T100 APYIUX IOJIOC
MOTJIOIIEHUSI, KpOMe MpPUHAAIEXKAIIUX LEOJTUTY
tuna ZSM. K Tomy Xe MaKCMMYMBbI IIOJIOC TIOTJI0-
LLIEHUS OTJMYAIOTCS HE3HAUUTEIbHO (CM. TablI. 3),
YTO MOXKET ObITh OOYCJIOBJIEHO pa3pelialoieii Cro-
COOHOCTBIO CIEKTPOMETPA.
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TTonocwl nornoueHwust cesazeii Cu—Cu u Fe—Fe
B MK-cnekrpax MmoauduiupoBaHHbIX LIEOJUTOB HE
OBV OOHAPYXEHBI BCAEACTBHE TOTO, UYTO Kojieba-
HUS CBsI3M Me—Me He aKTUBHBI B IMANa30HEe Jyac-
ToT 400—4000 ™M™

CreneHb KPUCTAIUUHOCTU UCCAETOBAHHBIX
00pa3LoB ObLJIa HAMY pacCYMTaHA KaK OTHOLLICHUE
MHTEHCUBHOCTEN Iosioc norjoweHus: npu 550
un 450 CM’I[I 1]. 7151 BCeii cepru UccieayeMbix 00-
pasLoB 3T0 oTHoWeHUE Iss)/I;s0 > 0,75, 4T yKasbl-
BaeT Ha MX BBICOKYIO CTETIEHb KPUCTALTUIHOCTH (CM.
Taos. 3).

st 00pa3LioB, CHHTE3UPOBAHHbIX C UCITOJIb30-
BaHMeM KapOamuaa (cM. Taba. 3), He HabromaeTcs
YMEHbILIEHUS CTENEHU KpUCTALIMUHOCTH. J1J1s 11e0-
JIUTOB, TIPY CUHTE3€ KOTOPBIX B KAYECTBE CTPYKTYPO-
oOpasytoliieit 1o06aBku ucrojb3oBaicss TMIA (cM.
Tabs. 3), B pe3yabrate MOAU(UIMPOBAHUS MEIbIO
CTeTeHb KPUCTAUTMYHOCTY CHIKAETCS JUTSI KOHLIEH-
tpauuu mogudukaropa 1 u2 %, a monuduLpoBa-
HUSI KeJIe30M — OHa TaKKe CHUXKAeTcsl TIo CpaBHe-
HUIO CO CTETEHbIO KPUCTANTUYHOCTA MCXOIHOTO
ob6pasua. ITockoabKy yc/IoBUSI CMEIIEHHUST B 1LIapO-
BOIi BUOpALIMOHHOM MeJTbHULIE ObLTH /151 BceX 00pa3-
LIOB OIMHAKOBbI, UBMEHEHUE CTENMEHU KPUCTALINY-
HOCTM MOXET ObITb OOYCJOBJICHO YCJIOBUSIMU
CHUHTE3a, a He pa3pyllieHWeM LIEOJIMTHOTO Kapkaca
B MeJIbHULIE, TAK KaK KXl oOpasell 1ieoauTa Obul
CHMHTE3MPOBAH B OTIEILHOM aBTOKJIABE M HE3HAYM -
TeJIbHOE U3MEHEHME COCTaBa PeaklMOHHOW CMecH
MOXET MOBJIUSTH Ha (PU3MKO-XMMUIECKIE XapaKTe-
PUCTUKHU MOJyYEHHBIX 11€0IMUTOB [12].

IMeoantnbl, MoguduIHMpOBaHHbIE HAHOYACTHLAMH
OKCHJIOB XKeJjie3a i Meau. [1py TpoKamTMBaHUM 1I€OJTH -
TOB, MOIM(UIIMPOBAHHBIX HAHOYACTULIAMY METAJI-
JIOB, B TOKE BO3/IyXa 00pa3yoTcs OKCUIbI, KOTOPbIE
MOTYT ObITh (DUKCUPOBAHbI JINOO B COCTABE OTIEb-
HOI (OKCHIHOI1) (ha3bl BHYTPU [TOJOCTEN (BHE CUIU-
KATHBIX KPUCTAJUIOB), TMOO B KATUOHHBIX TTO3ULIUSIX
B KaueCTBE YaCTHIIl, HEUTPATU3YIOIINX OTPULIATEITb-
Hble 3apsiabl Kapkacos [13]. Kpome Toro, peakuuu
OKMCJICHWSI, KOTOPbIE MPOTEKAIOT C BbIIEICHUEM TeTl-
JIa, COCOOCTBYIOT JIOKAJIbHOMY TTE€PETPEBY, B PE3YJIb-
TaTe KOTOPOI0 OKUCJIEHHbIM MOAU(DULIMPYIOLLI 3J1e-
MEHT MOXET 3aKPEMUTHCSA B KPEMHEKHCIOPOIHOM
Kapkace, B MO3ULIUsIX, U30MOPGHHBIX KATUOHAM Si*t
(c TeTpasmpuyecKkoit CUMMeTpHrel OKPYKEHUSI aTo-
Mamu kuciopoa). C pocToMm TemriepaTyphbl TpoOUC-
XOIIUT JeTUAPOKCIITUPOBAHNE, COTTPOBOXKIAIOIIICECS
BBIXOZIOM YaCTH ATOMOB JTIOMUHMSI U3 TeTpadapuye-
CKMX TOJIOXKEHHW ¢ 00pa30BaHNEM aATIOMUHUI-KUCIO-
POIHBIX (hParMEHTOB B TIOIOCTH 11eonuTa. [1o TaHHBIM

>

ctatbu [14] mpu BeICOKOTEMMIEPATypHOiI1 00paboTKe
ueoaura ZSM-5 npoucxXoauT MUTrpaLust [IPUMEPHO
15 % aToMOB aTIOMUHMS M3 KapKaca. DTO MOXKET yKa-
3bIBaTh HA HE3HAUMTEIBHOE pa3pylIeHE CTPYKTYPbI
LIEOJIMTA B MECTAX JIOKAIU3ALIMY ATIOMUHMS.

Takum oOpa3om, eciu TPy OKUCICHUU TIPOKC-
XOJWT BCTpauBaHUE TPEXBAJIEHTHOTO XKeJje3a B Kap-
Kac 1eoJuTa, TO OyaeT M3MEHSITbCS KaTMOHHOE
OTHONIEHWE KPEMHUI/aNtOMUHWMN U caBuru B K-
CIIEKTpax MOTYT PACCMATPUBATHCS KaK TOKA3aTeIb-
CTBO 3aMeIleHUsT B KapKace TeTpadApUUYECKUX Ka-
THOHOB. OJHAKO KOHIEHTpAlLMs 3aMelIaloIIero
KaTHOHA I0/KHA OBITh JOCTATOYHOM [7151 OOHAPYKe -
Husi ¢ nomolbio MK -criektpockornuu (BEposSiITHO, He
HuXe 5 % B pacyeTe Ha okcun). M3BecTHO, UyTO Ha
OJIOXKEHUE I0JIOCHI IOIIOILEH s B 00aacTu 650—
820 CM_I, 00YCJI0BJIEHHOM BaJIEHTHbIMU KOJI€OaHM -
SIMHU ¢ yyacTreM TeTpasnpos TO,, BINSET OTHOLIe-
HUEe KPEeMHUI/amOMUHUI B KapKace IIeoJnTa:
CMEIIEHNE MOJI0C B 001aCTh HU3KMX YACTOT IPOKC-
XOJIUT C POCTOM CONEPXKAHUS TETpasApUIeCKU KOOp-
JUHUPOBAHHBIX KATUOHOB afoMuHMA [8].

OnHako HaMU HE OTMEUYEHO CMEILIeHUSI ITOJI0ChI
¢ MaKCUMyMOM Mpu 793 cm . B CTEKTpaJIbHOM 00-
nactu 4000—400 cm~! He HaGMIOTACTCS HUKAKMX
M3MEHEHUH Mocie MPOKaIMBaHUS, OCTAIOTCSI HEU3-
MEHHbBIM U 00K TTPODUIb, U MHTEHCUBHOCTB IO~
JIOC TIOTJIOLIEHUS. DTO CBUIETEIbCTBYET 00 OTCYT-
cTBUU (ha30BBIX M3MEHEHUM B ILICOJMUTAX, JIMOO
0 HEIOCTATOYHOM B JAHHOM CJTyyae YyBCTBUTEIIb-
Hoctu Mmetona MK -cnekrpockonum.

O6pazosanue daszel Fe,O; nnn CuO no nau-
HbIM UK cniekTpockonuu 0OHapyKUTh HE YIAT0Ch,
TaK KaK peTUCTpaIs CIIeKTPOB ITPOBOAMIACH B I -
ana3oHe yactot 400—4000 CM_I, a I10JIOCHI OIJIO-
LLIEHUST, COOTBETCTBRYOIINE CBA3SIM Me—O 118 Ke-
Jie3a ¥ MEIM JieXaT B KOPOTKOBOJTHOBOM 00JacTH
cnekrpa 250—400 em

Takum oOpa3om, Ha OCHOBAHUM ITOJyYEHHBIX
PE3YJIBTATOB MOKHO 3aKJIIOYUTh, YTO MOAUDUIINPO-
BaHUe LIEOJMTOB HAHOYACTHULIAMY METAJLIOB B IIapO-
BOU MeJIbHULIE B TEUEHUE IBYX YACOB HE MPUBOIUT
K CyIIeCTBEHHOMY M3MEHEHMUIO CTETNIeHN KPUCTA/LTNY -
HOCTH BBICOKOKPEMHE3EMHbIX LIEOJIUTOB.

MK-criekTpockonuueckre uccaenoBaHus B 00-
nactu 4000—400 cv ! He mosBoOSIOT TOJIYYUTD TaH-
HBIX O MECTOTOJIOXKEHUU METaJljla B CTPYKTYpE L1e0-
JIWTa, HO TIO3BOJISTIOT CETATh TIPEATIONIOXKEHNE, YTO
nocJjie MpoKaJauBaHUs MOAU(MDULMPOBAHHBIX LIEOJIM -
TOB 00pa3YIOLINECS OKCUIBI METAJITIOB HAXOSTCS Ha
MOBEPXHOCTHU LICOJMTOB B BUJIE MEIKUX YACTHII.
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M.B. KouueB, M.X. HeyeH, B.A. LIBemkoGB

KUHETUKA DKCUTOHHOU ®OTOJIKOMUHECLLEHLIUU
CTPYKTYP GaAs/AlGaAs C MEJIKUMU KBAHTOBbIMU AMAMU
NMPU HU3KUX TEMINEPATYPAX

DKCcrepuMeHTaIbHOE U TEOPETUUYECKOE N3yUe-
HUE MPOLIECCOB 3aXBaTa B MEJIKME KBAHTOBBIE SIMbI
(K1) 1 sMuCcCHM U3 HUX DJIEKTPOHOB U ABIPOK Be-
JIeTCS y2Ke TOBOJIbHO MPOIOJIKUTEILHOE BpeMs [ 1—
6]. Menkue K$ ipeacTaBiasitoT cOO0M MHTEpECHBII
00BEKT UCCEA0BAHMS, TOCKOIbKY 00JIaJat0T ITPO-
CTEUIIIUM 3JEKTPOHHBIM CIIEKTPOM, T. €. UMEIOT
JIAIIIB IO OMHOMY YPOBHIO pa3MepHOTo KBAaHTOBA-
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HUS, paCIIOJIOXKEHHOMY HUXE BEPXHETO Kpast COOT-
BETCTBYIOILIEN MOTEHLUAIIBHOM SIMbl HA DHEPTUIO
JIOKQJIU3ALIMU 151 KaXKI0TO TUTIA HOCUTENIEN 3apsi-
J1a: BJIEKTPOHOB, TSXKEJIbIX U JIETKUX IbIPOK. TeM He
MeHee, BIUIOTh 0 HACTOSILETO BPEMEHU OCTAOTCS
HE 10 KOHIIA ICHBIMU OCHOBHBIE TAPAMETPhI MOJIE -
JIW, OTIMCHIBAIOLIEH TETIJIOBYIO SMUCCUIO HEPABHO-
BECHBIX HocuTeseil 3apsiga u3 menakux KA. Tak
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Bpaborax [3, 4] yrBepKaaeTcsi, YTO DHEPIUst aKTU-
BallX TETUIOBOM SMMCCUU SKCUTOHOB M3 MEIKHUX
SIM IIPUMEPHO paBHA MEHbLLIEH U3 SHEPTUIA JIOKAJIU -
3allUM JIEKTPOHA U IBIPKU. B To BpeMs Kak B cTa-
The [5] cooObmaeTcsi, YTO OHA paBHA CyMMeE 3THUX
SHEPrUi.

B nanHoi1 paboTe npu pa3auYHbIX TEMIIEpPaTy-
pax BuHTepBaje oT 5 10 60 K n3yyaeTcs KuHeTHMKa
(boronromunHecueHuUU (PJT) 5KCUTOHOB C TXKEbI-
MM IBIpKaMU B MEJTKUX M30IMPOoBaHHBIX KA cTpyk-
Typ GaAs/Al (sGa gsAs. Peructpanuust 3aBucumo-
ctu uHTeHcnBHOCTH DJI skcuronoB u3 Ki ot
BPEMEHMU, MPOILIEIILIETO MOC/e BO30YXKIEHHUS CTPYK-
TYPBI UMITYJICOM U3JIy4eHUST, TIPOBEIeHA C TTUKO-
CEKYHIHBIM pa3pelieHueM METOIOM CYMMUPOBAHUS
B HenmHeitHoM kpucTawie (HK) yactor pekomoOu-
HALMOHHOIO U3JY4YeHUsI CTPYKTYPbI U U3TYYeHUS
OIOPHOTO JIA3€PHOTO UMITyJbca [7].

Hamu rccnenoBaHa HOMUHATBHO HEJIETUPOBAH-
Hag cTpyktypa GaAs/Alj osGa 9sAs, BeIpallleHHast
METOJIOM MOJIEKYJIIPHO-TTYYKOBOI 3MUTAKCUHU, KO-
TOpasi coAepkajia 1Be TYHHEIbHO U30JMPOBAHHbIE

KA GaAs mmpunoit d=4u 3 HM(EgCaAS =1,5195B

npu 7=4,2 K), pazneseHHbix 6apbepom Al ;G2 gsAs
wmpuHoii 60 um (E, = 1,600 5B). KsanToBbIE IMbI
OTAETANMUCh GapbepHbIMU cosMu Al 5Ga 9sAS
onrHakoBo# ToatuHbI (100 HM) OT 3aLLIUTHOTO MO-
BepxHOCTHOTrO ¢J10s1 U3 GaAs (5 HM) 1 0T OyepHOro
ciost GaAs (1000 HM), BbIpAlLIEHHOTO Ha TTOIJIOXKE
GaAs. @JI 5T0i1 CTPYKTYphI ITPU CTALIMIOHAPHOM BO3-
Oy>kneHuM ObLIa IToapoOHO n3ydeHa B padote [8]. s
TOro, 4yrtoObl nmpoBectu usmepeHust OJI crpyKTypbl
B MHTepBaJie TeMIepartyp ot 5 10 60 K, ee momeruanu
B PabouMii 00beM METATTUUECKOTO ONTUUYECKOTO KpH-
OCTAaTa, rjie TeMIIepaTypa peryanupoBanach 3a CUeT yIi-
pPaBJIEHUS] MOTOKOM OXJIAXKIAIOLIETO 3TOT 00beM
ra3zo000pa3Horo rejust (00pa30BbIBAJICS MPU MPUHY-
JUTEJIbHOM UCIIAPEHUU KUAKOTO IeJIusl).

B xauecTBe MCTOUHMKA U3TyYeHUIA, BO30YXKIa-
IOLLIETO CTPYKTYPY U OIIOPHOTO, UCIIOJIb30BAJICS T1e-
pecTpanBaeMblii TUTaH-carupoBbIii Ja3ep, padbo-
TaBLUMK C YAaCTOTOM ITIOBTOPEHMUSI UMIIYJbCOB
/=76 MIi1 Ha paboueii utHe BOJHBI 754 HM (hv, =
= 1,644 5B); 1inTeIbHOCTD UMITYJILCOB COCTABJISIIA
2,5 nc (crekTpajibHas IUpUHA — 2 HM), a UX Cpel-
H$ISI MOIITHOCTD ObLTa paBHA MPUOIM3UTENBHO 1,2 BT,

Henutenb pa3nessil MydoK U3TydeHu sl lazepa Ha
JBa: OIMOPHBII (gate) u Bo30yxkaaoUuil (exc) —
B COOTHOIIIEHNM MOIITHOCTeM 5:1. Bo30yxknatoiee
M3JTydeHUe MO YIJIOM MaaeHNs 0KoJ10 60° hoKycu-

>

POBAJIOCh HA TOBEPXHOCTb CTPYKTYPhI B IISITHO 11 -
aMeTpoMm npuoau3uTeabHo 0,5 MMm. PekoMOuHam-
OHHOE U3JlyueHUe COOMPaIOCh C OCBEllABILIEICsI
CTOPOHBI CTPYKTYPHI IO HOpMaJu K Heil. CoOpaH-
HOE U3JIyYEHHUE C YaCTOTOM Vv, U OTIOPHOE C YaCTO-
TOM Vg4, GOKYCUPOBAIOCH B OIHY U TY X€ 001aCTh
HEJMHEWHOro KpUCTalia, Tae MpoucxXoauiia reHe-
pauus U3JTy4eHUs Ha CyMMAapHOii yactote (vy,, +
+ Vggre)- DTO U3NyYEHUE AHAIU3UPOBAIIOC ABOMHBIM
I GpPaKIIMOHHBIM CIIEKTPOMETPOM U PETUCTPUPO-
Baioch (DOTORJEKTPOHHBIM YMHOXUTENeM (DPDY)
B pexxume cueta poroHoB. O0JIACTh CIIEKTPaTbHOM
yyBcTBUTEJbHOCTU PDY Haxoaunach B CUHEM AU~
arra3oHe BUIUMOTO cBeTa. TakuMm 00pa3om, n3me-
PHB YaCTOTY OTIOPHOTO U3TYICHHUS V,y, TETKO MOXK-
HO OBIJIO HACTPOUTH CIIEKTPOMETP Ha YacTOTy
perucTpauuu (Vy,, + Vgqe), COOTBETCTBYIOLLYIO Ya-
CTOTE M3JYUYEHUSI CTPYKTYPHI V,,,, U BOCCTAHOBUTb
13 3aMMMCAaHHOTO CTEKTpa Ha CyMMapHOI YacToTe
ncTuHHBIN criekTp PJI cTpykTyphl. CrieKTpanibHOe
paspellieHre BOCCTAHOBJIEHHOIO CIIEKTPa ITPY 3TOM
OMpeaeadeTcs CleKTPATbHOMW IUMPUHOIM OTIOPHOTO
UMIyJabca U3ydeHUs. JIMTeNbHOCTh UMITYIbca
PEKOMOMHAIIMOHHOTO M3TYIeHUS COCTABIIsAIA, KaK
MPaBUJIO, COTHU MUKOCEKYH/, TOra KakK TaKoBasl
IUTST OTIOPHOTO M3JIyU4eHUST — HECKOJIbKO TTMKOCE-
KkyHa. ClegoBaTeIbHO, €CJIM U3MEHSITh BpeMsI IIPU -
xona onopHoro nmmnyiabca K HK ¢ momonibio onu-
YEeCKOM JIMHUU 3a[€PKKU, TO MOXHO OINPEeaeIUThb
(bopMy ucciemyeMoro UMIyJIbca U3JIy4eHUS C Bpe-
MEHHBIM pa3pellleHUeM, PaBHBIM JJIUTEJIbHOCTU
OTIOPHOTO UMITYJThCA.

ITpu Tex ke yClnoBUsIX SKCIIEPUMEHTA HAMU TAK-
K€ OBIJTM MCCIIeIOBAHBI MHTETPHUPOBAaHHBIC (YCpe-
HeHHBIE) 110 BpeMeHU crieKTpbl PJI akcuToHOB B KA.
st sToro BMecto HK B 0651acTh (poKycrupoBKM pe-
KOMOMHAILMOHHOTO U3J1yYeHUSsI TOMEILAICs TOPELl
MHOTOMOIOBOTO ONTUUECKOTO BOJIOKHA (IMAMETPOM
0KOJIO 1 MM), BeIyIlIeTO K CIIEKTPOMETPY, OTTOPHbIE
WMITYJTIBCHI TIPW 3TOM He MCTIONIb30BaInCh. Pekom-
OMHALIMOHHOE U3JTyYeHUE CTPYKTYPhI, BHIXOASIILEE
13 BOJIOKHA, aHAIM3UPOBAJIOCH TU(PPAKITNOHHBIM
CIIEKTPOMETPOM U perucTpupoBaioch Kamepoii [13C
(TprbOp ¢ 3apsIOBOIA CBA3BIO), OXJIAKAAEMO KU1~
k1M azotoM. CrnieKTpajibHOE pa3pelleHue pu pe-
TUCTPAIIMY MHTETPUPOBAHHBIX IO BPEMEHU CITEKT-
poB cocTaBisiio 0,2 MaB.

Ha puc. 1 mpuBeneHB CIIEKTPBI yCpeTHEHHON
10 BPEMEHU MHTEHCUBHOCTU 3KCUTOHHOU DJI 13
Menkux K cTpyKTyphl, 3MepeHHBIE TIPY pa3ind-
HBIX TeMIlepaTypax. Ha crekTpax Xopollo BUIHbI
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Puc. 1. Cniextpel  doTtomomuHectueHuuu  (DJI,
YCPEIHEHHOI 0 BPEMEHU) SKCUTOHOB C TSDKEJIbIMU
nbIpkaMu B Meakux KS cTpyKTypbl, 3aperucTpu-
pOBaHHbBIE MPU pa3TuIHbIX Temmeparypax 1, K:

5(1), 10 (2), 20 (3), 30 (4), 40 (5), 50 (6) u 60 (7).

Ha BcraBke jaHa 3aBUCHMOCTb JoTapudma MHTErpajbHOM

10 crekTpy uHTeHcuBHOCTH DJI (HOPMUPOBAHHOMN Ha 3HA-

yeHue npu 7= 15 K) or oOparHOil TemiepaTypbl: COOTBET-
cTtBeHHO, 13 mupokoit (I) u uz yzkoii (IT) KA

JIBE MOJIOCHI TIOMUHECLIEHIIMU, OTBEYAIOLIINE IKCH -
TOHAM C TSDKEAbIMU AbIpKaMu B K5 CTpyKTyphI.
IMonoca DJI ¢ MeHblIElH S3HEPTUE BO3HUKAET U3-3a
PEKOMOUWHALIUM 3JIEKTPOHOB U IBIPOK B CBS3aHHBIX
U CBOOOAHBIX 3KCUTOHAX B 1Mpokoii (1), a ¢ 6071b-
wieii sHeprueit — B y3koii (I1) K4 [8]. Bosee Bbico-
KOBHepreTuieckas JMHUS B Kaxmoit moysoce DJI
OTBeYaeT CBOOOIHBIM 9KCUTOHAM, TUHUS C MEHb-
1IeH S3HepTue — Mo-BUAUMOMY, CBSI3aHA C PEKOM-
OMHaIMel JIOKaTM30BaHHBIX HEPAaBHOBECHBIX HOCH -
TeJeil 3apsina. BuaHo, Takxke, 4TO C pPOCTOM
TeMrepatypbl nojsockl PJ1 cMelaioTcsl B CTOPOHY
MEHBIINX SHEPTU, a THTEHCUBHOCTD JTIOMUHEC-
LeHLMKY ObIcTpO YyMeHbiaeTcs. Ha BcraBke puc. |
MoKa3aHbl 3aBUCMMOCTH Jorapudma UHTEerpupo-
BaHHOI O cnekTpy MHTeHcuBHOCTU /(7)) NuHUU
M3JIy4eHUsI CBOOOIHBIX SKCUTOHOB (HOPMUPOBAHA
Ha MHTEHCUBHOCTb JINHUU NpU TeMriepatype 5 K) ot
00paTHOI TeMnepaTypbl 1151 Kaxxaoi us3 KA.

Ha puc. 2 npuBeaeHbl KWHETUYECKME 3aBUCH-
moctu DJI cBOOOIHBIX BKCUTOHOB U3 K 06oux
tunos. [1py Kaxmoi TeMnepaType CrieKTPOMETP Ha-
CTpaMBajICs Ha MAKCUMYM COOTBETCTBYIOIIEH JIK-
Huu PJI. AHa/IU3 KPYBbLIX [I0KA3bIBAET, YTO [IPU BCEX
TeMmIiepaTypax 3aTyxaHue s3KcuToHHoit DJI K
C TeUeHUEM BPEMEHU 7 TTOCTIe UMITYJIbCa BO30OYXKIe-
HUS TOBOJILHO XOPOILIO OMUChIBAETCS (Dopmyioi
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~exp(—t/t p,). I1pu aTOM XapakTepHOE BpeMsi 3aTy -
xanust DJI (Bpemsi KU3HU) 9KCUTOHOB T, LINPO-

1 11
pl >Tpl‘

C pocToM TeMIIEpPATYPbl BEJIUYMHA T 1B K o6omx
TUTIOB CHayaJjia CJIeTKa YBEeJIMYMBACTCS, a 3aTeM
pe3Ko yMeHblaeTcs (puc. 3, a, Kpusble [).

7151 TOTO YTOOBI BBIYMCIUTD M3 3TUX TAaHHBIX
u3yyaTesbHble (T,) U 0e3bl3ayyaresbHbie (T,,) Bpe-
MeHa XXM3HHW 9KCUTOHOB, OyIeM TTpeaIoiaraTh, YTo
npu 1060i TeMnepaType 7' BBITIOJTHSIETCS PaBeH-
cTBO [2, 3]:

KO siMbl Bcerma OoJjblle, 4YeM Y3KOil: T

1 1 1
- =t — ,
U (1) (D) T, (T)

rae uHaekc i 00o3HavaeT mwnpokyto (1) uam yskyro
(IT) K41.

MHTeHCUBHOCTHh MHTETPUPOBAHHOM IO BpeMe-
Hu 3kcuToHHOI DJI u3 K npu 3Toit Temneparype

1
1'(T)= T"’—(T) k'E
W(T)
rie k' — KoadhbULNEHT TPONOpLHOHATbHOCTH, E —
9HEPrusi B KaXXIOM UMITYJIbCE ONTUYECKON HAKAYKHU.

b

MMouarast, uTo 1’ (0)= r;, (0), momyunm 1(0) =
=k'En

I'(T)=-2"~
o 7,(T)

0O603HaYMM HOPMUPOBAHHYIO MHTEHCUBHOCTD
®JTuepesn'(T)=1'(D/1'(0), Torna

D gy D
w1

Ha puc. 3 npuBeneHbl 3aBUCUMOCTHY U3MEPEH-
HOTO BPEMEHY XU3HM T,/ U PACCYUTAHHBIX C TOMO-~
b0 (POPMYJI, TPUBEICHHBIX BBIIIE, U3TyIaTeIIb-
HOTIO (T,) ¥ 0€3bI3/1y4aTeNbHOIO (T,,) BPEMEH XU3HU
aKcuTOoHOB B KA oT TeMmnepatypbl (B pacueTax mpe-
nonaranock, uto n(0) ~ n(5 K)). Ha BctaBke puc. 3,
0 ToKazaHa 3aBUCUMOCTb Jiorapudma 0e3biziiyua-
TEJIbHOI'O BPEMEHMU KM3HU BKCUTOHOB T,,. B KA ot
00paTHOI TeMIIepaTyphbl; CTUTOIITHBIE TIPSIMBIE TUHUAN
TPOBeIeHBI B TIPEATIONIOKEHNN, YTO TEMTIepaTypHast
3aBUCUMOCTB CKOPOCTH TETIJIOBOI 9MUCCUU SKCH-
ToHOB U3 K onuceiBaeTcst 3akoHoOM AppeHuyca

1/7,,~ exp(—A/kT).

) (T) o)

0(T)
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Puc. 2. 3aBucuMocCTy OT BpeMEHHU I10CJIe BO30OYXK-
NEHUST CTPYKTYpbl MHTeHCUBHOCTU DJI 3KCUTO-
HOB C TSIKEJIBIMU JIbIpKAMU B ILIMPOKOI (@) 1 y3-
koii (6) K4, 3amucaHHble TIpU pa3IUYHBIX TEM-
neparypax T, K: 10 (1, 17),20(2, 2"), 30 (3, 3"),
40(4,4"),50(5, 5")u 60 (6, 6'). OnpenenecHHOE
JUTSL KaXKIIOM 3amyicK BpeMsT KU3HU DKCUTOHOB
Ty TIC: a— 667 (1), 718 (2), 614(3), 446 (4,
229 (5), 104 (6); 6 — S11 (1), 453(2"), 351 (3"),
257(4"), 135(5"), 67 (6")

Bupgno, yto mpu 7 > 35 K TenoBast aMmuccust
CTAaHOBUTCS JOMUHMPYIOIINM TTPOLIECCOM, TIPUYEM
TIPY STUX TEMTIepaTypax SKCIepUMEHTaTbHbIE TaH-
HbIe JOBOJILHO XOPOIIO OTIMCHIBAIOTCS 3aKOHOM
AppeHuyca ¢ SHePTUsIMM aKTUBALIUU Al= 22,0 £
+ 1,7 MaB (4) wist umpokoit n A" = 18,1+1,7 MaB (5)
s y3koi KA. Ilpu remmnepatypax 5 K< T'<35K
BKCIEPUMEHTATbHBIE 3aBUCUMOCTH IEMOHCTPUPYIOT
HWHOE noBeneHne. BripoyeM, 3Toro u cienoBaao Oxu-
JaTh, TAaK KaK CYILLIECTBYIOT U Apyrue Oe3bi3iyya-
TEJIbHBIE TTPOLIECChI, YMEHbIIIAIOIINE BPEMSI )KU3HU
9KCUTOHOB MPU HU3KUX TeMTIepaTypax.

CpaBHMM TTOTYyYeHHbBIC 3HAYEHMS DHEPTUM aK-
TUBALIMU C PACCUYMTAHHBIMY 3HAUCHUSIMU DHEPT U
JIOKQJIM3alluy HEPABHOBECHBIX HOCUTENEN 3apsiaa
B MPSIMOYTOJIbHBIX TIOTEHIIMATBHBIX SIMaX (CM. Tab-
nuiy). [pu pacueTe sHEpruii IoKanu3auy mpearo-
JIarajaoch, 4To 3((GEeKTUBHBIE MACChI m' HocuTenei
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Puc. 3. TemnieparypHbie 3aBUCUMMOCTU Bpe-
MEH KU3HU OKCUTOHOB T,, T,(d) U T,,.(0)
B wupokoii (I) n yskoit (1) KA; t,, (1) —
nsMepeHo mno 3aryxanuio DI, 1,(2) un
T, (3) — paccumMTaHHbIe U3 T, U3JyyaTellb-
Hoe U 6e3bI3TyyareslbHOe BpeMeHa XU3HU.

Ha BcraBke: 3aBucuMocTsb Jorapudma t,, (3) ot 06-

patHoit TeMmiepaTyphl. [IpsimMbie 4, 5 COOTBETCTBYIOT

3aKOHY AppeHuWyca ¢ pPa3IuIHBIMU DHEPTUIMU
aktuBaumm A, MaB: 22,0 (4) u 18,1 (5)

3apsaa B AlGaAs coBnagaior ¢ 3(ppeKTUBHbIMU
Maccamu B 00beMHOM GaAs: me* =0,067m,, m,,,,* =
=0,51m,, my, =0,082m,[9], tae m, — Macca cBo-
6omHOTO 371eKTpoHa. A 38 % OT pa3pbIBa 30H, paB-
Horo 81,1 M3B (pa3HOCTb MeXIy BETUUMHAMM LM -
PVIH 3aMpelleHHbIX 30H B 0apbepHbIX ciiosix AlGaAs
u cnossx GaAs) IpUXOOUTCS Ha BaJE€HTHYIO 30HY
1 62 % — Ha 30HYy ipoBoguMoOcTH [ 10].

BunHo, 9TO B HallIeM ciydae, HECMOTpPsI Ha TPY-
60CTb MOJIEJTN, SHEPTHS TETUTOBOI aKTUBALIUY B OT-
JIeJIbHOM MEeJIKOI KBAaHTOBOM siMe 0JIM3Ka K CyMMe
SHEPTUI JJOKATN3ALINY IEKTPOHA W TSKEIOM IbIp-
ku B KSI cooTBeTcTBYIOLIEH IIMPUHDBI Y TIIYOUHBI.
Bo3MoXHO, pa3nuune B 3HAYSHUSIX DHEPTUI aKTH-
BaLlMU, MOJIyYeHHBIX HAMU U B pabote [4], rae uc-
CJIeIOBAJINCh aHAJIOTUYHBIE CTPYKTYPHI, CBSI3aHO
C pa3MMuUMSIMU B AN3aliHE MocaenHuX. B oTiune ot
Halmiero obpasia, B CTPYKTYpe, UCCIeI0BaHHOMN
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CpaBHeHne PacCY€THBIX 3Hepm171 JIOKAJIN3AIIMH HEPABHOBECHBIX HOCUTeJIei 3apana
C HAJeHHbIMU 3HAYEHHSIMHU JHEPruu TEIJIOBOI AKTHMBAIMU 3KCMTOHOB B MEJIKHMX KBAHTOBBIX MaX

OHeprusi, MaB
HanMeHoBaHMe apameTpa O6o3HaueHne Viakas K8 Lnpokas K
(d=3Hm) (d=4um)

DHeprusi JJIoKaau3aluu:

3JIEKTPOHA 7 10,8

TSKEJION JAbIPKU " 13 17

JIETKOM IBIPKA 4 6
DHeprusi TETUIOBOI aKTUBAIIYN 18,1+1,7 22,0+1,7

O06o3HavYeHUe: d — MUPUHA TPSIMOYTOJIBHON MOTEHIIMATLHON SIMBI

B [4], ueHTpajbHas 4acTb CTPYKTypbl AlGaAs/
GaAs/AlGaAs ¢ onnHouHoi Menkoii K5 GaAs Oblia
OTAe/eHa TOTIOJTHUTEIbHBIMU OapbePHBIMU CJIOSIMU
AlAs oT 0y(hepHOTro 1 3alLIUTHOTO CJIOEB.

Takum 00pa3oM, yMEHbIIEHNE BPEMEHU XXKU3HU
3KCUTOHOB B K$I ITpy MOBBIIIIEHNY TeMTIepaTyphl, Ha-
OsromaBIIeecsl B HaIIe paboTe, MOXKET ObITh OOBSIC-
HEHO BO3pacTaHWEM CKOPOCTH TETUIOBOM SMMCCUM
HepaBHOBECHBIX HOCUTENeH 3apsina u3 siM. Onpenee-
HBI 9HEPTUH aKTUBALIMM 3TOTO TIpoliecca. [1okazaHo,

YTO TSI KAXKION M3 ABYX MCCAEIOBAHHBIX MEJIKUX
K4 sHeprust akTuBauMu 0J13Ka K CyMMe dHEPTruii
JIOKQJIM3ALIM K JIEKTPOHA U TSIKEJIOM ABIPKHU.

Boipaxaem Osarogapuocts H.H. Cubenbauny
1 M.JI. CKOpUKOBY 3a HEOLIEHUMYIO TIOMOIIlb B TPO-
BEIIEHUU JTAaHHOTO UCC/IEI0BaHMSI.

PaGora npoBoguiace npu nopaepxke PODOU
(rpant 08-02-01438), TI®U 1T PAH Ne27 u OIIIT
«HayyHble 1 HayYHO-TIEAAroru4ecKrue Kaapbl UHHO-
BarmoHHoi Poccum» (Toc. konTpakT Ne IT 546).
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>

H.C. BosikoGBa, A.Tl. lTopuwikoG

BJIMAHUE AHOAHOTO OKUCJIEHUA APCEHUAHDIX
FETEPOCTPYKTYP C KBAHTOBbIMU TOYKAMU
HA TEMMNEPATYPHbIE 3ABUCUMOCTHU
DOOTOIJNIEKTPUHECKUX CNEKTPOB

B nocienHee BpeMst MUHTEHCUBHO UCCIIEAYIOTCS
TeTePOCTPYKTYPHI, B KOTOPBIX MPOSIBISIETCS KBaH-
TOBaHME SHEPTETUUECKOTO CTIEKTPA AJIEKTPOHHOTO
rasa v TIoHMXXeHUe ero pasMepHocTr. KBaHTOBOpa3-
MepHbIe reTepoHaHOoCTPYKTYphl (KPT') mpuBiekawoT
K cebe BHMMaHUe 0Jarogapsi YHUKaJIbHBIM (hU3U-
YECKMM CBOMCTBAM M IIMPOKUM BO3MOXHOCTSIM
TEXHUUYECKOTO MPUMEHEHUsI B OMTORJIEKTPOHUKE,
B UYAaCTHOCTH JIJI51 CO3JaHUsI CBETOAMOI0B, BEICOKO-
3((HEKTUBHBIX MHXEKLIMOHHBIX JIA3€POB C YIyd-
LIEHHBIMU XapaKTePUCTUKAMHU, SJIEMEHTOB MaMsITH
[1,2]. OcobeHHO 6osbLoi MHTEPEC Bbi3biBatoT KPT'
C CaMOOPTraHU30BaHHBIMU KBAHTOBBIMU TOUKAMU
(KT) apcenuna unaus InAs B MaTpulie apceHUIa
raaaus GaAs, B KOTOPbIX 3J€KTPOHbI 00/1a1al0T
MOJHOCTBIO IMCKPETHBIM KBa3MaTOMHBIM DHEpPTe-
TUYECKUM CIIEKTPOM.

AKTyanbHOI (pyHIAMEHTaIbHOU 3amavyeil pu-
3UKW HU3KOPA3MEPHBIX CUCTEM SIBJISIETCS] YCTAHOB-
JIEHWE CBSI3U BHEPTeTUUYECKOTO CTIEKTPa U OTTO3JIeK-
TpoHHBIX ¢cBoCcTB KPI' ¢ XuMuuyeckum coctaBom,
mopdonorueii, 1e(heKTHOCTBIO U IPYTUMU OCOOEH-
HOCTSIMU MX CTPOEHUSI.

IMpu cozmanuu npudopoB Ha KPI mpoBoasitcs
pas3IMUYHbIE TEXHOJIOTUUECKHE oTiepalliy (AHOTHOE
OKHCJICHUE, TPaBJIeHNEe, HAHECEHNE META/IOB, NOH-
Hasl UMIUTAHTALMs 1 AP. ), TIPU KOTOPBIX BO3MOXKHO
o0pa3oBaHUe B CTPYKTYpe Ie(eKTOB B pe3yabrare
XUMMUECKUX peaklinii Ha MOBEPXHOCTU 1 B 00bEMeE
TOTYTIIPOBOIHMKA. DTU 1e(PEKThI MOTYT CYIIIECTBEH-
HO BJIMSITh HA ONTO3JIEKTPOHHbBIE XapaKTePUCTH -
KU MpUOOPOB. B cBSI3M ¢ 3TUM clieayeT MpU3HATh
BA)XHOU 3a1a4yeil KOHTPOJMPOBAHUE MPOLIECCOB
nedekToobpa3oBaHMs PU ITPOBEACHUY MTOAOOHBIX
TEXHOJIOrMYECKUX orepaLuii. 3aMeTuM, 4To pusu-
KO-XrMuueckas MoauduKaluusi TOKpOBHOTO CJI0SI
KPT nipu 3THX omiepalivsix MOXeT UCTIOJb30BaThCs
IUTSI YIIPaBJICHUST SHEPTETUYECKUM CTIEKTPOM KBaH-
TOBOpPAa3MEPHbIX C/10€B [3].

B nanHoi1 paboTe n3ydanaoch neheKToodpa3o-
Banue B KPI' ¢ KT InAs/GaAs, BeIpallleHHBIX Me-
TOIOM Ta30(ha3HOM AMUTAKCUU U3 METAJJIOOPTaHM -
YeCKUX COeAMHEHU I MTPU aTMOChEepHOM JaBIeHUN
BOJIOpO/a — ra3a-HOCUTEIS MApOB yKa3aHHBIX CO-
eauHeHui [4], mpu aHOOHOM OKMUCJIEHUU UX ITIOBEP-
xHocTH. B cTaTbe [5] ObL10 MOKAa3aHO, YTO aHOTHOE
OKHCJIEHWE MTPUBOIUT K TallleHUO (POTOIIOMUHEC-
LHEeHLMU MW NaaeHulo (OTOUYBCTBUTEIbHOCTHU
B kBaHTOBOI siMe (K1) u3-3a o6pazoBanust neek-
TOB B CTpyKType. st u3yuyeHust gedpekroodpaso-
BaHUSI HAMU TIpUMeHeHa MeTOoA1Ka, OCHOBaHHas
Ha UCCeN0OBaHWU TeMIepaTypHOU 3aBUCUMOCTHU
CIEeKTPOB (DOTOYYBCTBUTEIILHOCTHU CTPYKTYp. Pa-
Hee 9TU 3aBUCHMOCTHU MCCJEI0BAIUCh Ha CTPYK-
Typax, BbIpAILLIEHHBIX TTyTeM MOJIEKYIIPHO-TTyYKO-
BO#1 sannTakcuu [6].

Wccnenosannbie KPI BeIpamyBanuch METOO0M
razoda3Hoii ANMUTaKCUU U3 METAJUIOOPTaHUUECKUX
coenvHeHuit Ha moBepxHocTH (100) mpoBoasiLero
cnost GaAs. bydepnsiii cnoit n-GaAs TOMIMHON
0,6 MKM C KOHLIEHTpALIKEii 3JICKTPOHOB IPUMEPHO
10" cm~3 BbIpaluBacs mpu remmeparype 650 °C.
3arem ripu Temmniepatype 520 °C BeIpalimBacs caoi
KT InAs HOMUHAaJILHOW TOJLIMHON OKOJIO 5 MOHO-
CJTOEB C JIa3epPHBIM JIETUPOBAHUEM CJI0SI TPUMECHIO-
cyphaKTaHTOM BUCMYTOM [5], 4TO MO3BOJISLIO MO~
nyuyath 6ojiee ogHoponHbeie KT. MccnegoBanuch
CTPYKTYpHI co caoeM KT, MOKpbITHIM OZHOPOAHBIM
nokpoBHBIM cjioeM GaAs ToamuHoi 20 HM,
U CTPYKTYPbI C KOMOMHUPOBaHHBIM ciioem KA /KT,
B KoTopbIx cjioil KT cHauanza moKphIBAICS CI0EM
KA In,, ,Ga,) gAs mMprHO¥ 3 HM ¥ 3aTeM BHELTHUM
cnoem GaAs tonmmmHoi 50 HM. DoTosnekTpuye-
CKHMe CTIIEKTPbl TAKMX CTPYKTYP paHee MCCleaoBa-
JICh B paboTe [3].

AHomHOe oKuceHre noBepxHoctu GaAs mpo-
BOJIMJIOCh HAMU B TaJIbBAHOCTATUUYECKOM PEXUME
MPU TNIOTHOCTH TOKa 1 MA/CM2 B DJIEKTPOJIUTE: pa-
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CTBOD MEHTA00paTa AMMOHUSI B CMECHU STUJICHIJIH -
KOJIS1 ¥ BOABL. ToMrHa OKUCa d,, ONPENesach
10 TOCTOSTHHOM pocTa (2 HM/B) 1 cocTaBuna 20 HM
BKPI' ¢ KT u 5 um B KPI' ¢ KS1/KT. Ha o6pa3oBa-
HHME OKHCJa TOJIIMHON d, pacxomoBajcs cIoi
GaAs tomuunoii 0,67d,,,.

OHeprernueckuii cnektp KPI Mbl n3yuanu me-
TOJOM CIlIeKTpocKonuu porosac Ha 6apbepe LloT-
kU (criektpockonus @BIL). [1ns co3nanust 6apb-
epa LIOTTKM Ha TOBEPXHOCTU HEOKMCIEHHBIX
1 OKMCJIEHHBIX CTPYKTYP METOIOM TEPMUUYECKOTO
ucnapeHus B Bakyyme ripu temneparype 100 °C Ha-
HOCUJICSI TIOJTYTTPO3pavyHbIii BBIMTPSIMIISTFOIIN I 30J10-
TO# KOHTAKT ILTOIIAAbI0 0KOJTO | MM2. OMidecKue
KOHTaKTHI K O0y(hepHOMY CJIOI0 1 MTOTOXKE CO31a-
BaJIUCh JIEKTPOMCKPOBLIM BXUTAHUEM OJIOBIHHOM
(bonbru. [eTepoHaHOCTPYKTYpa MOTJIa OCBEILIATHCS
Kak yepe3 2JIeKTPOo/, TaK U uepe3 MOAI0XKKY.

CrekTpbl (POTOUYBCTBUTEJIBHOCTHU S, 13MeEpsi-
JIVCh B MAJIOCUTHAJIbBHOM PEXMME B IMATIA30HE TeM-
nepatyp 77 — 350 K.

Ha puc. | moka3zaHo BIMSHUE aHOIHOTO OKMC-
JIEHMS Ha CIEKTPBI (POTOUYBCTBUTETLHOCTHU CTPYK-
Typ IIpU KOMHATHOM Temmnepartype. Ha ncxomHsix
CreKTpax 00enx cTpykTyp (Kpusbie /, 3) muk o-
TOYYBCTBUTEIBHOCTH TIpU 3Heprun okoJjo 0,9 5B
CBsI3aH ¢ onTuyecknuMu repexomamu B KT mexmy
OCHOBHBIMU COCTOSIHUSIMM JIEKTPOHA W IBIPKH,
a rpu sHeprusx oxkoiyio 1,0 u 1,1 3B — mMexny nx
BO30YXIEeHHBIMU cOCTOSTHUSIMU. [Toioca hoTouyB-

Sph,
0. ¢
107
100 F
1,2
10°F
4
10° 3
L 1 1 1 1 1 1
0.8 0.4 1.0 1.1 1,2 13 14 hv,»B

Puc. 1. BausiHue aHOJHOrO OKMCIIEHUS
Ha criekTpbl oTouyBcTBUTeNbHOCTH KPI ipm 300 K.

Crpykrypa co cioem KA/KT:
1, 2— no u nocie okucieHus (d,, = 5 HM).
Crpykrypa ¢ KT: 3, 4 — 1o u nocie okuciaenust (d,, = 20 um)
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CTBUTEJbHOCTU Ha KPUBOI [ ¢ MOPOTOM OKOJIO
1,27 3B npunamiexut rudpunHoit KA, oopazosaH-
Hoi K4 emauusatoiiero cinos InAs v BHentHenn K5
InGaAs [7]. Cnan npu Av > 1,4 3B Ha cnexkTpax
00YCIIOBJIEH TEM, UTO CTPYKTYPhI OCBEIIATNCH CO
CTOPOHBI MOJTIOXKKHU.

B c1abo okuciaeHHOM cTpyKType co crmoem K51/
KT 1 ToACTBIM NOKPOBHBIM CJI0€M OKMCJIEHHUE I10-
BEPXHOCTU TTOKPOBHOTO CJIOSI TPAKTUUECKU HE BIIU-
€T Ha ceKTp oTouyBCcTBUTEbHOCTU. [Tpu okuc-
neHuu cTpykTypsl ¢ KT nmporcxonut caBUr cnekrpa
KT B HU3KO3HEPreTMYeCcKyIo 00J1aCTh MPUMEPHO HA
60 M3B (puc. 1, kpuBas 4), 00yCIIOBIEHHBII peslak-
canueit ynpyrux HanpsixkeHuit B KT, B pesyabrarte
YMEHbIIEHUS TOJNILIMHbBI MTOKPOBHOTO ciiosi GaAs oT
20 HM B UCXOOHON CTPYKType 10 3HAYEHUS OKOJIO
7 HM B OKMCJIEHHOM CTpYKTYpe |3]. AMOp(HBIII 1011
AHOJIHOTO OKMCJIa JIETKO 1e(OPMUPYETCS U HE CO-
3MaeT HATPSKEHUH B TTOACTUIIAIONIEM CJToe. YIIT-
peHue GOTORTEKTPUIECKUX TUKOB, BEPOSITHO, CBSI-
3aHO ¢ HEOTHOPOIHOCTBIO TOIILIMHBI OKUCHOTO CJI0SI.
Cnextp ot KT nocJjie okucjieHus: IpuoopeTaeT Xa-
PaKTepHYIO CTyMeHYaTYIO (POpMY, CBUIETEIHCTBY-
FOLLLYIO O CHMKEHU M D(PPEKTHBHOCTU DMUCCUN HO-
cutesein ¢ rayookux ypoBHeit KT B MaTpuily
B pe3yJIbTaTe YBEJIMUEHUSI CKOPOCTU PEKOMOMHALIMN
B KT.

Ha puc. 2 mpuBeneHbl TeMIepaTypHbIe 3aBUCH -
MOCTH (pOTOUYBCTBUTEILHOCTH B 00JIACTU OCHOBHO-
ro nepexoaa B KT no u nocie okuciaeHus. Cienyet

1D:- 1 L 1 1 L

1
a 1 E B 7 101K

Puc. 2. TemneparypHast 3aBUCUMOCTD
GOTOUYBCTBUTEILHOCTHA
B obsactu ocHoBHOrO 1epexona KT.

HomMmepa KpUBBIX COOTBETCTBYIOT CTPYKTYypaM,
TIpUBEICHHBIM Ha puc. |
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OTMETUTb UX OAMHAKOBbII1 HEMOHOTOHHBIN Xapak-
Tep: pU HU3KKX TeMIepaTypax (POTOUyBCTBUTEb-
HOCTb BO3pPACTAET C POCTOM TeMITEpaTyphbl U MO 10C-
TUXEHUM MaKCUMyMa yMmeHbliaeTcs. bauskuii
K 9KCITOHEHIIMATbHOMY POCT (DOTOUYBCTBUTEIBHO-
CTU MPU HUBKUX TeMIlepaTypax ¢ SHepruei akTr-
BaLMU puoan3uTeabHo 120 Ma3B cBsi3aH ¢ Tepmu-
YeCKMUM MeXaHU3MoM amuccuu Hocuteaeit uz KT.
[Tpu 1OCTaTOYHO BHICOKUX TeMIIepaTypax 10CTHU-
raetcsi MaKCMMyM (POTOUYYBCTBUTEIbLHOCTU, MPU
KOTOPOM BepOSITHOCTh A3Muccuu nap u3 KT npu-
onmxaetcs K enuHue. [1pu 6osee BBICOKUX TEM-
nepatypax (OTOUYBCTBUTEIbHOCTh HauWHaeT
9KCITOHEHLIMAIbHO YMEHbBIIATHCS, BEPOSITHO, B pe-
3yJbTaTe BOSHUKHOBEHUS KaHana 3(POeKTUBHOM
0e3bI3/1y4aTeIbHOM PEKOMOMHALIUN.

Xorts B cTpykType ¢ KA /KT 3ameTHOro name-
HeHUs crieKTpa (h)OTOYYBCTBUTEIBHOCTU TTPU KOM-
HaATHOW TeMIMepaType He TPOUCXOAUT, TeMITepaTyp-
Hble 3aBUCUMOCTM [MKAa OCHOBHOIO Iepexoja
B KT nist uCX0aHOM U OKUCTIEHHOM CTPYKTYP (CM.
puc. 2, KpuBble /, 2) HECKOJbKO pazinyaroTcs. Best
KpuBas caBuraercs npuMmepHo Ha 15 K B o61actb
BbICOKMX TEMIIEPATYP, U HECKOJIbKO YBEJIMUMBAET-
Csl HEPrus aKTUBALIMU MPU HU3KUX TeMIepaTy-
pax, 4To MO3BOJISIET CAEAATh BHIBOM O HEOOIbIIOM
yBenIn4YeHU KoHueHTpauuu nedektos B KT moc-
JIe OKMCJIEHUS.

>

3HaYUTEJbHO CUIbHEE BBIPAKEHbBI 3TU U3MEHE-
HUsl, CBA3aHHbIE ¢ 1eheKTO0Opa30BaHMEM, B CTPYK-
Type ¢ KT c 6osiee ToJICTbIM aHOAHBIM OKUCIOM (CM.
puc. 2, kpussble 3, 4). edekroobpazoBaHue npu
aHOJIHOM OKMCJIEHWU CBsI3aHO ¢ nuddysueii ato-
MOB TaJlIUsl U MBIIIbIKA W3 TOJYITPOBOIHUKA
K (ppOHTY OKMCIIeHUsI, KOTOpasi IPUBOIUT K 0Opa-
30BaHUIO BAKAHCUI B COOTBETCTBYIOLIUX MOIPE-
1eTKax apceHuaa rauaus [8]. ODTu BakaHCUU AU -
(byHIMPYIOT B 00BEM M MOTYT BCTYMATh B PeaKIIUU
MexXIy coboit u ¢ buorpapuueckumu aedpeKramu
U TIpUMECSIMU, 00pa3ysi 00Jiee CI0XKHbIC KOMITJIEKChI
C TIIYOOKWMU YPOBHSIMU (IMBaKaHCUW, aHTUCTPYK-
TypHbIe 1ePEKThI U Ip. ). DT KOMIIJIEKChI MOTYT BbI-
CTYIATh B KauecTBe 3(D(HEKTUBHBIX LIEHTPOB O€3bI3-
JIyJaTebHOM peKOMOWHAIIUH.

Pe3ynsrartsl paboOTHl MTOKA3bIBAIOT, YTO METOAMKA
HMCCIIeIOBAHUSI TEMITEPATyPHBIX 3aBUCUMOCTEN CITeK-
TPpOB (DOTOUYBCTBUTEJBHOCTU MOXET OBITh MCITOJb-
30BaHa JJISI U3yUeHUs MpolieccoB nedeKToodpaso-
BaHusli B KPI' mpu moBepXHOCTHBIX XMMHUYECKHUX
peakuusax (OKMCICHUU, TPABJICHWU, TAaCCUBALUU
MOBEPXHOCTHU U 1IP.).

ABTOpBI BBIpAXAlOT 0JarofapHOCTb KaHAUIATY
¢us.-mar. Hayk B.H. 3BOHKOBY 3a BbIpallliBaHUeE
CTPYKTYp AJisl ucciaenoBaHusi. PaGoTa BbIMOJHEHA
npu noanaepxke MuHoOpHayku P®  (mpoekTt
PHIT.2.2.2.2/4297).
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A.B. unumoHoB, C.b. BaxpyuieB,
P.I. bypkoBckuti, A.U. Pydckoti

NOKAJbHBIE CTPYKTYPHbIE UCKAXXEHUA
U OBPA3OBAHMUE NOJIAPHbIX HAHOAOMEHOB
B TOHKUX NMNJIEHKAX CETHETO3JIEKTPUKOB PEJIAKCOPOB

CMelllaHHbIE MePOBCKUTOMOI00HBIE CETHETO-
9JIEKTPUKU C HEU30BaJIEHTHBIMU MOHHBIMU 3aMellie-
HUSIMU — CETHETORJIEKTPUKH PEJIAKCOPbI ITPeICTaB-
JISIIOT OCOOBII MHTEPEC CO CTOPOHbBI MPAKTUUYECKUX
npuMeHeHuit. B 3ToM Kilacce KpUcTalIoB yaaeTcst
MOJyYUTb YHUKATbHbIE, 10 CPABHEHUIO C JIyULLIUMU
KJIACCUYECKMMU CErHEeTO3JIeKTPUKAMU, CBOMCTBA.
Om1nuuTeIbHOM YePTOi COeAMHEH M JaHHOIO KJ1ac-
ca gBJISIETCSl IIMPOKUI MUK Ha TEMITEpATypHOM
3aBUCUMOCTH AUBJIEKTPUUECKOM TPOHULIAEMOCTH,
MOJ0XEeHUEe KOTOPOTO CUJIbHO 3aBUCUT OT U3ME -
PUTEbHOM YaCTOTHI. YK€ B MepBbIX paboTax, Mmo-
CBSILLEHHBIX TaHHOU TeMe, Oblla OTMeUYeHa poJib
MeJJIEHHOW AM2JeKTpUUeCcKoi peaakcauuu [1],
uno3ngHee Kpocc [2] mpeanoxu ajist TakKux Coeam-
HEHUIi Ha3BaHME «CETHETORIEKTPUKH PETTAaKCOPBI»,
KOTOpPOE€ CErofHsI CTajao OOIIeynOTPEOUTENbHBIM.
OcHOBHAasi 0COOEHHOCTb PEJIAKCOPOB — ClIydaiiHOe
3ar0JIHEHUE SKBUBAJIEHTHBIX M0JI0KEHUIA B PELLIETKE
JAHHbIX KPUCTA/JIOB MOHAMU PA3JIMYHON BaJIEHT-
HocTH. Bo3HMKaloluii TaKuM 00pa3oM XUMuJe-
CKH1 0eCcropsiAoK CIYKUT IMIPUYNHOM TTOABIEHMS
KJTaCCUYECKOTO CETHETOANEKTPUIECKOTO MIEPEXOIA
B JAHHBIX COEIMHEHUSIX ¥ BOSHUKHOBEHMUSI CBOICTB,
AHAJIOTUYHBIX CBOKMCTBAM pa3ymnopsiioueHHbIX Mar-
HUTHBIX COEIMHEHUI, TAKUX KaK CITUHOBbBIE CTEK-
Ja. O4eBUIHO, YTO HEU3OBAJEHTHbIE 3aMEIIECHUs
B pellETKE peJaKCOPOB MPUBOISAT K MOSBICHWIO Ha-
Oopa ciydyailHBIX JIeKTpuuecKux mojeil. Hapsaoy
C 3THUM, 32 CUET Pa3IUYHbIX MIOHHbBIX PAJUYCOB 3a-
MeILAIOIINX MOHOB BOZHUKAIOT JTIOKAJbHbIE Tedop-
MalMU PELLIETKH 1 CBSI3aHHbIE C HUMU HAIPSIKEHUST
B KpucTayijie. Ha jaHHbIA MOMEHT Ha TEOpeTUYEC-
KOM YPOBHE AOCTATOYHO MOAPOOHO U3YyYEHbI Cly-
yaliHbIe BJICKTpUIECKUE MOJIST U UX BIWUSTHUE Ha MaK-
POCKOTUYECKHE CBOICTBA pelakcopoB [3—5], B TO
BpeMs Kak BIUSIHWE YIPYTUX aeopMalvii Ha 3Th
CBOWCTBA MPaKTUUYECKU HE PACCMATPUBAJIUCH.

Marnonnobar  cuHua  PbMg,; 3Nb, 305
(PMN) siBaisieTcsl MOZEbHBIM PEJIAKCOPOM — 3TOT
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CMEIIaHHBIN KpUCTAJLI Haubojee IpKo AEMOHCT-
PUPYET OCHOBHBIE CBOMCTBA COCAUHEHU I TaHHOU
rpynmnbl. JusiaekTpuuyeckue uaMepeHus nokasanu,
YTO AUTOJIbHAS peslakcalusi 3apoXKaAaeTcs MPU 0X-
naxaeHuu kpucrtamia PMN Huxe xapakTepHOt
temnepatypsl bepaca 7, = 650 K u Habmonaercs
B MHTEPBAJIe, OXBATHIBAIOILIEM 15 IMOPSIIKOB MO U3ME -
purenbHOi yactore [6]. U3HauaabHO TEMIIEpATypa
bepHca Obuta onpeneneHa Kak BeTMYMHA, HAXE KO-
TOPOI TeMTiepaTypHasi 3aBUCUMOCTb KOA(PDULIMEeH-
Ta ripeaomyieHUs1 PMN OTKJIOHSIETCS OT IMHEMHOM
[7]. Takoe OTKJIOHEHUE OBLIO MHTEPIIPETUPOBAHO
KakK pe3yJibTaT 3apOXIeHUS B pa3ynopsiioueHHOM
MaTpulle KpUcTajllla HAHOpa3MEPHBIX o0aacTei,
XapakKTepu3yeMbIX HATUUUEM CErHeTORJeKTpruue-
ckoro ynopsinodeHus. [lonsipuzanuyst B Takux oona-
CTSIX paccMaTpuBajaCh Kak CTaTUYecKasl U, Kak
CJIe[ICTBUE, HE BHOCSIAsl BKJIaaa B JU3JIEKTpUIE-
CKYI0 MpoHULIaeMocTh. B Oosiee mo3gHmx padoTax
[2, 8] ObL1a IpeasioxXeHa MOIE/Ib CyIeprapasieKT-
PUYECKOTO COCTOSTHYS, B KOTOPOM KPUCTAJLI COMIep-
KUT nosisipHbie HaHooOsactu (ITHO), nonsipuszanust
KOTOPBIX IMHAMUYECKU MTePECTPANBAETCS MO BO3-
JIEeUCTBUEM BHEIIHUX YCAOBUM. [1pn HU3KUX TeM-
rnepaTypax poJib B3aMOIECTBUS TaKUX 001acTei
Bo3pacTaeT ¥ (hopMUpYyeTCs CTeKJIoNnoao0Hast (aza.
B pabote [8] npeasioxeHo pa3anyaTh ABe TeMIepa-
TypHbIEe obsacTh: py Temrnepatypax 400 K< 7< T,
00YyCJIOBJIEHHOE BLICOKOI TEMITEpATypOii pa3ymnopsi-
JIOUYeHUE MPENsTCTBYET YCTAHOBJIEHUIO KOppeJIsiy-
OHHBIX CBSI3€ MEXIy pa3MUHbIMU OOJIACTAMU,
B TO Bpemsi Kak Hke 400 K B3aumoneiicTBre Mexmy
Pa3IMYHBIMU 00JIACTSIMU CTAHOBUTCS JOMUHUPYIO-
wuM. B paborax [9—11] OGbuia cucTeMaTuvecKu
pa3paboTaHa MOJENb CAyJaliHbIX TOJIei 1 CBSI3ei,
COTJIACHO KOTOPOi1 IMHAMUYeCKHe MOISIPHbIE HAaHO-
00J1aCTU B3aMMOJIEHCTBYIOT C TTOJISIPU3YEeMOii pasy-
nopsiioueHHoON matpuueit. Takum oOpa3om, Ha
JAHHbBI MOMEHT CYLIECTBYET JBe KOHLEMLIUH TO-
JIIPHBIX HAaHOOOJIACTe! B pejlakcopax: COMacHO
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OITHOI ITOIIPHBIE O0JIACTH SBJISIFOTCS CTATUUECKUMU,
COTJIACHO IPYTOi — 3TO AMHAMUYECKME KITaCTEPHI.
B onHoi1 13 riepBhIX IMyOIMKaLUi IO CTPYKTYpE
peiakcopos [12] 6bL10 yCTaHOBIEHO, YTO MArHOHU -
00aT CBUHIIA 00JaaeT KyONUeCKOoW MepPOBCKUTO-
nogo00HOI CTpyKTypoii. B mocnenyomieit padote [13]
ObLIM 0OHAPYKEHBI CBEPXCTPYKTYPHbBIE OTpaXKeHUS,
CBUIETENbCTBYIOLLNE OO0 YABOCHUU 3JIEMEHTAPHOM
SIYEHKU BCJAEACTBUE YCTAHOBJICHUSI XUMUYECKOTO
ynopsinoueHus B B-noapeuerke. Takoe yropsino-
YyeHue ObUTO O0BSICHEHO B TEpMUHAX IIepepacIipec-
JIEHUST MIOHOB MArHUS M HUOOMS TT0 pa3TMYHBIM IO~
pelreTkaM: moapemieTka B’ meamkoM 3amoiHeHa
MOHaMu HUoOwus, a noapeuieTka B” ciaydyaiiHbIM
00pa3oM 3aroJiHeHa MOHAMU Mg2+ uNb ' B npo-
nopuuu 2/1. B takoit Moaesiv 0JHa U3 OAPELIETOK
COIEPXKUT KOMTTO3UIIMOHHBIN OECTIOPSIOK, OTBET-
CTBEHHBI 3a peJJaKCOPHbIE CBOMCTRA, U B TO e Bpe-
Ms1 COOJTIOIAaeTCs HYJIEBOW CpeIHU Y 3apsijl peleTKr
B 00JIACTSIX, XapaKTepU3yeMbIX TAKUM yTIOPsII0YE-
HueM. pyroit oco0eHHOCTbIO CTPYKTyphl PMN
SIBJISIETCSI aHOMAaJIbHO Oobloil (pakTop Jlebas —
Banepa m1s1 MIOHOB CBMHIIA, TTPOIEMOHCTPUPOBAH -
HbII B padorte [13] 1 uHTeprpeTMPOBaHHbIN KaK pe-
3yJbTaT HAIMYMS ABYXbSIMHOTO TIOTEHIIMAMA IS
JaHHoro noHa. B nocyieayroniux nyoaukauusix [ 14—
17] O6bL10 TOATBEPKACHO, YTO MOH CBMHIIA 3aHUMA-
eT HEeLIEHTpaJIbHOE TIOJIOXKEHUeE, a B padoTe | 18] Ob110
MoKa3aHo, YTO HampaBleHWe CMEIIEHUS U3 LIeHT-
PaJbHOTO TOJIOXEHUS SIBISIETCST CIyYailHBIM U aMTT-
JINTYNa CMELLEHUSI B CpeIHEM COCTaBJIsIeT MPUOIu-
3uTeabHO 0,3 A. BepoaTHOCTB Xe OOHapyKNUTh MOH
CBMHLIA B BLICOKOCUMMETpUYHOM mnoJioxeHuu (000)
TpY KOMHATHO# TeMTIepaType MpeHeOpeXXnMO Maia.
JlokanbHasl CTpyKTypa 00bEMHBIX PEIAaKCOPOB
MU3yvyanach pa3IMUYHBIMU TPYIIAMU ITPU TTOMOIIMN
meTona 1P Py3HOro paccesiHyst HEUTPOHOB U PEHT-
reHOBCKOro uanaydeHus. [Ipy KoMmHaTHOI Temmepa-
Type B MarHoHno0aTe CBMHIIA OblJIO 0OHAPYKEHO
KpaitHe UHTeHcuBHOe nuddy3Hoe paccessHue [20],
KOTOpOE ObIJIO COOTHECEHO C pacCcesTHUEeM Ha CerHe-
ToaJekTpruueckux uykryanusx. [1o3xe B padorte
[21] ObLTO MOKA3aHO, YTO B pailoHE TaK Ha3biBae-
Moii Temriepatypbl ¢hpusutra T, ~ 230 K mpowncxo-
AT U3MEHEHME 3aKOHA PACCESIHUS, CBUIETEbCTBRY-
foiree 00 00pa3oBaHUM B JAHHOI TeMIIepaTypHOI
ob6sacTu (hpaKkTaNTbHBIX MOJSPHBIX HAHOTOMEHOB.
B nocnennue necsith et auddy3Hoe paccesiHue
B peJlakcopax MoapoOHO M3yyanoch Kak Ha HEUT-
POHHBIX, TAK M1 Ha CUHXPOTPOHHBIX MCTOYHMUKAX.

>

brina obHapyxeHa 3HaYMUTENbHAS AaHU30TPOIIMS
g dy3HOro paccesTHUS B IPOCTPAHCTBE TIepeaaH-
HbIX UMIIYJIbCOB B pesiakcopax PbMg, sNb, 505,
PbZn, 5Nb, /303, a TakXke UX TBEpABIX PACTBOPAX,
00pa30BaHHBIX C YYaCTUEM KJIACCUUECKOIO CerHe-
ToanekTprka PbTiO;. Ha naHHBI MOMEHT OTHO3HAU-
HOM MHTepHnpeTauuy aHU30TPOITHOIO PaCCesTHUSI
B peJakcopax He CYIIeCTBYET, HO OBIT TIPeII0oXKeH
psia Moeseid, OpUEHTUPOBAHHbIX HA €0 ONUCAHUE.
CornacHo OIHOM U3 TUTIOTE3, TIPEIUTOXKEHHOM B CTa-
ThsiX [22—24], Hu3KOoTeMIiepaTypHoe auddysHoe
paccestHIe 00yCTaBTMBACTCS HATMINEM B IIUPOKOM
JMana3oHe TeMIIePaTyp CUJIbHBIX CETHETOJIEKTPH -
YecKUX (pIyKTyarnunii. ATOMHBIE CMEIIeHHUsI, COOT-
BETCTBYIOIIME TaKUM (DIYKTYalUsIM, JOJIKHBI CO-
nepXaTb KOMITIOHEHTY, MIAECHTUYHYIO aTOMHBIM
CMELLIEHUSIM, BO3HUKAIOLIMM B Pe3yJIbTaTe KOHIECH-
Cally MSTKOM CETHETORJIEKTPUYECKO MOIBI B pe-
nakcopax. OgHako, B padote [22] ObLI0 MOKa3aHo,
YTO JaHHBIE CMEILeHUs, 00yCIaBIUBatoIIe -
(by3HOe paccesiHUe, COAEPXKAT TAKKE KOMIIOHEHTY,
COOTBETCTBYIOIIYIO CIBUTY aTOMOB 3JIeMEHTAPHOMU
STYEHKM KaK eIMHOTO 1IeJ0T0, T. €. Auddy3HOe pac-
CesTHUE OTIpeIEISIETCS CMEIICHUSIMU, He 00eCTIeun-
BalOLLIMMU COXPAHEHUSI LIEeHTpa Macc siueiiku. B ka-
4yecTBe OOBSICHEHMs TakKoro ¢eHoMeHa ObLia
MpenaokeHa MoAes b MSITKOI MOIbI C (ha30BbIM CIBU-
TOM, COTJIACHO KOTOPOW TOJISIpHBIe HAHOO0IaCTH
CABUHYTBHI [10 OTHOLLIEHUIO K OKPYXKAIOLLEH pelieT-
K€ Ha BEJIMYMHY 8 g5 s B TO BDEMSI KaK MOJISIPU-
3a1MsI 9TUX 00JIaCTEil OTTMCHIBAETCST BEKTOPOM CMe-
IIEHWH MSITKOW POHOHHON MOIBI 8,01 moge-

B paborax [25—28] Hu3koTemmneparypHoe aud-
(by3HOE paccestHIE OTOXIECTBISIETCS C pacCesTHUEM
Ha CMeILeHUSIX MOHOB CBUHIIA. B orpaHMueHHBIX
o0BeMaxX KpUCTaJlIa, OTOXICCTBISIEMBIX B TAHHBIX
paboTax C oI pPHBIMU HAHOO0JIACTSIMU, CMELLIEHUST
MOHOB OPMEHTUPOBAHBI IIPEUMYIIIECTBEHHO OIMHA-
KOBO. B 3TOM ctyuae MHTeHCUBHOCTD paccestHus 1(Q)
OTMCHIBAETCS TTPOU3BEICHUEM TTOJIIPU3ALIMOHHOTO
(bakTopa €, 3aBUCHLLIETO OT HAITPABJICHUS [1OJISIPU3a-
LIV, ¥ TIOJTHOTO TIepeTaHHOTO KPUCTAJUTY UMITYJTbCa
Q, a takxe Pypbe-00pasza KOppeisiTopa, ONUChIBa-
OIIIETO TOTTOJIOTHIO PACCMATPUBAEMBIX 00JIACTEIA:

1(Q)=(Q-e)C(a). (1)
KauectBeHHOe onrcaHue Tonojoruu iudgys-
HOTO paccesTHUs B ¢-TIPOCTPAHCTBE OOECIIeYBaET-
Cs1 BLIDOPOM KOPPENITOpa, aHATOTMYHOTO (DYHKIIU
OpHiureitHa — LlepHuke:

C(ry=1/ryexp(-r/r.). )
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B pamkax monenu, nmpemioKeHHOM B padore [26],
TAHHBIN KOPPEISITOP aHM30TPOTIEH — B TIPSIMOM TTPO-
CTPAHCTBE €TI0 U30ITOBEPXHOCTH SIBJISTFOTCS SJITUIICO-
WIaMU BpallleHUs C TJIaBHOW OChO, HATTPaBIEHHOM
BIOJIb KpUcTaLiorpaduueckoro HanpasiaeHust {110},
HzonosepxHoctu @ypbe-00paza TaHHOTO KOPPeJIs-
TOpa TakKKe IPEACTABISIIOT COOOU SJIMIICOUIbI
B ¢-TIPOCTPAHCTBE, YIJIMHEHHBIE BIOJIb OCH Bpallle-
Hus1, HanpapiaeHHo 110 {110}. ITpu 3ToM aBTOpPbI Bbl-
HYXIEHBI TIPEANojiaraTh, 4YTo MOJISIpU3aIis B JaH-
HBIX 00JIACTSIX HATIPaBJIeHA [10 HOPMAJIU K IVIABHOM
OCH KoppeJsiTopa cMellieHnit. HecMoTpst Ha TO, 4TO
JAHHAasi MOJIEJIb [03BOJISIET KAYECTBEHHO OIUCATh
AHM30TPOITNIO PACCESTHUS, C HEll CBSI3aH PSII ITPOTH -
BOPEUMIi: C OTHOI CTOPOHBI, HAITpaBJIeHUE aTOMHBIX
cMeltieHui Boosb {110} He ABASIeTCS TUTTUYHBIM 15T
CETHETORJIEKTPUKOB CO CTPYKTYPOIi IepoBckuTa. J1st
(bazoBoro nepexoaa BTOporo poja 3aBUcs1ast OT Ma-
paMeTpa MopsiiKa COCTaBIISIIOIIAsI CBOOOIHOI 3HEp-
TUY MOXET OBITh 3amrcaHa B hopme

|
G=Za(T-T,)(0{+03+03 )+

ru(03+03+03) +v(ef+oirod).

rae Q — TPeXKOMITOHEHTHBIN apamMeTp mopsiaKa,
a, u, v — K03 PUUMEHTHI pasnoxeHus, 1, — TeM-
neparypa Kiopu.

Takoe paznoxeHue 00ycIaBIMBAET CTAOUIBLHBIC
pellIeHNsI 3a1aUul, COOTBETCTBYIOIIME CMEILIEHUSIM
BHanpasieHusx {100} u {111}. Pemenus, coorBet-
CTBYIOLLIME CMellleHUsIM B HanpaBjeHuu {110}, mo-
TYT BO3HUKATh MTPU Tiepexoie epBoro poa. Jlpyroe
MPOTHUBOPEYME 3aKITIOUAETCSI B TOM, UTO CMELLICHMUS,
omnpenensomne 1ndp@y3Hoe paccessHUE, TOKHBI
COIEPXKATh CABUTOBYIO0 KOMIOHEHTY, KaK 3TO ObLIO
YIIOMSTHYTO BBITIIE, YTO HE COTIACYeTCsT C JaHHOM
MOJEIBIO.

Taxxe nst o0bsicHeHUsT TUPPY3HOTO paccesi-
HUS B peJIaKcopax ObITN BEIIBUHYTHI TUTIOTE3BI, OC-
HOBBIBAIOIINECS HA TIPEITTOIOXKEHWH, UTO OTITUYEC-
kue [29] unu akyctuaeckue [30] hOHOHHBIE BETBU
00J1a1a10T CUJIBHO aHU30TPOMHOM auctiepcueii. On-
HaKO TaHHBIE TUTIOTE3bl HE HAXOMAT IKCTIEPUMEH -
TaJIbHBIX TOATBepXKaeHMii. B padote [31] mist Boc-
MPOU3BEIECHUSI SKCIIEPUMEHTAIbHBIX JAHHBIX T10
I hy3HOMY paccesTHUI0 HEUTPOHOB C UCTIOIb30-
BaHWEM METOIMKH CITMHOBOTO 3Xa OBIT MPUMEHEH
(bopmanmaM XyaHTOBCKOTO paccesiHusI, OCHOBaH-
HBI HA TPEANOIIOXKEHUH, UTO paccesiHie 00YCI0B-
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JIEHO Me30CKOIMUYEeCKUMU AehopMalsIMU PELIET-
KM, BBI3BaHHBIMU HedekTamu. CaenyeT OTMETUTD,
YTO TAaKOM MOAX0I mpeAcTaBisieTcss HanboJsiee 0060-
CHOBAHHBIM, TTOCKOJIbKY, B OTJIMUKE OT ONTMCAHHBIX
BBILLE, TTO3BOJISIET OObSICHUTD AaHOMAJIbHO BHICOKYIO
MHTEHCUBHOCTD paccessHusi. B paborax [32—34]
ObLIO IMPOBEIEHO MOAEIpOBaHKEe AU(PHY3HOTO pac-
CesiHUsI B pejlakcopax ¢ MCIOJb30BaHMEM METoIa
Momnte-Kap:o a1 onTumMu3anym rnapaMmeTpoB MOH-
HbIX cMelleHr . OnHaKO MpY 3TOM He ObLIO yCTa-
HOBJICHO KaKOI-TM00 CBSI3M MEXIY Pe3yIbTaTaMu
TaKOro MOJEIMPOBAHUS U (DUBNYECKUMU MPOLIEC-
camu, oOyCJIaBIMBAIOIIMMU MAaKPOCKOITMYECKUE
CBOICTBA PeJIaKCOPOB.

ToHKME TIJIEHKN pelaKCopOoB MPencTaBIsIOT
Ype3BbIYaHO CUJIbHBIM MHTEPEC C TOUKU 3PEHUS
MpUMEHEHUI B KauecTBe «xaii-kait» (high-k) nu-
BIIEKTPUYECKUX TTOMTOKEK, SITEMEHTOB CETHETOD-
JIEKTPUYECKOM MaMsATU M aKTUBHBIX 3JIEMEHTOB
MUKPO3JIEKTpOMeXaHYeCKUX cucteM. OCHOBHBIM
MPEISITCTBUEM, BCTAIOIIMM HA MyTU 3((HEKTUBHO-
IO MPAKTUYECKOTO UCITOIb30BAHMSI IJIEHOK peJiak-
COPOB, BBICTYMAET CUJIbHAsI IeTrpagalius UX CBONCTB
C YMEeHbIIIEHMEM TOJIIIMHBI 00pa3ua. B yactHocTu,
IUBIEKTPpUYECKast IPOHULIAEMOCTD TJIEHOK KI1acCH-
yeckoro peaakcopa PMN cHuxaeTcs Ha opsiioK
Ipy YMEHbIIEHUM TOJIIMHEI TuieHKu oT 1000 mo
40 um [35]. OnHOBpPEMEHHO CO CHUXKEHUEM [TPOHU -
1IaeMOCTH TTPOMCXOAUT CMeElleHWe TeMTepaTyphbl
MakKCHMyMa MPOHULIAEMOCTH Ha BEJIMYMHY OKOJIO
100 K. OuyeBuaHO, 4TO JAHHbIE pa3MepHbie 2P PeK-
ThI TOJKHBI ObITh OCOOEHHO CUJIBHBIMU B MaTepua-
JlaX ¢ Me30CKOMUYECKUMU HEOIHOPOAHOCTSIMU
COCTaBa U CTPYKTYPbI, TAKUMU KakK pesakcopbl. Om-
HaKO TOYHOM MOJesIn, ONMUCHIBAIOIIEH MUKPOCKO-
MMUYECKHUe TTPOIIECCH B TAKMX O0BEKTAX, HA TAHHBIM
MOMEHT He CYLIECTBYET.

MeTtoauka ucciaeI0BaHusa

OnHuMm n3 HanboJjee MH(HOPMATUBHBIX HEpa3-
pyHIalIIUX METOMOB UCCAEIOBAHUS JTOKATbHBIX
HEOJHOPOIHOCTEN B KPUCTAIITMYECKUX COSAUHEHM -
SIX SIBJISIETCS KOTEPEHTHOE pacCessHUE PEHTTEHOB-
cKoro uznaydeHus. B obiem ciydae aBaxabl 1ud-

o’

0QOF
U3Ty4YeHUs Ha 00paslie, XxapaKTepu3yollee Yucao
30H/1-4aCTull, PACCESIHHbIX C pa30POCOM I10 BHEP-
ruu AE v UMITynbcaM, YKJIaabIBaIOIIAMCS B TeJie-
CHBII yroy AQ, ONMUCHIBACTCS COOTHOLIEHUEM

(epeHLIMaIbHOE CEYSHUE PACCESTHUS 3TOrO
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o’c 5 2k,
—aQaE:rO (s,--sf) éx

2
XY P < F|Y e |15 (E-E;~E). (4)
I,F !

B npouecce paccestHust GoToH ¢ sHeprueii E,
BOJTHOBBIM BEKTOPOM K; 11 BEKTOPOM MOJISIPU3ALIIM €;
TIPYU pACCESTHUY TICPEXOINT B COCTOSTHUE C SHEPTHEH
E;, BOTHOBBIM BEKTOPOM K11 BEKTOPOM MOJISIpK3a-
LIMH €, 4 CHCTEMA DJIEKTPOHOB MEPEXONT U3 HAYaITb-
HOTO COCTOSIHUS |[> B KoHeuHoe |F>. Bektop Q 3a-
JaeTCsl KaK BEKTOPHAsT Pa3HOCTh MEXIY BOJTHOBBIMU
BekTopamu K.n k;. Cymma 1o HaqarbHBIM 1 KOHEY -
HBIM COCTOSTHUSIMU CHCTEMBI — TePMOITMHAMIIECKOE
cpemHee, OTIpeneIeMoe 3aCeIEHHOCTIMU HAYATbHBIX
cocTosiHUi P;u onepatopoM nepexoxna 1' = Ze'Qrf ,

S

OTIMCHIBAIOIINM B3aUMOACUCTBUE U3TyUSHUS C CU-
CTeMOI pacCenBaIOIINX LIEHTPOB, UMEIOIIINX KOOP-
IMHATHIT,. Bemvunna ry, = e°/m,c* — Knaccuueckuit
BJIEKTPOHHBIN paauyc. BoipaxkeHue (4) MOXHO pa3-
OWTH HA MHOXXUTEJIN, XapaKTEPU3YIOIINE CBONCTBA
9KCTEepUMEHTA U XapaKTePUCTUKU paccerBalolei
CUCTEMBI COOTBETCTBEHHO:

o’

(e g 2 K 2 =
g0 (¢ &) P |ISF(Q)” S(Q, E) =

_ (2—;))|SF(Q)|2 S(Q.E). (5)

B naHHOM BbIpaxkeHWU B Cily4yae mpeHeopexe-
HUS He3HAYUTEJIbHBIM BKJIAAOM OT HEYIIPYTOTO
paccesiHUsI, XapaKTepu3yeMoro pyHKI el JuHa-
muueckoro otkiauka S(Q, £), o0CHOBHOM xapakTe-
PUCTUKON, ONKUCHIBAIOLLEH pACCESIHME HA AaTOMHOM
CUCTEME, SIBJISIETCSI YIIPYTUid CTPYKTYPHBII (pakTOp
SHQ). KBagpaTt 1aHHO# BETUUYUHBI COOTBETCTBY-
€T UHTEHCUBHOCTU PacCesTHNA U3nydenns /,, (Q),
KOTOpasi MOXeT ObITh BbIUMCIIEHA KaK CyMMa 10
pa3IMYHBIM MTapaM aTOMOB KpUCTALIMYECKOH pe-
LLIETKU, XapaKTepU3yeMbIX aTOMHBIMU (popM-Dak-

TopaMu f;(Q):
Itot (Q) =

=33 /(Q)f; (Q)exp(21iQ(R, -R; ). (6)

rae R, R; — nosnoxenust aToMOB B paccenBaroLei
cucTeMe.

>

OCHOBHBIM 110 MHTEHCHBHOCTH BKJIAZIOM B pac-
CesIHME Ha CUCTEMAX C AaJIbHUM IMOPSIAKOM SIBJISICT-
csi OPAIrOBCKOE paccesiHue, XapaKTepu3ylollee
CPEIHIO KPUCTANIMYECKYIO CTPYKTYPY:

IBragg (Q) =
=33 oo (Q) o (Q)ex0 2iQ(R; R, ). 1)

rne f,,.(Q) — ycpenHeHHbli popM-dakTop.
Hapsiny ¢ Opa3rroBckuM B peajibHbIX KPUCTaI-
JlaX TPUCYTCTBYET BKJIa1 OT 11 h(Py3HOTO paccesiHusl,
XapaKTepU3YIOLIErO JIOKAJIbHbIE HAPYLUEHUS] Ulle-
AJIbHOW TPAHCJISILIMOHHOW CUMMETPUM PACCEUBAIO-
e cucteMbl. MTHTEHCUBHOCTD TAKOTO PACCESIHUS
MO>HO BbIpa3uThb B BUJIE PA3HOCTU MEXIY MOJTHOM
MHTEHCUBHOCTbBIO PACCEsIHMSI U MHTEHCUBHOCTBIO
OparroBcKOro paccesiHus. B ciayyae, Korna Jlokaib-
HbI€ OTKJIOHEHUST MOXHO CUATATh MAJIBIMU, TAHHYIO
Pa3HOCTb MOXHO MTPEICTABUTD B CJIEAYIOLIEM BUIIE:

Ty (Q)= 11 (Q)~ T (Q) =
“;;(fm(Q)—ﬁ(Q))(ﬁve(Q)—ff(Q))x

xexp(2niQ(R; - R )). 8)

B peanbHBIX pU3MUECKUX cucTeMax audadys3-
HOE paccestHUE MOXKET BO3HUKATh B pe3yJibTaTe Jio-
KaJIbHBIX U3MEHEHUI (opM-(haKTOpa pacCesTHUS
BCJIEICTBUE CJyYalHbIX 3aMELIEHUIN S5KBUBAJICHT-
HBIX TO3ULWI Pa3IUYHBIMU MOHAMU, 4 TAKKE BCIIET -
CTBUE CTATUYECKUX JIOKAJIbHBIX CMEIIEHUII NIOHOB
U3 UJEATBHBIX KPUCTAIIOrpadUIECKUX TOJI0XKE-
Huil. Ha cerogHsinunii neHb auddysHoe paccesi-
HUE CIIYXXUT UHCTPYMEHTOM UCCJIEJOBAHUS OOb-
LLIOTO KOJIMYECTBA Pa3ynopsA0UeHHbIX COEAUHEHUIA,
B YAaCTHOCTH, CYLLIECTBYET OOJbIIIOI HAOOP IKCTIe-
PUMEHTAIbHbBIX JaHHbIX 110 AU(PDYy3HOMY paccesiHUIO
B 0OBEMHBIX pestakcopax. MccienoBaHns TOHKOTLIE-
HOUHBIX 00Pa3LIOB ITPY MOMOILLM JaAHHON METOAUKU
JIO HACTOSIIIIETO BpEMEHHU He TTyOIMKOBAINCh.

C’)KCﬂepI/lMeHTa.ﬂbHaﬂ YacCThb

B nanHoi1 pabote HaMu BriepBbie OLLIO IPOBE-
JIEHO KCTEPUMEHTATbHOE U3yUeHUE JIOKATbHOMI
CTPYKTYPHI B TOHKHUX TUTEHKAX PeJTaKCOPOB METOIOM
I Gy3HOTO paccesiHUsI CHHXPOTPOHHOTO M3JTyue-
HUs1. BbUTH M3ydeHbI TIIIEHKU MOIEJIEHOTO PeIaKco-
pa PMN pazmuunoii Tommuasn: 120 n 650 am. Bee
IUJIEHKY ObLIM BhIpallleHbl B YHUBepcuTeTe Bacena
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(Tokuo, SInoHMs ) METOIOM JIA3EPHOTO PACIIbLICHUS
C MICTIOJIb30BaHMEM TTOITOXKH U3 OKCUIA MATHUS
MgO, obnanaroniero 01M3K0i K MEPOBCKUTOIIO-
TOOHBIM CETHETORIEKTPUKAM ITOCTOSTHHOM peleT-
KU a(ay,0=4,2 A). 1ns npoBeneHust u3MepeHuit
KOTePEHTHOTO pacCesTHUSI peHTTeHOBCKOTO M3y~
YeHUs ObLIO UCIIOJIb30BAHO AKCIIEPUMEHTAJIbHOE
000pyIOBaHUE IMIBEUIIAPCKO-HOPBEKCKUX TUHUN
EBporieiickoro eHTpa CMHXPOTPOHHOIO U3Jyue-
Hus (ESRF), pacnonoxenHoro B . IpeHoOsae
(®panuus). Ontuueckas cucrema iuHuu BMO1A
Obl1a CKOH(PUTYpUpPOBaHA TS TTOTYIeHUS peHTTe-
HOBCKOTO M3JYYEHUSI C IJIMHOM BOHbI A = 0,984 A,
YTO COOTBETCTBYET 9HEPTUH TTAAIOIIETO U3TYICHMS
FE=12,6 x»B. [1pu npoBeneHUN N3MePEHUI IITIEHKU
3aKpeIUIsUTUCh Ha JepxKaTesie oOpasiia YeThIpeX-
KpyxHoro kanmna-agudpakromerpa KM6-CH (puc.
1), MO3BOJISIIOLLETO TPOBOAUTH U3MEPEH ST TPU MPO-
M3BOJIbHOM OpUEHTALMU TIJIEHKU MO OTHOIICHUIO
K TlajaromieMy Imyuky. Perucrpamms paccessHHOTO
M3J1yYEHUSsI IPOU3BOAMIACH C [TOMOLLIbIO MO3ULIMOH -
HO YYBCTBUTEJBHOTO JETEKTOpa C pa3pelieHueM
2048%2048. JuctaHus OT IeTeKTOpa J10 oOpa3na
BapbUpPOBAIach B TIpesiesiax oT 5 1o 36 ¢M, 4To TTo-
3BOJISLIO PErYJIMPOBATh YIJIOBOM AMAIA30H JIyueH,
OXBAaTBIBAEMBII TETEKTOPOM.

Jnsa aHanuza CTPYKTYpPbl Obl1 MPOBENEH psil
CTPYKTYPHBIX CKAHOB, OXBATBIBAIOLIMX LIUPOKUIA
JMana3oH 3HaU€HUI BOJITHOBOTO BEKTOPA, IepeaaH-
Horo obpasuy. [Tpu npoBegeHNM CKaHOB YTJIbI I -
pakTOMeTpa ® U ¢ M3MEHSUINCh CO CKOPOCTbHIO
1 rpan/c, peructpaunst U300pakeHUI IeTEKTOPOM
MIPOBOAWIACH B HEMPepbIBHOM pexume. O0padboTka
TTOJTyYeHHBIX N300pakeH i TIPOBOIMIIACH C UCITOJb-
3oBaHueM nporpammHoro nakera CrysAlis v.1.171
(Oxford Diffraction).

Ha ocHoBaHUM MOJTyYeHHBIX JAHHBIX ObLIN BOC-
CTaHOBJICHBI TNTOCKOCTH 00pAaTHOTO MMPOCTPAHCTBA
00pa3Lia, IOCTPOESHHbIE HA BEKTOPAX, COOTBETCTBY-
IOIIMX HAIpaBJICHUSIM BBICOKOW CUMMETPUM
(puc. 2). BeneactBue 6JM30CTU TTOCTOSIHHBIX pe-
etk PMN 1 MgO B 60/1b1110M KOJTUUECTBE CITY-
yaeB pedeKChl IVIEHKU U MOIJOXKHU CAMBAIOTCS
¥ He TTOIIAI0TCS pa3pelleHNI0 TIPYU TTOMOIIIH ajl-
TOPUTMOB aBTOMATUYECKOTO MOKUCKA MATPUIIbI
opueHTanuu obpasua. OgHAKO B COOTBETCTBUU
C 3aKOHAMU CUCTEMATUYECKUX ITIOracaHUii 1J1sl rpa-
HELIEHTPUPOBAHHOM PEIIeTKHU Cpenn pedIeKCoB OK-
CHUIla MarHusl OTCYTCTBYIOT peIeKChl ¢ MHIeKca-
mu Munepa h, k, [, He yOOBIETBOPSIOIINMU
COOTHOLUEHUSIM A =2n, k=2m, [=2punu h=2n+1,
k=2m+1,[=2p+ 1, rne n, m, p — Leble UNCA.

Puc. 1. YerbipexkpyxHblii Kanmna-gudpakromerp KM6-CH,
ycTtaHoBJIeHHbIM Ha tuHun BMO1A EBpormeiickoro neHTpa
cuHxporpoHHoro usnyuyenusi (ESRF).

Ha BcTaBKe MoOKa3aH TOHKOTUIEHOUHBIN oOpaserr PMN (tonmuHa 120 HM),
3aKpEIUIEHHBIN Ha JepxaTese

70



* ATomMHasi pu3nka, usmnkKa KnactepoB M HAHOCTPYKTYP

Ha ocHoBanuu 3Toro hakta MOXKHO 3aKTIOUUTD,
YTO pedIeKChI, MOJOXEHUS KOTOPBIX OJIM3KH K Ce-
MEMCTBY CHCTEMATUUECKH IToTacaronimx pediekcon
oKcuna MarHus, Takue Kak pedJiekcs (0 1 2), (00 3),
(013) (cm. puc. 2), 00yca0BAEHbI UCKIIOUUTEIbHO
nudpakireit Ha TOHKOM mieHke. TakuM odpazom,
YIAeTCsI OMHO3HAYHO OTIETUTD BKJIAIBI OT paccesi-
HUSI Ha TIOIJTOXKKE 1 Ha MCCliemyeMoii IieHKe. B pe-
3ysbTaTe 00padoTku 177 3aperncTpupoOBaHHBIX OT-
paxkeHu aj1s IIeHKY TomumHou 120 am u 109 oisa
TUIEHKY TOJIIUHOM 650 HM ObLIM OMpeaeseHbl na-
paMeTphl IeMEHTAPHOM STYeKU U STTUTaKCHAIb-
Hbl€ COOTHOLLIeHUs (TabJ1. 1).

JlokanbHas cTpykTypa u auddy3Hoe paccesiHue

C uenblo onpeaeaeHus NapaMeTpoB HAHOAOMEH-
HBIX CTPYKTYP, BO3HUKAIOIINX B TOHKOTIJICHOYHBIX
00pa3Lax CeTHETOIEKTPUKOB PEJIAKCOPOB, MPOBE-
JIEHO JIeTaJIbHOE U3yueHue 1udEPy3HOro paccesiHus
BOJIM3W BHICOKOCUMMETPUIHBIX M HU3KOCUMMET-
PUYHBIX Y3JI0B 00paTHoi peretku. [Tpu mpoBeneHnn
CKaHWPOBAHUS 0OPATHOTO MPOCTPAHCTBA BOJIM3U
OparroBckux pedieKCoB KOHpUrypauus audpax-
ToMeTpa OblJ1a ONMITUMU3NPOBAHA TSI JOCTIKEHUS
MaKCHUMaJbHON pa3pelarolieil CmocoOHOCTH 3a
CUET YBEJIMUEHUSI TUCTAHIINU 00pa3el—IeTeKTOD
1 YMEHBILIEHUST CKOPOCTH CKAHUPOBAHUS 110 yTJIaM
o u ¢ no 0,1 rpan/cex. Ha puc. 3 npuBeneHsl 2D-
Cpe3bl pacpeaesieHIsI MTHTEHCUBHOCTHU PACCESTHUS
CUHXPOTPOHHOTO U31yuyeHus B miaockoctu (0KL)
BOm3K y3710B (003) 1 (013). Och [001] HampaBieHa
10 HOPMaJTN K TIOBEPXHOCTH TIJICHKU.

C MCTIOTb30BaHMEM AITOPUTMA PEKOHCTPYKIIUHU
TPEXMEPHOTO pacTpe/ie/IeHNsI THTCHCUBHOCTH B 00-
PaTHOM MPOCTPAHCTBE ObLIM BOCCTAHOBJIEHbBI 00bE-
MBI, 3aKJTI0YAlOIIE B ce0e OparroBcKyto u nuddys-
HYI0O KOMITOHEHTBHI PacCesiHUsI CUHXPOTPOHHOTO
W3Ty4eHUs] Ha TOHKMX TIIEHKaX MarHoHmoOaTa
cBuHLA. Ha puc. 4 npuBeneHbl M30MHTEHCUBHOCT-
HbIE TTIOBEPXHOCTH, XapaKTepU3YIOIINe paccessHIe
BOJIM31 BEICOKOCMMMeTpruHOro y3ia (003) Ha ruieH-
ke PMN/MgO (120 um). [1oBepxHOCTb, 0003HA-
YeHHas Kak /3, 3aKJII0YaeT B cebe OpIrrOBCKOE OT-
paxenue (003), moBepxHOCTH [} 1 [, XapaKTepU3YyIOT
CYLLIECTBEHHO OoJiee c1aboe aHM30TporHoe AU hy3-
HOE paccesTHe Ha HAHOIOMEHHOU CTPYKTYpe.

NuddysHoe paccessHUE AaHM3OTPOIIHO Kak
B pailoHe CUJIbHO CUMMETpUYHBIX y310B Thna (00 #),
TaKk M B paliOHE Y3JI0B MEHblIEH CUMMETPUU
(0 m n). Kak u B ciiyuae 0ObeMHBIX PeJakCcopoB
[26, 28], nHabaogaroTcs crepKHU AUGGY3HOrO

>

MeQ

13
-

1)

Puc. 2. PekoHcrpykuusi miockoctu 0KL
00paTHOTO TIPOCTPAHCTBA AMUTAKCUATBHOMU
ek PMN ronmumHoi 120 Hm
Ha MOIJIOXKe M3 okcuaa Marauss MgO.

Hanpasinenue [001] coBnagaer
C HampaBJIeHWEM HOPMAaJIM K TTOBEPXHOCTH TUIEHKU

paccesiHusI, OpUEHTHPOBAHHbBIC B HAMpaBIeHUSIX
{1 1 0}, omnHaKoO, CTereHb aHU3OTPOIIUHU B CIydae
TOHKUX IIJIEHOK CYIlleCTBEHHO HUXe. Kpome Toro,
B OTJIMYME OT 00BEMHBIX PEJIAKCOPOB, AUPPy3HOEe
paccesiHue B UCCIeIOBAHHBIX TOHKUX TIJIEHKAX He
LIEHTPUPOBAHO BOKPYT OPATTOBCKUX OTPaXKEHMI,
HabJI0maeTCsl CYUIECTBEHHOE CMellleHe UHTeH-
CUBHOCTHU paccesiHus BaoJyib ocu [001] B ctoponHy
MEHBIIIUX 3HAYEH W TIepe1laHHOTO BOJTHOBOTO BEK-
topa (cM. puc. 3 u 4). DT0 CBUAETEIbCTBYET O Ha-
JIMUMM TOKAJNbHBIX pacTsKeHUM pemeTku PMN,
MPEATIONIOKUTEIBHO CBSI3aHHBIX C 00pa30BaHUSIMM
3apoAbIlIeil TeTparoHaJbHOM (a3bl ¢ TJIaBHOU
OCbl0, HaTIpaBAEeHHOM IO HOpMaJIH K TuieHKe. Kak
1 B OOBbEMHBIX peJlakcopax, pacipeaeseHrue MHTeH-
CUBHOCTU OTU(P(PY3HOTO paccessHUS MOXET ObITh
OTKCaHO JOPEHILIEeBOI (hopMoit TnHUM (puc. 5), co-

Taonuua 1

3aBUCUMOCTb NIAPAMETPOB
KPUCTAJUINYeCKoi pemeTkn oopasnos PMN/MgO
OT TOJILIUHBI IJICHKH

ITocTostHHAs
TonumuHa pewerki, A DnUTakcHuajibHOE
IUIEHKH, HM COOTHOLLIEHNE
MgO PMN
120 4,21 4,063 0,965
650 4,18 4,080 0,976
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a)

L (rlu)

[4]

2,8

0,2 0,1 0 0,1

"

k, (r.lu.)

Hopmanb K NOBEPXHOCTH NAEHKH

e 09 1 Wk (lu)

Puc. 3. Pacnpenenenuss ”HTEHCUBHOCTH PACCESIHUSI CUHXPOTPOHHOTO U3JTYyYeHUS
Ha ToHKOU (120 HM) menke PMN BOnu3u y3nos oopatHoit petetku (003) (a) u (013) (6)

OTBETCTBYIOIIE pPACCeIHUI0 Ha KPUTUUYECKUX
(bnykTyaLusix, ornuchbiBa€MbIX KOPPEISITOPOM TUIIA
OpHuteiina — lLlepHuke, MM paccessHUIO Ha
(pakTasbHbIX 00bEKTAX C PpaKTaJbHOM pa3mep-
HOCThI0 D= 2. BenuunHa cMeleHUs LIeHTpa pac-
npenesieHust MUHTEeHCUBHOCTU n1u(py3HOro pacce-
SIHUSI OTHOCUTEJbHO OPArTOBCKOTO MaKCUMYyMa JLJIst
IJ1IEHOK TOALKMHOM 120 HM 0J1M3Ka K COOTBETCTBY-
[oIIeMy 3HAYEHUIO JUTS TITICHKY TOJIIIMHON 650 HM
(Tabu1. 2), KOppeasiiuOHHbIE IJTMHbI, COOTBETCTBY-
IoLIKMe XapaKTepHbIM JUHEHHBIM pazMepaM Heo-
JTHOPOJHOCTEM HAHOAOMEHHOM CTPYKTYPbl, TAKXKE
onusku. TeM He MeHee, IS TNIEHKW MEHbIIIe TOI-
LIMHBI HAOJIOJAETCs YCUJIEHME CTaOuiIM3aluuu
OJIMKHETO CETHETORJIEKTPUUYECKOTO MOPsIIKa, Bbl-
paxaroleecs B HECKOJIbKO OOJIblIEi, yeM y boJiee

Puc. 4. N30MHTEHCUBHOCTHbIE ITOBEPXHOCTU
1-3 mudpdy3Horo paccesTHUS
(1, =29.,8; I,=38,7; I;=149,0) B rulenke PMN
(120 um) B paitoHe y3na oopaTtHoit perietku (003)
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ToscToit maeHku (36,7 A mo cpaBHeHumIo ¢ 28,8 A)
KOPPENSILMOHHOM JUTMHE.

BnepBble METOOM KOT€PEHTHOI'O PacCEesHMUSI
CUHXPOTPOHHOTO M3TYYeHUS SKCTIEPUMEHTATBHO
MCCIe0BAHA JIOKAIbHAS CTPYKTYPa TOHKUX IUIEHOK
CETHETOJIEKTPUKOB PEJIaKCOPOB. BBUIM M3ydeHBI
00J1acTi 0OOPATHOTrO MPOCTPAHCTBA SMUTAKCHUATb-
HBIX IVIeHOK PM N BOJ1M31 y3/10B 00paTHOM peleT-
KU pa3inuHoii cummeTpun. OOGHaAPYKEHO, UYTO KaK
1 B 00BEMHBIX pejlakcopax, BOJIM3U y3710B 00paT-
HOM pelleTKU IPUCYTCTBYET cCuibHOE nuddy3Hoe
paccestHie, BEI3BAHHOE JIOKATbHBIMU NCKaXKEHU S -
MU KPUCTAJLIMUECKOM CTpyKTyphl. [Toka3zaHo, 4To
HaHOJIOMEHHBIE CTPYKTYPHI, 00pa3ylomnecs B 311 -
TakcUuadbHbIX eHkax PMN toawumHoin 650 u
120 HM, xapaKTepu3yoTcs 0JM3KUMU IO 3HAUEHUIO
KOpPpeJALMOHHBIMY uTMHaMK nopsizka 30 A, uto cy-
IIECTBEHHO MEHBIIIE, YeM KOPPEISIIIMOHHbBIC ITTMHBI
s 00beMHBIX 00pa3uoB PMN mpu KoMHaTHOM
Temmeparype, coctapiasiomme 60 A u 6os1ee. Haps-
[y C yMEHbILIEHUEM KOPPEISLIUOHHOM IJTMHBI B UC-
CJIeMOBAHHBIX TOHKUX TIJICHKAX BO3HUKAIOT CUJTb-
Hble JIOKAJIbHbIE PACTSKEHUsI PELIETKU BIOJb
HOpPMaJT1 K TIOBEPXHOCTH, OTIpeAeIISTIONIe Ha0TI0-
JaeMoe cMellleHre MakcuMmyMma nudy3Horo pac-
CesTHUSI OTHOCUTENILHO TIeHTpa 30HbI bpuiutiosHa.
JaHHbli1 9PpDEKT siBIsIeTCS: HEOKUIAHHbBIM LTSI I1/1e-
HOK, BBIpAIlIEeHHBIX Ha TIOMJIOXKE M3 MaTepuaja
C IIPEBOCXO/ISI MM 3HAYEHUEM [OCTOSIHHOM peLeT-
KU, ¥ TpeOyeT JaTbHEHIIIETO N3YUYECHUSI.

B pabote pa3BuTa HOBasi SKCIIepUMeHTabHasI
METOINKA, ITO3BOJISTIONIAs TP MTOMOIIN Tuhdy3-
HOT'O paccestHUsI CUHXPOTPOHHOTO U3JIyUYeHUsI U3y~
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Puc. 5. IMpodunn nuddysHoro paccesHus Boau3u ysnaa (003)
B tuieHKax PMN rtommumnaoi 650 M (a) n 120 M (6).

[MokazaHo pa3noxkeHUe WHTEHCUBHOCTH Ha BKJIAAbI OT OparroBckoro (/) u muddysHoro (2) paccesHus.
BonHoBOI# BekTOp / COOTBETCTBYET OOpAaTHON peleTke MoaToXKn MgO

Tabnuma 2

IlapamMeTpbl HAHOOMEHHOI CTPYKTYpPBI B TOHKHX IileHKax PMN/MgO

ToNnuuHA MIEHKN, HM Al (r.Lu.) HWHM, (r.L.u.) LA
120 0,14 £ 0,01 0,11 £0,02 36,7 £ 5,6
650 0,17 £ 0,01 0,14 +£0,03 28,8 £ 5,1

O0o3HayeHUs1: Al — CMELIEHMEe LICHTpa pacIpeae/ieHUs] UHTEHCUBHOCTU aud-
dy3HOTO paccesTHUST OTHOCUTETHLHO OparroBckoro Mmakcumyma; HWHM — mmpuna pac-
npeneseHust MHTeHCMBHOCTU auddy3HOro paccesinusi; L — KOppessiliMOHHasi JJIMHA

YaTh JIOKATbHBIE NCKAKEHUS KPUCTATITIIECKOM pe-
IIEeTKW B Pa3ymnopsaoueHHBbIX 3MUTAKCUATbHBIX
CTPyKTypax ToiimuHoi nopsaka 100 um. lanHoe
HamnpasJieHUEe MPeACTaBSIETCS YpE3BbIUAHO Mepce-
TMeKTUBHBIM BBHUILY TOTO, YTO OOJTBIIIAS YaCTh COBpE-
MEHHBIX (PYHKIMOHANIBHBIX MATEPUATIOB, 8 UMEHHO
CErHETORJIEKTPUKHU PEJIAKCOPBI, BBICOKOTEMITEpa-
TYpHBIE CBEPXTIPOBOAHUKHU, COETUHEHUS C KOJOC-
CaJIbHBIM MarHETOCOTIPOTUBIICHNEM, MHOTHE MYJTb-

T(EepPONKU MPEACTABISIIOT COO0I pa3yIopsIa0UYeH-
HbIe CMellIaHHbIE KPUCTAJLIBI, 17151 KOTOPBIX JIOKAb-
HbIe UCKAXKEHUS SIBIISTIOTCSI HEM30€KHBIMU 1 UTPa-
0T KJIIOYEBYIO poJib B (DOPMUPOBAHUN CBOWCTB
TaKWX MaTepHUAaJIOB.

PaGora BeiMmosiHEHA B paMKax peanu3anuu demae-
pajbHOI 1IeJIEBOI TporpaMMbl «HaydHble 1 HaydHO-
neJarormuyeckre Kanapbl MHHOBAIIMOHHOM Poccum» Ha
2009—2013 ronpwl.
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TEOPETUYECKOE UCCJZIEAOBAHME
YIrNoBOro PACNPEAENIEHUA ®OTOIJIEKTPOHOB
B MPOLECCAX ®OTOUOHU3ZALIUU AHUOHOB
METAJUJTUYMECKUX KNTACTEPOB

WUccnemoBanus mpolieccoB (POTOMOHU3ALIUN
MEeTaJINYEeCKUX KJIACTEPOB B IOC/ISAHUE ABAALATD
JIET MOJYYUIN LIUPOKOE Pa3BUTHE (CM. 151 TpUMe-
pa pabory [1] u ccouiku B Heit). I1pu 3ToM ObLIKM
JOCTUTHYTHI 3HAUUTEJIbHBIC yCIieXu. B wacTHOCTH,
B CIEKTPax (pOTOMOMIOLIEHUS] META/UIMYECKMX KJ1a-
CTEpOB HATPUsI, Kajivsl, MarHusl ObLJT OOHAPYKEH TH-
TAHTCKUI PE30HAHC, KOTOPbIM MAeHTU(GULUPOBA-
JIM KaK TMpPOSIBJIEHUE IUIa3MOHHBIX KOJIEOAHUIA.
MeToabl HU3KOTEMIIEPATYPHOI (POTO/1EKTPOHHOI
CIIEKTPOCKOITMY COBMECTHO C TeOpHUEil (DYHKIIMOHA-
J1a INTOTHOCTU TTO3BOJIMJIM ITPOBECTU AETATbHOE K-
CIIEPUMEHTATbHOE ¥ TEOPETUYECKOE MCCICIOBAHNS
WOHHOI U 3JEKTPOHHOU CTPYKTYpPbl KJAacTEPOB
B IIIMPOKOM JMamna3oHe UX pa3mMepoB (BILIOTh 10
KJacTepoB ¢ yucioM atomoB N =350) [2, 3].

DKCIepUMEHTATbHOE UCCIICIOBAHKE IIPOLIECCOB
(oromnomioieHus: 1 POTOUMOHM3ALMYU ATOMHbIX KJ1a-
CTEPOB 0Ka3aJI0Ch CIOXKHOM 3anaueit. Jlo nmociaenHe-
ro BpeMeHU YCIIeXy B TOM HampaBIeHUU ObLIU 10-
CTUTHYTBI TOJBKO B ITOJYYEHUU TIOJHBIX CEYECHUI
doronomoiieHust. OnHAKO HEJABHO BIIEPBbIE ObUIU
MPEICTaBICHBI PE3YJIBTAThI IT0 U3MEPEHUIO YIJIOBBIX
pacmpeneleHn (poTo3MEKTPOHOB B IIpoliecce (o-
TOMOHM3ALUY OTPULIATETbHBIX MOHOB METAJIJTNYE -
CKUX KJIACTEPOB HATpUA B Auara3oHe 3< N <147
[4]. Pe3ynbraThl 3TUX 3KCIIEPUMEHTOB MOTYT OBITh
WCIIOJIb30BAHBI IJIS1 ONPeNe/IeHUSI B paMKax 00010~
YEYHOU MOJIEJIM 3HAYEHU I YTIJIOBbIX MOMEHTOB Ba-
JICHTHBIX 9JIEKTPOHOB B KJIaCTEpax.

Heo06xonnMo OTMETUTh, YTO 3a1a4a MO HAXOXK-
JIEHUIO YIJIOBBIX pacpeaeaeHU (POTORIEKTPOHOB

mpu (POTOMOHM3ALNN OTPULATETbHBIX aTOMHBIX
MOHOB cama I10 cebe He HOBa U pellajach KaK 9KC-
MepUMEHTAIbHO, TAK U TEOPETUUYECKU (CM. 0030D
[5] u ccbuiku B HeM). OCHOBHBIM BBIBOJOM 3TUX
WCCIIeTOBaHNH ABISETCS YTBEPXKIACHNE, UTO YTJIO-
BO€ pacripeaeneHune (POTOJIeKTPOHOB Upe3Bbluaii-
HO YYyBCTBUTEJIBHO K YYETY MHOTO3JIEKTPOHHBIX
koppensunii. Takoro ke 3¢ hekTa MOKHO OXXKUIATh
1 B ciaydae (pOTOMOHM3ALMNA aHMOHOB aTOMHBIX
KJIACTEPOB. DTO MOATBEPXKIAETCS pe3yjibTaTaMu
MpeaBapUTEIbHBIX PACUETOB TTapaMeTpa YrJIOBOM
AHU30TPOIHUU, BEITTOJHEHHBIX aBTOpaMu IJisI (hO-
TOBJICKTPOHOB BHEIITHUX 000JI0YeK B aHMOHAX Ha-
tpust Na; u Nay [6].

Lless maHHOM pabOTHI — JalTbHEIIIee pPa3BUTHE
Teopuu Tipoliecca (POTOMOHN3AINY aHWMOHOB MeTall-
JIMYECKUX KJTACTEPOB MMyTEM ITPUMEHEHMUSI ITOCIEI0-
BaTeJIbHOM KBAHTOBOM TEOPUU MHOIMX TEJT 1151 aK-
KYpaTHOTO yueTa MHOTORJIEKTPOHHBIX KOPPETSALIMIA.

OO0OBEKTOM HCCIeNOBAHUS BBICTYIAOT AaHUOHbI
KJIAaCTEPOB HATPUsI C MOJHOCTBIO 3aNOJTHEHHBIMU
BJIEKTPOHHBIMU 000JIOYKAMU, YTO COOTBETCTBYET
cepruecKn-CUMMETPUUYHOMY pacIipeaeIeHUIo
DJIEKTPOHHOM TUIOTHOCTU. PacueT a5eKTpoHHOM
CTPYKTYPHI KJIaCTepa MPOU3BOIUTCS B paMKax ce-
PUYECKOI Kejle-MOIeIU C UCIOIb30BAHUEM MPU-
omvxenus Xaptpu — @oka (XD). YueT MHOTO2J1eK-
TPOHHBIX KOPPEJIALINIA B ITpoliecce (POTOMOHM3ALINY
MPOM3BOIUTCSI B IPUOIMIKEHUN CITydaiiHBIX (a3
c ooMmeHoM (ITCDO). B paboTe UCIIONb3YETCSI AaTOM-
Hasi cucTemMa eiuHuu m=e= h = 1.
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Mogaenb 2xxeJe 1j1s KJIacTepoB

HecMmotpst Ha cylecTBYIOIIME HbIHE BO3MOX-
HOCTH 110 KBAHTOBOXMMUYECKUM ab initio pacuetaM
3JIEKTPOHHOU CTPYKTYpbl MHOTOATOMHbLIX CUCTEM
C y4eToM KOH(UIypallMM WOHHOW pELIeTKH,
B TOM UMCJI€ M aTOMHBIX KJIACTEPOB, NPUOJMKEH-
HbIE METOIbI pacyeTa Mo MpexkHeMY aKTyaJbHbI (CM.
[1si mipumepa — KHuru [ 7, 8]). Kak mpaBuiio, B 3TuX
cJIyJasix UCTOJIb3YIOT anuadaTuyeckoe MpuoInxe-
HHUE, B paMKax KOTOPOIo KjaacTep, coaepxamuii N
aTOMOB, pacCMaTPUBAETCS KaK IBE KBA3WMHE3aBU-
CHMBbIE IMOJICUCTEMbI; CUCTEMA BaJICHTHBIX 2JIEKTPO-
HOB, KOTOPBIE IBUXYTCS B CPETHEM MOJIE, CO3aBa-
€MOM JIPYIO¥i CUCTEMOI — MOJIOXUTEIbHbIX MOHOB
KJacTepa (Ha3blBaeTCs OCTOBOM).

PacueTnbl moka3biBalOT, UTO [1JI5 111€JI0OUHbIX M€~
TaJJI0B HanboJiee yCTOMUYMBbBI KJIaCTephl C KOIUYe-
CTBOM BaJICHTHBIX 3JIEKTPOHOB, PABHBIM TaK HAa3bl-
BaeMbIM Marv4eCKMM 4YHMCIaM, IIpU KOTOPBIX
SHEPrus CBS3MU B pacueTe Ha OIMH aTOM KJjlacTepa —
HauOoJIblIasi. DTU MarmdecKue 4mcia, paBHBIC
N=2,8, 18,20, 34, 40, 58, 68, 70, 92, ..., cooTBeT-
CTBYIOT 3aTTOJTHEHUIO 2JIEKTPOHHBIX 000JI0UEK, aHA-
JIOTUYHOMY 3aMOJTHEHUIO SIIEPHbIX 000JI0UEK HYK-
JIOHaMU B 000J104€YHOI MOAEJIHU SIIpa:

152, 1p°%, 1d", 252, 114, 2p°, 1'%, 24", 35%, 1h%2, ...

TTpu 5TOM OKa3bIBAETCS, UTO OCHOBHbBIE CBOM -
CTBa METAUTMYECKHUX KJIACTEPOB YIOBIETBOPUTEI b~
HO OMKUCBIBAIOTCS MOJIEJIbIO C(hepUIeCcKOTro MOHHO-
r0 OCTOBA, XOTsI (hOpMa MHOTMX M3 HUX OTJIMYAETCS
OT c(pepUUECKOIA.

B nanHoi1 paboTe rpu onrcaHum 3AeKTPOHHOMI
CTPYKTYPbI KJIACTEPOB UCTIOIb3YETCS MOAECIIb XKeJe,
B paMKax KOTOPOI1 CJI0OXKHas MOHHAsI CTPYKTypa OC-
TOBA 3aMEHSIETCS YCPEAHEHHbBIM pacrpeaeiecHUueM
TOJIOXKUTETBHOTO 3apsiia, KOTOPOE CYMTAETCSI OMHO-
POIHBIM U CheprIeCKI-CUMMETPUIHBIM. [1oTeHIIN-
aJl, CO3IaBaeMblIii PABHOMEPHO 3apsKEHHBIM 111apOM
pannyca R, B 3aBUCUMOCTH OT PACCTOSTHUS 10 LIEH-
Tpa 1mapa, JIeTKO BEIUUCIISIETCS aHATUTUYECKHU

VA r
LI Y A I F<Ry;
Upe(r)=1 2B Ko (1)
_Z’ r>RO’

rae Z — 3apsimoBOE YMCIIO OCTOBA (15T HEUTpaTbHO-
ro Kjacrepa Z paBHO YMCJy BaJ€HTHbBIX 3JIEKTPO-

HOB N).
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Panuyc octoBa Ry MeHsETCA B 3aBUCUMOCTU OT
€ro 3apsiIOBOTO YMCIIA 110 3aKOHY Ry =r,Z '3 rne
7, — CpelHee PaCCTOsIHME MEX1y aTOMaMU JaHHOTO
TUIIA B OOBEMHOM KPUCTAJJIC.

B cuny cipeprueckoii cMuMMeTpuM OTEHIIMAIA
(1) MOXXHO CUMTATh, UTO BaJIEHTHbIE 3JIEKTPOHbI Ha-
XOIATCS B LIEHTPAJIbHO-CUMMETPUYHOM TO0JIe, TaK
YTO UX SHEPTETUIECKUE COCTOSTHMS, TTOMOOHO aTOM -
HBIM, XapaKTepU3yeTcsl KBAHTOBBIMU YUCIAMU: ,,
[, m, o (paguanbHOe, OPOUTAIbHOE, MATHUTHOE
U CTIMHOBOE KBAaHTOBbIE uKcia). OTMETUM, YTO TO-
PSIOK ClIeMOBaHMS YPOBHEN B METAITUIECKHX KJTa-
cTepax MHOM, yeM B aTomax. OCHOBHOE OTJIMYKE
MOTEHLIMANA, B KOTOPOM [BUXYTCSI 2JIEKTPOHbI
B KJIaCTepe, COCTOMT B TOM, UTO IMAMETP OCTOBA Me-
TaJUTMYECKOTO0 KJIacTepa CPaBHUM C OOILIUM pa3Me-
poM kiactepa. Kpome Toro, oTcyTCTBYyeT CUHTYJISP-
HOCTb IOTeHLIMaza 1/rB Hayane KoopauHar. B cuty
3TOTO 00JIee BHITOAHBIMI CTAHOBSITCSI yDOBHU 3HEP-
U BIEKTPOHOB C OOJIbIIMMU OPOUTATBHBIMU MO-
MEHTaMu /[ U MOPSIAOK CAeA0BaHUS 3JIEKTPOHHbBIX
000J104eK OJIMXKE K 3aMOJTHEHUIO SHEPTETUYECKUX
YPOBHEM B Aipax.

DJIeKTPOHHAsI CTPYKTypa

TToncucrema BaJIeHTHBIX 3JIEKTPOHOB paccMart-
pUBaeTCs B paMKax KBAHTOBOW MexaHUKU. KBaH-
TOBOMEXaHMNYECKOE OMKUCAHUE KJIACTEPA C YUCIOM
aJIeKTpOoHOB N TpebyeT petteHnst ypasHeHud Llpe-
JMHTepa:

1 X 1

_ N( A,
HY = Z(_TI_I_UCDI'E (Z)J_'__

7 |X
i=1 255 |"i —”k|

W (X, Xy ) = By W (3,0, Xy ), )
roe ¥ (xl, ey xN) — TOJIHAas BOJIHOBAsl (pyHKIIuS,
3aBUCALIAs OT KOOPAMHAT 7, W MPOEKLUIA CIMHOB
G; BCEX 2MIEKTPOHOB; X; =(F,0;) .

3HauUTENbHAS YACTh PACUETOB BJEKTPOHHON
CTPYKTYPbl METATTUUECKUX KJTACTEPOB MPOBOIUT-
Cs C UCIOJb30BaHUEM MPUOJUXKEHUST XapTpu —
®oka [1, 8—10]. B aToM npubanKeHUY BOJHOBAsI

dynkumsa W(x,...,xy) OCHOBHOTO COCTOSIHMA

SHGKTpOHHOﬁ TMOACUCTEMBI MPEACTABJISACTCSA B BUIEC
CJIDTEPOBCKOIO AETEPMUHAHTA, COCTOALLIECTO 13 O/1-

HOBJIEKTPOHHBIX GyHKUMH ¢; (x):

Yy (xl,...,xNe )E\I’EF =ﬁdet{ (p,-(xj)}. (3)
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Jl1st onpeeieHusi OAHORIEKTPOHHbIX (DYHKILIMIA
OCHOBHOTO COCTOSIHMSA ¢ (X) pelaeTcs cucteMa u3z N
CBSI3aHHbBIX UHTErponu(hepeHIMANTbHBIX YPABHEHUIA:

—%(p,- (%) + Ueore (1) 0 (x) +

£ () B0 (D0, ()

, =

=£,0;(x). “4)

JlaHHAas1 cUCTEeMa PEeLIAeTCsl CaMOCOTIaCOBAH-
HO C ITOMOI1IbI0 UTePaTUBHOM mpotieaypsl. [Toayua-
eMble MPY 3TOM COOCTBEHHbIE 3HAYECHUS! €; MpeN-
CTaBJISIIOT COOOI OMHOAIEKTPOHHBIEC SHEPTUH.

[1pu pacueTe BO30YKIEHHBIX COCTOSTHUI HeTpe-
PBIBHOTO crieKTpa (DOTORIEKTPOHOB PEellIaeTCsl OMHO
ypaBHeHUe Tura (4) st BOJIHOBOM (pyHK1IMY hOTO-
9JIEKTPOHA C 3alaHHbIM 3HAYEHUEM OSHEPTUU

e=1,+o,r1e I, — NOTeHLMAT NOHN3ALNY 000~

JIOUKU, ® — 3Heprus poroHa. Iysa cocTossHIi He-
MPEPBIBHOTO CITEKTPA YCIOBUE HOPMUPOBKH OTIpe-
NEeJISIETCSI ACUMITTOTUYECKUM ITOBEIEHUEM BOJTHOBOI
(yHKLIMM IpU ¥ —> O .

B cayyae 1ieHTpaabHO-CUMMETPUUHOTO MOJIS

=

OIHO3JIEKTPOHHBIE BOJIHOBbIE (DYHKLIVY ¢ (X) MPE-
CTaBJISIIOTCS B BUAE MPOU3BEACHUST PagUaTbHOM,
YIJIOBOU U CIIMHOBOM YaCTe:

1
(Pnrlmc (x):;[;,./ (r)Ylm (e,(p)Xc, (5)

B oTcyTCcTBUE CLIMH-OPOUTATLHOTO B3aUMOICHi-
CTBUSI UHTETPUPOBAHUE 10 YIJIOBBIM MEPEMEHHBIM
BOJTHOBBIX (DYHKIIMI U CYMMUPOBAHKE TI0 X CITH -
HaM MPOBOAUTCS aHATUTUYECKU U CUCTEMaA ypaB-
HeHuit (4) mpeoOpasyeTcst K HOBOI cUcTeMe [IJ1s pa-
IUAJIbHOM YacTh BOJHOBOW pyHKUMU P(r), rae

i=n,l, . CocTosiHME 2I€KTPOHA [IPU 3TOM OIpejie-
]

JIACTCS PAIMATbHBIM KBAHTOBBIM YUCIOM 7, W YT~
JIOBBIM MOMEHTOM /; ¥ 00/1a1aeT KPaTHOCTbIO BbI-
poxmeHus 2(2/; +1).

Takum obpa3oM, 2eKTPOHHASI CTPYKTypa Ba-
JIEHTHBIX 3JIEKTPOHOB B 3TOM CJIydyae MOXET OBITh
MpeacTaBieHa B BUAE 00OJIOYEUHOM, Iae Kaxmas
000J10UKa OTpeAesIeTCs HAOOPOM KBAaHTOBBIX YN~
cen n,l. BuactHocTu, 114 Knactepa Na; koHdu-
rypauusi 2JeKTPOHHbIX 000J0YEK cleaylolias:
1s?1p%; B cayuae Najg: 15%1p°14"° 25 ; ans Nag; -
1521814102521 f142 01418 .

>

VYrnosoe pacnpeaenenue ¢goTo3,1eKTPOHOB

B pamkax nurosibHOTo NpuOIMKEeHUs YIIIOBOE
pacrnpeneneHue (hOTO3IEKTPOHOB, MOHM30BAHHBIX
13 000J104KH 71,/ TUHENHHO MOISIPU30BAHHBIM CBE-
TOM, OIpeessieTcsl U3BeCTHOU (popmyJioii [11]:

do, ;(©) ~ o, (®)
o

rae o, ,(®) — noaHoe ceyeHue GOTOMOHM3AUUU
r

[14B,,,(@)Py(cos6) |, (6)

DaHHOM 0005104KM, P(cosb)= (3 cos? 6—1)/2 —

nonuHoM JlexaHapa BTroporo nopsiaka, 6 — yron
MEXIy HarpaBJeHWEM BbLJIETEBIIETr0 3JIEKTPOHA
1 BEKTOPOM IOJISIPU3ALMH ITAJAIOIET0 U3TyIeHNS.

B pamMkax oJHO3JEKTPOHHOTO MPUOIUKEHUS
napameTp YIJ0Boii aHu30Tponuu 3 umeeTBun [11]:

B
(2+1)(dy +d )

B, (0)= (7)

tae B=(1-1)d}, +(1+2)d}; +

+ 6y (1+1)d)_d),; cos(8), =8,y ).

3nech §,,; — GhasoBble CABUTU (HOTOSJIEKTPOHA,

d,,; — NpUBEJIEHHbIE MATPUYHbBIE 3JIEMEHTBI OTle-
paTopa IMTMOJbHOTO MOMEHTA ¢/ , KOTOPbIE MOTYT
ObITh MOJIyYEHBI U3 aMILIUTYI (GOTOMOHU3ALUU

<8l J_r1|c§ | n.l ) WHTETPUPOBAHUEM 10 YTJIOBBIM Te-

peMeHHbIM. B yacTHOCTH, B (hOpME JUIMHBI OHU ITPU -
o0OpeTaloT BUL:

d = (- L [Py P, (8)
0

rae [ =/+1 Wig nepexonos [ —[+]1 u [ =] mua
nepexonoB / —/—1.

3axkoH Burnepa 7151 HoporoBoro moBeAeHMsI Ce-
yeHUs1 (POTOOTPBIBA OT OTPULIATEbHBIX MOHOB [12]
TTO3BOJISIET TIOTYYUTh OTIPEIeIEHHOE ITOPOTOBOE 3HA-
YeHHUe TS MapaMeTpa yIIoBOM aHM30TPOITMH Ceue-
HMS1 (DOTOOTPHIBA OT OTPULIATEIbHBIX MIOHOB TSI CITy -
yaeB [ >1:

Bi(0—>1,)>——. )
+

B ciayuae /=0 mapametp =2 [5].

B nanHoi1 paboTe 111 ydeTa MHOTORJIEKTPOHHBIX
Koppesituii ucnosibzoBanock [ICDO, koTopoe co-
OTBETCTBYET yueTy TMHAMUYECKOU MOoJsapu3auun
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BJIEHTHBIX 2JIEKTPOHOB B Ipolecce GOTOMOHM3A-
LMK KjaacTepa. BelpaxeHue s mapameTpa yrjio-
Boi1 anuzoTponuu B pamkax [ICDO BrnepBbie ObLIO
noJy4eHo B padote [13]:

Bn,l((’)):
C(I=0)[D [+ (142)| Dy +6\I(1+1) 4
(2 +1)(| D+ |21

rae ojsa yﬂO6CTBa 3allCu BBEACHO o0o3HaueHue

(10)

b

x €08 (8, =8,1)-
~(Re D Im D, +Tm D,y Re D, )sin(8;,; =8, )-
B pamkax [TC®O KOMITJIEKCHBIE TIPUBEICHHBIC

MaTPUYHDBIC SJIEMEHTDBI D/ﬂ TI0JTy4arOTCs U3 aMILINU -

Ty (POTOMOHU3ALINK <a [+ 1| D(m)| n.l > , YIIOBJIETBOPSI-
IOLLMX CIIeAYIOIeMY MAaTpUYHOMY ypaBHeHUIO [ 14]:

<slil|D(co)|n,l>=<alil|d|nrl>+

(| D) k) (ke £1|U] . 0)
O—€;+&;+Id

+

. (11)
Jj>F k>F
k<F j<F

31mech MHIEKCHI j 1 k COOTBETCTBYIOT BUPTYalTh-

HBIM 3JIEKTPOH-ABIPOYHBIM BO30YKIECHUSIM, MAT-

PUYHBII BJIEMEHT <k, el+1 | U | Js n,l) MpeaCTaBIIsIeT-

¢S B BUJIE CYMMBbI IPSIMOTO 1 OOMEHHOTO MATPUUHBIX

2JIEMEHTOB OIlepaToOpa KyJIOHOBCKOI'O B3aUMOIEH -

ctBust V :1/|r—r'| :

a)

2.0
- I
< 1Af
S
5 1z2}f
o
)
S aa&f
=
E 04
o
5 .0
g
g
s G4f 2.3 .
] .

-

T R

Kunernueckas sHeprusi, 3B

<k,sl-_|-1|U|j,n,l>=
=(k,el£1|V|j,nl)—(el £1,k|V

Jmdy. (12)

TakuM 00pa3oMm, B BBIUMCIEHHON ¢ MOMOLIbIO
MaTpuyHOro ypaBHeHus (11) amminTyae, ydauTbiBa-
FOTCSI KOPPEJISILUU MEXIY BCEMU BO3MOXHBIMU Tie-

pexonamu n.l —el+1.
AHaJIu3 N0JTyYeHHBIX Pe3yJIbTaTOB

PacueTtsl napameTpa yrjioBoit aHU30Tponuu 3
Kak (pyHKUMU 3Hepruu (oToHA @ TMpU (POTOMOHU -
3aumu 1p-o6onouku knactepa Na; u 1d-060104Kku

Knactepa Najg , IPOBEIEHHbIE aBTOPaMu paHee [6],
0Ka3aJik, YTO y4eT MHOI03JIEKTPOHHbIX KOPpeJisi-
LM U3MEHSIET XapaKTep 3aBUCUMOCTU [(®) B CTO-

POHY CYILIECTBEHHOT'O COTJIACUsI C 3KCIepUMEHTAIb-
HbIMU JAHHbBIMU, [IPEACTaBIEHHbIMU B padote [4].
B mannoii paboTe mpencTaBieHbl Pe3yabTaThl

pacueTa mapaMeTpa yrJIOBOI aHM30TPOMUK 3 Kak

(byHKLIMY KUHETUUECKOI SHEPIUH & (POTORIEKTPO-
HOB B ITpo1eccax (POTOMOHM3ALMY BHEIITHUX DJIEK-
TPOHHbIX 000JI0YEK OTPULIATEIbHBIX MIOHOB «Maru-
YECKUX» METAJITIMYECKUX KJIACTEPOB HATPUS MAJIbIX
u cpeaHuX pasmepoB: Na,, Najy u Nag;. Pacuetn
MPOBEIEHbI KAK B OAHOYACTUYHOM IPUOJIMKEHUU,
TaK U C YYETOM MHOTORJIEKTPOHHBIX KOPPEISILINIA
B pamkax [TC®O.

Ha puc. 1, a npeacraBieHO CpaBHEHWE PE3YJib-

TATOB pacyera napamerpa B npu GOTOMOHU3ALUU

1p-obomouku kacrepa Na; , BBITOJTHEHHBIX B paM-

0)

[TapameTrp aHuszoTponuu

o3 02 04 DB DE 1D 12 14 1B

Kunetnueckasi saHeprus, 3B

Puc. 1. 3aBucumocTu mapamMeTpa yIJIOBOW aHU3OTPOMHUU 3 OT KWHETUIECKOW SHEPTUM (POTOBTCKTPOHOB
npu dorononusauuu 1p obosouku kiuacrepa Na; (a) u 1d obonouku kiacrepa Nag~ (0).
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>

Kax npudixkeHuit X u [ICPO, ¢ skcriepuMeH-
TaJbHBIMU JAHHBIMU [4]. Pa3inuHble 9KCIIEpUMEH -
TaJIbHbl€ 3aBUCHMOCTU COOTBETCTBYIOT (DOTOMOHU-
3alUN pP-3JIEKTPOHOB U3 PA3TUIHBIX TTOTYPOBHEM
1p-opbuTtanu, BOZHMKAIOLIMX U3-3a €€ PACLLEILICHMS
B KPUCTAJUIMUECKOM IT0JIe Kitactepa. Cliemyer oTMe-
TUTb, YTO HECMOTPSI HA CYLIECTBEHHYIO Pa3HUILY
B TTOBEIEHUH 3aBUCUMOCTE, TTOPOTOBOE 3HAUECHUE
B 000MX CJIydasiX COOTBETCTBYET BbIpaxeHusiM (9).
AHaJIOTMYHOE CpaBHEHNE MPOBEICHO [UTS ITapaMeTpa

B mpu doTonoHuzauuu 1d-0060J0UKMU KiacTepa

Najy (puc. 1, 6). HesHauuTenbHOE pacxoxaeHue
pe3yabTaToB pacyeTra B (popMax ITMHBI M1 CKOPOCTH
CBSI3aHO € BBIUMCIUTENIBHOM MOTPEITHOCTBIO OTIpe-
JeneHust pa3oBbIX CIBUTOB (DOTO3JIEKTPOHOB B (hop-
Me CKOpOCTH. B nanbHeiiiiemM Ha puCyHKax IpecTaB-
JIEHBI pe3yIBTaThI PACYETOB B (hOpMeE [UTHHBI.

B skcniepuMeHTaabHOI padoTe [4] n3mMepsinch
YIJIOBBIE pacripeaeaeHus (POTO3IEKTPOHOB Ipu (po-
TOMOHM3ALIMHY KJIaCTepOB, NOHHAs CTPYKTYpa, KO-
TOPBIX MAKCUMAaJIbHO OJ1M3Ka K chepudecKkoil (Ha-
npumep Na;, Nap, Nass u apyrue). B pamkax

0 . T T T e L A R '

[Tapamerp aHuzoTponuu f3 2
o
[x=)
T

000JI04€YHO MOIETN 3TO COOTBETCTBOBAJIO ITOJIHO-
CTBIO 3aTTOTHEHHBIM 3JICKTPOHHBIM 000JIOUKAM IS
KiacTepoB Na; u Nay. OIHaKo B ci1ydae Kiactepa
Nags BHEIIHss 1g-0001049Ka OCTAETCS HE 10 KOHIIA
3aTOJIHEHHOM, TaK KaK CONEPXKUT TOJBKO 16 31eKT-
poHoB BMecTO 18. Bmecte ¢ TeMm, y kinacrepa Nas;,
3JIEKTPOHHASI KOH(PUTYpALIMS COAEPXKUT TOJIBKO 3a-
MOJHEHHbIE 000JI0UKM, HO CUMMETPHSI IOHHOTO OC-
TOBa HUXe, yeM y Nass. OnHako, KaKk 0TME4aioT
aBTOpbI [4], HEBHAUUTEIbHOE UCKAXKEHUE CUMMET-
PYM MOHHOTO OCTOBA MaJIO BIUsIEeT Ha hopMy 3aBU-
cuMocTH B(g) , TaK Kak 3Ta 3aBUCUMOCTb OTpe/e-
JgeTcsT B OCHOBHOM YTJIOBBIM  MOMEHTOM
MOHU3YyEeMOI OpOUTaIN.

Ha puc. 2 npeacraBiieHbl pe3ybTaThl paCueToOB

3aBUCUMOCTEl B(g) BIIpolieccax GOTOMOHU3ALIUYN
BHEIIHUX 00os10ueK Kinactepa Nas,: 2p, 1/, 1gB pam-
kax [TC®DO. [NIpoBoautcsi cpaBHEHUE C IKCIEPU-

MEHTAJIbHBIMU JaHHbIMU I Kiactepa Nags. Ha-
OJ10MaeTCs  XOpOLIee COrJache PpacyeTHhIX U
SKCINEPUMEHTAIbHBIX JAHHBIX JUIs TIOJIHOCTbIO 3a-

L —
(<=} .-
= 1.0 1F
5 L
E izt -
a,
)
3 a.n
§ L
< A
o
8 ao
2 ! :
<
g s
= L

U 5

L e @ a
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Kunetnueckast aHeprus, 3B
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Kunernueckas sHeprusi, 3B

Puc. 2. PacueTHble 3aBUCUMOCTM IlapaMeTpa yIJI0BOW aHU30TPONUU 3 OT KMHETUYECKON dHEPruu

hoToseKTPOHOB MpK (HOTOMOHM3ALMY pa3TUIHBIX 000oueK Kiactepa Nag; :

a—2p, 6— 1f, 6— lg

CrtonrHble KpuBble — npubnamxkenne [ICDO B popMe TIMHBL
CpaBHEHUE C 9KCIEPUMEHTAIbHBIMY JaHHBIMY, IIOJTyYEHHBIMU ISl TeX XKe obosiouek B kiactepe Nass  [4]
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MOJIHEHHbIX 000J10ueK 2p u 1f. B To Bpemsi Kak [iisi
BHEILIHEW YaCTUYHO 3aMOIHEHHOH 1g-000104KM Kila-

crepa Najg coriacue ToJbKO Ka4eCTBEHHOE, YTO MO-
JKET ObITh CBA3aHO C HEOOXOMMMOCTBIO YU€Ta Peaslb-
HOI CUMMETPUM MOHHOTO OCTOBA Kitactepa Najs;.

Wrak, B naHHOI paboTe MCCAEA0BAIUCH YIJIO-
Bbl€ pacnpeaeseHust PoToa1eKTPOHOB I1pu (OTOMO-
HU3ALMKU AaHUOHOB METANINYeCKUX KJIACTEPOB Ha-
TpUs MaJbIX U CPEIHUX pa3MepoOB C MOJTHOCTHIO
3aI10THEHHBIMM 3JIEKTPOHHBIMU 000 10uKamu. [Tom-

TBEP2K/JEHA pellarollas poJjib yyeTa MHOIOJEeKT-
POHHBIX KOPPEAILMI, BYACTHOCTU IMHAMUYECKON
NOJSIpU3aL Y BAJICHTHBIX 3JI€KTPOHOB B ITpOLIecce
(poTomoHm3aLMN, B aAeKBATHOM OITMCAHUU 3aBUCH -
MOCTHU NapameTpa yrjioBOM aHU30TPOINUU OT KUHE-
TUYECKOI HEPrun (DOTORJIEKTPOHOB.

B 3akntoueHne aBTOpPHI BhIpAXKaloT MPU3HA-
TeJIbHOCTH KoJiteram 13 @paHK@ypTCKOTO MHCTH -
TyTa MEPCHEKTUBHbIX UCCIIEA0BAHUM, B KOTOPOM
OblIa BBIMTOJTHEHA 3HAUWTEJIbHAd YacTh JaHHOM
paboThl, 3a NIPEeNOCTaBICHHbIE BO3MOXHOCTH A5
VCCIECIOBAHUM.
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YOK 519.63:539.3

MATEMATUYECKASA PUSNKA

M.E. ®posoB

DOYHKUMUOHAJIbHAA AIMOCTEPUOPHASA OLLEHKA
NMOIrPELLHOCTMU PELLEHUA 3AA0AYU
OB U3TMBE CTEP)XXHA DUJIEPA — BEPHYJUIU

Bornpoc anoctepruopHOro KOHTpOJIs MOrpeiHoC-
TU OJTy4aeMbIX ITPUONIVXKEHHbBIX PELIECHUH SIBIISIETCS
OIHMM U3 BaXKHBIX BOIIPOCOB HE TOJILKO COBPEMEHHOIM
BBIYMCIUTEIbHONW MaTeMaTUKU, HO U MaTeMaThue-
CKOro MOIE/IMPOBaHMs B LieJoM. Mcrnosib3oBaHue Bce
OOJIBLIKMX BBIUMCIIUTEBHBIX PECYPCOB, MTOCTOSIHHOE
YCIIOXKHEHUE MOJETUPYEMbIX (DUBMUECKUX SIBJIEHUI,
MPOBEIEHNE PACYETOB IIPYU NOMOILLIKY KOMMEPYECKUX
MPOTPaMMHBIX TTPOAYKTOB C 3aKPHITHIM KOJOM — BCE
5TU (haKTOPbI 3aCTABISIOT CIIELMATUCTOB B 00J1aCTU
BbIYUCAUTE]bHOM MAaTEMATUKU, MATEMATUUYECKOM
(pu3uKM, MeXaHUKM, WHXEHEPHBIX HAyK yxKe He-
CKOJIbKO IeCSTUIETUI UCKATh YHUBEPCAIbHbIC Me-
TOIbl OOBEKTUBHOM OLICHKM ITOJIYY€HHBIX PEe3YJIbTa-
TOB. /1151 9TOr0 pa3pabaThIBAIOTCS KaK TEXHUUECKIE
(YnpolleHHbIE), TaK M CTPOTUE MOAXObI, TO3BOJISIIO-
LLIME ITOJYYUTb OTBET Ha IBA OCHOBHbIX BOIIPOCA:

KaKoBa TOUHOCTb KOHKPETHOTO PEIIEHU S KOH-
KPETHOM 3a/1a4u;

B KaKMX 30HAX JIOKAJIbHASI IOTPEITHOCTD pellle-
HUs BeJIMKa, M OHO TpeOyeT yTOUHEeHU s (HarmpuMep,
MyTeM JIOKAJbHOTO CTYIIEHUSI KOHEUHO-3JIeMEHT-
HOTrO pa30MeHus B 3TUX 30HaX, UM UCII0Jb30BAHMUS
0oJiee TOUHBIX aNMpPOKCUMALIUIA).

K coxanenuro, METOIMKY OLIEHKM ITOTPEIIHOC-
TH, KOTOPasi ObLj1a Obl OMHOBPEMEHHO 1 YHUBEPCAIb-
HOW, U MIPOCTOMN, U HETPYAOEMKOIM B OTHOILLIEHUUN
BBIUMCJIUTEIbHOM PAa0OThI ITOKA HE MPEMJIOKEHO U,
MO-BUAVMMOMY, He cyiiecTByeT. [ToaTomy BEIOOD Tex
WJIV UHBIX TIPUOPUTETOB HEJTb3S CieJIaTh OMHO3HAY-
Ho. B Haleii pabote ucnosib3yercst (PYHKLIMOHATb-
HBIN MMOIX0a, MTHTEHCMBHO pa3BUBaeMblIii B Jlabopa-
TOpUU BBIUMCIUTETBHBIX METOJOB MAaTEMaTUIECKO
(puzuku. Dta nabopaTopusi co3gaHa Ha 6a3e Kadem-
phl «[IpuknanHas matematuka» CIT6I'TTY coBmect-
Ho ¢ CaHkT-IleTepOyprckum otaeieHeM MaTtema-
Thuyeckoro nHctutyta um. B.A. Crekioa PAH

1 Bosriasisietcs npodeccopom C.U. PenmmHbIM —
aBTOPOM METOIMKU. B ee OCHOBY MOJIOXKEHbI YHUBEP-
CAJIbHOCTb U HAJIEXKHOCTb, B Y1LIEPO, BO3MOXHO, MPO-
CTOTE MPaKTUYECKON peanu3aluyd U TpeOOBaHUIO
MMHUMUA3ALNHT BEIMUCTUTETLHOMN TPYIOEMKOCTH.

Al'[OCTepHOpHBIe OLICHKH (l)yHKI.II/IOHaJII)HOI‘O THIIA

Cpenu Bcex MOIXOA0B, UCTIOIb3YIOIIUXCS B Ha-
CTOSIIIIEE BPEMSI TSI aTTOCTEPUOPHOTO KOHTPOJIS B pa3-
JIMUHBIX 331a4axX, (PYHKLIMOHAIbHbIN MOIXO0/ 3aH -
MaeT ocoboe MecTo. B mogasisroieM 0ONbIINHCTBE
CJTy4YaeB JJISI MOJIYY€HUST OLIEHOK MOTPEITHOCTH MC-
TOJIB3YETCS MPEATIONIOKEHNE O TOM, UTO MPUOIMKEH-
HOE peLICHUE SIBISIETCS TaEPKMHCKOM anIpoKcruMa-
LMEMN, 4YTO TPYAHO rapaHTUPOBATh B UHKEHEPHOM
MpaKTHKe, BOCOOEHHOCTU, MPY UCTTIOIb30BAHWH TTPO-
TPaMMHBIX ITPOAYKTOB C 3aKPHIThIM KOaoM. DyHK-
LIMOHAJIbHBIN ITOIX01 OCHOBAH Ha C/1a00i1 IOCTAHOBKE
KpaeBOU 3a1a4 U €€ TTPSIMOM MPeo0pa30BaHUU TN
Ha MTPUBJICUCHUU METOI0B TEOPUY TBOMCTBEHHOCTHU
BapualMoHHOTro ucuucaeHus. Oda myT¥ MpuBOIAT
K pe3yabTaTaM, IPUMEHUMBIM K JII00OMY ITpUOJIN -
KeHHoMmy perreHuto. [Tpu 3ToM o1ieHKa mOrpeiHo-
CTY rapaHTUPOBaHa (Bceraa MaxkopupyeT UCTUHHOE
3HAYEHNE) U MOXKET OBITh, MO KpaitHel Mepe 1151 1 -
HEWHbIX 3a4a4, CAejdaHa CKOJb YrOAHO TOYHOM.
I1o 3TuM pruYMHAM NPEANIOYTEHUE OTAACTCSI UMEH-
HO (DYHKUKMOHAJbHOMY TIOAXOMY, a He KJaccuye-
ckuM. bojiee moapoOGHoOe o0CyXaeHNWe UX JOCTO-
MHCTB 1 HEAOCTAaTKOB B IPUMEHEHUHU K Pa3IUUYHbIM
3aga4aM v 0030p JUTEPATypPbl MOXKHO HAWTHU B MO-
Horpadwusix [1, 2], a Takxke B ctaTbe [3].

OneHKa 17151 cTep:KHA Diijiepa — BepHynim

PaccMoTpuM KiTacCcHUecKyIo ITOCTaHOBKY 3a/1a-
un 00 n3rubde ctepxkHs Ditnepa — bepuymau. Ona
3aKJTI0YAETCS B HAXOXIEHU M TAKOW (PYHKLINK U, KO-
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TOpast yaoBJieTBOpsieT auddepeHLInaaibHOMY ypaB-
HEHUIO PAaBHOBECUS

d? d*
7 El(x)?u(x) = f(x), ()

roe xeS:=[0,/];f, u — 3amaHHas Harpy3Ka U TIpo-
rub CTepKHSL; [ — 1J1MHA CTEPKHSL, [ —MOMEHT UHEP-
LIMU eTO MOIepeYHOoro ceueHust; £ — momyib FOHTa,
a CUMBOJI := 03HAYaeT PABEHCTBO I10 OIPEAEIECHUIO.
Ipenmoaoxum, 4To CTepXKeHb caeIaH U3 N30-
TponHoro Marepuaia (£ =const), a mnonepeuHoe ce-
YeHUE MOXKET OBITh KaK MOCTOSIHHBIM, TaK U TIepe-
MeHHBIM. OrpaHUYMM KpYyr paccMaTpUBaeMbIX
3amad ciydaem, korna feL,(S), T. e. mpaBas 4acTb
ypaBHEHUSI MPeICTaBsieT COO0M CyMMUPYEMYIO
C KBaJpaToM (PYHKILIMIO B CMbIC/Ie MHTerpasia Jleoe-
ra, a CTep>KeHb 3ajieJlaH Ha KOHIIaX (TTocieIHee Tpe-
0OOBaHME HE MPUHLIUIUATBHO U BBEAEHO C LIEIbIO YII-
polueHus BbikIan0K). CooTBeTCTBYIOLIAS Caabast
MOCTAHOBKA MOJIYyYAETCS YMHOXKEHUEM YPABHEHMUS
(1) Ha TPOOHYIO (DYHKIIMIO U UHTETPUPOBAHUEM TTO
yacTaM. Tak MBI IPUXOIUM K COOTHOILIEHUIO

[El'w'dx= [ fwdx, Vwel,, )
S S

e Vyi={ne W%(S)\n(o) =n()=n'(0)=n"(/)=0}.

ITpennonoxum, 4To TeEM UM UHBIM CITOCOOOM
MOJTyYeHa anTmpoKCUMaIMs v TOUHOTO PEIIeHUS 3a-
Ja4yu u, IPUHAIJIeXalas npocTpancTsy V). Eme pa3
MOBTOPUM, UTO 3TO €AUHCTBEHHOE OTpaHUYCHUE,
HaKJIaabIBaeMOe Ha TIPUOIMKEHHOE pellieHue TPu
HCTOJIb30BaHUU MEeTOAUKH. boJjiee Toro, naxe eciau
pelieHre TOCTPOeHO HEKOH(POPMHBIMU METOIAMH,
TO MOXHO PacCMOTPETh KaKoi-1100 13 Croco0oB
TMOCTPOEHUS TIPOEKIIUU 3TOTO BJIEMEHTa Ha TPO-
CTPaHCTBO V()1 KOHTPOJIMPOBATH YK€ TOUYHOCTH O-
JYYUBIIIETOCS 3yeMeHTa. Takoit moaxon peainso-
BaH, B YaCTHOCTH, B paboTte [4], Toe o0cyXmaroTcs
(byHKIIMOHATBHBIE AaTTOCTEPUOPHBIE OLIEHKHN TOUHO-
CTH armpoKCHUMaLIUii, MOJyYeHHbBIX TIPU MOMOIIN
TaK Ha3bIBA€MOTO pa3pbIBHOTO MeTona [anépkuHa.

O0603HAYUM Yepe3 e:= u — VTIOTPEIIHOCTh MPU -
omkeHHoro peieHus. Torma, mpeodpa3yst COOTHO-
eHue (2), mojsydaem

[Ele'w'dx = [(fw—El'w"dx, YweV,. (3)
S S

J17151 TOro YTOOBI ITOTYYUTh BEIYMCISIEMYIO OLIEH -
KY MOTPEITHOCTH, KAaUeCTBOM KOTOPOI MOKHO ObLIO
OBl yIIPaBJISITh, BBEIEM B MHTETPATbHOE TOXIECTBO
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CBOGOHBIN aeMeHT 1 € W:=W3(S), 1151 KOTOPOTO
CTIPaBETNBO TOXIECTBO

Iu”wdx = Iuw"dx, Ywel,.
s s

Wcnonb3ys ero B paBeHCTBE (3), MPUXOIUM K COOT-
HOLIEHUIO
[Elew'dx= [(f-u"wdx+ [(u— ED")w"dx. (4)
K K s
BribepeM B KauecTBe M100ATbHON BEJIUUUHBI €,
KOHTPOJIMPYIOILIEl MOrPEelIHOCTb, IHEPTETUUECKYIO
HOPMY OTKJIOHEHUS TTPUOJTVKEHHOTO PEIIEHNS OT TOU-

Horo. [lonarasi w =e B cooTHoOIIeHUH (4) ¥ IPUMEHSISI
HepaBeHcTBO Ko — HIBapiia, mMeeM OLICHKY:

VETe| <7 -w]-fel+
+“(},L - E]v”)/\/ﬁ” . “ Ele"

B KOTOPOI MCMHOJb3yeTCsl CTaHAapTHAsI HOpMa B

b

npoctpaHcTse L,(.5). Ouenum ||e|| CBEpXYy IpH I10-
MOILLIK CJIEAYIOLIEr0 HEPABEHCTBA:

"e" <C=1"V2, 5)

[VEie]

fer ]
ol

roe KoHcTtaHTa C HUKaK He CBSI3aHa ¢ KOHKPETHBIM
BUIOM I1PAaBOI YaCTU ypaBHEHUSI U SIBJISIETCS OOIIEH
IUTST TAHHOTO TUTIa TPAaHWYHBIX yCIoBUiA. Ha mpak-
THUKE TOTTyCTUMO CPABHUTEIBHO TPYOO OILIEHUTh €€
CBEpXY, UTO €CTh TOCTOMHCTBO, TIOCKOJIBKY TTOJTY-
YUTb TOUYHBIE BEPXHUE OLIEHKHU TAKUX ITOCTOSTHHBIX —
3TO cJIoXKHas 3agava. Mcrnoib3ys HepaBeHCTBO (5),
MPUXOINM K OLIEHKE ITOTPEITHOCTH

e(V)<M(v,p), (6)

e M(v,p) = H(“ —EN")/NEI H +C|f-p
YKasbIBasi IBHO apTyMeHTbI MaxKopaHThl M, Mbl
elle pa3 akleHTUPYeM BHUMaHWE Ha HAJIMYUM, T10-
MUMO MPUOIMKEHHOTO PellieHUs v, CBOOOIHOM Te-
pemeHHoi1. BbiOupas mocaeaHIo0 J0KHBIM 00pa-
30M, MOXHO YMPaB/IsATh TOUHOCTbIO BBIUMCICHMUS
OLICHKH MOrpetHOCTH. [IpUHSATO cUMTaTh, UTO OLIEH-
Ka (6) ToOYHa B TOM CMBICJIE, UTO TP HAUJTYJIIIeM
BbIOOpE CBOOOIHOI MepeMEeHHOI IpaBasi YacTh He-
pPaBEHCTBA COBMANAET C JIEBOIA, a UMEHHO
uw=Elu"= M =zs.

A= inf
weVO,w:&O

bl




Mertoj, HOMUMO HEIOCPEICTBEHHOM OLIEHKM [10-
TPEIIHOCTH, €T JOTOJTHUTEIHbHOE PEUMYIIIECTBO,
[IOCKOJIbKY IIEPEMEHHAsI L [IPEACTAB/ISICT COOOM He-
3aBUCUMYIO OT E[y" (1 00Jiee TOUHYIO) anpOKCU-
Maluio usruodaomiero MmoMeHTa, C €€ MOMOIIbIO
MOXHO TAKXKE [10J1y4UTh 00JIe€ TOUHYIO aIllIPOKCHU-
MALIMIO [TEPePE3bIBAIOLLEI CUJTBL.

C npakTu4ecKOi TOUKM 3peHMsI yI0OHO UMETh
KBaIpaTUUHYIO CTPYKTYPY (DYHKIIMOHAJIA B TIPaBOit
yactu. Ee MOXHO MOay4YuTh, IPUMEHSIsSI HEPABEH-
ctBO Koliu «c mapameTpoM», a MMEHHO

2ab<PBa® +B7'b?, Va,beR,p>0.
Torna nmeem HEPaBEeHCTBO

e2 (V) < M (v.), (7
e M3 ()= (1+B)|(u— E1v) / \/ﬁuz +

+CA+pH| -

ITpaBasi yacTh TaKOM OLIEHKU MPEACTABISIET CO-
001 CyMMY JIOKaJIbHBIX BKJAA0OB Ha KaXIOM 3Je-
MEHTE. DTU BKJIaJbl MOTYT CJIYXKUTb MHAMKATOPaAMU
pacripeieJieHus MOTPEITHOCTH MO pacyeTHOM 00J1a-
CTH, YKa3bIBasi Ha 3JIEMEHTHI C OOJIbILION Norpeli-
HOCTHI0. Toraa CyIeCcTBYET Psili XOPOIIO U3BECTHBIX
MpoLeayp 0T00pa 371eMEHTOB [J11 U3MEIbUEHUSI pa3-
oueHus (cryiieHus cetku). Haubosee mpoctoii crio-
€00 — HaWTU MAaKCUMaJIbHbI JOKAJIbHBIN MHAKKA-
TOP Cper BCeX 3JIEMEHTOB U pa30WTh BCE 3IEMEHTHI,
3HAUEHU s MHIMKATOPOB /151 KOTOPbIX PEBbILLIAIOT
MOJIOBUHY MaKCUMAaJIbHOTO 3HAYeHUS (CM. Hanpu-
mep MoHorpadwuio [5]). B craree [6] Ha mpumepe
3agaun dupuxie mis ypaBHeHus [lyaccona, pac-
CMOTPEHHOI B IByMEpPHOIi 00J1aCTH, I0KA3aHO, UTO
WCTOJb30BaHNE MaXXOPAHTHI TOTPEIITHOCTH, aHAJIO-

L oag2 .
ruuHoi M, B TAKOI NpoLeaype ananTauum CETKU

MMPUBOIUT K OUEHb XOPOIIINM Pe3yJbTaTaM. DTarbl
MOC/IeI0BATEeIbHOTO CTYIIEHUST CETKM U TOYHOCTD
OpUOJIVKEHHBIX PEIIEHU ITOTy4ar0TCsl OUeHb OJ113-

MaremaTtnueckas CbM3MKa>

KHUMM K TEM, KOTOPbIE ObLI1M Obl [101yYEHbI IIPU HE-
MOCPEACTBEHHOM 3HAHUU TOYHOTO PEIICHUS, UTO
TO3BOJISITIO ObI HE OLICHMBATD, @ 3HATD MOTPEIIHOCTh
o001 anmpoKcuManny 3apaHee. ECTecTBeHHO, UTO
1U1s1 0OJIbLLIMHCTBA 32124 Mbl HE 3HAEM TOYHOTO pe-
IIEHUS ¥ UICTUHHOTO pacIipeae/IeHus OIIMOKY, HO

MHIAWKATOP Ha OCHOBE Ma>KOPAHThbI M BZ JaeT O0T10JI-

HUTETbHYI0 MTHOOPMAIINIO, KOTOPast TO3BOJISIET IO~
JIyYUTh KaueCTBeHHOE MPUOIUKEHHOE pEIICHUE.

IIpu npakTuyeckoit peanuzauuu oueHku (7)
1esecoodpa3eH Kak OJWH U3 BO3MOXHBIX BapUaH-
TOB BBIOOD MOCIENOBATETbHOCTA KOHEUHOMEPHBIX
nonnpoctpancTB Wy, k=1, 2, ... npoctpancTsa W,
oOnagaronieii CBOMCTBOM IpeaebHOMN IIOTHOCTU
B W. Jlasiee BIYMCIEHKSI MOXKHO IMTPOBOIMUTD MO CJie-
IYIOIIEeMY aJITOPUTMY:

By =1 k=1273,...;

i =arg inf Mg (np);
|/~ wi]

B, =C .

o ]

B 3akioueHue oTMETUM, UTO B padoTax [7, 8] Ha
npuMepe 3agadu 06 n3ruoe rmiactuH Kupxroga —
JIsaBa v GUrapMOHMYECKOI 3a1aUU U3JIOXKEH CITOCO0
MOCTPOEHMSI AaHAJIOTOB OLIEHKH (7), KOTOPbIE BKJIIO-
YyaloT IBe He3aBUCUMbIE MepeMeHHbIe. Takoe MmocT-
POEHUE JIETKO MOXET ObITh BbINIOJIHEHO U B Cilyuyae
3a/1a4r 00 U3rMOe CTepKHE, UTO MO3BOJISIET BRBECTH
HE3aBUCUMbIE allMPOKCUMALIMU, COOTBETCTBYIOLLE
cuiam u MomeHTaMm. [71st ctepskHs TuMollIeHKO arno-
CTeprOpHasi olleHKa (DyHKIIMOHATLHOTO THTIA C IBY -
MsI CBOOOIHBIMU MEPEMEHHBIMU MOTyYeHa U YUCIIEH-
HO uccenoBaHa B padore [9].

ABTOp Onaromaput moueHTa Kadenpsl «[1pukiman-
Hast matematuka» CIIOITIY Onera AnmpeesBuua [o-
JIOBMHA 3a ITOJIE3HbIC 06CY)KI[6HI/IH B MIPOLIECCE IMOAT0o-
TOBKHM CTAaTbMu.

Pa6ora BbinoJiHeHa rpu nojjuepxke rpaira POOU
Ne 08-01-00655-a.
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AHAJIUTUYECKAS NMPUPOOA
CNNYMAUHDBIX NOC/IEAOBATE/IbHOCTEM

Hacrosiiasi craTbs MOCBsIILIEHA U3YYEHUIO B3a-
WMOCBSI3 MEXIY PEeKYPPEHTHBIMU (DYHKIIUSIMU
1 XaOTUYHOCTBIO, TOHMMAaeMOM B BEPOSITHOCTHOM
cmeicne. Eme B Hayane mpouwioro Beka k. 1. bup-
Krog oOHapyku [ 1], 4To peKyppeHTHbIE IBUXKEHUSI
B IMHAMUWYECKUX CUCTEeMax SIBISIIOTCS HauboJjiee
0o01IMM cllydyaeM KojebaHuii B aTux cucremax. OHu
XapaKTepHBI U1l TOM HanboJiee pacIpoCTpaHEHHOM
CUTYyalluH, KOTJa MHOXECTBO LIEHTPaIbHbIX IBUXKE-
HUI B 3THUX CUCTEMax He COCTOUT U3 ENMHCTBEHHOM
3aMKHYTOI KPUBOU I MOJOXEHUST pABHOBECHUSL.

C npyroii CTOpOHBI, B TOCTEIHUE TPU NE€CATHU-
JIETUSI 0COOBIN MHTEPEC CTAIU MPEACTABSATh HE -
HelHbIe IMHAMUUYECKHE CUCTEMBI C HECKOJIbKUMU
HEYCTONYMBBIMU IMOJOXEHUSIMU PABHOBECHSI, 00-
Jlafarone KOMIIAKTHBIMY IJTO0AJTbHO PUTSATUBA-
IOLIMMU MHOXECTBAMU. DTU MaTeMaTUIECKUE MO-
JeJM UMEIOT He TOJIbKO 00JIbllIoe TeopeThuecKoe,
HO Y MTPAKTUYECKOE 3HAUCHHE.

Tak, B cuctemax ynpaieHuUsI IIOA00HbIE 00bEeK-
ThI OMUCHIBAIOT PEXUMBbI (DYHKLIMOHUPOBAHUSI MO -
CHUCTEeM MTPUHLNUTMMATIBHO HOBOM MPUPOIbI, a UMEH-
HO TaKMe, B KOTOPBIX BCE NIBUXKEHUSI HEYCTOMUMBBI
10 OTHOIIEHUIO K (ha30BBIM TEPEMEHHBIM, a caM
PEXUM r100aabHO ycToiunB. OCOOEHHO 3TO SIBJIe-
HUE pacpoCTpaHEHO B MHOTOMEPHBIX HETMHEHHBIX
yIpaBIsieMbIX cUCTeMax. Tam Hapsay co CTaluo-
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HapHBIMU 1 TIEpUOINIECKUMU TTPEAETbHBIMU PEXKI -
MaMH1 BO3MOXKXHBI TTpeJeTbHBIE PEXKIMBI 00JTee CITOX-
HOM CTPYKTYpbI, a UMEHHO TaKKe, B KOTOPBIX KaXK-
nast OTOeTbHAs TPAeKTOPHUs HEYCTOMUMBA, a CAMO
SIBJICHWE BBIXOJA Ha JAHHBIN TIpEIeTbHBIN PEXUM
CTPYKTYPHO YCTOMYMBO |2].

DT HOBbIE MATEMATUYECKHE MOMIEIN, HAUMHAS
¢ cucteMbl JIopeH1a [3], aKTUBHO U3Yy4alOTCS MOC-
JleHUe TpU AecsaTuiieThs. BHauase paccMoTpeHme
MOJ00HbBIX MOJIEJIEN HOCUJIO ITO3HABATEIbHbIN Xa-
pakTep, HO 3aTEM CTaJIU MOSIBJISITLCS PEAbHbIE CHU -
CTEMBI, OTTMChIBaeMbIe ITUMM Mozaesssmu. [Tpume-
paMu MOTYT CIYXUTb TypOyJIEeHTHOE IBUXeHUE [4]
1 KoJIebaHWsI, BO3HUKAIOIIINE B CUCTEMAX CTAOMIIN -
3alMU MPOCTON CTPYKTYPhI, T. €. CUCTeMaX C TaK
Ha3bIBaEMOW «KBaApaTUYHOI» cTaOuJIu3alluei,
MMEIOLINX ITPOCTYIO MHXXEHEPHYIO peanu3auuio [5].
[1pu 3TOM TMHAMWKA TAKOI CUCTEMBI B OKPECTHOC-
TH PACUETHOTO PeXXMMa HOCUT XaOTUYECKUI XapaK-
Tep, IPYTUMU CJIOBAMU HEKOTOPast OKPECTHOCTh 3TO-
TO pacyeTHOTO pexkrMMa BKJIIOUYAET B ce0s1 aTTpaKTop.
WccnenoBanmne yCTOMYMBOCTU TaKUX CUCTEM TIO
TepBOMY JINHETHOMY IPUOIKEHU IO HEBO3ZMOXHO,
a KOMITBIOTEpHOE MOIETMPOBAHNE HE AT ITPABUITb-
HBIX pe3ynbTaToB. TakuM 00pa3oMm, MaTeMaThue-
CKO€ 10Ka3aTeJbCTBO CTPYKTYPHOI YyCTOMYNBOCTU
KOHKPETHBIX CHCTeM TMOIOOHOT0 poaa MpU3HAHO



MUPOBO¥ HAYKOU OAHOU M3 CAMBIX CYLLIECTBEHHbIX
MaTeMaTuyecKux NpoodJsieM B TEOPUU AIMHAMUYECKUX
cucteM. CieayeT OTMETUTh, YTO MaTeMaTUYeCKOe
JI0KA3aTeJIbCTBO CTPYKTYPHOU YCTOMUYUBOCTH CHUC-
tembl Jlopenua Briepsbie gan [LA. JleoHoBs [6]; He0O-
XOJIMMbIE U 1OCTATOYHbIE YCJOBHUS CYI1I€CTBOBAHUS
aTTpaKTopa BIepBbie MPUBEACHBI B padoTe |7].

CoBpeMeHHbIe MaTeMaTUUECKUe 3aaul CUCTEM-
HOIro aHajiu3a W YNpaBieHUs XapaKTepu3yloTcsl
HapacTaloLIei CJIOKHOCTbIO MATEMATUYECKOTO OMK-
CaHWS, OTPAKAIOLLETO B3aUMOCBSI3b YIIPABISIEMOTO
npoliecca Win U3y4aeMoil CUCTEMBI C MHOXXECTBOM
CONYTCTBYIOIINX (HaKTOPOB, 0e3 ydeTa KOTOpOU
HEJIb3s1 C TpeOyeMOi TOYHOCTbIO UCCIEN0BATh ITOT
npoiiecc. B MaTeMaTuyeckoli MocTaHOBKE TaKue
331244 PUBOJISIT, B YACTHOCTHU, K PA31€J1bHOMY U CO-
BMECTHOMY PACCMOTPEHUIO COBOKYITHOCTU CUCTEM
OOBIKHOBEHHBIX YPAaBHEHUI U CHUCTEM ypaBHEHUI
B UaCTHBIX TPOU3BOIHBIX. B HacTos11ee Bpems pas-
BUTKUE METOJJOB CUCTEMHOIO aHAIU3a IMHAMUYECKUX
CHCTEM U ITPOLIECCOB YMPaBIeHUs O0YCIOBIEHO LK~
POKHMM Kpyrom NMpUKJIAaAHbIX 3a1a4, CPEAU KOTOPbIX
€CTh 3a1a4U YITPABJIECHUST CIIOKHBIMUA TEXHUUECKUMU
00beKTaMU 1 TEXHOJOTUUECKUMU TTpolieccaMi, 3a-
Ja4yu 00pabOTKK MH(POPMALIMY U ITPOTHO3UPOBAHUS
noseaeHust cucteM. [losiBUBLIMECS] B HACTOSIIEE
BpeMsl BOBMOXKHOCTH UCTOJb30BAHUST KOMITbIOTEP-
HO TEXHUKU, B TOM UM CJIE CUCTeM cOOpa JaHHBIX Ha
0aze MUKPOKOMITbIOTEPHBIX CUCTEM B 33jayax yr-
pasieHus (SCADA), 3actaBisieT MaTeMaTHKOB T1e-
pecMaTpuBaTh CYLIECTBYIOIIME 1 CO31aBaTh HOBbIE
METO/IbI UCCIIEAOBAHMS, TO3BOJISIONINE pa3pabaThI-
BaTb MaTEMATUYECKOE OOECIIEUEHUE CUCTEM YIIPaB-
JIEHUSI Kak 00J1a[1a10111€€ BBICOKMMMU OMepaliMOHHbI-
MU CKOPOCTSIMU, TaK 1 BITOJHE YUUTHIBAIOIIEE BCE
0COOEHHOCTU MaTeMATUUYECKOM MOJIENU.

ITpakTrueckasi CI0XXKHOCTb UCCJIEN0BAHUS Pe-
AJIbHBIX CUCTEM U TPOLIECCOB YIIPABJIEHUS, OTTUCHI-
BaeMBbIX C TOMOILIbIO HEJIMHEHHBIX cUCcTeM audde-
PEHLIMAJIbHbIX YPABHEHUI, COCTOUT HE MPOCTO
B MHOTOMEPHOCTH 000011IEHHOTO (ha30BOr0 COCTOS -
HUSI, HO ¥ B TPYAHOCTU BbIACIECHUS CYILIECTBEHHbBIX
IUIS1 JAHHOW 3alauM XapaKTepuCTHUK Mpoliecca Ha
(boHe paznuuHOro TMIIA 0COOEHHOCTEH €ro NoBene-
Hus B LejsoM. K unciy nocienHux OTHOCSITCS crie-
IYIOLIKE TTPOOIEMBI:

Hau0oJiee TOYHOTO MPOrHO3UPOBAaHUS IMHAMU -
KW CUCTEMBI;

HaXOX/JE€HUsI UHBAPUAHTHbBIX MHOXECTB;

YCTOMYMBOCTA UHBAPUAHTHBIX MHOXECTB;

BO3MOXXHOI HEOTpaHUUEHHOCTH YacTh (pa30BbIX
KOOPIMHAT;

MaremaTtnueckas CbM3MKa>

repeperyImpoBaHMSL.

s 6ojiee TOUHOTO IPOTHO3MPOBAHUSI COCTOSI -
HUSI CUCTEMbI HEOOXOAMMO MPOBECTU KaUeCTBEHHbI I
aHaJIM3 ypaBHEHU I TMHAMUKY CUCTEMBbI ¢ TOUKU 3pe-
HUSI yCTAaHOBJICHUST HATMYMS MHBAPUAHTHBIX MHO-
JKECTB M OOIIMX XapaKTEPUCTUK TMHAMUKU CUCTE-
MbI TIPY BO3paCTaHUU BPEMEHMU, K YHUCITY KOTOPBIX
OTHOCSITCSI YCTOMYMBOCTb Mo JlarpaHxy, Ha1uuue
obJacTeli IPUTSIKEHWST THBAPUAHTHBIX MHOXKECTB
OOILLIMX CUCTEM U UX TpaHULIbL. [Tpu MpsiMOM KOMITb-
IOTEPHOM MOJEIMPOBAHUU MOJYyYeHHAasI AUCKPETHASsT
MOIIEJTb MOXKET HE COXPAHSITb OCHOBHBIX IT€PEUYMCIICH-
HBIX CBOVICTB MOJIEJIMPYEMOM CUCTEMBbI 1 1ABATh TEM
CaMbIM HEBEPHbI MPOTHO3 TUHAMUKU CUCTEMBI.
Co0OCTBEHHO 3TO 0OCTOSITETHLCTBO 1 00YCJIOBUIIO BbIJI-
BuxkeHue CmeiiioM [8] 3a1a4u 0 COOTBETCTBUM KOM -
MNBIOTepHOI Moaeu arTpakTopa JIopeH1a neiicTBu -
TeJIbHOMY TTOBEICHHWIO 3TOI CUCTEMbI KaK OIHOI U3
OCHOBHBIX MaTeMaTuueckux mpoodiem XXI Beka.

B knaccuueckoli Teopuu yrpapiaeHUs 10CTaTOU -
HO XOPOIIIO U3YYEHBI BOTIPOCH TMHAMMWKHM yTIPABIIS -
€MbIX CUCTEM C MHBApUAHTHBIM MHOXKECTBOM, KO-
TOpOE SIBJASIETCS TIOJIOXKEHUEM pPaBHOBECUS WJIU,
MOXeT ObITb, 3alaHHOI MHTETPaTbHOM TMIIepIIOBep-
XxHOCThI0. Ho HOBBIE 3agauu CTaBsIT MPOdJIeMy U3y -
YEHUsI CUCTEM C HECKOJbKMMU MOJOXEHUSIMU PaB-
HOBECHSI, KOTIa MHOXECTBO TOUYEK MTOKOSI CUCTEMbI
MOXET ObITb HE CBSI3HO, MPUYEM CAMU TOUKH ITOKOSI
MOTYT OBITh U HEYCTOMUHNBBIMMU.

B 3agauax ynpaBiieHUS 0COOEHHYI0 BaXXHOCTb
U HanOoJIbIlIee pacrpoCTpaHEHUE UMEIOT 0oujue ou-
Hamuyeckue cucmemsl (IPEACTABISIOT MOJYTPYIIITY
npeobpazoBaHuii (pa30BOro MPOCTPAHCTBA).

MHBapraHTHbIe MHOXECTBA 00I11Iell CUCTEMbI
MOTYT U He OBITh MHTErPpaIbHBIMU MHOTOO0Opa3usi-
MM, T. €. MOTYT HE COCTOSITb U3 LIEJbIX TPACKTOPUIA,
HO UMEHHO OHH SIBJITIOTCST BAXKHEHIITM OO BEKTOM
HUccaenoBaHus B 3amavax ynpasieHus. Haia 3a-
Ja4ya COCTOsIIa B UCCIIEIOBAHUM «XaOTUUECKUX» Xa-
PAKTEPUCTUK PEKYPPEHTHBIX ABMXKEHUI ((DYHKIIMI)
Kak HamOoJee 0011ero Buaa KojaebaHuii B IMHAMM-
YeCKUX cucTemMax, o0Jaaarlnx XoTs Obl OOTHUM
aTTPaKTOPOM.

ITocTanoBka 3agauu

C. Cwmeiin B 14-it mpobieme [8] mocTaBu BOT-
poc 06 yC/IOBUSIX BOBHMKHOBEHUSI XaOTUYECKOTO
IBVKEHUS Y IMHAMUYecKoi cucteMbl. [loHsTre
XaOTUYHOCTH BOOOLLIE TOBOPSI, — JOCTATOYHO MHTY-
UTUBHOE, HO HEOOXOIMMO TIOMHUTD, YTO B MaTeMa-
THUKE MHOT'ME [OHSITUSI IJTUTEbHOE BPEMSI HOCUIU
WHTYUTUBHBIN XapakTep. DTo, HanpruMep, Kacaroch
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MOHSTUI KoJiebaHus u aBTrokoebaHus [9]. [Tocra-
paeMcsi pa3o0paThCsl KAKOe IBUXKEHUE MOXHO CUK-
TaTb XaoTuyeckuM. Llenpto Oyner BbIsICHEHUE
AHAJIUTUYECKOW MPUPOIBI CIyYalHBIX MOCIEA0Ba-
TEJIbHOCTEM, MPUMEHSIEMbIX Ha IIPAKTUKE.

Cily4ailHOCTb Yy COBPEMEHHOTO MOKOJIEHUS Ma-
TEMAaTHKOB BO MHOTOM aCCOLIMUPYETCS C MOATPOT-
pammoit RANDU. IeiicTBUTENbHO, YK€ MHOTHE
JNECATUICTUS YCIIELTHO ITPUMEHSIIOTCSI TPOTrpaMM-
Hble reHepaTopsl ciaydaiHbix yuces (IMFCY). Mpu-
meHeHue [TI'CY 6onee a(pheKTUBHO, UeM BbIpabOT-
Ka CIy4YalHBIX 4YHWCeJ NOPYTUMHU CIOCO0aMMU.
CnyyvaiiHble 4yKca, MOJYyYeHHBIE C IMOMOIIbIO
TITCY, ncnoap3ytoTcst B pa3IuUHbIX TEXHUUECKUX
YCTPOICTBAX, MPU MOAEAUPOBAHUN, YUCICHHOM
aHanuze (Meton MoHTe-Kapio). [TpumeHsiembie
III'CY noaBepratoTcst pa3jainyHbIM CTATUCTUYEC-
KuUM ucnbiTaHusaM [ 10] st onpeneneHust ux CocTo-
SITEJIbHOCTH.

Ha npakTuke MpUMEHSIIOTCS Mocae10BaTeIbHO-
CTH CJTy4alHbIX YMCeJI, pABHOMEPHO pacmpeneeH-
Hble Ha uHTepBaje (0, 1), uiu nocnaeaoBaTeIbHOCTU
LIEJIBIX YMCENI U3 MHOXECTBA 1, 2, ..., L, ToJaydaeMble
C MOMOIIbBIO CAYYAMHBIX UMCEA o U3 UHTEepBaja
(0,1) no dhopmye

N =lal]+],
roe |pu]— uenas yacte p=ol.

[1py moaydyeHUM NOCAeA0BaTEeIbHOCTH ClIydarii-
HBIX YMCeJI UCTIONb3YIOTCS PEKYPPEHTHBIE COOTHO-
LLIEHHUS, MO3BOJISIIOIIME MOJYYaTh LieJble YMcia U3
mHoxectBa 0,1,...,m—1, roe m — 4ncio, OOBIIHO
paBHOE WM Ha eIMHULLY OOJIbIIIee, YeM TO, KOTOPOe
MOXXHO Pa3MeCTUTb B MalIMHHOM cyioBe. Yucna,
paBHOMEpPHO pacnpeneieHHbie Ha nuHTepsaie (0, 1),
MOJIY4aloT AeJIEHUEM 2JIEMEHTOB IMOJTYYeHHOI 1oC-
JIEIOBATEIbHOCTU HA YU CJIO /1.

Hawunyuiue [3] u3 uzBectHoix I[NT'CY ocHoBa-
HBI Ha TIPUMEHEHNU PEKYPPEHTHOTO COOTHOIIEHUS

X, =ax,+c no modm, ()

TOE Xy, X|,X,,... — LeJbIe YACIa U3 MHOXECTBA
1,2,...,m—1,a — MHOXUTEJIb, ¢ — CJIaraeMoe U1
npupalieHue, m — MOJIYyJIb CpaBHEHUSI.
ITocnenoBaTeIbHOCTD LEJIBIX YUCEN X[, Xy, ...
MOJIYYEHHAs C TOMOLIbIO COOTHOLUEHUS (2) Ha3bl-
BaeTCs JMHENUHOV KOHTPYIHTHOM MOCIen0BaTe b-
HOCTBI0. Kak ObLI10 yKa3aHO BhILIE, CTyYaliHbIE YMC-

na X; uz uatepsana (0, 1) MOryT ObITb [10J1y4€HbI 110
(bopmye
X, =x;/m.
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Ananutuyeckue pyHkuuu,
HMeoNIHe 3HAYEHNS B IeJOUHCIEHHBIX TOYKAX
B BH/Ie KOHTPY3HTHBIX NI0C,/I€10BATEIbHOCTEI

MoxxHO paccMaTpyBaTh YMCIOBbIE [1OCIEA0BA-
TEJIbHOCTU, CBSI3aHHBIE C JIMHEVHON KOHIPYSHTHOM
0CJ1e10BaTe/IbHOCTHIO U APYTUMU COOTHOLLIEH S -
mu. PaccmoTpuM mnocnenoBaTebHOCTh 4YHMCE

Yos V1> Y25 -.. 13 wHTepBana (0,2m), CBA3aHHYIO
C JIMHEMHOUW KOHTPY3HTHOM MOCJIEN0BATEIbHOCThIO
COOTHOIIEHUEM

m

CesixeM TOCIENOBATENBHOCTL V), J}, Yy, .-
C TIOCJIEIOBATEIbHOCThIO 3HAYEH U HEKOTOPOI KOM-
MJIEKCHO3HAYHOU (hyHKLIMU ¢(f):

o(f;)=cosy; +isiny;, i=0,1,...,
roe t; =i.

Uccnenyem Bun pyukuuu o(z) . [Ipeodpazyem
PeKyppeHTHOE COOTHOIIIEHUE (2) C TeM, UTOOBI O~
Jy4UThb MPEICTABIEHNE KOHTPYSHTHBIX YNCET X,
B IBHOM BUJIE:

X, :%a”(x0b+c)+% no mod m

nin

n

¢ 1o mod m,

. a
X, =a"x,+
roe b=a-1.
Onepanuio y=x 1o mod m aHATUTAYECKU
MOXHO BBIPa3UTh CJEIYIOLINM 00pa3oM:

m 27
y=—argexp| i—x |.
271 m

PaccMoTpyM KOMIUIEKCHO3HAUHYIO QYHKIIUIO
JIECTBUTEIbHOTO apTYMEHTA

iﬁ[%wr(bxo +c)—%}
o(f)=e™ .

PaccmoTpum TakKe CBSI3aHHYIO C Hell AECTBU -
TeJbHYI0 QYHKIINIO

f<r>=2ﬁarg o(1).
T

CnpasennvBa cieayloias Teopema.

Teopema 1. 3nauenus ¢ynxyuu ¢(t) 6 yesouuc-
nennvix moukax ty =0, =1, t,=2,... ceazanvl
¢ nocaedosamenvHocmoio ( 2), NOAY4eHHOI ¢ ROMOULbHO
AUHEIHOU KOH2PYIHMHOU NOCAe008AMENbHOCMU, CAe-
dyrouum obpazom:

o(t;)=cos y; +isin y;.
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Tlocnedosamenvrocmo 3navenuii pynxuuu f(t) 6
yenouucnennoix mouxax 0,1,2,... coenadaem c au-
HeUHOU  KOHePYIHMHOU  NOCAe008AMeAbHOCHIbH)
Xg Xps Xp5 e

be3 nokasatenbcTBa.

Takum 0O6pa3om, NOCTPOEHA B IBHOM aHAJIUTU -
yecKoM BUIe (DYHKIIMS, TOPOXKIaroIIas Te e 3Ha-
YEHMS1, UTO M JIMHEeHAsl KOHTPY3HTHAs MOC/ieq0Ba-
TeJbHOCTh. HUXe Mbl paccCMOTpPUM OCHOBHBIE
CBOICTBA 3TOM (DYHKILIMM.

PexkyppeHTHbIe (DYHKIMM U MX CBOHCTBA

Onpedeaenue 1. Pynxuyus f(t), 3a0annas u He-
npepvlenas npu t € (—oo,+0) HA3bIBACMCA PeKYPPeH-
mHoll, ecau 045 1106020 € > ) MOJNCHO YKA3AMb YUCAO
L, >0 makoe, umo ¢ kaxcdom unmepeane (o, o+ L)
deiicmeumenvroll ocu o. € (—oo,+o0) 044 1100020 deil-
CMBUMENbHO20 HUCAA | CYUECMBYem YUcao T, , y0oe-
NeMEOPAUEe YCA08UI0

| f(t+1)-f(t)l<e.

Ecnu yncino t MoXHO nipu J006om g>( BbIO-
paTh He 3aBUCAIINM OT £, TO f(f) SBISETCSA ITOYTU
nepuoanyeckoii pyHkuuei o bopy. O603Haumm ue-
pe3 R s MHOXECTBO BCEX PEKYPPEHTHbIX (yHKILIMIA.

CrpaBenuBbI CIEAYIOLIAE TEOPEMBI.

Teopema 2. Ecau f(t) € Ry, mo @ynxuyus f(t) oe-

PaHUYeHaA.
Hdoka3zartenbcTBo.3amaguM > 0. Bpibe-
pem L, B COOTBETCTBUM ¢ onpenenenuem 1. [Momo-

xum ¢ =sup| f(¢)]. Toraa ¢ < +oo BBUIY HEMPEPHIB-
10, L, ]

HocTU PyHKUMH f(f). [lycTb  — Mm060e KOHEUHOE
IeWCTBUTENbHOE Yucio. BeibepeM B mMHTepBaje
(=t,—t + L_)4unco t, cornacHo onpenenenuto 1. Tor-
na OynemM UMETb, C OMHOM CTOPOHBI, 7 +1, €[0, L],
a ¢ apyroi ctopoHsl, | f(1+1,)— f(f)|<e . Orcroaa
HaiineM, uto | f(t)|<c+¢ , 94TO U TpeOOBATIOCH TO-
Ka3aThb.

Teopema 3. Mrooxcecmeo R, ecmb noanoe npo-
CMPAHCMBO 8 CMbICAE PABHOMEPHOU CXOOUMOCIU HA
delicmeumensHoil OCl.

HoxkaszaTenbcTBo. [lycTh 1aHa Takas moc-
nienoBatebHOCTh GyHKUMI f,(f) € Ry, uTO f, (1)
paBHOMEpPHO cxomauTcst K ¢yHkuuu f(f) mpu
1 €(—o0,+0). [lokaxkewm, uto f(f)e R,. Ilo uncay

€/3 BCuUy pABHOMEPHOI CXOAMMOCTU MOXHO yKa-

3aTb Takoe A, YTO

| /()= 1, (Dl<c+e/3
V't € (—o0,+0) .

IMo onpenenenuto 1 misg uncia € /3 MOXHO yKa-
3aTh TaKylo BEIWYNHY L_, uTO Oymer | fn0 (t+1,)-

- f,,0 (t)l<e/3, rae t, — HeKOTOpasi BeJMYUHA U3

uHTepBana (o,o + L, ), COOTBETCTBYIOLIAs JAHHOMY
t. OLIeHUM Pa3HOCTb:

| ft+1) = FOI<| f(t+7) = f (141 +
+ Sy D= FDON+ f (1+7) = [, (D]<e.

CrnenoBaTenbHO, T,£>3 — TIOUTU TIEPUOIBI
(byHKUMUN f,,0 (t) saBnsIOTCS T,€ — IOYTH NIepUoaa-
Mmu pyHKkumu f(t). Takum obpasom, f(f) € R 7, UTO U
TpeOOoBaIOCh 10KA3aTh.

Onpedeaenue 2. Qynxuyus f(t), 3a0aHnas u He-
npepvleHas npu f € (—oo,+o0) HA3bI6ACTCS PEKYPPEH -
MHOU 8 NONOICUMENLHOM HANPABGACHUU, eCAU ONs
kaxcdoeo €>0 moxcHo ykazamo uucao L, makoe,
YMmo 6 Kaxicoom uxmepeane 0eiicmeumensHoi ocu
a,a+ L, ede o€ (o, +00) 0412100020 delicmeumens-
HO20 uuCAa t cywecmeyem 4ucao t,, yooenemeopsio-
wee ycao8uro

| ft+7,)- f(D<e.

ITonobOHoOe ompeneseHne MOXHO BBECTU AJsI
(byHK1IMIT, peKYpPPEHTHBIX B OTPUIIATETLHOM Ha-
MpaBIeHNMN.

CripaBe/UIMBO OYEBUIHOE YTBEPXKIECHUE.

Teopema 4. Ecau gpynkuyus @(t) seaaemces pexyp-
DEHMHOIL 8 NOAOICUMENbHOM HANPABAEHUU, MO (DYHK -
yua f(t) makoce 16131emcs peKyppeHmHoil 6 noao-
AHCUMENbHOM HANPABACHUU.

OTO yTBEpXKXIeHME BecbMa BaXXHO, TaK KaK OHO
YCTaHABJIMBAET NPUPOAY JIMHEMNHOM KOHIPYSHTHOMU
nocyaeaoBateabHOCTU. Mcroib3oBaHUE alropuT™Ma
(2) o5 BBIpAaOOTKHU CIIydaliHBIX YMCEN ObLIO Ipe-
JIOXKeHO amepukaHcKuM maTteMatrkom J1.X. Jleme-
poM ette B 1948 roay [10]. 3mech BecbMa yMECTHO
ynoMmsiHyTh Teopemy I. Beitna (H. Weyl) 1916 (1)
rojia, Ha KOTOpOif OCHOBAH HanboJiee KOHCTPYKTUB-
HbI KpuTepuii paBHOMepHOCTH [11].

Kputepuii Beitng peiraet Bormpoc o paBHOMEP-

HOM pacrnpeaeaeHur no mod 1 6ecKoHeYHO# moc-
JIe10BaTeNbHOCTH {x, } . [To 3TOMY KpUTepHio noc-
JIEIOBATENIbHOCTD {X,,} pacrnpe/eneHa paBHOMEPHO
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no modl Torma u TOJILKO TOrJIa, KOraa Jjisl BCex
nenabix m # (0 BBIITOJIHEHO COOTHOLLIEHUE

N
lim % > exp(2rimx,)=0.

N—ow =1

Takum 06pa3oM, MBI CBSI3aJIM IPUPOTY JIMHEI -
HOU KOHTPY9HTHOM MOCJIEN0BATEIbHOCTH C PEKYP-
PEHTHbIMU PYHKLMAMU. DTU QYHKLIMU 00pa3yIoT
HOBBII KJACC PEKYPPEHTHbBIX (PYHKLMHI B AOTIOJIHE-
HUe K KJ1accaM, paCCMOTPEHHBIM B padoTe [9].

Paccmotpum npoctpaHcTtso H N (Ji(©)yeees J (1))

PEKYPPEHTHBIX B MOJOXUTEIbHOM HAIMpPaBICHUN
(byHK1LMI1 ¢ mopoxaaroLeil cucTeMoil PyHKLIMIA

ji=aje'+b;, j=1,..,N.

OTO MPOCTpaHCTBO OyAeM 0003HauaTh H ,]gv .
MaKTUYECKHU Mbl J0KA3a/11 TEOPEMY.

Teopema 5. IIpocmpancmeo H 1]€V — noaHoe
6 CMbICAe PAGHOMEPHOI CX00UMOCMU HA 8cell Oeli-
cmeumenvroi noayocu (0,+o0) UauHelIHoe.

be3 nokazatenbcTBa.

JIro0ast mocnenoBaTeIbHOCTD YKMCET, TOPOXKIae-
Masi IMHEMHOM KOHTPYSHTHOM MOC/IEA0BATEIbHOCTHIO,
MOXET ObITb MHTEPITPETHPOBAHA KaK MOC/IeI0BATE b~
HOCTb 3HAYEHU I B LIEJIOYUCIIEHHBIX TOUKAX HEKOTO-

poii peKyppeHTHOI hyHKunu ¢(f) u3 kimacca H }gv .

CremyeT OTMETUTb, UTO JIMHEHAsI KOHTPYIHT-
Hasl MocJjie0oBaTeIbHOCTh MOXKET U He 1aBaTh paB-
HOMEPHO pacIipeneSeHHbIX CIyJailHBIX YMcen U,

KpOMe TOro, HabJiloaeMble 3HAYEHUsI MOTYT He
YAOBJIETBOPSITh CTATUCTUYECKUM TECTAM «Ha CIIy-
YalHOCTb», ITIO3TOMY [Jis1 BhIPAOOTKM CydailHbIX
YUCeJl WCIOJb3YIOTCS CelMalbHO BbIOpaHHbBIE
KOHCTaHThI 4, ¢, m. B pabote [10] ykazaHbl yco0-
BUS1, HAJIaraemble Ha 3TU NTapaMeTPbl TIMHEHHOM KOH-
TPY3HTHOU MTOCIEIOBATENBHOCTH, MIPU BBITTIOJTHEHU N
KOTOPBIX ITOJTy4aeMbl€ MOCIEA0BATEIbHOCTH YIOB-
JIETBOPSIIOT HajlaraeéMbIM TPEOOBAHUSIM.
YcraHoBneHHAs HAMU BBILLE CBSI3b MEXIY pe-
KYPPEeHTHbBIMU PYHKUMSIMU U XaOTUUHOCTBIO, TTO-
HUMAEeMOM B BEpOSITHOCTHOM CMBICJIC, YKA3bIBAET HA
TO, YTO Y XaOTUUECKUE IBMKECHUS B IMHAMUKE OTTH -
CBIBAIOTCSI PEKYPPEHTHBIMU (DYHKLIMSIMU.

Wrak, B HacTos1111el paboTe yCTaHOBJIEHA CBSI3b
MEXIY PeKYPPEHTHBIMU (DYHKILIUSIMU Y XaOTUYHOC-
TbIO, IOHUMAEMOI B BEPOSITHOCTHOM cMbicJie. [To-
ckonbKy .. Bupkrog oTKpbul, UTO pEKYPPEHT-
Hbl€ JBUXKEHUS, KOTOPbIE CONEPKATCS B MHOXECTBE
LIEHTpaJIbHBIX IBUXKEHUM U SABIISIOTCSISI HanboJiee 00-
LLIMM BUJIOM KosieOaHMA, XapaKTepHbI 1J1s1 HanboJiee
PacnpoCTPAaHEHHOTO Cllydyasi, Koraa MUHUMAaIbHOE
MHOXECTBO HE COCTOUT U3 €AMHCTBEHHOMN 3aMKHY-
TOW KPUBOU WJIY TMOJIOXKEHUST PABHOBECUS, TO 3TO yKa-
3bIBACT HA YTBEPKACHUE, UYTO U XAOTUUYECKUE IBUXKE-
HUS B IMHAMUKE OMKUCHIBAIOTCS PEKYPPEHTHBIMU
(byHkuusmu. B aTom Hanbosiee oOLLEM cydyae MU-
HUMaJIbHOE MHOXECTBO COCTOUT U3 OECKOHEYHOTO
HEMCUYMCIMMOIO UYMC/1a KPUBbIX ABUKEHUS, [IPUYEM
B OKPECTHOCTH JII000 TOUKM 110001 KPUBOI1 COIEp-
2KaTCsl TOUKU, IPUHAMIEXKAIIWE IPYTUM KPUBbBIM.
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A.O. BuHHUukas

CPABHUTE/IbHbIX AHAJIU3 PA3JIUYHbIX ®YHKLIMOHAJIOB
NMPU OBPABOTKE BA3bl SKCNMEPUMEHTAJIbHbIX JAHHbIX

MeTonbl MAaTEMAaTUYECKOTO MOJIETMPOBAHMST, CBO-
Js1Iue UCCIeJ0BaHusl SBJIEHUII BHELIHEro Mupa
K MaTeMaTUYeCKUM 3a1a4aM, 3aHUMAIOT Bey1lee Me-
CTO CPEAU APYTUX METOIOB UcclienoBaHus. OHU TTPU-
MEHSIFOTCSI B CAMBIX Pa3JIMYHBIX 00JIACTSAX 3HAHUS.
MMy 3aHUMAIOTCSI MATEMATUKU, (DU3MKU U TEXHUYUEC-
K€ CIIeLUAINCThI, TPO(hECCUOHAJIBI U JIIOOUTEIH.

PabGoTta nocBsilieHa pa3BUTUIO MAaTeMaTUUECKOM
MOJENIN AUHAMUYECKOTO MPOoLecca, MPeaioKeHHOM
B ctatbe [1]. C ee noMoLIbI0 MOXKHO OMMCATh [IPO-
LieCcC pa3BUTHSI OMoornyeckoro uHauBUIA. CueaaH-
HbIe Ha OCHOBE TAHHOI MO/IEJ ! BEIBOJIbI KAYECTBEH-
HO He OTVIMYAJIACH OT HAOJI0JAEMBbIX SIBJICHUIA.

B naHHOI cTaThe NPUBOAUTCS AHAIN3 MAaTeMa-
TUUYECKOW MONIeIM UBMEHEH NS Beca (Macchl) MHAU-
BHUJA U COIOCTABJIEHUE C pe3yJIbTaTaMU HaOIIoe-
HuUil. ONTUMU3ALKS TIPOBEIEHA C TTOMOILBIO TPEX
(pyHKLIMOHAJIOB; ITPY 3TOM UCCJISIYETCS] UX UyBCTBU-
TEJBbHOCTD K OIIMOKAM B 9KCIIEpUMEHTAIbHbBIX JaH-
HBIX. B paboTte 006cy:XKnaroTcss MaTeMaTUu4eCKUe pe-
3yJAbTaThl C HAMISIAHBIMU WJUTIOCTPALUMSMU U
MOSICHEHUSIMMU.

OO0cyxmaeMasi mpobeMa UMEET MPAaKTUUIECKOe
3HaueHUe IS JeMorpaduiyecKux mpooaeM 1 mpe-
CTaB/ISIET TEOPETUYECKUI UHTEPEC IS PA3BUTHUS
Pa3JIMUHBIX METOJ0B ONTUMU3ALUMU.

Onucanue MoaeH

OcHoBHoI uaeeli padoThl [ 1] siBasieTCs Mpeano-
JIOXKEHUE, YTO MTPOLIECChI BHYTPU CUCTEMBI TTPOMCXO-
JISIT TI0 BHYTPEHHEMY BPEeMEHU T; 1J151 OMOJIOTMUECKUX
CHUCTEM 3TO BpeMs Ha3bIBAETCS OMOJOTMYECKUM,
B OTJIMYUE OT aCTPOHOMUUYECKOTO BPEMEHU f. DTU
«BpPEMeHa» CBSI3aHbl 3aBUCUMOCTBIO

tzrz.

I/IHTepBaJ'[ CyHI€CTBOBAHUA CUCTEMBI KAK B ouo-
JIOTNYECKOM, TaK U ACTPOHOMHNYECKOM BPEMECHAX

ectn [0;1].
IMocTpoeHHast MOIeIb JEMOHCTPUPYET M3MEHe-
HUE MAacChbl MHAMBMAA, KOTOpash Ha WHTEpBAje

3
0, 5 BbIpaXXa€eTCs Kak

m(t)=Cf (1),

e f()=(t-t°)%, C —
noiexariiasi ornpeaeaeHuIo.

CpaBHeHMEe Beca «MOJEJbHOr0» MHAWBUIA
C BECOM peaibHbIX JIIO/ei MOKAa3bIBAET, UTO MPHU-
mepHo 10 11—12 aet cpeaHuii Bec yejioBeKa OT/1-
YyaeTcsl OT Beca MOJEIbHOTO MHAMBUIA He DoJiee ueM
Ha 15—20 %, 4TO MOXHO CUMTATH JOCTATOUYHO XO-
POLLIUM COBIMaAeHUEM, MOCKOJbKY CPEIHUE CTATH -
CTUYECKME JaHHbIE «CMELIMBAIOT» BecCa IPYIIII
HaceJIeHus ¢ pa3HOl reHeTUUeCKU MpeaonpeaeaeH-
HOM NPOJOJKUTEIbHOCThIO XU3HU. Hanpumep,
IUTSI THIWBUIA, UbsI TeHETUYECKAsT IIPOIOKUTEIb-
HocTtb ku3Hu L =100 rogam, Bo3pact 10 1eT cooT-
BETCTBYET BO3pacTy 8 JieT J1s Toro, y koro L = 80,
u 12 ronam, y koro L =120 rogam. Ecnu cuurars,
YTO UMeEKIlMuecs JaHHbIe O Bece yejJoBeKka —
yCPEAHEHHbIE U ITPEACTABIISIIOT COOO0I CMECh IPYIIII
HaceJIeHUsI C pa3IMuyHON TeHEeTUYECKHU Mpeaonpe-
JEJIEHHOM MPOIOKUTEIbHOCTBIO XKU3HU, TO MOX-
HO HaAlTH pacnpeaejeHue HaceJaeHus Mo MPoa0J-
KUTEJIbHOCTU XKU3HMU.

Bravaze aesiuM nmomnysiliyio Ha # TPYTI € pa3-
HOM MpOmOJXKUTENbHOCTBIO X13HU L. M3BecTteH
cpedHUii Bec 4yeaoBeka B pasHoOM Boapacte. [lpu
3TOM CPEAHUI BeC B M JIET €CTb CMECh CPEIHUX 3HA-
YeHU /151 pa3aMuyHbIX TpyIin HaceaeHust. [Tpu atom

HEKOTOpasad KOHCTAHTa,

WHTEepBaJ [0; L] MPUBOJIUTCS K UHTEPBATY [0; 1].

O6pasyeM GYHKIIMOHAJ, OIMMUCHIBAIOIINI pac-
CMATPUBAEMYIO MOIEJIb:

F(r,0) =B, i (1) +B, (D +...+B, (1) =
= (D) + 0 fo(0) o+ 01, (),

rae f,.(r):(r—rz)2 > oy =BG

o, =B,C,..., a,=B,C 1eR, BeA, aclA,;

A ={B= BBy B <RSP, =1p, 20, j=Tin;
i=1

j=
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A2:{a=(a1,a2,...,a,,)TeR" ocij,jzl;_n},

PaccmoTpuM nHTEpBaIbl OMOJOTUYECKOTO Bpe-
MEHU T,,..., Ty €[0;1]. B Toukax t; 3amaHbl 3Ha4e-
Hus Beca ¢(t;) . DTU 3HAUEHUs NPECTAB/IAIOT CO-
0Ol BBIMYKJIYIO KOMOMHALMIO CPEIHUX BECOB
Pa3JIMYHbIX TPYIIN HACEJEHUS.

3amaya COCTOUT B TOM, YTOOBI allIIPOKCUMUPO-
BaTh 3HAUYEHUS ((T;) C TOMOILBIO PA3INYHBIX MET-
PUK U BBISICHUTbH BIUSHUE OLIMOOK U3MEHEHUS
9KCTMEPUMEHTATbHBIX JAHHBIX HA PE3YIBTUPYIOLIYIO
KPUBYIO.

IICCHCHOBaHHequCTBHTeﬂbHOCTH
Pa3/IMYHBIX METPHUK

EBkiauaoBo paccrosine. MeTol HaMMeHbIINX
KBajparoB. PaccMoTpuMm Haumbosee OOLIMIT TUII
pacCcTOSTHUST — eBKJINIOBA. 11t MUHUMM3aLIUU UC-
XOAHOTO (PyHKLIMOHAJIA BOCMOJIb3yEeMCS METOAOM
HaMMEHbIIMX KBaAPaTOB, KOTOPBIl OKa3bIBAETCS
BecbMa 3((HEKTUBHBIM IIPU MPOBEAEHUHU ATIIIPOK-
cuMmainuu faHHbIX. OCHOBHasI Waest MeToJa COCTO-
WUT B IOAOOPE TaKUX KOA(PPULIMEHTOB, KOTOPbIE Obl
MUWHUMU3UPOBAIA CYMMY KBaJIpaTOB OTKJIOHEHUIA.

Heo0OxonuMo petnTh CIeayonyo ONTUMNI3a-

LIMOHHYIO 3a1a4y: HaiiTu min F(a), roe
ael,

2
N zajfj(fi)_(P(Ti)

Fa)=Y |
(@=2, o)

A,y ={oc=(a1,a2,...,ocn)T eR" (ijO,jzl;_n}.

[Mpeobpaszyem hopmyay (1). BBenem matpuily A
U BeKTOp b:

N ) N A () N f () ()

E&m> P &m>'“§ o (1)

N ALY LA N £ f()
AZE 0*(1;) E&m) '“E o’(t) |

AL $ AL $ L)
R I = ()
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nyctb b=| 7 o(t;)

Torna pyHkumoHan (1) mpuMeT CAeayIOLLUiA BUL;
F(a) :%aTAa—bToH%. )

3agaua MUHUMU3AUUU PyHKLIKOHAMA (2) — 3TO
3a7a4a KBaApaTUYHOTO MPOrpaMMUPOBAHUSI, T10-
CKOJIbKY (DYHKIIMSI B BhIpakeHUU (2) sIBJIsIeTCsI KBaI -
PaTUYHOM (DyHKLIMEN apryMEHTa oL, MHOXECTBO A,
€CTb BBIITYKJIO€ MHOTOTpaHHOE MHOXKeCTBO. Peann-
3allvs MeToAa OCYILEeCTBICHA C TIOMOIIbIO TTaKeTa
Matlab, ncrnob3oBaHbI TOUHBIE U151 3TON (DYHKLIMN
ornepauuu. [lpouenypa peuieHUs: METOIOM Hau-
MEHbIIMX KBaIpaTOB BKJOUaeT B ce0s 1Be (asbl.
TlepBas npencrasisieT codoii pacuet HauboJiee Be-
posiTHOM Touku. Bropas ¢haza BkitoyaeT B cedsl re-
HepalLuio HEKOM MOCIeA0BaTeIbHOCTU HanboJiee
BEPOSITHBIX TOUEK, KOTOPAsI yKe CXOIUTCSI K TPeOy-
eMOMY pelieHu0. Borpoc eIMHCTBEHHOCTU TOYKHU
MUHUMYMa pyHKUMOHAA (1) mpoBepsieTCst Ha OC-
HoBaHuu Kputepus Cunbsectpa [7].

MaHx3TTeHCKOe paccTosnne. MeToa 0000meH-
HOr0 rPaJieHTHOrO CHycKa. DTO PACCTOSIHUE SIBJISI -
€TCsl CpeIHUM Pa3HOCTEel MOJIYJIei Mo KOOpAUHATAM.
Takum o6pa3om, B KauecTBe (DyHKI[MOHAIa BMECTO
CYMMBbI KBaJIpaTOB OTKJIOHEHUI BO3bMEM CYMMY
MOJLyJIEW OTKJIOHEHUA.

J17151 peniieHs TOCTAaRJICHHOM 3a1a4l PACCMOTPUM

GbyHKUMIO D(Y) OT 72 MEPEMEHHBIX ¥ = (Y1, Y5, -+es V)

3 o (T - o)

D(y)= ﬁ = ; 3)
! _i:O (P(T;) ’

A2 :{Y:(Yl’Y2a'-', Yn)T ERH Y] 205./:15_”}

HeoOxonmuMo pelmTh C/IeayIONy0 ONTUMU3a-

LIMOHHYIO 3a1a4y: HaiiTu min d(y).
YER



3agaua (3) pelueHa ¢ MOMOLIbIO MOAUDULIUPO-
BaHHOTO METOa 0000IIIEHHOTO TPAIEHTHOTO CITyC-
ka (OI'C) [9]. DToT MeTon TpeOYET BbIYMCIEHUSI CYO-
nuddepeHnana 1eaeBoi GYHKUUNA HA KaXIOM
miare, Mpu 3TOM OCHOBHAasi WAesl — IBUTATbCS
K MUHUMYMY B HampaBjieHUuU HanboJjiee ObICTPOro
yObIBaHMS (DYHKIINU.

JIBUKeHVEe HAUMHAETCS U3 CTAPTOBOM TOUKH,
B KaueCcTBE KOTOPOIi OepeTCs MOyuYeHHOE PellIeHre
dbyHkumonana (2). Ha kaxmoM mare cTpoutcst cyo-
nuddepeHLan GyHKLIUN.

®Oynkumio (3) mpencTaBuM B BUIE

b

N
D)= lwi(v)
i=0

S/ - 0()

=1
e y;(y) =~ ;
(P(T[)

£ A L)
(P(Ti)’ o(t;) o o(t;) ’

viy)= i=1;N.

Nnmeem
[, ()| =max {w,(v);—y; (1)}

Tak xak GyHkunm y,;(y) 1 —y,;(y) — IMHENR-
Hble (M MTOTOMY BBITTYKJIbIe), (DYHKIIMSI MAaKCUMyMa
BBIMYKJIBIX (DYHKIIMIA — TOXKe BBIMTyKJas, CieaoBa-
TEbHO, PYHKIMS |\|1 i(y)| — BBINYKJIAs.

CyonuddepeHiman umeet caeayoiuii Bua [10]:

vi(y), wi(1)>0;
—yi(y), v;(y)<0;
co{wi(n); v, ()}, w; (1) =0.

olvi(n)|=

N _
Torna 0d(y) =Y dly; (V)| i=1; N .
i=1
[MpuBenem aaroOpuT™M HaXOXKIEHNS TOUKN MUHH -
myma. JIpurasicb mo metony OI'C, Beruucisiem cyo-
nuddepeHLan GyHKIWY B TOUKE ¢, , TOJTYYeHHOMU
B pe3yJbTaTe pelneHust pyHKuroHana (1):

8CD(0L):§ZG|\|JI-(0L) Ji=LN.

i=1

Jlaniee cTpOUM HaIlpaBJIeHUE HAMCKOPENIIIETO
CIlycKa g W Jyd

Y, =a+Ag,A>0.
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IMoncrapnas y, BucxonHwlil pyHkumoHan (3),
MUHUMU3UPYEM €0 IO A
min® (OL + kg ) .
120
Hanee periaeM 3aaa4y OIHOMEPHO MUHUMU3ALIUY.
Teneps cTrpoum cyoauddepeHLat B MOTy4eH-
HOW TOYKE 7, :

N
o0(y,) = za|‘|’i(7x )|s i=LN.
i=1

TTposepsiem HeoOXOAMMOE YCIOBUE MUHUMYMAa
0, €0d(y;) -

Ecnu HeoOxonumoe ycioBUe MUHMMYMa BbIITO -
HEHO, TO X0/ Mpoliecca OcTaHaBIMBaeTcs. Eciu HeT,
TO MPOAOJIKAEM JIBUTATLCS 110 ONUCAHHOMY aJIro-
PUTMY.

OnuvcaHHbI METOJ, peainu30BaH C MOMOILbIO
Matlab nakera.

Paccrosinne YeoObimesa. Meton 00001eHHOr0
rpaJiMeHTHOrO CIycKa (hyHKIM MakcuMyma. JlaHHbIM
PACCTOSIHUEM SIBJISIETCS MAKCUMYM MOJLYJISl PA3HO-
CTU KOMIIOHEHT BEKTOPOB. AJIbTepHATUBOM UCTTOJIb-
30BaHUS METO/IA HAMMEHbILIMX KBAAPATOB SIBJISIET-
csl TOUCK MakcuMyMa (pyHKLIWH, T. €. HAaXOXIeH1e
MUWHMMAaKCa CUCTEMbI YpaBHEHU. B cBsI3u ¢ Bax-
HOCTBIO MUHUMAKCHBIX 3a/1a4 00JIb1lI0€ BHUMaHNE
B HACTOSILLEE BPEMSI yeJisieTcs pa3paboTKe METOIO0B
WX PELIeHUST; psii TAKUX METOAOB JIJIsl ONpee/IeH-
HBIX KJIACCOB 3a7ay MPeaJioxXeH B padborax [2, 5, 7].

s peltieHUs1 ITaHHOM 3a1a41 MOXHO UCITOJIb-
30BaTb UTEPATUBHbBIE METO bl BO3MOXHbIX HAPaB-
JICHU#, HO B TMPOLIECCE PEIIEHUS] BO3HUKAET psif
TPYOAHOCTEW: HAXOXAEHUE MUHUMYyMAa CBSI3aHO
C HEOOXOIMMOCTbIO PEIIeHUS Ha KaXKI0i UTepalun
psina BCTIOMOTATENbHBIX 3a1a4y (JIMHeMHOTO WU
KBaIpaTUYHOTO MporpamMmMupoBaHus). Ha kaxnom
111are MeToa BO3MOXKHbIX HAITPaBJI€HUI HY>KHO OI1-
peneasaTb MUHUMYM T10 HanparieHuto. M, HakoHell,
CKOPOCTb CXOMMOCTH 3TUX METOA0B €j1abo U3y-
yeHa. bojee a(p(peKTUBHBIM U MTPOCTHIM C BbIUMC-
JINTEJIbHOM TOYKM 3peHus sasisiercs meton OI'C,
KOTOPbII TTO3BOJISIET pelliaTh BbIMTYKJIble MUHUMAaK-
cHble 3agauu. OMHAKO CKOPOCTh €r0 CXOIMMOCTHU
MpUY pelIeHW U 3a1a4u MUHUMAKCa HETOCTATOYHO
BbICOKA. B 3TOM ciiyyae MUHUMYM, KaK MpaBuJio,
JOCTUTAETCS] MPU PaBEHCTBE 3HAUEHU I HECKOJIb-
KUX QYHKLIMIA.

Heobxonrmo pelmTh ClIeAyIOLIYIo 3a1a4y: Hall -

™ minC(n), Tae
nel,;
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n

Z‘”ljfj(Ti)_(P(Ti)

Jj=1

Q(n)=ma ; 4)

i=l;N

o(t;)

A, :{n :(nl’nb""nn)T eR" n; >0, jzl;}'l}.
3anaua (4) pewieHa moauduLpoBaHHbIM OT'C-
MeTonoM [9] GyHKIIMM MaKcuMyMma.

119 peanu3aluy MeToa B KAUeCTBE HauaJbHO-
ro MPUOJMKEHUS pACCMATPUBAETCS PELIEHUE, TTO-
JlydeHHOE B X0/ie uccienoBaHus pyHkimoHana (1).

DyHk1uo (4) IpeACTaBUM B CIEIYIOLIEM BUJIE:

Q(n) = max [x,(n)
i=l;N

b

S ()0

. = j:1 N

rae x;(n) o) ;
' — fi(Ti).fZ(Ti). .fn(Ti) =1N
”m)(wu»’mq)“”@a»}’ o

Nnmeem

()] =max {x;(m); —x; ()}
biaronapst ¢cBoiicTBY JAMHEMHOCTU (PYyHKLIMIA

x;(M) ¥ —y;(n) nosnyyaem, 4To GYHKLMs |xi(n)| —
BBITTYKJIasl.

st peanu3any METoaa HEOOXOAMMO BBIYHMC-
JUTh cyonuddepeHran GyHKIUMU MaKCUMyMa,
KOTOPbI UMEET CACAYIOLLUIA BU:

oQ(n) =co{d|x,(m)|},i=LN.
JaHHbBII MeTOI pealu30BaH ¢ MOMOIIbIO TTaKe-
ta Matlab; mpu 3TOM UCII0JIb30BaHbl TOYHbIE 151
9TOM pyHKIMU onepaliun. TTocKoabKY (yHKIIMO-
Ha (4) sIBsIeTCS HOJIMHOMMAIbHBIM, IIPOBEPKa TOY -
KW MUHUMYMa OCYIIECTBIISIETCSI HA OCHOBAHWH BBI-
TOJTHEHMSI YCJIOBUIA TEOPEMBI 00 aJIbTEPHAHCE.

YuceHHbie SKCNEPUMEHTBI.
CpaBHeHue pe3yJIbTaTOB

ANTOPUTMBI MUHUMU3AUNHU (DYHKIIWI MHOTHX
MepeMeHHBIX MOXHO CpaBHUBATh W UCCAEAOBATH
KAaK C TEOPETUUYECKOM, TaK U C SKCIEPUMEHTATbHOM
TOYEK 3peHUSI.

Kak yxe oTmMeuanoch, 0M0I0rn4eckoe 1 acTpo-
HOMMYECKOE BPEMEHA CBSI3aHBI COOTHOIICHUEM

92

¢ =12 TIpeamnonaraem, 4To MOTEHLMATLHBIM UHTED-
BaJIOM CYILIECTBOBAHMSI UHIAMBUIA U B ACTPOHOMMU -
YECKOM BPEMEHU 7, U B OMOJOTMUECKOM T SIBJISIETCSI
unrepsan [0;1] (MoMeHT t=7=0 — 9TO MOMEHT
3a4aTus).

B mpakTHuecKoit 3amaue pacCMOTPUM BO3pacT
1o 12 et (B MpuBeAeHHOM aCTPOHOMUYECKOM Bpe-
MEHU 2TO BO3pacT f=0,12, 4TO COOTBETCTBYET
B OnoBpemenu unrepnainy t<|[0;0,3571].

Pazo6bem otpesok 1 e[0;0,3571] Ha KOHEUHOE
YICJIO OTPE3KOB, IPUCBOMB Kaxaomy i € [0;12] cBoe
3HayeHUEe T;. 3HAUYEHMs MaCChl OpraHu3Ma ¢(t;)
B pa3/IMUHbIE TEPUO/IbI XKM3HU B3SIThl U3 SHIIUKJIIO-
neauu [4]. JaHHbIE IPeaCTaBAEeHbI B TA0IMLIE.

YepenHenHbie 3HAYEHUS] MACCHI OPraHU3Ma
B PA3JIMYHOM BO3pacre

Bospact i, | Buonornueckuii Macca o(t), kr
JIeT BoO3pacT 1, 100 et i
0 8,66 3,50
1 13,29 10,70
2 16,58 13,00
3 19,37 15,00
4 21,79 17,20
5 23,98 19,75
6 25,98 21,90
7 27,84 24,75
8 29,58 27,70
9 31,22 30,50
10 32,79 34,20
11 34,28 36,50
12 35,71 42,90

3amaua COCTOUT B TOM, UTOOBI aITITPOKCUMHUPO-
BaTh 3HAUEHMs BeCa @(T;) C MOMOLLUBIO PA3TMYHBIX
METPUK W BBISICHUTb COOTHOIIEHUS pa3TUYHBIX
TPYTIIT HAaCEeJIEHUS TI0 TeHETUUECKHU MPEAMTUCaHHOM
MPOIOJKUTETLHOCTH KU3HMU.

IlepBbiii 3xcnepumenT — 7 rpynn. B nanHOM 3KC-
TIEPUMEHTE TTPEATIONAraeM, YTO TIOTYJISIIIVS COCTOUT
W13 CEMM BO3PACTHBIX TPYIIN C TTPOIOJIKUTETbHOC-
ThI0 Xu3HM 0T 60 10 120 N1eT (paccMaTpUBaeM Mepu-
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on B 10 net). Ha pucyHke (@) npeacrapiieHa ILJI0OT-
HOCTb pacrpeiesieHns] HaceJleHUsI B MPOLEHTHOM
COOTHOILLEHUY T10 TEHETUYECKH TTPEANMMCAHHOM TTPO-
JTOJKUTETbHOCTU XKU3HMU.

IToBeneHue Bcex PyHKLMI OIM3KO K HOPMaJib-
HOMY pacripefeeHn0, KOTOpOe UTpaeT BaxKHYIO
pOJib, 0COOEHHO B (pu3uKe. B yacTHOCTH OTMETUM,
YTO BIUSTHUE OCTATKOB Ha PE3YyJIbTUPYIOIILYIO KpU-
BYIO C TIOMOIIbI0O MAHX3TTEHCKOTO PACCTOSIHUS CY-
1LIECTBEHHO HUXE, YeM MPU UCTTONIb30BaHUU APYTUX

MeTpuKk. s Bcex TpeX GyHKIIMOHAIOB BhIsSIBIeHA
o0111as1 BO3pacTHasi Tpyrniia, B KOTOPO 10CTUTaeT-
€ MAaKCUMYM TIPOJOJIKUTEIbHOCTH KU3HU — 3TO
90 ne.

Bropoii 3kcnepument — 9 rpynn. B naHHOM 3Kc-
MEPUMEHTE JeIMM TOMYJISLNI0 Ha NeBATh TPYMI
C MPOAOJIKUTENBHOCTBIO Xn3HU oT 60 1o 100 jer
U paccMaTpuBaeM repuon B 5 et (puc. 0).

PacrnipeneneHust HaceJeHUs MO T€HETUYECKU
MNpeAnrCaHHOU MPOAOIKUTEIbHOCTU XKU3HU B 1aH -

a) e

A - r

E
3n
s
2n
13

FinLectna e, 38

S

A —

K oMoocTED moog of, S

K ecrna nosieis, 3a

xS Gl TR il

L 110 I2n

w11 12e 13 1qu

Bozpact meancd aeT

[IpoueHTHOE pacpeaeJeHUe HACEJICHUsS 110 Pa3IMYHbIM
BO3pacCTHBIM Tpyrnam ¢ uHtepsagamu B 10 (a, 6) u 5 (0)

netT. KonmuecTBo Bo3pacTHbIX rpynit: 7 (a), 9 (6), 11 (s).
IpencrapieHbl pellleHUs 18 HYHKIIMOHAIOB CYMMBI KBaapaTOB

(1) u cymmbl MomyJieit (2) pacCTOSIHUMI, a TakKe JJIsT 3amadu
MuUHMMakKca (3)
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HOM IIpUMepe IeMOHCTPUPYET, UTO (DYHKILIMOHAT
MaKCHMyMa BO3BpaliaeT caMmoe 00JIbIIOE IPOLIEHT-
HOE COOTHOLIEHNE HaceneHus Bo3pacta 80 jieT npu
BBIOpAaHHOM IITare BO3paCTHBIX TPYIIIT.

Tpernii skcnepument — 11 rpynn. Paccmotpum
MOITYJISILIMIO, COCTOSIIIYIO 13 11 TpyIIN ¢ IpOoooIKM-
TeJbHOCTBIO kK13HU OT 40 1o 140 et ¢ marom B 10
JeT. Ha pucyHke (8) npeactapiieHa MJIOTHOCTb pac-
MpenesieHus HaceJeHUsl B MPOLICHTHOM OTHOILIEHUM
10 TIPOIODKUTETbHOCTH JKU3HMU.

JlaHHBIN AKCMEPUMEHT MMOKA3bIBAET, YTO TMPHU
c(hopMUPOBAHHBIX YCITOBUSIX CTAHIAPTHBIN METO.
HaMMEHbBIIMX KBAIPaTOB 1aeT MPUOIU3UTETbHO TE
XK€ OLIEHKH, YTO M MeToI MakcuMyma. CieayeT oT-
METHUTb, YTO MAKCUMYM MTPOIOJIKUTETbHOCTH XKU3-
HU TIPUXOAUTCS Ha BO3pacTHYIO rpyrmy B 90 JieT.

W3 npuBenEeHHBIX B CTATHE PACYETOB MOXKHO CJIe-
JIaTh CJICAYIOIINI BBIBOM: 1S BCEX PACCMOTPEHHBIX
BO3PACTHBIX MHTEPBAJIOB U BCeX TPEX (DYHKIIMOHA-
JIOB (CyMMa KBaapaToB, CyMMa MOIYJIEi 1 MUHMMAK-
CHBIT) TTOJTyYeHHBIE pacTIipeae/icHUs HaCeICHUS 11O
TeHETUYECKH TIPeAMMCaHHOM MTPOIOKATETbHOCTH
SKU3HU OJIM3KU K HOPMAJIbHBIM, IIPU 3TOM MaTeMa-
TUYECKOE OXUIAHUE ITPOLOKUTENBHOCTH XKU3HU
0m3ko K 90 romam. Bee (pyHKIIMOHAIIBI 1a10T OOHY
U Ty Xe KaueCTBEHHYIO KapTUHY.

[71aBHBIM pe3yIbTaTOM TTPOBEAEHHOTO CCIIEIO-
BaHUSI Mbl CYMTAEM BbISIBJIEHUE PEAKLIMM PA3JIAU-

HbBIX (DYHKIIMOHAJIOB HA U3MEHEHMSsI B 6a3e IKCIie-
PUMEHTAJIbHBIX TaHHbIX. [Tpy MUHUMU3ALMU DYH-
KILIMOHAJIa CyMMbl MoayJiel (3) BAusiHUE U3MEHEHUSI
9KCMEPUMEHTATbHBIX JAHHBIX Ha Pe3YJIETUPYIOLLYIO
KPUBYIO MEHEE CYLLIECTBEHHO, Y€M MPU UCIO0Jb30-
BaHWU IBYX APYTUX QYHKIMOHAIOB.

Ortcrona caenyert, 4To (PYHKIIMOHA «CyMMa MO-
QyJeii» MeHee UyBCTBUTENIEH K OlIMOKaM usmepe-
HUS, YeM METOJ, HAMMEHbLIMX KBaapaTOB, HO UC-
MOJIb3YeTCs Yalle B CUJTYy XOPOILIMX AaHATUTUYECKUX
CBOICTB 3TOro (PyHKLKOHAaNA. OQHAKO pa3paboTaH-
HbIE B HACTOSIIIEe BpeMsl METObI HETJ1aAKOT0 aHa-
JIM3a TTO3BOJISIIOT MPUMEHSITh M (DYHKLIMOHAJT «CyM-
Ma MOAyJIeit».,

ITonyuyeHHble AaHHbIE B pe3yJibTaTe aHalM3a
MOJIEJIU BITOJIHE MpaBaonono0Hbl. PearbHble CpOKHU
JKM3HU CYLIECTBEHHO HUXE, HO 3TO YX€ CBSI3aHO
C COLIMAJbHBIMU, 3KOJOTUUYECKUMU TPOLIECCAMMU,
HAUMOHAIbHbIM MEHTAIUTETOM U YPOBHEM XKU3HU.

JaHHbBII pe3yabTaT MOoKa3bIBaeT, UTO MOCTPOEH-
Hasi MaTeMaTU4ecKast MOZIe/ b IPABION0100HO OINUChI-
BaeT MPOLIECC Pa3BUTUSI OMOJIOTMUECKOTO MHAMBUIA.

ABTOp BbIpaxkaeT 0coOyI0 0JIarOIapHOCTH 3aCIy-
KeHHOMY aesaTento Hayku PD, mokTopy dusmko-ma-
teMaTudeckux Hayk B.®D. JIeMbsSHOBY 3a MpeaIoXeH-
HYIO TeMy paboTbl, a TakXKe IMOJIEPKKY M MOMOIIb
B TIOATOTOBKE JAHHON MyOJIMKaIlUu.

PaboTta BbITIOTHEHA TIpY (DUHAHCOBOW TMOMAEPK-
ke POOU Ne 09-01-00360.
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A.A. bapaHod, C.B. Epmak, B.B. CemeHOGB

OPUEHTALUOHHAA 3ABUCUMOCTb CBETOBOIo CABUIA YACTOTbI
PAANOONTUYECKOIO CBY-PE3OHAHCA B NAPAX PYBUOAUA

ITpyHUUNMATbHOE 3HAYEHUE TSI TTPUIIOXKE -
HUil apdexTa paauooTNTUUECKOTO pe30HaHca
uMeeT MHGOpPMaLIMS 0 TMHAMUKE MTOBEIeHUS TaK
Ha3bIBA€MOT0 CBETOBOTO CABUTA YACTOThI, KOTO-
pbiii MPUMEHUTEIBHO K MapaM LIEJOYHbIX MeTal-
JIOB C ONITUYECKO HAaKAYKOI HETMOJISIPU30BaHHBIM
CBETOM COAEPKUT ABE cocTaBstomue [1]:

1. CkangpHblii cOBUT Av,, ODUHAKOBBIA 1715
BCeX MarHUTHBIX noaypoBHeil F (1ub6o F*) cBepx-
TOHKOMU CTPYKTYpHI.

2. TeH30pHBIA cABUT AV,, CBSI3aHHBIN C 3¢-
(hbexTOM BBICTpaMBaHMSI aTOMOB OCHOBHOTO COCTO-
SIHWUSI M 3aBUCSIIIIMI OT MAarHUTHOTO KBAHTOBOTO
yucaa me.

JleiicTBHE CBETOBBIX CABUTOB SIBIISICTCS TIABHBIM
JeCTadMITM3UPYIOIINM (haKTOPOM B KBAHTOBBIX IUC-
KPUMUHATOPAX C ONTUYECKON HAKAYKOW, UCTTIOJIb-
3yeMbIX B PyOUIMEeBbIX KBAHTOBBIX CTAHAAPTAX Ya-
CTOTHI Ha Ta3oBoil sueiike [2]. TlorpemrHocTH
MOA00HBIX YCTPOMCTB OIMPENEISIIOTCS IJTaBHbIM 00-
Pa3om AeMCTBUEM CKAISIPHOM KOMIIOHEHTBI CBETO-
BOTO CIBUTA B YCIOBUSIX KJIACCUUYECKOI CXEMbI OTI-
TUYECKOM HAKaYKY ¢ U30TOITMYECKOM (pYIbTpalieil
CIEeKTPAJIbHBIX IMHUI FOJOBHOTO 1y0JeTa.

B ciyuae onTuyeckoit HaKauKu mapoB pyouausi-
87 Hepe30HAHCHBIM CBETOM BTOPOTO U30TOTA BKIA
TEH30PHOM KOMIIOHEHTbI B p€3YJIbTUPYIOLIUI CBE-
ToBoii casur 0—0-repexona He npeBbiaeT 1512 %
COOTBETCTBEHHO [T TMHUI Hakauku D, u D, [3].
Kak moka3sbIBaeT pacueT, BLITTOJIHEHHBIN B paboTe
[4], cuTyauust paniuKaabHO MEHSIETCSI, €CJIA OTITU-
yeckasl Hakadyka 1apoB pyouausi-87 ocylecTBiIsi-
€TCsl OT CMEKTPAIbHOM JAMIIbl C UCMOJIb30BAHUEM
M30TOMUYECKOUN (DUIBTpallMU PE30HAHCHOTO CBEeTa
B siueiike ¢ mapamu pyouausi-85. Tak Harpumep, B
CJlyyae UCIOJb30BaHU IMHMY HaKauKu D 3Have-
HUA Av, 111 MarHuTOoHe3aBucumbix CBY nepexo-
JIOB MOTYT 3HAYUTEIbHO (B HECKOJILKO pa3) MPeBbI-

1IATh BEJMYUHY CKAJISIPHOTO CABUTA YaCTOTHI AV,).
[1pu 3TOM xapakTepHasi OCOOEHHOCTb TEH30PHOM
KOMITOHEHTHI CBETOBOTO CIIBUTA — 3TO €€ 3aBUCU-
MOCTb OT yrJjia O MeX/y HalpaBJIeHUeM BHELIHErO
MAarHUTHOTO MOJIs1 U JTy4OM CBeTa HaKauku, TPOrop-
1moHanbHast MEOXuTeo (1—3cos’0) [5]. Braroma-
Psl 3TO 3aBUCHMOCTU IOSIBJISIETCS BO3MOXHOCTD
YIIPABJIEHUSI CBETOBBIM CABUIOM YACTOTHI C LIEbIO
€ro MUHMMU3AaLU B pyOUIMEBbIX KBAHTOBBIX JUC-
KpUMHUHATOpPaX, UCMOJIb3yeMbIX B TEXHUKE 00pa3-
LIOBBIX MEP YaCTOTHI C ONTUYECKO HaKauyKoi [2].
B Hacrosieit padote npeacraBiaeHbl pe3ybTaThl 9K-
CIEPUMEHTAILHOTO MOATBEPKAEHUSI AHATTUTUYEC-
KMX CCJIETOBaHUI paOOThI [4] IJIst pa3TMUIHBIX pe-
KUMOB CTIEKTPaIbHO CEJEKTUBHOUN OMTHUUYECKOM
HaKayKu napos pyouausi-87.

DKCreprUMEHTbI ObLTH BBITIOIHEHbBI Ha JTA00paTop-
HOM MakeTe KBaHTOBOTO IMCKPUMUHATOPA, (PYHK-
LIMOHAbHAS CXeMa KOTOPOTO COAEPKUT U3BECTHBIN
Ha0OP COCTAaBHbIX BJIEMEHTOB, UCIIOJIb3YEMbIX B TEX-
HUKe 00pa31I0BbIX MEP YACTOThI HA FA30BOM suelike
[2]. OnTuyeckuit TpakT IMCKPUMUHATOPA TTOME-
1IaJIcs B LIEHTP KaTyllIeK, CO3AA0IINX pabouee Mar-
HUTHOE I10JIe B 30HE KaMephlI MOTJIOLIEHUs ¢ pabo-
yuM BelecTBOM. st ocialiieHus] BHEIIHUX
MAarHUTHBIX TOMEX U HEOTHOPOIHOCTEH JabopaTop-
HOI'0 MAarHUTHOTIO I10JIsl BCS CUCTEMa [MOMELIAIACh
B JIBYXCJIOMHBIIA MATHUTHBINA 9KpaH ¢ KO3 PULIM-
€HTOM 3KpaHUPOBAHUSI 102, PesonancHoe CBY
rnoJie, MHAYLUPYIOIllee TIepeXxoabl B CBEPXTOHKO
CTPYKType aTOMOB pyOUIMSI, CO31aBaIOCh OpAMHAP-
HOIi CXEMOM YMHOXEHM S YaCTOThI OITIOPHOTI0 KBap-
LIEBOrO TeHepaTopa C MOCIeaYIOIUM YCUIeHUEM
curHazia B ycunutene. [1pu neTeKTUpPOBAaHUU CUT-
Haja paIuooTITUUECKOTO pe3oHaHca NCTOIb30Ba-
Jlach CTaHIAPTHAsi METOAMKA CUHXPOHHOTIO 1€ TEeK-
TUPOBAHUS U aBTOIMOACTPOMKA YACTOTHI OIIOPHOTO
KBaplIEeBOTO TeHepaTopa Moji pe30HaHCHOE 3HaYeHUE.
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Puc. 1. Tlpumep 3amucy CBETOBOTO (@) U OPUEHTAIIMOHHOTO () CIBUTOB PE30HAHCHOI YacTOTHI B YCIIOBUSX
J1aMITIOBOM HaKauyku

CBETOBOI1 CIBUT PErMCTPUPOBAJICS HA MOHUTOpE
MePCOHAILHOTO KOMIIbIOTEPa MPU (PUKCUPOBAHHOM
M3MEHEHMHM MHTEHCUBHOCTH CBETA HAKAUKH C TTO-
MOILIbIO HEUTPAIbHOTO U UHTEPGHEPEHUUOHHOTO
(bunBTPOB M UIBMEHEHUM YIJIa OPUEHTALIMU paboue-
ro MarauTHOro nosis (~ 1 MkT) or 0 = 0 10 90° (puc.
1). CooTBeTCTBYIOLIME SKCIIEPUMEHTATbHBIC 3aBU-
CUMOCTU CBETOBOTO M OPUEHTALIMUOHHOTO CIBUTOB
OT TEMIIePATyphl TYeiiKK uabTpa B Cliydae ONTHU-
YeCKOI HaKayKU TOJIOBHBIM Oy0JI€TOM JIAMIIOBOTO
WCTOYHUKA (TIPU OTHOILIEHWM WHTEHCUBHOCTEM
CHEKTPaJIbHBIX KOMIIOHEHT D, xk D, kax 1,0 : 1,5)
MokKa3aHbl Ha puc. 2. BumnHo, 4To m1s1 yKazaHHOTO
BbILLIE PEXUMa HAKAYKW HU TIPU KAKOM 3HAYEHUU

TeMIIepaTypbl STYEMKN DUIBTPA HE yIaeTCs TIOJYUNTh
HYJIEBOI OPUEHTALIMOHHBII CIBUT YaCTOTHI, YTO TTOJI-
HOCTBIO COOTBETCTBYET BBIBOAAM aHAJTUTUUECKUX
uccJienoBaHuil padoThl [4] U MOKa3bIBaeT 3HAYM -
MOCTb TEH30PHOI KOMIIOHEHTbI D | 1MHUM HaKauKu
Jaxe MpU ee 3HAUUTEIbHOM OCJIa0JIeHUUW OTHOCH -
TeJbHO JTUHUU D,. [17151 BbISIBICHUS] UX ONTUMAJb-
HOT'O COOTHOIIEHUS, TPY KOTOPOM OPUEHTALIMOHHBII
capur yactotbl 0—0-1niepexoaa cBeieH K MUHUMYMY,
OBLIN PaCCYMTAHbBI COOTBETCTBYIOLINE 3aBUCUMOC-
TH, aHAJIOTUYHO PacyeTaM, BHITTOJTHEHHBIM B paboTe
[4]. CniekTp HaKauKu B pacueTe anpoKCUMMUPOBa-
Cs1 CyMMOI JOTUIEPOBCKUX KOHTYPOB € Pa3JTUYHBIM
BECOBBIM BKJIaZloM KOMITIOHEHT D, u D, (puc. 3) mpu
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Puc. 2. DkcnepumeHTalibHbIE 3aBUCUMOCTU CBETOBOTrO (1)
1 OPMEHTALMOHHOTO (2) COBUTOB PE30HAHCHOM YaCTOTHI
OT TeMreparypbl siueliku GuiibTpa

OTHoOIIeHNe MHTEHCUBHOCTEH CIIEKTPAIbHBIX KOMIIOHEHT
Ip i Ip,=1,0:1,5
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Pusnyeckas ontmka
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Puc. 3. PacueTHble 3aBUCUMOCTH OPUEHTALIMOHHOIO (/) U cBeTOBOrO (2) CABUIOB YacCTOThI
TIPU OTMITMYECKOU HaKauyKe TOJJOBHBIM MYOJETOM JJAMIIOBOTO MCTOUHUWKA

npu

MOCTOSIHHOW MHTErPajibHOM MHTEHCUBHOCTH UCTOY-
Huka 100 Mx Bt/ cM”. AHAJTN3 TAHHBIX PUCYHKA IO~
3BOJISIET 3aKJII0YUTh O HECOBIANEHUY TPEOOBAHUIA,
MPEIBIBISIEMBIX K COCTABY CIIEKTPAIBHBIX KOMITO-
HEHT JIaMIIOBOTrO UCTOUYHMKA, IIPU KOTOPBIX OJHO-
BPEMEHHO Pean3yeTcss MUHUMYM KaK CBETOBOTO,
TaK ¥ OPUEHTALIMOHHOTO CIBUTOB PE30HAHCHO Ya-
ctoThl Ha 0—0-nepexone. B npunoxeHusix Takas
CUTYyaLMsI 3aCTaBJISIET BEIPAOATHIBATh HEKUIT KOMIT-
poMucc TpeOOBaHUI, MO3BOJISIONINIT 00ECTIEUNTh

OTHOILEHMM MHTEHCUBHOCTEH CMEKTPAIbHBIX KOMITOHEHT Iy @ Ip, , paBHoM 1,0 : 1,5 (a) u 1: 10 (6)

JOCTATOYHO BBICOKYIO CTeNIEHb CTAOMIBbHOCTHU pa-
0oueii YaCTOThI KBAHTOBOTO TUCKPUMUHATOPA.

B cayyae onTuyeckoii HaKaukKu Jia3epoM, Ha-
CTPOEHHBIM Ha OIMH M3 NepexofoB JuHuu D,, opu-
€HTALUMOHHBIN CABUT YACTOTHI CYILLIECTBEHHO IMpe-
BBILIAET €TO 3HaUeHME, HaOJIIogaeMoe TIpU TOM Ke
MHTErpajibHOM MHTEHCUBHOCTH CBETA HAKAUYKM JIaM -
MOBBIM UCTOUHUKOM (puc. 4). ITpu 3TOM 0OpaiiiaeT
Ha ce0s1 BHUMaHME TO 0OCTOSITEILCTBO, YTO OPUEH-
TALMOHHBIN CIBUT UMEET MECTO MPU HYJIEBOM CBE-

CAaEdr 4acTaTel, My

2R
N

B

-2 -1

J

DTCTRORER Nadepa o7 HYM2BOTD CNEETRANBHG M OTENMEA CUCTEMEI, ME

Puc. 4. PacueTHble 3aBUCUMOCTHU CBETOBOTO (/) U OpUeHTalM-

oHHOro (2) capuroB yactothl Ha 0—0-mepexone aToMOB pyOu-

nusi-87 OT pacCTPOMKU OTHOCUTESBbHO LIEHTPA JUHUM TIOTJIO-

LIEHUs NPU CHEKTPAJIbHO CEJIEKTUBHOI Hakauke D, nuHuei

JIa3epHOTO MCTOYHUKA C WHTErpaibHOW WMHTEHCUBHOCTBIO
10 MKBT/CM2 U mMpuHOU nuHuu Hakauku 0,05 mK

97



HayuHo-TexHuueckne Begomoctn CII6IT1Y. dusmnko-matrematnueckme Haykm 3’2010

TOBOM CIBUI€ YaCTOTbl, COOTBETCTBYIOLIEM Ha-
CTPOIKE J1a36pPHOTO0 UCTOYHUKA HA PE30HAHCHYIO
YaCTOTY aTOMHOTO TIepexoa.

TTpoBeaeHHbIE SKCTIEPUMEHTBI U PACUYEThl MO-
3BOJISIIOT MOATBEPAUTD CYIIECTBEHHYIO POJIb TEH30D-
HOI KOMMOHEHTbI CBETOBOT'O CAIBUTA B OPUEHTALIU-
OHHOM CIIBUT'€ pe30HaHCHOM yacToThl 0—0-miepexona
Kak B cIyJyae JaMIOBOM, TaK U JJa3epHOI HaKayKH.
B skcnieprMeHTe ¢ TaMIOBBIM NICTOYHMUKOM MPHY HC-
MOJIb30BAHUM MHTEPPOEPEHLUUOHHBIX (UIBTPOB
MOXKHO JIMILb OCTa0UTb (HO HE UCKJTIOUNTD) BAUSIHUE
9TOM KOMITOHEHTBI, YTO MO3BOJISIET CYLIECTBEHHO
YMEHDBLIUTb OpUEeHTALMOHHbIN caBur 0—0-mnepexo-
na. Tak Harpumep, Mpy OTHOLIEHU Y MHTEHCUBHOC-
Teil TMHUI1 HaKauku I, : Ip,, paBHOM 1 : 20, Ha-

OromaeTcs necITUKpaTHOE OciabJeHue OpUeHTa-
LIMOHHOTO CIIBUTA B AMAINa30He TeMITepaTyp sTueiKku
dunsrpa 60—70 °C.

PesyabraThbl IpoBeAEHHBIX UCCAEI0BAHUI 1O~
3BOJISIOT CII€JATh BHIBOM, YTO HECMOTpPS HA OTHO-
CUTEJIbHO CJ1a0yI0 3aBUCUMOCTb 4acTOThI 0—0-11€8-
pexoaa oT aOCOJIOTHOTO 3HAYE€HMs BHEIIHETro
MAaTrHUTHOTO I0JIsI, TpeOOBaHME 00eCIIeYyeH s 110~
CTOSIHCTBA yTJ1a 6 MeX 1y HarpaBIeHUeM Pacipoc-
TpaHEHUSsI CBETA HAKAYKM Y BEKTOPOM BHELIHETO
MarHUTHOTO T10JIST OKa3bIBAETCS a0COJIIOTHO HEOO -
XOIMMbIM B YCJIOBUSIX UCIIOJIb30BAHUSI KBAHTOBO-
ro IMCKpUMMHATOPA Ha IBUKYILIMXCSI U Bpalllalo-
LIUXCSI HOCUTEISIX.
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A.B. KHa3vK0B

MHOTIONMYYKOBAA YNPABJIAEMAA MOAYNALUA
B ®OTOPED®PAKTUBHbIX CPEAAX
C KBAAPATUYHbBIM SNNEKTPOONTUYECKUM SDPDEKTOM

VYipapjsiemast MOLYJISILIMSI CBETOBOIO [IOTOKA
B 3JICKTPOOTITUYECKUX CpPedaxX OCYIIECTBISICTCS
C IIOMOILLIBIO BJIEKTPUYECKOTO M0JIs1 TyTEM U3MEHe-
HUS TIOKa3aTessl MPeJOMIICHUST MOIYIUPYIOIei
Cpellbl, YTO IIPUBOAUT B CBOIO ouyepeab K (pa3oBoii
MOZIYJISIIIAY TIPOILIEIIe BOIHBI. MI3BeCTHO, UTO MH-
dopmalyst MOLYIMPOBAHHOIO ONTUYECKOIO U3J1Y-
YeHUs BOCTIPUHUMAETCS TOJBKO B aMTUIUTYIHOMN
(bopme (3puTtenbHO U (poTogaTuIMKamu). J1jist 3Toro
(bazoBast MomyJIsILIMs AOJKHA OBITh MpeoOpa3oBaHa B
aMIUIUTYAHYI0. OObIYHO [1JIs1 3TOrO MCIIOJIb3YIOTCSI
pa3HooOpa3HbIe MHTep(epeHIIMOHHBIE METOIBI, Ha-
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TpUMep, MOJSIPU3ALNOHHO-ONTUYECKUE CXEMBI C TTO-
Jispu3aTtopaMu U aHaiausatopamu (puc. 1) [1].
Haub6onee appeKTMBHBIM cCUMTAETCSI IPeodpa-
30BaHNE, KOTOPOE BBITIOJHSETCS MpU AU pakLun
CBETOBOTO MOTOKA HAa OOBEMHBIX YIPABISIEMbBIX
(bazoBbIX CTPYKTYpax, Tak Kak JJ1s MOJYyYEeHUs aM-
TUTUTYIHOI MOAYJISILIMM OHO HE TPeOYeT TOUHOI'O CO-
BMEILLEHUST MHTEPDEPUPYIOLINX MYYKOB WUJIN MPU-
MEHeHHUsI aHanm3aTopoB. Hdudpaxkuus cBera Ha
00beMHBIX (pa3oBbIX AM(PAKIIMOHHBIX PelIeTKax
MoxeT pocturatb 100 %, T. e. nagaoimii my4ok
(rpu BBITIOTHEHWU YCJIOBU audpakiuu bparra)
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An

Puc. 1. ITojsipu3aliluOHHO-ONTUYECKAsI CXeMa:
1 — nasep, 2— nonspusarop, 3 — obpa3sel, 4 — a”Haau3aTop, S — (GOTONPUECMHUK;

Iy, I — VHTEHCUBHOCTH MaJAIOIIETO M MPOILIEIIETO Ja3epHOTro U3JIYUeHUs ¢ JUIMHON BOJIHBI A;
An — aMTUIMTya U3MEHEHUS TmoKasaTe/s TMPeJOMIEHUST MOIYIUPYIOIIEi Cpeabl

MOKET MOJHOCThIO AudparupoBats (puc. 2). Co3na-
HUe 3((HEKTUBHBIX 2TEKTPOYITPABIISIEMBIX MO IS -
TOPOB CBeTa, MaKCUMaJIbHas TIIyOMHA MOIYJISIIIAYN
KOTOPBIX TOCTUTACTCS TP MUHUMAJIbHBIX YIIPaB-
JISTIOIINX TIOJISAX, peaTnu3yeTcsT Ha ToJIoTpauIecKuX
pelleTKax, 3anMcaHHbIX poTopedpakumeii B cpe-
JIax ¢ KBaapaTUUHBIM 3jeKTpoonTuyeckum (50)
appekToM [2—4]. OgHaKO B cuily 00paTUMOCTU
(oTtopedpakTUBHOTO 3(PPHEeKTa OTHOITYIKOBOE CUU -
THIBAHWE TAKMX PELIETOK TPUBOIUT K X CTUPAHUIO.

B HacTosieit paboTte MpUBOISITCS pe3yabTa-
THI aHAJIM3a HOBOTO METOAA IBYX- U MHOTOITyYKO-
BOW MOIYJISIIIUY KOTEPEHTHOTO U3TydeHUS B Po-
TopedpakTUBHBIX Cpelax ¢ KBaapaTUdHbIM DO
a(pdexTom.

ABTOMATUYECKOE BbIMOJHEHUE OPATTOBCKUX
ycaoBU nudpakInuKd Ha ToI0TpadUIecKuX pe-
IIETKAX U ABTOMOACTPONKA 3TUX YCITOBUI B IPO-
1ecce X 3aMMcy M HeCTUPAIOIIETO CUNTHIBAHUS
OCYIIECTBISETCS IS IMHAMUYECKUX PEIIETOK.
AMTUTUTYIHAS MOIYJISIIINS CBeTa TTpU AU paKInn
Ha JMHAMMUYeCKUX (hoTOpedpPaKTUBHBIX pellIeTKaxX
OCHOBaHa Ha B3aMMOJIECTBU Y KapTUHBI MHTEpde-
PEHIIMM CBETOBBIX BOJIH C TojorpaduuecKuMu pe-
IIeTKAMU CPeIbl, 00J1a1al0IINMU 3JIEKTPOYITPaBIs -
eMBIMU TIapamMeTpaMM M PacCcoTIacOBAaHHBIMU
OTHOCHUTEJIBHO 3TOM KapTUHBL. MHTepdhepupyoime
CBETOBBIC ITyYKH CO3IAIOT PEILIETKM, Ha KOTOPBIX Ofl-
HOBPEMEHHO MIPOUCXOIUT UX TUPPaKINs. DTO SIB-
JIEHWEe Ha3bIBaeTCs caMonupakiueil  XxapakTepu-
3yeTcs TeM, UTO TTPOUCXOIAT U3MEHEHUST aMTUTUTYIIBI
1 (a3bl B3aUMOAEHCTBYIOLIMX BOJIH |3, 6].

PaccMoTprM 0COOEHHOCTH TTPOLIECCOB 3aITUCH
Y CUUTBIBAHUS TOI0rpaMuecKuX peleTok B poTo-
pedpakTUBHBIX cpefax ¢ KBaapaTUdHbIM DO 3¢h-
(bexToMm.

Tonmorpaduueckas pemietka B cpeae GopMupy-
eTCsl o AeiiCTBUEM UHTEep(PEePEHIIMOHHOM KapTH-
HBI MepeceKaloInxcs MMy4ykosB [, 1, (puc. 3, a),
pacripeneseHne MHTEHCUBHOCTH / KOTOPOii B TIome-
peYHOM HaTpaBJICHUY X MOXKHO 3aIcaTh Kak

1= Iy(1 — cosx), (1)
rae I, = I, + Ij, — BXOOHbIE UHTEHCUBHOCTU UH-
TephepUPYIOIINX OTTOPHOTO ¥ CUTHATTBHOTO ITyYKOB,

OTa nHTepPEPEHLIMOHHASI KAPTUHA BbI3bIBAET
HEOIHOPOIHYIO TeHepalnio GOTOHOCUTENEH B Cpe-
JIe, KOTOPble MUTPUPYIOT, AU(POYHAUPYS U3 CBETIIBIX
o0J1acTeli, 3aXBaThIBAIOTCS JIOBYIIIKAMY B TEMHBIX
00J1aCTsIX U CO3IAI0T TaKUM 00pa3oM IEePUOAM-
YecKoe ToJie TPOCTPAHCTBEHHOTO 3apsina £, .(x)
(puc. 3, 6). [locnenHee B ciiyuyae 1ucGy3MOHHOTO
MeXaHU3Ma 3aTlKiCU OTPENeIseTCs] TIOTHOCThIO
TOKa Murpauuu J(x) kak

dn

J(x)=eD—%,
(x)=eD—

2)

rae D — koadduuueHt nuddysuu, n, — KOHLEHT-
paLust GOTOHOCUTENIEIA.

ny -

™
~

Puc. 2. OnTuueckast cxeMa CUMTHIBAHUS
royiorpauuecKoil pelieTku ¢ nepuoaom A
B Cpellie CO CPeIHUM TT0Ka3aTeieM TIPeJIoM-

JIeHus n.
1y, I, I, — MHTEHCHUBHOCTH MAJAIOLIETO, MPOLIe/IIe-
ro ¥ A1(pParupyoLero My4koB, COOTBETCTBEHHO; 6,
0 — VIUIBI ITyYKa IO OTHOIIEHU IO K paCCEUBAIOIIIUM CJIO-
SIM CHapy>kKu 1 BHYTPU CPEIbI, d— TOJIIWHA PEIIETKU
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Puc. 3. OTHOCUTE/IbHbBIE TPOCTPAHCTBEHHBIE
pacrpejie/ieHus BEJTUYUH:
4 — VHTCHCUBHOCTU MHTEPMEPEHIIMOHHOI
KapTUHBI, 6 — TIOJIsl TPOCTPAHCTBEHHOTO 3apsijia,

6,2 — MoKas3aTeJid MpeIOMIICHUA TIPU OTCYTCTBUU
1 HAJIMYUUM BHCHIIHETO 3JICKTPHUYCCKOTO ITOJIA EO

JlaHHO€ BBIpAXEHUE CIpPABEIIUBO B Clyvyae,
€CJIY [JIOTHOCTD 3aI10JIHEHHbIX JIOBYLLIEK CPEJIbl CY-
IIECTBEHHO HE MEHSIETCSI, TAK YTO MJIOTHOCTH CBO-
OOIHBIX HOCUTEJIEI OCTAeTCsI MPOITOPLMOHAIBLHOMN
WHTEHCUBHOCTH CBETA, T. €.

n (x) ~ I~ (1 — cosx). 3)

CuuTtaem, 4To JEKTPUUYECKOE MOJI€ MPOCTPAH-
CTBEHHOTIO 3apsijia, a TaKXe IepepacripeeseHue
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3apsiaa, yCTaHaBIrMBaeMoe (hOTOBO30YKIEHUEM, OC-
TAlOTCS CIIMIITKOM MaJIBIMM, YTOOBI BIUSTH Ha TOK
murpauuu J(x) ¥ uBMEHeHUE KOHLIEHTPALIMKY MOHM -
3MPOBAHHBIX LEHTPOB AN (x). Tak 4TO pPe3yabTU-
pytoiuee noje £ (X) NpocTpaHCTBEHHOIO 3apsiia
YBEJMUYMBAETCS IMHENHO CO BPEMEHEM [ U 3a1a€TCsl
CIIeIYIOIIMU BbIPAKEHUSIMU

AN (x, 1) = (dJ(x)/dx)t/e;
Esc(xa t) = —J(X) t/ga (4)

roe e — 3apsij DJAEKTPOHA, &€ — AUBJIEKTpUUecKast
MPOHULAEMOCTb CPEIbl, T. €. C yUeTOM BbIpaXkKeHU I
(2) u (3), nonyyaem:

E,(x) ~ sinx. ®))

ITpocTpaHcTBeHHAsT MOMYIALMS TTOKA3aTes
TIPEJIOMJIEHUS CPEABI 71{(X) OCYLIECTBISETCS MOJIEM
TPOCTPAHCTBEHHOTO 3apsina . (x) yepes KBaapaThy-
Hb1 D0 2hdeKT:

n(x) ~(1/2)n’ RE? (), (6)

rae R — koadduimeHT KBaapaTuuyHoro D0 ad-
(exra.

B pesynsrate kBagapatuuHoro D0 addekTa
(bopmupyeTcs pelieTka ABOMHOM MPOCTPAHCTBEH-
HO¥ 4acTOTHI (pUcC. 3, 8), TP CYUUTHIBAHUU KOTOPOW
JOOBIM M3 3aNMCHIBAIOLIMX ITyYKOB HE BBITTOJIHS -
FOTCSI OPATTOBCKUE YCIOBUS TU(PaKLIU U pe30HaH -
CHOTO T} PAKIIMOHHOTO pACCESTHUS CBETa Ha 3TOU
MepUOINUECKOl CTPYKTYpE He MpOoUcXoauT. BHer-
Hee 3JIeKTpuyecKoe rnose £, CKianplBasich ¢ nepu-
OIMUYECKMM MOJIEM TPOCTPAHCTBEHHOTO 3apsia £,
TIPYUBOIMNT K MOSIBJIEHUIO KOMITOHEHTHI PEIIeTKH OC-
HOBHOU MPOCTPAHCTBEHHOW YaCTOTHI:

ny~ R(Ey+ E,)*= RE?)+2E,(RE) + RE*, (7)

TII€ MIEPBBII YJIEH OMUCHIBAET OTHOPOJHOE U3MEHE -
HUe rokKa3zaTesisi IpeJoMJIeHUs, BTOPOil — riyou-
HY MEPUOANYECKOTO U3MEHEH M MTOKa3aTeNs Mpe-
JIOMJICHUS PELIETKU OCHOBHOM MPOCTPAHCTBEHHOM
YaCTOThI, HA KOTOPOU MPOUCXOAUT Op3TTOBCKAs
yrpaBnisgeMas nudpakiius cBeTa, TPETUIM — royio-
rpacuuecKylo peleTKy IBOMHOM MPOCTPAHCTBEH -
HOM 4aCTOTHI.

Takum 06pa3oM, MPOUCXOIUT DJIEKTPUUECKOE
MNPOSIBJICHUE 3aMMCAHHOW pEeLIeTKM OCHOBHOM
OparroBcKoil yactotsl (puc. 3, 2). Mtak Mbl BU-
IMM, 4TO B cpefax ¢ kBaapaTuuHbiM DO s dek-
TOM BO BHELITHEM 3JIEKTPUYECKOM I0Jie £, peain-
3yeTcs yrpasiseMas nudpakius cBeTa 3a CYET
TMOSIBJICHUS B TIPOCTPAHCTBEHHOU MOIYJISIIIUU MO~
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KaszaTeJssl MpeoMICHMS JIMHEeHOTO WwieHa ¢ (-
dbextnBHBIM DO Koo buuMeHToM RE). Anudpak-
LroHHas 3¢ (GEeKTUBHOCTb 00beMHOM (ha30Boii pe-
LIETKH 1 MIPU BbINIOJIHEHU U ycioBUit bparra Oynet
OIPENesATHCS CASAYIOLUINM BhIPaKEHUEM:

I

ns,nr i .2

n=l—=sm (vd), 8)
0s,0r
rae d — TOJIIMHA rojorpapuueckoil peueTky,
nnd .
=—1°_ (A — IIMHa CBETOBOW BOJIHBI, O — yrod
Asin®

OP3rroBCKOM IU(pPaKLIMN).

J1J1s1 OCYIIECTBIICHUS aMITTUTYTHOM MOIYIISIIIAN
KOTEPEHTHOTO U3ITyYeHNS, 3aTTMCHIBAIOLIETO IMHA-
MUYECKHe ToJIorpaduIecKue peieTKy, HeOOXOI -
MO ITPOCTPAHCTBEHHOE pacCcOoriacoBaHue MHTEPGE-
PEHIIMOHHOTO CBETOBOTO TIOJIST M 3aITMChIBAEMOt
rojjorpaMMbl. Miero co3manns aMIIIIUTYIHBIX MO-
IOyJISITOPOB CBEeTa HA TMHAMMWUECKUX Tojiorpadudec-
KHUX pelIeTKaX IPOWLITIOCTPUPYEM HA ITPUMEPE M H-
TepdepomMeTpa (puc. 4), B KOTOPOM POJib BIXOAHOM
CBETOIETUTETLHOM TTACTUHBI BHITIOTHIET 00beMHAsT
(bazoBas ronorpapuueckas peiietka. HetpyaHo
[10KAa3aTh, YTO MHTEHCUBHOCTHU BbIXOASLIMX CBETO-
BBIX MTYYKOB M3MEHSIIOTCS HE TOJIBKO TPU CMelIe-
HUU 3epKaJ WIN TTONIepeYHOM CMeIeHUH TOJTorpa-
(braeckoit pereTk — CBETOMETUTES MMapaJIeTbHO
[OBEPXHOCTSIM paBHbIX a3 UHTEPPEPEHLIUOHHOIO

2

2

Puc. 4. UHTepdepomMeTp-MOAyISITOP C OOBEMHON pelieTKo
B KayeCTBE BBIXOIHOTO CBETOJEIUTENS:

CBETOBOTO IM0JIs1, BbI3bIBas (ha30BOE pacCOraacoBa-
HUe MeXIy MHTepDEPEHLIMOHHOU KapTUHOM U pe-
LIETKOM ¢, HO TAKXKe Y TIPY U3MEHEHUU CUJTbI CBETO-
JeIUTETbHOM paccoriacoBaHHOM royiorpauueckoit
PEeLIeTKH .

J1711 ITy4KOB paBHOM MHTEHCUBHOCTU [y, = [, = 1
WHTEHCUBHOCTH Ha BbIXOne MHTepdepomMeTpa (rmpu
BBITIOJTHEHWU OPATTOBCKUX YCIOBUM AU paKkiLiun)
OMUCHIBAIOTCS BhIpaxkeHueM [7]:

I, .= 1 £sin(2yd)sino. ©)]

MaxkcumaibHOe MOIyJIUpyeMoe U3MeHEeHUe
MPOXOASIINX MHTEHCUBHOCTEM MOCTUTACTCST MPU
paccoriacoBaHUU (Ha30BOIt pelIeTKY OTHOCUTEb-
HO CBETOBOTO MHTEP(PEPEHIIMOHHOTO OIS, PABHOM
yeTBepTH ee nepuoaa (¢ = tw/2). Takoe paccorna-
COBaHME MOCTUTAETCS aBTOMATMYECKM B Cpemax
¢ I Y3MOHHBIM MEXaHU3MOM 3aMuCcH, Kak 3TO
BuaHoO u3 opmy (1) u (5). B cpenax c kagpaTud-
HbIM DO apdexToM (7) aseKTpoymnpaBieHe CUIIoN
I(PpaKIIMOHHOM PEIIETKN OCYILIECTBIISIETCS 32 CUET
JIMHEWHOTO BKJIaa B U3MEHEHUE aMTITUTYIbI TOKa-
3aTeJIsI IPETOMIICHUSI OPATTOBCKOM PEIIETKH:

ny~2E,(REy).
B nocratoyHo xopoiem npuoJIMXKeHU CUCTE-

MY YpaBHEHMIil CBA3aHHBIX B3aMMOAEHCTBYIOLINX
BosiH C,. 1 C; MOXHO 3alncaTh KaKk

S

= iym(z) G,
VA

!

ki

1 — BXOIHOU CBETONEIUTEb, 2 — 3epKajia, 3 — oObeMHas (as3oBas
peleTka;

1o, Loy, 1, Iy, I, — THTEHCMBHOCTH BXOJTHOTO JIA3€PHOTO ITyYKa, BXOTHOTO
Y IIPOLIE/ILIETO OTIOPHBIX ITY4YKOB, BXOJTHOTO U IPOLIEIIIETO CUTHATBHBIX ITy4KOB;
6 — YroJI aJieHust BXOIHOTO Iy4Ka
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(10)

e =iy'mi'2)C,,
dz

2C(2)C,
C'(2)C, +C(z)C.

roem(z) = — KOHTpacT uHTepde-

1
PEHLMOHHOM KapTUHBL; yr(z) = m(2)ky = — 5 ko nrx

xE.(z)— nns cpen ¢ nuHeiiHBIM D0 s dekToM;

1
ym(z) = m(2)k, :—5 k0n3(RE0)ESC(z) — s cpen

¢ kBagpatuyHbIM DO 3pdexrom (ky = 2m/L, — BoJ-
HOBOE UKCJIO).

Ha mpakTuke cuctemy ypaBHEHU CBSI3aHHBIX
BoJiH (10) yno0OHO 3anucarthb 4epe3 UX UHTEHCUBHO-
ctu [8]:

dly I,

dz I+1.°

dI, :ri’ (11)
dz I, +1,

rae I' — koadduieHT roytorpauecKoro yCUaeHus.
PeieHust 3TUX ypaBHEHUIA XOPOILLO U3BECTHbI
8,91

1+ma1
Le=tos 2 el (12)
1"_mO 1+”161 I'z
[r =[0r Iz = [Or 1 Iz e . (13)
I+mgye I+my e

BripaxeHue 1Jist 5KCIOHEHIUATbHOTO KO3 u -
LIMeHTa rojiorpacudeckoro ycuiaeHus I Haxonurcst
neneHueM BeipaxkeHus (13) Ha (12):

_ 1 U 0s I r _ 1
r dln [0,. I |z:a’ dln my ]S |z:d ’ (14)
rae my = ly,/ 1, — OTHOILLIEHNE BXONHBIX UHTEHCUB-
HOCTEWA.

CylecTByeT MpocTast CBSI3b MEXIy rojorpadu-
YECKUM KOA(PPULIMEHTOM YCUIIeHUSI UHTEHCUBHO-
CTeil B3aUMOJIEUCTBYIOIIUX ITYYKOB Y KOMIUIEKCHOM
MOCTOSIHHOM Y B3AUMOJECTBUSA BOJIH:

I'=4y,sing,
TJIe ¢ OTIpeIeNAeTCs U3 BRIPAXEHNs Y =,e" (7o = y)).

Hns cpen ¢ kBanpatudHbiM DO a¢pdekTom Be-
nuunHa I ompenensercs Kak

I'=2nn’E,(RE)/\.

II'

N

(15)
102

JIuHeiiHas 3aBUCMMOCTb KO3 (PULIMEHTA roJI0-
rparUIecKOro YyCUICHUS OT BHEIITHETO DJIEKTpUYe-
CKOTO TI0JIsI ObljIa MOATBEPXKIEHA B HAILIMX JKCITe-
pUMEHTaxX TI0 WCCIEeAOBaHUIO Toyorpaduieckoit
3aMMCU B CETHETOKEPAMMKE LIMPKOHATAa-TUTaHATA
CBUHIIA, MonuULKMpoBaHHOM JaHTaHOM (LITCII),
obnagaroueil kBagpatuuHbiM DO apdexToM (puc.
5) [10, 11]. TTpu 3TOM OBLIO JOCTUTHYTO PEKOPIHOE
snauenue I wist DO cpen (6onee 100 cm™Y).

Lem '

L) =

o A T S S T ST

2 4 f 7 E,,xB/cm

Puc. 5. 3aBucumoctu kospduLmreHTa
roJorpacIecKoro yCUICHUS
OT HANPSIKEHHOCTHU IOJIs 3aIUCHU
IUIST pa3IMYHBIX TIEPUOAOB TOJI0TpadUIeCKIX
pemetok A, MkM: 1(1); 2(2); 6(3)

MHOTOITyYKOBas yIipaBisieMast MOIYJISILIVS CBe-
Ta B cpenax ¢ KBagpaTUuHbiM DO apekTom pea-
JIU3yeTcs Kak yrpaniisieMoe (hOTOMHAYIINPOBAHHOE
paccestnue ceeta (PUPC).

Asnenne ®UPC 00bACHSIETCS TEM, UTO CTIEKII -
CTPYKTYpa CBETOBOTO IOJISI U MUKPOHEOJHOPOIHO-
¢t poTopedpaKTUBHON Cpelbl BHI3BIBAIOT He-
OAHOPOAHYI IPOCTPAHCTBEHHYIO MOIYJISILIUIO
ToKa3aTeJIst TpeJIOMJIEHUsI, Ha KOTOPOI ITPOUCXO-
IUT Napa3uTHas nudpakivs CBETa, yBeIuunBaro-
mas IyKTyalli CBETOBOTO TIOJIST, UYTO B pe3yiIb-
Tate camoau(paKiMK CBETA BeeT K JaibHeleMy
YBEJWUYEHNIO HEOTHOPOIHOM MPOCTPaHCTBEHHOM
MOIYJISILMM [TOKa3aTeist npesjomieHust. PaccesiH-
HBI€ CBETOBBIE BOJIHBI, UHTEPGhEPUPYS C TTPOXOIS -
IIMMU BOJHAMM, 3alIMChIBAIOT TaK Ha3blBaeMble
«IITyMOBBIE» ToJTorpadmyecKue pemeTkn, Ha KOTO-
PbIX MOXKET NPOUCXOAUTb dpPpekTuBHOE 1P paK-
LIMOHHOE paccessHue cBeta [12—14].



Pusnyeckas ontmka

Ddpdpext DUPC B DO MoayJisiTopax oKa3biBa-
€TCsI, KaK TpaBUJIO, BPEIHBIM SIBICHUEM, TaK KakK
MPUBOIUT K 3HAYUTEIbHBIM MOTEPSIM U OTPaHUYe-
HUIO TMana3oHa JUIMH BOJTH U MOIITHOCTE MOy -
PYEMOTroO ONTUYECKOIrO U3TYYEeHUSI.

OCOOEHHOCTH 3aMUCU U BJIeKTpOyMNpaBieHre
rojiorpaMuecKMMHU pellieTKaMU B Cpeaax ¢ KBai-
patuuHbIM DO 3hdekTOM natoT BO3MOXKHOCTh CO-
31aHUSs1 BBICOKOA(hGEKTUBHbIX MOAY/ISITOPOB CBETA,
paboTaroluX Ha YIpaB/sieMoM (POTOUHAYLIMPOBAH-
HOM paccesiHuu cBeta [14].

B aTux cpenax BcienacTsre kBaapatuuHocTh O
apdekra «11ymoBbie» rojgorpaduueckue peleTku
B OTCYTCTBME YIIPABIISAIONIETO ITOJISI HAXOISTCS
B CKPBITOM COCTOSIHUM. BHellIHee a/eKTpruuecKoe
TT0JTe TIPUBOINT K TTOSTBJIEHUIO «IITYMOBBIX» PEIIIECTOK,
Ha KOTOPbIX IIPOMCXOAUT yIIpaBiisieMasi OparroBc-
Kas qudpakiys manaolieit CBeTOBOI BOJHBI, UTO
MPUBOIUT K AMIUTUTYTHOM MOAYJISILIAY ITPOILIeIIIei
BOJIHBL. B MomynaTopax mogpo6HOTO THITa OTCYTCTBY-
IOT CBETOJC/IUTE/IN, U TOUHOE BbIIIOJIHEHHE OPAITOB-
CKUX YCJIOBUI TU(PaKIINKU OCYIIECTBIISIETCS aBTO-
MaTUYEeCKM, He3aBUCUMO OT H3MEHEHUS yria
MageHUSI MOTYTMPYEMOTO CBETOBOTO MMOTOKA.

J71s1 TOro, 4ToOBI MPOAEMOHCTPUPOBATD YITPABIIS -
emMoe (OTOMHAYLIMPOBAHHOE PACCESTHUE, MBI ICTIONb-
3oBaju npospaunyto LITCJI-kepamuky coctaBa 9-10/
65/35 n TTorepeuHyI0 reOMETPHIO 3aITHCH TIPH TIepIIeH-
OUKYJSPHOM MaJeHUU MydyKa Tenii-KaaMueBOro
(He-Cd) nasepa (1, = 442 um). HanpasieHue nosns-
pU3aLNK BOJTHBI OBUTO TTAapaUIeTbHO HaTpaBIEHUIO
VIIPaBJISIONIETO 3JIEKTpIUecKoro mosist. B mporiecce 3a-
MUCH «ILIyMOBbIX» PELIETOK HA0101a10Ch MOHOTOH-
HOE YMEHBIIIEHNE MHTEHCUBHOCTH TPOIIIEIIIETO CBE-
Ta 0 CTAallMOHAPHOTO 3HAYECHUS, OIMpPEeaesieMOro
BHEILHMM 2/IeKTpuueckuM nosiem E;. Ha puc. 6 mpu-
BeJeHbl TUIIMYHbIC 3aBUCMMOCTU MHTEHCUBHOCTU
TTPOIIIEAIIETO TyYKa OT BETMIMHBI 3JICKTPUUYECKOTO
TTOJISI: TIEPE 3aITMChIO «IITYMOBBIX» PEIIETOK (KpHUBast
1 — COOTBETCTBYET HAUAIbBHOMY PAaCcCesTHUIO Ha He-
OJHOPOIHOCTSIX KEPAMUKM ) U ITOCJIE UX 3AITUCH (KPU-
Bast 2 — COOTBETCTBYET CTALIMOHAPHOMY PACCETHUIO
Ha «IIIyMOBBIX» Tojiorpapuiyeckux pereTkax). Mak-
cUMaJTbHasl TIIyOrHA MOIYJISILINK 1ocTrTana 95 %.

AHaAJIOTMYHbIE 3KCIIEPMMEHTbI OB ITPOBEACHbBI
Ha KpUCTaJIax HuooaTa 0apusi-CTpOHLIMS, JIETUPO-

12 5 4 K 4 B o2
AR |

Puc. 6 [14]. TunuuHble 3aBUCUMOCTHU
WHTEHCUBHOCTH TPOIIEAIIETO MyyKa TeJIhii-
kanmueBoro (He-Cd) mazepa (A = 442 HMm)
OT BEJIUUMHBI BJIEKTPUUECKOTO 110Jst 10 (1)
¥ mocJie (2) 3aTiCH «IITyMOBBIX» PEIIETOK
B kepamuke LITCJI

BaHHbIX LiepreM (SBN:Ce) mis Mmony sty U3ayde-
Hus reanii-HeoHoBoro (He-Ne) nazepa. Kpucramib
IUTSI aKTUBU3AIIM Y TTOTJTOIIAIOIINX M pACCENBAIOIITNX
LIEHTPOB MPeIBAPUTETHHO 3aCBEYNBATCH KOPOTKO-
BOJIHOBBIM YJIETPA(PHOTETOBBIM U3TyYEHUEM PTYTHOM
gamnel 1PT-220. [IyorHa MonyasilMu JocTuraia
36 %, HO c TeueHKreM BpeMeHU CHKanach 10 30 %.
N3 BeIpaxkeHnii (8) — mist nupakimoHHOM 3¢-
(beXTMBHOCTY OITHOMYYKOBOI'O CYMThIBAHUS U (9) —
IUTSI UBMEHEHW I THTEHCUBHOCTH IBYXITYyYKOBOTO —
BUIHO, YTO IBYXITYYKOBBIE MOMYJISITOPHI BBITOTHO
OTJIMYAIOTCS OT OMHOITYYKOBBIX ITO UYBCTBUTETBHOC-
TU U JIMHETHOCTY MOIY/ISILIMKU. MaKcrMaltbHasl TTy-
OrHA MOIYJISIIINY OTHOITYYKOBBIX MOIYJISITOPOB JOC-
TUTaeTCsI, Korma (a3oBble OOBEMHBIE PEIISTKH
peanusyiot 100 %-10 TMdpakLIMOHHYIO (P HEKTUB-
HOCTb, a UTSI IBYXITYYKOBBIX MOIYJISITOPOB — T10 JI0-
ctokeHnn 50 %-it mudpakumoHHOM 3D HEeKTUBHOC-
. Cnabasi rybrHa MOAYJSILIMA UHTEHCUBHOCTHU
OITHOTTYYKOBBIX MOIYISITOPOB OCOOEHHO TIPOSIBIISIET-
cs1 TSt MaJTbIX (DOTOpe(PAKTUBHBIX U3BMEHEHUI MO~
KazaTens npenomieHns #; (yd << 1), koraa rayOvHa
MOIYJISILIMA MTHTEHCUBHOCTH OHOITYYKOBOTO CUNThI-
BaHUS M3-3a KBAIPATUIHOMN 3aBUCUMOCTH TP paK-
LIMOHHOM 3(P(heKTUBHOCTU ITPONOPLIMOHATLHA (nl)z,
a ISl IByX- M MHOTOTTYYKOBBIX MOIYJISITOPOB — 71;.
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YIK 637.621.3

PUSNYECKOE MATEPUAJTIOBEAEHWNE

M.B. lon106KUHa

MATHUTHbIE CBOMCTBA KOMMO3UTA
CO CBEPXNrPOBOAALLUMU BKITIOYEHUAMU

B HacTosiee BpeMsi MOBBILLIEHHOE BHUMaHWE
HcclieoBaTeiei MpUBIeKaloT NCKYCCTBEHHBIE KOM-
MO3UTHBIE CPeIbl, coAepXKalllre pa3IudHbIe TUTTbI
MarHUTHBIX WU AUBJIEKTPUUYECKUX BKIIOUCHUIA.
Takwue cpeasl MOTYT 00J1a1aTh CBOMCTBAMU, HE TIPU -
CYLIMMU MTPUPOAHBIM MaTepraiaMm. Bo MHOTUX IIpU-
MEHEHMSIX KOMIO3UTHBIE MAaTePUAJIbl MOXKHO CUM -
TaTb TOMOT€HHBIMU C MAaKPOCKOIMUYECKOU TOUKU
3peHus. DIEKTPUIECKNEe M MAarHUTHBIE CBOMCTBA
TaKMX MAaTepUaJOB MOXKHO OIMKCATh MyTEM BBEIE-
HUS 3G (GEKTUBHBIX BEIUUYUH AUIIEKTPUUECKON
W MAaTHUTHOM MPOHUIIAeMOCTU. MaKpOCKOTIhYe-
CKHe rapaMeTpbl, Takue Kak 3(h(peKTUBHAsI MAarHUT-
Hasl POHULIAEMOCTb, MOTYT ObITh MCTMOJIb30BAHbI
B CJyyae, Koraa mpUuMeHsieMoe MoJie MEHSIETCS 10C-
TATOYHO MejIeHHO. [Tpu 3TOM pa3Mepbl BKIIOUeHU T
OrpaHUYEHBI CAEAYIOIIUM ycioBueMm [1]:

Aoy <M\/2m, Q)]

rae d,. — MakCHUMaJbHBIA pa3Mep BKIIOYEHMUIA,
A — IJIMHA BOJIHBI MAAAI0IIEro U3 TyYeHUSI.
HMcnoab3oBaHue KOMMO3WUTOB, COAEpKAIIUX
BKJTFOUEHMUSI U3 JKECTKUX CBEPXITPOBOIHUKOB C BbI-
COKOI KPUTUUECKOU TIJIOTHOCTbIO TOKA, BBI3BAHO
HEOOXOAUMOCTbIO MPEON0JETh TEPMOMATHUTHYIO
HEYCTOMUMBOCTD; MOCJEIHSS TIPOSIBISIETCS B BUIE
CKaYKOB MAarHUTHOTO TTOTOKA B CBEPXITPOBOAHUKE,
KOTOpPBbIE HAOTIOOAIOTCS Y2Ke IMPU MaJIbIX KOJIeOAHUSIX
TeMIIepaTypbl 1 MarHUTHOTO 1oJid [2]. Takue ckay-
KU COMPOBOXIAIOTCS MOLLHBIM BblI€JICHUEM TeIlia
1 MOTYT IPUBECTU K MEPEXOIy B HOPMAJIbHOE CO-
crossHue. YTOOBI MPenoTBPaTUTh TEPMOMATHUTHYIO
HEYCTOMUYMBOCTD (U MTOJYYUTh MATEPUAJIBI C HOBBI-
MU CBOMCTBAMU), U3TOTABAMBAIOT KOMITO3UTHbIE
cpenbl, CoAepX)allie CBepXMPOBOASIINE BKIIIOUE-
HUSI, pa3Mep KOTOPBIX HE MTPEBbIILIAET HEKOTOPOTO
Kputudeckoro 3HaueHus [3, 4]. Teopetuueckoe
U 9KCTIepUMEHTATbHOE U3yUSHUE IeKTPOINHAMMU -

K1 TaKOM CJIOXXKHOWM reTepOreHHOM, aHU30TPOITHOMN
U B OOLLEM CTy4yae HeJIMHEIHOI cpeabl KaK CBepX-
MPOBOSILINI KOMITO3UT, TPEACTABIISIET COOOM CIIOXK-
HYIO 33Ja4y ¢ MUKPOCKOIUUYECKO TOUKHU 3pEHUSI.
HeobOxoaumo nepeiTi K MakpoCcKOTTMUeCKOMY OTTH -
CaHMIO 33J1a41, KOTJ1a CBEPXITPOBOS LI KOMIIO3UT
paccMaTprBaEeTCs Kak OMHOPOIHAS Cpella C HEKUMU
3(deKTUBHBIMU XapaKTepucTuKaMu. YToOnl oxa-
pPaKTEepU30BaTh AJIEKTPOMATHUTHBIE CBOCTBA KOM-
MO3UTHOU cpefibl, HEOOXOAUMO 3HATh DJIEKTPOMAr-
HUTHBIC MapaMeTPhl KAK OCHOBHOTO MaTepuaa, Tak
¥ BKiItodeHuid. OnuH 13 HanboJiee 001X METOI0B
TOMOTE€HU3ALIMH TTapaMEeTPOB KOMITO3UTHOM Cpeibl —
(bopmanu3m Makcsenna — [apHerTa. B gaHHoIi cTa-
Th€ OH UCTIOIb3YETCS 151 pacueTa 3JIEKTPOIUHAMMU -
YECKUX MapaMeTPOB KOMIO3UTHOM CPe/ibl, COIEPKa-
11Ie# CBEPXTTPOBOISIIINE BKITIOUEHNS.

®opmanu3m Makceia — [apHerTa

PaccMoTpuM OIHOPOIHYIO CpeLy, COePKALLYIO
BKJTIOUEHU S PA3TUUHOM (popMbl. OHU BBITIOJIHEHBI U3
maTepuasa, XxapakTepu3ylollerocsi napaMmeTpamu,
OTJIMYHBIMU OT TAKOBBIX JIJIsI OCHOBHOW Cpeibl. Yc-
peaHeHUe MapaMeTPOB HEOAHOPOIHO KOMITO3UTHOM
Cpelbl TpoBeaeM MyTeM BBeAeHUs 3(P(DEeKTUBHBIX Be-
JIMYUH IU3EKTPUUYECKON U MATHUTHOI MpOHULIae-
MocTU. [1ycTb MarHuTHas MPOHUILIAEMOCTb OCHOB-
HOTo Matepuana — |1, a MarHUTHas IPOHULIAEMOCTh
BKJIFOYEHUI — . B ci1yyae BKIIOUEHUI 3/UIMIICOU -
JajJbHOM (hOopMbl BblpaxkeHue 1isl pacuera apdek-
TUBHOU MAarHUTHOM MPOHMULIAEMOCTU JOJIXKHO COIEP-
KaTb (pakTOp AeMarHeTusauuu [5]:

N,= abe ds (2)

2 §(s+a®W(s+ad) s+ (s+c?)

rae a, bv ¢ — nonyocu annunconaa, N, — dbaxtop
JeMarHeTu3auny B HanpaB/ieHUH [10JYyOCH d.
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s pacuera (akTopoB neMarHeTuszauuu N,
"1 N, HeoOX0IMMO 3aMEHUTD B BBIDAXXEHNH (2) BeJU-
YUHY a B [IEPBOI CKOOKE Mepe/ paguKaioM U UH-
JIeKC Ha b U ¢ COOTBETCTBEHHO.

Kommno3uTHas cpeaa ¢ 3JUIMIICOMIATbHbIMU
BKJIIOUEHUSIMU aHU30TPOIHA, U ee 3¢hheKTUBHASs
MarHMTHasl MPOHULIAEMOCTb BBIPAXKAETCSl B BUIIE
TeH3opa. s mpou3BOJIbHO OPUEHTUPOBAHHBIX
BKJIFOUEHMIA yKa3aHHAasl cpefa M30TponHa (B Heil
OTCYTCTBYET BbIJEJICHHOE HarpaBieHue); aphek-
TUBHAsI MArHUTHAsI IPOHULIAEMOCTb B TAKOM CJTy-
yae MoJiyyaeTcsl B pe3yabTaTe yCpeaAHEeHW S AUTTIOb-
HBIX MOMEHTOB KaxXk10T0 BKJItoueHus [1]:

3.5 1+N(u, 1)
i=a,b,c i\Ms
gy =1+ NG
l—i z Ni(”’s_l)
3 i=a,b,c 1+Ni(“s_l)

rae f=nV — o0beM (ppakLnu, 3aHIThII BKIIIOUEHM -
saMu (V' — o0beM OTaeIbHOTO BKIIOUEHUSI, 1 — UX
KOHILIEHTpAIIHI.

11T TIpOU3BOJIBLHO OPUEHTUPOBAHHBIX HUTEM

[1]—
P +5
G=2 )u; +(3+2f)

IJI1 TTIPOU3BOJIBHO OPUEHTUPOBAHHBIX ITHUCKOB

(1] —

oy =1+ f(ug —1) )

2, +1

—_— 5
G- +f ©

“’eﬁ" :1+f(us_1)

Onpenenenre MAaTHUTHO! BOCTPUUMYMBOCTH
CBEPXIMPOBOIHMKA B IepeMEHHOM MATHUTHOM T0JIe

OO01IMiT MAaTHUTHBIN OTKJIWK CBEPXTTPOBOIHM -
Ka TIPOM3BOJIbHOM (DOPMBI B TTEPEMEHHOM OITHOPOI-
HOM MarHuToM nosne H (7) XxapakTepu3yeTcs JUIOSb-
HBIM MArHUTHBIM MOMEHTOM [6]

m(t):% [ir.d(e01d%r, (6)

raoe J(r,t) — II0THOCTh TOKa BHYTpU 00pa3iia 00be-
ma V.

MarepuajibHble COOTHOLLIEHUS, XapaKTePU3yI0-
11I1e CBEPXITPOBOASILINIA 00pa3ell, MOTyT UMETh KaK
JIMHEHHBIN, TaK ¥ HeTMHEWHbIN XapakTep. PaccMoT-
puM o0pa3el] U3 CBEPXIPOBOAHMKA BTOPOIO poaa
B MAarHUTHOM ToJie ¢ uHayKuueit B. Eciu B, < B<
< B,,rne B,;, B,) — BeIMYNHBI MHAYKLIMYU IEPBOTO
Y1 BTOPOTO KPUTHUUECKHUX I10JIeil, TO CBEPXIIPOBOM-
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HUK HaXOAUTCS B CMEILIAHHOM COCTOSIHUU, B KOTO-
POM MAarHMTHOE MoJie MTPOHUKAET B CBEPXITPOBO/I-
HUK B BUJIE peLIeTKU BUXpeit Abpukocona [7]. B iu-
HEMHOM cilydae yaeabHOe COTPOTHBIEHNE 00pasiia
MMeeT TMHEMHBIN XapakTep [7]:

Pac ((D) = imuokic ’ (7)
1 B O0IIIeM cTyJae SBIISIeTCS KOMIUIEKCHBIM 1 Yac-
TOTHO 3aBUCHMBIM.

Hampumep, nepeMeHHOE BHEILIIHEe MAarHUTHOE
none H,(f) = Hoeim'co311aeT nepeMeHHYI0 JIOKallb-
HYIO TUIOTHOCTb ToKa J(r,7)=J O(r)e’m’ U BJIEKTPU-
ueckoe none E(r,7) = E (r)e’’, e Ey(r)=p,Jo(r).

JIvHeHbIN OTKIMK B CBEPXITPOBOIHUKE HAOI0-
JaeTcsl pu TeMrepartype, IIpyu KOTOpoii Habona-
eTCs TEPMUYECKUI JeMMHHUHT BUxpeii [8]. B ciry-
yae CUJIbHOIO MNMHHMHIA BUXPE€H MArHUTHbIA
OTKJIMK CBEPXIPOBOIHUKA OyIeT HEJTMHEHBIM.

MarHuTHBIA TUONBHBIA MOMEHT (6) MOXHO
paccuuTaTh, €CJM M3BECTHA IUIOTHOCTb TOKa
J(r, H ). Eciiu BHELIHEE [10J1€ MEHAETCA 110 CUHYCO-
WIATBHOMY 3aKOHY, T. €. H (7) = Hsin(w?), TO KOM-
TMOHEHTa MAaTHUTHOTO MOMEHTa m(?), HarpaBJIeHHasI
BHOJb nona H,, obpasyeT nermo rucrepesuca. OT-
Cl0/Ia HeJTMHEeHAast KOMTUTEKCHAst BOCTIPUMMYHNBOCTh
MOXET OBITh OTIpeIesIeHA CeAyIoIM 00pa3oM [9]:

27

[m(r)e ™ d(wr). ()

TEOO

XH(HO’O)):

B cityuae n1HEiHOro OTK/IMKA BBICLLIME TAPMO-
HUKH He TeHePUPYIOTCsT, TO eCTh x, = 0 mmst pu # 1.
TTpu 3TOM % ; = %(©0) HE 3aBUCUT OT AMTIITUTYIBI ITOJISI.
JluHeliHast BOCTIPUMMYMBOCTD B TIEPEMEHHOM Mar-
HUTHOM I10JI€ OIPEAEISICTCS CIIEAYIOLIM 00Pa3oM:

2n

x(o)= n;IO 6|'m(t) eiimd(mt). 9)

JIuneitHas MArHUTHAS NPOHUIIAEMOCTH
CBEPXIPOBOAHMKA
B lePEMEHHOM MATHUTHOM I0JIe

ias !

JluHeliHass BOCIPUUMUYMBOCTD Y (®) = y'—iy
WA MarHUTHasi IPOHULAEMOCTb p(®) = y(o) + 1
IUTSI TPOBOIHUKOB IMTPOU3BOJILHOM (hOPMBI C TIPOU3-
BOJIBHBIM KOMTUIEKCHBIM YICTbHBIM COMIPOTUBIICHN -
eM P, WY TITyOMHON MPOHUKHOBEHUS

. 1/2
Me :I:pac (C‘))/I(DHO] -
B OIHOPOAHOM MarHutHoM none H, (1) = Hye' mo-

XKET OBITh HaWaeHa IIYyTEM PCLICHUA JIMHEHOTO



Pusnyeckoe MaTepmanOBep,eHme>

ypasHenust wist J (r,7) uan H(r,7) . Takum MeTonoM
HaiiIeHa BOCIpMUMYMBOCTD ISt chephl paanyca a
[10] —

3cothu 3

Xsph(m):T_u_z_la

(10)

a Takxe ISl IIMHHOTO LIWJIWHIpA paauyca a B ak-
CMaJbHOM MarHuTHOM mouie [11] —

2]1(u) B

uly(u) (h

Keyl (‘D) =

= [impoaz/p(mﬂ 1/2; Iy, I, — monu-

(pumpoBanHbie pynkuuu beccens.

B oOmieM ciayvyae auHelHass BOCOIPUUMUN-
BOCTb 1151 0Opa31ia Mpou3BOJIbHOM (hOPMBI HAXO-
INATCA Kaxk [9]

3necbu=ajl,,

1) = [eximo)dr,  (12)

1
2V, H,
roe j(r,m) — IUIOTHOCTb TOKA, BO3HMUKAIOIIETO IO
NIeACTBUEM BHEILIHETO NIEPEMEHHOTO 1o H (1) =
= H,ye"™, V, — 06beM CBEpXIIPOBOISILIIETO 0GpA3IIa.

BripaxkeHue 111 HOpMaIM30BaHHOM TUTOTHOCTH
Toka J(r,z)=j(r,z)d / H, MOXHO HAiiT! U3 peLie-
HUS WHTETPATbHOTO YpaBHEHUST, KOTOPOE TTOJTyda-
€TCSI B pe3yJIbTaTe MOACTAHOBKHY HEJIOKAJTBbHOTO CO-
OTHOUIEHUS MEXIY TMIOTHOCThIO Toka J(r,z) u
BBI3BIBAIOIIUM €ro nojem H (r, z) B ypaBHEHUE
Makcsesia rotE = —B' ¢ yueTom MaTepuaibHBIX CO-
oTHoweHnwii j=o, E, B=pp,H. g nucka tomum-
HOW d u paguycom a >> d B neprneHauKyJIsspHOM
MarHUTHOM TT0JIe YKa3aHHOE MHTETpaIbHOe YpaB-
HeHue nmeeT Bumd [11]:

1
J(r,m)=w{rcr+ _[Q(r,u)J(u,u))du}, (13)
0

rae
:MG@)_ (14)
2n
Anpo unrterpana umeet Bud [11]:
r/u
o(r, )——— f {E(k) Il((l;)}vdv, (15)

rae E(k), K(k) — nomHble HOpMaJIbHBIE SJUTUIITUYEC-
Kue MHTerpajibl JIexaHapa nepBoro 1 BTOporo poza;

K =4v/(1+v)>.

st pemueHus 3ama4y Ha COOCTBEHHbIE 3HAUE-
HUSI MOKHO MPEICTaBUTh HOPMAJTU30BaHHYIO IIJIOT-
HOCTb TOKa B BUJE PA3JIOXEHUS 10 COOCTBEHHBIM

bysKuMAM £, (7):

J(r,0) = Y.y (@) (1 (16)
1
Fo)=—Ay [QUr fy ) (17)
0
() = “Wj’ . Jf (rrdr.  (18)

Torna marnuTHast BOCIIPUMUMYMBOCTD 3alIMCbIBACT-
CdA B BUIOEC

x(@) =1 a,(0)b,, (19)

Butore [11]
1
W)= [J(r,o)dr= —wziﬂ/—i‘a, (20)
0 m “*m

e ¢, = (31’ /8)b2AZ .

JlunHeliHas KOMITJIEKCHAsI MAarHUTHAST BOCIIPHU-
WMYMBOCTb JJTSI AMCKA WJIM IWJIMHAPA C YIASTbHBIM
CONPOTUBIIEHUEM P, (®) = p = const 1151 TOHKOTO
JNMCKA U TIOJOCKHU B MEPHEHANKYISIPHOM MarHuT-
HOM I10JIe paccunTtaHa B [11, 12].

TeMmnepatypHasi 3aBUCUMOCTb MAarHUTHOM BOC-
MPUUMYUBOCTU OMPENEISIETCS 3aBUCMMOCTBIO OT
TEMTIEpaTyphbl YACILHOTO COTTPOTUBRIICHMS CBEPXTTPO-
BOJHUKA P, WJIY €70 KOMIUIEKCHOI IPOBOINMOCTH
o. CyiuecTByeT 60Jb1I0e KOTMYECTBO MOJEICH, OTu-
CBIBAIOLLMX TEMIIEPATYPHYIO 3aBUCUMOCTb KOMILICK-
CHOI IPOBOIMMOCTHU cBepXxIpoBonHuka [13]. Boc-
mojibdyeMcss  (heHOMEHOJIOTUYECKON  MOIEbIO,
npenioxeHHoi O.I. Benauk (1 1p.) 1151 BLICOKOTEM -
nepaTypHbIX CBEpXIPOoBoAHUKOB [ 14]. KommiekcHas
MPOBOAUMOCTb G = G|—IG, 1 JOHAOHOBCKAsI IITyOu-
Ha MPOHUKHOBEHUSI IPU TEMITEPATYPe HUXKE KPUTH -
YeCKOU OMpenesIsitoTCs CASAYIOIINM 00pa3oM:

6,(1) = cm(l)[ﬂ-l +al- ﬂ)] ; Q1)
1

— 22

Ty 22

()= (23)

Ji-rt

3necs t= T/ T, — npuBeneHHas temmneparypa (7, —
KpUTUUeCcKasl Temmeparypa); c,(l) — nposogu-
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MOCTb CBEPXITPOBOIHMKA ITPU TEMITIEPATYPE MePEX0-
J1a B CBepXxnpoBosiiee coctosiHue; A(0) — JToHm0-
HOBCKasl IJyOMHA TTPOHMKHOBEHMS TIPU HYJIEBOM
TeMIIepaType; o, Yy — 0e3pa3mMepHbie (heHOMEHOJIO-
rM4ecKue mapaMeTphl.

Ha puc. 1 moka3aHbI 3aBUCIMOCTH ICCTBUTEITb-
HOI 1 MHUMOI yacTeil 3¢ (PEeKTUBHOI MArHUTHOM
MPOHUIIAEMOCTH OT YACTOTBI JIJIST CBEPXITPOBOISIIIINX
BKJIIOUEHUH B BUIIE MApaJLIeIbHbIX JTMHHbBIX LIMJIMH-
JPOB ¢ MATHUTHOM BOCTIPUMMYNBOCTBIO, pACCUMTAH-
Hoii o (popmyJie (11). TemrepaTypHasi 3aBUCUMOCTb

a
)Re(u) ]
0,37

=
[=2]

=
=]

045

25 50 75 100
0,10 ¢!

)

yuuThiBajack 1o hopmyiam (21)—(23). Pacuer npo-
BOJMJICS 1151 CBEPXITPOBOASIIMX BKIOUEHUM U3 Bbl-
cokoTtemrneparypHoil kepamuku Y Ba,Cu;05; xapak-
Tepusytolleiica mapamerpamu: o = 20,y =2, c,(1) =
=3,5-10% Cm/m, A(0) = 0,13 mxm, T, = 89 K [13].
BunHo, uTo npu yBemueHnU (pakTopa IeMarHeTr3a-
uvu ¢ N=0 no 0,5 geiictBuTesibHAas1 YacTh 3P Pek-
TUBHOI MarHUTHOM MPOHULIAEMOCTU YMEHbILIAETCSI,
a MHMMas1 9aCTb BO3PACTAET 10 MOMYJIIO.

Puc. 2 npeacragisiet pacueT 3aBUCUMOCTEN (-
(peKTMBHOM MArHUTHOI MPOHULIAEMOCTU OT YACTOThI

o, 10" ¢!
0) ] 25 a0 75 100
Im(p) [T T T T YT YT T N TN Y T T [N T A A A |

0,054

srrart
PUPPETTL S
st

L=

0,15

0,2

0,259

Puc. 1. YacToTHbIE 3aBUCUMOCTH ACHCTBUTEIbHON (@) 1 MHUMOI (6) yacTteil apdek-
TUBHOI MAarHUTHOM MPOHMIIAEMOCTH /ISl BKIIOYEHUIH B BUAE JJIMHHBIX LIWJIMHIPOB

Ppa3Hoii IUIMHBI b, panuycoM a =

1 MKM 117151 IBYX 3HAYeHMii (hakTopa AemMarHeTuzaunu N.

Pacuer 1o gopmyse (11): b= 20a (1, 2); 30a (3. 4); 50a (5 6):; N=0(1, 3, 5
105 (2 4, 6); T=88 K, n=510"

a)
Re(n) 0,57

048

07

0y B Dhogy

0 25 50 75 100
o, 10!

6) o, 10" ¢!
0 25 &0 75 100
IITl(LL) + IR TN T N T TN TN T N T T T T A N T B
0,054y *.
1 Y 5
] 5 8
1 u, 3
0,153 . 4
0,2 Ry
0257 e,
0,3 2
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Puc. 2. YacTtoTHbIE 3aBUCUMOCTH ACHCTBUTENbHOM (a) 1 MHUMOI (6) yacTeil apdek-

TUBHOW MArHUTHOM MPOHUILIAEMOCTH JIJIS BKJIIOUEHUI B BUIE TOHKUX JUCKOB paIuy-

coMm a = 1 MkM, TonuuHoi d = 0,1 MKM ISl pa3iMuHbIX 3HAYeHUI TemnepaTypbl T’
¥ IBYX 3HAUE€HWI (haKTopa meMarHeTu3auuu N.

Pacuet mo dopmyne (20); 7= 88 K (1, 2); 70 K (3, 4); 35 K (5, 6); N=0 (1, 3, 5)
n0,5(2 4, 6);n=210%m"3
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JUJ1S1 CBEPXITPOBOSIIMX BKJIFOUEHU I B BUIE TOHKUX
IVICKOB JUTS Pa3TUYHBIX TeMItepaTyp. PacueT mar-
HUTHOI BOCIIPUUMYMBOCTU OTAEIbHbBIX BKIFOUEHUI
npoBoauics no popmyJie (20) uepes paszaoxkeHUe Mo
cobcTBeHHbIM pyHKUMsIM. [1pu yBeiMdyeHUU TEM-
rmepaTypsl AeHCTBUTEIbHAS YacTh 3G (GEKTUBHOMN
MATHUTHOI MPOHMLIAEMOCTH BO3PACTAET, IPU 3TOM
BO3pacTaeT U MaKCUMaJIbHOE 3HaYeHME MTOTephb (OHN
CBsI3aHbl C MHMMOI1 4acTblo 3(PMEKTUBHOM MArHUT-
HOI mpoHMnIIaeMocTH). BemnmunHa ykazaHHOW MHU-
MO 4aCTU C POCTOM YACTOThI YBEJIMUMBACTCS, YTO
COOTBETCTBYET POCTY 3aTyXaHUST; TIPH OTIPEICIeHHOM
YacTOTE OHA JOCTUraeT SKCTPEeMyMa, 3aTeM OISITh
yMeHbIaeTcss. Mbl BUIUM, YTO TIPY COOTBETCTBYIO-
11IeM TToadope NapaMeTpOB KOMITIO3UTHOM Cpebl BO3-
MOXHO CO3IaHMe CBEPXITPOBOMSIINX KOMITO3UTOB
C MaJIbIMU IOTEPSIMU /151 OITPEACIEHHOTO YACTOTHO-
ro nuara3ona. CliemyeT OTMETUTD, UTO ITPY 9aCTOTaxX
® — 00 CBEPXITPOBOISIILIME BKITIOYEHUS, BHIITOJIHEH-
HbIE U3 BBICOKOTEMITIEPATYPHOT'O CBEPXIIPOBOIHUKA
BTOPOTO pofa, BEAyT ceOs KaK CBEPXITPOBOTHUKHI
[EPBOro B MEMCHEPOBCKOM COCTOSIHUM, SKPAHUPYSI
TTOYTH BeCh MAaTHUTHBIN IMTOTOK B CBEPXITPOBOIHUKE.
[1pu 5TOM TMHUM MATHUTHOTO ITOJISI 0OTEKAOT CBEPX-

[IPOBOSILLME BKIIOYEHMS TAKUM 00pa3oM, YTO MH-
nykuus B Be3ne mapaiesbHa MOBEPXHOCTU CBEPX-
MPOBOJIHMKA.

Wrak, B 1aHHOM cTaThe paccyuTaHa 3PPHEeKTUB-
Hasl MAarHUTHAs TPOHULIAEMOCTb KOMIIO3UTHBIX CPe/l
CO CBEPXIPOBOASIIINMU BKJIIOUEHUSIMU PA3TUYHOM
(bopMBI, BEITIOJTHEHHBIMU 13 CBEPXITPOBOIHIKA BTO-
pOro poaa, HaxXOASIIErocsl B CMEIIaHHOM COCTOSI-
Huu. [1pu pacueTe MAarHUTHON BOCTIPUUMUYNBOCTH
OTIEJIbHBIX BKJIIOUEHU PACCMATPUBAIUCH TUHEN -
HbIe MaTepHaIbHbIe COOTHOIICHHUS, OTTMCHIBAIOIINE
MAarHUTHBIN OTKJIMK CBEPXIMPOBOIHUKA, YTO COOT-
BETCTBYET CJIyJao c1aboro MMHHUHTA U TeMIIepa-
Typam, TIPeBLILIAIOLIMM TeMIIEPATypy JeMMHHUHTA.
st nonydyeHust 3pGeKTUBHBIX TApaMETPOB KOM-
MO3UTHON Cpebl UCTTOIb30BaH hopManuiM Mak-
cBesiia — [apHeTTa. [IpuBeaeHbI pe3yabTaThl pac-
yeTa 3¢ GeKTUBHON MarHUTHOM MPOHULIAEMOCTHU
KOMTIO3UTHBIX Cpel, COAEpKAIIUX BKIIOUCHUS
B BUIE IJUHHBIX UUJIMHIAPOB M TOHKUX JAMCKOB.
PaccMmoTpeHHBIE KOMITO3UTHBIE CPEIBI MOTYT MC-
MOJIb30BATbCS IJISI CO3MAaHUST CBEPXITPOBOISIIINX
YCTPOMCTB C MaJIBIMU TIOTEPSIMH.
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YOK 543.424:666.52

10.®. Tumoébeu, C.B. LLiImenvmax,
B.A. lNecuH, T.M. CemeHYeHKO

NMPUNOBEPXHOCTHAA HUSKOTEMIMNEPATYPHAA AETPAAALLUA
LLUPKOHUEBOWU KEPAMUKM,
CTABUJIU3UPOBAHHOW OKCUAOM UTTPUSA

WUcnonb3oBaHue KepaMUK1 HAa OCHOBE CTa0OM-
JIM3MPOBAHHOTO 1MOKCKAA LMPKOHUsL ZrO, 1151 U3-
TOTOBJICHUSI DHAOTIPOTE30B TA300€IPEHHbBIX CYCTa-
BOB BBISIBUWJIO MPOOJEMy HU3KOTEeMIEpaTypHOt
Jerpananuy 3Toi KepaMUKHU MPY B3aMMOIECTBUT
ee ¢ Bogoii [1]. ITpu 3TOM B yKa3aHHOM COeIMHEHUU
HabmomaeTcs mpeBpalleHIe TeTparoHAIbHOM (pa3bl
() BMOHOKJIMHHYIO (1), KOTOPOE COIPOBOXKAAETCS
YBEJIMUEHUEM IIIEpOXOBATOCTH paboUeii ToBepXHO-
CTHM TIPOTE30B U PACTPECKMBAHUEM KEPAMUKHU, YTO
YXYIIIAeT 3KCIUTyaTallMOHHBIE CBOMCTBA U3IEITHIA.
st 3aMeiyieHus mpoliiecca aerpanaliuy npearnpu-
HUMAIOTCS TIOMBITKM ONTUMU3UPOBATH MUKPO-
CTPYKTYpYy MaTe€pHUaioB, MCKAaTb HOBbIE CTAOMIN3a-
TOPBbI, UCTTIOJIb30BATh KOMITO3ULIMOHHbBIE MATEPUAITBI.

151 KOHTPOIsI CTAOMIBHOCTU pa3padaThiBae-
MBIX KepaMHUK Ha OCHOBE DMOKCHIA LIMPKOHUS
B HACTOSIII€€ BpeMsI IIIMPOKO UCIOIB3YIOT YCKO-
PEHHBII METOI, OCHOBAaHHBII HA TUIPOTEPMATEHOM
BO3AeiicTBMMU B aBTOKJaBe (napieHue P=0,2MIla,
temnepatypa T= 140 °C) ¢ nociaenyrommm onpeae-
JIEHWEM CTeTIeHU ¢ — m-TipeBpalieHus. B 3Haun-
TEJIBHOM YaCTH paboT, TTOCBSIIIEHHBIX 3TOH TTPOOIIEe-
Me, Uil OMmpeneleHusl CTeNeHW YKa3aHHOTO
TpeBpaIleHNs TTPUMEHSIETCS PEHTT€HOBCKUI METOI

HMHTEHCWBHACTE, 0E.

27 28 29 30

20, rpan (Cr K)

41 42 43 44 45 20, rpan (CuK,)

Puc. 1. IudpakrorpaMmbel 0T oOpa3la KepaMUKu
ZrO, nocye ruApoTepMalbHON 00paboTKMU
npu 1450°, monyueHusie B usnyuenusx CuK, (/)
n CrK, (2)

110

ONpeesIeHUs] COAEPXKaHUSI MOHOKJIMHHOM (asbl [2],
HCMOJB3YOIINIA, KaK paBuio, usnyyenue Cuk,.

Takoii METOMI OLIEHKM CTA0WIBHOCTU MaTepua-
Jla MOXET 1aBaTb KOPPEKTHBIE PE3YJIbTaThl TOJbKO
B CJTydae, €CJIM AeTpamallMOHHBIE TIPOIECCHI MPO-
HUKJIA Ha TJTyOMHY, TPEBBIIIAIONIYIO TOIIINHY CI0S
Marepuaja, Co3narniero MM pakiIMOHHYIO KapTH-
Hy. B MHBIX cUTyalMsIX CTENEHb ITPeBpaIeHUSI MO-
KET OBITh 3HAYUTEIBbHO 3aHKEHA Y BBIBOIBI O CTa-
OWJIBHOCTHM MaTepuasia He BEPHBI.

7151 3HAYEHUI YI7I0B TN PAKIINT, Ha KOTOPBIX
OCYILECTBJSIETCS] CbeMKa J1s1 OTIpeAeIeHus ¢ — m-
NpeBpaIleHus, TIIyOUHa CJI0st A 95, CO3MAIOLIETO
audpakuronHyio kaptuny (0,95 % uHTeHCHBHOC-
TH), 1J151 LTUPKOHUEBO# KepaMuku (ZrO, ) cocTaBis-
et 5,8 MM (uznyuyenue CuK,,). Ecau ucnonp3zosarb
n3nyuenue CrK,, To rybuna cnos Oyner 3,2 MKM.
Jlnst KoMno3uuuoHHoi kepamuku Al,O5-Zr0O,, Ko-
TOpasi TAKKE TIPeIaracTCs 711 U3TOTOBJICHUS 9H-
JONPOTE30B, 3HAYEHUE A o5 €Ll OOJIbLIE BCIE-
CTBME YMEHBIIEHUS KO3 PUITMEeHTA TTOTJIOIIEHUS
PEHTIeHOBCKOTO n3nmyyeHus1. Tak, 17151 KOMITO3UIIUT
60 Bec. % Al,O; + 40 Bec. % ZrO, oHO coCTaBIsIeT
12,7 mxm (CuK, ) n 6,7 mxm (CrK,).

J17151 TOro, YTOOBI OLIEHUTH OILIMOKY, KOTOPAasi MO-
KeT OBbITh AOIyIlIeHA MPU OLIEHKE CTeTICH! Ierpaia-
LMY KePAMUKU TaKUX WM OJU3KUX COCTaBOB, pac-
CMOTpPUM CJy4ail, Korma t— m-npeBpalieHue
TMPOILLLTO TIOTHOCTBIO (00pa3zoBanochk 100 % m-ZrO,)
Bcoe 1 Mmkm. HeTpynHO roacumTaTh, YTO B 3TOM CJTy-
yae U3MepeHHbIe 3HAYeHUsI KOHLEHTpauuu m-2rO,
caenytoume: 1ist CuK -uznyuyenust — tonpko 40 %
115t kepamuku ZrO, u 21 % 1u1st KOMIO3ULMOHHOI
kepamuku Al,O5-ZrO,, a nst CrK  -usnyuenus: —
61136 %, COOTBETCTBEHHO.

J71s1 9KCMepUMEHTaIbHOTO TMOATBEePKACHMS
nanHoro pacyera B usnydeHusx CuK, u CrK, 6pumn
MOJIy4eHbI U pakTorpaMmMbl OT 00pa3ia, B KOTO-
POM B pe3yJibTaTe TMaApoTepMaibHO 00paboTKM 00-
pa3oBajioch 3aMeTHOE Kosimuectso m-ZrO, (puc. 1).
ConepxaHune oopasosasiuerics gasbl m-ZrO,, pac-
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Pe3ynbraTsl onpesesieHns: IPOHEHTHOTO COEPKAHNS MOHOKJIMHHON a3l m-ZrO,
B 00pa3nax HMPKOHHEBOI KePaMHMKH IocJie 00pa00TKH B KUISIIEH BOIe

Yron Conepxanue ¢asbl, % Iny6una cinos A, 45, MKM
MeTton CKOJIbXEHUS,
o, Tpar Cu K, CrK, CuK, CrK,

CuMMmeTpuuHast =0 ) 3 5.8 32
CcheMKa

. 5,0 3,5 6 3,2 1,5
Ckonb3smuit 35 5 g 25 0.9
fyaoK 2,0 6 9 1,5 0,6

Mpumevanwne. [Ipy M3MEPEHNWSIX UCTONB30BANIM JIMHUKA C yriaMu dudpakuun 20 = 30°
st Cu K- 1 26 = 45° nnia Cr K -u3iydeHnii, COOTBETCTBEHHO

CUMTaHHOE M0 METOJMKE, OTIMCAaHHO B padoTe [2],
cocraBuio 7 u 16 % nns uznyyenuit CuK, u CrK,
COOTBETCTBEHHO, T. €. CTeTIEHb { — m-TIpeBpaIleHusT
npu ucnoab3oBanuu usnyyeHus CuK, okasanace
3aHIDKEHHO 0oJjiee ueM B ABa pa3a. TakuM obOpa-
30M, 1151 00J1ee JOCTOBEPHOM OLICHKHY CTeTICHU Je-
Tpagalv KepaMUKNA PEHTTEHOBCKUM METOIOM TTpei-
MOYTUTENIbHEE UCTI0NIb30BaTh u3nyyeHue CrkK,, .

Hpyrum criocodoM, KOTOpbIii AaeT 0oJiee 10CTO-
BEPHYIO OLICHKY CTETEeHM Jerpamaiuu, sSBisieTcs
MeTOJI CKOIb3s1IeTo TmydKa | 3|. OH mo3BoJIseT 3Ha-
YUTETbHO YMEHBIIUTD INTyOUHY aHAJIU3UPYyEeMOTO
cJ1091.

Hamu 6bu11 nccnemoBaHbl 00pa3iibl, CrIeUeHHBIE
13 TIOPOILIKA AMOKCcUIa UMpKoHust Zr0,, cTadunm-
3UPOBAHHOTO OKCUIOM UTTpus Y,05 (TZ-3YB-E)
(upmbl Tosoh npu remniepatype 1350 °C (110 pexxu-
MY, peKoMeHa0BaHHOMY (pupmoit). [To unpopma-
LIUY TaHHOW (pUPMBI B TAKOM MaTepuaje polecc
HU3KOTEeMIIEPaTypPHOI Aerpamaiuyi MpakKTUIeCKu
OTCYTCTBYET; a UMEHHO B pe3yJIbTaTe THAPOTepPMaTb-
HOII 00paboTKu obpasyercst He Gosee 2 % dasbl
m-Zr0,. O6pa3z1pl ObUIM HAMU 00pabOTaHbI B KH-
nsieit Boae B reueHue 20 4acos.

B Tabnuiie mpeacTaBiIeHbI pe3yIbTaThI OTIpee-
JIEHUsI IPOLIEHTHOTO cozepxkanusi dpaspl m-ZrO, no
IBYM METOANKAM: CHMMETPUIHOM CheMKH 1 CKOJTh-
3411IeTO PEHTTEHOBCKOIO My4YKa Ha IBYX JJIMHAX
BOJIH PEHTTEHOBCKOTO U3aydeHus: A = 1,54178 A
CuK, u A =2,29092 A CrK,,. Yron ckonbxenus
W3MEHSICA 0T 210 5°

AHanu3 nojiy4eHHBIX Pe3yabTaTOB yAI0OHEe IIPOo-
BOIWTH IO 3aBUCUMOCTH CPEIHE 10T MOHOKJIMH-
HOI1 (pa3bl OT [1yOUHBI CJ10s1 /1. DTa SKCIIEPUMEHTAJIb-
Hasl KpwBas TpuBeneHa Ha puc. 2. Ee awamu3s
MMOKa3bIBAET, YTO HAa HAYAJIbHOM CTAIWU Ierpanaliu
{ — m-TIpeBpallleHHe JJOKATN30BaHO B TOBEPXHOCT-
HOM CJIO€ ¥ CTAaHIAPTHBIE METONbI CheMKHU PEHTTEHO-

TpamMM MPUBOIAT K OIIMOOYHBIM pe3y/IbTaTaM (TToTy-
YeHHbIE 3HAUEeHUsI OTJIMYAOTCs Oosiee yeM B4 pasza).

CriepoBateibHO, CTAHAAPTHASI METOAMKA OLIEH-
KM CTAaOMJIbHOCTY K€PAMUKU TPEOYeT yTOUHEHUST —
HEeO0OXOIMMO BBITIOTHSTh JOTTOTHUTEIbHBIC U3Mepe-
HUSI TIPY MAJTBIX YIJIaX CKOJIbKEHUSI TydKa (TIepBUY-
HOTO WX OTPAXKEHHOT0), MO0 Ha IBYX JUTMHAX BOJIH
PEHTIeHOBCKOTO U3TyUEHMS.

IIpencraBaeHHbIe Pe3yabTaThl MOATBEPXKAAIOT
HEOOXOIMMOCTD MCIIOTb30BAHUSI CTICIIUATbHBIX M-
TOMIOB OTpEAEIECHUS CTENIEHU ¢ — m-TIPEeBPALLIEHUS
Ha HaYaJIbHBIX CTAIMSIX HU3KOTeMITepaTypHOI ne-
Tpamalvi [UTsl TOTO, YTOOBI M30eKaTh HEBEPHBIX ITPO-
THO30B CPOKOB 3KCIUTyaTallud SHAOMPOTE30B.
B yactHOCTH, 3P HEKT «OObIIeH CTAOUIBHOCTI»
KOMITO3UILIMOHHOM KepaMMKU IO CPAaBHEHUIO C Ke-
pamukoi ZrO, MOXeT ObITb YACTUYHO OOYCIIOBJICH

12
R
2 10
g
< I
2 g *_
5 _
e}
S
s
: g
£ 4
Jes}
<
%
o
22
Q
Q

0 2 4 6 g 95, MKM

Puc. 2. Pacnipenenenue cpegHero comepkKaHus
MOHOKJIMHHOI (a3sl m-ZrO, o riyouHe npu-
TTOBEPXHOCTHOTO CJIOS /1 M3y4eHHOU IUPKO-
HUEBOUW KepaMMKU [JJIs1 NBYX W3JIyuYeHUIi:
CuK,(HuCrK, (2
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HEKOPPEKTHBIM COINOCTABIEHUEM CTENEHU YKA3aH -
HOTO TIpeBpallleHus B MaTepuajax ¢ pa3JIndyHbIM
KO3(pDULIMEHTOM MOIJIOLLECHNSI.

Hcrnonb3oBaHMe METOIA CKOJIB3SIIETO TTyYKa
COBMECTHO ¢ ucnoJb3oBanueM usnydenus: CrK,
MO3BOJISIET N30eKaTh MOHO00HOM ommoOKu. st co-

[OCTABJIEHUSI PE3YJILTATOB 10 HU3KOTEMIIEPATYPHOI
JerpaJaliii KepaMUKU pa3IudHbIX COCTABOB MOX-
HO 32 CUET M3MEHEHMS YIJIOB CKOJILXXEHMS TIPU PEHT-
TEHOBCKOIM CheMKE KOMIIEHCUPOBATh U3MEHEHMUS
KO2(hPULUEHTOB ITOLJIOLLIEHMSI PEHTT€HOBCKOI'O 13-
JIydeHUs B MaTepuaiax.
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M.A. AHmumoHoG, A.B. Yepkael, A.b. ®peliduH

ONTUMAJIbHbIE MUKPOCTPYKTYPbI
U TOYHAA HUXXHAA TPAHULA DHEPITUU
YNPYTUX KOMMNO3UTOB U3 IBYX U3OTPOIMHbIX ®PA3

[TocTpoeHue HIKHE OLIEHKY SHEPTUU ABYX(Pa3-
HOro KOMITIO3UTHOI'O MaTeprajia UMEET Herocpe-
CTBEHHOE OTHOIIIEHME K pa3BUTHIO Mofeel (pazo-
BbIX IPeBpalLEHUi B TBEPAbIX TeaxX. B pedyibrare
TaKWX MpeBpalleHu i MapTeHCUTHOTO TUTIa B HEKO-
TOPOI1 006J1aCTH MaTeprasia MIPOUCXOIUT MEPECTPOIi-
Ka KpUCTAIJIMYECKON peleTku, 4To MPUBOIUT
K UBMEHEHMUIO MOAYJIEN YIIPYrOCTU M COOCTBEHHOM
nedopmannu rpeppaiteHus | 1]. [ToaTomy Mmatepu-
aJ, mpeTepreBIInit hazoBoe MpeBpaIieHue, MOXHO
paccMaTpuBaTh KakK KOMITO3UTHBI ¢ HEU3BECTHbI -
MM MeX(pa3HBIMM TPAHULIAMU, KOTOPBIE MOACTPau -
BalOTCSI TIOJ1 BHEIIIHWE MOJIs fehopMalinii Tak, 4To-
Obl MUHMMU3MPOBATb CBOOOIHYIO BHEPIUIO TeIa (CM.
Haripumep [8]).

3ajauu ¢ HEM3BECTHBIMU PABHOBECHBIMU Ipa-
HULIAMU OOBIYHO UMEIOT He eIMHCTBEHHOE pellicHIe
(cm. Hanmpumep [2]). PelieHuss MOryT pa3inyaThCs
TeOMETPUUYECKUM BUIOM CTPYKTYPbI, 3HEprUeit, Mo-
ryT ObITb YCTOMUMBBIMU U HEYCTOUUMBbIMU. Perie-
HUe 3a[a4 onpeaeeHNsI pABHOBECHO ABYX(a3HOM
CTPYKTYPbI MOXET CTPOUTHCS MOJyOOPATHBIM METO-
JIOM, KOTZIa TUTI TEOMETPUU 3a1aeTCsI, a FTEOMETPU-
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YeCKHe mapaMeTphl OMPEIeISTIOTCS C UCTIOIb30Ba-
HUEM YCJIOBUS TEPMOIUHAMUNYECKOTO PABHOBECHUSI
[3, 4, 8]. [Ipu 3TOM, maxe €Cau HEYCTOMYMBOCTh
peLIeHKs He OOHApyXeHa, OCTAeTCs OTKPbIThIM BOII-
pocC, B KaKOil Mepe HaliIecHHOE PEIIeHNE SIBIISIETCS
ONTUMAJIBHBIM, HE CYIIIECTBYET JIV ITPU JAHHBIX TPa-
HUYHBIX YCJOBUSIX IPYTOTO ABYX(ha3HOTO PEIICHMUS,
COOTBETCTYIOLIETO MEHBIIEN SHEPTUY TENA.

B cBg31 ¢ 3TUM TpeacTaBASIET OCOOBIN UHTE-
peC MOCTPOEHUE TOUHOM HUXKHEN OLIEHKU SHEPTUU,
COOTBETCTBYIOIIEH ITO0ATbHOMY MUHUMYMY BHEDP-
ruu aByx¢ha3HOTo MaTepuaia IMpu 3a1aHHBIX BHE-
IHKUX (cpeaHuX) nedopmalrsix 1 00beMHOI 10J1e
HOBOI1 (pa3bl. B yacTHOCTH, IIpeaebHOM MOBEPX-
HOCTH TIpeBpallieHUsI Oy1yT COOTBETCTBOBAThH BHE-
1Hue aechopMaly, TPy KOTOPBIX TOUHAS OLIEHKA
JOCTUTAeTCs TIpU 00bEeMHOU moje HOBOU (hasbl,
CTPEMSILLIECHCS K HYJIIO.

OTMETHUM TaKXe, UTO 0€30THOCUTEIBHO K (ha-
30BOMY MEPEXONY TOUHASI HUXKHSISI OLIEHKA SHEP -
TUW TTPY 3aJaHHOI 00BEeMHOI J0J1€ HOBOI (hasbl
SABJISIETCSA DHEPrUEl KOMIIO3UTA MUHUMAJIbHOM
KECTKOCTHU.



IMocTpoeHue HUXKHEH OLEHKM OCHOBAHO Ha
TPAHCISILLMOHHOM METO/I€, KOTOPbIi aKTUBHO pa3-
pabarbiBasicsi B 80—90-x rogax XX Beka s 3a1a4
OLIEHKU YIPYTUX CBOMCTB, 4 TAKXKE TETLJIO- U BJIEKT-
PONPOBOIHOCTY KOMITIO3UTHBIX MaTepuaioB. Hacto-
s1iasi padboTa pa3BUBAET MOAXO/, BepBbie ChOpMY-
JIMPOBaHHbBIN B padoTe [9], rie mocTpoeHbl TOYHbIE
HWKHUE OLIEHKY DHEPTUU U TPUBEAECHBI ONTUMAIb-
HbIe CTPYKTYPbI /151 CJlydasi, Koraa ogHa u3 a3 ad-
COJIIOTHO XeCTKasl.

B pabotax [5, 13] mpu moMo1iuy TpaHCSIUOH-
HbIX OLIEHOK JUISI IBYMEPHOTO CJIyJasi Oblia pacCMOT-
peHa 3a7aua MUHMMM3aL M1 SHEPIUX U ObUIU TTOJTY-
YeHBl TOYHBIC OLIEHKU YIPYTUX XapaKTEPUCTUK
nByxdasHoro Matepuana. B padorax [10, 15] pac-
CMOTpeHa MMUHUMMU3ALMS 9HEPTUU OBYX(ha3HOro
maTepuaja ¢ OIMHAKOBbLIMU MOAYJISIMU YIIPYTOCTHU
(haz, HO ¢ pazTMUHBIMU JedopMallMsIMUA B HEHATIPSI-
KEHHOM cocTossHUM. B cTatbe [11] Ob11M MOCTpOE-
HbI IBYCTOPOHHUE TOCTUXUMbIEC OLIEHKW SHEPTUN
IUIs1 Cydasl HecxkumaeMbix (a3, OTIMYAIOLIUXCS
TOJbKO MoayJieM caBura. HakoHell, B MoHOrpadu-
ax |7, 14] uznoxeHa o611ast TEOpUs MOCTPOCHUS
TPAHCSILIMOHHBIX OLIEHOK.

ITpoBeaeHHbIE UCCIEI0BAHUSI OCTABUIM OTKPbI-
TBIM BOITPOC O MTOCTPOEHU Y OLIEHOK 9HEPTUU B TPEX-
MEPHOM cJTyuae JJIsl IPOU3BOJbHBIX YIIPYTUX MaTe -
puanoB. B HegaBHel paboTe [6] mociie 00CyXaeHMUs
JBYMEPHOTO cJlydyasi PacCMOTPEHO IOCTPOEHUE
TPAHCISILMOHHBIX OLIEHOK HEPTU U 17151 TPEXMEPHO-
ro ciyyasi MaTeprala ¢ KyOnueckoi CUMMETPUEH.
JOCTUXUMOCTb OLIEHOK, KpUTepHeM KOTOPOii SIBJIsI-
€TCsl BBITIOJIHEHUE YCJIOBUI COBMECTHOCTH Aeop-
Mauuii Ha MexXda3HbIX rpaHULIAX, AEMOHCTPUPOBA-
JIaCh Ha CJI0SIX [1IEPBOr0, BTOPOI'o U TPEThEro PAHIOB
0e3 KOHKpeTHU3alluy 3HaUYeHU I CTPYKTYPHBIX Mapa-
meTpoB. I1Tpu 3ToM OBLT MpONYLIEH CIIeUMaTbHBIN
cJlyJaii BbIOOpa mapaMeTpoB TPAHCISITOPA, UTO MPU-
BEJIO B CJ1y4ae CJI0EB BTOPOro PaHra K yCJI0BUIO pa-
BEHCTBA HYJIIO OJHOTO U3 IJIABHBIX 3HAUYEHUI TeH-
30pa pa3HOCTU cpeaHuX 110 pazam gedopMaLiuii. DTo
B CBOIO 0YepeIb MPUBOIMJIO K YTBEPXKIEHNIO HE00-
XOJAMMOCTU COBIIAIEHUsI HOPMAJIEH K CJ10SIM CTPYK-
TYpHbI C TVIABHBIMU HATIpaBJICHUSIMU TE€H30pa Cpe-
HUX JeopMaLUid.

B HacTosiieit padboTe mokasbiBaeTcsl, UTO Cylle-
CTBYIOT 3HAUEHMUSI [1apaMEeTPOB TPAHCJISITOPA, IPpU
KOTODPBIX HUKHSISI OLIEHKA TOCTUTAETCS Ha CJIOSIX BTO-
POTro paHra, Jjisi KOTOPbIX 3TO YCJIOBUE HAPYLLIAETCSI.
ITpu 5TOM B OT/IMUME OT Pe3yIbTATOB, MTPUBEAECHHbIX
B pabote [6], TEH30p Pa3HOCTU CPEeIHUX 10 da3aM

Pusnyeckoe MaTepmanOBep,eHme>

TEH30pOB AeopMaLil HE UMEET HYJIEBOTO CPEIHENO
3HAYEeHUS. DTUM TTapaMeTpaM TPaHCISITOpa U COOT-
BETCTBYIOILLIUM MUKPOCTPYKTYpamM COOTBETCTBYET
oTpenesieHHasT 00J1acTh B MPOCTPAHCTBE BHEITHUX
nedopmanuii. st apyrux BHEIIHUX aedopManmit
TAKXKE OMPEACTAIOTCA KOHKPETHBIC BHAYCHMUS ITapa-
METPOB MUKPOCTPYKTYp. B pesynbrate mist ciydast
JIByX M30TPOIHBIX JUHEHHO-YIpyrux a3 BO BCeM
MPOCTpaHCTBE AeOpMaLInii CTPOSITCS TOYHbIE HMXK-
HHNE OLUCHKU SHEPIUU U ITPEOBABIIAIOTCA CTPYKTYPEI,
Ha KOTOPBLIX 9THU OLUECHKU JOCTUT'AOTCA.

ITocTanoBKa 3amauu

PaccMmoTpuM TpexMepHyto 0eCKOHEUHYIO MepUo-
JMYECKYIO CPeLy, HaXOSIIYIOCS B COCTOSIHUY PABHO-
Becusl. Slueiika mepuoauyHoOCTH V' uMeeT eNMHUYHBII
00BEM U COCTOUT U3 IMHEMHO-YTIPYTUX U30TPOTTHBIX
(a3 / n 2, 3anumaroix ooseMel V| u V, 1pu 3a1aH-
HBIX OOBEMHBIX IONIAIX 171, U 11, =1 — 1y COOTBETCTBEH-
HO ¥ pa3nesieHHbIX MeXda3HbIMU rpaHuLamu I

Tensop neopmannii € CBsI3aH C BEKTOPOM Tie-
peMeIeHN I U PABEHCTBOM

&(x) :%(Vu(x)+Vu(x)T), (1)

IIe X — paauyc-BEeKTOp TOYKU Tena, I 03Havyaer
TPAaHCIIOHMPOBAHKE TEH30pa, V — Habya-onepa-
TOp. B 1I€EKapTOBBIX KOOPAMHATAX X, X,, X3 C OpTa-
MU OCEll €1, e, €3

0
VZekaT.
k

Haﬂpﬂ)KeHI/lH B pa3/JIMYHbIX TOUKAaX KOMIIO3UTa
CBA3AaHLI C ,Z[eq)OpMaL[I/ISIMI/I 3aKOHOM FYKa
o(x) = C(x):&(x), )
rae

2
C(x)=2 1a(X)Cy; A3)
i=1

C, (a=1,2) — TeH30pHI MOZYJIEl yNpyrocTu das;

I, xeV,;

4
0, xeV, @

Yo (X) =
— XapaKTepuCcTUIeCKNe PYHKIMU 00IacTeil, 3aHsI-
ThIX (I)aSaMI/I; OBOCTOYHUE O3HAYACT CBCPTKY,
6, = Gt -
HanpsxeHHo-1e(hOpMUPOBAHHOE COCTOSIHUE
JOJI2KHO YOOBJIETBOPATD YCJIOBUAM PABHOBECU A

Vo =0, c=c! ®)
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U YCJIOBUSIM HENPEPbIBHOCTU YCWIMI U IIEpeMeLe-
HUI HAa MexK(a3HBIX TPAHULIAX:

[c]'n=0, [u]=0, (6)
rae n — HopMaJlib K Mex(a3Hoii rpaHULIEe, KBaapaT-
HbIe CKOOKM 0003HAYaI0T MU3MEHEHME BETMYMHBI IIPU
nepexoie yepe3 MexdasHylo rpaHuly u3 ¢asbl 2
B (asy /, Hanpumep [c]=0, — o, . Y3 HenpepbiB-
HOCTH MEPEMEILIEHNI CTIENYET, YTO |[Vu|=na ,Tnea —
BEKTOP aMITINTYIbI CKauKa, OTKYIA B CBOIO OUYepeIb
cJIeqyeT yCJA0BUE COBMECTHOCTU OedopManuii Ha
MexX(ba3HOM rpaHulIe: CKauOK TeH30pa aedhopMaLuii
MpEeACTaBUM B BUIE

xel:

1
le] :5(n3+an). (7)
ITycTh B siueiike NepuOANYHOCTH 3aJaHbI CPE/I-
HUe gepopmMann

g) = [edV. )

14

CpenHue HanpsKeHUST
oy = [ocaV 9)

1%

CBSI3aHbI CO CPEIHUMU AedopMalusIMU 3aKOHOM
YIIPYTOCTH:
(10)
rae TeH30p 3G deKTUBHBIX MoayJieil ynpyroctu C,
3aBUCHUT OT MOMIYJIEi YIIPYroCTH (ha3, 00bEMHBIX JT10-
Jieit a3 u popMbl 00IaCTel, 3aHMMAaeMBbIX (ha3aMU.

llanee paccMaTpuBaeM Clydyail M30TPOITHBIX
¢az. Torma

C, =2 EE+2u,1, a=12, (11)
rae E u I — ennHMYHEBIE TEH30PBI BTOPOTO 1 YETBEP-
TOTO PaHTOB, MHAEKC 0. 0003HAYAET IPUHAIIEKHOCTD
K IIEPBOJ nin BTOpoii dase, A, , pn, — Koapuuu-
eHTbl Jlame ¢as3bl o.. B nekapToBbiX KoopauHaTax
KOMITOHEHTBI TEH30pa MOYJIeli YITPYroCT!
C;;c[ =88y + 1o (88 +8;8;),

rae o j — CUMBOJ Kponekepa.

[Monaraem takxe, uyro pasHocTb C, —C; TeH-
30pOB MOAyJell ypyrocTu a3 — MmoJoXUTENbHO
onpeneneHHbIi TeH30p. Torma p; <, .

3anaueii fTaHHOI pabOTHI SIBJISIETCS TOCTPOCHUE
KOMIIO3UTOB, TO €CTb OTpee/IeHe MUKPOCTPYKTYD,
o0ecreynBaIIX MUHMMYM SHepruu aedopmannii

(o) =C0 ‘€0,

W:ija:c:st (12)
2V
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MPU 3a1aHHbIX CpeIHUX 1eOpMaLIUsIX €y U 00BEM-
HBIX Jonsix Ga3 my, m, W, KaK pe3yJbTaT, Mojy4ye-
HME TOYHON HUXKHEU OLIEHKU SHEPIUu

OW= _ inf minl e:C:edV,
_[Xq(x)a’V:m(x eeZ 2

Vo

(13)

rIe = — MHOXEeCTBO TeH30pOB AedopMaliuii € co
CPEeIHMM 3HAUEHUEM B sSTUeiiKe MTepUOINnIHOCTH, paB-
HBIM g,

OTmeTnM, 4TO TaKkas IMOCTaHOBKA 3a1a4M TIPH-
BOIUT K IMTOCTPOCHUIO KOMITO3UTA C MUHUMAJIbHOM
xkecTkocTblo C\) B 1anHOM nosie nedopmanuii. Ke-
CTKOCTb ITPY 9TOM CTAHOBUTCS 3aBUCSIICH OT TCH-
30pa BHELLIHUX 1eOopMaLInii.

TpaHcaguuoHHAs OLleHKA SHepruu AedopManmii
JBYX(pa3HOTr0 KOMIO3UTA

O1eHKa HEPTUNA MOXET OBITh TOUHOM, TO €CTh
JOCTUXKUMOM, TMOO HETOCTUKUMO. J1JT1 TOTO YTOOBI
JI0KA3aTh, YTO MOCTPOEHHAS OLICHKA TOUHAs, J0CTa-
TOYHO IPEAbSIBUTH XOTsI Obl OAHY CTPYKTYPY, Ha KO-
TOPOI1 3Ta OLIEHKA PeaTn3yeTcs, TO €CTh YIOBIETBO-
psteT yenoBuaM (5), (6), (8). [Tonck TaKUX CTPYKTYP
Oy1eM IMPOBOIUTL HA KJIACCE CJIOEB PA3IMYHOIO PaH-
ra — uepapxudeckux CTpyKTyp B BUIE «CJIOEB U3 CJI0-
eB». BMecTo Broporo us yciosuii (6) Oyaem Hermoc-
PENCTBEHHO ITPOBEPSTH BLITTOJIHUMOCTD YCI0BUS (7).

DHeprus Kaxmoil Gas3bl IBISIETCS BBITTYKIION
(yHkuuei necopmanuii. OTo MO3BOJISIET OLECHUTD
aHepruto W cHuzy BesiuuuHoit SW, 3aMeHUB 1e-
dopmaumu BHYTpU (pa3 Ha cpegHue no daszam ae-
(hopmaru

1
€y :V_(”;[SdV (Vy=mV =m,):
1 2

WZSW=EZmasa:Ca:sa, (14)

o=l

rae m, — 0OBbEMHBIC 1011 MATEPHUATIOB;

2

€)= MyE, (15)

Ouenka SW conepXuT HeU3BeCTHBIE AedopMa-
uu g, . 1 ux MCKIII0YEHHS U3 OLIEHKU MOXHO
MOCTPOUTh MUHUMYM KBaIpaTUuHOM (popmbl (14) o
nedopmauusm g, npu ycaosui (15) (cMm. Hanpumep
[9]). Onpenenus nedopmaniu €, NP1 KOTOPBIX 1OC-
TUTAaeTCS MUHUMYM, Y TIOJICTaBUB 3T TepopMalinm
B BbIpaxkeHue mist SW, mojryunm, 4to
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-1
2
WzSW:%soz(zmac;l] gp.  (16)
a=1

OuenHka OyzneT 1OCTUXMMA, €CIU KyCOUHO-T10-
CTOSIHHOE IT0JT€ ¢ HallIEHHBIMU I€(DOPMALIUAMH €,
YIOBJIETBOPSIET HA MeXK(a3HbIX TpaHULIAX YCIOBUIO
coBmecTHOCTH (7). HO 5TO BO3MOXHO TOJILKO ITPpU
CrieLIMaIbHOM BBIOOpE €, Harmpumep, pu HyJieBbIX
ko3 punrenTax [lyaccona nedopmanus g; 101xK-
Ha COOTBETCTBOBATb OJHOOCHOMY Ae(OpMUpPOBA-
HUIO B HAMIPaBJI€HUMU HOPMAJIU K CJIOSIM B CTPYKTY -
pe, 00pa30BaHHON MapaieIbHBIMU CIOSIMU (a3.
B octanbHbIX caydasx ¢popmyna (16) He maet Tou-
HOU OLIEHKY SHEPTUU.

J1J1s1 TIOCTpOEHMST TOYHOM HMXKHEHN OLIEHKHU, 10C-
TDKMMOM B KaxXKI0M TOUKeE IMPOCTPAaHCTBa AeopmMa-
1M1, B paboTax [6, 7,9, 13] mpenioxkeH METO TpaHC-
JISILIMOHHBIX OLIEHOK, CYTh KOTOPOTO 3aKJTI0UAETCS
B CJIEIYIOIIEM.

TTocTporM MOAMBBIMYKIYIO 000J0UKY S9HEPTU U
nedopmaiiuii. 17151 5TOro B MOAbIHTErPaTbHOM BbI-
paxenuu popmysl (12) 1o6GaBuM 1 OTHUMEM KBa-
3UBBINYKIYIO (DYHKLIUIO

o(g,t)=—Cofe:t,

rae Cofe =(det a)s_T — Ko(dakTop TeH3opa aedop-
Maluii, t — CHMMETPUYHBIN TEH30P BTOPOIO paHra.
TMomyanm BeIpaskeHNE

W:l{j(s:C:s—(p(s,t))dV+ I@(s,t)dV}. (17)
2 V 4

OyHKINIO @(g,t) HA3BIBAIOT TPAHCSTOPOM.
B xoopavHAaTHOM MPEACTABICHUU TPAHCJSTOP
UMeeT BU

2
O(&, 11,1, 15) =26(g1; —€118x) +

(18)

rae ), t,, t; — I1aBHbIE 3HaYeHUs TeH30pa t (rmapa-
METPbI TPAHCJIATOPA); €; — KOMIIOHEHTBI TEH30pa
nedopMaiinii B TIaBHBIX OCSIX TeH30pa t.

MOXHO yOenUThCS B TOM, UTO TPAHCJSITOD TaK-
K€ MOXET OBbITh PENCTABIIEH B MTHBAPMAHTHOM BUIIE:

o(e, t)=¢:T:g,
TIe TEH30p YeTBEPTOTO paHTa

2 2
+ 20 (73 —€11833) + 2 (€33 —€5€33),

T :%tr(t)(EE -I) —%(It +tI) —%(tE +Et). (19)
Jlns TpaHCITOpa CIIpaBeJIMBO HEPABEHCTBO [9]:

[oe,)dV 2 p(gg,t) Vi,15,15, (20)
;

KOTOPOE MOXHO MCIOJb30BaTh AJIsl OLIEHKU SHEP-
ruu (17) cHusy.

Bribepem mapamerpsl TpaHcaaTopa (18) Tax,
YTOOBI TTOIBIHTErpaTbHASA (DYHKIIMS B TIEPBOM WH-
terpaje (17) Oblia BbINYKJIOH IO €, a MMEHHO,
BO3bMEM

te @ )

= {t,- (€10,2p],i=12,3;, p= min{ul,uz}} .(21)

HetpyaHo yoeauThes B TOM, UTO IMPY TAKKX TTapa-
MeTpax TpaHcsiTopa hyHkimu (g, t)ue: C: e — (e, t)
JIEeUCTBUTEIBHO SIBIISIIOTCS BBIITYKJIBIMU HA MHOXE-
cTBe € € 2. Torna B KauecTBe HUXKHENM OLIEHKU DHEP-
TMU MOXKET UCIOIb30BATLCS (DYHKIIMS

. L
PW =max inf min—®;

te® J.)(OL(X):mOt g8 2
V(l

2
®= Ia:[ZxaCa—Tj:st+so :T:g,. (22)
Vv a=1

Tak Kak MOABIHTETpalbHOE BBIpAakeHUE €CTh
(byHKIIMS, BBITTyKITasl 1O €, TO IO TEOPEME O CpEIHEM
BEpPHO HEPABEHCTBO

. 1
PW=>PWs-=max _inf min—®.;
te® J')(m(x):mOL eeE 2
Vo

2
Qo= me, (C,—T)e, +5,:Tigp. (23)
a=1

Ilng onpenenenus seauduHbl PW,, Heobxonm-
MO TIpeX/e BCEro HAaTH MUHUMYM (YHKUIMU D,
o neopmaLsaM. [Jis 5Toro BBeIieM JarpaHxuaH

2
A:%Zmaea (C,-T):g, -

a=1

24)

2
—X:(Zmasa—aoj,
a=1

rae A — TeH30pHbIM MHOXUTEb JIarpaHxa, u mpu-
paBHSIEM HYJTIO TTPOM3BOIHYIO

d—A:ma(sa (C,-T)-1)=0. (25)
de,
W3 ycaosusi (25) caenyet, 4To
g, =A:(C, -T)". (26)
Torna uz yciosus (15) nonydaem
) -1
x:(zma(ca—T)-‘] €. (27)
a=1
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IMocne nmoacraHoBKM BbipaxkeHus (27) B ¢op-
MyJ1y (26) 1 HECTTOXKHBIX IPE0Opa30BaAHMIA ITOTyUa-
€M BBbIPaXEHUSI /151 CPenHuX 1Mo (azaMm TEH30pOB
nedopmalinii, odecrieurBaroLMX 9KCTpEMYM DyH-
KU @ :

g, =(mCy+mC -T) " :(Cy-T):g,

B=a, o,p=1,2. (28)

IMocne noncTaHOBKY HAWAEHHBIX He(OpMAaLInii
g, Bdopmyiy (23) nonyyaem, 4To

1
PW,.=— max g,:((C,-T):
¢ 2&EWQM]{0 ((€,-D

{(mC +myCy =) :(C, ~T)+T): so} . (29)

B pesynbraTe 3agaua nocTpoeHUsI TOUHOM HIXK-
Hell OLIEHKW 9HEPTUU TIPU 3aJaHHBIX CPETHUX JIe-
bopmauusix g, CBOOUTCS K HAXOXKACHUIO MapaMeT-
POB TPAHC/STOPA, IPU KOTOPbIX IOCTUIACTCS
MaKCHUMYM B BbipaxeHuu (29), u npeabsBIeHUIO
MUKPOCTPYKTYp, dHEPTUs KOTOPBIX COBMANAET C
HUKHEN OIIEHKOI, a TAKKe B KOTOPBIX CPEIHUE TI0
(hbazam necopmarivu paBHbl aedopmaiusm (28) npu
HaliIeHHbIX 3HAYE€HUSIX [TAPAMETPOB TPAHCISITOPA.

IlocTpoeHne HIKHEl OIIEHKH 3HEPTHH

[IpenmnonoXxum, 4To ICKOMasi MUKPOCTPYKTypa
MOXeT ObITh HaliieHa Ha KJ1acce CJIOMCTBIX MUKPO-
CTPYKTYp, KOTOpbIE OyeM TOJIyyaTh B PE3yJIbTaTe
MHOTOIIIAroBOro npoiiecca. Ynciio 1maros Ha3biBa-
€TCS1 PAHTOM CTPYKTYPHI.

Ha nepBoM 11are uMeeM KOMITO3UT, COCTOSIIIUI
W3 TUIOCKUX ¢JioeB (ha3 /1 2 — cJ10eB MepBOTo paH-
ra. Ha BTopowm 1iare ciou ¢dassl 2 3aMeHsieM Ha
CMellIaHHbIE CJIOU, KOTOPBIE B CBOIO ouepeab 00pa-
30BaHbl cossMu ¢da3 I u 2. Ha kaxaom cienyro-
11IeM LIare Bce uMmetonirecst 00aactu (asbl 23ame-
HsieM Ha oOJyiacTu, oOpa3oBaHHbIE ciaossMu (a3 /
u 2. [Ipn 5TOM 00BEMHBIE 10K Pa3 m; U m, CO-
XPaHSIOTCS.

OTt™MeTHM, uTOo AeopMali B CJIOSIX Ha KaXKIOM
1Iare MOCTPOEHMST — KyCOYHO-TIOCTOSTHHBIE. Pac-
CMOTPUM YCJIOBUSI COBMECTHOCTHU ehbopmaninii st
CJTI0€B pa3JIMYHBIX PAHTOB.

Crnou nepsoro panra. B ciyyae cioeB nmepBoro
paHra JJoKaJabHbIe 1ehOpMaLIMK COBIANAIOT CO CPENl-
HUMHU feopMaLuAMU € U €, T10 00IACTAM, 3aHs-
TbIM (hazamu /v 2, ¥ yIOBIETBOPSIIOT YCIOBUIO

(8y &)1y =(8; —8):TyTy =
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(30)
Ile T,, T, — B3aMMHO OPTOTOHAJIbHbIE BEKTOPHI,
Jiexallye B INIOCKOCTU MeK(a3HOM rpaHULIbL.
Caou Broporo paira. MukpocTpyKTypa BTOpO-
ro paHra oopasoBaHa cjaosiMu a3bl / ¢ 00bEMHOI
n0JIEl 1| ¥ CMELIAHHBIMHU CJI0SIMU, COCTOSALLMMMU
n3 cioeB a3 / u 2 ¢ obuleil 00beMHOI mojei
ny, =1-m{ (puc. 1). BHyTpu cMelIaHHOTO €104

:(82 _81):T1T2 :O,

(dasbl /1 2UMe0T 00bEMHBIE IONMK M) U M5 =1—1;
COOTBETCTBEHHO.
b
q | c,
i L 1
n-" M : Mz
Eﬁ_ll £ ' T £ :
1
n
L
i "
Il n l T
o

Puc. 1. CnoucTbiii KOMITO3UT
BTOpOro paHra. beabim u cepbim
LIBETAMM TTOKa3aHbl MaTepuaIbl

¢a3 I u 2 COOTBETCTBEHHO.

O06o3HaueHUsI TAPaMETPOB MPUBEAECHBI
B TEKCTe

ITyctb ] — nedopmanys B MpocToM ci1oe asbl
1, €] n ¢, — nepopmauuu B cnosax ¢as /u 2, obpa-
3YIOLIUX CMELLIAHHBIN CJIOM,

£ =MiE] +M3E)

— nedopmaliusi, CpeaHsisl 10 CMELIAHHOMY CJIOIO,
n” — HOpMaJIb K TpaHUIIe CMEIIAHHOTO CJIoSI, n' —
HOpMaJTb K TpaHUIIe MEXKIY CIOSTMU TTIEPBOIA 1 BTO-
poii (pa3 B cMeaHHOM cj1oe, k =n'xn” — opT ocu,
MepNeHINKYISIPHO TJIOCKOCTU BEeKTOpoB N’ 1 n”
1" =n"xKk — KacaTeIbHBII BEKTOp K TPaHULIE CMe-
IIaHHOTO cJlof, T’ =n'xk — KacaTelTbHBII BEKTOP
K TpaHuIle (a3 BHYTPU CMeIIaHHOTO ciios. Torma
Ha MeX(ha3HbIX TpaHUIAX UMEEM CIIEIYIONINE YC-
JIOBUSI COBMECTHOCTH:

(5 —g1):kk=(g), —g)):kt'=(g —g]): 11" =0,
(e5—¢]):kk=(g) —€]):kt"=(e5 —¢]):t"t"=0. (31)
Tak kak cpeaHsist nepopmarius rno dase 1 onpe-
nensietcst popmyioi

o ”
— T]lnz Si +i8r’

m m

e, (32)



a cpeaHss gedopManus mno ¢ase 2 — Gopmynoii
€, =€&5, Tous ycnosuii (31) cienyer, uto
(e, —&,):kk=0. (33)

CnenoBatebHO, OpT K ompenesnsieT HarnpaBieHre
HEIMPepbIBHOCTU CPEAHMX 10 MaTtepuanam ¢as3 /u 2
TEH30pOB AeopMarLIHii.

TMoncrasass B ycaosusi (30) uau (33) cpenHue
no ¢dazam mnous nedpopmanuii (28) U yuuThIBasI Or-
pannueHus (21) Ha mapaMeTphl TPAHCIATOPA, MOXK-
HO HaliTu 3HaYeHMs napameTpoB ¢, (i=1,2,3) , npu
KOTOPBIX BO3MOKHO BHITTIOJTHEHUE OTHOTO 13 YCJIO-
Buii coBmectHocTH (30) uiu (33). D10 B CBOIO OYe-
penb MO3BOJISIET Pa30UTh IPOCTPAHCTBO Aehopma-
Uit g, Ha 00J1aCTH, B KOTOPBIX CpeIHKE O (hazam
nedopMaIy yaoBIeTBOPSIOT YCITOBUSIM COBMECT-
HOCTU. DTH 00J1aCTH OKa3bIBAIOTCST B3aMOTIepece-
KaloIMUMHUCS U He TIOKPBIBAIOT BCe TTPOCTPAHCTBO
nedopMaiuii.

BzanmHoe epeceueHme TpeOyeT cpaBHEHMS Be-
JWYWH SHEPTU, TIpeICcKa3bIBaeMBIX OLIEHKO, TTO-
JIYYEHHOM IPU BBIMTOJIHEHUU YCIIOBUI COBMECTHOC-
T cpeaHUX 1o (pa3aM medopMaLuii.

BoinosHeHue ycaoBusi coBMecTHocTH (30) ra-
paHTHUpYET CYIIECTBOBaHME CIOUCTON CTPYKTYPHI
MepBOTO paHTa, SHEPTUS KOTOPOI TTPU 3aTaHHBIX
BHEIIHUX JeOopMalLlUsX g, paBHA SHEPTUU, MTPEJI-
CKa3aHHOM OLEHKOM. YCa0BKUe COBMECTHOCTHU (33)
3aTCcaHo I CPeaIHUX Mo da3am aedhopMaLIvsaM.
IToaTOMY OHO SIBISIETCSI TUIITb HEOOXOAUMBIM YCJIO-
BHEM TOCTVDKMMOCTH OLIEHKH 9HEPTHEN CJI0EB BTO-
pOro paHTa, M I 10Ka3aTeIbCTBA TOTO, YTO HIK-
HSS OIleHKa TOYHas, HeOOXOOWMO TIPEeIbIBUTH
CTPYKTYPY, SHEPTUS KOTOPOW AOCTUTAET HUXKHEW
OIIEHKM.

B oGsacTtsax mpoctpaHcTBa nedopmauuii, roe
HEBO3MOXHO YIOBJIETBOPUTL HU OMHOMY U3 YCIIO-
Buii coBmectHOCTH (30) 1 (33), HUXKHSISI OLIEHKA He
MOXET OBITh TOCTUTHYTA Ha CTPYKTypax, obpa3o-
BaHHBIX CJIOSIMU IIEPBOTO 1 BTOPOTo paHroB. Heoo-
XOINMO pacCMOTPETh CITOW BBICIITUX paHTOB. [lajee
OymeT MoKa3aHO, UYTO MTOCTATOYHO OTPAHUYMTHCS
CJIOSTMU TPETHETO paHTa.

ITocTpoeHune 3HePreTHIECKMX OLIEHOK B CITydae
HeHyJIeBbIX Koa(pduimeHnToB IMyaccoHa cBsi3aHO
C 3aIUChIO TPOMO3IKNX aHATTUTUYECKUX BhIpaXKe-
Huit. [ToaTOMy B TaHHOI paboTe OyIAET pacCCMOTPEH
ciyuait HyneBbix KoadhduunenTos [lyaccona obe-
nx ¢a3. OH MTO3BOJISIET TTOJYUUTh JOCTATOUHO MTPO-
CTBbI€ BBIpaXKeHUST HIDKHEM OLIEHKY SHepTruu aedop-
Maluii IByx¢a3Horo MaTtepuraia, a Takke co3IaTh

Pusnyeckoe MaTepmanOBep,eHme>

JITOPUTM ITOCTPOEHHUS CJIOUCTOTO MaTepuraa, SHep-
TUsi KOTOPOTO JOCTUTAeT HUXHeH oueHku. Ciayyaii
HeHyJieBbIX Koo duumeHnTos [TyaccoHa He siBsieT-
CsT OCOOCHHBIM ¥ MOXET OBITh PACCMOTPEH TI0 TOMY
K€ aJITOPUTMY.

[MpencraBuM Bce BO3MOXHBIE Te(hOpPMAIIMOHHBIC
COCTOSIHMA MaTepuazia Ha MJIOCKOCTH §;, d,, Iie
8 =¢ /ey, 8, =¢,/¢3; €, €&, €5 — [VIABHbIE 3Ha-
YeHUsI TEH30pa CPenHuX aedopMaiuii, mpuieM
|83| > max{|sl

€ |}. Torna Bce BO3MOXKHBIE Iedopma-

,
LIMOHHBIE COCTOSIHUA JIEXAT B 00IacTH 3,8, €[-1;1].
PaccMoTpuM TOIBKO YacTh 3TOM 00nacTu §, > 9§,;.
Bropasi nojoBrHa 001aCTH MOTyYaeTCss CUMMETPUY-
HBIM 0TOOpaXXeHUEM PE3YIIBTATOB, TTOJYUEeHHBIX IS
MepBoi Moa00IacTH.

PaccmaTtpuBaemyo 061aCTh MOKHO pa3nenuTh
Ha CeMb YaCTUYHO TepeceKalolmnxcs obnacTei,
KOTOPBIM COOTBETCTBYIOT CEMb BApMAHTOB HabOpa
MapaMeTpOB TPAHCISTOPA:

) ty=t,=t, =2,;

2) =2, h=t;=t€[0;2y,];

3) , €l0;2w,], t, =, =t €[0;2,] ;
4 t,=1t,=0, 1 =2u,;

5) t; €0;2w,], t, =1, =0;

6) 1, =1t,=0, t; €[0;2,];

Nty=t,=0, t;=2p,,

e HeM3BECTHbBIE ITapaMeTPhbl TPAHCSITOPA ( BO BTO-
POM CJIy4ae, f U f; B TPETHEM CJIy4ae W T. I.) HaXo-
nstes usz yeaosuit (30) u (33).

JlanbHeiilliee cpaBHEHUE HEPIUii OLleHOK PW,
COOTBETCTBYIOIIMX HA0OpaM pa3jiMyHbIX TapaMeT-
POB TpaHCISITOpa, U BHIOOP BapuaHTa, JAKOIIEro
0o0J1bllIee 3HAYEHUE OLIEHKU, ECTECTBEHHO pa3/1eisi-
IOT paccMaTpUBAEMY0 YaCTh TPOCTPAHCTBRA AehOp-
MallMii Ha ceMb HemnepeceKaloxcs 001acTei:

8, <8, | m L em+1|-1, 5,<1

u
¥, =le: ‘ ;
8, <8, m 22 rm +1|-1, 8 <1
M
5. >5 Ha
2208, | m—=+my,+1|-1,
Y, =<¢: ! ;
622m1t—2+m2, 5,<1,8,>0
1
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81£m1ﬁ+mg, 82Sm1ﬁ+mz,
Yy =qe: K Hy ;

8,20, 8,20

-1
‘82£1,822[m1ﬁ+n12] ).
. Ly s

8, <0, 8 >-1

‘P4: €

-1
Ho
Oy <| My —=+ R
Y =lg: 2 [1H1 %j ;

8,20, 8,<0, 8 >-1

K

¥, ={a:51 >1, 8,28, 5, <(mlﬁ+m2]51}, (34)
My

B KOTOPBIX apaMeTPbl TPAHC/ISTOPA BbIPAXKAIOTCSI
Kak

2(1+ my)p, +mypy)5,
5, +1

t] =2H2,12=t3= HpI/Isequ;

1y = 20mypy + My )3y;

2(myy +myp, )8,

1

npn g€ W,

B obGmactu | 3a cyeT BhIOOpaA MapamMeTpoB
TPAHCSITOPA HE yAAETCS YIOBAETBOPUTD YCIOBUSIM
COBMECTHOCTH CpeIHUX MO (hazam nedopmauuii ajis
CJIOEB MEPBOTO WM BTOporo paHroB. Huxe Oynet
MOKA3aHO, YTO ATOI 00JaCTU COOTBETCTBYIOT CJIOU
TpeTbero panra. B obnacrax W¥,,V,, ¥, ynaercs
HAWTU HampaBJieHNEe HETTPEPHIBHOCTH CPEITHUX TTO
(bazam pedopmaiuii, UTO SIBISIETCSI BHIITOJHEHUEM
YCJIOBUSI COBMECTHOCTH [IJIs1 CJIOEB BTOPOTO paHra.
B oGnactax W5, s, ¥y yaaeTcs BbIIOJHUTD YCI0-
BME COBMECTHOCTH 17151 CJIOEB MIEPBOTO PaHTa.
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BbipaxeHust 111 HUXHEN OLIEHKU SHEPTUU Ae-
opmanuii B o61acTsix (34) uMeIOT BULL

y (2py +1y)

(8, +8,+1)* —
(24 my)py +myp, b

PW:gi(

Py (kg + 1)
(14 my)py +myp,

2myp (1 — 1) J
(I+ my)py + mypy

(8, +1)* +

PW:?,%{

+(mypy + ”72”2)512 +

npu ee\¥,;
2 2 ,%2
PW =¢3 [(mlul + My, )87 +65) +

+&J npu ge\¥s;

my +

By 62 n

PW=8§(
My + i,

N Py (kg + 1) (52+1)2—2H162j

My + My + Ly
npu ge'ty;
PW =¢? (%(shm
MWy +mly

+(my +m2p2)6§J nmpu ee ¥ uW¥;

(g + 1)

PW:ag[ (8, +8,)% -

mpy + Ml 1y

-2u,8,8, +Lj npu ge¥,. (36)
mypy +

DHeprus CJIOUCTBIX CTPYKTYP

[TokaxkeM AOCTUXUMOCTb HUXHEW OLIEHKU
sHeprueil LW, 3anaceHHO B KOMIO3UTHOM MaTe-
puajie, UMEIOLLEM CJIOUCTYIO CTPYKTYpY. DTa dHep-
TUsl PAaCCYMTHIBAETCS 1O hopmyIie



LWZ%S():COZSO, (37)
rae C, — 5(pPeKTUBHBIN TEH30p MOAYJIEH yNpyTo-
CTH CJIONCTOTO MaTepuaja, BhIpakeHue IS KOTO-
poro nosy4daetcst u3 paBeHcTBa (10) cieayonium
00pa3om.

B ciouctbix cTpykTypax nosst aehopmMaunii —
KYCOYHO-TIOCTOSTHHEIE, TTOTOMY CpeIHue aehopMa-
LMY Y HAMPSKEHUSI BbIPAXKAOTCs KAk

2 2
€)= D, M€y, Og= D MG, . (38)
a=1 a=1
PaccmoTtpum cHavana mocTpoeHue TeH30pa 3(P-
(beKTUBHBIX MOAYJIEH YIIPYTrOCTH AJISI TPOCTOM CI10-
UCTOM cTpyKTyphbl. CKayoK neopMalnii Ha MeX-
(hazHoIi rpaHUIIE ClIenyeT BeIpaxXeHuto |3, 12]:

[e]=K(n):q, ,(39)

roe K(n) :{n(n-C1 -n)’ln}s (s03HaYaeT CUMMETPU-

3aLl1I0 TEH30pa YeTBEPTOrO PAaHTa 10 EPECTAHOBKE
rnap MHIekcoB); q, =(C, -C,)¢,.
Yo6enumcs B CripaBeATMBOCTA PABEHCTBA

12 1
Wiam EEZ mye, C, 1&, =5%0100- (40)
a=1

JlocTaTOYHO MOKAa3aTh BHITIOJIHEHUE 3TOTO pa-
BEHCTBA JI51 IPOCThIX c10eB. 17151 cioeB Oosee Bbl-
COKOTO paHTa OHO MOJIY4YaeTcs B pe3yJIbTaTe Mpeji-
CTaBJIEHUSI CTPYKTYPHI B BUZIE CJIOEB, COCTOSILIIMX U3
(basnl /1 pa3aeeHHBIX CMEIIAHHBIMU CJIOSIMU, KO-
TOpbIe cOCTOAT U3 a3 [ u 2.

J1J1s1 cJTI0€B MepBOTO paHTa U3 YCJIOBUI HA MEX-
(dasnoii rpanuue (6) u (7) cinemyer, 4To

[o]:[e]=0,
OTKYyZa CJIEIYET, 4YTO

(41)

(42)
C yuetom paBeHCTBA (42) BbIpaskeHUE 151 SHEP-
YUY IPUHUMAET BU

1
I/Vlam =50-0 ‘g =

|

R 2.

(43)
+m1m2(81 . 62 + 82 . 01)) =

1

Pusnyeckoe MaTepmanOBep,eHme>

IToayuum TeH30p 3P PeKTUBHDIX MOAYJIEH yII-
PYTOCTH CIIOUCTOM CTPYKTYpBI. PaccMoTpuM ciion
niepBoro panra. Cpennue geopmMaLiy BbIPaXxaroT-
cs KaK

80 = m181 +m282 :82 _leqz =

=—((¢,-C) " +mK):q,. (44)
Torna
4, =—((C,-C) ' +mK) gy ; (45)
=C,:e+m(C,-C,):¢, =
1-8 TM(Ly =L ) &) (46)

:Cl :80 +m2((C2 _C1)71 +m1K)71 :80 =

=Cygy,

OTKYyJa CJAeAyeT BblpaxkeHue I TeH30pa apdeK-
TUBHbIX MOJYJIEI yIIPYTrOCTU

Cy=C,+m((C,-C) ' +mK)™".  (47)
[MpomoyxuB aHATOTMYHbIE BBIKJIAAKH, ITOTyYa-
€M BbIpaxkeHue 1Jisi TeH30pa 3((HEKTUBHBIX MOLY -

JIe YIIPYTOCTH B CJIyYae CJIOEB IMTPOU3BOJIBHOTO PaH-
rad:

d
Cy=C, +m((C,~C) ' +m Y pKm,) ™", (48)

i=1
Ie p; — CTPYKTYPHBIE TAPAMETPbI, 3aBUCSLINE OT

00BbEeMHBIX J0Jei (pa3bl / M CIOMCTOro MaTepuasa
Ha KaXx/IOoM Il1are MoCTPOEeHUS CIOMCTON CTPYKTY-

d
pbI; Z p; =1,n; — HOpMaJIb K rpaHULIE HA i-M 1LIAre.
i=1

J17151 TOCTPOEHUSI CIOMCTOTO KOMITO3UTA, UMEI0-
1116r0 MMHUMAJIbHYIO HEPI1I0, HEOOXOAMMO PELLUTh
3a/1a4y Hax0XIeHUsI MUHUMYMOB B BbIPaKEHU U
|
LW =minmin—g;:Cy(p;,n;):g,.  (49)

P 2

[1pu 3ananHoOIi cpenHei neopmaLiu g, TpaHC-
JISIHMOHHAsI OLIEHKA MNPEeANKUChIBaeT CJIOUCTOM
CTPYKType paHT d. Takke oHa TpeAnuchiBaeT Ha-
npaBjeHre HOpPMau IJIsl CJIOEB IEePBOTO paHTra
W HaTpaBjieHue, TIepIeHANKYISIpHOE 00eUM HOpMa-
JISIM B CJI0SIX BTOPOro paHra. Takum oOpa3om, s
CJIOEB MEePBOTO paHTa JOCTATOYHO BEIUUCIUTH SHEP-
TYIO Y TTI0KA3aTh €€ COBIAIeHNE C COOTBETCTBYIOLLIM -
MU BeIpaxkeHUsiMU (36). 11T cJI0eB TpeThero paHTa
U CJIOEB BTOPOTO paHIa C HaIpaBJIeHUEM HEIPEPbIB-
HoCcTH Aedopmalinii, COBMANAOIINM C TJIaBHBIM
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HamnpapJIeHUEM BHEIIHUX nedopmauuii g,, mMoao-
KM, YTO HOPMaJIi N; COBMANAIOT C [JIABHBIMU Ha-
npasieHusMH €. B aTom ciyuae 3anaua (49) cso-
JOUTCS K PELIEHUIO CUCTEMBI yPAaBHEHU I

O:GCO(pivni):a

0 0=0
Pi (50)

B ciyyae ciioeB BTOporo paHra ¢ HarpanjieHUeEM
HeTpepbIBHOCTU Aedopmalinii, He COBMaAaOIIUM
C IVIaBHBIMU HaMpaBieHUsIMU BHELIHUX 1ehopMa-
LN &), HEBO3MOXHO CIEJaTh KAKUX-JTN00 MpeaIo-
JIOKEHU I OTHOCUTEJIbHO HAITPABJIEHUSI HOPMAJIEA.
[ToaTOMY MILIETCSI MUHAMYM TIO MSITU TIEPEMEHHBIM
(ueTbIpe mapameTpa, 3aJa01I1e HOPMAJU, U CTPYK-
TYPHBIi TapaMeTp, oTpeaessieMblii 00beMHBIMU J10-
JISIMU CJIO€B HAa PA3JIMYHBIX LIATAX TOCTPOCHUS CIIO-
KCTOTO MaTepuaa).

7151 TOro UTOOBI MOKA3aTh JOCTUXKUMOCTb HUX-
Hell OLIEHKY BHEPTHUU, HET HEOOXOAMMOCTHU pelliaTh
BCIO HeJIMHEeHY10 cuctemy. JIoCTaTOUHO Mpeabsi-
BUTb XOTS1 ObI OTHY CTPYKTYPY, 9HEPTHSI KOTOPOI Mpu
3aJlaHHBIX CPEAHUX AeopMallMsIX paBHA SHEPTU N
oLieHKH. Jlanee penioxeH Crmocod MoCTPOeHH s O~
HOW U3 TaKUX CTPYKTYP.

CnenualibHblii CJIy4aii cJI0eB BTOPOro paHra

KoMno3utHbIil MaTepuan, UMEOINi BUI Ha-
KJIOHHOTO CJIOS1 BTOPOT'O paHra, CTPOMTCS B IBa 3Ta-
ma. Ha mepBoM cTpouTcs ipocTast CioucTast CTpyK-
Typa ¢ Hopmaibto n'. [epBasi 1 Bropasi ha3bl bepyTcst
BTIPOTIOPLIMU 1); U 1) COOTBETCTBEHHO; 1y +15 =1.
Ha BTOpOM 3Tame CTpoUTCS CIOMCTast CTPYKTypa
C TOI1 XK€ HOPMaJTbIO ', 00pa30BaHHAsI CIOSIMU (Da3bI
1vi cnosiMu Matepuaiia (MoCTPOEH Ha IMEPBOM 3Tare),
B3ATBIMU B IIPONOPLIMSAX M U 13 COOTBETCTBEHHO.

Ha nepsomM sTane neopmanuu B ¢azax I u 2
paBHHI €] U g€ . Ckauok nedopmaunit

&) —& =K(n'):q5, (51)

rae q, =(C,-C,):€). &, =¢, — cpeanasa nedop-
mauus o gase 2.
Torma cpentsist aehopMaLvst CIeAyeT BhIpaKe-
HUIO
€) =M€ +N38) - (52)
JLJTst CTPYKTYPBI, IIOCTPOEHHOM Ha BTOPOM 3Ta-

e, ckauok aedpopmannii Ha rpaHulie ¢pa3bl /1 cMe-
IIAHHOTO CJIOST UMEET BUT
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g5 —g/ =K(n"):q5, (53)

roe q5 =(C,-C,,,):€; (C,,, — TEH30p YNPYrocT
CMelaHHoro ciost). Eciv cienoBath mocTpoeHuIo
3HEPTUU MPOCTBIX CJIOUCTBIX CTPYKTYP, TPUBEIEHHBIX
B pabote [8], TO MOXHO [10Ka3aTh, YTO g5 =1;,q5 -
Cpennsist nepopmarius rmo ase / BbIpaxkaeTcst
KakK
& :;1(1”12‘1151 +1NEp) - (54)

OrmeTum, 9to n{ +Mm; =my, Nhm, =m, .

N3 dbopmyn (51)—(54) monaydyaem BbIpakeHUE
IJ1s1 cpeaHeit nechopmanuu B hase I:

1 ’ ! ’ ! 4 14 ’
g = ;(mlgz - K@m'):q5 -y Km"):¢5). (55)
|

DHeprus AByxda3HOi CTPYKTYPhI pACCUUTHIBA-
eTcs1 o hopmyJie

n
’. et Th ", oo
g:C g +—¢g: (gl +
my m

1 [nom;
I/I/llll’l'l =

—+mye) 1 Cy :8'2}. (56)

Boo0111e roBopsi, MUKPOCTPYKTYpa 3aBUCUT OT
TSITY MTapaMETPOB; YEThIPEX KOOPAMUHAT, 3a1aI01IUX
HarpaBJIeHHUs IBYX eAMHUYHbBIX HOpMaJieil K CI0sIM
Ha IByX 9Tanax MOCTPOECHUS CIOUCTO CTPYKTYPHI,
a Tak>ke OHOM 13 00beMHBIX AoJieit. [Tpumem, 4To
M| =m /2, a NpOeKLUY HOPMANeil Ha [NIABHbIE Ha-
MpaBJIeHUs TeH30pa CpeaTHMX AedhopMaIInii CBsI3a-
HBI COOTHOIIIEHUSIMU

(57)

CBa3b MEXIY IPOEKUMAMU 1| U Ay TIOJTy4aeTCs
u3 ycaoBus (33). B utore cTpykrypa CTaHOBUTCS
3aBUCSIIEN TOJBKO OT OHOTO MapaMeTpa, a ycjio-
BUEM ISl HAXOXXAECHHUSI 3TOTO MapamMeTpa sIBIsIeTCs

YCJIOBUE PABEHCTBA TEH30POB g, ONPENETEHHBIX
BeIpakeHUsIMU (28) u (55).

n=n,n=—ny, Ky=n;.

Crnouncrsie CTPYKTYpbI,
JOCTUTAIOLIME HIZKHE OLIEHKH

B pesynbrate HaXOXAEHUSI ONTHUMAIbHbIX
CTPYKTYp TTIOKa3aHa TOCTUKMUMOCTb HUKHEM OLleH-
KM BHEPruu ynpyrux aepopMauuii aByxpasHoro
MaTepHaa, COCTOSIIETO W3 M30TPOITHO-YIIPYTUX
(a3. CooTBETCTBYIOLLIME CTPYKTYPbI SIBJSIIOTCS CJIO-
SIMU TIEPBOTO, BTOPOTO U TPETHETO PAHTOB.



Pusnyeckoe MaTepmanOBep,eHme>

B oGnactu W, HUXHEH OLEHKU TOCTUTAIOT CJIOU
TPETLETO PAHTa, CTPYKTYPHBIE IAPAMETPbI KOTOPBIX
ONPENENSIOTCS BHIPAXKEHUEM

_ & (m (uy — ) +2py) —(tre —g; )y
my(py =y tre

i

npu eeV¥,. (58)
Bce Tpu HOpManu ciosi TPeThero paHra CoHarl-
paBJIEHbI C IVIABHBIMUW HAMNpPaBJIEHUSIMU TEH30pa
cpemHuX AedopMaLuii.
C10u BTOPOTo paHra onTUMajbHbl B 001aCTSIX
Y,, ¥, u ¥, [lapamerpbl, onpenensioniue CTpykK-
TYpBI, BbIPAXalOTCS KakK

_ (mypy +myuy)d) —
my () —1y)5, +1

_ (mpy +mypy) — 8,
my(y — )8, +1

) npu ge't,;

1
pl=p2=E mpu ge¥,uY¥,. (59)

CJiou BTOPOTO paHra OpUEHTUPOBAHBI CEAYIO-
1M 00pa3oM:

n =e,, n,=e; npu ge¥,;

5
8, =By +1)

r 8, (Y18, +7,B) 60
S \/(61_382_[3)(51+Y1l3+“/2552)’ ©

\/ V288, +v1B

’ "_

n1=nl—

3

m=m= , npu ee'y;

3 +v1B+7,B9,

nr_nﬂ_ 1
16, +8))

Ce V1B8y +7,B3,
S \/(1_1361 —B8)(1+7,B5, +Y2[352)’

o= ,,_\/ Y288, +71BS,

h=m=|——
1+7,B5; +7,B9,

e e, e,, €; — IJIaBHble HaNpaBJIeHUs] TeH30pa

mpu ge¥s,

+
cpenHux aedopmauuii, B= Mty Tl
My + My + 1y
_ iy +myy _ K
Yl - 5 2= .
m(py — 1) my(fy —1y)

DHeprus NpocCThIX CIOEB AOCTUTAET HUXHEN
oueHku Bobnactax Vs, Wy, ¥y . OHu opreHTUpO-
BaHBI CJIEAYIOLIMM 00pa3oM:

n=e; npu ge'¥s;

5

§ -1

mpu sV U\W¥.

1
1-5,

m

n =0, ny=
(61)

Pe3yabraThl MOCTPOEHMSI TOUHOM HUXKHE OLIeH-
KW 9HEPTUU TIPUBEIEHBI Ha pUC. 2.

Takum o6pa3oM, B paboTe Ha OCHOBE MPEIJIO-
JKEHHOTO ITOJIyOOpaTHOTO METO/Ia, YUMTHIBAIOIIETO
YCJIOBHSI COBMECTHOCTH Ha MeXX(a3HbIX IPaHULIAX,
B KaXXIIOM TOUKeE MPOCTPAHCTBA BHEITHUX IeopMa-
LMKA MOCTPOEHA TOYHASI HUXKHSIS OLIEHKA SHEPTUU
IJedopMalnniit KOMITIO3UTHBIX MaTepUAIOB, COCTOS -
LIUX M3 U30TPOMHBIX (pa3. [TokazaHa TOCTUKMU-
MOCTb 3TOM OLIEHKH CJIOSIMU MIEPBOTO, BTOPOTO U Tpe-
ThEro paHroB. BeipaxkeHus1 SHEpruii 1 mnapaMmeTpoB
CTPYKTYp IpUBEIOEHBI 1151 caydas a3 ¢ HyJeBbIMU
koa(ppuumnentamu Ilyaccona.

PaGora BeinojiHeHa Mpu (PUHAHCOBOM IOIACPXK-
ke Poccuiickoro donmga ¢pyHIaMeHTaTbHBIX UCCIEI0-
Banuii (10-01-00670-a), HanmoHambHOTO HAy4HOTO
dbonma (DMS-0707974), mporpaMMbI (hyHIaMEHTATb-
HBIX UccenoBaHuii rocakagemuii PO Ne22 (pyk. akaj.
H.®. Mopo3sos, akan. W.I. TopsueBa), rpaHTa s
CTY/IEHTOB, aCIIMPAHTOB BY30B U aKaJIeMUYECKUX WMH-
CTUTYTOB, PAaCMoOJIOXEeHHbIX Ha Tepputopun CaHKT-
IleTepOypra.

fo!
3 ﬂ]F 2!

T 0y

0 !
&,

S
= ;’f =

' 3

Puc. 2. IIpencrapieHue npoctpaHcTBa aedop-
Maluii Ha MJIOCKOCTU §; — &, U CXeMaTU4eCKoe
n300paxkeHue TUIIOB IBYX(a3HBIX CTPYKTYD,
IS KOTOPBIX JTOCTUTAECTCH HUXKHIA OLICHKA:
1,5,5', 6,6 — mpocTbie CIIOUCTBIE CTPYKTYPLL; 2, 2', 4,
4', 7— cjiou BTOPOTO paHra; 3 — CJIOU TPEThEeTO paHTa.
HanpasneHus: Hopmasieil MpuBeaeHbl B TEKCTE
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IKCMNMEPUMEHTA

YK 537.226.4

[MPUBOPbI N TEXHUKA PUSNYHECKOTO

B.U. UBaHOB, C.B. KnumeHmeveb, O.K. l[aHeBuu

NMPUEMHUK U3NTYYEHUSA
C PABHOMEPHOM YACTOTHOM XAPAKTEPUCTUKOM
HA OCHOBE CTPYKTYPbl METAJUJ1 — CETHETOS/IEKTPUK — METANN

[MuposaekTpuuecke MPUEMHUKU U3ITyUeHUS
(IITN) HauX MKXMPOKOE MPUMEHEHUE B pa3ind-
HBIX 00J1aCTSIX HAYKU Y TEXHUKU [IJI1 perucTpalum
U3JyYeHUsl B LIMPOKOM CITEKTPATbHOM J1ana3oHe
[1]. o cpaBHEHMIO C APYTUMU TUTIAMU TIPUEMHU-
KOB OHM 001aJ1a10T LIEbIM PSIIOM MPEUMYILIECTB —
BYACTHOCTU BbICOKOI BOJIbT-BATTHOM UYBCTBUTE/b-
HocTbI0. OIHAKO YACTOTHAS XapaKTepUCTUKA MOC-
JIeAHEe uMeeT crabl B 00J1aCTU HU3KUX U BBICOKUX
YaCTOT MOAYJISILIMK u3nydeHust. Crnaa 4yBCTBUTE b-
HOCTU B 00JIACTU BBICOKUX YaCTOT OOYC/IOBJIEH TeTl-
JIOBOI MHEPLIMOHHOCTBIO UyBCTBUTEILHOTO 3JIEMEH-
Ta. HU3KOUYaCcTOTHBIN Craf 0ObsICHAETCSI TeM, UTO
MUPOTOK MPONOPLIMOHAIEH TPOU3BOIHOM OT TEMITE-
paTypbl 1O BpEMEHU U CTPEMUTCS K HYJII0 Ha HU3-
kux yactoTax [1]. IToBbIlLIeHME YyBCTBUTEILHOCTHU
[T B 006acTH HUBKUX YACTOT 0OECTIEeYMBACTCS
0OBIYHO CIIELMATIbHOM MOAY IsILIMEN ITagaloIero Ha
MPUEMHYIO TJIOLIAAKY U3TYYEHUSs, HO 3TO OTPaHU-
YKBaET 00J1aCTb UX TPUMEHEHUSI.

Jns pelieHus 1eJ0To psifa 3agay U3MepeHue
MOIIIHOCTH M3Ty4eHMsT HEOOXOIMMO IMPOBOIAUTH O€3
crieturaibHO Moayasitiuu. OnHa U3 TaKUX 3a1a4 —
nccienoBanue opMbl cUTHaA. 17151 5TOro mpuem-
HUK U3JTyYeHUSI TOJKEeH 001a1aTh pABHOMEPHOI MO
YACTOTE BOJIT-BATTHON UYBCTBUTEIbHOCTBIO B ILIU-
POKOM YaCTOTHOM Auara3oHe, BKJItouast iH(PpaHu3-
KHE YaCTOTHI.

7151 moJydyeH sl 3aBUCUMOCTH TaKOTO XapaKTe-
pa B AaHHOI paboTe mpeaiaraeTcs TeIaI0BOM pu-
eMHUK (TTT), B KOTOpOM MCMOJIB3YIOTCS 1Ba 3(h(PeK-
Ta: MMMPOBIEKTPUUYECKUUN U TEPMOBOJIBTAUYECKUIA.
Llenbio naHHOM pabOTHI ABISIETCS] aHATU3 YaCTOT-
HOW 3aBUCUMOCTH BOJIBT-BATTHOU YyBCTBUTEIBHO-
ctu npennaaraemoro TTT.

CrpykrypHas cxema TII mpeacrasieHa Ha puc. 1.

TepmoBosbTanueckuii 3pdexT HabII0OIaeTCs
B CTPYKTYPE METAIT — CETHETORIEKTPUK — METAILT
(MCM) ¢ pazHOpoaHbIMY MeTalIamu [2]. 3HaK Tep-
moBoJbTandeckoit DJ1C onpeaeseTcs: moI0XKEeHU -
€M 2JIEKTPOJOB, a BeJIMYNHA, B OTIMYUE OT MUPO-
3JIEKTpUUECKOro 3 dekra, MponopLUuOHabHA
TeMIiepaType OIHOPOIHO HArPeTOro KpUCTasLia v He
3aBUCUT OT CKOPOCTH €€ u3MeHeHus [2, 3].

[TockoabKy maHHoU cTpyKType MCM cBoii-
CTBEHHO HAJIM4YMe ABYX COCTABISIONINX TEPMOWH-
IyLIMPOBAHHOTO TOKA, BO3HUKAIOILIETO BCJIEACTBUE
MMUPOBTEKTPUUECKOTO ¥ TEPMOBOIBETANIECKOTO 3(h-
(bekTOB, TO TEPMOOTKIIMK BbIpAXKaeTCsI CYMMOW TO-
KOB, 00YCJIOBJIEHHBIX 000MMHU 3 heKTaMu:

J =yA@OT /ot)+ HAT , (1)
rne A — IIoLaab Y4yBCTBUTEILHOIO DJIEMEHTA, ¥ —

TMPORJIEKTPUUIECKIN Koo PULIMeHT, 7T'— TemTiepa-
Typa KpucTainia, t — Bpems, AT — pa3HOCTb Ha-

Puc. 1. Crpykrypnas cxema TII [3]: /1 — mana-
fouiee usnyuenue DO(7); 2, 4 — cnou Merania
(Al u Cr cCOOTBETCTBEHHO); 3 — CJIOii CErHeTO-
anekrpuka (LiNbO;:Fe); 5 — yeunurens (K, = 20);
6 — 0JI0K 00pabOTKM CUTHAJIA; Ol — YrOJl MEXIy
ocblo nosisipusaumu Py 1 nockocTsio anexrpona
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yaJbHOM M KOHEYHOHN Temmepatyp obOpasua,

H=AE Lp'(R,A+ pL)_2 — KO3pduUIMEHT, Xxa-
paKTepU3YIOIINIA BETUUNHY KBAa3UCTAIIMOHAPHOTO
TEPMOBOJIBTANYECKOTO OTKJIMKA ( £, — TepMOBOJIb-
tanueckaa DC, L — TommmHa Kpucramia, P,
p' — yIOeNbHOE COMPOTUBIECHUE KPUCTALIA U €r0
MPOM3BOIHAS IO TeMTIEpaType).

Hns npegnoxenHoro TII akBuBaneHTHAs cxe-
Ma 3aMelleHus TIPenCTaBieHa Ha puc. 2.

Y10o0bl MOJYYUTh BhIPAXKEHUE IJ151 BOJIBT-BAT-
THOI 4yBCTBUTEILHOCTH ITPEIaraéMoro mprueMHu -
Ka, He00X0AMMO peLUThb AuddepeHLInaIbHOE ypaB-
HEHUE /151 BBIXOMHOTO CUTHasa (HanpsKeHus Ha
COTNPOTUBJIEHUN HATPY3KK R, ) B COOTBETCTBUU CO
CXeMoii 3aMellleHrsI. YpaBHeHUe 0e3 yueTa nmpoliec-
COB CAMOWMHIYKIINY UMEET BUI;
dav, 1 dT

Copy——+—V, =Ay—+ HAT, 2
kP g R() H ydt ()

rae V, — BBIXOAHONM CHUTHAN Ha CONPOTUBIEHUU
Harpysku; Ry 1= R]:I: +R; t
IlycTtb HA YyBCTBUTEJIbHBINM 2JEMEHT MagacT
TETIJIOBOU MOTOK
D(1)=AD; (1-coswr)/2,
rne ®, — MIOTHOCTb NOTOKA U3JTyYEHUS, (@ — Ya-
CTOTa MOAYJ/ISILIAM TTAJAI0IIEr0 U3TyYeHUsl. YpaBHE-

HHeE TEeIJI0BOro OasaHca ajs YYBCTBUTEJIbHOI'O 3J1€-
MCHTA UMECT BU:

ar T _m® (1) 3)
d v c®L
e ¢® — yae/bHasi TEIIOeMKOCTb KPUCTAILIA; 1), —
ImorjaouiaTeJbHas1 CITOCOOHOCTD O6Hy‘{aeMOﬁ ITIOBEP-
XHOCTH, Tr — TETIJIOBAsA MOCTOAHHASA BDEMEHMU, OTI-
pelensieMasi TETII00OMEHOM ¢ OKPY>KaoLlei Cpeoil.

Puc. 2. DkBuBaneHTHas cxema
3aMCIICHUA TPUEMHUKA:

J,, — MCTOYHUK MUPOSTEKTPUIECKOTO TOKA;
Ey— MCTOUHUK TEPMOBOJbTAUUECKOTO
HampsokeHust; R, R, — COTNpPOTHUBICHUS
KPUCTA/UIa U HATPYy3KU COOTBETCTBEHHO;
Cyp — €MKOCTb KpuCTalIa
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W3 pelieHust ypaBHeHUs1 TeruioBoro danatHca (3)
MMeeM JUTsI TIEPEMEHHOM COCTABJISIIONIEH TeMTIEPATypPhI;
T 2ADn, coswt

c°L (1 + u)erz)

(4)
BOJIbT-BATTHOU

Jns YyBCTBUTEJIbHOCTH
Sy (0) =V, (0)/P(w)) TIT noxyyaem:

2 A
SV ((0) — nl‘cf—)TT(D YRO +

c"L(l + mzrg )% (1 +0321:% )%

anSTTH (RKp + RH)
cGL(l +o’t? )% (1 +o’th )%

e t, = RyC,, — anekTpuyeckas nocrostuHas TII.

I1epBoe cnaraemoe BeipaxkeHwus (5) onpenensieT
BKJIaJ, OOYCJIOBJIEHHBIN MUPO3NEKTPUUYECKON CO-
CTaBJISIIOLLIEIH, BTOPOE — TEPMOBOJBTAUYECKOIA.
PaBHOMepHast YyBCTBUTEIbHOCTD TOCTUTAETCS pa-
BEHCTBOM 3HAYEHMI 3THUX CllaraéMbIX Ha pPa3HBIX
YaCTOTHBIX yuacTKax Auarnas3oHa, riie ux 3HaueHust
HE 3aBUCSIT OT YACTOThI, UTO AAET PABEHCTBO

24vRy =1, H (R, +R,).

TTockoabky mis z-cpe3a 3HaueHUe BKJIaaa OT
TMUPORJIEKTPUUECKOI COCTABISIOLIEH OOBIYHO Mpe-
BBIIIIAET TAKOBOE OT TEPMOBOJIBTAMUECKOM, TJTACTUH-
Ky YyBCTBUTEJbHOTIO 3J1EMEHTA HEOOXOIUMO BbIpE-
3aThb M3 KpUCTA/LJIa TaK, YTOObI OCb MOJISIpU3aLIMU
COCTaBJIs1J1a HEKOTOPBIM MaJbIi yron o K MJI0CKO-
CTU 3eKTpoaa (CM. puc. 1); 3To NO3BOJUT YMEHb-
LIUTh 3HaUE€HKE MEPBOTO cjaraeMoro (Harnpumep,
IUtst KpucTasuia Huodara iutust LINbO; yron o pa-
BEH HECKOJIbKUM Ipaaycam).

OKOHYATeNbHO 7151 BOJBT-BATTHOUN YYBCTBU-
TEJbHOCTHU MOJyYAEM:

S, = mT,2A7R, sina y
c°L

&)

y (017 +1) . 6

(1 + o’ )% (1 +o’th )%

Ananus TTOJTYYEHHOT'O BbIpA’X€HM A MOKA3bIBa-
€T, YTO BOJIbT-BAaTTHAaA YyBCTBUTECIIbHOCTDL ITOCTOSIH -

Ha B auana3oHe yactot ot 0 10 o = 1;1 . HeGonpioe
OTKJIOHEHUE XapaKTePUCTUKU OT PABHOMEPHOI (Npu
0= r}l) MOXKET ObITb CKOMIIEHCHPOBAHO C TOMOILIBIO
MOJ0COBOTO (OUIIBTPA.
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Takum ob6paszom, nmonydeHHslid TII obnagaer
PaBHOMEPHOI BOJIBT-BATTHOI YyBCTBUTEIbHOCTBIO
B LIMPOKOM YaCTOTHOM JMara3oHe, BKIoUast MH-

(bpaHM3KME YACTOThbI, YTO, B YACTHOCTHU, OIpeIe-
JISIET €ro MIPUTOAHOCTD IJISI UCCAeIOBAHUST (DOPMBI
cUrHasa.
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M.A. MapueHiok, M.C. CkapeHKo

AHAJIU3 NPOLECCA AUNDDY3UU OKPALUEHHDbIX BELLLECTB
B NMN/TIOCKOM CJ/1I0OE XKUAKOCTU
No OJAHHbIM LU®POBON ®OTOCHEMKMU

UccnenoBanus MpoLiecCoB MaccoriepeHoca B pas-
JUYHBIX Cpedax UrparoT BaXKHYIO POJIb IS OITH-
MM3AIUY TEXHOJIOTUY XUMUIECKOTO TIPOM3BOICTRA,
B IMUIIIEBOM, TEKCTUILHOM 1 (hapMalleBTUIECKOiA IIPO-
MBIIIIEHHOCTH, a Takxke B meauuuHe [1, 7]. Beumy
CJIOXKHOCTU JETAIbHBIX U3MEPEHMU I MOJIsI KOHLEHTpa-
LI BKCTIEPUMEHTATbHBIE UCCIeA0OBAHMS TTOCBSIILIE-
HBbI, KaK [MPaBUJIO, MOJYYEHMIO TAKUX MHTETPAJIbHbBIX
napameTpoB, Kak KoaduireHTa 1udy3un, moTo-
Ka BEIIEeCTBA M MX 3aBUCUMOCTEN OT BHEIITHUX TTOJICH.

INosiBnenne undpoBbIX OTOKAMED C pa3pere-
HueM 6onee 2048x2048 nmukceneii, a TakKe pa3BU-
THE METOIOB KOMITbIOTEPHOI 00pa0OTKM N300pake-
HUM MPenoCcTaBIsIOT BO3MOXHOCTD TOJYyYEHUs
TOUYHBIX JTaHHBIX O KOHUEHTpauuu nuddysaHTta
B KaX1011 Touke (T10J1e KOHLIEHTpALIMK) 1O SPKOCTH
OKpallleHHOro pactsopa [2].

Llenb naHHOI cTaThy — pa3pabOTKa AKCIIEPU-
MEHTaJbHO METOIMKU U3MEPEHUS HecTallMoHap-
HOTO MOJIsi KOHIIEHTPALUW OKPAIIEHHBIX BEIIECTB
B TUTOCKOM CJTI0€ XKMIKOCTH U MIEHTU(UKAIIAN T1a-
paMeTpOB JINTHEMHOTO onepaTtopa Auddy3un 1o 1aH-
HbIM M3MepeHMi. B kauecTBe npruMepa naeHTudu-
LIMPYIOTCSI I€KPEMEHTbI KOHLIEHTPALIMOHHbBIX MO/
B KBaApaTHOM d4YeiKe.

W3mepenne noJis KOHUEHTPA MU
¢ noMoubio G poBoii PoToOCHEMKH

7151 u3MepeHus TT0JIsT KOHLIEHTPALM U B TIJIOC-
KOM CJIO€ XXUAKOCTU B KauecTBe nuddy3aHTa uc-
TTOJTB3YIOTCS BEIIECTRA, NAIOIINE IIBETHOW PaCTBOD.
Hanpumep, 370 MOryT ObITb aHUJIMHOBBIE WU IPY -
THe BOIOPACTBOPUMbBIE KPACUTENIN, TAKHE KaK Tep-
MaHTaHat Kanus. becuBeTHbI nU(@y3aHT TakxKe
MOXKET OBITh TTOAKPAIIIEH TeM WJIV MHBIM CITOCOOOM.
Hns u3MepeHuit 1moJisi KOHLIEHTPALMU METOAOM
1M bpoBoii POTOCHEMKH HEOOXOIUMO, YTOOKI SIp-
KOCTb M300paxkeHusl Obljla OJJHO3HAUYHO CBsI3aHA
C KOHILIeHTpanueid. [pamynpoBouHas KpuBasi 3aBU-
CHUMOCTH SIPKOCTU OT KOHLIEHTPALIMX PACTBOPA MO-
JXKeT OBITh HaliZieHa C TTOMOIIIBIO TTpeIBAPUTEIHLHBIX
U3MEPEHUM.

[anee mpemmaraeMblii METOI pacCMOTpPEH Ha TIpH-
Mepe U3MePeHUsI KOHLIEHTpauuy audgy3aHTa B Iioc-
KOM TOPU30HTAIBHOM CJIO€ SKUIKOCTH TTOCPEICTBOM
CBEMKHM B OTPaKEHHOM CBeTe. 17151 3TOTO UCITONMb3Y-
eTcst ycraHoBKa (puc. 1), cocrosiias us potokyoda /
(ero rpaHu M3rOTOBJIEHBI U3 CBETOPACCEUBAIOILIETO
MaTepuala), OCBEIIaeMOTO C TTPOTUBOITOIOXHBIX
TOPLIOB UCTOYHUKAMU cBeTa 2, 3 (MCIOoIb30BaIUCh
ocsetutean Rekam Halolight 1000), stueiiku 5, iud-
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Puc. 1. YcraHoBKa ISt MICCIIEIOBaHMS TIpoliecca
nuddy3un B ropu30HTAIbHOM CJ10€
npu GHOTOChEMKE B OTPakeHHOM CBETE;
Ha BcTaBke — (ororpadust s;tueiiku BHYTpU Kyda

I — doToky0; 2, 3 — UCTOUHUKHU CBETA;
4 — uudpoBoii dortoanmapar; 5 — sueiika

poBoro ¢oToarnrapara 4 (Ucrosib3oBajiach poToka-
mepa Olympus E-330) [2].

s moTy4eHusI OAHOM TOUKM IPaLyupPOBOYHOM
KPUBOI B SIYEIKY, YCTAHOBJIEHHYIO Ha OeJloM UJIn
cepoM (poHe, TOMEIA0T TOHKUIA ¢j10i (1,5—2,5 MM)
pacTBOpa M3BECTHOW KOHLIECHTPALIMU U OCYIIIECTB-
Js0T (poTorpadupoBanue stueiiku. [1pu aTom TOJI-
IIMHA CJI0s TOJI)KHA ObITh OAMHAKOBOW Kak Mpu
rpagyrpoBKe, TaK U MPU JaTbHEHIIIEM U3MEPEHUM
KOHILIEHTpalu1 B OCHOBHOM 3KcriepumenTe. J1s
YMEHBILIEHUST yPOBHS IITYMOB Ha NU300pakeHUM TSI
ero 00padoTKU MPUMEHSIIOTCS pa3IMYHbIe (DUTBT-
pbl, Hanpumep, ¢uabtp laycca [3]. ITo nzobpa-
SKEHUIO0 OTIpeIeISIeTCS CPEeaHSIS TTO TTMKCEJISIM sIp-
KOCTb pacTBopa. SJpkocTh mukcenass B MOXHO
OTpenesiTh Kak

a)
C, %

0,4 0,6 B

1 3
B:_z[k’
3k:1

rae /, — WHTEHCUBHOCTH KOMIIOHEHT B IPOCTPaH-
ctBe RGB (Red-Green-Blue — kpacHbIi-3e1eHbIi-
CUHUIT) MU0 B=V , e )/ — 3HauUeHUEe IPKOCTU
B ipoctpaHcTBe HSV (Hue-Saturation-Value — ot-
TEHOK-HAaChIILIEHHOCTh-SIpKOCTh) [3]. s uckito-
YEHMS 3aBUCUMOCTH OT SIPKOCTU OCBETUTES (OCBe-
TUTENIeil) BBOOUTCSI OTHOCHUTENbHAS SPKOCTHb
dB=B, / Eb, rae B, — ApKoCTb pacTBOpa, B_b —
cpenHsis sspkocTh oHa. IToa poHOM MOHMMAETCs
9TaJIOHHBI 0O0BEKT (HampUMep JIUCT O0es10ii Oymaru),
pacnoIOKeHHbIM HA TOM XK€ Kaape, YTo 1 siueika.

Ha puc. 2 nokazaHa nojydeHHasi 3TUM METOIOM
3aBUCUMOCTb KOHLIEHTPALIUU OT OTHOCUTETLHOM SIp-
KOCTH IJTOCKOTO CJIOST BOMHOTO PACTBOPA aJIOTO TKa-
Hesoro kpacutens (TY 2389-010-44297874-2000)
npu ToJIrHe ¢aos 1,6 mm. JlaHHas 3aBUCUMOCTD
ObLTa anMpOKCUMUpPOBaHa KpUBOii [2]:

C=0,0048(8,/B,) """ %.

I iaMepeHusl ToJisi KOHLIEHTPALMU B KOHK-
PETHOM 3KCTIEPUMEHTE HEOOXOIMMO CHAYasIa Bbl-
JeJUTb 00JacCTU MPOHUKHOBeHUs Ouddy3aHTa
(muddy3uoHHbIe ATHA). Bo-TIepBLIX, U3MEpeHne
KOHILEHTpALMU MO IPaLyupOBOYHOI 3aBUCUMOCTH
B 00J1aCTSIX OTCYTCTBUS AU Dy3aHTa MOXKET IIPU-
BECTH K OLIMOOYHBIM 3HAYEHUSM TOJIST KOHLIEHT-
pauyu (BBUILY 3HAYMTETEHOTO BIUSTHUS IITYMOB OT-
HOCHUTEIBbHOM SIPKOCTU U300pakeHUsT B 00JaCTIX
C HyJIEBOIl KOHILIeHTpauueil). Bo-BTOpbIX, n3ydye-
HUe 3BOJIOLMY IPaHULBI AU HY3MOHHOTO MSATHA

0)

C, % W

0.1 T

0.5 0.7 0.9 3B

Puc. 2. IpanyupoBodYHbIC 3aBUCUMOCTHU IJISI ABYX TU(P(HY3aHTOB:
a — ajblil TKAHEBbIA KpacuTelib, 6 — IepMaHraHaT Kalusi

Tonmuua ciosg — 1,6 Mmm
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MpeACTaBJISIET MUHTEPEC KAK OTAe/bHasl 3aaa4a [2].
s BeiaeneHust iMOy3MOHHBIX MSTEH Ha U300-
pakeHUU OCYIIECTBIISIETCS TIEPEXO M3 LIBETOBOTO
npoctpaHcTBa RGB B npoctpancTBo HSV. Cun-
TAeTCs1, YTO TOUKA IIPUHALIEKUT AU DY3MOHHOMY
MSITHY, €CJIM IS LIBETOBOTO OTTeHKA H 1 HACIILIEH-
HOCTH S BBITIOJTHUMBI YCJIOBUSI:

H <H<H, S>5,,

rne H,,H,,S, — MOPOroBble 3HAYECHUS, 3adaBae-
MBbI€ SKCIIEPUMEHTATOPOM [2].

B o6nactsax orcyrcTBust aupdy3aHTa KOHLIEHT-
palust CYUTAETCS paBHOM HYITIO, B IN(POY3MOHHBIX
MSTHAX TMOJie KOHLEHTPALIMA BOCCTAHABIMBACTCS
C TIOMOMNIBIO TPAAyNPOBOUYHOM 3aBUCUMOCTH.

Ha puc. 3 noka3zaHbl BOCCTAHOBJIEHHBIE OIS
KOHIIEHTPAIIUM aJIOTO TKAHEBOTO KPACUTEIIS TP
I y3UU B IIJIOCKOM FOPU30HTATILHOM CJIO€ BOJbI
C KBa3WTOUEUHBIMW HaYaJbHBIMU YCIOBUSIMU
(muddy3us oT Karim 1IMaMeTpoM 2 MM pacTBopa
KpacuTeis, pa3Mep KIOBETHI — 6 CM, TOJIIIIHA CITOST
BOIBI — 1,6 MM).

Hecrauuonapuasa nmuddysus
B FOPU30HTAJILHOM CJI0€ KUIKOCTH

st DeMOHCTpallMi BO3MOXHOCTEN MeToma
WM3MEPEHNS TTOJIs1 KOHLIEHTPALIMU B IJIOCKOM CJIOE XKWI-
KOCTH OBLT TIPOBENIEH PsIT SKCIIEPUMEHTOB TI0 MCCITe-
JoBaHUIO AUMOY31U pacTBOPOB OKpallleHHBIX Be-
IIECTB B TOPU3OHTATBLHOM CJIOE  SKUAKOCTH.
K cnosb30Banuch OMHApHBIE CMECH, TIIE PACTBOPUTE-
JIeM CITy>KIJTa IUCTUUTMPOBAaHHAs Boaa, a i y3aH-
TaMW — aJIbIi ¥ 3eJIEHBI TKaHeBBIe KPACUTEITN U TTep-
manraHat kanusi. Hanbonee mpocToii SKCcnepuMeHT —
9T0 HaOIIOIeHUE Mpoliecca TUddy3nn OT Karuiu.

¥, TIAKC.
Gl

diin

00

T
u 0 0 I X, TTUKC.
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JInddy3usa npu KBa3uTOYEYHbIX HAYAJIbHBIX yC-
JIOBUSAX. 7151 CO3MaHMs KBa3UTOUECYHBIX HAYaTbHBIX
YCJOBUM B TOPU3OHTAIbHYIO SIYEHKY C TOHKUM CJ10-
€M BOJIbI MOMelaaach Karisi pactBopa audgy3aH-
Ta (1Sl yMEHbLIEHUST HaYaIbHBIX PAa3MePOB Karliu
OHa BHOCMJIACh B pACTBOP C TTOMOIIIBI0 MHCYJIMHO-
BOTO LIIIPULIA).

Ecau mpenebpeys pazMepaMi KAl B HAUaTb-
HbIii MOMEHT BpeMeHu (1= 0) 1 paccMaTpuBaTh I10Jie
KOHIICHTpAII1 B MOMEHTBHI, TIOKa 3HAUNTETbHBIC 13-
MEHEHMsI KOHLEHTPAIM1 He JOCTUTJIA TPAHUIL STYeii-
K1, TO TI0JIe KOHILIEHTPAIIMN OYIET OTpeneasiThes
CJIEAYIOIIMM M3BECTHBIM PELIEHUEM YPaBHEHMSI
nubdy3uu:

oC

= DAC; C(r,t=0)=A8(r), C(r=w,t)=0, (1)

2
-
e 4Dt

CD=4 0 )

ITo aHanoruu co cpeiHUM KBaapaToM paccTos -
HUs1, TPOXOAUMOTrO yacTuuein AudbyHanupyomero
BELIECTBA B TPDEXMEPHOM CJTyyae, CPEIHASA BENMNUN-
Ha r? =6Dt [4], MOXXHO BBECTH MOHSITHE CPETHETO
panuyca m10ckoro A y3noHHOTO MSTHA:

© 0 r2 _ i
7= er(r,t)dr = j—e aDtdr =\InDt;  (3)
0 o 2Dt

4

rae w(r,t)dr — BEPOSITHOCTb HAXOXIEHUS YaCTH -
1bl AUpOYyHAUPYIOLIErO BElleCcTBa B MOMEHT Bpe-
MEHU {1 Ha pacCTOSTHUSX OT # 10 F +dF OT UCXOIHOM

w(r,1)dr = —C(;’ D mrdr,

¥, TIIKC.
b

I+

1

B =n IR all X, MKC.

Puc. 3. INong KOHLEHTpALMK allOr0 KPACUTENsI: @ — B HA4YaJdbHbIII MOMEHT, 6 — uepe3 20 c.
Konuentpauus C, %: 0,01 (7); 0,02 (2); 0,03 (3); 0,04 (4); 0,05 (5); 0,06 (6); 0,07 (7); 0,08 (&); 0,09 (9)
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Touku. Onpeaeanm TakKe CpeaHIOIO0 IUIoLaab Aud-
(by3moHHOTO TIATHA!

S=n(F)’ =n*Dr. (5)

3aBUCUMOCTb CPETHETO panuyca 7 OT BpeMEeHU
BOCCTaHaBJIMBAETCS TTO OKCTIEPUMEHTATTLHBIM JaH-
HBIM ITyTeM YCPETHEHMS PACCTOSHUS OT MEPBOHA-
YaJTbHOTO TIOJIOKEHUS Karulv A0 TOYeK pacTBopa,
[1pY 5TOM 3HAYEHUsI KOHLIEHTPALIUU B COOTBETCTBY-
JOIINX TOYKAX MCTIONB3YIOTCS KaK BECOBBIE KO-
(breHTBI. 3aBUCMMOCTD PeaTbHBIX Pa3MEPOB IMSITHA
OT BpeMEHU MOXKHO YCTAHOBUTD ITyTEM OTCJIEKIBa-
Husl rpaHulbl nsTHA [2]. CornacHO moaydYeHHBIM
HaMWM pe3yBTaTaM CpeIHsIs TUIoIaab pacTeT Co Bpe-
MEHEM He Mo JMHelHOMY 3aKoHy (puc. 4). Takoe
TOBeIeHUE He XapaKTepHo I mpolecca auddy-
3UH1 OT KaTUTH, TSI KOTOPOI COTJIACHO BhIPAXKEHUIO
(5) cpenHsas molIaAb AOJKHA OBITH TIPOMOPILINO-
HanbHOU BpemeHu. Kpome Toro, gaxe eciu mpeHeo-
peYb HEJTMHEHOCTBIO KPUBOI 1 OIIEHUTH KO3 (1-
LHUMeHThl Aud@y3uu Ha OCHOBE YKAa3aHHOIO
BBIPAXXEHHUSI, TO TIOJydaloTCs 3HaveHust 9-10 % u
5107 CM2/C (m1s1 ayToro KpacuTesisi U mepMaHIraHa-
Ta KaJIUsl COOTBETCTBEHHO), a 3TO OoJiee ueM B 10 pa3
npesbilaeT Koapduuuent auddy3un ais 6051b-
IIMHCTBA BEIIECTB B XKUAKUX Cpelax (XapakKTepHoe
3naueHue cocrassier 107> cm?/c).

BriosiHe BEpOSITHO, UTO 3TOT MTPOIIECC OCTIOXKHEH
HaJTM4YMeM B KIOBeTe KOHBEKTMBHBIX ABMKeHMI. KOH-
BEKLIMST MOKET OBITh BBI3BaHa KaK (DIIYKTyallusIMU
TeMIIepaTyphl, TaK U IpagueHTaMu Ko3hPUIMeHTa
TTOBEPXHOCTHOTO HATSKEHMSI, BRI3BAHHBIMU HEOIHO-
POIHOCTbIO pacTBopa (KOHBEKLIMS MapaHroHu [3]).
J1J1s1 TOTO YTOOBI KAUeCTBEHHO MPEICTABUTh KAPTUHY
Mpolecca MaccornepeHoca, UMesl B PaCTIOpSKEHUH

el

fi 1131 20l X Al M of e

TOJIbKO 9KCIIEPUMEHTAIbHbIE JAHHBIE TOJISI KOHLIEH-
TpaLMK, MOXHO MPEAI0XUTb CIEIYIOLLYIO TIMHEHHYIO
MOJIEJTb UCCIIETyEMOTO Ipoliecca.

JluneiiHass Moneab mpolecca MaccomepeHoca
B rOPU30HTAJILHOM CJI0€ XKUIKO# OuHapHoii cmecu. Eciiu
Obl Ha 9KCIEPUMEHTE HAOMIOIAINUCh TONBKO AUD-
(bysnonHHbIe 3(PeKThI, TO pacrpeneeHrue KOHLIEH-
Tpaluy OMUCHIBAIOCH Obl ypaBHEeHUEM TUphy3un,
KOTOPOE MOXHO BbIPA3UTb B ONIEPATOPHOM BUIIE:

C=DC, (6)
D=A.

[1peanonoxum, 4To HAbJIOJAEMOE MOBEAECHUE
MOJIs1 KOHLIEHTPALMU MOXHO YY€CTh B paMKax Ju-
HeliHol Monenu (6), He Jes1ast Py 3TOM KaKUX-JIN00
NPeAnosoXeHUN 0 BUae oneparopa D , KpoMe ero
JuHeiHocTu. st npuaaHusi OOLUIHOCTU 100aBUM

B IIPaBYI0 YaCTh ypaBHEHUS (DYHKLIMIO BO3MOXHBIX
«UCTOYHUKOB» E(F,f):

C=DC+E. (7)

ITocTaBuMm cebe 1LiebIo OnpeaeanuThb OIepPaTop D

I10 OKCIIEPUMEHTAJIbHBIM JAHHBIM, 4 UME€HHO I10 13-

BECTHBIM 3HAYEHMAM IT0JIs1 KOHLeHTpauuu C(7,t, )
B (l)I/IKCI/IpOBaHHI)Ie MOMCEHTBI BDEMEHU

t, =(k=1)At,
roe k=1,2,..., N; At —VHTepBajJ BpEMEHU MEXKIY
KaJapaMHu Mpoliecca.

[Tone C(7,t, ) pa3noxXuM 1o 6a3ucy U3BECTHBIX
GbyHkumit ¢, (7) , KOTOpbIE COOTBETCTBYIOT CUMMET-
pUM 321241 U YIOBJIETBOPSIIOT FPAHUYHBIM YCIOBU -
siM. Jlasiee Oynem Ha3bIBaTh 9TU (DYHKIIMU «TapMO-

HUKaMW». 31€Ch @ — 3TO BBEICHHBII 1J1s1 KDATKOCTU
coOMpaTeTbHbIN MHAEKC, TIPEACTABISIOINI CO00i

0)

2

S, cMm

-
- __._,__.-"

1,

1.2

i

-l

n LU s (M1 10 tc

Puc. 4. DBomouus MJIOLIAAM MATHA: @ — alblid KpaCureJib, 6 — II€pMAHraHaT KaJusd.

[ — miomank, orpaHNYEHHAss KOHTYPOM IISITHA, 2 — CPeIHss ILIOIANb
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Ha0oOp AUCKPETHBIX MHIAEKCOB. PasnoxeHue mons
KOHLICHTpALMU 3aIIMIIEM B BUIE

C(F.1)= S H (1), (7). )
a=1

Koabduumentsl pasnoxenns H ,(t) Oynem Ha-
3BIBaTh aMITJIUTYIaMU TApMOHUK, KOHEYHOCTb CYyM-
MbI (8) — 3T0 NpUOIMKEHNE, OTIPaBAaHHOE TEM, UTO
BbICOKME TapMOHUKU JIeXaT 3a MpeaeaMyu TOUHOC-
™ u3MepeHuit. Dynkuuu ¢, (¥) caruraeM OpTOHOP-
MMPOBAaHHBIMU:

_[4);%5’7 = 8a,b’
A

1€ MHTeTPUPOBAHKE BEAETCS MO 001aCTU A, B KOTO-
poii onpeneneno nosne C(7,t) . OTO yca0BUe MO3BO-
JISIET TIO U3BECTHOMY TTOJTIO KOHIICHTPALIMK OTIpeie-
JIATb aMIUTATYIbI TADMOHUK

H,(t)= [6(F)C(F,1)3F . ©)
A

IloncraBnssa paznoxeHue (8) B ypaBHeHue (7)
1 YMHOXas cJjeBa Ha ¢Z (r) ¢ mocjaeayrmuM MH-
TErpyupoOBaHUEM 110 001aCTU A , 1oJIlyyaeM

H,)=3 D, Hy(P)re,0),  (10)
b=1

1€ BBEACHDBI MATPUYHbBIC OJIEMEHTLI OII€paTopa ﬁ
¥ .\ N - —
D,y = [0a(F)D ¢y (F)dr (11)
A
nu o6pa3 MCTOYHMKOB I10JI51 KOHLEHTpaIun

e,(1)= [0, (F)E(r,1)dF.
A

Z[anee IJIA TIPOCTOTBI CACTIACM MPCATTOJIO0XKECHUC
O HE3aBUCUMOCTH UCTOYHUKOB OT BPEMCHMU

e,(t)=e,.

C noMol1bio BbipaxeHus (9) MOXHO HATU MO
SKCTIEPUMEHTATBHBIM JTAHHBIM 3HAYE€HUSI aMIUTUTY]T
TapMOHUWK B TUCKPETHBIE MOMEHTBI BpeMeHU. 3aMe-
HUM ITpou3BOaHbIe B (hopmyiie (10) KOHEUHBIMU pa3-
HOCTSIMU

m
<k> <k>
Va :zDa,bxb +ea’ (12)
b=1
TC BBECOACHBI 0003HaUeHUS

y<k> _ Ha(tk+1)_Ha(tk)

a At B

k= H,1,).

a =

* Mpu6opbl M TexHUKa PU3NUecKoro 3KcnepmmeHTa>

B nonyueHHbix ypaBHeHuUsiX (12) u3 skcnepu-

<k> _ <k>

MCHTAJIbHBIX JAHHBIX U3BECTHBI X"~ , ¥, ~, a [Tapa-

METpPbI Da’ b» €, TOJIEXAT onpenejaeHuto. s stoi
e OyaeM MCI0JIb30BaTh METO] HAUMEHbIIUX
kBagpaToB (MHK). ODTo u ecTb TOUHASI TOCTAHOB-
Ka 3agayu. 3amavya MMeeT pelleHue JUIIb MPU
N >m, T. €. YUCJIO OTCUETOB MO BPEMEHU, NOJKHO
ObITH OOJIBILIE YKCIIA TADMOHUK [6].

N nentuduxanusa napaMeTpoB JUHEHHOH MOIeIH
c momombio MHK. Beenem LieHTpupoBaHHBIE TTEpe-
MEHHbIe

<k> _ | <k> .
Xa =X —Xgs

<k> <k> T
Y a =) a - a’
IIIe yCpeIHEHHE BEIETCS [10 BPEMEHU.

B HOBbIX TepeMeHHbIX ypaBHeHUS (12) MpuHU-
MaloT BUJ

m
Y2 =3 D, X e, (13)
b=1

mn [ —
e é,=e,+> D,y X, —y, .
b=1

MHK cBoautcs K caenytomemy [6]. Cymmu-
py# (13) cnesa m cipasa no k nosydaem, uto é, =0.
TakuMm o6pa3om, HaxXoAUM 006pa3 GYHKLIMU UCTOY -
HUKOB TTOJISI

R m N
€=V _ZDa,bxb’
b=1

aypaBHeHue (13) c yueToM €, =0 MOXHO Nepenu-
caThb B BUJE

m
<k> _ <k>
Y, = z Da, 2 Xy
b=l
YMHOXKM 3TO ypaBHEHUE HA X :k > M TIPOCYM-
MUpPYEM IO k:

N m N
RS AR W N9 I (g

k=1 b=1 k=1
Bsenem BcriomorareibHbIE MaTpULbl
P = i Y<k> X<k> .
a.c = a [

N
_ <k> y<k>
Qa,c_sz Xc .
k=1

Takum o6pa30M, MO2XKHO MOJIYYUTH 3HAYCHUSA
MaTPMUYHbBIX OJICMECHTOB

m
D,y=>P 0. (14)
c=1
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Pe3yabraTsl uaeHTH(IHKALUHM TAPAMETPOB JIM-
HeiiHOii Momesu mpomecca. [l meMoHCTpauuu
MpeaI0XKEeHHONM METOAMKY ObLIa IIPOBEIeHA Cepus
SKCIEPUMEHTOB O UIEHTU(DUKALIMUA TTPOLIECCOB
MAaccoIlepeHoca ajloro U 3eJeHOTr0 TKaHEeBbIX Kpa-
CUTeJIel U TIepMaHTaHaTa KaJIns B TOPU30HTAIBHOM
CJI0€ BO/IbI IPU PAa3IUUHBIX HAYAJbHBIX YCIOBHUSIX.
Bo Bcex akcneprMeHTax yaajaoch UAEHTU(DULIUPO-
BaTb [IapaMeTPbl MOAEIN U OOHAPYXKUTb HeAUDPy-
3MOHHbIE 9 DeKThI. danee MpuBOAUTCS ONUCAHNE
SKCIIEPUMEHTA C IEPMAaHTaHATOM KaJlusl.

Wcnonb3oBanack TOpU30HTalbHASI TUIOCKASs
KBaapaTHas siueiika pa3Mepom 5x5 cM, B KOTOPYIO
MOMeLLAJICS CJION TUCTU/UTMPOBAHHOM BOAbI TOJIIIM-
Hoii 1,6 MM. B s1ueiiky B HauaJIbHbIIi MOMEHT BpeMe-
HU BBOIWMJIMCH KarlJy pacTBopa MepMaHraHarta Ka-
JIUS, pacmnpenesieHHble IIPOU3BOJIbHBIM 00pa3oM.
CbeMKa npoliecca ocylecTriasIach Kaxasie 10 ce-
KyHI B TedueHre 30 MuHYT. OnipeaesieHHOe 110 LI po-
BBIM (poTorpacdmsIM TT0JIe KOHLIEHTPAIIMN B KAXKIbIi
MOMEHT BPEMEHHU Pa3/iarajoch 110 OPTOHOPMUPOBAH-
HBIM «TUTOCKUM» Dypbe-rapMOHNKaM

0,,(O=V, cos( z jcos(nzyj,

1€ HOPMUPOBOYHbIE MHOXUTEIN NMECIOT BU/]

Hymepanus rapMoHuK
¥ COOCTBEHHbIE 3HAYEHUS MATPUUbI D, 5,
NoJIyueHHble M3 IKCIEPUMEHTA

p q a A, 107 ¢ T,,C
0 0 1 —1,359-2,27i 735,8
1 0 2 —1,359+2,27i 735,8
0 1 3 —2,918 342,7
2 0 4 —6,077 164,6
1 1 5 —6,306—3,453; | 158,7
0 2 6 —6,306+3,453i | 158,7
3 0 7 —15,43—-8,331i 64,9
2 1 8 —15,43+8,331i 64,9
1 2 9 —22,229 45,0
0 3 10 | —27,435 36,44
3 1 11 | —55,872—-17,698i| 17,9
2 2 12 | —55,872+17,698i| 17,9
1 3 13 | —58,731 17,0
3 2 14 | =77,248 12,9
2 3 15 | —87,138 11,5
3 3 16 | —114,949 8,7

w
o

Vp¢0,q¢0 = 2/L3 Vp:O,q;tO = \/E/L’

Vps0g=0 = ‘/E/L’ Vo0 = /L

(L — nuHenHBbII pa3Mep KIOBETHI).

J1st ommMcaHus pacTpenesieHUsl KOHLIEHTPauu
KCIIOJIb30BaIoCh 16 rapmoHuK. BMmecto nHaekcon
P,q BBeneM cooupaTe/ibHbli MHIEKC a (CM. Tabiu-
1y). C nomMouibio npeaioKeHHOro BhIllIe Criocoda
OBITN OTIpeNeIEHBI MATPUIHBIE 2JIEMEHTHI OTIepaTo-
pa D . B TaGnuiie TakKe MPUBEIEHB COGCTBEHHbIE
3HavyeHus A, Matpuusl D, ,

s o0cyXaeHusl pe3yJbTaTOB MepeiineM K HO-
BOMY 0asucy, B KayeCTBe KOTOPOTro BbIOepeM cOo0-
cTBeHHbIe BeKTopbl U<?” onepatopa D . B mporec-
ce pelleHMs] 3a1a4u UaeHTU(UKALIMU 10 (hopMyJie
(14) mMbI Haxoamm ManI/H_Iy onepartopa D B H-nipeni-
cranernu — D . TTosTomy coGCTBEHHBIE BEKTO-
pst onepatopa D, kotopsie monyuaoTes mytem
pelIeHns ypaBHEHMST Ha COOCTBEHHBIE 3HAYEHUST

DU™ = U5, (15)

TakKe OyIyT HaiaeHbl B H-MpeACTaBIeHIUH, TO3TO-
My OHUM 0603Ha4eHbI cuMBoiamu Uy~ .

KommoHeHTBI 3THX BeKTOpoB — uncia Uy

[10Ka3blBAIOT BEJIUUMHY BKJIALa FApMOHUKU ¢, (F)
B COOCTBEHHYIO (DYHKIINIO TUHEHHON 3a1auM, KO-
TOPYIO Mbl UAESHTU(DUILIUPOBAIU TIO IKCITEPUMEH-
TaJbHBIM JTaHHBIM U KOTOPYIO Jajiee 0003HAUUM
CUMBOJIOM V() . Takum 06pa3oM, UMeeM CBA3b
m
v, (F) =2 U5 0,(F). (16)
h=1
Paznoxenue nonst konueHtpaunu C(F,) 1o QyHK-
UM  ,(F) MUMEET BULL:
m
C(F1)=2 Gyt (F), (17)
a=1
rae G,(f) — aMILIUTYIbl COOCTBEHHbBIX TADMOHUK
JIMHEWHOM 3a1auu.
CBa3b MeXIy aMIIMTyJaMyu rapMOHUK G, (7)

u H ,(t) nerko Haiitu, NoACcTaBJisis BoipaxeHus (16) B
paznoxeHue (17) u cpaBHMBAsI €r0 C pasioxeHueM (8):

C(r.n= ZG (t)z 0 (F);

a=l1

H,(1)= ZGb(f)U<”>- (18)



INepenuceiBasi paBeHCTBO (18) B MaTpuuHOM
BUJIE, HAXOOUM

H,(t)= an’bi (1), (19)
b=1

<b>

rne U, , =Uy/, .

O06paTrM MoJIy4eHHOE COOTHOIIIEHUE, YMHOXKUB
JIEBYIO ¥ TIPABYIO YacTH clieBa Ha matpuiy U~ .
B pesyabraTe moayuum

G, = i(U‘l) H,. (20)
b=1 a

b

AMTTUTYIBI COOCTBEHHBIX TADMOHVK JIMHEHOM
3ana4n G, (t) yIOBJIETBOPAIOT «PACUETUIEHHBIM»
YpaBHEHUSM

G, (1) =1,G,(1)+S,, (21)

rie S=U"le.

N3 3TOTO ypaBHEHUS CIIEAYET, YTO aMTUIUTYIbI
rapMOHUK G, (f) 3aBUCAT OT BpEMEHU CIIEAYIOLINM
o0pa3oMm:

G, (1) =| G,(0) +i exp(A,t) —i. (22)
}\‘a }\'[l
W3 Beipaxenuii (22) u (19) caenyer
m Sb
H,()=>_U,,| G4(0)+—= |x
bl Mg
m Sb
xexp(Ayt) =D U,y =2 (23)
b=1 Mg

Bmecto amniutyn rapmonuk G, (t) u H ,(f)
ya00HEe PacCMOTPETh aMILIUTY/Ib (;’a(t) u ﬁa(t)
(Oe3 yueTa moCTOSTHHOM MO BpeMEHU COCTABIISIONIECH ):

G,(t)= Ga(0)+i—“ exp(A,t), (24)
- o S,
H,()=>U,,| G,(0)+=L |exp(hyt). (25)
b=l Ay

OO6paTuMcs Ternepb K MHTEepIpeTaluy MoTydeH-
Hoit Mogenu. [pexkne Bcero, Kak MOXXHO BUIETh U3
MOJyYeHHBIX TaHHBIX (CM. TAOJUILY), COOCTBEHHbBIE
3HAYEHUS 3a0a4M A, ABIAIOTCA KOMILJIEKCHBIMU
yucaaMu. DTO TOBOPUT O TOM, UTO B COOTBETCTBUU
C MepBOHAYATbHBIMU MPEANONOXEHUSIMU MOIE/b
WMeeT SIBHO HeMCCUTIaTUBHBIM XapakTep. Mbl MO-
K€M MHTEPIIPETUPOBATh 3TO KaK MPOSIBJICHUE KOH-

* Mpu6opbl M TexHUKa PU3NUecKoro 3KcnepmmeHTa>

BeKUMU (HampuMmep KOHBeKIMM MapaHIoHM).
B uncTo nudhy3noHHOM ciiyyae Bce COOCTBEHHbIE
4yurc/ia ObUIM Obl 1€MICTBUTEIbHBIMU U OTPULIATE b~
HbIMU. CTOUT OTMETUTD, UTO BbICOKME COOCTBEHHbIE
TapMOHUKMU JINHEMHOM 3aJa4l UMEIOT MaJIbIe Bpe-
MeHa peJlakcauuu T, = 1/ Re(r,), mostomy s
OTUcaHus 3a1aU4U JOCTATOUHO PACCMOTPETh MOBE-
JIeHNE MEePBLIX IeCT rapMoHuK. [apmMonuku 3 u 4
MMEIOT YUCTO NUCCUMNATUBHBIN XapaKTep, APYyrue
SBIISIIOTCS KosiebaTebHbIMU Monamu. TTocaenHue
BCTPEUAIOTCSI KOMITJIEKCHO-COMPSIKEHHBIMU apa-
MM, TIO3TOMY BMecTO Moz, 1,2 1 5, 6 noctaTtouHo pac-
CMOTPETh UX Cynepro3uliuu. BBeaem HoBbIe 0003HA-
YeHUsl JJIsl IEPBbIX FTApMOHMK: cyreprio3uuus 1,2 —
rapMoHuka /, 3 — rapmoHuka 2, 4 — rapMoHuka 3,
CYIepIIO3ULus 5, 6 — rapMoHMKa 4.

Kak ciaenyet u3 conocTtapieHUs 9KCITEPUMEH-
TaJIbHbIX M TEOPETUUECKUX JAHHBIX (pUC. 5), MOJEIIb
aJiekBaTHa HaOI0AaeMOMY MOBEJAEHUIO Tpoliecca.
CTOUT OTMETUTBD, UTO KOJIeOaTeTbHbIE MOIbI HAOTIO-
JAJICh U B 9KCTIEPUMEHTAX C aJIbIM 1 3eJICHBIM TKAa-
HeBbIMU KpacuteasiMu. KOHBEKTUBHbBIE SIBICHMUSI
Tak>Xe MOXHO ObIJI0 Ha0MI0JaTh MOCPEACTBOM OT-
CJEXMBAHWS NIBVKEHU I YACTULL ATFOMAHUEBO MY/ -
PBI, TIOMEIIAeMbIX Ha TIOBEPXHOCTD CJI0SI XKUIKOCTH
C HEOIHOPOIHbBIM PacIpeae/IeHUEM KOHLIEHTPALIMH.

MeTton uzmepennd ko3 duuuenta guddysun

N3mepeHre koaddulimeHTa nuddys3um Be-
1LIECTB B XKUIKUX Cpeaax MpeacTaBasieT 00JbIIoN
WHTEpEC ISl pelleHns pa3HOO0pa3HbIX 3amad (pu-
3UKO-XMMHUUeCcKoi KuHeTuKu. Hanmpumep B dap-
MAaKOJIOTUHU, TOe peub UAET O CO3MAHMU HOBBIX
JIEKApCTBEHHBIX MTPENapaToB, B TEKCTUJIbLHOM 1 MU~
LLIEBOI MPOMBbILLIEHHOCTH (M3MEPSIOTCS KO3 DU-
LueHThl 1upGy3un KpacuTeseil U 3aTeM BbIoUpaeT-
cst Hanbosee 3(PHEeKTUBHBIM U3 HUX), XUMUYECKOI
TexHonoruu. Takke B mocyiegHee BpeMst OOIbIIONM
WHTEPEC yaeasIeTCsl UBYYEHU IO 3aBUCUMOCTEN KO-
apdunmenTa nud@Py3nun OT BHEIITHUX (PU3NUECCKUX
moJjieii u mapaMmeTpoB |1, 7].

0030p MeTooB M3Mepenusi Koadpunmenta qud-
¢y3un BemecTB B KHUAKOCTAX. B cOBpeMeHHBIX
HCCIeI0BAaHUSIX HAaM0O0JIee YacTo TPUMEHSTIOTCS OTI-
TUYECKKE METO/IbI. B onTuyeckoii siueiike B Hauasib-
HbIi MOMEHT BPEeMEHU MEXIy CTOJ0AMU XKUIKOCTH
C PA3HOM KOHLEHTpPALMEN CO3JAETCs pe3Kas rpa-
HUIIA, YTO TPUBOAUT K CKAYKOOOPA3HOMY U3MEHE-
HUIO Koa(pduimeHTa npenomaeHus. B npoiecce
1ud@y3un rpaHrIa pa3MbIBA€TCSI U TIPEBpalllaeT-
Cs1 B paCLIMPSIOLIYIOCS 00J1aCTh C TOCTENIEHHO Me-
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Puc. 5. CobcTBeHHBIC TapMOHUKY 3anauu: 2, 3 (a) u 1, 4 (0).

Touku — SKCIICPUMCHTAJIbHBIC TAHHBIC, CILJIOIIHBIC JUHUM — TCOPETUUYCCKUEC KPUBBIC

HAIOIIUMCST KO3(DPULIMEHTOM TIPeJIOMIIEHUST, KOTO-
PbIii U3MEPSIETCS COOTBETCTBYIOLIEN ONTUYECKOM aIl-
napatypoii [8]. OnTrueckue MeToIbl MOXXHO pasJie-
JINTb HA UHTEp(PEPEHLIMOHHbIE U POTOMETPUYECKHUE.

Cpenn nHTEepPEepeHIMOHHBIX METOIOB HAN-
OoJIbIIIee pacIIpoCTpaHEHKE MTOTYUUIIN ToTorpadu-
yeckue [9] u MmeToa hazoMomyIMPOBAHHOM CITEKJI-
uHtepdepomerpun (ESPI — Electronic Speckle
Pattern Interferometry) [10]. HecMoTps Ha BeicoO-
KYI0 TOYHOCTb, TaHHBIE METOIbI HEBO3MOXHO BHE-
IpSITh TIOBCEMECTHO Ha TTPOM3BOACTBE, 0COOEHHO
B MULLEBOM U TE€KCTUJIbHOW IMPOMBbILLIJIEHHOCTH,
BBUJIY BBICOKOI CTOMMOCTH 000pYIOBaHUS; TPeOY-
€TCsI IPUMEHEHME JIA3€POB, CTOKHBIX MMPELIM3UOH -
HBIX OTITUYECKUX CUCTEM U CIeIINaTbHBIX MTPHOO0-
poB (Hampumep MukpoaeHcutomeTp [1]) u/wiu
MPOTPaMMHOTO O0ECTIeUeHUST IJTSI pacIiIudpOBKU
nHTepGhEPEHIIMOHHBIX KapTHH. Takke HeoOX0aMmo,
YTOOBI PACTBOP ObLT MPO3paveH B AuMana3oHe JIuH
BOJIH, MCITOJIb3YEMBIX B OKCIIEPUMEHTE, YTO Orpa-
HUYMBAET WX UCTIOJIb30BaHNE IJIT U3MEPEHUS KO-
apdunuenta nuddy3un oKpalleHHbIX BEILEeCTB
B KUIKUX cpenax (B YaCTHOCTH TS U3MEPEHUS KO-
apduumeHTa auddy3uu Kpacureneil).

B cBs131 ¢ TepeunciIeHHBIMU HeTOCTATKAMY WH-
TephepeHIIMOHHBIX METOMOB TSI U3MEPEHUS yKa-
3aHHOTO KO3 (UIIMEeHTa OKpAIIeHHBIX pACTBOPOB
MPUMEHSIOTCS Pa3TnIHbIe (HOTOMETPUIECKUE METO-
abl [11, 12], ocHOBaHHBIE HAa 3aBUCUMOCTHU KO3(-
(buumeHTa MOTJIOIIEHNS PACTBOPA OT €T0 KOHIIEHT-
pauuu. [1pu 3ToM poToOMETprUecKOe 000pYyIOBaHIE
Takxke SBIsSeTCs goporocrosiumM. Kpome Toro,
OOJTEIITMHCTBO COBPEMEHHBIX (DOTOMETPOB HEe Me-
IOT UCTOYHUKOB U3yYE€HUS C NIEPEMEHHOM TJIMHOM
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BOJIHBI M MOTYT paboTaTh ¢ sTYeiikaMu CTpOro (huK-
CHPOBAHHON TOJNIIMHBI, YTO 3a4aCTYIO0 TPEOYET UC-
MOJIb30BaHU sl HECKOIBKUX (POTOMETPOB IS UCCIe-
IOBAaHMST Pa3NIMYHBIX Kpacuteneil. OTceku mist
siyeeK, Kak MpaBuJio, 3aKPbIThI, YTO HE TTO3BOJISIET
KCCIIeI0BATh BAMSHKUE BHEIIHUX TOJIel Ha KO3d-
(punmenT nuddysuu.

Onucanue yctaHoBoK. Hamu npenaraercst me-
TOJI, OCHOBaHHBII Ha MOJIEBOM M3MEPEHNU KOHLIEH -
TpaLuM ¢ TOMOIIbIO TG poBoit (poTocheMku. Kak
MoKa3aHo B pasnesie, MOCBSIIEHHOM pe3yJibTaTaM
UIeHTU(UKALIMY TTApaMETPOB, TSI U3MEPEHUS KO-
s punmenTta gudGy3nun HeJib3s UCTIOJIb30BaTh TO-
PU30HTANBHYIO SIYEIKY, TAK KaK B Heil BOBHUMKAIOT
KOHBEKTHBHbBIE SIBJICHMUSI. I3MepeHUsI 3TOTO KO3(]-
(buuimeHTa npemaraeTCs MPOBOAUTD B BEPTUKAIb-
HOI Aueiike, B KOTOPOI 3a cueT cTpaThudUKaluu
B TIOJI€ TSKECTU yIaeTcs TOAaBUTh KOHBEKIIUIO.
B skcnepuMeHTax ucnojb3oBajach KBagpaTHast
styeiika ¢ peopoM 6 CM 1 TOJIILIMHOM CII0ST KUAKOCTHA
2,5 MM, U3TOTOBJIEHHAs1 (CKJIEeHHAs) U3 ONTUYE-
CKOTO CTEKJIa.

Hns peanusalMu paccMaTprBaeMOro mMeTojia
MPeIIOKEHO IBa BApMAaHTa YCTAHOBKM, OTJIMYAIO-
IIrecs CrmocoboM ocBellleHUs sdeitku (puc. 6).
B nmepBoM nCTIONBb3YETCST OCBEILIEHUE TTPOXOMSIIITNM
paccessHHBIM cBeToM. Aueiika 3 ycTaHaBIMBAETCS
HaIpOTUB OIHOM U3 rpaHeil poTokyba /, ocBeliae-
MOTO C TOPLIOB UCTOUHWKAMHU cBeTa 2, 5. Ha Heko-
TOPOM PACCTOSTHUM OT SIYEHKU yCTaHABIMBACTCS
umrdpoBoii poTtoammapart 4 (puc. 6, a) [13].

Bo BTOpoM BapuaHTe siueiika OCBEIIAeTCs IMPo-
XOISIIUM KOJUIMMUPOBAHHBIM TyuykoM cBeTa. Ha
ONTUYECKOI OCH TIOCIeI0BATEIbHO YCTAHABIMBAIOT-



* Mpu6opbl M TexHUKa PU3NUecKoro 3KcnepmmeHTa>

Puc. 6. CxemMbl YCTAHOBOK [UIsI U3MepeHus KoadduuneHta 1uddysuu;
OTJIMYAIOTCSI CITOCOOOM OCBELUECHUS SIYEHKU: @ — PACCEesSIHHBIM CBETOM, O — KOJUIMMUPOBAHHBIM MYYKOM

1 — dotoky0; 2, 5 — ucTOUHMKY cBeTa (OCBeTUTENN); 3 — stueiika; 4 — 1mudpoBoii (poroamnmapar;
6 — TOYCUHBIN UCTOYHUK CBETA; 7/ — KOHAEHCOP; § — 9KpaH

Cs1 TOYEUHbII ICTOUHUK CBeTa 6, paCOJOXXEHHbIH B
(bokyce konmeHcopa 7 (pokycHoe paccTosiHue f),
siyeiika 3, 3a KOTOPOii pacrosaraeTcst oaynpo3pau-
HBII CBETOpPACCEUBAIOIINI PKpaH &, U TUPPOBOIA
(boroanmapar 4. B akcriepuMeHTax B KaueCTBe TO-
YEYHOT0 UCTOUYHMKA MCIOIb30BAJICS CBEPXbSIPKUM
CBETOIMO/I, a B KaUeCTBe 9KpaHa — JBa JUCTa MO-
JIOUYHOTO CTeKJ1a TOJNLLIMHOM 3 MM Kax10e.

Metonuka usmepenusi. B HauaJIbHbBIE MOMEHT
BpPEMEHU B sTU€iiKe CO3IaeTCsI CKAUKOOOpA3HbII Me-
peraj KoHLieHTpalyu. J1JIst 3Toro B STYeiiKy Mo ove-
pear B paBHbIX 00beMax 3aJIMBalOT OKpallleHHbII
pacTBOP 3aIaHHON KOHLIEHTPALIMUA U PACTBOPUTEb,
MPpY 3TOM JJI51 TOTallleH WSl TPaBUTALIMOHHO KOHBEK-
LIMY CHavaJia 3aJIMBalOT 00JIee TSKETbI KOMITOHEHT.
TTpu 3a11BKe BEpXHEr0 KOMIMOHEHTA TPeOYETCsI MU-
HUMU3UPOBATh CKOPOCTb MOCTYITJIEHUS XXKUIKOCTH,
YTOOBI M30€XaTh MEXaHWYECKOTO MepeMelliiBaHus
KUIKUX KOMITOHEHTOB. DTO OCYIIECTBIISIIOCH C TTO-
MOIIIBIO MHCYJMHOBOTO LIMPULIA, UTJa KOTOPOTO
OblJ1a U30THYTAa TOPU3OHTAJIBHO 1 MTOMEIANACh Ha
CBOOOIHYIO TPAaHULY HDKHE xxunkoctu. ITocre 3a-
JINBKU CJIOSI BEpXHEN XXUIKOCTU BBICOTON 2—3 MM
MOXHO MEePEeMEeCTUTh UTJTY Ha CBOOOIHYIO IpaHULLY
BEPXHEN XUAKOCTU U MPOAOKUTD 3a71MBKY.

TTpu ManbIX KOHLIEHTPALIMSIX U B T€YEHUE Bpe-
MEeHU U3MepeHUS (IJ15T TUEHKU ¢ pedbpoM 6 cM 1 TIpr
Koo puLmere 1ubdy3un NpuodIU3UTEIbHO 10°°
cm? /C BpeMsl BbIpaBHUBAHMSI KOHIIEHTPALIMU CO-
CTaBJIsIET OOJIee CTAa YaCOB, UTO MHOTO OOJIbIIIE Bpe-
MEHU U3MEPEeHMIt), TToKa 3HAYNTEIbHbIC U3MEHEHUS
KOHLIEHTpALMX HE TOCTUTAIOT TPaHULL STYEHKU, MOX-
HO CYMTATh, YTO paclpenesieHrne KOHLEHTpalun
nuMeeT BUI [ 8]

G+¢, G, -C
C(y)= 12 2 _ 22 1

rae C;, C, — 3HaYeHMsI KOHLIEHTPALMU B HYXKHEH

(26)

erf(y),

n BerHeVI MOJIOBUHAX STYEUKU COOTBE€TCTBEHHO,

X
=———, X — PACCTOAHUNE OT NIEPBOHAYAJIbLHOTO
it

MOJIOKEHUS TPAHULIBI Pa3Aea KOMIOHEHT.

Yepes HeKOTOpOE BpeMsi (0KO0JI0 4—5 4acoB) HA
PacCTOSIHUU 2—3 MM OT MEPBOHAYATIBLHOTO MOJIOXE-
HUsI TPAHUMLBI pa3aesia IByX XXUIAKOCTEN N3MePSIIOT
cpeaHee 1o TOPU30OHTATBHOM KOOPAMHATE 3HAUECHME
KoHueHTpauuu [14]. [ToayyeHHOE 3HAUEHUE KOH-
LIEHTpaIINH, a TAaKXKe 3HaUeHUE KOOPIUHATHI U Bpe-
MEHHU MOACTABISIOT B ypaBHeHue (260). Pewiast naH-
HOe ypaBHEHWE OTHOCUTEJIbHO HEM3BECTHOTO D,
HaxoasT Koo duumeHT nudy3uu.

JlaHHBIM CITIOCOOOM ObLITH OIpeaesIeHbI KO hu-
uueHTbl iuddysun Dy, D, anoro TKAHEBOTO KPacH-
Tessi BBone Dy uB 1 %-M BOIHOM pacTBOpE XJ0puia
Hatpus D, . BblI0 MPOBEAEHO MO MATH CEpUii IKCIe-
PVMEHTOB C LIeJTbIO OLICHKM OTHOCUTETEHOM TTOTpeTil-
HocTu MeToaa. [1pu Temnieparype 23 °C 1 cpeaHeM
3HAYEHUW MAaCCOBOM KOHIIEHTpPALIMM KpacUTEIst
0,05 % 3naueHust KOAPHULMEHTOB COCTABUIN

D, =(0,162+0,005)-107 cm? /c,

D, =(0,402+0,019)-107 cm?/c

COOTBETCTBEHHO.

OTHU pe3yJbTaThl COMIACYIOTCS C HAOJII0AAEMbIM
Ha OTbITe POCTOM CKOPOCTU IUDDY3UN KpacuTest
B pacTBOpe xjopuma Hatpus. Habmomaemas mo-
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[PELIHOCTb HE MPEBbILIACT 5 % 1 OObSICHSIETCSI L1y~
MaMU 1MbpoBoit poToKkamepsl U QIyKTyaUUsIMu
TEMITEPATYPHI.

TakuMm oOpa3om, B Xo[e MCCleNOBaHUI ObLia
pa3paboTaHa 1 3KCIepUMEHTAJIbHO alIpo0MpoBaHa
METOAMKA UCCJIEI0BAHMS MPOLIECCOB MaCCOTEPEHO-
ca B XXKUAKUX cpemax, OCHOBAHHAsI Ha TTOJIEBOM U3-
MEPEHUM KOHLEHTpaLUuW Mo JaHHBIM LU(POBON
(borocbemku. [TokazaHO, YTO METOIBI KOMITbIOTEP-

HOTO BUIEHUS MOTYT OBbITb TAKXKE MCITOJIb30BAHbI
IJ1s1 u3MepeHust koadduureHTa niuddysun okpa-
LIEHHBIX BEIIECTB B XXUAKOCTX. [lpemmaraembrit
crnoco0 n3mepeHus KoappuumeHTa 1upPy3um Mo-
KeT HallTh mpuMeHeHue B (hapMaKoIOoruu, TeK-
CTUJIBHOI U TTUILIEBOM MPOMBILIIEHHOCTH, a TAKXKE
HCIIOJIb30BAThCS B UCCICIOBAHUSX BIUSHUS BHE-
LIHUX TOJIEl U mapaMeTpOB Ha CKOPOCTH MpOLIeC-
COB IepeMEIIMBAHUS XKUIKOCTE.
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AMIVUIUTYOAHbIA BOJIOKOHHO-ONTUYECKUN AKYCTUYECKUN OATYUK

Wnes akyCTUIeCKOTo BOJIOKOHHO-OMTHYECKO-
ro MUKpohOoHa ¢ MOAYJISILIMEN MOLITHOCTH CBETOBO-
ro MOTOKa (AMIUIUTYIHOTO JATYUKA) HA OCHOBE OT-
paxkeHusT OT MeMOpaHbI TTosIBUIACh naBHO. Yaile
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BCETO B JINTEPATYPE YIIOMUHAETCS KOHCTPYKIIMS
C OJIHMM CBeTOBOIOM (puc. 1, @), BKOTOPOi1 u3iyde-
HUE CBETOAMOIHOTO UCTOUHUKA MMPOXOIUT IO BOJIOK-
HY, OTpaXaeTcs OT MEMOPAaHBI U YACTUYHO BO3Bpa-



* Mpu6opbl M TexHUKa PU3NUecKoro 3KcnepmmeHTa>

Puc. 1. CprKTyprle CXE€Mbl aMIUJIMTYJAHBIX BOJOKOHHO-ONTUYCCKUX aKYCTUUYCCKUX NATUUKOB!

CII — cBeromuonubiii ucroununk, ®I1 — doronpuemuuk, P — passersurenb, BC — BOJTOKOHHBIN CBETOBOI,
K — kopnyc, M — memb6pana, ['J — rpagueHTHas JuH3a

11aeTcsi 00paTHO B CBETOBOMA. MOILIHOCTb «00paT-
HOTO» U3YYEHUSI 3aBUCUT OT paCCTOSTHHSI 10 MEMO-
paHBI, UTO TTO3BOJIET PETUCTPUPOBATH AKYCTHYEC-
KWii curHaji. Takue OaTUMKKU YITOMMWHAIOTCS He
TOJIbKO B JIMTEPATYpe HAUaJIbHOTO MEpUO1a pa3BU-
THS BOJIOKOHHO-OTNITUUECKUX U3Meputeseit [1, 2], Ho
U B 00Jiee MO3MHMX CTaThsX [3, 4]. DTa KOHCTPYK-
1S OUEeHb ITPOCTa, HO MaJIoa((PeKTUBHA: BO-TIEP-
BbIX, HA (DOTOJIETEKTOP MOMAAaeT JIUIIb Majasi YacThb
OTpaxkeHHOTO OT MeMOpaHbI CBETa, BO-BTOPHIX, KPY-
THU3HA 3aBUCUMOCTH MOIITHOCTHU PETUCTPUPYEMOTO
OTpa’k€HHOTO CBETA OT CMELLIEHU s MEMOpaHbI MaJia.
st noBbliiieHUS 3O HEKTUBHOCTU MpeAIarajiuch
pa3Hble MOAN(DUKALNN UCXOAHON KOHCTPYKIINU:
MMPpUMEHEHNE OMHOTO VTN HECKOJIBKUX «ITPUHUMA-
IOLINX» BOJIOKOH (puc. 1, 6, ), ucriojib30BaHUE
rpaaueHTHBIX 1MH3 [5] (puc. 1, ) u np. MHTepec
Pa3pabOTUMKOB BbI3bIBAET HECUMMETPUYHAS KOH-
CTPYKIIUS C «TI€PEIAIOIINM» BOJIOKHOM MAaJIOTO IM-
aMeTpa 1 «IIPUHUMAIOIINM» BOJJOKHOM GOJIBIIIOTO
nuamerpa (puc. 1, 0) [6].

OnHako Ha JaHHbI MOMEHT OITHOI U3 Haubosee
3(hGEKTUBHBIX U LIEJIECO00PA3HBIX TSI MPAKTUYEC-
KOTO MPpUMEHEHUs TTPeCTaBIsIeTCS] CHMMETPpUYHAS
KOHCTPYKLMS C ABYMSI CBETOBOAAMU, HAKTOHEHHbI -
MM OTHOCUTEJIBHO MeMOpaHbI (puc. 2, a). KocBeHHbIM
noarsepxaeHrueM 3(POEKTUBHOCTH TAKOM KOHCTPYK-
LIUW CIIY>KUT TOT (PakT, YTO TOJIBKO TaKOW BapuaHT
JaT4rKa ObLT JOBEACH A0 CEPUITHOIO BhIMyCcKa (KOM-
nanuu «Phone-or Ltd» «Optoacoustics Ltd», U3pa-
wib; «Winkelmany, Benukooputanus). ITpruem pas-
pPabOTYMKU 3TUX MHUKPOGOHOB HCIOIb30BAIN

KOHCTPYKIIMIO CO CKOIIEHHBIMU TOPLIAMH BOJIOKOH
(puc. 2, 0) [7, 8], koTopas, KaK AeKJIapupyeTcs, He
TOJILKO 00Jiee yT10OHA MO TEXHOJIOTUUECKUM TTPUI K-
HaM, HO 4 00J1a1a€T [OBbILLIEHHOM 3 (PEKTUBHOCTHIO.

OO01re NpuHUKNBI (DYHKIIMOHUPOBAHUS U PSiL
0COOEHHOCTEN JaHHOM KOHCTPYKLIMU BOJJOKOHHO-
OTITUYECKOTO MUKPO(POHA OMMMCAHBI KaK B CTAThSIX
u noknanax [7, 9], Tak 1 B TeXHUYECKOM MH(pOpMa-
LINY TIPOM3BOIUTENICH (B YaCTHOCTH, B TEXHUIECKOM
uHpopmanun kommanuu «Optoacoustics Ltd»)
u BmateHTax [8, 10]. OnHako nMoapoOHbIe BbIpaxke-
HUs1, TTO3BOJISIIOLINE OLIEHMBATh M AaHATTM3UPOBATh
XapaKTepPUCTUKU TaAKOW KOHCTPYKIINHU, OTCYTCTBY-
1oT. Tem He MeHee, mpu pa3padOTKe MPAKTUIECKUX
YCTPOMCTB TaKOTO TUIIa HEOOXOIMMO MMETh BO3-
MOXHOCTb PaCCUMTBIBATh KJIIOUEBbIE TTapaMeTPhl

P M T My
1K, 'rq A
|7

LH‘EIJ

T

Puc. 2. CtpykTypa 4yBCTBUTEIBHOTO

3JIEMEHTA aKyCTUYECKOro AaTyuMka

C CUMMETPUYHON ABYXBOJOKOHHOI
KOHCTPYKLIMEN:

a — € OOBIYHBIMU TOPLIAMHU,
0 — CO CKOIIEHHBIMH TOPIIAMU
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JATYMKA C yUeTOM OCHOBHBIX [IAPAMETPOB BJIEMEH-
TOB U B3aMMOPACIIOJI0XEHMSI BOJIOKOH I MEMOPAHbI
B UyBCTBUTEJIbHOM 3JieMeHTe. J1J1s1 TOro aBTopamu
ObLI MPOBEIEH MOAPOOHBIN AHAJIN3 JAHHOM KOHCT-
PYKLIMK BOJIOKOHHO-OINTUYECKOrO aKyCTUYECKOIO
peoOpa3oBaTelis ¥ pa3BUTa ee (PU3NKO-MaTeMaTH -
yecKast MOJEb.

AHa/n3 BOJIOKOHHO-ONTHYECKOTO AKYCTHIECKOTO
npeoopaszoBares

Pabora paccmaTprBaeMoOro BOJIOKOHHO-OMNTH -
YyecKoro MukpogoHa noapasyMmeBaeT HECKOJIbKO
9TAaNoB MPeoOpPa30BaHUS CUTHAA OT aKyCTUYeC-
KOT0 KOJIeOaHUs 10 BBIXOAHOTO 2JIEKTPUUECKOTO
HaIpsDKeHMsI, @ UMEHHO: aKyCTOMEXaHU4YeCcKoe
npeoOpa3zoBaHue (3ByKOBOE IaBJieHUE cMellaeT
MeMOpaHy), MEXaHUKO-ONTUYECKOe Ipeodpa3oBa-
HUe (cMellleHue MeMOpaHbl U3MEHSET MOLITHOCTD
OINTUYECKOIO U3JIyUeHUSI B «[IPUHUMAIOLLEM» CBE-
TOBO/IE), OTITORJIEKTPOHHOE Mpeodpa3zoBaHUe (KO-
Jie0aHUsI ONITUYECKOI MOIITHOCTH IIPE00pPa3yoTcs
B KoJIeOaHUSI 2JIeKTpUUYecKoro HanpsixkeHus ). [1o-
9TOMY ISl aHAIKU3a YIOOHO BBECTU U MCIIOJb30-
BaTbh KO3 GULMEHTbI, XapaKTEePU3YIOIINE OTAEb-
HBbI€ 3Tanbl Ipeo0pa3oBaHUSI.

Hns onucanus 3(pHeKTUBHOCTA aKycTOMeXa-
HHUYECKOro Mpeodpa3oBaHUs 11€J1eCO00pPa3HO UC-
MOJIb30BaTh YYBCTBUTEIbHOCTb CMELLIEHUS («TTO1aT-
JINBOCTb» ) MEMOpAHBI:

K, = dx/dp [mxm/Ila], (1
T. €. KPYTU3HY 3aBUCUMOCTH TOJOXEHUs MeMOpa-
HbI X OT 3ByKOBOTO JIaBJICHUS p.

CTporo roBopsi, Ha BETUYMHY 1 YACTOTHYIO 3a-
BHUCHUMOCTb K|, CyLIIECTBEHHO BIUSIOT HE TOJIBKO Me-
XaHMYECKHUE CBOMCTBA camMoil MeMOpaHBI, HO
U KOHCTPYKIIMS KOPITyCca YyBCTBUTEIbHOTO 3IEMEH -
Ta, B KOTOPOM OHa ycTaHOBJeHa. [lomaTanuBoCcThb
MeMOpaHbl HEMOCPEACTBEHHO HE 3aBUCUT OT Mapa-
METPOB ONTUYECKUX BOJIOKOH, XOTSI OCHOBaHUE,
B KOTOPOM 3aKperIeHbl BOJJOKHA, MOXKET MPeICTaB-
JISITb COOOU YacTb KOHCTPYKIIMU NTOAMEMOpPAHHOM
aKyCTUYECKOI KamMepbl aKyCTOMEXaHWUYeCKOM Cch-
CTEMbI Y BIIMSITh HA ABVKEHNE MEMOPAHBI.

DD heKTUBHOCTb MEXaHUKO-OMTUUECKOTO Tpe-
00pa30BaHMsI XapaKTePU3YIOT KOA(PDULIMEHT k e~
penayy CUCTeMbI IO ONTUYECKOM MOIITHOCTHU 1 HOP-
MUPOBAaHHAsI YYBCTBUTEIbHOCTb K, K CMELIEHUIO
MEMOpAaHBI;

k — }:31)1)(

})0 b
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1 dP, dk
K — BbIX — 1 2
e g I @

rae Py — MOLIHOCTB CBeTa B «I1epeJalolieM» BOJOK-
He, P, .= kP,— MOILLIHOCTb CBeTa B «[IPUHUMAIO-
LIEM» BOJIOKHE.

OnT03/1€KTPOHHOE IPE0OPA30BAHNE OCYILIECTB-
J51eT (POTONPUEMHUK, XapaKTePU3yEMBbIii OTHOLLIE -
HUEM U3MEHEHMS HANPSKEHUs HA BbIXOE YCUIIU -

TeJS1 K UBMEHEHUIO ONITUYECKOU MOLITHOCTHU .

Kon = [B/B1]. 3)

OKOHYaTEeJbHOM XapaKTEPUCTUKON OMNTHUYE-
CKOI1 4yacTu MpeoOpa3oBaTeisi MOXKHO CUMTATh HOP-
MUWPOBAHHYIO YYBCTBUTEJIbHOCTb CUCTEMbI K 3BYKO-
BOMY JABJICHUIO p:

L gk, yma. @
AOIT P() dp

B 11e10M UyBCTBUTETLHOCTD JATYMKA 3a1a€TCSI
B BUJIE
K=2_ K K Koy P, = KnonKon Py [B/Tal. (5

=g Pukkonty=Kson onfy [B/Hal. (5)

J1s1 3ByKOBBIX 4acTOT K, 1 Ky MOKHO IOJ1araThb
MOCTOSIHHBIMMU, TIO3TOMY 3aBUCUMOCTD K(f) 1 HepaB-
HOMEPHOCTh aMTUTUTYTHO-YaCTOTHOM XapaKTepUCTH-
KU JAaTYMKA TTOJTHOCTBIO OTTPEAESIeTCSl YaCTOTHOM 3a-
BHACUMOCTHIO K, (f). 1714 onipeesleHnst THTErpaTbHbIX
XapaKTepUCTUK JaTYMKa B paboueli 1mojoce 4acToT
UCTOJB3YIOT 3(D(EKTUBHYIO YyBCTBUTEbHOCTh, OTT-
penenseMyio Kak CpeaHee UIv CpeTHEKBAIPATUIHOE
3HaYeHWe B paboyeM mumara3oHe 4acToT. MHorma
3(h(EKTHUBHYIO 4YBCTBUTEIbHOCTb OITPEAEJISIIOT 110 00-
Jiee CIIOXKHBIM METOIMKAM, YIUTHIBAIOIIINM OCOOEH-
HOCTH HEpaBHOMEPHOTO BOCITPUSITHS PA3HBIX YACTOT-
HBIX IMANA30HOB CJIYXOBOW CUCTEMOI YeI0BEKA.

YyBCTBUTENBHOCTD K BaxkHA TIPU TTOOKIIOUECHU
JaTyrKa K JaJdbHEHIIeMy TpaKTy, OJHAKO cama T1o
cebe oHa He MoKa3bIBaeT 3(P(PEeKTUBHOCTU JATUMKA,
TaK KaK MOXeT ObITh 3HAUMTEJIbHO M3MEHEHa 3a CUeT
JOTIOJTHUTETbHOTO YCHJIUTEISI B COCTaBe (hOTOTIPUEM-
HUKa WK Ha ero Bbixoze. Jist aHanuza apdekTnn-
HOCTU KOHCTPYKIIUY HEOOXOIUMO TOTIOTHUTETbHO
3HATh XapaKTePUCTUKU, OTIpeaeIISTIONINe TUHAMM-
YeCKMi1 1ruara3oH paboThl JaTIMKa.

HuxHss rpaHuiia pabouero nuana3oHa 1aTyu-
Ka CBsI3aHA C OTPAaHUYEHMEM pa3pelialolieil cro-
COOHOCTU BCJIEICTBME COOCTBEHHBIX 1IIYyMOB. OHa
XapaKTepu3yeTcss MUHMMAJIbHBIM IaBJIeHUEM, 00yC-



JIOBJIEHHbIM COOCTBEHHBIMU LIyMaMu, KOTOPOE
MOKHO OTIPEIEIUTh BEIPAXKEHUEM

u].l.l uLLl
> . _r _p [Ma], 6
K KonKaonhy [Tal ©

rae u,, — 3(pdexTMBHOE 3HaYeHNE COOCTBEHHBIX LTy~
MOB Ha BbIXO/I€ JaTYMKa B paboyeii [10JI0ce YacToT.

BepxHsg rpaHnLIa TMHAMUUYECKOTO AUana3oHa
CBSI3aHA C HEJIMHEMHOCTHIO 1 OrPAaHUYEHUSIMU, BO3-
HUKAIOUUMU MIPU YBEJIMYEHU U aMIITUTYIbI 3BYKO-
BOTO JaBJIEHUSI.

Pmin =

a)

* Mpu6opbl M TexHUKa PU3NUecKoro 3KcnepmmeHTa>

Kak caenyer u3 nepeyucieHHbIX BbillE OCHOB-
HBIX TTapaMETPOB BOJIOKOHHO-OTITHUECKOTO MUKPO-
(oHa, 1151 ero gajabHEMIIero aHaaimM3a HeoOX0aUM
pacueT 3aBUCIMOCTH XapaKTepUCTUK MEXaHUKO-OTT-
TUYECKOIO peobdpa3oBaTe/isi OT 1apaMeTPOB BOJIO-
KOH ¥ TEOMETPUHU MX B3aMMOPACITOIOXKEHUS B KOH-
CTPYKLIMM YyBCTBUTEIbHOIO 3JIEMEHTA 1aTUMKA.

s aTOro OblIa MpoaHaIUM3UpOBaHa CTPYKTY-
pa aKyCTOONTUYECKOIO [IPeoOpa30BaTe/isi, IOKA3aH-
Has Ha puc. 3, a. PaccMoTpeHre TTpOBOIMIOCH
B PaMKax IFeOMETPUUECKOI ONTUKM; OHA XOPOLLIO CO-

Orpamatowan membpana _ — = -

—

Puc. 3. AHanu3 paGoTBl BOJOKOHHOIO aKyCTOONTUYECKOTO ITPeoOpa3oBaTesIs
C MOABYMXHOM OTpaxaromiei MeMOpaHOii:

a — onTuyeckas cxema; 6 — ee MOAMGMUIIMPOBAHHBIN BapUaHT;
6, ¢ — 3aBUCUMOCTH BBIXOIHOU MOIIHOCTU OT PACCTOSHUS J0 MEMOpaHBHI;

1, 2, 3 — xapakTepHBbIe y9aCTKN Ha KPUBBIX Py, (X)
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OTBETCTBYET CJlyyar, KOrja pa3mMepbl 3J1€MEHTOB
U PACCTOSIHUSI MEXIY HUMU 3HAUUTEIbHO MPEBbI-
LLIAIOT JJMHY BOJHBI; 2 3TO MOXKHO I10J1araTh BbI-
MOJIHSIOIIMMCSI B aHAJIU3UPYEMOI KOHCTPYKLIUU
MPU UCIIOJIb30BAHUY MHOTOMOIOBBIX CBETOBO/IOB.

TTpu pazpaboTKe MaTeMaTUYeCKOM MOAEIN AaH -
HOM ONTUYECKOM CUCTEMbI ObLI CAEIAH PSII YIIPO-
LIAKOIIUX MTPEATTOJIOXKECHUM:

BXOJIHOM 1 BbIXOJIHOI CBETOBO/IbI MAEHTUYHBI 110
BCEM XapaKTepUCTUKAM;

CBETOBOIbI CAUMMETPUUYHO PACIIOJIOXKEHbI OTHO-
CUTEJIbHO MeMOpaHbI, TIJIOCKOCTh OCEil CBETOBOIOB
nepreHAuKYJ/IsSIpHA II0OCKOCTH MeMOPaHbI;

MOIIIHOCTb ONTUYECKOTO U3TYYEHMUSI, BBIXOIS-
11IeTO U3 CBETOBO/Ia, pABHOMEPHO pacnpe/esieHa 1o
yrjam;

OTpaXKaroast YaCTb MEMOPaHbI SIBJISIETCS I10C-
KOW U coBeplliaeT Mo AeHCTBUEM 3BYKOBOTO J1aB-
JIeHUs TOCTYTAaTeIbHbIE IBUKEHMS BIOJIb HOpMAaJIU
K MOBEPXHOCTH.

Pabora paccmaTpuBaemMoil cICTeMBbI TOSICHSIET-
csl Ha puc. 3: Ha puc. 3, a MpUBeJAeHA UCXOIHAs CXe-
Ma pacriojoXXeHUsI CBETOBOIOB OTHOCUTEIHLHO MEM-
OpaHbI, a Ha puc. 3, 6 — mpeoOpa3oBaHHAs cXeMa,
reoMeTpUuYeCKU SKBUBAJIEHTHASI UCXOIHOM C y4eTOM
paBEHCTBA YIJIOB MaJCHUSI U OTpaKe€HU s CBETOBOTO
Jlyya OT MeMOpaHBbI.

TTpu aHanu3e pa3IMYHbIX 3aBUCUMOCTEN B Ka-
YyeCcTBE OCHOBHOI'O apryMeHTa BbIOPAHO PACCTOSIHUE
X OT LIEHTPOB TOPLIOB CBETOBOAOB 10 MEMOPAHBI.

B KauecTBe UCXOTHBIX TApaMETPOB, 320X
TEOMETPUIO CUCTEMBbI, ObLIU BHIOPAHBI:

paauyc cepaLeBUHbI CBETOBOAOB R;

YIJI0Basi paCXOIMMOCTD U3JIyYeHUs O Ha BbIXO-
Jie CBeTOBOIa (YMCIOBasl ariepTypa cBeToBona NA =
= sinob);

pacCTOsIHUE a MEX1Y LIEHTPaMU TOPLIOB CBETO-
BOJIOB;

YTOJI 0, MEXKY IJIOCKOCThIO MEMOPAHBI U OChIO
CBETOBOJIA.

B obuiem ciyuyae ciaenyeT yduTbiBaTh KOadu-
LIMEHT OTPa>KeHN s TOBEPXHOCTA MEMOpaHBI K, XOT4,
KaK TpaBUJIO, €ro HETPYAHO cAeaTh OIM3KUM
K €IMHULIE TTOCPEICTBOM HAHECEHUS OTPAKAIOILIETO
MOKPBITHUSL.

OTpaxeHHbIlt OT MeMOpaHbl Jiyd (hOpMUPYET
B TJIOCKOCTU TOP1ia BBIXOAHOTO CBETOBOIA U300pa-
>KEHWE panuycoM R,. DTOT pannyc u paccTossHue d
OT €ro LIEHTPA 10 LIEHTPA TOPLIA BbIXOJHOTO CBETO-
BOJIa MEHSIIOTCS B 3aBUCMMOCTH OT X. B ciiyuae, eciu
TJIOLAAb 3TOTO U300paXeHus S, MepeKpbIBACTCs
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C IJIOLLABIO TOPLIA CBETOBOAA S, B HETO OCTYNAET
OnTHUYECKas MOLIHOCTb Py, ., PACTIPOCTPAHSIOILA-
SICsI HA BBIXOJI OTITUYECKO CUCTEMBI.

TMockoIbKy CBETOBOJIBI TTOIATAlOTCST ONMHAKO-
BBIMHU 1 OTCYTCTBYET PACCOIIACOBAHUE IO YMCIOBOI
aneprype, BCe U3JTy4eHUe, Monaaarollee Ha roLa-
Ky S,, IOCTYIaeT B CBETOBOA. 3HaueHue Koahduiiu-
€HTAa MIPOTTYCKAaHUSI k U €TO 3aBUCUMOCTb OT X OTIpE-
JESIIOTCSl OTHOLLGHUEM IIONIAnd TMEePEKPBITUS
OTPaXEHHOTO M300pakeHUs W TOplia CBETOBOIA
K TUTOLLAN N300paxeHus S, T. €. K BeTMYMHE nR22 .

J1J1st HATJISIMTHOCTY pACCMOTPUM TIPUHIIUTI (hop-
MUpOBaHus 3aBucumoctu P, (x) ot 6osee npocto-
ro kK 6oJiee ciioxHomy ciaydato. [Ipeanonoxum, 4yto
YTJIOBast pACXOIMMOCTh TTyUKa Ha BBIXOJIE CBETOBO-
J1a OTCYTCTBYET (KOJUIMMUPOBAHHBIN MydoK), 6 = 0.
Torma oueBunHO, uto R, = R. Bua 3aBucumoctu
P, (X) nng sToro ciayvas rmokasaH Ha puc. 3, 6.
[TonoxeHue x, COOTBETCTBYET TOUHOMY COBMaje-
Huio S, 1 S, (30Ha /, d =0), mpu 5TOM B TPUHUMAIO-
LM CBETOBOJ MEPENAETCsI BCSI ONTUYECKAS MOLIL-
HOCTb, OTpaXkeHHast OT MEMOpaHBI;

PBBIX(xC) = Pmax= POTp= KO'PO'

Tak xak cMmenieHue d MpPONMOPLUOHAIBHO X, TO
CKJIOHBI 3aBUCUMOCTH P, (X) CHMMETPUYHBI OTHO-
CUTEJIBHO X,.. 30Ha 2 COOTBETCTBYET U3MEHEHUIO T1e-
pexpeITus rowaneit S, u S, a 30Ha 3 — Heronana-
HUIO U300paxXeHUs] Ha TOpelL MPUHUMAIOLLETO
csetosona (d > 2R, P, =0).

I1pu HanMuuM yriaoBoOil pacxogumocTu 6 oue-
BUIHO, 4TO R, > R. Eciu y4ecTb U3MEHEHUE ILJI0-
LAV TIEPEKPBITAS OTPAKEHHOTO U300paKeHU 1
TOpLIA CBETOBOAA, TO B 3aBUCUMOCTHU P, (X) 30Ha |
CTAHOBUTCSI IJIOCKOM — 9TO COOTBETCTBYET CJIydalo,
KOrJa Topell MPUHUMAIOIIETO CBETOBOJA OKA3bIBa-
€TCs1 BHYTPU ILIOIIAAM U300paxKeHus (puc. 3, e, myH-
KTUpHasi IUHUS ). ECIM AOMOJTHUTEIBHO YYECThb, YTO
TPY HAJTUIUW YTIIOBOM pacXOAUMOCTH U3TYIeHUS
CMELLEHME X MEHSIET R, TO 3aBUCUMOCTb CTAHOBUT-
Csl aCUMMETPUUHOM (puc. 3, 2, CTUIOLLIHAS IUHUS ).

CoOOTBETCTBYIOIIUIT TEOMETPUUECKUIT aHATU3
CUCTeMbI, IPUBEAEHHO! Ha pUc. 3, a, 6, TTI03BOJISIET
TIOJTYIUTh PSIIT BIpAXKeHUI TS pacueTa 3aBUCUMO-
cTH k(x). PaccTosiHne X, COOTBETCTBYIOLLIEE TTOJIO-
JKEHUIO TOplia MPUHMMAIOIIETO BOJIOKHA B LIEHTPE
OTPaXXEHHOTO IMyyKa .S, (IeHTp 30HbI / Ha puc. 3, 2)
OMpeAesIeTCS BBIPAXKEHUEM

a
X, = 5 tgo . (7)
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Paccrosinue d onpeaesnsiercst popmyJioit
d =|2xcoso.—asina . 8)

Pannyc n300paxxeHnst OTpaXKeHHOTO U3TyUYCHUS
Ha TJTOCKOCTH TOplia BEIXOJHOTO CBETOBO/IA 3aa-
€TCsI BBIpaXKeHUEM

R, = R+(2xsino. +acosa ) tgh . )

[TpumMeHsist BbIpaXkeHUs 1UTs1 TJI0LLAIN ITEPEKPbI-
THS1 IByX KPYTOB C panuycamu R, R, v paccTosiHnem
d Mexay UX LeHTpaMu, nojydaemM Ko3(pQGULMEeHT
MPOITyCKAaHU Kk B BUIE

2

K, R—z, ecn |d| <Ry —R;
2
2, p2_ p2
_02 R2 arccos u
TR, 2dR
d*+ R} -R?

+ R; arccos

2dR; (10)

1
—5\/(d+R+R2)(—d+R+R2)><

x\J(d-R+R,))(d+R-R,),
ecin Ry —R<|d|<R,+R;
0, ecam |d|> R, +R,

TIIe TIePBHIi CTyJaii COOTBETCTBYET CUTYallUH, KOT-
Jla TUTOIAAb TOPLA S, HAXOAUTCA BHYTpH S, (30HA 1
Ha puc. 3, 2), BTOpPOii — Koraa Kpyru S, 1 .S, mepe-
KPbIBAIOTCSI YACTUYHO (30Ha 2 Ha puc. 3, 2), TpeTui
COOTBETCTBYET HETMIEPEKPbIBAIOLINMCST Kpyram S,
n S, (30Ha 3Hapuc. 3, 2).

BaxkHO OTMETUTD, UTO TTPU UCTIOIH30BAHWHU BBI-
paxenuii (8)—(10) myist pacuera rnepeaaToYHbIX Xa-
PaKTEPUCTUK aKyCTOOTITUUECKOTO TTPe0Opa30oBaHMs
CIIeIyeT yYUTHIBATh OTPAHUYECHUS Ha BO3MOXHBIE
3HAYEHUS @ U X, CBI3aHHBIE C TeOMETPUIECKUMH OT-
PpaHUYEHMSIMU T10 B3aUMHOMY PACTIONIOXEHUIO BOJIO-
KOH 1 MeMOpaHbI (puc. 4).

PaccTostHue a Mmexmy IeHTpaMK TOPIIOB CBETO-
BOIOB M BEJIMUMHA X OTPAHWYEHBI YCIIOBUSIMU

a>?2R'sina, x>2R’'cosa,

(11)

rae R’ — pagnyc 000JIOUKU CBETOBOIA.

CrenyeT OTMETUTD, UYTO MPUBEIEHHAsSI MOJIE/b
SABJISIETCS TTPUOJIMKEHHOM, TTOCKOJIbKY pealbHbIE
CBETOBbIE ITyUYKH HA BBIXO/IE CBETOBOIOB UMEIOT 60~

Puc. 4. OrpannueHre MUHUMAJILHOIO PACCTOSHUS
MEXIy LIeHTpaMU TOPLIOB a
M PacCTOSIHUSI 1O MeMOpaHbl X

Jiee CJIOKHBI XapakTep, YeM KOHYCbI C pABHOMEp-
HBIM pacrpeesieHeM MOIIIHOCTH U pe3KUMU Tpa-
Huuamu. [ToaTomMy Ha IpakTUKE KPUBBIE k(X) OymyT
OTJIMYATHCS OT 3aBUCUMOCTE, OTTMCHIBAEMBIX BbI-
paxeHusimu (8)—(10), mepexoabl MeXIy 00JaCTIMU
2", 1, 2 oynyT maaBHbIMU. OgHAKO XapaKTepHbIe
«pa3Mepbl» ACUMMETPUIHBIX YYaCTKOB 3aBUCUMO-
cTH k(x) ¥ TprMepHas BeIMUMHA X HAKJIOHA MOTYT
OBITh PACCUMTAHbI C MTOMOLIbBIO MOJIYUYEHHbBIX BbIpa-
KEHUM,

OTtaesibHO clielyeT OTMETUTb BO3MOXKHOCTb UC-
MOJIb30BAHMUSI TTOJTYUEHHBIX BhIpAXKEHW M 7151 KOHCT-
PYKLHU CO «CKOCOM» TOPLIOB B IJIOCKOCTH, MapaJi-
JIeTbHOM TIJIOCKOCTH MeMOpaHbI (cM. puc. 2, 6). [Tpu
NpUOJUKEHHOM PACCMOTPEHNU MOXHO M0J1araTh,
YTO B TAKOM CJIy4yae YroJjl oL MEXIy OChlIO Maatoliie-
ro Ha MeMOpaHy My4yKa CBeTa U MJI0CKOCTbIO MEMO-
paHBI OTJIMYAETCA OT YIJIa o HAKJIOHA OCeM CBETO-
BOJIOB, BCOOTBETCTBUY C 3aKOHOM ITpeJIoMJIeH s, 0e3
M3MEHEHUS yIiia paCXOAMMOCTU U HapyILIeHUsI Ipy-
TUX MPUHSATHIX yca0Buid. [Tonaras, 4to st Bo3ayxa
Koa(hGULMEHT TipejoMaeHus paBeH 1,0, a st Bo-
JIOKHA 1 ~ 1,5, IoJTy4nmM:

a=an—nm-)n/2~1,5¢" —n/4. (12)

Ecnu npeHeOpeub BIMSHUEM BO3HUKAIOIICH
SJUIMIITUYHOCTU M300pAXEHUS S, HA U3MEHEHNE
TUIOLLIAAN UX TTEPEeKPBITHS, TO MOXHO IS OLIEHOK
MPUMEHSITH Te ke BbipaxeHus (9), (10). B pesynbra-
Te JUIsl TAKOTO BapvaHTa KOHCTPYKLIMY MTPU TOM XK€
HaKJIOHE BOJIOKOH ITPOMCXOIUT yBeTUYeHUE o (YBe-
JIMYMBAETCSI YyBCTBUTEIBHOCTb K,) U CHUMAETCS
orpaHMYeHNEe HAa MUHUMAaJIbHOE 3HAYeHNE X, 3a11a-
Baemoe ycaoBusimu (11).

Boipaxenusi (8)—(10) onpenensitoT 3aBUCUMOC-
TH k (1, Kak cnenctsue, K, = dk(x)/dx) ot x ipu 3a-
JNAHHbIX MapameTrpax R, a, o, 0. U3yuath cBolicTBa
39TUX 3aBUCUMOCTEN IO UX aHAJIMTUYECKOMY BUILY
MPAKTUYECKN HEBO3MOXHO BBUAY TPOMO3IKOCTH
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9TUX BbIpaxkeHuit. [103TOMy 17151 BEISICHEHUST XapaK-
Tepa BIWSHUS MapaMeTPOB Ha pe3yIbTUPYIOIINE
XapaKTePUCTUKU MOJTYYeHBI CEMEICTBA 3aBUCHMO-
creit k(x) 1 K (x) (puc. 5), paCCUMTaHHBIE 10 BbIPA-
KeHusiM (8)—(10) aJist pa3iMuHbIX 3HAYEHU I apa-
MeTpoB (Tad. 1).

OTMETUM, YTO BUJ TTOJTyYEHHBIX 3aBUCHMOCTE M
k(X) TOJHOCTBIO COOTBETCTBYET MPUBEACHHOMY
BBILE OOI1IEMY PACCMOTPEHHIO CBOMCTB U3MEHEHUS
BBIXOJIHOM MOIIIHOCTU U OXuaaeMoMy Buay k(x),
MOKa3aHHOMY Ha puc. 3, e.

Ha ocHoBaHMM MpUBEIECHHBIX 3aBUCUMOCTEH
k(x) n K (X) MOXHO OTMETUTD CJEAYIOLLEE:

BeJMUMHA |K | pacTeT Mpu yMEHbILICHUH YTJIA O,
YTO CBSI3aHO C YBETMUEHUEM KPYTU3HBI 3aBUCUMO-
cTH d(x) (3T0 00BSICHSIET yBeanYeHNE 3 (HEKTUBHO-
CTU KOHCTPYKIIMU CO «CKOLIEHHbIMU» TOPLAMU BO-
JIOKOH);

BeTMYMHA |K | pacTeT Mpy yMeHbIIEHUHN panny-
ca CepaIeBUHBI CBETOBOIOB (TaK KaK yCHJIMBAETCS
OTHOCUTEJbHOE MU3MEHEHME IIOIIAIN TePEKPHITHS
MPU CMELLIEHUU U300paXKEeHUS);

TPU YBETMYEHUN pagnyca CBETOBOJIOB MOXKHO
OTMETHUTh 3HAUNTEbHOE CHIKEHME HEOOXOTUMOM
TOYHOCTU (UKCALUM PACCTOSIHUS 10 MEMOpPaHbI
1 MEXIY CBETOBOIAMMU JIISI COXpAHEHMSI CBOVICTB pa-
Ooueli TOUKHU.

B 11e710M MOXXHO 3aKJTIOYUTh, UTO pacueTHBIE
3HaueHust KoapduuueHta K, nexar B JuanazoHe
~0,01 — 0,02 MKM ! 115 CBETOBOLOB C pafnycom
50 MKM.

AHanu3 pa3peniaoneii CrocoOHOCTH
BOJIOKOHHO-ONITHYECKOr0 MHKPOGoHa

ITonyyenHbie BoipaxkeHus (8)—(10) mo3BosIOT
paccunTbIBaTh 3aBUCUMOCTH A(x) 1 K (x), a Takxke
BBIOMPATH APAMETPBI ¥ pab0UyIO TOUKY X, (MCXOI -
HOE PacCTOSIHUE OT LIEHTpa TOPLIOB CBETOBOAOB
J10 MEMOpPaHbI ), HAIIPUMEP, 151 HOJTYYEHUSI MAKCH -
MajpHOro 3HaueHus K. OIHAKO ONTUMU3ALUSL
MPAKTUIECKOM KOHCTPYKIIMY AAaTIYMKA, KaK TIPaBU-
JI0, CBSI3aHA HE C TIOJyYeHUEM MaKCUMAaJIbHOM aMII-
JIUTYIbI KOeOAHUII MHTEHCUBHOCTH, a C TOCTHXKE-
HUEM HAWIYJllero pas3pelieHusi, odecrneyeHuemM
TpeOyeMoro IMHaMMYeCKOro auana3oHa u T. . Kpo-
Me TOTO, BAXKHBIMU (DaKTOPaMU MOTYT ObITh TEXHO-
JIOTMYHOCTb, TPEOOBAHMS K TOYHOCTH IOCTUPOBKHU
U CTa0UJIbHOCTU MOJIOXKEHUS 9J1IeMEeHTOB. [TosTomMy
HEOO0XO0IMMO PACCMOTPETh COOTBETCTBYIOIINE BbI-
paxkeHus AJ1s1 OLIEHKU MapaMeTpOB JaTYUKa, U B TIEp-
BYIO OU€pe/ib, €ro pa3peluaroiieii CtocCOOHOCTH.
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OcHOBHbIM (DyHIAMEHTAJIbHbIM (haKTOPOM, OI'-
PaHUYUBAIOILINM MUHUMAJIbHBII YPOBEHbB IIIYMOB B
paccMaTpuBaeMOi CUCTEME CO CBETOAMOMIHBIM HC-
TOUYHUKOM, SIBJIIETCS APOOOBBIN IIIyM (DOTOIETEKTH -
POBaHMs1, KOTOPbIA MOXXHO OLIEHUT I10 BEIPAXKEHUTO
[1,7]:

(13)

e Af, it — paboyast mosoca 4acToT natinka; Kqy,
A/BT — uyBcTBUTENbHOCTB DOoTONMONA; R, , OM —
TPUBEICHHOE COMTPOTUBIICHNE HATPy3K1 (POTOIHNO-
na (koagpuuueHT npeobpa3oBaHust (POTOTOKA,
obecrieumBaeMbIil ycunuteaeM (GOTOTTPUEMHUKA,
Kon=KopR,); iy, A — TeMHOBOI TOK hoTOAMOA.

Ecau MoXHO TTpeHeOpeUb BKJIAAOM TEMHOBOTO
TOKAa, TO C y4eTOM BbIpaxkeHuit (6) u (13) aist pa3pe-
IIaoIIeil COCOOHOCTH TI0 3BYKOBOMY HaBICHUIO
MOJIyYMM COOTHOLLIEHUE

1 [2ekaf
—— == a).
KAOH Kq)ﬂ,R)

ty, = Ry\[2¢ (kP Koy +i, ) Af [B,

Pmin = (14)

Takum oOpa3om, paspellieHre gaTynKa oopar-

HO NPONOPLMOHATBHO BeuuHE K yory | Kon By /K -

[TosTOMY BXOOHYIO ONTUYECKYIO MOLIHOCTD P BbI-
TOIHO YBEJIMYMBATH, @ BOT KO3 (PUILIMEHT Iepeaaun
k, Ha00OPOT, BBITOAHO CHUXATh, €CJIM 3TO HE MPHU-
BOJIWT K CHIKEHU0 HOPMUPOBAHHO UyBCTBUTEITb-
Hoctu K. Kak BUIHO U3 KPUBBIX, TIPUBEAEHHBIX HA
pHC. 5, BO MHOTHX CJTyJasiX CyIIeCTBEHHOE N3MEHe-
HUe MOJOXeHUs paboueii TOUKU MOXKET MaJIo BIIU -
ATb HAa 3HAYEHUE P, ;,, TAK KaK CHIKeHUE K, KOM-
MeHCcUpyeTcst pocToM k 1 Ha0060poT. OueBUIHO, YTO
U1 BbIOOpA padoueit TOUKH 11e1eco00pa3HO UCTIONb-
30BaTh YYacTKHU 2 1 2'TIepefaToYHOI XapaKTepHUC-
TUKHU k(x) (CM. puc. 3, 8), MOCKOJbKY YUacTOK / CO-
OTBETCTBYET MajlbIM 3HaueHUsIM K, 1 00abINUM K,
T. €. HAaUXyIIIei pa3pelialonieit CmtocoOHOCTH.
Bxonsiiue B cootHomeHue (14) mapaMeTphl aky-
CTOOTTUYECKOTO Tpeobdpa3oBaTesisd, UCTOUHUKA
u (poronpuemMHuka HezaBUCUMBbL (k, K, 3a0a10T-
Cs1 KOHCTpyKuMeit, Kgy — mapameTp otoanona,
a P, — mapaMeTp uctouHuka). OTHaKO MapaMeTpbl
k, Kyor MOTYT OBITH KOCBEHHO CBSI3aHBI C Py uepe3
BEJIMUMHY JMaMeTpa CeplLieBUHbI CBETOBOJA ITPU
OIMHAKOBOM CBeToaMone. B mpocrteiimiem ciaydae
MOIIIHOCTb CBETOAMOA, BBeIeHHAs B «Ilepeaaro-
IIHI» CBETOBO, TIPOTIOPLIMOHAIbHA TIIOIIAIN Ce-
YeHMSsI CEPILIEBUHbI M KBaapaTy YMCJIOBOI arepry-
pBI BOJIOKHA. Hampumep, corjacHO KpUBBIM Ha
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Puc. 5. IlpuMepsl paccuuTaHHBIX 3aBUCUMOCTEN k(x) (a — 2) u K (x) (0 — 3).

PacueTHble napaMeTphl JaHbl B Ta0. 1
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Taonuma 1
PacueTHble mapaMeTpbl, HCIO/Ib30BAHHbIE IS MOJIydeHHs 3aBucuMocTeil k(x) u K (x)
(cM. puc. 5)
TTo3uuust Homep [MapameTtp
Ha puc. 5 KPHUBOW R, MKM a, MKM o sind
1 0,
2 0,1
a,od 3 110 0.2
4
n/4 0,3
1 100
2 150
0, e 3 50 200
4 250
1 n/10
2 n/6
0,2
8, JdC 3 110 /4
4 n/3
1 10 22
2 25 55
%3 3 50 10 n/4
4 100 220

pUC. 5, IpU yBeJIWUYEHUU paanyca cBeToBoaa ot 10
10 50 MKM MakCHMYyM UyBCTBUTEITLHOCTH TTpeoopa-
30BaTesIs YBEIMUMBACTCS TPUOIN3UTETBLHO B 5 pas.
IIpu aTOM OnTHMYeCcKass MOWIHOCTL P, BBEAEHHAs
B CBETOBOJI OT CBETOAMOIHOTO NCTOUHWKA, YBETU-
apTest mpuMepHo B (50/10)? = 25 pas, u B uTore, CO-
[JIaCHO cOOTHOWEHUIO (14), pa3pelleHue He Xy -
IIUTCS, a TpeOOBaHUS K I0OCTUPOBKE JIEMEHTOB
3HAYUTEIHBHO CHIKAIOTCS.

BepxHsist rpaHuLia JMHAMUYECKOTO OUAara3oHa
orpaHWYeHa MPOTSKEHHOCTHIO KBA3WIMHEHOTO yJa-
CTKa MepeaaTouHo XapakTepruCTUKY k(x) BOKPYT pa-
6oueit Toukn. OgHAKO KaK BUIHO U3 3aBUCUMOCTE,
MPUBEICHHBIX HA pUC. 5, KBA3WJIMHEMHbIE yIacTKU
(30HbI 1, 21 2’ Ha pUc. 3, 2) UMEIOT MPOTS)KEHHOCTh
OT JECSITKA 10 HECKOJIbKUX JECSITKOB MUKPOMETPOB.
A c y4eToM XapaKTepHOTO YPOBHS BeIWYWH K|,
(~ 0,01 — 0,1 mxm/ITa [7]), peaqbHBIE 3ByKOBBIE
CUTHAJIbI BBI3bIBAKOT CMELLEHMS B IPeAeiax eAMHULI
MUKpoMeTpoB. C 3TOI TOUKM 3peHUST ONTHYECKast
cucteMa (aKTMYEeCKN HEe OTpaHWUMBACT JUHAMU-
YeCKOro Iuaria3oHa, eCiyd He BhIOMpaTh padouylo
TOUYKY HETIOCPEICTBEHHO Ha IpaHUIIaX KBa3UIMHEH -
HBIX YYaCTKOB TePemaTOYHON XapaKTepUCTUKU.
Bo3HUKHOBeHME UCKAXKEHUIA TPU POCTE AMILIUTY-
IIbI 3BYKOBOTO JAaBJIEHUS OTIpeIelIsIeTCs aKycToOMe-
XaHUUECKOW KOHCTpyKLMel MukpodoHa (MemOpa-
Ha, KOpITyC, TeOMETpUS TTOIMEeMOPaHHOM KaMephI).
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ITpumepsl pacyeToB

PazpaboTaHHass MaTeMaT4ecKast MOIeJb 1 IOJTy-
YEeHHBIE BBIPAXKEHMS TSI CUTHAJIA TaTIYMKA 1 eTo Ta-
PaMeTpOB MO3BOJISTIOT 000CHOBAHHO BLIOMPATh pado-
YYI0 TOUKY X, M OLIEHNBATh XapaKTEPUCTUKN TaTYNKa.

PaccMOTpuM KOHKpETHbIE MPUMEPBI PACUETOB
1 oLileHOK. OCHOBHBIM UTOTOBBIM MTapaMeTPOM Oy -
JIEM CUMTATh pa3pellarolylo CrocoOHOCTb BOJIO-
KOHHO-OMNTHUYECKOTO MUKPO(hOHA MO 3ByKOBOMY
IaBJICHUIO p,,;,, B ojoce yacToT 10 kIi1.

J171s1 oLIeHOK OyzmeMm IoJiaraTh, YTO IJIsl paccMaT-
puBaeMoOil KOHCTPYKLIMY C MEMOpaHOIi MaJIOTO U -
ametpa K, = 0,1 mxm/Tla [7].

Bri6epeM MHOroMonoBoe BojiokHO 100/125 MKM
(R=50 MM, R'= 62,5 mxm). TunuyHoe 3HaYeHIE
YYCJI0BOI anepTypbl [J1s1 TAKUX BOJJOKOH NA =sind =
= 0,22. Beibepem yrou o = 45° (KOHCTpyKI1ius 6e3
CKOILIEHHBIX TOPLIOB, BOJIOKHA CBOSITCS MO YIJIIOM
90° npyr K npyry). s 6osblieit HAarIsAHOCTH MPU-
BEICHHBIX J1ajiee Pe3yJIbTaTOB PaCYETOB, Ha puc. 6
MOKa3aHbl MOJYYEHHbBIE AJIs1 TAKOTO BapuaHTa 3a-
BUCHUMOCTHU k(x) 1 K (X) Ipy pacCTOSHUU MEXIY
LEeHTpaMu TOPLIOB BOJIOKOH a = 110, 150 1 200 MxM.

Bynem nonaratb, 4YTO CBETOAMOAHBIN UCTOYHUK
MHOPaKpaCHOro 11Mana3oHa 00ecrneynuBaeT B yKa3aH-
HOM BOJIOKHE ONITUYECKYI0 MOLIHOCTD £, = 100 MKBT,
a uyBCTBUTENBHOCTD (hoTonuona Ko = 0,7 A/Bt.



* Mpu60opbl N TexHUKa (PU3NUEeCKOro 3KCrepumMeHTa

Ecan npennonaraeTcst KOHCTPYKLMS 0€3 CKO-
LLIEHHBIX TOPLIOB, TO COrJIacHO ycaoBusiM (11) pac-
CTOSIHUE @ IHOJIXKHO OBITH OoJiee 2:62,5-sin 45° =
88 MKM, a pacCTosIHUE OO MEMOpAHbI X HE MOXET
ObITb MeHbIIIE 2:62,5-:cos45° = 88 mkm. [ToaToMy rpu
AHAJIM3€ BO3MOXKHBIX pa00YMX TOUEK HA PUC. 6 OHU
JOJIKHBI BBIOMPATHCS MPaBee BEPTUKATBHOM MTyHK-
TUPHOW JIMHWU, T. €. Ha yJacTKax 2TIepeXoaHOM Xa-
PaKTEPUCTUKU ITpeodpasoBaTesisi (CM. puc. 3, 2).

1t IpuMepa pacCMOTPUM HaObOP BO3MOXKHBIX
pabounx Touek, a UMeHHO x, = 110; 120; 130; 140;
150; 160; 180 1 220 MxM (cM. puc. 6) cIIpaBa OT Bep-
TUKAJbHOU MyHKTUPHOM TuHUU. [TyHKTHpOM 000-
3HAYEeHBI TOUKH, KOTOPBIE HE 11e71eCO00pa3HBbI LTSI KC-
MOJIb30BaHUSI, TOCKOJIbKY HAXOASITCS Ha 3aBEIOMO
HEBBITOIHBIX Y9aCTKaX XapaKTepUCTUKHY VITA BOJTU-
31 00JIaCTH Mepexoa ¢ OJHOrO y4acTKa Ha IPYyTroii.
PesynbTatel pacueta p,,;, 15l 9TUX PAOOUMX TOUEK
MpuBeAeHbI B Ta0. 2 (cepbIM (DOHOM BBIAEIEHBI OT-
HOCUTEIBHO OOJIbILINE 3HAYSHUSI Py, COOTBETCTBY-
IOLLKE HELIeIECO00Pa3HbIM 3HAYEHUSIM X, [IPY 3a1aH-
HbIX @). BUIHO, 4TO MpU BbIOOPE OOIBILINX 3HAYSH U
X, (T. €. MEHBILNX k) pa3pellaroilas CocoOHOCTb
VIY4JILaeTCsl, HO HE3HAUMTEbHO. DTO €CTh CJICICTBUE
YIIOMSIHYTO# BbIIlIe KOMITEHCAIIMM CHUXKEHUS k ra-
neHveM K. J171st MeHbILNX a 3HAYEHUS P,y,;, HOMHOTO
MEHBIIIe, UeM JIJIsT OOJTBIITNX, XOTS IJIS BCEX pa3yM-
HBIX (HAXOMSIIIMXCS HA yYacTKax 2) paboumnx Touek
3HAYEHUS Py, COBNALAIOT [10 TIOPSIAKY BEJMYMHBI.

JULAR-S I S R TR - TN
EATN

Puc. 6. PacuetHbie 3aBucumoctu k(x) (a) u K(x) (0);
R=150 mxM; R ’'=62,5 mxm; NA = 0,22.
3naueHus a, mxm: 110 (1), 150 (2), 200 (3). BepTukanbHblii
MYHKTHP — HIKHSISL TPAHULIA [IPU BHIOOpPE paboumx TOUEK X,

PaccMOTpUM aHATOTMUHBIE IPUMEPDI UTS KOHCT-
PYKLIMU CO CKOLLIEHHbIMHU TOPLIAMU BOJIOKOH. J1J151 3TO-
TO ciTy4ast BeioepeM yro o' =60° (BOJTOKHA CBOASITCS
nox yriiom 60° apyr K npyry). Toraa mosydmm yros

Tabnuuma 2

PesynasTaTsl pacuera MHHHMAJIBHOTO JeTEKTHPYEMOro 3BYKOBOTO JABJIEHUS Py,
B noJioce yactor 10 xIix

Do MIa
X, MKM
a =110 mxm a= 150 Mmxm a =220 MKM

110 6,7 25,2 29,0

120 6,4 15,0 30,6

130 6,3 9,3 32,3

140 6,1 8,3 33,9

150 5,8 7,8 35,7

260 5,4 7,4 18,8

180 — 6,7 10,1
220 — — 7,8

JIOTIOTHATETBHBIN HAbOp paboYMX TOYEK TSI KOHCTPYKIIMKA CO CKOIIEHHBIMUA TOPIIAMA

10 4.0 32 2,1

20 5,3 4,1 3,1

30 10,5 5,5 4,1

40 13,7 8,9 5,2

IIpumeuanue. CepblM TOHOM BBIICJCHbl 3HAYEHHUS SIYEMKU, COOTBETCTBYIOIIME

paboyMM TOUKAM Ha y4acTKax KPUBBIX K(X), 3aBEOMO HELEJIeCO00Pa3HbIX LIl BIOOPA X;.
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o =n,o'— 45" =45°.

MuHMUMaNTbHOE 3HAYEHHUE @ COTJIACHO YCIOBU-
aMm (11) cocrabnsier 2:62,5-sin 45° ~ 108 mxm. Cie-
JIOBATEJIbHO MTPU TAKOM BbIOOPE 0. MOXKHO UCIIOJIb-
30BaTh Te K& KPUBBIE, UTO 1 MTPUBEIEHHBIE Ha pUC. 6,
a 3HAUYUT MOJTYYUTh T€ XK€ 3HAYEHUS P,,;,,, KOTOPbIE
npuBeaeHbl BTab. 2. OqHAaKO Terepb OHU COOTBET-
CTBYIOT MEHbIIIEMY YTJIy MEXIY OCSIMU CBETOBOJIOB
(60°, a He 90°), uTO, GE3YCIOBHO, OOJIee YIOOHO ITPU
MPaKTUUECKOM pearn3aliii MaJorabapuTHOTO YyB-
CTBUTEILHOTO 3JIeMeHTa MUKpodoHa. Kpome Toro,
MO2KHO MCI0J1b30BaTh MaJIble 3HAYEHHSI X HA y4acT-
Kax 2'mepeaaToyHbIX XapakTepucTuk. [Tosatomy st
JNAHHOTO MPUMEPA PACCMOTPUM AOTIOJTHUTENbHBIN
Habop padounx Touek: X, = 10; 20; 30 1 40 mxm (110-
Ka3aHbl Ha puc. 6 caeBa OT BEPTUKAIbHOM IMyHK-
TUPHOW JINHUN), @ PE3YJIBTATBI PACUETA P, i, [UIST ITUX
TOYEK TPUBEACHbBI B Ta0a. 2. AHAIU3 Pe3yJbTaTOB
MOKAa3bIBAET, YTO IS 3TUX YUACTKOB MepeaaTOUHbBIX
XapaKTEePUCTUK YBEJIMUCHHUE X, CYLLIECTBEHHO YXYII -
11aeT pa3peliatolyo COCOOHOCTD (YBEIMUUBAET-
ca k u cHuxaerca K,). B uenom ais aToro ciyyas
TOJTy4YaOTCs] MEHBLLME 3HAUEHMUS Py, XOTSI HA ITPAK-

TUKE YCTAaHABJIMBATb BOJOKHA Ha paccTosiHuu 10 —
40 MKM OT MEMOpPaHbI C BLICOKOI TOYHOCTbIO TPY/ -
Hee, yeM Ha paccTosiHum 100 — 200 MKM ¢ MEHBILLIM -
MU TPeOOBAHUSIMU K TOUHOCTU FOCTUPOBKU.

Takum oOpaszom, B pe3yabTaTe MPUBEICHHOIO
aHaju3a IoJlydeHa MaTeMaTh4ecKasli MOIEe/b, OIK-
ChIBalOILIAs MePeIaTOUHYIO XapaKTEPUCTUKY aMTUIU -
TYAHOTO BOJOKOHHO-ONTUYECKOIO aKyCTUYECKOIO
MpeodpaszoBaTesisi ¢ CUMMETPUYHOM ABYXBOJIOKOHHOM
KOHCTPYKIIMEH UyBCTBUTEJILHOTO 3JIEMEHTA U [I03BO-
JISIIo1IAasT OLIEHMBATh XapaKTepUCTUKY matdynka. Ha
OCHOBE aHa/11M3a IIPUMEPOB PACCUMTAHHBIX XapaKTe-
PUCTHUK BBISIBJIEHBI 0COOCHHOCTHU pa3INYHBIX BApU -
AHTOB BEIOOpA paboyeil TOUKM Ha IMepeIaTOIHOM Xa-
PaKTepUCTUKE NMpeodpa3oBaTes.

Pesynbrarsl mO3BOISIIOT 00O0CHOBAHHO MTPOEKTH -
pOBaTh KOHCTPYKIIMIO BOJTOKOHHBIX aKyCTUYECKUX
JAaTYMKOB PACCMOTPEHHOTO TUIIA ¥ OLICHUBATD OXKW/1a-
€Mble XapaKTepUCTHUKH pa3pabaTbiBaEMOTO TaTUMKA.
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PUBNYECKASA SJIEKTPOHUKA

N.A. MapuyuHoGBckuti

AAANTAUUA ANTOPUTMOB BOCCTAHOBJIEHUA
SHEPTETUYECKOIO CINEKTPA
MO 3KCNEPUMEHTAJIbHbIM IAHHbIM
SNEKTPOCTATUYECKUX DHEPTOAHAJIU3ATOPOB

B umeanbHOM ciydae 3JeKTPOCTATUYECKMI
9HEProaHaIn3aTop J0JKEH OCYIIECTBISTh BEICOKO-
KavyeCTBeHHYIO (POKYCHUPOBKY ITyuKa YaCTHII, a TAK-
ke 00J1agaTh BbICOKOW aucriepcueit. OmHako Ha
MpaKTUKe TaKre CUCTEMbI BCTpedatoTcs peako [1],
a X TMPOU3BOMICTBO ObIBAET COMPSIKEHO CO 3HAUU-
TeJIbHBIMU TPYAHOCTIMU. B padote [2] nznaraercs
TMOIXO, TTO3BOJISIIOLLNI TTOTyJaTh HAa TAKUX TTPpU00-
pax BEICOKOTOYHBIE CTIEKTPAIbHBIC PACTIPEACICHMS
0e3 yueTa cBoiicTBa (POKYCUPOBKU U OTPAaHUYUB-
LIMCh BBICOKOM aucrepcueii. CurHai, mocTynaro-
LW ¢ JeTeKTOpa, COAEPXKUT MHTErpaIbHbIC JaHHBIC
00 PHEPreTUYECKOM M YTJIOBOM CIIEKTPE UCTOUHM -
Ka. 3amaya BOCCTAaHOBJIEHHSI UCXOIHOTO CeKTpasb-
HOTO pacripeneieHUs eCTeCTBEHHBIM 00pa3oM CBO-
OUTCSl K pPellIeHNWI0 UHTErpaJibHOTO ypaBHEHUS,
OTHMCBIBAIOIIETO TOK YACTUIL, TOTIANAIOIINX Ha [e-
TekTop. OUeBUIHO, UYTO 3TO BhIpaxkKeHUE Pa3IuIHO
NI pa3HBIX TUTIOB dHeproaHann3aTopoB. Llenb
JaHHOU paboThHl — HAUTU ¥ ONMTUMU3UPOBATH UUC-
JIEHHBIE METOIBI PELICHUs] TAKUX MHTETPATbHBIX
YPaBHEHUIA.

PaccMoTpum aHamm3aTop TUIIA TTIOCKOTO 3€P-
Kaia. B cTaTtbe [2] Ob1TO TTOKAa3aHO, YTO TOK YACTUI]
Ha JETEKTOP OTPeNeseTCs BEIpakeHUEM

o, & (aU)

J(U)z.f _[f(a,a)dsdoc.

oy g (oU)

(1

31ech MHTepBAJl MHTETPUPOBAHUSA S0L=0l, — 0l —

YTOJI pacTBOpa My4yKa YaCcTUII, BbUIETAIOIINX U3 TO-

4e4yHOro UCTOYHMKA (puc. 1,a), €, €, — npeneb-

Hble 3HAUEHMS] SHEPTUid YacTull, Monaaarmnx Ha

IETeKTOP MPU 3aTaHHOM pa3HOCTH MOTeHIIMANOB U
MEXAY MJIaCTUHAMU aHAJIU3aTopa.

TunmuHast GyHKLIMS pacipeneaeHus YaCTUIL 10
yIJIaM U SHEPTUSIM YIOBIETBOPSIET YCIOBUIO

f(e.a)=p(e) a(a), 2
COrJIaCHO KOTOPOMY pacIipenesieHus 1Mo yrjiaM U
SHEPTUSIM He3aBUCUMBI. B 3TOM ci1yuae BeIpaxkeHue
(1) myTeMm 3aMeHbI IEpEMEHHBIX U BbIACTeHUS (DYH-
KUK KTIpUBOAUTCS K BULY

i)
I(r)= [K(=p)p(e’)ePap, @)
By

rne e=eP, U=¢".

[TpaBast yacTh JAHHOTO YpaBHEHUS TTPEICTABIS -
€T co00i1 CBEPTKY (PYHKILIMY pacIIpeaeaeHUST YACTUILL
¢ aapom K (y—P), onpenensiomum cneunduky
aHaJM3UpYlolei cucTeMbl. HaxoxneHne Hen3Be-
CTHOM (DyHKIIMY p (IEKOHBOJIIOLIMS) — ILIUPOKO pac-
MpOCTpaHeHHas 3aiaya, i1 KOTOpOoit pa3paboTaHo
0OJIBIIIOE YKCIIO PA3HOOOPA3HBIX METOIOB PEILICHMSI.
Huxe paccmaTpuBaroTCsl HEKOTOPBIE U3 HUX.

AJIrOpUTMBI 1€ KOHBOJIIOIMH

PeluieHre nHTErpaibHBIX ypaBHEHU I OTHOCUT-
Csl K 00J1aCTU HEKOPPEKTHBIX 3a[1a4, YTO OMpeneisi-
eT celn(UKY TPUMEHSIEMBIX TSI 9TOTO UNCIECHHBIX
MeTon0B. J1J1s MOBbILLIEHUS TOYHOCTH pelLlIeH s 1ie-
J1ec000pa3HO MCIOAb30BaTh AITPUOPU BCIO UMEIO-
11ytocst “tH(MopMalLuio 00 MCKOMOM (DYHKLIMU U IpY-
TUX OCOOEHHOCTSIX 3a4a4l. B JaHHOM citydyae BaskHO
MPEeATNoNIOXKEeHNE O TOM, YTO MCKoMast (yHKIIUS pac-
npeneseHus] HeOTpULaTeIbHa.

Metoa kBaapatyp. fABiasieTcs mnpocTeiiinum
¥ HanboJiee N3BECTHBIM CITOCOOOM pellieHUsT UHTeT-
paJIbHbIX YPAaBHEHUI — B TOM YMCJIe TUIA CBEPT-
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Puc. 1. PaccMoTpeHHBIE CXeMBI aHAJIU3aTOPOB:
a — TUMa TJI0CKOe 3epKajo, 6 — chepruueckoro TUma:

1 — my4JoK JacTHIl; 2 — TOJIOKeHHUe AeTeKTopa; 3 — IUIAaCTUHBI aHAIM3aTopa; 4 — IOJO0XEHMe UCTOUHMKA;
0L — YroJi BbUIETA YaCTHIL, OOt — PACTBOP IYUKA; X, Xy, I'|, I, — KOOPAUHATBI AeTeKTOPa; /1y, hy, h3, Ry, Ry —

T€OMETPUUYCCKUE BCIMYMHDBI, KOTOPBLIC OIPCACIIAIOT ITOJOXKEHUEC MCTOYHHMKA, JACTCKTOpPA M SJICKTPOIOB

KM, — OJHAKO HE BCeraa JaeT JIydLIUi pe3ysibraT
[3, 4]. CyTb MeTOOA CBOAUTCS K 3aME€HE MHTETpaJIa
B MHTETPAJbHOM YPaBHEHUU KOHEUHO-PA3HOCTHOM
CYMMOI Ha OTPE3KE NHTErPUPOBAHUS:

By
J(vi)= [K (v, —B)P(eﬁ)eﬁdﬁaJ,. -
By

m
:ZK,]I’/AB: i=l+n, j=l+m, (4)
Jj=1

IIe 7 — YUCJIO OTCUYETOB, M — YUCIO MHTEPBATIOB
pa3dueHust OTpe3Ka MHTEerpupoBaHus, Ay — 1ar
IVCKPETU3AIIUN.

B 3TOM citygae BMECTO MHTETPaIbHOTO YpaBHE-
HUS MOJYYAETCSI CUCTEMA JIMHEMHbBIX YPABHEHUM,
KOTOpas pelaeTcsi OMHUM 13 UTepallMOHHBIX METO-
TIOB.

Ecnu Hen3BecTHas (GyHKIINS OBICTPO MEHSIETCS
B 00J1aCTH MTHTETPUPOBAHUSI VI UMEET IPYTHE 0CO-
OeHHOCTU (HaIIpuMep U3JI0MbI ), pellIeHUE YpaBHe-
HUS METOIOM KBaapaTyp OyIeT UMETh CyIIeCTBeH-
HYIO TOTpelTHOCTh. CTIeKTpaibHbIE pacTipeaeieHUs
garie BCEero M BBIPAXKAIOTCS TAKUMU (PYHKIIUSIMU,
MO3TOMY KOHEYHO-Pa3HOCTHBI CITOCOO He SIBISIET-
CSI OTITUMAJTBHBIM.

MeTton kouokammii. [IpyMeHeHre ykazaHHOTO
MeToma TSl pelieHUs] MHTeTPabHBIX YpaBHEHUM
®penarosbma MepBOro poia paccMaTpPUBAETCs B pa-
6orax [5, 6]. Meron, KaKk MpaBuio, 00ecredynBaeT
BOCCTaHOBJIEHWE HEM3BECTHOW (DYHKLIWU IJIST TeX
ciyJaeB, KOTAa SIAPO HEMPEPBIBHO, OMHAKO OH HE
YUMTBIBAET crieundUKY siipa ypaBHeHuUs (3) u ar-
PUOPHYIO HEOTPULIATETbHOCTD PEIIICHUS.

Anroputm Tlonma. B pabdorte [7] moapoGHO omnu-
CaH ONTUMU3UPOBAHHBI AITOPUTM IEKOHBOJTIOLINN
Tonga (Gold), KOTOpBIii SIBSIETCSI PA3HOBUIHOCTBIO
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anroputma Ban-Ilutrepa (Van Cittert) [8]. OH oT-
HOCUTCS K KJIACCY UTEPALIMOHHBIX METOIOB, U €CJIU
B KaueCcTBE HAYaJIbHOTO NPUOIMXKEHUS B3ITh BEK-
TOP, BCE 2JEMEHTHI KOTOPOTO MOJIOKUTEIbHBI, TO
1 OKOHYATE/IbHOE pelleHre OyaeT HeOTPULIATEb-
HBIM. DTO CBOMCTBO AEIAET €r0 YIOOHBIM IS BOC-
CTAHOBJIEHUSI CIIEKTPAJIbHBIX pacripeaeneHuii. Om-
TUMU3ALNI METOa OCHOBBIBAETCS HA IPUMEHEHU U
obicTporo npeodbpaszoBaHust Pypoe.

Pewerne Ha (k +1) -M 1are uMKIa nTepaumit
MOJIyUaeTCd CAEAYIOLINM 00pa3oM:

p(k+1) :(Zp(k) )/d (5)

3nech p*’ — peleHue ypaBHeHus (3), MoOJydeH-
Hoe Ha k-Mare, z=K' KJ, d = KTKp(k) .

Meton JIrocu — Puyapacona (Lucy — Richard-
son). JlaHHBIT METOI OCHOBBIBAETCS HA CTATUCTH -
4eCKOM TOIX0IE, TPU KOTOPOM OTBICKMBAETCS Hau -
0oJjiee BepOSATHOE NPUOIMXKEHUE HEU3BECTHOM
(byHK1IMY B CMBICJIE TOTO UM MHOTO CTAaTUCTUYEC-
KOTO pacrpeneaeHus:

J
poowl el o

(k)

pK

BoipaxkeHue B KBapaTHbIX CKOOKaX OTNpeaesisi-
€T U3MEHEHME BEKTOPA PELICHUS Ha ITOC/IeAY0LEM
11are Mo CpaBHEHUIO C MPEIbIAYIIAM.

Jlrocu B cBoeit padote [9], onyOJIMKOBaHHOM
B 1974 rony, nokasaii, 4To pellieHue ypaBHEHMSI TUIIA
CBEPTKU, MOJydeHHOE JaHHBIM CITOCOOOM, TTOJTyva-
eTcsl HeoTpulaTeabHbIM. K HegocTaTkaM MeTona
MOXHO OTHECTU MOSIBJIEHUE B pellieHU apTedak-
TOB, CBSI3aHHBIX C IIIyMaMW BO BXOIHBIX JaHHbIX.
MoauduurpoBaHHbIE AITOPUTMbI, MPENIOXKEHHbIE,
Hamnpumep, B padorax [10, 11], yacTuuHoO peliaroT
3Ty MPOOIIEMY, TOCKOJIbKY BKJTIOUAIOT JOMOJTHUTEb-



dusnuyeckas 3J'IEKTpOHMKa>

HYIO peryJsipu3aluio 3a1a4yu, OrpaHM4uBaIoLLyIO
00J1aCTh TOMCKA PEILIEHMUSI.

YucieHHbI SKCIEPUMEHT

Boccranosienue cieKTpa, He COePIKANIEro Imy-
MOB. B paMkax 4KMCIeHHOTO 3KCTepuMeHTa sl
MoJeseli aHaIM3aTOPOB THUIIA TUIOCKOE 3epKajio
u chepuueckoro nedaeKTopa Mporu3BOAUTCS BOCCTA-
HOBJIeHUE (DYHKITMM pacIipenesieHHs YaCTHII 1O YTJIaM
U SHEPTHSIM Ha OCHOBE HAbOpa UMCIECHHbBIX JAHHBIX,
conepXKaIrx 3Ha4YeHUs TOKA YaCTHII Ha IETEKTOpE TIPY
Pa3HO BeJIMUMHE MOTEHIUANA, TPUIOXKEHHOTO MEX-
ny anekTpomamu. [IpocTora aHaaM3aTOPOB BEIOPAH -
HBIX HAMU ABYX TUTIOB MO3BOJISIET MOJy4yaTh aHAIU-
TUYECKME BBIPAXEHUS IJIsI TOKOB, YTO OOJerdyaeT
MPOBEPKY PE3YJIBTATOB U OLIEHKY TOUHOCTU OTpeie-
JieHus crieKTpoB. Habop naHHBIX, comepKallnii TOK,
MOJEIUPYETCS MyTEM TTPSIMOTO YUCJICHHOTO MHTET-
pupoBaHus BeipaxkeHusi (1). Beibop ¢pyHkLMM pac-
npeneaeHus flo, €) 6a3upyeTcsi HA TOM, YTO TUTTAY-
HBII 3JI€KTPOHHBIM COEKTP MPeacTaBaseT cOO0M
HaOOp MUKOB rayccoBa TUTA, UMEIOLINX PA3TUYHOE
MMOJIOXKEeHME Ha dHepreTuyeckoii mkane. [Toatomy

B KaueCTBe MOIEJbHON (PYHKIIMU pacnpeneieHus
WCTIOJIB3YETCS KPUBAS — CYTIEPIIO3ULINS TAYCCOBBIX
pacrnpenesieHu:

2

p(e)=k exp|— I
G
2
a, —¢
+kyexp| —| =2 , (7)
)

rae k; , ky, @, a,, 6;, G, — MapaMeTPbl MOMIETb-
HOM (PyHKIUMN.

Takoi1 Bua pyHKLIMY y100EH TEM, YTO I103BOJISI-
€T JIETKO BapbUPOBATh IIUPUHY W BBICOTY TTUKOB,
a TaKKe PACCTOSTHUE MEXIY HUMM C TIOMOLIBIO MO -
TOHOYHBIX TapaMeTpoB. 3aech (PYHKIIMS pacipee-
JieHus p(e) = const (o), T. €. UICTOYHUK U3Jy4aeT ya-
CTUIIBI OMMHAKOBO 1O BCEM HATIPaBICHUSIM.

I1pu BoccTaHOBIEeHUU (DYHKIIUM pacTipenese-
HUS UICTOYHMKA UCTTIOIb30BaJICsl HA0Op MapaMeTpoB,
npeacTaBieHHbIX B Tabauue. Yucio Touek (oTcue-
TOB) x pa3IMUHO 11t anropuTt™MoB losna u Jlrocu —
Puuapnacona, octajbHbIE TapaMeTpbl OIMHAKOBBI.

HapameTpLI MoJesieil 1 MOAeJbHBIX q)yHKIII/lﬁ pacnpeneeHusd 1Jjd 3JIEeKTPOCTATHICCKUX aHA/IU3aTOPOB

3HavyeHue Uil MOJIEN
TTapameTp
IInockoe 3epkano | Cdepuueckuii aHanu3aTop
Y11CI10 TOUEK 71 2000/1000"
KomuuecTo uteparmii i 1,0-10°
MuHMMaNbHBIH Yros BbUIETA O, /2
MakcuManbHblIii yron BbUIETa o, 0,55 117/20
KoopauHatel IeTeKTopa
X, 1,006 —
X, 1,007 —
r 0,21
r, 0,22
3apsiI 9acTHLBI ¢ 1,6:10"
T'eomeTpruueckue mapamMeTpbl
h,+h, —
R, 0,2
R, 0,22
[Norenunan U, 1,0-10°
ITapameTpbl Moaenu GYHKIIMY pacTipeneeHust
TTonoxeHue T1Ka a, 0,3825 2,73-10°
IMonoxeHue nuka a, 0,3831 2,78-10°
Ammuutyja k, 1,0
Ammuutypa k, 0,4
Jlucnepens 6, = o, 1,0-107 1,0-107

[Ipumeuanue. D [lepBoe 3HaueHMe UCIOB30BaHO ISt anropurma losaa, Bropoe — mist merona Jlrocu — Puuapicona.
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Puc. 2. Tlpumepbl BOCCTAHOBJICHUST SHEPTETUUECKUX CTMIEKTPOB C TTOMOIIbIO aaroput™moB lonna (a, 8)
M OLIEHKA pa3peliarolieil crnocooHOoCT MeToaa (0, 6) IpU MAKCUMaJIbHO OJIM3KOM PACIOIOXEHUU
NIBYX TIMKOB JJISI UX pa3pelieHus: 6 — 0e3 MareMaTu4ieckoit o00paboTKu, 8 — mocje NeKOHBOJIOINYN

1 — 3aBUCUMOCTH HOPMHMPOBAHHOTO TOKa AETEKTOPa OT PA3HOCTU MOTEHIIMATOB MEXIY IIACTUHAMYU aHAIM3aTopa;
KpUBble 2 — MOIEJbHbIE CIEKTPhI P(€), TOUKU — BOCCTAHOBJICHHBIC PACHPENEICHUS] YACTUIL IO DHEPTUSIM

Ha puc. 2,a ipeacTaBiieHBI MOIETUPYEMBIN TOK
YacTULL Ha IETeKTOp (3[eCh U Aajee TOK HOPMUPO-
BaH), a TaKXe MOIEJbHbI U BOCCTAHOBJIEHHBIN
cneKTphl. B MCX0QHOM M BOCCTAHOBJIEHHOM CITEKT-
pax UMEIOTCSI ABa ITKa Pa3HOU BEICOThI, B TO BpEMsI

KaK B MCXOOHOM TOKe — TOJbKO onuH. CremoBa-

TeJIbHO, MaTeMaThuyeckas o0paboTKa mo3Boyuiia
M3BJI€Yb U3 UCXOIHOTIO TOKA JOIOJHUTEIbHYIO MH-
(dopmaLmIo 0 CTPYKTYpe IMKa, T. €. bs1arogapst 00-
paboTKe 3HAaUYUTEJIbHO ITOBBICUIACH Pa3peliaoias
CITOCOOHOCTH NMpubopa. MakcuMalbHOE OTKJIOHE -
HUE p 4 BOCCTAHOBJIEHHO# (DYHKLINU OT MOIETbHOIA

He MpeBbIlIaeT 3HaueHus 7,0 - 1073,

Ha puc. 2,06 u ¢ TpeACTaBI€HbBI TOKU U CIIEKTPHI,
COOTBETCTBYIOILIME IBYM TIpeaebHbIM ClydasiM
B OTHOLIEHU Y pa3pellieHUs] MMKOB Ha MOJYBbICOTE.
B mepBoM ciyyae MMKM PacTOTOXKEHB MaKCH-
MaJIbHO OJIM3KO IS UX pa3peleHus 0e3 MaTema-

TUYECKOI 00pabOTKM C COOTBETCTBYIOIIMMU Ta-

pamerpamu pynkuuu (7) a; = 0,3825; a,=0,3839;
Ag; =0,0014 . Bo BTOpPOM — MakCUMMaabHO OJIM3KO

=0,3825, a,=0,38274, Ae, =0,00024 . TaxuM 06-

pas3oMm, 151 JTaHHOM KOH(UTYpallui 3HepTroaHalIu -
3aTOpa MOBBILICHUE pa3pellaroueil CmoCOOHOCTU
cocTaBfsieT Ag [Ae, =5,83 . Bennuuna Ag, /Ae, 3a-
BUCUT HEMOCPEACTBEHHO OT BEJIMUMH LLIMPUHbBI BXO/I -
HOW U BBIXOAHO 1eneil. B peanbHbiX mpubdopax,
B 3aBUCUMOCTHM OT KOHKPETHBIX TEXHMUYECKUX Xa-
PaKTEePUCTUK CUCTEMBI 1 OCOOEHHOCTE CHUMAeMO-
IO CIIEKTPa, MOBBILIEHKE Pa3pelIatonieii crrocooHo-
CTU MOXET ObITb 00Jie€ 3HAUUTEIbHBIM.
BoccTaHoBieHe CieKTpa, CoAepkKauIero myMsl.
OO6uMM NpUHUKMIIOM PaboThl BCEX DHEProaHaIn3a-
TOPOB SIBIISIETCS AETEKTUPOBAHME MOTOKA 3apsIKEeH -
HBIX YaCTHII ITOCJIE X TPOJIeTa B AJEKTPOMArHUT-
HbIX ToJisiX. [locTymaroliuii ¢ neTeKTopa CUrHail
YCUJIMBAETCS Y MOIBEPraeTcs Apyroil oopadoTke;
Takasi COBOKYMHOCTb BO3AEHCTBUI BHOCUT JOTOJI-
HUTEJIbHBIE TTYMBI, ICTOYHUKOM KOTOPBIX MOTYT
OBITh, HAMPUMED, UCTOJIb3yeMbIe 3JIEMEHThI DJIEKT-
puueckux Leneii. Takum 00pa3zom, KpoMe MoJIe3HOM
WHGOPMALIMK O CIIEKTPE pe3YAbTUPYIOLIUI CUTHAI
CONEpKUT U (DOHOBBIC COCTABISIONINE, BHIOPOCHI

4151 X pa3pelleHus MOoCae NICKOHBOMIOUUN: a) =
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U T. n. HyMbl TEM MY UHBIM CIIOCOOOM (PUIBTPY-
IOTCS1 MU OTOPACBHIBAIOTCSI, HO TEM HE MEHEE BCE paB-
HO MPUCYTCTBYIOT. I3BECTHO, YTO TOUHOCTD pelie-
HUSI 00paTHBIX 3a1a4 3HAUYUTEJIbHO 3aBUCUT OT
MOTPEIIHOCTE N MCXOMHBIX TaHHBIX, TTOATOMY BOTI-
POC YCTOMUMBOCTH K IIIYMY TTPU BOCCTAHOBJIEHUU
CHEeKTpa SIBJSETCS CyllecTBeHHbIM. [Ipobiema o1-
JIeJleHUsl cMrHajia oT ¢poHa JOCTATOUHO XOPOIIOo
penraeTcs, KOHKPETHbIE METOIbI ONTMCAHbBI, HATTPH -
Mep, BcTaThe [12], MOBTOMY MBI COCPENOTOUNMCS
Ha 3aBUCHMMOCTHM KauyecTBa BOCCTAHOBJICHUS OT
ypoOBHsI 11yma. {715 ee nccienoBaHUs K MOAEIbHO-
MY TOKY, ITOJYYEHHOMY ITyTeM MHTErpUpPOBaHUS
BoIpaxXeHwus (1), Mbl OyaeM 100aBSITh CTEHEPUPO-
BaHHBII OBl LIyM, TOCTIE YeT0 UCTIOIb30BaTh 9TU
JaHHbIE 1711 BOCCTAHOBJIEHUST (DYHKIIMU pacmpe-
JeNeHUs YACTHLL.

B ony0aukoBaHHBIX paboTax, Hampumep [13,
14], ucronp3yloTcsl pa3IuyHble MOJEIU CUTHAA,
MOCTYIAIOLIEro C IeTeKTOpa Macc-CIeKTpoMeTpa
J1100 pHEeproaHaau3aropa. B ooiiem Buae PyHKLIMIO
CHUTHaJIa MOXHO MPEACTaBUTh KaK

a)

JW)=BU)+ NSWU)+n, 8)
rae B — MenjieHHO MeHsIoLuMiics (DOHOBBIN CUT-
HaJl, S — cOOCTBEHHO CIIEKTP ¢ KO3 uLmeHTOM
MPOIOPLIMOHAILHOCTU NV, 3aBUCSLLIUM OT KO3 dU-
LIMeHTa YCUJIEHUS HeTeKTopa, N — OeJbIil TITyM.
B manHOI1 paboTe B KauecTBe MOIEN CUTHAJIA Ha
JIETEKTOPE UCTTONb3yeTCs (DYHKIINS BUIA

JWU)=NSWU)+n. ©)]
Pe3ynbraThl BOCCTAHOBIEHUST SHEPTETUUECKO-
TO CTIEKTpa Ha OCHOBE COOTBETCTBYIOIINX BXOIHBIX
TAHHBIX, COMEPXKAIINX IIYMBI, TIPEACTaBIEeHBI Ha
puc. 3. 3aBUCUMOCTb MaKCUMaJIbHOM TTOrPeIIHOC-
TH BOCCTAHOBJIEHMS OT HOMEPA UTEPALTUH TTPU aMTI-
JauTyae Oeoro wyma ny = 1,0-107 mpusenena Ha
puc. 3,a. BHauane morpeHoCcTb yMEHbIIACTCS K-
CIIOHEHLIMAIBHO, 3aT€M ATOT IPOLIECC 3aMEIsIeT-
Cs1, YTO YACTO HADJIIOMACTCS MPU PEIIEHUM HEKOP-
PEKTHBIX 3a1ay.
Ha puc. 3,6 npencraBjiieHbl 3aBUCUMOCTH TOU-
HOCTH BOCCTAHOBJIEHUSI CTIEKTPA UICTOYHMKA OT aM-
TUTATYIBI ITyMa BO BXOIHBIX TaHHBIX. BoccTaHoB-

0,37 0)
| 3
"-.'rl*/ q
1
g 0,21 £ns !
[=] 1
I % }I'I
3 1
[al} {IE..I Illi-_)'
£ o1 = ;
4 | -2
S S N = /]
J | A
0.0 | | 00— i *’—fj:-'
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Sncpran, Oacx1 0™

Puc. 3. IIpoueaypa BOCCTAHOBJICHUSI SHEPreTUUYECKOIO CIIEKTpa
Ha OCHOBE BXOJIHBIX JAHHBIX, COMEPKAIINX IITYMbI; 3aBUCUMOCTA MaKCUMaJIbHOM TTOTPEITHOCTH
BOCCTAHOBJICHMSI OT KOJIMYECTBA UTepaLluii (a) U OT aMIUIMTY/bl LIyMOB (0).

PaccMOTpeHbl MOIEIN 3HEeProaHaaIu3aTopoB: IUIOCKOTO 3epKaia (/,3) u chepuueckoro (2, 4);
anroput™Mbl Tonma (7 ,2) u Jliocu — PuvapacoHa (3, 4); 6 — BOCCTAHOBIIEHHBIN CITEKTp ¢ apTedakTaMu,
TIOSIBJIEHNE KOTOPBIX CBS3aHO C LIyMaM¥ BO BXOIHBIX JaHHBIX; 1, = 1,0-103
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JIEHWE TIPOBOIMIOCH TIPU TTOMOIIN KIaCCUIeCKOM
peanu3auuu merona Jlrocu — PuyapacoHa u metona
Tonpa. BugHo, 4TO MpM OOMHAKOBBIX YCJIOBUSIX
(32 ICKJTIOUEHMEM UKMCJIa TOUEK PAa30MEeHMSI MHTePBa-
Jla MHTETpUPOBaHMs ) MeTox [0J11a TTO3BOJISET TTOITY-
YUTH 00JIee TOUHBIE Pe3yIbTaThl BOCCTAHOBIICHMS.
B 1o e Bpems 06a MeTona arot p 4, >10% mpu ypos-
He myma 1, >0,1% . D10 CBA3aHO C OTCYTCTBUEM
B HUX pETYISPU3aLIH, B TOM YHCJIE YCIIOBHSI, 00ec-
MeYMBAIOLLETO M1ankocThb peteHus. Ha puc. 3,6 pu-
BEJ€H SHEPTreTUYECKUI CIIEKTP, BOCCTAHOBJIEHHbI
merozom Tonma npu 1, =1,0-107 . BuaHo, uro pe-
LLIEHUE UMeET Pe3KKe BBIOPOCHI, KOTOPBIE 3HAUNTEb-
HO yXYAIIAIOT TOYHOCTb. B TO Xe Bpems1 00a nuka
MO-TIPEKHEMY OKa3bIBAIOTCS pa3pelieHHbIMU. J1jist
TOBBILIEHUS] TOYHOCTHA BOCCTAHOBIEHUS (DYHKLIUM
pacTipeaeIeHNsT MOKHO MCTIOb30BaTh alTOPUTMBI
JEKOHBOJTIOLINH, 6a3upylolIyecs Ha MeToze Jltoch —
Puuapncona, HO comepKaline TakKe 2JIeMeHTHI pe-
ryaspuzaunu. Hanpumep, B padote [13] paccmat-
puBaeTcs MpuMeHeHue anroputma Jlrocu — Puyap-
IcoHa ¢ peryaspusanueit TuxonoBa — Mionnepa,
KOTOPBIIA TO3BOJISET MOTyYaTh 00Jiee TOUHOE pellie-
HUE B yCJIOBUSX 3aIIyMJIEHHOCTH BXOIHBIX JAHHBIX.

IIpoBeneHHbIC YMCIEHHBIE IKCTIEPUMEHTHI 110~
Kazaiu 3POEKTUBHOCTD IPEII0KEHHOIO METO1a
JUTS U3BJIEYEH NS JOTIOTHUTEIbHON nH(MOpMaLIUK U3
(byHKLIMY TOKOB, TTOJTy4aeMOi Ha IeTEKTOPE CTATH -

YECKMX IHEProaHaJIM3aTOPOB MPU Pa3IUUHBIX 3HA-
YEeHUSIX TOTEHLIMAJIOB MEX /1y ero riactuHaMmu. [pu
OIpeneJeHHBIX YCIOBUSX (MPpUeMIeMblii yPOBEHb
LIyMa BO BXOJHbBIX JAHHBIX) MOSIBJIEHUE HOBOI UH-
(bopmaLy MPUBOAUT K 3HAYNTETLHOMY TTOBBIIIIE-
HUI0 pa3peliatoliieit crrocoOHOCTH Mpudopa.

ViyuilieHue pa3pelaroieii CiocOOHOCTU J0C-
TUTAETCs 3a CYET MaTEMaTUUECKOTO pellieH s 3a1a-
YK BOCCTAHOBJIEHUS (DYHKIIMU pacTipeaeaeHUs ya-
ctul o Habopy TokoB. [1pu 3TOM paccmaTpuBaloTCs
KOHCTPYKTUBHBIE OCOOEHHOCTH ITprdopa (3Ta UH-
(bopmarust yuntsiBaeTcs B simpe K MHTErpaabHOTO
ypaBHeHus (3)).

TeopeTnuecku Mpu yMEHbLIEHWU LIMPUHBI
BXOAHOM M BBIXOAHOMU 1UEJIEN d3HEproaHajinu3aTropa
ero paspeliarliasi CmtocoOHOCTh OyIeT MOBBIIIATh-
s, OTHAKO Ha MTPaKTUKE 3TO COMPOBOXKAAETCS CHU-
>K€HUEM UHTeHCUBHOCTHU TTyyKa 3JIEKTPOHOB U, CO-
OTBETCTBEHHO, BO3pACTaHUEM LIIYMOB, CBSI3AHHbBIX
C B3aMMOJIeCTBUEM MyYKa U KpaeB 1weau. C aToi
TOUKH 3PEHUST METO/IbI, TO3BOJISIIOIIME YBEIUUUBATD
paspellaroryo CoCOOHOCTb BbICOKOIUCTIEPCUOH-
HbIX aHAJM3aTOPOB C BbICOKMM YPOBHEM CHTHasIa
U OTCYTCTBUEM (DOKYCUPOBKHU (LIUPOKHUE ILETU)
HMMEIOT BAXKHOE MTPAKTUIECKOe 3HAUeHUe. DTU Me-
TO/1bl OCOOEHHO IM0JIE3HbI [IJ151 CUCTEM HEpa3pylla-
FOLIETO KOHTPOJISI TPU OUY€HB C1a00M BO30YXXKIEHUN
00pa310B BHEITHUM UCTOYHUKOM.
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A.b. YemuHO0G6, B.H. lNempo6

MHBAPHbBIE CBOMCTBA NMOBEPXHOCTU KPUCTAJIJIA FeNi (110)
MO AAHHbIM CNMUH-NONIAPUSALLUOHHOM
3JIEKTPOHHOM OXXE-CNMEKTPOCKOMNUU

B npouecce noucka 3¢HeKTOB U MaTEpUaioB
IUTS CTTMHOBOM 9JIEKTPOHUKH BCe 001 TIOMY/ISIPHBI-
MU CTAHOBSITCSI MHOTOKOMITOHEHTHbIE MATHUTHbIE
cucteMbl. OCOOEHHO MHTEPECHBI MATEPUAJIBI, TIPO-
sapistomme peppoMarauTHbie (PM) u anTudeppo-
MarHuTHbIEe (ADM) CBOIICTBA, a TAKXKE BEILIECTRA,
B KOTOPbIX mporcxoasit nepexoibl ®M — AOM.

K HUM OTHOCSITCS CTUIaBBI Kejie3a M HUKES,
B KOTOPBIX IIPU Pa3IUYHbIX KOHLIEHTPALIUSIX KOM-
TTOHEHTOB HAOTIOMACTCSI PsII AHOMATBHBIX SIBIICHUIA,
B 4uCJie KOTOPbIX MUMEET MECTO UHBAPHBIN 2P PEKT.
OH COCTOUT B KpaifHe HU3KOM 3HaUeHUU K03 (pdu-
LIMEHTA TeIJIOBOIrO PACLIMPEHMSI B ONPEaeIEHHOM
IVaITa3oHe TeMIIepaTyp U MOXKET HaOTonaThCs TIpu
KoHueHTpauusix Hukenst 30—45 % [1]. Dror addexr
HETIOCPEeICTBEHHO CBSI3aH C SIBICHIEM MarHUTOCTPUK-
LIMU, KOTOPOE 3aKJIFOUAETCS B TOM, UTO IIPU U3MEHE-
HHW COCTOSTHUSI HAMAarHUYEHHOCTH TeJIa U3MEHSTIOTCST
ero oobeM U JIMHENHbIE pa3Mepbl. MarHUTOCTPUK-
LIMSI B JaHHOM CJTyJae MpaKTUIECKU TTOJTHOCTBIO KOM-
MEeHCUPYET TeIIOBOE paciuupeHue [1, 2].

B crimaBax kesie3a 1 HUKeJIsT 0COOBIM MHTEpec
MPEACTABISIET CBSI3b MEX/Y YIIOPSIIOYEHUEM aTO-
MOB B KPUCTAZTMUECKOMN pelIeTKe 1 MarHUTHBIM
ynopsiioueHueM. TeopeTruueckue McciesoBaHUsI
TOKa3ajii, YTO MHOTOUYMCIIEHHBIEC aHOMaJIbHBIE 3(b-
(bekTbl cBsI3aHbI C aHTU(PEPPOMATHUTHBIM YIIOPSI-
TOYEHHMEM COCENCTBYIOIINX aTOMOB B CITJTaBaX Ta-
Koro poaa [2].

Ilenab naHHO# pa®OThl — CO34aTh UHBAPHYIO
KOHLEHTPALIMIO 3JIEMEHTOB Ha TOBEPXHOCTU KPUC-
tayna FeNi;(110) u uccaenoBate MarHUTHBIE CBOM-

CTBa MTOBEPXHOCTHU MPU KOHIIEHTPALUSIX, OJIM3KUX
K UHBApHOM.

st uccaenoBaHUi UCTTOIb30BAIUCh METOIBI
CTIUH-TIOISIPU3ALIMOHHOM BTOPUUYHO-3JIEKTPOHHOM
cnexrpockonuu (CITBOC) u cnuH-nossipu3aiioH-
HO 251IeKTpOHHOI oke-crekTpockonuu (CTTD0C).

CnekrpoMeTp, Ha KOTOPOM MPOU3BOAWINCH U3-
MepeHUsl, ObLII CO3aH B JIA0OPAaTOPUU MOBEPXHOCT-
Horo marHetu3ma CIIGI'TIY. On cHabxeH cuctemoit
OTKa4KM, o0ecrneunBalonieit Bakyym 1o 10° 10 Topp.

Ha ¢uiaHuiax BakyyMHOI cUCTEMbI ObUIM CMOH-
TUPOBAHBI BJICKTPOHHAS TyI1lIKa, YCTPOUCTBO HaIlbl-
JICHUSI XKeJte3a, MOHHasI Iy1IKa sl OUMCTKY 00pa3La.
B cocTaB ycTaHOBKHU Take BXOAUJIW 9HEProaHa-
JIU3aTOp — ISl aHAIM3a BTOPUYHBIX 2JIEKTPOHOB
M0 BHEPTUU U AETEKTOP NoJsipusaniu Motra — st
aHaJIM3a BTOPUYHBIX 2JIEKTPOHOB IO HATIPaBIEHUIO
CrnuHa.

HerekTop MoTTa OTIMYaeTCs KOMOAKTHBIMU
pa3MepaMy U BBICOKOH 3(DGEKTUBHOCTBIO [3—6],
a DHeproaHaau3aTop ObLT CO3IaH IO IBYXITPOJIET-
HOI cXeMe crielralibHO 151 pabOThI C 1E€TEKTOPOM
Mortra [7]. Bonee moapo6HO cxema 1 padboTta ycra-
HOBKU OIIMCAHBI B CTaThe [8].

O6pasen npencrasiusn coooit kpucramn FeNis,
BBITTUJIEHHBIN B (popme pomba ¢ IJIMHON CTOPOHbI
30 mm. CtopoHbl pom0Oa ObUTM HaIlpaBJIeHbI TAK, YTO-
Obl HaMAarHMYMBAHUE MPOU3BOIUIOCH BIOJb OCU
[111] nerkoro HamarHuuMBaHus Kpuctaia. [1pu-
JIOXKEHUE MarHUTHOTO TMOJIS OCYLLIECTBIISIIU, TTPOITYC-
Kasl TOK Yepe3 HaBUTYIO Ha paMKy 00pa3siia Ciupab.
O0pa3zel 3aKperIsics B IEHTPe BAKYYMHOM Kame-
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Pbl HA MAHUITYJISITOPE, KOTOPbII [103BOJISLI IIEpEeMe-
11aTh 00pa3ell B TpeX HalpaBIeHUsIX 1 BpalllaTh €ro.

B akcrniepuMeHTax, CBSI3aHHBIX C MATHETU3MOM
MOBEPXHOCTHU, KpaliHe BaXKHA OYMCTKA TIOBEPXHO-
cTv obpas3ua. B Halmx onbITax AJis 3TOTO NUCMOJb-
30BaJIMCh OBTOPSIOLIMECS LIUKJIbI TPABJICHUS 110~
BEPXHOCTM MOHAMHU aproHa ¢ IOCJeAYILIUMU
nporpeBaMu. KOHTpOIb YMCTOTHI MOBEPXHOCTHU
MPOU3BOAMIICS C [IOMOILLBIO 0Ke-CIIEKTPOCKOIUU.
OuncTKa TPOM3BOAUIACH IO TEX ITOP, TTOKA B CIIEK-
Tpax He MPoNnafain XapakKTepHble MUKU 3arPSI3HU -
TeJieit oOpa3ua.

YCTpoICTBO 1Sl HAIbLIEH S XKeJle3a [PeacTaB-
JISLJIO COO0OM TOHKYIO KEpaMHYECKYI0 TPYOOUKY
C HaBUTOI Ha Hee BOJIb(PPaMOBOI1 CIIMPAaJIbIO HAKa-
na. [TocnenHsist Oblia 3aKperyieHa Ha IBYX MAaCCUB-
HbIX 2JIEKTPOJAX BaKyyMHoOro uiaHua. BHyrtpu ke-
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Puc. 1. lNetnu rucrepe3rca CIMHOBOM
MOJISIPU3aLUM BTOPUYHBIX DJIEKTPOHOB
¢ moBepxHocTH obOpasua FeNis(110)
Mpy Pa3jiMyHON TOJIIIMHE HAaMbIJIEH-
HOI1 MJIEHKU XeJie3a: @ — OUMIICHHbI
obpasen; 6,6 — okoso 0,5 m OGosee
OIHOTO MOHOCJIOS XeJie3a Ha TTOBEepX-
HOCTH COOTBETCTBEHHO
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paMMnYeCcKoii TpPyOOUYKM ObLI ITOMEIIEH OTPE30K XKe-
JIE3HOM MPOBOJIOKMU.

Kak KOHTpOo1b YMCTOTHI IIOBEPXHOCTU 00pasLia,
TaK ¥ KaIMOpOBKa yCTPONCTBA HATIBIJIEHUS TTPOU3-
BOJMJIMCH C IOMOLIBIO OKe-CIIEKTPOCKOIUU.

QKCHepHMeHTaJleBIe Pe3yJbTaThl 1 UX oﬁcy;meﬂne

N3MepuTeabHbIN LUK COCTOSIT U3 OUUCTKU
MOBEPXHOCTU, HAMbUIEHUS TIJIEHKH XeJie3a Ha MO~
BEPXHOCTb 00pa3lia U MOJAIpU3aLMOHHBIX U3ME-
peHui.

Ha nepBoM aTane paboTbl ObLIM MPOBEAEHbBI U3-
mepenust merogoM CIIBOC. U3mepsinach 3aBUCH-
MOCTb CTTMHOBOW MOJISIPU3ALIMU BTOPUYHBIX DJIEKT-
POHOB 00pa31a OT ero HAMarHMYeHHOCTH.

Ha puc. 1, a npencraBiieHa BeJIMYMHA TTOJISIPU-
3aLIMU BTOPUYHBIX DJIEKTPOHOB B 3aBUCUMOCTU OT
TOKa, TTPOTEKAIOIIIETO MO CIupaiu HaMarHU4Y1Ba-
Husl. [TogoOHbIE 3aBUCUMOCTY HAOTIOAAIMCH B LM -
POKOM IMara3oHe 3Hepruii, COOTBETCTBYIOLIMX MO-
JIOKEHUSIM MUKOB 3Keje3a U HuKensi. Ha KpuBbIx
TucTepe3rca He0OXOAUMO OTMETUTh HAJTUYUE TOPU -
30HTAJIbHBIX YUACTKOB, «KPbLIbEB» IIETIN U HEOOJIb-
1IY10 KOSPUUTUBHYIO CUITY.

HaxkonneHue »KCnepUMEHTANbHBIX JaHHbBIX
MPOBOAMJIOCH TyTEM MHOTOKPATHOTO CKAHMPOBAHUS
10 TOKaM HamarHuyuBaHus. [TosydyeHHas 3aBUCH -
MOCTb (cM. puc. 1, @) peacTaBiasieT COO0N TUMTNY -
HYIO METJTIO TUCTepe3Kca, BU KOTOPOIi XapaKTepeH
s peppoMarHUTHBIX MaTepuanoB. CTpelkaMu
yKa3aHbl HAMPaB/IeHUs UBMEHEHUSI TOKA U COOTBET-
CTBYIOILIASl €My BKCTepUMeHTalbHast KpuBas. Be-
JIMYMHA TOJISIPU3aLIMU B 5 % HaXOAUTCS B XOPOLLIEM
COTJIACUU C pe3yJbTaTaMU 3KCTIEPUMEHTOB APYTUX
uccaenoBareseit [9] no nossipusali BTOPUUYHbBIX
3JIEKTPOHOB T (peppOMArHUTHBIX MaTepuaios. U3
3HAUYEHUI TOKOB, CBSI3AHHBIX C MATHUTHBIM Mepe-
XOIOM, ObLIa ONpenesieHa KO3pLUUTUBHAS cuja H..
Ee 3nauenne coctaBmiio 0,8 D.

Ha puc. 1, 6 npencrasieHa KpuBasi TUCTEPE3U -
€a 1ocJie HaMbUIEHUSI HA TIOBEPXHOCTD IUIEHKU Xe-
Jie3a, COOTBETCTBYIOLLEH MOKPBITHIO TpUMepHO B 0,5
MOHOATOMHBIX CJ1081. VI3 aHa/I13a JaHHbBIX PUCYHKA
MOXHO CIeJIaTh CJICAYIOIINE 3aKTI0UEHUS:

BO-TIEPBBIX, IPOUCXOAUT YMEHbIICHUE 3HAUE-
HUS KOOPUMTUBHOM cuibl H,. Takoe yMeHbLIeHVE
MPY HAMbUIEHUU MATrHUTHBIX IJICHOK HAa MOBEPX-
HOCTb KPUCTAJLJIOB SIBJISIETCS] TOCTATOUHO TUTTUYHBIM
siBieHreM. OHO CBSI3aHO C BOBHUKHOBEHMEM 3HAa-
YUTEJbHO MAarHUTHOW aHU30TPOTIUU, HATTPaBJICH-
HOW BAOJIb TOBepXHOCTU oOpasia [10];



BO-BTOPbIX, HA «KPbLIbSIX» KPUBOM IMCTEPE3U -
ca TIpM TOKax HaMarHWYMBAHMS B AMAmna3oHe OT
—0,2 1o +0,2 A BO3HUKJIO €€ pacllieIIeH1ue, KOTO-
poe IeMOHCTPUPYET «aHOMaJIbHOE» TTOBEIeHHUE.
B oTinune oT «<HOpMaJIbHOTO» ructepesuca (Cm.
CTpeJIKU Ha puc. 1, a), HabmoaaeTCs «aHOMaJbHOE»
CHVXKEHUE MOIYJIsI TOJISIpU3aL UMY [IPU YMEHbILIEHU
MarHUTHOTO TOJISI. DTO TakKe MOKa3aHO CTpesTKa-
MU Ha puc. 1, 6.

HanbHeiiliee HanblieHWe Xenesa (puc. 1, 6)
MPUBOJIMIIO K MCUE3HOBEHUIO PACILICIIICHNS U ellie
0OJTbIIIEMY CHIDKEHHIO KOPIIMTUBHOM CHJTBI 00pa3-
11a, C OHOBPEMEHHbIM BO3pAaCTaHUEM IOJISIpU3aALUU
BTOPUYHBIX 3JIEKTPOHOB.

Jln1st 0OBbSICHEHUS TTOJIyUeHHOTO BUIa KPUBOM
JOTYCTUM, 4TO TOBEPXHOCTb KpucTaina FeNij,
C HaNbLIEHHOU Ha Hee IJIEHKOM XeJe3a AeMOHCTPU -
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Puc. 2. MonenbHOe TIpeacTaBiIeHIE
KPUBBIX THCTepe3nca, OOBICHSIO-
1ee «aHOMaJIbHOE» paclllerieHue:
cymMapHasi KpuBasi (a); UCXOIHbIC
KpUBBIE, COOTBETCTBYIOILINE OOBEMY
(6) ¥ TOBEPXHOCTHOW TUIEHKE (8)

dusnuyeckas 3J'IeKTpOHMKa>

pyeT ocoOble MArHUTHBIE CBOMCTBA 1, KAK CJIeICTBUE,
0oJ1ee CIIOXKHYIO METITIO TUCTepe3uca.

BBumy Toro, uto u3mMepeHHas ossspr3arys BTO-
PUYHBIX 3JIEKTPOHOB 00YCJIOBJIEHA 3JIEKTPOHAMH,
BBIXOASILIMMU HEMOCPEACTBEHHO C TTOBEPXHOCTH,
a TaKXe 13 IPUIMOBEPXHOCTHOM 001acTu (00beMa),
Ppe3yABTUPYIOLIAS TTONISIPU3aLIYsl OYIeT ONPEnesiTh-
¢sl CyMMapHbIM 3(pdekTom.

Ha puc. 2, a npencraBieHa Moneab, CXeMaTH-
YECKU COOTBETCTBYIOIIAS SKCTIEPUMEHTATEHBIM pe-
3yabratam. JlaHHast KpuBasi MOXKET ObITh ITOJydyeHa
KaK pe3yJbTaT CJI0XKEHUS IBYX KPUBBIX THCTEPE3U -
ca, npeAcTaBieHHbIX Ha puc. 2 0,6.

Takum oOpaszoMm, s oObsicHeHUs 3¢ deKTa
«@HOMAaJIbHOTO» pacIleIJIeHUsI HEOOXOAUMO Mpe-
TTOJIOXUThL HAJIWYWE Y TTIOBEPXHOCTU Crielnduye-
CKMX MArHUTHBIX (AaHTU()EPPOMATHUTHBIX) CBOMCTB.
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Puc. 3. CnuH-pa3pelieHHbIe O0Xe-CIIEKTPhI

niosepxHocTH FeNiy(110) mpu pasnuuHoit To-

[IMHEe HATbUIEHHOTO CJIOST JKeje3a: a — O4u-

LIEHHbIA obpa3seu, 6, 8 — okoJjio 0,5 MOHO-

CJosT M 3 MOHOCJIOEB XeJle3a Ha TIOBEPXHOCTH
COOTBETCTBEHHO;

I, 2— HaIrpaBJIC€HME CIIMHA JIEKTPOHA BBEPX U BHU3
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J11s1 IpOBEPKU 3TOM TMITOTE3bI ObLIM TTPOBEE -
Hbl usMepeHust Mmetogom CITOOC. TTpu aTom 3anu-
CBIBAJIMCh OXEe-CIEKTPHI C pa3pellieHueM MO Ha-
MPaBJICHUI0 CIWHA BTOPUUYHBIX 3JEKTPOHOB.
OTMeTuM, 4TO CITMHOBASI MOSIPU3ALIMS TPAAUIIMOH-
HO TMpeICTaBIsIach He Ha POM3BOIHOM OKe-CITeK-
TPOB, a HEMOCPEACTBEHHO Ha CieKTpax [8].

Ha puc. 3, a mokasaH crekTp NOBepXHOCTU 04U -
uieHHoro oopasua FeNi; ¢ BbluteHHbIM hoHOM. OH
BKJTIOYAET B ce0S IBe KPUBBIX, OTBEUAIOIINX Pa3-
HBIM HampaBeHUIM cimHa. Ha criekTpe oT4eTInBo
BUIHBI IBa ITMKa, KOTOPBIE OTBEYAIOT 3JIEKTPOHAM,
SMUTUPOBAHHBIM M3 aTOMOB XXeJjie3a U HUKes (TIpu
9Heprusix 42 u 57 5B cooTBeTcTBeHHO). OTHOIIIE-
HUE aMIUTUTY MTUKOB COCTaBsIeT MpUMepHo 1 : 3,
YTO XOPOIIIO COOTBETCTBYET (hOPMYITLHOMY OTTHCA-
HUI0 00pasua. Uk xene3a nojsspu3oBaH (KpuBbie
I v 2 He coBManaloT), B TO BpeMsl Kak MUK HUKEJIS
HUMeeT JUILb He3HAUUTEIbHYIO MO pU3alnio. 3To
CBUIETEIBCTBYET O OOJTbIIIEM MAaTHUTHOM MOMEHTE
aTOMOB XeJe3a B criase FeNis, BoTinune ot Tako-
BOTO TSI HUKEJIS.

HarmeieHue xene3a Ha TOMIMHY okoito 0,5 Mo-
Hocos (puc 3, 6) MPUBEJIO K TOSBACHUIO CYyIIe-
CTBEHHO! MOJSIpU3aLMK MUKA HUKEJs, TpUuYeM
C TIPOTUBOTIONIOKHBIM 3HAKOM OTHOCUTEJTLHO TTOJIS -
pu3alMy MUKa xene3a. B pe3ynbTare HanbLIeHUS
TaK>Ke BO3pOCIIa aMIUTATYIA KA JKeJle3a, HO €T To-
JISIPU3ALIMS TTPY 9TOM MTPAKTUIYECKU HE U3MEHWIIACD.

HanbHeiilliee HanblIeHUE Xenesa (puc. 3, 8)
TIPYBEJIO K NCYe3HOBEHU IO OTPULIATEIbHOM MOJISIPH -

3alMM MUKa HUKEJS, TOraa Kak aMILIMTyda MuKa
KeJse3a MpoaoJKaia pacTu.

ITprurHa TaKOro MOBEACHUS MMOBEPXHOCTHOM
HaMarHn4eHHocTH Kpuctayuia FeNi; coctout B u3-
MEHEHMU MMOBEPXHOCTHOI KOHLIEHTPALIMY XKee3a
W HUKEJIS TIPU HaTIbUICHU N XeJle3a Ha o0pasel —
y aTOMOB HUKEJISI TTOSIBISUTUCH IOTTOJTHUTETbHBIE CO-
cenu (aTOMBbI XXeJjie3a).

OueBuIHO, YTO MPY TOCTMXKEHUU OTIPEIeICHHOM
KOHLIEHTpallMu aTOMOB 3KeJjie3a Ha MOBEPXHOCTHU
MPOM3OLIES €€ TIepexoa B MHBAPHOE COCTOSTHUE.
W3 nutepaTypbl U3BECTHO, UTO MHBAPHBIE CIIJIABbI
MoryT 0biTh Kak DM-, Tak ADM-ynopsiio4e HHbIMU
[2]. Takum 00pa3oM, COTJIACHO MOJYUYEHHBIM 3KCIIe-
PUMEHTATbHBIM pe3yJIbTaTaM, TOBEpXHOCTHAsI Tope-
weTka Hukens s nosepxHocT FeNis(110)-Fe
ADPM-ynopsigoueHa OTHOCUTEIbHO 00beMa.

WTak, ncciaemoBaHe MAaTHUTHBIX CBOMCTB TTO-
BepxHocTH obpaszua FeNi;(110) metomamu CITOOC
u CITIBOC nipu HanbUIEHMU HA HEro xKeJie3a [oKa-
3aJ10, YTO MPH OTIpeIeICHHOM KOJIMYECTBE JXeJle3a Ha
TTOBEPXHOCTH BO3HUKAET «aHOMATbHOE» pacIierie-
HUe KPUBOI TUCTepe3nca MOISIpU3alliid BTOPUIHBIX
3EKTPOHOB 00pa3la.

JlaHHOE SIBJIEHME TIPOVCXOINT B PE3YJILTATe JOC-
TYDKEHMSI HA TOBEPXHOCTU KOHLIEHTPALIMY KOMITOHEH-
TOB, COOTBETCTBYIOILIEH MHBapHOMY Tiepexomy. [1pu
9TOM ITOBEPXHOCTHASI MOAPEIIeTKA aTOMOB HUKEJISI
JIEMOHCTPHUpPYET aHTU(hePPOMArHUTHOE YIIOPSIIOUCHIE
TI0 OTHOLLIEHUIO K 00beMy oOpasiia FeNi;(110).
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YOK 530.145

A.Jl. CaHuH, E.A. CeméHOB

CBOBOHDIE U CBA3AHHbIE KOJNEBAHUS S/JIEKTPOHA
B IBYMEPHOU KBAHTOBOM CUCTEME
C PACNPEAEJIEHHbIM NMOTEHLUMUAJIOM U JIAZEPHBIM UMIMY/IbCOM

CoBpeMeHHBIE TOYHBIC TEXHOJIOTUY 1 TEXHUKA
CBEPXKOPOTKMX JIA3€PHBIX UMITYJIbCOB C AJIUTE/b-
HOCTbIO B HECKOJIBKO AECSITKOB aTTOCEKYH OTKPbI-
BAalOT HOBbIE BO3MOXHOCTHU B UCCJIEIOBAHUM M-
HaMUKHU 3JI€KTPOHA B TBEPAOTEJIbHBIX CTPYKTYpaXx,
OTIEIbHBIX MOJIEKyJax U aroMax. CBepXKOPOTKUE
Jla3epHbIe UMITYJIbCHI MOTYT TIPUMEHSATBCS IS YII-
paBJieHUsl KOTePEHTHOM JMHAMUMKOM 2J1EKTPOHA Ha
€CTECTBEHHbBIX BDeMEHHbIX MaciiTadax [ 1], Bo30yx-
JIEHUST OCUUIIISITOPOB [2] ¥ B Apyrux Henasx. B atux
WU JPYTUX CTATbSIX UCIMOJb3YIOTCS pa3Hble KJIacCu-
yeckue (popMbl OIMCAHUSI UMITYJICOB U ITPOBOASITCSI
YHCAEHHbIE UCCIEA0BAHMS BO3AEHCTBYSI UMITYJIbCOB
Ha IBMKEHUE 3JIEKTPOHA. DTU UCCIeOBaHUS UMEIOT
(byHmameHTaTbHOE 3HAYEHWE TS PA3TUIHBIX TP -
JIOXKEHUI: B HAHO- U OIITORJIEKTPOHHOM ITPUOOPOCT-
pOEH1H, B pa3paboTKax CUCTEM Mnepeaadu mHGopmMa-
LIMY ¥ KBAHTOBBIX KOMITbIOTEpOB. OCOOBIi MHTEPEC
TTPOSIBIISIETCST K ABYMEPHBIM KBAHTOBBIM CICTEMAaM:
KBaHTOBBIM OCLIMJLJISITOPAM U BoJIHOBoaM. B HacTo-
s1ee BpeMsi UMeeTCsl MHOTO MyOJMKaluii Mo 3ToM
npobyieMe, OCHOBAaHHBIX Ha aHAJIM3e PellleHUil cTa-
uoHapHoro ypaBHeHus penunrepa. JIsymepHoe
HecTalLMoHapHoe ypaBHeHue L peauHrepa ajis yka-
3aHHBIX CUCTEM, TTO3BOJISIOLIEE MOJYYUTh IMHAMU-
YyecKre 3aKOHOMEPHOCTH, BCe ellie MeHee BOCTpebo-
BaHO. 31eCh MOXXHO OTMETUTh pabOTHI [3—06].

Llenb HaLIe#t pabOTHI — YMCIEHHOE MHTErPUPO-
BaHUE IBYMEPHOIO HECTALIMOHAPHOTO YPABHEHMUSI
lpeauHrepa, a TakKe aHATIN3 3BOTIOLIUN JUHAMU-
YECKUX TTePeMEHHBIX.

B HacTosi1Iel cTaThe MPeaCcTaBIeHbI Pe3yJibTa-
THI UCCJICTOBAHMS PA3TMIHBIX KBAHTOBBIX CUCTEM:

OCIMJLIISITOPA C IBYMsI CTENEHSIMU CBOOOIBI,
MEXIy KOTOPbIMU BO3MOKHA CBSI3b;

JIBYXbSIMHOT'O OCLIMJLJISITOPA, MTOTEHLIMA KOTO-
POTO 3aBUCUT TOJIbKO OT OJHO KOOPIAMHATHI; 1B -
JKEHUE BIOJIb IPYTOi KOOPIMHATHI MOXKET OBITh CBO-
OOIHBIM UJIM CBSI3aHHBIM C KOJEOAHUSIMU TaKOTO
OCLIMJLIISITOPA.

CBsI3b MEXIY CTETIEHSIMU CBOOO/IbI B MCCIIEAYE -
MBIX CUCTEMaX MOJIETUPYETCsI OTeHLIMATIOM CBSI3H,

MPOIOPLUMOHAIbHBIM TIPOU3BEICHUI0O KOOPAUHAT
JIBYMEPHOII cucTeMbl. JIazepHOE UMITYJIbCHOE BO3-
JIECTBUE OMpenesieTCs MOTEHLIMAaJIOM, KOTOPHIi
MNPONOPLUMUOHAJIEH OJHOM U3 KoopauHat. OHO uC-
MOJB3YeTCsI KaK CIoco0 YIpaBJIeHUsT JUHAMUKOM
3JIEKTPOHA.

JIBYXbSIMHBINM OCUMJUISITOP C TIOTEHLINAJIOM, 3a-
BUCSIIIMM OT OJHOI M3 KOOPAMHAT, 1 CBOOOIHBIM
JIBVKEHUEM BIOJIb IPYTOi MOXET pAaCCMaTPUBATh-
Csl KaK KBAaHTOBbII BOJIHOBOJ, C IBYyMsI KaHaJlaMU,
KOTOpPbIE€ MOTYT OBITh CBSI3aHBI IIPY TOMOIIU MeXa-
HMU3Ma AMHAMUYECKOro TyHHenupoBaHus. s pe-
LIE€HUS TIOCTABJICHHBIX 3a1a4 (POPMYJIUPYIOTCS Ha-
yajibHbIE YCJIOBUSI B BU/E rayCCOBBIX BOJHOBBIX
MaKeTOB, CPeIHNE 3HAYEHUSI KOOPAWHAT Y UMITYJTb-
COB KOTOPBIX MOT'YT OTJIMYATbCSI OT HYJIEBbIX.

Eciu nByMepHBIl OCHUIIATOP U30TPOIICH, TO
B KQUeCTBE HAYaJbHOIO YCAOBUS MIPUHUMAETCS OC-
HOBHOE (HEBBIPOXIEHHOE ) COCTOSTHUE AJICKTPOHA, KO-
TOPbIl MOABEPraeTcsl BO3AEHCTBUIO JIA3EPHOTO UM-
My/IbCca B HAYaJbHBIIE MOMEHT BpeMEHU. DTO Apyrast
(byHKLIMSI 1a3epHOrO UMILYJibCa, paccMaTpuBaeMast
Hioke. [paHnuHble yenoBus GOpMyIUPYIOTCS HA CTEH -
Kax pacCMaTpUBaeMOI CCTEMbI, KOTOPBIE SIBJISTIOTCS
HEMPOHULIAEMbIMU (CTEHKAMU BHELLTHEN SIMBbI ).

B otinuune oT KBAaHTOBBIX 3a7a4 HAa HEOTrPaHU-
YEeHHOM MHTEpBAaJe, 31eCh pacCMaTPUBaKOTCS Orpa-
HU4YeHHbIe cucTeMbl. [1pu onpeneneHHOM BbIOOpE
napaMeTPOB CUCTEMbI M aMIIUTYIbI KOJICOAHUI POJIb
CT€HOK MOXKET ObITh HECYLLIECTBEHHOI.

OcHoBHbIE ypaBHEHUS

Ypasuenne LLpeauHrepa 1151 BOITHOBOM (DYHKLIMN
B 0e3pa3MepHOM BUI€ MOXKET ObITh 3aIIMCAHO KaK

2 2
U L0 iy,
ot 2{ ax? 8y2
rae t, x, y, U— 6e3pazMepHbie BETMYMHBI BpEMEHHU,
KOOPIWHAT M TIOTEHIINajla, COOTBETCTBEHHO; [ —
MHUMas enuHULA. BorHOBasT PyHKIINS \ TAKKe SIB-
JsieTcss 0e3pa3MepHOid.
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st nepexona K 6e3pa3MepHbIM BeJIMYMHAM HC-
TMOJIB3YIOTCSl ATOMHBIE €IMHULIBI BDEMEHM 15, KOOP-
IMHATBL X5 = Vs , MOTeHumMana Uy , y KOTOPbIX Mac-
ca 9JIEKTPOHA 3aMeHSIeTCsI Ha (PP EKTUBHYIO Maccy
m * BTIOJyTPOBOAHMKE; HATIpuMep, 11 GaAs m * =
= 0,067m, Tne m — Macca CBOOOTHOTO 3JIeKTPOHA.
B atoM cityuae 75 = 3,61:107'% ¢, x; =7,985A.

BosmoxkeH BbIOOp Apyrux 0a3uMCHBIX €AUHMUII,
OTHOCUTEJIBbHO KOTOpbIX ypaBHeHUE (1) ocTaeTcs
uHBapuaHTHBIM. [lepexon K 6e3pa3zmMepHOil BOJHO-
BO# (DYHKIIMY MOXHO BBITTIOJTHUTh TTYTEM JeIEHUS

Ha Y5 = xsfl. st 6e3pa3MepHbIX MEPEMEHHbBIX YC-
JIOBME HOPMUPOBKU MMEET OObIYHbIM BUI;

[Jw*ydxdy =1, 2)
rae MUHTErpUPOBAHME IIPOBOIUTCS 110 BCEii U30paH-
HOI1 06J1acTU (TIPSIMOYTOJIbHUK WJIW KBAaapaT).

BonHoBas hyHKIIMS B HAUaIbHBIM MOMEHT Bpe-
MEHU MOXET ObITh 33/1aHA B BU/IE

v(x, y, 1 =0) =y, (x,y) . 3)

Hanee OyayT pacCMOTPEHBI pa3TuIHbIe (DOPMBI
Vo(x,y). Ha rpanuiie 061acTi WHTErpUPOBAHKS
U151 TI0O0TO MOMEHTA BpEMEHHU MBI TToJlaraeM
y(x,y,1)=0, 4

roe xQSxSxB,yQSySyB.

B ToMm cityuae, Korma moTeHLIMa SIBSIeTCS KBaI -
paTUYHOM (byHKLKME KOOPAMHAT, a AIBYMEPHbIIi OC-
LWJUISITOP — AHU30TPOMHBIM, MOXHO MPENCTABUTD
BUJ TTIOTEHLIMAJIA KAK

©)

Hapsiay ¢ aHM30TPOITHBIM MbI TPOBOAWIY aHA-
JIM3 U30TPOMHOIO OCLUMILIATOPA PU Q, = e st

Uzé(szx2 +Qy2y2),

a)

Uu-:l

g

tamm '-.- X
Tt g =
R [ 4

3TOro ciiyyasi rpapuk GyHkuuu (5) npuBeacH Ha
puc. 1 a. Ins ManbIx 4aCTOT HEOOXOAMMO B pacye-
Tax 6patb Q. ,Q y <<l B ToMm cnyyae, korna HeoO-
XOJIMMO MCCJIEI0BATD CBSI3b MEXKITY CTENEHSIMU CBO-
0onbl, B hopMyay (5) BBOAUTCS AOTIOTHUTEIBLHOE
cjaraeMoe

Uc =—axy, (6)
rae Koap@uuMeHT a XapakTepu3yeT MHTEHCUB-
HOCTB CBSI3H.

B knaccuueckom rpeaesie CBs3aHHbIE TMHEHbIS
KOJIeOaHsI XOPOIIIO N3YYEHBHI.

KBaHTOBas 3a1aua ¢ aHAIOTUYHBIMU MTapaMeT-
paMu TIpeICTaBIISIEeT KaK CaMOCTOSITEIbHBIN MHTe-
pec, TaK ¥ BO3MOXKHOCTb ITPOBEPKU IMPUHLIMIIA CO-
OTBETCTBUs. B cuiy ee TpOCTOTHI OHa MOXET
paccMaTpuBaThbCs Kak TeCTOBas MPpY U3y4eHUU 60-
Jiee CIOXHBIX TMHAMUYECKUX TmpolieccoB. [Tocme
M3YYEHMSI ITPOCTBIX TECTOBBIX TPUMEPOB MOXKHO I1e-
PEWTH K MCCIEIOBAHMIO CBI3aHHBIX OCHUJUISITOPOB
¢ 6oJsiee CIOKHBIMU MOTEHIIMATaMU U CBA3bIO, KO-
TOpBIE B KJIACCUUYECKOM TIpefielie SIBISIOTCS HeTu-
HEWHBIMM.

JBYXbSIMHBII TMOTEHIINAJ, pPaCCMaTPUBAEMBIiA
Jajnee, 3aBUCHUT JIMIIb OT KOOPAUHATHI X U UMeeT
ONIHY U Ty Xe opMy mis J1rodoro 3HaueHus y. Ero
MOXKHO IPENCTaBUTD B BUIIE

(7

e MOCTOSAHHBIC BEJIMYUHBL o; MOTYT UMETb pas-

U =ay(—0,x* +a3x?) +ay

JINUHbIE 3HAYECHMUSI.
g cnydas, korna oy =0,002; o, =25; oz =1
oy =0,3125 noreHuuan npeacrasieH Ha puc. 1, 6.
Jst aHaiM3a KBAHTOBBIX JUHAMMUYECKUX 3a-
KOHOMEPHOCTEUN UCTIOIb3YIOTCS CpeIHUE 3HAUE-
HUSI AMHAMUWYECKUX ITIEPEMEHHbIX, ONpeae/isieMble
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MIPpY MOMOILM CTAHAAPTHBIX (h)OPMYJ KBAHTOBO
MEXaHUKMU;

oI
(x)= Jax [dvy* (o, yo ey,
Xo Yo
BB
(y)= [dx [dyy*(x,y.00pp(x,p.0).  (8)
Xo, Vo

3nech y* — BOJHOBAs (PYHKIIMSI, KOMITJIEKCHO-
COIPSKEHHAs K UCXOJQHOM .
AHaJIOrMYHbIE BbIPAXKEHUSI MOXHO TaKXKe 3aIu-

caTh JJIsl CPEIHUX KOMIIOHEHT CKOPOCTU <Vx ), <Vy > :

oM » . P
<Vx>:x{dxy{dyw*Vx W V=i

% " . P
(v,)=[dx [dyy*V, vV, =i )

X0 Ja Y

Kpowme Toro, Ham noHago06s1Tcst POPMYJIbI 1151
CPEIHVX 3HAYECHU I KWHETUYECKOW U MOTEHIINATb-
HOU BHEPTUIA, KOTOPBIE MOXHO IMPEACTABUTD B BUJIE:

oo 1{&* &
T\= [dx [dyy*| -—=| =+ ||v,
(T) x{ y{ A el I

X I

<U>: _[dx .fdy\y*U\y.

Xa Yo

(10)

Jucnepcu Ijisi KOOPAWHAT U CKOPOCTEN ompe-
JIeJISIIOTCS KaK

<<x—<x>>2>=xfdxyf dyy* (x=(x)’v,

« Yo

X B
(=)= [dx [dyw*-(y)’w; (1D

Xo  Ja

X yB A
(V=)= [dx [dyw* W=V, ),

Xq Yo

X Y ~
-1 Je B oo
Xa  Va

M3BnekaeM KBanpaTHbIe KOPHU U3 BBIPAXKEHUH,
onpenesnsgembix popmynamu (11), (12), u Torma Mox-

dusnuyeckas 3J'IeKTpOHMKa>

HO 3aI11CaTb BbIPAXKEHUs /1151 CTAHAAPTHbIX OTKJIO-
HeHuil 6,,6,,0,,,0,, , COOTBETCTBEHHO. [Tpou3Be-
JeHUSI OTKIIOHEHUH 6,6, U G,G,, XapaKTepHu3y-
IOT COOTHOIUEHMS HEONPENEJCHHOCTEN  UId

COTIPSIKEHHBIX BEJTMUH,

BpemeHHbIe 3aBUCMMOCTH (x) , ( y) M3y4ancCh
nyTteM BeluncyieHus Oypbe-npeodpa3oBaHUs 1 Ya-
CTOTHbIX cr1eKTpoB. O003HaYM Pypbe-KOMIIOHEH-
Thl CPEAHUX 3HAUEHUII KOOPAUHAT Yepe3 BhIpa-
KEHUST

Fly(Q), Fy(©). (13)
WMy IbCHOE BO3IENCTBIE Ha BJIEKTPOH OMUCHI-
BaJIOCh ITOTEHLIMAIOM BHIA

Uext :_E)x’ (14)
rae Fb — KJlaccuyeckad cuja, a JOeUCTBUE
U ext HPOUCXOOUT B TCUCHNE OYCHb KOPOTKOTO ITPO-
MCXYTKAa BpCMCHMU.

B ipoBeaeHHOM MCCNeMOBAHNN U3TyYeHUE pac-
CMaTpUBaEeMBIX 3apsSIKEHHBIX OCLIMUIIIITOPOB UTHO-
pupyetcs.

W3oTponHblii U AHK30TPONHBII
KBAHTOBbBIE OCHIIISATOPBI

st npocTeiiiiieit Moaeau IByMEpPHOTO U30TPOII-
HOI'0 OCLIMJLISITOPA [PY OTCYTCTBUM CBSI3U MEX]1Y CTe-
MEeHSIMU CBOOOAbI MOXHO BO30YIWTH HE3aBUCUMbIE
KoJiebaHus1 o KoopauHataM. COOTBETCTBYIOLIME Ya-
CTOTHBIE CTIEKTPHI OyIyT comepkaTh Dypbe-KOMTIIO-
HEHTBI Ha KJ1aCCUYECKOI YacTOTe OCLIMILISITOpA. DTO
Majible KojiebaHusl, CpeaHsIs KOOpAMHATa KOTOPbIX
MHOTIO MEHbLIE M10JYpa3MEPOB CUCTEMBI. BiinsiHue
CTEHOK BHEILIHEN MPSIMOYTOJIbHOM SIMbl MOXHO UT-
HopurpoBath. 151 BO30YKneHMs1 KoseOaHU i NCITOb-
30BaJIOCh 1Ba TUTA HAYaJIbHbBIX YCJIOBUIi. B omHOM
13 HUX 3JIEKTPOH HAXOIUTCS BOCHOBHOM (HEBBIPOX-
JIEHHOM ) COCTOSIHUU U TOJBEPraeTcsl BO3AEUCTBUIO
OT/IEJIbHOTO JIA3EPHOTO UMITYJ1bCa, [10C/1€ AEHCTBUSI
KOTOPOTO B CUCTEME YCTaHABIMBAIOTCS KOJICOaHUSI
C onpeaeaeHHOM aMIIUTYA0M, 3aBUCHILIEH OT CUJIbI
UMITYJIbCHOTO BO3aeiicTBUsA. B npyrom ciyuae uc-
M0J1b30BAJIMCh IayCCOBbI ITAKETbI C KOHEYHOM Cpe/l-
HEW CKOPOCTBIO.

Hpyras npocreiiliiasi MOie b IByMEPHOTO aHu -
30TPOIMHOIO OCLMWJLISITOPA MPU OTCYTCTBUU CBSI3U
MEXIY CTEIEeHSIMU CBOOOIbI ObLi1a M3yueHa AJIs KBaH-
TOBOIA cuctemsl ¢ napamerpamu 2, =1,0; Q=15
U1 HayaJbHbIM YCJIOBUEM B BUIIE IaycCOBA [1aKeTa CO
CpeIHUMU 3HAYECHUSIMU KOOPIUHAT U CKOPOCTEM

(x)=0,1; (y)=0,1; (V,)=0; (V,)=0.
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B nporiecce aBoMIOLNUY CPEIHUE 3HAYCHUS T1-
HaMUWYECKUX MEPEMEHHbBIX U3MEHsI0TCs. PacueTsl
cpeHux 3Hauennii (x) u (y) Kak dyHKumii Bpe-
MEHU MOKa3bIBaIOT HAJTMYME He3aBUCUMBbIX KOJie0a-
HUI 110 IBYM KOOPIMHATAM.

O06JacT UHTETPUPOBAHUS 1O KOOPAMHATAM X,
¥, aTaKKe BpEMEHHbBIE TPOMEKYTKM BapbUPOBAICH
U BBIOMpAINCh Ha OCHOBE XapaKTEePHBIX MPOCTPaH-
CTBEHHbIX M BPEMEHHBIX MacCIITa00B KOJIeOAHUIA,
YTOOBI 00€CTIEUNTh MPABUIBHOCTb OMTUCAHUS IUHA-
MMYECKHUX MPOLIECCOB.

B kauecTtBe cienyrouiero npumepa obu1 uccie-
JIOBaH aHU3O0TPOITHbII OCLIUJISITOP C TEMU Ke Yac-
ToTamu Q. =1,0; Qy =1,5, HO TIpU HAJINYNU CBSI3U
MEXIY CTETIEHSIMU CBOOOIBI IBUXKEH S TTO KOOPAU-
HaTaM X W y, 0OyCJOBJIEHHOM TToTeHIHnanom (6)
¢ Koo puurenTom cBsizu a=0,1. B KauecTBe Ha-
YaJbHOTO YCJIOBUSI UCMOJIb30BAJICS TAyCCOB MAKET,
TIPY TOM CpeIHMEe 3HAUEHUS KOOPIUHAT U CKOPOC-
Teil makeTa ObLIY PaBHBbI:

(x)=01; (y)=0,1; (V)=0; (V,)=0.

Bbaaropapst cBsizu MeXIy CTeTIEHSIMU CBOOOIbI,
KoJyiebaHMs BIOJIb OCU X BO30YXIAIOT KOJIEOAaHUST
BIOJIb Ocu y. KapTuHa KoebaHuit MOXET ObITh TPO-
WLIIOCTPUPOBAHA HA YACTOTHBIX CIEKTpax (puc. 2).
31ech MPUCYTCTBYIOT OCHOBHbBIE CIEKTpalbHbIE
MMUKU (COOTBETCTBYIOT YACTOTAM OTIEIbHBIX OCLIVII-
JISITOPOB) U cJ1abble MAYKU (COOTBETCTBYIOT COCEI-
HUM OCIIUJUIATOPAM ¥ OOYCIIOBJICHBI CBSI3bIO MEXITY
CTeTneHsIMU CBO0OIbI ). biiaromapst cBsi3u MexXIy cTe-
MEeHSIMU CBOOOIBI IBUKEHMUsI BOJTHOBOTO IMaKeTa
9JIEKTPOHA, MOXHO MepenaBaTh CUTHAI U3 OJHOM
CTETIeHU CBOOOIBI B IPYTYIO.
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MpblI yXe pacCMOTpPEe/Y B3aUMOACCTBIE MEXITY
CTeNMeHsIMU CBOOObI, KOTa XOTsI Obl OHO U3 Ha-
YaJbHbIX YCJIOBUM /151 CPEAHUX 3HAUEHU I AMHAMU -
YeCKMX ITePEeMEHHBIX OTIIMYHO OT HyJ1s1. Terepb npen-
CTaBJISIET MHTEPEC UCCIeNOBaTh B KAUECTBE MpUMepa
BO30YXAEHME IBYMEPHOTO aHU30TPOITHOTO KBAHTO-
BOTO OCHWJIIATOpA, HAXOMAIIETOCS B HAYATbHBIN
MOMEHT B OCHOBHOM (HEBO30YKI€HHOM ) COCTOSIHUU,
IS KOTOPOTO CpeaHWe 3HAaUeHUsT KOOPAUHAT U KOM-
MOHEHT CKOpOocCTel paBHbI HYJIt0. [TakeT mpu 3ToM
SIBJISIETCSI TayCCOBBIM. ECITM BHEIITHUIT MMITYJThC BO3-
NEeNCTBUSI OTCYTCTBYET, TO KOJIeOaHUs B CUCTEME He
BO3HUKAIOT U CpelHNEe 3HAUeHUST KOOpAMHAT KaK
(byHKLIMY BpeMEHU OCTalOTCs HEM3MEHHBIMU U PaB-
HBIMU HY/TI0. B HeKOTOpbIit MOMEHT BpeMeHU (B pac-
yeTax t =50 ) BKJIIOUaeTcsl CBEpXKOPOTKUM OTIeb-
HBIII UMITYJIbC BO3MAeCTBUS. B pe3yabrate mocie
BBIKJIFOUEHUST UMITyJIbCa YCTAHABIMBAIOTCS KOJe-
0aHUs C MOCTOSTHHOM aMIuIuTyIoi. B pacueTax rmo-
npexHeMy Koo @ULIMEHTHI CBSI3M B ci1araeMoM (6)
a=0,1, a cuna B ummynbce F, =10 mpuioxeHa
BIIOJIb OCH X.

NmmyabcHOe BO30yXIeHMe KoJaeOaHU i 1o ocu
XTIPUBOIUT K 00JIee CMUTbHOMY BO30YKIECHUIO KOJIE-
GaHuMii O OCH y Ha YacToTe ocuuuIATOpa Q. (1Mo
ocu x). Takum 00pa3om, CIeKTp KoJaebaHuii 110 ocu
Y UMEET COM3MepUMBbIe MO BEJINUMHE KOMTTOHEHThI

F< ») (©) Havacrorax Q ., Q, IlpousseneHue He-
ONpeneIeHHOCTE I CTAHOBUTCS BBIILIIE MUHUMAJIBHO-
ro 3HaueHus 1/2 (B 6e3pa3MepHbIX eIMHUIIAX) U OC-
LWITAPYET B HEKOTOPbIX mpeaenax. Ha puc. 3 naHbl
peann3zalnu KojaedaTeJbHOTo MpoLecca i COOTBET-
CTBYIOIIIME UM CIIEKTPBI YACTOT.

2)

Fax= F=y
0,04 0,03
0,03
_____________________ [ TR
0,02
Qa1 |
B L |
: ﬂ_‘
4] 1 2 3

Puc. 2. AHU30TPOIIHBIN OCUMJUISITOP CO CBSI3bIO:

a, 6 — BpeMeHHBIC peaTnu3alluyi CPeNHNUX 3HAUCHUI KOOPAWHAT; 8, & —
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JIByXbsAIMHBIIA KBAHTOBBI OCHMLISATOP

Kak oTMeuasioch BO BBeIeHUU, TTpo0JieMa KBaH-
TOBOT'O BOJIHOBOJa KaK paboyero HaHO3JEMEHTa
B 3JICKTPOHHBIX IMPHOOpaX O>KMBJIEHHO 00CYKIaeT-
Csl B Hay4yHOI iuteparype. B ongHol 13 paHHUX pa-
00T [7] ucciemyoTcs BOJHOBOIHBIE 3JIEKTPOHHBIE
BOJIHbI B CBSI3aHHbIX siMax. KBaHTOBasi cucrema
MnpeacTaBisieT co00i 1Be CBSI3aHHbIE MOTEHLIMATb-
Hbl€ MPSIMOYTOJIbHBIE SIMbI, Pa3/ieJIeHHbIE 6apbEPOM,
yepes3 KOTOPbIii BO3MOXHO TYHHEIUpoBaHue. Brnosib
OJIHOI U3 KOOPAMHAT MPOUCXOIUT CBOOOTHOE ABU-
JKeHUe 3JieKTpoHa. Takum o0pa3om, KBaHTOBAsI CH-
cTeMa MpeacTaBisieT co00it BOTHOBO/, COCTOSIIIIU A
W3 IBYX KaHAJIOB, MEXIY KOTOPBIMU TIPOUCXOIUT
TYHHEJIMpOBaHWE U MepeTeKaHUue BepOSITHOCTHOM
3JIEKTPOHHOW XMAKOCTU M3 OAHOIO B JAPYIOW.
Takas cucteMa aHanIM3upoBaiach B 3TOM U B Moc-
Jiefyrourx paboTax B paMKax CTallMOHAPHOTO ypaB-
Henus Hpenunrepa. s ee peanuzauuy npeaia-
rayach CTpykTypa Ha ocHoBe GaAs/GaAlAs.

C 1pyroii CTOPOHbI, aHATIOTUUYHYIO MOJIETb MOXK -
HO MOJIyYUTh, €CJIM UCTI0JIb30BATh IBYXbSIMHBIH MO~
TEHUMAJT KaK CYTMEPNO3ULUIO IBYX CJIAaracMbIX:
KBaIpaTUUYHOTO U YeTBepTOii cTrerneHu. [1pu sToM
YKa3aHHBI MOTEHLIMA IBIseTCS (PYHKIIMEH OTHOMK
13 KOOPJIMHAT, 8 CBOOOTHOE IBUXKEHNE MOXET IPO-
HWCXOAUTD BAOJb APYroii (cM. puc. 1, 6). YMecTHO
OTMETUTb, YTO OJJHOMEPHbBI JIBYXbSIMHbINA OTEH-
LIMaJl yKa3aHHOTO TUIIA UCCJEN0BAJICS TaKXE BO
MHOTUX paboTax Kak MepCcreKTUBHbIN JIEMEHT
B KBAaHTOBLIX ycTpoiicTBax. HekoTopnie cBoiicTBa
JMHAMUKKU KBAHTOBBIX BOJIHOBBIX MAKETOB C yue-
TOM JMCCUMALIMKY B TAKOU CUCTEME UCCIEIOBATUCD
Hamu B pabore [8].
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B nanHOM ciyyae paccMaTpUBAaeTCsI KOHKPET-
Hast hopma ypaBHeHus (7) B BUje

U =0,002(-25x? + x*)+0,3125.

ITocTostHHAsT 10OABKAa BBOJUTCS, YTOOBI ITOTEH -
uuan Uobut nonoxutesibHbIM. CBOOOJHOE JBUXE-
HUE MOXET ITPOUCXOAUTD BIOJIb OCH Y, €CJIU HET BO3-
OEeMCTBUSL CUJIBI B STOM HAaIpaBlIeHUU WU
OTCYTCTBYET CBSI3b MEXKIIY CTETIEHSIMU CBOOOIBI, OTT-
penensieMasi MOTeHLMAIOM CBsI3U. 7151 paccMaTpu -
BAae€MOT0 KOHKPETHOTO IBYXbIMHOIO MTOTEHIIMAIA
npu x,,;, =+3,52 umeeM MuHumyM U =0, a BTOUKe
x =0mnoreHuuan U(0)=0,3125 xapakTepu3yeT Bbl-
coty bapbepa.

HauanbHoe ycioBue B (popme rayccoBa rakera
3aJaeTcsl B BUAE

\u(x,t=0)=Cexp(—0,35(x—x0)2 —0,1(y—y,)* +

+iVy (x=x0) +iVy, (v = 1p))- (15)

ITpu 5TOM MaKeT JIOKaTM30BaH B OKPECTHOCTHU

Xy =-3,52; y, =0; HavyaJbHbIE CKOPOCTM IaKeTa
Vox =Vo,, =0,05.

BbluucieHue BeMuuH <x>, < y>, <Vx ) . <Vy > BHa-
YaJibHbIi MOMEHT BPEMEHU Ha OCHOBE HAYaJIbHOI'O
ycinoBus (15) u popmyi (8), (9) naeT 3HaueHus, co-
BIAJAIOILIME C YKa3aHHBIMU X(, Vo, Vio, V, y0 C BbI-

COKOI1 CTeNIeHbIO TOUHOCTU. AHATMTUYECKUE 3HA-
YCHHUA IJId MHTErpaJioB Ha IMOJHOM HWHTEPBAJIC
C BBICOKOM CTEMEHBIO TOUHOCTU COBMAAAIOT C Inpu-
OIM>KEHHBIM BBIYMCJIEHEM Ha ITPOMEKYTKE

Xy SXSXg, Vo SYS)p-

&) Fy

—_—

|:l.|:l1|3"""""'? e N R

" . EI.EI‘IE‘“""'1"""“""""“

a,aa8:- - —-F - \_ e

} : 0,004

Puc. 3. Bo30yxnmeHne AByMepHOTr0 aHU30TPOITHOTO OCHMJUIATOpPA B MOMEHT ¢ = 50;
a—e COOTBETCTBYIOT pucC. 2
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IIpu 3TUX YCAOBUSIX CPEIHSISI KMHETUUECKAs
SHEpPrus <T> B MOMEHT = () MEHBbIIE BBICOTHI TIO-
TeHLMagbHOro 6apnepa. [1o-npexHemy paccmarpu-
BAETCS PEXUM IBUXEHUS, KOTIa MOLYJIb CPEIHErO
3HA4YeHMs1 KOOPIMHATHI MEHbLIIE 101yPa3MePOB CH-
CTEMBI 110 KOOpAMHATE X. B mpouecce BpeMeHHOI

SBOJIIOLIMM CPEIHAS KUHETUYECKAs SHEPrUs <T>

usMensiercsd B nuanasone [0,09; 0,16], a cpennss
noteHuuanbHas Heprusi (U) u3MeHseTcs Bo Bpe-

MeHu Ha npoMexyTke [0,15; 0,22]. ITpu aTOM Kax-
Jasi U3 HUX, a TAKXe CyMMa
(T)+(U)=0,3015

MEHBbI1Ie BbICOTbI 0apbepa. C Apyroii CTOPOHbI, peliie-
HME OMHOMEPHOT'O CTalIMOHAPHOTO ypaBHeHusI L pe-
JIMHTepa OTHOCUTETbHO KOOPAMHATBI X 1AeT 3HAUSHUST
HU3LWKX ypoBHel aHepruu £, =0,1815; £, =0,2201,
KOTOpBIe TaKKe HIKe BBICOTHI Oapbepa. Kak n3Bec-
THO U3 MHOTUX paboT, a Takke 13 [8], pa3HuLia Mex-
Iy STUMU YPOBHSIMM B OMHOMEPHO 3a1aue ompeie-
JIIET YacTOTy Tepexoma M, COOTBETCTBEHHO,
BpEeMEHHOI MacIITab TYHHEeIUPOBaHUS IMaKeTa u3
OIIHOI1 SIMBI B APYTYI0. DTA 4ACTOTA TAKXKE OOHAPY-
KMBAETCS 3IeCh — B IBYMEPHOM cHUCTeMe — TIpU
M3Y4eHNH YaCTOTHOTO CIIeKTpa BPEMEHHOM 3aBUCH -
MOCTH cpesiHeii KoopauHatsl (x) . Bee 310 no3so-
JIIeT CYMTATh, YTO TYHHEJIbHBII MEXaHU3M TTPOSIB-
JisIeT ce0s TIpU IBVKEHWUW BOJTHOBOTO TTaKeTa U3
OIHOIO KaHaJja B Apyroit u oopatHo. [Ipu 3ToM Tak-
Xe TIPOUCXOIUT ABMKEHWE BIOJb ocH y. CBoMCTBa
NIBUXXEHUS B OAHOMEPHOU MPSIMOYIOJIbHOW SIME
¢ 0eCKOHEUHBIMU CTEHKAMM XapaKTePU3YIOTCS pac-
TUTBIBAHMEM BOJTHOBBIX TIAKETOB, a TAKXKe BO3Bpa-

TaMM M BOCCTAHOBJIEHHMEM MCXOmHON dopMmbl [9].
AHaJIOTUYHBIE CBOIICTBA MMEIOT MECTO B paccMaT-
pUBaEMOIi KBAHTOBOM cucteme no ocu y. Ha puc. 4
JIaHbI BpEMEHHbIE 3aBUCUMOCTH () , () 11st orH-
CaHHOTO peXXrMa IBIKeHusT. BomHOBOI maker, mep-
BOHAYAIbHO JIOKAIM30BAHHBIA BTOUKE X, i =+3,52,
MOCTETIEHHO TPAHCIIOPTUPYETCSl U3 OAHOTO KaHaaa
BApyroi u oopatHo. ClienyeT OTMETUTh 1Ba BpEMEH -
HBIX MaciuTaba B K0e0aTeIbHOM JIBMKEHUU: KPYII-
HbI 1 MesTKuii. KpymHbIi Kak pa3 cBsi3aH C TYHHE I -
pOBaHMEM, a MEJIKUIT — C KOJIEOAHUSIMU B KXKIIOM U3
KaHaJoB. 1151 60s1ee MOJIHOM KapTHHBI HEOOXOIUMO
MPpeaCTaBUTh rpadUKu 1S TPOU3BEACHUS CTAHAAPT-
HBIX OTKJIIOHEHWH, XapaKTepU3YIOIINX SBOJIOLINIO
KBAHTOBBIX BOJTHOBbBIX IAKETOB (PUC. 5); 9BOIIOLIMSI
CPemHUX 3HAYCHUI ABYX BUIOB 9HEPTMM JaHa Ha
puc. 6. [1pencraBieHHBIE pe3yJbTaThl HE NCYEPITHI-
BalOT APYTUX BOBMOXKHBIX peXXUMOB. ONITUMU3ALINS
mapaMeTpOB MOIEIU MO3BOJUT BbIOPATh PEXKUMBbI
C 3aIaHHBIMU CBOWCTBAMMU: YIIpaBISIEMOE BpeMs
MpeObIBaHUS B KAXKIOM 13 KAHAJIOB U IepeTeKaHUs
BOJTHOBBIX ITAKETOB M3 OHOTO KaHaJjia B APYTOA.

B nipenpinyiiem pasnesne ObLI1o IIPOBEIEHO 00-
CYXIeHWe aHM30TPOITHOTO OCHIVIIISTOPA IPY HAJT -
YUY CBSI3U MEXIY CTETICHSIMU CBOOOIbI M UMITYJIbC-
HOM BO3IENCTBUM BOOJb OOHOW M3 KOOPIWHAT.
HccnenoBanue AByXbSIMHOTO OCLAJUISITOPA ITPY Ha-
JIMYUHU CBSI3M MEXIY CTETIEHSIMU CBOOOIBI M TOTTOJ-
HUTEJIbHOTO CUJIOBOTO BO3AEHCTBUS B BULE OTAE/b-
HOTO CBEpPXKOPOTKOTO JIa3epHOTO WMITyJbca
MpeACTaBIsIeT HE MEHbIINI MHTepec. B kayecTBe
MpeaBapUTEIHLHOTO TIPUMepa U3yIeH PEXKUM KoJie-
OaHuii 1711 KOHKPETHOTO MOTEHIIMaa

U =0,02(x* -25x% —0,1xy)+0,3125

a)-:x:\-4 6’) Fey 2) Fey=
T T
" 4 ferh ] 0,043 -k rmmmmmneennnd
ar :
; ] ' ------------------ 11k | EECEECEEEEEEEPEERE:
5 100 200 300 400 =00 D.2
0) <=,
: 0,02, -----Fmmeneeeeee]
)
[ 0.0
-

Puc. 4. [IByXbSIMHBIN OCHMJUISITOP: TYHHEJWPOBaHME BOJTHOBOTO TakKeTa
13 OHOI KBAaHTOBOU SIMBI B APYTYIO; d— COOTBETCTBYIOT puc. 2, 3
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Puc. 5. Tpapuueckoe TpecTaBieHNE IBOMIOINNA KBAHTOBBIX BOJHOBBIX MAKETOB:
IMHAMHUKA M3MEHEHUS MPOU3BEACHUI HEOIPENEIEeHHOCTE KOOPAUHAT
W UMITYJIBCOB BIOJb oceit x(a) n y(6)
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Puc. 6. Ipaduueckoe npeacTaBieHNE 3BOJIOLUN BEJIMUUH CPEIHEN DHEPIUNU:
a — TOTEHLMATbHON, 6 — KUHETUYECKOU
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MpY BKIIOYEHUY B MOMEHT BpeMEHH ¢ = 5() UMITYJIb-
ca BIOJIb OCU X; CUJla B UMIlyJibce Ffy =25, nponos-
KUTEJIbHOCTh MMITyJibca Af =5 . BosHOBOI (rayc-
COB) MAaKeT B HayaJbHbIi MOMEHT BpEeMEHU
XapaKTepU3yeTCs CPeAHUMU 3HAUCHUSIMU KOOPIH-
HAaT U CKOPOCTE:

(x)=-3,52 (y)=0; (V,)=0,7;(V, ) =0.

B HavanbHBI MOMEHT BpEMEHHU MAaKeT HaXOIUT-
CsI BOIHOM M3 KAaHAJIOB 1 JIOKAJTN30BaH OTHOCUTEIb-
HO paBHOBECHOI Touku. B mpomexytke 0<7<50
TMaKeT OCLIWLINPYET B OKPECTHOCTU TOUKU X =—3,52 ;
3TO MEJIKOMACIITAOHbIE KOJIEOAHMSI C MaJIOi BEeJIM-

4MHOI (X) OTKIIOHEHMs OT PABHOBECHOTO TOJIOXKE-

Hust. CpenHsisi KoopaMHaTa < y) TaKXe UBMEHSIETCS
BO BpeMeHU. [lociie MMITyTbCHOTO BO31EHCTBUS
B CUCTEME YCTAHABIMBAIOTCS KOJeOaHMSI TTO KOOP-
JIMHATE X C ABYMSI CUJIBHO PA3TNYAIOIIMMMCS BO Bpe-
MeHU MaciTabamu. KpymHbIii Maciitab COOTRET-
cryer niepuony 7, =117,4 ,amenknit — 7, = 9,76 ;
MpU 3TOM CpeHee 3HaUeHUEe KOOPAUHATHI X U3Me-
HSIETCSI B MpOMEXYTKe [—3,6; 2,4], mpoxonas yepes
HyJIeBbIe 3HAUCHMS.

Ecaun B cucreme ectb ¢BaA3b, TO ecTh U, #0,
anoreHuuan U,,, Urpaet pojib MOAKAYKM SHEPTU-
eii, TO TPy 3aJaHHBIX BbIIIE 3HAYEHUSIX MOXKHO I10-
JYYUTD PEKUM, KOTHa KOJIeOaHUS TTPOUCXOIST OT-
HOCHUTEJbHO TOUYKM HEYCTONYMBOTO PaBHOBECUS

(x)p, CMELIEHHO} OTHOCHUTENBHO TMOIOXEHUS
(x)=0; npn sTOM (x)_ <3,52. Ecmxe U, =0,
TO (x)p = 0. Takoii xapakTep KoJe6aHMii COOTBET-

CTBYET KJIACCUYECKOM 3aJaue ¢ ABYXbSIMHBIM I10-
teHuuasoM [10]. B criekTpe yacTor ajist BpeMEeHHO

3aBUCUMOCTH <X> comepxKarcad KOMIIOHEHTHI, onm3-

kue Kk Q, =2n/T;, Q,=2n/T,. Onnako Hapsmy
C BeJIMYMHaMU Q;, Q, UMEIOTCsl YaCTOTbI, IPUMbI-
KalOLIME K HUM.

JL71s1 cpeTHero 3HaY€HNs KOOPAMHATEI ) BPEMEH -
Hasl 3aBUCUMOCTb OyZIET OTINYATLCS OT MPEdbILY-
1Ieii: MeTKoMacITaOHbIe KOJIeOaHUST OTCYTCTBYIOT,
a KPYMHOMACIUTAOHBIE HE MMEIOT BBIPAXEHHOTO
nepro/a Ha BpDEMEHHOM MPOMEXYTKE, B3ATOM J1J1s
pacueToB. Pypbe-npeodpa3soBaHUE OT CPEIHErO
3HaueHus (¥) MMeeT HauGOIbLIYI0 KOMIOHEHTY
npu Q ~ () ; C yBEJTMIEHUEM YACTOTHI {2 AMIUIUTYIbI
KOMIIOHEHT CNafaloT NPaKTUYECKU MOHOTOHHO.
[MpousseneHusa HeonpeneaeHHOCTEN U1 000MX CITy-
Ya€B 3aMETHO BbILIE MUHUMAJIBLHOTO 3HAYEHMUS,
KOTOPO€E MMEET MECTO J1J1s1 FAyCCOBBIX MAKETOB rap-
MOHMYECKOTO OCUMJLIATOPA. DTO 03HAYAET, 4TO Ha-
YaJlbHbIA TayCCOB MAKET 3aMETHO Ae(OpMUPYyeTCs
B IIPOLIECCE BPEMEHHOM 3BOIouMu. B nenom cucre-
Ma OY€Hb YyBCTBUTEIbHA K U3MEHEHUIO NOTEHLINA-
na U,,, , KOTOPbIii MOXET PACCMATPUBATBCS KAK yI1-
PaBJIAOLINI TapaMeTp.

B cTatbe npeacrasieHa pa3padboTka MaTeMaTH -
YECKOUM MOJIEI HECTALIMOHAPHOM ABYMEPHOU KBAH-
TOBOW CUCTEMBI, MO3BOJISIOLLEH N3y4aTh IMHAMUKY
3JICKTPOHA B PA3JIMYHBIX YCIOBUSIX: MPU 3aJaHHOM
CTalLlMOHAPHOM MOTEHLIUAJIE C YYETOM CBS3U MEXY
CTENMeHSIMU CBOOOIBI IBUKEHUS, a TAKKe MTPU UM-
MNyJIbCHOM BO3JE€UCTBUMU.

C noMolliblo 3TOM MOJEIN MPOBEACHbI UCCIe-
JOBaHUSI CBOOOOHBIX M CBSI3aHHBIX KOJE€OAHMIA
B IBYMEPHBIX CUCTEMAX, COOTBETCTBYIOIINX KBAH-
TOBOMY KBaJIpaTUYHOMY OCLIUJUISITOPY U KBAHTOBO-
MY BOJTHOBOZY.
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H.K. KpacHoBa

TEOPUA SHEPTOAHA/TU3ATOPA «MOAUDPULIUPOBAHHASA APKA»

DNeKTpocTaTUUeCKe SHEPTOaHATN3aTOPbI BbI-
COKOTI'O pa3pelleHus: U 0OJIbLIOI CBETOCUIbI SIBJISI-
I0TCSI OCHOBHBIM MHCTPYMEHTApHEM 3JIEKTPOHHOM
CTIEKTPOCKOTMHU, U TIpodIeMa YIydIlIeHUsT UX XapaK-
TEPUCTUK OCTAETCS BCeraa akTyaibHoi. OCOOeHHO
HY>KHBI MAJIOTa0apUTHBIE BCTPAUBAaEMbIE CUCTEMBI,
MO3BOJISIIOLLIKE BEIXOAUTh Ha YPOBEHB paspeliiatoleii
cniocoGHocTn nopsiaka AE/E =(0,05-0,01)% , uto
B COBPEMEHHBIX TTPUOOpaX JOCTUTAETCS C TPYIOM,
LIeHO OOJIBIIINX TA0APUTOB YCTPOWUCTB U TIPU BBICO-
KO TouHOCTH UcnionHeHus . CylecTBYeT MHOXECTBO
TTOTTBITOK YYUIINATh TPATULIMOHHBIC CUCTEMBI THTIA
LIWIMHAPUYECKOTO U c(hepruecKoro 3epkKaj, HO HaIo
MPU3HATD, YTO PEKOPIHBIE XapAKTEPUCTUKM IO IMC-
MePCUU JOCTUTAIOTCS B TIOJISIX C TNIOCKOCTBIO CUM-
meTpuu [ 1]. B naHHO# cTaThe MpeaiaraeTcss UMEHHO
TaKOM TUIT CUCTEMbI, HO YTOOBI SICHO U3JI0XKUTb XOII
Waei, He0OOXOIMMO KOCHYTHCS HICTOPUHT BOTIPOCA.

Hcropus Bonpoca

B 1974 rony na 11 Bcecoro3noii KoHgpepeHIUMn
10 MACC-CIIEKTPOMETPUHU ObL1 IPOYMTAH AOKJAL [2,
3]. Ero aBropsl B.I1. Adanacses u C.4. SABop no-
KazaJii, KaK 3a CueT MpeBpalleHus TUIOCKOTO 3ep-
KaJjia B INTIOCKYIO MPSIMOYTOJIbHY0 KOPOOKY ¢ 00KO-
BbIMM CTEHKAMU MOKHO YJTyYILIUTb XapaKTePUCTUKU
9TOTO aHanmM3aTopa. B pe3ynbraTte JOBOJIBHO CIIOXK-
HbIX pacyeToB Ha ToraalHeir 9BM um ynanoch He-
CKOJIBKO ITOBBICUTD Aucriepcuto (Ha 25 %), HeMHO-
ro yMEHbIIUTh abeppaliu U J00OUThCS C1aboro
nomnepeyHoro hokycupytolero aeiicteust. [Toayuu-
JIach BJIEKTPOAHAS KOH(PUTYpALIUsI TOUTH KBaApaT-
Horo ceueHust. Ceaylonmm ObLI IIPOYUTAH JOKIIAI

10.K. TosimkoBa o pacuere OKyCUPYIOLLIUX I10J1ei1
C Hamepen 3aIaHHBIM Ka4eCTBOM (DOKYCMPOBKY Ha
0a3e oOpaTHbIX 3a1a4 AaHAJIMTUYECKOM MEXaHUKU [4,
5]. B pe3yabTaTe pacueToB ObLia MOJIydeHa 37IEKT-
ponHasi KoHpurypauus, Ha3BaHHasi aBTopoM «Ty-
TAaHXaMOH» [4—6] B CUJIy TOTO, UTO €€ CEYEHUE Ha-
MOMMHAJIO eruneTcKyto rpooHuny. [Ipoduib aToro
aHaJIM3aTopa OKa3aJcs BeCbMa CJIOXKHBIM TS W3-
TOTOBJIEHMSI, U XOTSI HA ITPAKTHUKE ObLIU ITOJYYESHbI
OUEHB BBICOKHE PE3YJIBTATHI TTO pa3pellieHNIO, B Mac-
COBOE ITPOM3BO/ICTBO OH He IoLes. Xoa NIOTeHLIa-
J1a B BepxHeit yacTn « [yTaHXxaMoHa» 0Ka3ajcs 0Iun3-
KMM K 3KCIOHEHLMAJbHOMY, U TOTJA y aBTOpa
SIBUJIACH MBICITb YITPOCTUTH KOHCTPYKIINIO T HETTOC-
PEACTBEHHO B3SITh IOTEHLIMAJ

@=e *cosy.

Bce aKkBUNOTEHIIMAIBI UMEIU CEUEHUE B BUIE
TOTUYECKOI apKM, M aHAJIM3aTOP ObLT HA3BaH «ap-
Koii» [7]. Ero mapameTpsl He ycTynaau «TyTaHxa-
MOHY», HO Tpo(uJIb ObLI rOpas/io MPoLLEe U KOMIIAK-
THei#t [8]. [TocKoJIbKY UMEHHO 3KCMTOHEHLIMATbHOE
MmaneHue ompenesseT B 000MX CIydasix BhICOKYIO
JIHCTIEPCUIO B COUETAHUM C OU€Hb OCTPOIi (hOKyCH-
POBKOI, MBI PN PACCMOTPETb COBCEM IPOCThIE
MPSIMOYTOJIbHBIE TPOMUIIN B BUIE SIIMKA C OECKO-
HEYHBIMU OOKOBBIMUM CTEHKAMU 1 HA 3TOI MOJEIHN
0TpabOoTaTh ONTUMaJbHbIE PeXXUMBI. [lajsiee ¢ momMo-
wibio nporpammbl SIMION ata cucrema npespa-
11IeHa B peaIbHYI0 TEXHOJIOTUYHYIO 3aMKHYTYIO BbI-
COKYI0 KOPOOKYy C MapamMeTpaMu KakK y <«apKu»
u «TyTaHxaMOHa», a B OTAEIbHbBIX peXXKrMaxX — JaXe
nyuue. B pesynbrate odpa3oBanach BbICOKasl KO-
poOKa, KOTOPYIO MOXKHO Ha3BaTh «pOMaHCKast apKay,
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WM npoiie «MoauUuLIupoBaHHas apka». B cyur-
HOCTH, aBTOPbI KOPOOUATOTrO aHAJIU3aTOPa HE CMOT-
JI IPUOIU3UTHCS K 3TOMY BApUAHTY IPONOPLIMIA 13-
3a HEIOCTATOYHO pa3pabOTaHHOI aHAJTUTUUYECKOM
TEOPUU U TPYAHOCTEN C MOAEIUPOBAHUEM Ha IIpe-
KHUX TpoMo3akux DBM.

Be3pasmepHas Moaeb IBUKEHUS

Bce manbHeitmme paccyXneHusT Mbl OyIeM BeC-
TU B paMKax 6e3pa3sMepHoil Moaenu [9], uTo B 3Ha-
YUTETBHOM CTETIEHU YIPOIIAET 3aaauy, yaasis U3
HUX HECYIIECTBEHHBIE KOA(MD(MUIIMEHTHI M COXPAHSIS
[P BTOM SICHBIN (PU3UUECKUIA CMBIC] BCEX BEJIU-
4yuH. J1J1s1 5TOro Mbl BBOIMM JIBa XapaKTEPHBIX T1a-
pameTpa: ayinHa [ B MeTpax (6a30Bblii pa3Mep npu-
oopa), moreHuuan @, B BOJbTaX (MOTEHLMA
HacTpoiiku). Ilepexod OT pa3MepHOW Moaeau
(X, Y, Z, t) K O0e3pa3mMepHOit (x, y, Z, T) ocylie-
CTBJISIETCST C TIOMOIIBIO COOTHOIIIEHUI
X =Ix,
Y=,
Z =z,
t=Tr, (1)
rae 7, c — HEKOTOpOe XapaKTepHOe 3HaUEHUE Bpe-
MEHMU.
[MoTeH1IMaN 3agaaUM B BUIE

© =0, 2

rae (GyHKIusS (p(x, y, z) BBISIBJISIET TOITOJIOTHUIO

mossl.
Torma ¢ynkuwmst JlarpaHxa ¢ y4eTOM COOTHO-
weHuit (1) v BeipakeHus (2) 3anuiueTcs B BUae

2 2 2
c-s4{8) (4147}
2 7% Udt dt dt

_q(I)()(p(-xa YV, Z)' (3)
Ecnu nonoxuthb
ml[T? =g, @)

TO B pyHKUMM JIarpaHxka BbIASISIETCST OOLIMIT MHO-
KUTENb. B cuy mnHBapuaHTHOCTU (DOPMBI ypaBHe-
HUi1 JlarpaH:ka ero MOXHO OITyCTUTb, ¥ TOTIa OKOH -
yaTesibHO TIOJyduM Oe3pa3MepHylo (QYHKLMIO
Jlarpanxa:

CAf(dxY (dyY (dzY
13| (&) %) (&) ot ©
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AHanornuHomy npeoopaszoBaHuio (1) Mbl 11oj-
BEPTrHEM U HAYAJIbHBIC YCIOBUS IBUKEHUS
XOZIXO, Z():lZOa
[ / [
Xy==x), Y\==y), Z)=—2,, (6)
0= %0 Lo =N 0= 7%
IIe ITpUXOM 0003HaYeHO AUdPepeHLIMPOBAHNE TIO

YO :lyOS

d d
(zj , aTOUKOM — nudbepeHLmpoBaHue 10 T (d_r ) )
DHeprus yactulbl W B 6e3pa3MmepHoil hopme
BBIPAXKAETCS Yepe3 pa3MepHYI0 BeTMINHY E B TOJISIX
XapaKTePHOM NOTEHLIMAJIbHOM SHEPIUHY MOJIst

W =E[|q®,|. ™)
MoaudunupoBaHHas apKa

CKOHCTpyupyem 0e3pa3MepHbIil 1ByMEpHbIii
noTeHUuana @(x, y) ¢ MOMOILbIO ClIeAytolleit Kpae-
BO¥ 3anaun. Paccmotpum nosocy —1< y <1, nmorpa-
HULIE KOTOPOM 3a1aIUM CJIECAYIOLIUE YCAOBUS

(P |X>0,y:il: +1’ (8)
¢ |x<0,y:il =-1

B 011 MoT0Cce MeeM TpaHUYHYIO 3a1ady TS
ypaBHeHUs Jlariaca:

Qe T0,, =0. )

JL1st peleHust TOCTABIEHHOM 33141 BOCIIO/b-
3yeMcst METOIAMU TEOPUH KOMILIEKCHOTO MepeMeH-
Horo. PaccMOTpUM aHAIUTHYECKYIO (GYHKLMIO
o = 0(z), 331aI0LLLYIO CIIeYIOLIEe IPe0OPa3OBAHME:

nZ

o=ie?, (10)
e z=x+1iy, ®=u-+iv -
Torma
X
u=—e? sinﬂ,
2
X

Y TT
v=e? cos .

(11)

®yukuus (10) 3agaeT npeodpazoBaHUe, KOH-
(bopMHO oTOGpAXKAIOLIEE TTOJOCY Ha BEPXHIOIO T10-
JIYITOCKOCTb —o0 < i <+oo, v>( . [paHuibl moso-
Cbl HA TUTOCKOCTH (X, ') MepeinyT B OTpe3Ky Ha ocu
u. Camo ypaBHeHue Jlannaca (9) “HBApUMaHTHO 110
OTHOILEHHIO K KOHGOPMHBIM IPe0oOpa3oBaHUIM
MMPOU3BOJILHOTO TUTIA, U MBI ITOJTy4aeM TPAaHUYHYIO
3a7a4y Ha MOJYTUIOCKOCTH (U, V) :

Quu +0,, =0. (12)
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TapmoHuyeckuit noreHuunan @(u, v) Ha nosay-
I0CKOCTH (U, V) MMEET Cleayloume rpaHn I HbIe
YCIIOBUS:

(P|—1<u<l,v:0:_1’ (13)

¢ |u>1,u<—1 v=0" L.

Bo3bmem KoMOUHaLIMIO
S:—g(arctgu—ﬂ—arctgu—_l) (14)
b y y

OT0 rapMoHuyeckass QYHKIMS, TPUHUMAIO-
11ast 3HaueHue —2 Ha uHTepBaie —l<u<l, v=0
U HyJIb BHE HeTO0. JlocTaToOuHO 100aBUThH K KOMOM-
Hauuu (14) equHuIy, 4TOOBI yIOBJIETBOPUTH I'pa-
HUYHBIM YCJI0BUSIM (13) M MOTyYUTh UCKOMBII 10~
TEHLMAJI B KOOpAMHATAX U, V:

(p:1+z(arctgu—_l—arctgu—+lj. (15)
b 1 \J

OcraeTcs MepeiT K CTapbIM KOOPAWHATAM X,y
¢ nomouibto noactaHoBok (11). [Monyuum

2
o=1-—x
T
™ ™
e?sin? 41 —e2sin™? 41
x | arctg +arctg . (16)
e? cos™ e? cos ™

Jlerko yoeauTbest, UTo 3TOT MOTEHIMA YAOBIET-
BopsieT yciaoBusiM (8). Ha aunuu x=0, —-1<y<I
MoTeHIMa oopalliaeTcs B HyJb, TAK YTO UMEEM CJie-
JYIOLILLYIO CTPYKTYPY 9KBUIoTeHLManei (puc. 1). Io
CYLLECTBY 9TO «apKa» C IJIOCKUM MOPOrOM, MO3TO-
MY Mbl Ha3BaJM 3TO MOJe «MOAUMUIIMPOBAHHAS
apka». Boanu ot Hauana KOOpAMHAT, TIPU OOIbIINX
3HAYEHUSIX X, CTPYKTYpa HOBOTO ITOJISI TOYTH HE OT-
JINYAETCs OT «apKu». XOmI MOTeHLMalIa B CpenHeit
IIOCKOCTH y = (0 MMeeT BULL

X

(p|y:0:1—i arctg|e 2 (17)
T

Dokycupyolne U TUCIIEPCUOHHBIE CBOCTBA
3TOTO TOJIST, HECMOTPS Ha MPOCTOTY TPaHMLI, He TTO/I-
JAIOTCS MPOCTHIM AaHAJTMTUYECKUM UCCIICIOBAHUSIM,
MO3TOMY HEOOXOAMMO OOPATUTHCS K KOMIIbIOTEP-
HOMY MOJIEJIMPOBAHMUIO.

=
=}
I

.'I:---

i

~
Ut

V%

.

-
-

L
e

e

-

.

\ .

Y

1.3 R
n ns nE 1.: T X

Puc. 1. DXBUNOTEeHINAIBHBINA TTOPTPET TIOJIS
«MOIU(MPUIIUPOBAHHASL apKa».

DyHKINS TOTIOJIOTHY TIONIS (@ = const:
0,1 (1); 0,2 (2); 0,3 (3); 0,4 (4; 0,5 (5);
0,6 (6); 0,7 (7); 0,8 (8); 0,9 (9)

YucieHHOe MOJIETMPOBAHME PEKUMOB PAOOTDI
JHEeProaHaIM3aTopa «MoaupUINPOBAHHAS APKA»

Hns monst (16) cructema ypaBHEHWI IBUKEHUS
3aMMUIIETCS B BUIE

ox
. 09 (18)
J’——aa
z=0,

C COOTBE€TCTBYIOLLIM Ha60p0M Ha4daJIbHbIX JAHHBIX

-x()a yO’ ZO:
Xy =V2W sin6-sina, y,=+2W sin6-cosa, (19)
zy =~2W cos6.

OCco0EeHHOCTBIO MOJIST «apKW» SIBJISIETCS TOT (haKT,
4TO B MJIOCKOCTU CUMMETPUU y =0, BO-NIEPBBHIX,
YaCcTUIIA BBIJIETAET U3 TTOJISI TIOJ] TEM K€ YIJIOM, UTO U
BJIeTEJA B TI0JIE, BO-BTOPKIX, MPOESKIINS TPACKTOPUH
Ha OChb Z paBHA YTy BJIeTa YaCTUIIbI, BBIpAXKeHHOM
B pajuaHax.

Torna B apeiihoBoit YacTU MBI cCOOEpPEM LIUPO-
KW TTy4OK B OOHY TOUKY. [TOCKOJBKY TOTIOIOTUS
osist «MoauduLUupoBaHHOM apku» (16) cpoaHu ca-
MOl «apKe», TO Mbl BITIPaBE OKUAATD 1 30€Ch IOJ00-
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Horo o@g@dekra. Beep TpaekTopuii uyacTull
C pa3HbIMM HadajabHbIMU yrjaamu (25° < 6 < 90°)
u sHeprueir W= 1 cobupaercsi B 1peiichoOBOM I1PO-
CTpaHCTBe, 00pa3ysi Liejblil Habop ToYeK POKYyCH-
POBKM TIEPBOTO TMOPSIIKA.

J1J11 HAIIIWX LIeJTei HeT HeOOXOAMMOCTH MCTTOIb-
30BaTh TAKOM OOJIBIIION TMATIa30H YTJIOB — CBHITIIE
60°. Kpome Toro, 606111451 TUCTIEPCUST UMEET MECTO
IJ1s1 Ha4aIbHBIX YIIOB, 0mn3kux K 90°. KpoccoBep
My4Ka, BBUIETAIOIIETO U3 TOUKU X, =y, =2, =0 Ha
TpaHMLIE MOJsl, C YIJIOBBIM pa30opocom B 4°, BKITIO-
yasg 6=89°, cocraBnser oTpe3ok Ax=0,000311
Ha ypoBHe x =-2, 135 (puc. 2). Takum obOpazom,
MECTOIIOJIOXKEeHUEe auadparMbl OIPeae/IUIOCh:
Xp = -2,135, z4,=3,999787. JanpHeire pacyeTbl
BCEX 2JIEKTPOHHO-ONTHYECKUX XapaKTEPUCTUK MBI
OyzneM IIPOBOIUTh B 3TOM PEXUME.

-4

n 1 2 3

iy

Puc. 2. Tpaextopuu yactuig
C HauyajibHOI1 3Heprueii W = 1 B cpeaHeil m10CKOCTU
W pa3HbIMU TIOJISIPHBIMU yTJIAMU
0, rpam.: 85 (1); 86 (2); 87 (3); 88 (4); 89 (5)
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Hccaenyemoe 1oJjie Takxke OKa3bIBAET U MOTIe-
peyHoe neiicTBre Ha TTyJoK. Eciu B mmone BietaeT
Beep YaCTULL C OITPeNeIEHHBIMU BbILE HAYATbHBIMU
3HAYEHUSIMU U JOTIOJIHUTEJIbHO HEOOJIBIIIMM Pa30opo-

COM OTHOCHUTCJIIbBHO TTJIOCKOCTU CUMMETPUN y = 0

a3UMyTaTbHBIX YIJI0B o €[—-1,+1], To B dukcupo-

BaHHOM I10JIO2KEHU U (ch , Zcb ) CJea oT TpaeKTOpI/Ifl

OyIeT TIpeacTaBISITh CO00I KpUBOJMHEWHBIE TIOJIOC-
Ku. PazMepsl MOCIeAHUX COCTABST B HATIpaBIeHUN
nprkeHust Az = 0,03 uBnonepedHom — Ay = 0,08 .
C yBenuueHneM pa3zopoca MoJISIpHBIX yIJI0B 0 10 9°
pa3mep TMITeH HEMHOTO BHIPACTET B MPOAOJIbHOM
HanpasiaeHuu 10 Az =0,035. A 6opmit pazdpoc
YTJI0B OTHOCUTEIBHO CPeIHEN TIIOCKOCTH Ao = 2°
MPUBEAET K YBEJTMUEHUIO pasMepoB riaTHa: Az = 0,12
n Ay=0,16.

17151 OLIEHKU pa3pelieHns » OyneM anmpoKCcH-
MUPOBATh CJe/ TPACKTOPUIA B BLIODAHHOM MECTO-

TTOJIOXKEHU N (xcb, Zda) MIPSIMOYTOJTLHOM 00JIACTHIO.

Torma Hepa3pelleHHbI MHTEpBaJ SHepruit AW or-
peneauM, KOTIa 3T 30HBI IJI MyYKOB C pa3HBIMU
SHEPrUsSIMU IepecTaHyT IepeKphIBaThCs (B IIpeme-
JIaX TOYHOCTH IMPOBOAMUMBIX pacueToB). [TockoibKy
nonoxeHue GOKYCOB HEIMHEIHO 3aBUCUT OT SHEP-
TUHW, TO OLIEHKY pa3pelleHus WM pa3pelialoneit
CITOCOOHOCTH TTIPOBOINTE O HUKHEM 9HepreThye-
ckoit rpanune. g pexxuma W= 1, 85° <0 < 89°,
—1° < a £ 1° pa3pelieHUe MO SHEPTUU COCTABUT
r=AW/W =1,1.10%=0,011%, a pasperaiorast
CcocoOHOCTh R Kak oOpaTHasi BeJIMUMHA pa3pelie-
HUSE — R=W /AW =9000 . DTu 3HAUEHUS] MOTYT
OBITH HECKOJIBKO BHIIIIE, €CTM U3MEHUTh SHEPTUIO
Hactpoiiku. Hanmpumep, mist W =1,00003 npu tex
HavyaJabHBIX yciaoBusax Mbl uMeeM r=0,003% u
R =33000.

Crenyooiiasi XapaKTepUCTUKA MOJISI — IPUBE-
JIeHHas TUCTIepCHS TTO 9HEPTUM — TTOKa3bIBaeT, Ha-
CKOJIBKO XOPOILIO Pa3aeisitoTCs TPAeKTOPUM YACTULI
B BLIOPAHHOM peXMUMe; OHAa PacCUMTBIBAETCS TIO
(bopmyne

p=Ax w ’ (19)
AW L
rae AX — pacCTOSTHUE MEXKIy TPACKTOPHUSIMU C SHEp-
rued Wy u W ; AW =W —W,; W —3Heprus Ha-
cTpoiiku; L — 6a3a (B HameM ciydae L=4).
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Puc. 3. ucriepcusi 1o 3HEPruM B 3HEproaHajanm3aTope
«woaudUIMpOBaHHAsI apKa» Ha YPOBHE Xp = —2,135.

1

Hywmepanus 3HaueHMil yriia O COOTBETCTBYET MPUBEACHHOM Ha puc. 2

PesynbraTel pacyeToB 3TOM XapaKTePUCTUKU
MPeACTaBIeHbl HA PUC. 3 B UHTEPECYIOIIeM HAC A1 -
arnasoHe sHepruii Boauszu W= 1. 3nechb npuBeaeH-
Hasl 9HepreTuyeckas nucrepcus — cbiiie 50,
a «00bIYHAas» AUCTIePCUs D" =D-L —6onee 200.

Oco000 aHOMAJILHBII POCT AUCIIEPCUM HAOTIO-
TIAeTCsT IUTST TPAEKTOPU C HAYaTbHBIM TTOJISIPHBIM
yriom 0 =88° (cM. puc. 3, KpuBast 4) n 0 =89° (kpu-
Bast 5). [laxe npu cHUxKeHuu sHepruu 1o W=10,9
IVICTIEPCUST COXpaHSIET PeKOPIHbIE 3HAUESHMS U TIpe-
BBIIIAET B HECKOJIbKO pa3 AUCIIEPCUIO B TPATULIV -
OHHBIX 9HEPTOAHATN3UPYIOIINX cucTeMax | 1].

Ilepexon OT TOYEYHOTO NCTOUHMKA K IEHTOYHO-
My TIYYKY (ITy4OK MMEEeT IMPOTSIKEHHOCTh B HAITpaB-
JICHUY ) I CHMMETPUYHO PACITONIOXKEH OTHOCUTETBHO
CpeIHel TIIIOCKOCTH) TIPUBOANT K TOMY, UTO pa3pe-
IIaloIIasT CIIOCOOHOCTh CHIKaeTces. Tak, s mmyuka
Ay=0,04 onacocraBut R = 3300 ipu sHEepruu Ha-
crpoitku W=1u R =20000, ectu W =1,00005. YBe-
JIMYeHVe IMPUHBI IEHTOYHOTO ITyJYKa B IBa pasa I0J1-
KHO CHU3WUTBH pa3pelraionrylo CIoCOOHOCTh 110
R = 1700 npu sHepruu HacTpoiiku W= 1u R = 10000,
ecau W =1,0001.

MopaenupoBaHue pe:KMMOB
JHeproananusaropa nporpammoii SIMION

Hamu Obl1a paccMOTpeHa aHaIMTHYeCcKast MO-
JieJ1b [10J1s1, XOJ1 [IOTEHLIKAajIa B KOTOPOM U3MEHSIETCSI
SKCIMOHEHUMANBHO. B cpemHelt miockocTy mosst

CUJIBI, AEHCTBYIOIIME HA MTyYOK, aHAJIOTUYHbBI CH-
JlaM B CpelHel TJIOCKOCTU aHajau3aTopa «apkKar.
Pasnuuue cocTOUT B TOM, UTO B AaHAJIU3ATOPE «apKa»
rnoJie3afarolue 3J1eKTpoabl — MpodUIMpOBaHHbIE
Y HaITIOMUHAOT apKy. B npeaiaraeMom HaMu Bapu-
aHTe, KOTOPHI MBI Ha3BaJIu «MOIU(MUIIMPOBAHHAS
apKa», reOMEeTPUsl BJIEKTPOAOB AOBOJILHO IIPOCTA:
BepxHUi (oTpaxaroliuit) anektpoa umeeT [T-o0pas-
HBIH Mo b, a HUXKHUI (Uepe3 KOTOPHIi OCyIIIe-
CTBJISIETCS BBOJL M BBIBOJI My4Ka) — TIJIOCKasl MJjiac-
TuHA. TakuM o0pa3zoM, IOJydaeTcsl BBITSIHYTast
«KOpobouKa». [110CKOCTh CUMMETPHH CITYKUT TIJIOC-
KOCTBIO TUCIIEPCUHU, TAe MyUYOK pa3BoOpauuBaeTCsl
B COOTBETCTBUU CO CBOEY DHEPTUEH U pa3aeisieTCs
Ha ctpyu (puc. 4). YToObl NpesoTBPaTUTh UCKAa-
JKeHUeE TIOJISI M YMEHBIIUTD KpaeBoit a(pdekT, mo-
MOJIHUM KOHCTPYKLMIO OOKOBBIMU BCTaBKaMW,
PACIIOJIOKEHHBIMU MEPIIEHANKYIISIPHO MIOCKOCTU
JBUKEHMS MyYKa M HA JOCTATOUHO OOJIbLIOM pac-
CTOSTHUU OT BXOJia 1 Bbixona (aetektopa). [Tonyua-
€TCs1 BIIOJIHE 3aKPbITbI1 00bEM.

B xome aHamuTU4eCKOro MoaeIMpOBaHUs ObLTH
oIpeaesieHbl OCHOBHbIE Ia0apUThl [IpeiaraeMoro
npudopa B yCIOBHbBIX €AMHULIAX:

Xmax = 6’ ymax = 2’ Zmax = 8’
X MBI U BBIOEPEM 32 OCHOBY.
B nporpamme SIMION 6bL1a mocTpoeHa Moaesb

9HEProaHaan3aToOpa U UCCAENOBAHBI €TI0 PEXUMBbI
paboTel. [TapameTpsl MoAeU 3a0aBaauch B (PU3K-
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Puc. 4. O6uimii Bua sHeproaHaausatopa «MoaudULIUpPOBaHHAS apKar:

1] — HUXHSS IIaCTHHA; 2 — BEPXHUN OTKIOHSIOIIMI 3JIEKTPOLI;
3 — TpaeKTOpHU YACTHUI B CPEAHEl TIOCKOCTH

YyecKuX eaAnHuIax. Mbl pacCMOTpPEIU HECKOJIbKO
BapUAHTOB, KOTOPbIE U OYyIYT MPeACTaBICHbI HUXE.

Bapuanr 1. 3a 06a3y BbIOpaHO pacCTOSIHUE
B 70 MM, Toraa 1 yci. ea. coorBeTcTBYeT 17,5 MM.
B TakowMm ciyyae mmpuHa meneii (z — y) cocTaBu-
Ja 1x2 MM — BXoaHOI meau 1 3x1 MM — BBIXO -
Holi. OCHOBHAsl PHEPrusi Myyka BbIOMpaaach paB-
Hoii 1003B, M Ha BepXHUIl OTKJIOHSIOLIUIA
aneKTpon monaBajcs morenuuan B —100 B. Kpo-
M€ TOTO, 3a CUeT MOSBJICHYSI OOKOBBIX BCTABOK MO~
SIBJISIETCS €11e OlHA BO3MOXHOCTb YIpaBiaeHUSs

a) x -

Bl -

1y

MMYYKOM, TTOCKOJIbKY Ha HUX MOXHO TI0AaTh CBOM
He3aBUCHUMBIH TToTeHIIMan. B aToM BapuaHTe OH
coctaBuJ Toxe —100 B.

B oGnacTb moJist 3armycKascs J€HTOUHBIN ITy40K
LIIUPUHON B TOMEPEYHOM HANPABICHUM 2 MM TIO1
Pa3HBIMU YIJIaMU K OcH zZ [85—89°] 1 HEKOTOPbIM
pa3dopOCOM B SHEPTUU.

B nanHOM pexume Ha BbIXOME U3 MOJs TOTOKU
YACTUIl C pa3HOW DHEPTHUEN JIETKO pas3aeisioTcs
(puc. 5, a). UmeeT MecTo 1 00beMHast GOKYCHpPOBKa
(puc. 5, 6), UTO, HECOMHEHHO, yJy4lllaeT mapamer-

Puc. 5. Tpaektopuu yacTull B 9HEproaHaauzatope «MoaudUIIMPOBAHHAS apKa»
B JIBYX TUIOCKOCTSIX: Xz (a) u zy (0)

Ouepruu E, 3B: 100,05 (mynkrtup); 100,00 (crowmHbie aunuu); 99,95 (KOPOTKUil MyHKTUD)
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pbl ycTpoiicTBa. Ec/iv BBIXOIHYIO 111€J1b BbIIOJIHUTD
BIIOJTHE TIPEIIM3UOHHO, TO JAHHBIN BApUaHT 00ecITe-
uyput paspeweHue  =0,05% u gaxe ayuiie.

Bapuant 2. [TonpoOyem yMEHbLIUTb SHEProaHa-
JIA3aTOp — COKpaTUM 6asy rmpuoopa 1o 60 MM, 4To
OymeT cooTBeTCTBOBaTh 1 yci. em. — 15 Mwm.
'YcnoBust BBOJA ITy4YKa U €70 TTApaMETPhl COXPAHSIEM.

Ha BepxHuii oTpaxkarunii 3J1eKTpoI, ToJanum
noteHumana —100 B, a Ha 00e 00KOBBIE BCTABKU OT-
JuuHbIi moteHnuan —90 B. Cutyauust pe3ko yxymn-
LIMTCS — IIy40K pac(OKyCUpPOBaJIC.

Eciu xe Ha G0KOBbI€ BCTABKU ITOAATH OOJIbILINI
TTOTEHIINAJ, YeM Ha OTKJIOHSIOIINI 3JIEKTPOI, Ha-
npumep — 110 B, To Bech MOTOK MepeceyeT HUXHIOK
IUTACTUHY, HO MbI TTOJTYYMM IepeMellnBaHue B 00-
JIACTU BbIXOJA U3 TTOJISI.

BapuanT 3. Teriepb paccMOTpUM Cllydait, Korna
OOKOBBIE BCTaABKM CKOMITOHOBAHBI M3 IBYX TTOUTH
paBHBIX YacTeii, HA KOTOpPbIe MBI MOXKEM I1OJABaTh
pa3Hble noTeHuMabl. OTHOILLIEHUe HUKHEM K BepX-
Heli yacTu OOKOBBIX BCTABOK COCTaBIISIET 3:4.

Ha HIXHI010 9acTh G0KOBBIX BCTABOK MTOJATNM
—105 B, a Ha BepxHIOI0, KaK 1 HA BEPXHUI OTKJIO-
ot asekrposn, —100 B. ITpu Tex HayanabHbIX
YCIIOBUSIX IBVKEHUS yIaeTcss JOOUTHCS pasperire-
aust ¥ =0,05% .

YBenmmueHne MoTeHIMaa, MoIaBaeMoro Ha HIDK-
HIOI0 YacTb 00KOBbIX BCTaBOK (—110 B), npuBoaut
K O0J1bIlIeMy MepeMelIBaHIIO, U pa3pellleHue YXyI-
1aeTcsl.

Bapuant 4. bokoBbIe BCTaBKM pa3aeuM MHave:
pa3mepbl HUXKHEN M BEPXHEU OTHOCSTCSI TENEPb APYT
K Apyry Kak 1:4. Bapuauus roTeH1mana, nogapae-
MOTO Ha HIDKHIOIO TUTACTUHY OOKOBBIX BCTABOK, TTO-
3BOJISIET JOOUTHCS HAMITYUIIErO Pa3e/IeHUS TOTOKOB
YaCTULI HA BBIXOJE U3 00aacTu nosist (puc. 6).

B ripeaioskeHHOM peasbHO KOHCTPYKIINY SHEP-
roaHaIM3aTopa 3a CYET MOSIBJCHUST TOTTOIHUTEIbHBIX
BCTABOK Y U3MEHEHUSsT (POPMbI BEPXHETO OTKJIOHSIIO-
LLIETO BJIEKTpoaa (OTXO OT UAeaTbHOM aHATUTUYEC-
KOI Mozienn) pexXnuM (GOKYCUPOBKU W HAWITyJIIeit
IVCTIEPCUN HECKOJTBKO M3MEHMIICA. B peasbHOM TTpH-
Oope celeKUIo ¢ MOMOLILI0 AuadparMbl cienyer
BBITOJHUTh HA TPAHULIE [10JIs1, B TO BPEMsI KaK B aHa-
JINTUYECKOI MOJEIN — MOTOKU pa3AeIsIuCh B Apeii-
(OBOM MPOCTPAHCTBE ( Xg» Zg) ).

Pe3yanaTb1 IIPOBECACHHOIO UCCIICAOBAHMUSA I10-
Ka3bIBalOT, UTO MPEAJTOKECHHAA KOHCTPYKLINA SHEP-

L
e
L
T

by 1\]&}. {{'I,h

Puc. 6. Cnen TpaeKTOpHUii 4acTULL JIEHTOUHOIO
Myuka ¢ pasHoii sHeprueii: £ = 110,05 3B (rpynna 1),
E=110,005B (rpynma 2) u £ = 99,953B (rpynma J3)

B IUIOCKOCTHU Zy Ha TPaHMIIE TOJIs.

Ha HIXKHIOI0 4acTh OOKOBBIX BCTABOK
nogaH nmoreHuuanr — 115 B

roaHaamMzaTopa «Moan(uLIMpPOBaHHAsI apKa» BITOJI-
He paboTocnocoOHa, 001agaeT XOPOIIMMU CeleK-
TUPYIOIIUMU CBOMCTBaMU. [1pn rabapuTHBIX pa3-
mepax 100x35x130 MM B 1aHHOM IpUOOPE TakK XKe,
Kak 4 B MPOTOTUIIE (IHEProaHaIU3aTOP «apKa»),
IOCTHUTAETCST MIBOIHAA (hOKYCHpPOBKA IO YTy —
B HaTIpaBJICHUM TUCTIEPCUU U B TIOTIEPEYHOM TTOC-
koctu. Kpome Toro, B BapuaHTax ¢ pa3pe3HbIMU
GOKOBBLIMU BCTaABKAMM TTOSIBIISIETCS BO3MOXKHOCTh
yIpaBJIeHUS TTOJIOKEHUEM TTydKa B YXKe BBIOpaH-
HOM pexxuMe paboThl IIpubopa, 4TO OUYEHbD CYIIIe-
CTBEHHO ITOMOXET ITPY SKCIIEPUMEHTATbHOM JOBOI -
ke mpubopa. [Mogaueit moTeHIIMaNa Ha HIXKHIAE
BCTaBKM MOXHO HECKOJIbKO TTONKOPPEKTUPOBATh
IBWXXEHHWE CTPYi, TeM CaMbIM JOCTUYb JIYYIIIETO
paspemenus. Ho maxe nmpu 3HaYeHUSIX TapaMeT-
POB (2HEPTUST YACTUIL, TaOAPUTHBIE pa3MePhI TIPU -
Oopa ¥ Mmyyka), KOTopble ObLJIU BbIOpAaHbI B MpPE/-
CTaBJIEHHOM WCCIEOOBAHUM, MOXHO ITOJYYUTh
paspewenue Ha Bbixone 0,05 %.

DHeproaHaIM3aTop «MOIU(PUIINPOBAHHAST apKa»
MMeET OUEeHb MPOCTYI0 KOHCTPYKILMIO: [T-00pa3HbIii
MpOodWIIb, 2 OCTATBHBIC DJIEMEHTHI — TIJIOCKHE T1Ta-
CTUHBI; OH 00JIazaeT HeOOMbIINMU pa3MepaMu, HO
TPY 3TOM JIEMOHCTPUPYET BBICOKYIO TUCTIEPCUIO
1 (hOKYCHPOBKY BBICOKOTO KauecTBa. Bece aTu mipe-
WMYIIECTBA TTPUOOPA MOTYT OBITH MCITOTb30BAHBI
IUTSL CO3MaHMST KOMIAKTHBIX CUCTEM 9HEProaHaI -
3a M MacC-CTIEKTPOMETPUH.
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XPOHUKA

A.U. EcopoB

bOPUC NABJIOBUY KOHCTAHTUHOB
U ®U3UKO-MEXAHUYECKUU DAKYJILBTET Cnierny

B 2010 roay ucnonusiercst 100 jieT co gHsI poxK-
neHust akanemuka bopuca ITaBnoBuua KoHcTtaH-
TUHOBA — BbIJAIOLIETOCS Y4EHOT0-eCTECTBOUCIIbI-
TaTesis U opraHusaTtopa HaykKu. Kpyr ero HayuyHbIX
MHTEpeCOB Obl1 HEOOBIYAaHO IINPOK: KOJIEOaHUs
U BOJIHBI, aKYCTUKA, (DU3MKA U XUMUS U30TOIOB,
METOIbl pa3aeeHUust cMmecei, (pu3uKa I1a3Mbl
U TEPMOSIIEPHBIE peaKLuy, SKCIIepUMEHTaIbHasI ac-
TpoU3MKA, TPUKIAIHAS DJIECKTPOXUMUSI, BJIEKTPO-
MAarHUTHbIE U3JTyYeH s UyeloBeKa, rojorpadus, cre-
peoTesieBUIEHUE U MHOTOE APYTroe.

Bopuc [MaBnoBnu Koncranturos (1910—1969)
OBILT HACTOSIIIIM YYEHBIM, OeCIIpeIe/IbHO YBI€UYEH-
HbIM HayYHbIM TBOpPUECTBOM. CTaJIKMBasICh C JI1O-
0oli mpo0JeMoii, Ha4YMHaJl €€ pellaTh, Iepedupan
BapuaHThl, YMEJI0 BOBJIEKaJ B 3TOT MPOLECC OKPY-
JKAKOLIKMX, HA JIETY CXBAThIBAJl LIEHHbIE MbICJIU, 00-
pabaTbiBan ux U pa3BuBaji. OH 00sagana MOUCTUHE
rPOCCMEMCTEPCKUM JAPOM MTHOBEHHO OLIEHUBATh
BBITIOJTHUMOCTh HAYUHBIX U TEXHUYECKUX MPEIJIO-
JKeHU BO Beex aeTasix. Beerna pykoBoacTBoBai-
Cs IPUHLIMIIOM: HET 3a[a4, KOTOPbIX HEJIb3$1 PEILUTh,
€CJIM OHU He MPOTUBOPeUaT 3aKOHAM (PU3UKMU.

b.I1. KoHCTaHTUHOB OTJIMYAJICI U PEIKUM
OpPraHM3aTOPCKUM TaJaHTOM — OH MOT CO3/1aTh
HAy4YHBI UJIY TPOU3BOACTBEHHBI KOJJIEKTUB OT
OJHOTO 10 HECKOJbKUX ThICSIY COTPYAHUKOB, 110~
CTaBUTb Mepe HUMU 3a7avy, 3apa3uTh CBOUM IH-
Ty3Ma3MOM U PaJOCTbIO TBOPUECTBA, a 3aTEM pe-
LIUTb MTPOOIEMY.

Bopuc I[MaBnoBuu 6611 cotpyaHukom A.@. Mod-
(be v coxpaHsia ero CTUIb PabOThI: «YUeHBbIX-(PU3U-
KOB Hazlo 0€3MepHO LIEHUTb 1 YBaXKaTh. TOIBKO OHH,
BOOPYXEHHbBIE 3HAHUEM BCEX 3aKOHOB MPUPOJIbI,
MOTYT CIIPABUThCS C TPOOIeMaMu, HABUCAIOLIUMU
Hall pacTylIuM JejoBedecTBOM. Dus3mkam HyKHO
CO3JaBaTh BCE YCJIOBUSI /151 IUIOAOTBOPHOM pabOTHhI.
HoBbBIX y4eHBIX HAI0 JI000BHO BBIPAIIMBATH, HE
JKajiesl Ha 3TO CUJI M CPEICTB, U HE IIe-TO TaM,

a 37ecCb, psiIoM, Ha (pU3UMKO-MexaHUdecKoM da-
KyasTeTe [10IMTeXHNUEeCKOTO MHCTUTYTA.

IIpexne Bcero, GpU3MK-3KCIEPUMEHTATOP A0JI-
JKeH 3HATh BCIO (DM3UKY — 3aKOHBI TIPUPOIBI Hepas3-
PBIBHbI U MPOSIBJISIFOTCSI COO01LIAa BO Beex (pusnyec-
KUX gBJIeHUAX. JleKimn pu3nkaM TOKHBI YUTATh
camble CIIOCOOHBIE U KBATU(ULIMPOBAHHBIE JIEK-
Topsl. [Tocie ocHOBaTETbHOM TEOPETUUYECKOM TIOI-
TOTOBKM CTYI€HTbI JOJXKHbI IPOXOAUTb ITPEIANI -
JIOMHYIO TPAaKTUKY U JeJaTh TUTUIOMHYIO padoTy
BJIYYLIMX HAYYHBIX JTA00PATOPHUSIX».

B 1955/56 yae6HOM romy JJeKIIUM Ha «(pru3Mexe»
yurtanu [1.C. Topwkos, [I.H. Hacnenos, H.A. I1ep-
¢unos, A.W. Aucensm, B.M. TyukeBuu, A.M. boHu-
bpyesuu, I'A. Ipun6epr, K.A. Tep-Maptupocsit.

bopuc I[laBnoBuu KoHCTaHTUMHOB,
doto 1963 roga

Ipenocrasieno n3 GoHIOB
Hcrtopuko-texuuueckoro myses CII6ITTY
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Cam B.I1. KoHcTaHTUHOB YnTaj Kypc aekuuii «Du-
31Ka U30TOMOB U METO/IbI MX PA3IEICHUS» , KOTOPBIA
COCTOSJ1 U3 IBYX YaCTeli: B MEPBOM paccMaTpuBa-
JlJach TeOpUst KWHETUUECKOTO U OOMEHHOTO Kackaaa
pa3fgeUTe/IbHbIX BJEMEHTOB, a TakKXKe TeOopusl
00MEHHOI KOJIOHHBI; BO BTopoii bopuc [TaBnoBuy
noapoOHO pa3dupan METOIbI pa3neeHus NU30TOIOB
pasanuHbix 2semeHToB. Kype nekuuit b.IT. KoH-
CTAHTMHOBA YHUKAJIEH — 10 CUX I1IOP KOHCIIEKTbI
9TUX JIEKLIUI OCTAIOTCSI OCHOBHBIM MOCOOMEM 10
MHOTOCTYIIEHYAaTOMY Pa3aeIeHUIO CMECeid.

Yacro nekuuu b.T1. KoHcTaHTHHOBA ObLIN UM-
MNPOBU3ALIMSIMU — UX COAEPXKAHUE MEHSLJIOCH B 3a-
BUCUMOCTH OT €TO MHTEPECOB B TOT MOMEHT. B Haua-
je 50-X rogoB MOApPOOHO pa30oMpaInCh METOIBI
pasneaeHust U30TOMOB JIUTUS, MO3IHEE TJIaBHOE Me-
CTO 3aHSL1 METO/ LeHTPU(YTrUpOBaHUSI 1JIsl pa3fie-
JIeHus1 n30TonoB ypaHa. OnHy U3 jJekuuit bopuc
[1aBnoBuUY Bcerma MOCBSILIAT METOAY MOHHBIX IO~
BUKHOCTEW — TEOpWU W TIpaKTHUKE pa3deieHUs
MOHOB B 3JIEKTPUYECKOM I10J1€ IIPU MPOTUBOTOKE pa-
CTBOpHUTES. A Belb Toraa, B 60-¢ roabl, M30Taxo-
(bopes 3apsIKeHHBIX MOJIEKY €1lie He IIPUMEHSLICS
OMOXMMUWKAMU TS pa3fesIeHUs OpraHMIECKUX CO-
equHeHuit. B Ha1y 1HU 6€3 HEeTo He 00XOAUTCS HU
OIIMH CePbe3HBIN OMOXUMWUECKUIT aHAITN3.

Ha cBoux nekuusax bopuc I1aBmoBuy paccka-
3bIBaJI O MPEUMYIIIECTBAX ra30LeHTPUPYKHOTO Me-
TO/A pa3esieHUsI U30TOIOB ypaHa repe razoaud-
(ysuonHbIM. [Tpu ueHTpudyrupoBaHuu 3¢h¢hexT
pasaesieHNs 3aBUCUT OT a0COJTIOTHOM pa3HOCTU Mace
2 8UFG > UFs, anpn ntnddy3noHHOM — OT OTHO-
cuTesibHOM. Pa3neneHne n30TonoB ypaHa Ha LIEHT-
pudyrax mpuMepHO B IBAAIATh pa3 9KOHOMUYHEE
nnddy3nonHoro. b.I1. KoHCTaHTMHOB ITpe 10X
cBouM kosuieram M.B. Kypuatory u M.K. Kukou-
HY 3aKpbITb Bce 1U(Pdy31MOHHbIE 3aBO/IbI U ITIEPENTH
Ha razoueHTpudyxHbie. [Tpennoxenue KoHcraH-
TUHOBA OBLIO MPUHSATO — HAYAJI0Ch CTPOUTETbCTBO
MEePBOro ra3oleHTpUdYKHOro 3aBoaa. B 1960 romy
ckoponoctuxHo ymupaet M.B. Kypuatos. Ctpou-
TeJbCTBO 3aBOJIA TYT K€ OCTAHABIUBAIOT — YMHOB-
HUKaM ObLIO HEeBBITOAHO 3aKphIBATh IPOMAaIHbIE,
ucrpasHO padoTatomue 3aBoabl. b.I1. Koncrantu-
HOBY y/1aJ10Ch HEBO3MOXXHOE — OH YOea11 pyKOBO-
nuTeaeit MuHUCTepCTBa CpeIHEero MallIMHOCTPOEH Mt
CCCP nponoXuTh CTPOUTEIBCTBO Ta30LEHTPH-
(yxnoro 3aBoga. lasmock emy 3To Henerko: y bo-
puca ITaBioBuya ObL10 00JIBHOE CepLie, U OH JOJTO
npuxoau B cedsi. Ceituac B Poccuu pabotarot ue-
ThIpe Tra30UeHTPUDYKHBIX 3aBOAA, OCHAIIEHHBIX
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LeHTpU(yraMu LeCTOro U CeAbMOro IMOKOJIEHUIA.
Han co3manneM 3Toro rpaHInO3HOTO TTPOU3BOICTBA
JIOCTOIHO mopaboTaiu BblmyCKHUKY [TonuTexHm-
YeCKOTO YHUBEPCHUTETA.

Cucrema BbiCLIEro 00pa3oBaHusl, CyLIECTBO-
Basmast B CCCP no 1956 roma, 6buta paspyiieHa
H.C. XpyuebiMm. b.I1. KoHCTaHTMHOB npogosKat
3aBeIoBaTh Kadeapoit «Du3nka n30TonoB» Ha 00-
LIecTBeHHbIX Hayvajnax. Kadeapa Oblia HyxXHa
Bopucy [TaBnoBuuy mist mpoBeaeHMS OBICTPHIX U He-
CTAHJAPTHBIX UCCIIEAOBAHUI, a TAKXKE JJIsI [TOAr0-
TOBKY MHOCTPAHHBIX CITELINAINCTOB B 00JIaCTH pa3-
JeJeHUs] U30TOIOB U MPUKIAAHONU PaIUOXUMUM.
PykonucHbIE TUTIOMHBIE paOOTHI BBIITYCKHUKOB
Kadeaphl 10 caMbIM Pa3HOOOPA3HBIM TeMaM MaJio
OTIMYAINCh OT KaHAWAATCKUX IHCCEpPTALIUA.
Ha xadenpe B 50-x rogax pa3padarbiBajiMCh TEXHO-
JIOTUS TTOTyYeHUS SIIePHOTO IMPKOHMS 03 radpHusl,
TeOpusl U MpaKTUKaA pasfesieHus cMeceil MeTOIoM
BBITECHUTETLHOI XpoMaTorpaduu ¢ TPOTUBOTOKOM
KOJIOHOK, [J1yOOKasi O4MCTKA MPeaebHbIX YIJIEBO-
TOPOIOB C TIOMOIIIbIO HEOPTAHUUYECKNUX COPOCHTOB
C UMMOOMIM30BaHHbIMY KOMILIEKCOOOpa30BaTe/isi-
MU, METOABI M3BJIEUYEHUs ypaHa U3 OCIHBIX PYyI
1 Mopckoii Boabl. Ha kadenpe dyHKiMOHUpOBaia
TTOJTYTIPOMBITIIEHHAS TepMoandPy3noHHas ycTa-
HOBKA J1JIsl pa3fe/ieHUsl U30TOMNOB 0J1aropoAHbIX ra-
30B M aHAJTUTUYECKas yCTAaHOBKA IIJIST OTTpeIeIeHUS
KOHLIEHTpally PTYTU B Bo3ayxe. PazpabaTeiBasics
MMM POXUMUUYECKHUIM TTPOTIECC TTOTYISHUS CBEPXIMC-
TOI Meu [U1sl TPOBOAOB. BbLM CMHTE3UPOBAHbI HO-
BBI€ CEJIEKTUBHBIE COPOESHTHI Ha OCHOBE TUIPOOKM -
CU LIMPKOHMSI, U3MEPEHA CKOPOCTh 0OMEHA N30TOIOB
ypana B cuctemax UV —UYn UM—U"™" C ocobbim
BHUMaHWeM bopuc [TaBioBrY HaGII01a7 32 SKCTIE-
PUMEHTaMU TT0 MUTPALINY TIPUMeECEi B KUIKUX Me-
Tajjiax Npu NPOXOXIASHUU 3JEKTPUYECKOIrO TOKA.
DTO KBAaHTOBOMEXaHUUYECKOE SBJICHUE OCTACTCS
HEOOBSICHEHHBIM JI0 CUX ITOP: IPUMECH CMEIatoTCsI
K KaTOIy VIV aHOMY B 3aBUCUMOCTHU OT KOHIIEHTpa-
LIMY COBEPLIEHHO HeNpeacKa3yeMbIM 00pa3oM.

B 1957 rony bopuc TlaBnoBuy KoOHCTaHTHHOB
CTAHOBUTCS TUPEKTOPOM PU3UKO-TEXHUUYECKOTO
nHctuTyTa Akagemun Hayk CCCP (OTU AH
CCCP). ®usuko-mexaHuueckuii daxynpreT Jle-
HUHTPAACKOTO MOJIUTEXHUIECKOTO MHCTUTYTA JOJT-
JKeH OBLIT CTaTh OCHOBHBIM UCTOYHUKOM OOHOBJIE-
HUS TTepcoHajia 00JIbIIOTO (PU3NIECKOTO MHCTUTYTA
MOJIOAbIMU HAyYHbIMU COTPYAHUKAMU, II€ B TECHOM
B3aUMOIEHCTBUY OO BbEIMHSITUCH YCUITNS (DU3UKOB
Bcex cnienanbHocTeil. bopucy [MaBinoBudy yaanoch



XpoHunka

BOCCTAaHOBHUTb OCOObI I HACTPOI HAYYHOTIO ITOMCKA,
3a710XeHHbI A.@. Nodde. MccnenoBaHust MUPO-
BOTO YPOBHSI BEJIMCh BO BCEX OTAEIaX MHCTUTYTA.
B stom ke rony no naunuatube b.I1. Koncrtantu-
HoBa B HayuHo-ucCeq0BaTeIbCKOM MHCTUTYTE
anekTpodusndeckoit ammaparypsl (HUNDDA) co-
OpyKaeTcsl TEPMOsiAepHasl yCTaHOBKA <«Allb(dar.
Boipatonuiics yaeHbIM TpUHUMAJ HETIOCPEICTBEH-
HOE yuacTUe B €€ CO3JaHUU U C IPUCYLLUM EMY pa3-
maxoM npeanpuHsul B ®TU ucciegoBaHus mno au-
arHocTuKe ria3mel. PazpaboTraHHbIe METOOUKY TYT
K€ PUMEHSIIMCh Ha TepMOsIIEpHOI ycTaHOBKe. Pe-
3yJIBTAThI 9KCIIEPUMEHTOB OKA3a/IUCh [1ECCUMUCTUY -
HeiMU: bopuc T1aBnoBUY pUXOOUT K BBIBOMY, YTO
LIMPOKO peKiamupyembie JI.A. ApLiMMoBrYEM 0OJTb-
LI1€ TOKaMaK/ HUYETO HE NALyT IHEPIeTUKE, NAXKE
€CJIM UX IIepeBeAyYT Ha JeUTEepUEeBO-TPUTUEBYIO pe-
akuuto (A T-peakuuio). B cBsa3u ¢ atum B.I1. KoH-
CTAaHTUHOB KaTEropuueCcKu Bo3pakaj MPOTUB BbI-
JIeJIeHUs] JeHer Ha CTPOUTEJbCTBO TPOTOTUIA
TEPMOsIAEPHOI asieKTpocTaHMU. OH CUUTATI CBOUM
JIOJITOM TpeAyTPEAUTD, YTO 3TO OYIE€T OMacHoe, 10-
poroe, a raBHoe, 6ecriojie3Hoe coopyxeHue. [1pu
OT-peakliuy OCHOBHYIO 3HEPTHMI0 YHOCUT OIUH
OBICTPBII HEMTPOH; YTOOBI BOCTIOJHUTD YOBLIb TPU-
TUSI, IPUXOIUTCS 3TOT HEUTPOH 3aMEIINTh, 3aXBa-
TUTD ApOoM ypaHa-238 unu Topusi-232 u Hapabo-
TaTh TPUTUI U3 JIUTUS-6 B PEaKTOpE SAECPHOTO
neneHusi. Ho Takue peakTopbl MOTYT caMi, 0€3 TO-
Kamaka, paboTaTbh ¢ BOCIIPOU3BOICTBOM AEJISILINX-
CsI U30TOTIOB.

BoictymieHnue JI.A. ApuMMoBUYa Ha COBMECT-
HOM 3acegaHny @U3MKO-TEXHUUECKOTO MHCTUTYTA
U GHU3MKO-MexaHu4YeckKoro (axynpreta JIeHUH-
IPafCKOro MOJUTEXHUYECKOrO MHCTUTYTA IIPOXOAM-
JI0 B akTOBOM 3ajie [ToTuTeXHNYeCKOro MHCTUTYTA.
JleB AHIpeeBrY MOoapOOHO paccKa3ai 00 SHEPreTr-
YECKUX BOZMOXKHOCTSX J€UTEPUEBO-IEUTEPUEBOI
peakuuu (J1/1-peakuuu) 1 0 HercuepraeMbIx 3amna-
cax TSIXKeJIOl BOMIbI, O CBETJIOM OyayllieM yejoBeue-
CTBa, OBJIAEBIIEM TEPMOSIAEPHBIM CHHTE30M.
bopuc [TaBn1oBUY ¢ HUM MOJHOCTbIO COTJIACUIICS.
B ®usuko-texnuyeckom nHcturyre AH CCCP Ha-
YUHAIOTCS IIUPOKHUE UCCIeNOBaHUS MO (U3MKe
U JUATHOCTUKE I1JIa3Mbl 1 aTOMHbBIM CTOJIKHOBEHM -
M. OcoOeHHO 3HAUUTEIbHbIE 9KCTIEPUMEHTATbHbIE
pe3yJbTaThl ObLIY MOJYUYE€HbI IPYIION BbIMYCKHU -
KOB (pM3MKO-MeXaHNUeCKOro (paKyabTeTa BO IJIaBe
¢ A.A. BopoobeBbiM. OHUM M3yuymiiv OAUH U3 Bapu-
AHTOB «X0JJomHOro» J1/I-crHTe3a, TaK Ha3bIBAEMBbIil
Mio-Karaau3. OMHAHCUPOBAaHUSI HA CTPOUTEJILCTBO

>

B.T1. KoncrantuHoB B nabopatopuu. 1963 rox.

®otorpacdust nperocraBieHa U3 HOHIOB
Hcrtopuko-texuuueckoro myses CIIOITTY

O0oapmoro Tokamaka Hu JI.LA. ApuuMOBUY, HU
E.T1. BeauxoB He noayunan. CTposiiuiics ceituac
Bo @panuuu 6osbioii Tokamak ITER npennasHa-
YeH MCKIKYUTEIbHO IJ1S HAyYHBIX LieJIeil — ToJy-
YEHMSI CaMOIIOIACPXKUBAIOLLICCS TEPMOSIIEPHOM pe-
aKII1H.

ITonroroBka HayYHBIX KaapPOB Ha (PU3UKO-ME-
xaHu4yeckom ¢akyabrete nmozsoauaa b.I1. KoH-
cTaHTUHOBY ObICTpO pacuputh ®TU AH CCCP.
Ctpousiich HOBbIE Ja0OpaTOPHbIE KOpIyca, co3a-
BaJIMCh HOBBIE OTIEIbI, JAOOPATOPUH, CEKTOPBI, Pac-
LHIUPSITUCH CTaphble.

Oco6oe Buumanue b.I1. KoHcTaHTHHOB yaesiia
Teopetnueckomy otaeny. Ero uentpom 66u1 Bramm-
mup HaymoBua [prboB — OeccrnopHo, KpyImHEeUImii
(pusuk-Teopetrk XX Beka. [lepeueHb ero HaydYHbIX
paboT BrevyatsisieT, HO eliie B O0JblIeil Mepe Cyllie-
CTBEH €ro BKJIa[ B OOIIYI0 KapTUHY MUPO3IAHUSI.
Tonbko B XXI Beke yueHble HAUMHAIOT IIPUHUMATh
ocHOBHBIE TooxkeHUsT B.H. [pubosa: Bcenennas
«IJIOCKas», 06CKOHEYHO paCIIMPSIIOLIAsICS B a0CO-
JIIOTHOM BPEMEHU, MOTYNHSIETCSI a0COMIOTHBIM 3a-
KoHaM npupoabl. CKpbITas Mmatepusi (Tenepb ee Ha-
3bIBAIOT TEMHOI) COCTaBjisieT OOJIbIIYIO YacThb
maccol Becenennoii. Ecnu Beenennast oopazoBaach
U3 HAYETO, TO OJIHA €€ MOJIOBMHA COCTOUT U3 MaTe-
puu, a npyras — u3 aHTUMaTepuu. Bce yacTuiiel,
Kpome (hOTOHA, UMEIOT Maccy MOKosI, 1axke HERTPU -
HO 1 TPaBUTOH. BakyyM — 3T0 MaTepuanbHast CyIl-
HOCTb, OH UMeeT sTuerucToe ctpoeHue. [IpoToHb! a0-
COJIIOTHO HEPA3NIUUYUMBI — OHHM TPEICTABISIIOT
€000 3KeCTKO OITpeneIeHHbIE 00pa30BaHMS U3 KBap-
KOB Y TJIFOOHOB C TTOCTOSTHHBIMUA MAaTHUTHBIM MO-
MEHTOM Y MOMEHTOM KOJIMUECTBA IBUKEHUS. DTU
nosioxenus B.H. [puOoBa u ceiiuac BbI3bIBAIOT CIIO-
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PBbI, a B IPOLLIJIOM BEKE OHM BOOOIIE HE ObLIIM OLIEHEHbBI
Hu B CCCP, nu 3a pyoexowm. Tonbko JI.JI. Jlangay,
N 4. Tlomepanuyk u b.I1. KoHcTaHTMHOB MOHMMA-
JIM, 3HaYeHUe 3TUX padoT 1 To, uto B.H. [prudoB — 310
BeJIMYAILIMIA yYeHbIN, paBHbII DitHIITeHY. 151 CTY-
JIEHTOB 5-TO Kypca (PM3MKO-MeXaHMIEeCKOT0 (DaKyJ/Ib-
teta B.H. Ipu6oB npounTan kypc nekunii «Beenexue
B KBaHTOBYIO 3JIEKTPOAMHAMUKY». KOHCTIEKT 3THX
JIEKLMI O CHUX ITOP OCTAETCSI JIyYLLIMM [10COOUEM JIst
HAYMHAIOIINX U3YJaTh 3TY HAYKY.

B.I1. KoHncrantuHoB co3naet B ®TU Actpodu-
3UYECKUI OTAE] C 00IBIION TPOrpaMMOii SKCTIEPU-
MEHTaJIbHBIX MUCClIe0oBaHU I B KocMoce. Ero nHre-
pecoBaja 3apsgmoBas cUMMeTpus BcelaeHHOI,
cKpbITast MaTepusi LIBUKKY (TeMHas MaTepus), po-
HOBOE M3JTy9eHNe KOCMOCa, COCTAB IJIAHET U KOMET,
COCTaB COJIHEYHOIO BeTpa, HEUTPUHHOE U3JTyYeHe
CosHua u 3emiu.

Bopuc [1aBnoBuY Havya ¢ TPOBEPKU TUITOTE3bI
B. PoxaHckoro 00 aHTUBEIIECTBEHHOM TTPUPOJIEe
YacTU KOMET, B TOM 4yucjie TYHIyCCKOro MeTeopura.
CHauana ObUTa ompeaeeHa KOppesius MeXIy
nagaloiiMU METEOpUTAMU U BO3HUKAIOIIUMU
BCTIJIECKAMM TaMMa-U3JTydeHUsT. DTU U3MepEeHUs
0Ka3ajau, YTO METEOPUTOB U3 AHTUBELECTBA HUY -
TOXHO MaJio. A.B. 30710TOB 00c/IeayeT BhIBaJI jieca
B paiioHe nageHus1 TyHTyCCKOTo METeOpUTA U IIPe/I -
CTaBIsIeT (PaKThl, HEOTIPOBEPKUMO CBUICTETHCTBY-
[oLIMe, YTO B3PbIB ObLI BHICOTHBIM M B30PBaJOCh
tesio pasmepom 60—90 M. Bopuc [MaBnoBuy npuxo-
IIUT K BBIBOJLY, YTO 3TO, BEepOSTHEE BCETro, ObLT 00JI0-
MOK KOMETHI DHKe U3 TUAPATOB MeTaHa M IPYTUX
YIJIEBOJZOPOJOB, TTIOKPHITHIN 000JOUKON M3 JIbAA.
B ®TU HaumHAOTCA MCCIEOOBAHUS KOMETHBIX
JIbIOB B BaKyyMe Ipu HU3KOM Temneparype. [oro-
BSITCS UBMEPEHMSI TOTOKOB KOCMMUECKUX aHTUTIPO-
TOHOB, ITIO3UTPOHOB, FAMMAa- U PEHTT€HOBCKOI'O 13-
TydyeHUit. JInmsg m3MepeHUs TIOTOKA COJTHEUHBIX
HEUTPUHO pa3pabaTbiBAlOTCs PAAMOXUMUUYECKUE
LIUKJIBI TAJUTMEBO-TEPMAaHUEBOTO M MapraHIIeBO-
JKEJIE3HOrO JIETEKTOPOB, MOA0UPAETCS U YUCTUTCS
OpTaHWYECKUI PaCTBOPUTEID IS THICSTYETOHHOTO
CLUMHTUUISILIMOHHOTO IETEKTOPa aHTUHEHTPUHO. Bee
9TH UCCIIEAOBAHUS BEINCh BHITTYCKHUKAMU (pU3H-
KO-MEXaHMYeCcKOro (hakyJbTeTa.

HaumHaloTcsl CIyTHUKOBBIE 9KCITIEPUMEHTHI,
OITPE/IEISIETCS] ILIOTHOCTD IbLIEBbIX YACTHULI B 011X~
HeM KocMoce. M3MepeHus moToKa aHTUTTPOTOHOB
CHOBA IAIOT OTpULATeAbHbBIN pe3ynabTaT. B.H. [pu-
OOB BBIIBUTAET TUTIOTE3Y, COTTIACHO KOTOPOI CKPBI-
Tasi (TeMHasl) MaTepusl IpeacTaBiisieT cod0oii oopa-
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30BaHME U3 YACTULL U aHTUYACTULL. Buaumas mare-
pUst — 3TO JULIb Majast A0Jis1 001ei MacChl 1 CO-
CTOMT TOJIBKO U3 «Haiuei» matepuun. Haunnarorcs
HUCCaeA0BaHUS BJIEMEHTHOTO COCTaBa MJaHeT CoJI-
HEYHOM CUCTEeMBbI C MOMOLIbIO CITYCKAEMbIX all-
napatoB. [loHamoOMAMCH OECSATKU JIET, YTOODI
3aBEPIIUTL ACTPO(PU3NYECKIE DKCIIEPUMEHTHI, 3a-
mymanHbie b.I1. KoncrantuHoBeiM. HobOeneBckmii
naypeat C. TUHT MOMbITAJICSI ONPEAETUTh [IOTOK aH-
TUTIPOTOHOB U3 IN1yOuH BeeseHHOM 1 cHOBaA MOy -
YT OTPULIATEIbHBIN pe3ybTaT. Poccuiicko-utanb-
sHckuii skcnepuMeHT POMELA nocTtoBepHO
YCTAHOBUJI CYLIECTBOBAHUE MOTOKA SHEPIUYHbIX
MO3UTPOHOB U3 KocMoca. He uckitoueHo, 4To OH
CBSI3aH C AHHUTWJISILIME YACTULL TEMHOM MaTePUM.

BoInmycKHUKN (PUBMKO-MeXaHUYeCKOTO (haKylb-
teta JIIIM coctaBuin OCHOBHYIO 4acTh HAayUHBIX
COTpYIHUKOB (prmnana PU3NKO-TeXHUIECKOTO MH-
crutyta B [aTunHe. B 1959 roay ocyiiecTBiieH IycK
HcclenoBaTeIbcKoro peaktopa BBP-M, B 1967 —
cuHXpouukiaoTpoHa Ha 1 I5B. HaunHaroTes mmpo-
KMe KUCCAe0BaHUs B 00JacTu saepHOil pusnku
U (pUBUKU DJIEMEHTAPHbIX YacTUL. 3HAYUTEIbHOE
MECTO B UCCJIEIOBAHUSIX HA peaKTope 3aHUMaJIu pa-
00TbI 110 (PU3UKE KOHIEHCUPOBAHHOTO COCTOSTHUSI
(HEWTPOHHBIE METO/IbI ).

B 1965 roay BXomuT B CTpOii pagnoOMoaori-
YeCKWi KOpryc UHCTUTYTaA. MccaenoBaHUsAM MO
panuobuonoruu bopuc I[1aBroBuy npumaBa 0co-
0oe 3naueHue. He cienyeT 3a0b1BaTh, uto B.I1. KoH-
CTAHTMHOB ObLT TAKKE OMHUM U3 CO3aTe/ieii caMmo-
IO CTPAILIHOTO OPYKHUS — BOJOPOAHOI 60MOBI. ETo
BCeTrIa MHTEPECOBAIM MOCIEACTBUS SIAEPHBIX B3PbI-
BOB M BBITIAIEHUST PaIMOAKTUBHBIX OCANKOB. 16 OK-
Ts10ps1 1961 roma no pacriopsixenuto H.C. Xpyie-
Ba OblJ1a TpoOBeicHA TeHepaibHas pereTULIUS saep-
Holi BoiiHbl. Han HoBoit 3emueii mpearoiarajioch
B30opBath cpasy 5000 60M0, aHATOrMYHBIX COPOLLIEH-
Hoil Ha Xupocumy (Ha aesne Ha CeBepe B3opBaiu
2800). bopucy INaBnoBuuy Kaxablii 1eHb TOKJIaIbI-
BaJld BEJIMYMHY PAAXOAKTUBHBIX BbIIIAICHUI B paii-
oHe [aTunHbl. CeBepHOE MoJlyliapue 0ObLI0 3arpsi3-
HEHO ocagKaMy CujbHee, yeM Ipu YepHOObLILCKOM
aBapuu, HO OOJILIIMHCTBO HaCEJeHUs HUYEro
00 3TOM He 3HAJI0, IIOTOMY UTO ra3eThl U PAAUO MOJI-
yaju 00 UCTIBITAHUU.

Co3patoTcst yCTaHOBKU [JIsl OOJIy4eHMUSsI T10A0-
MBITHBIX XKUBOTHBIX, B TOM YUCJ/Ie OMOJIOTHUECKU
saepHblil peaktop BUOP u renepatop ObICTpbIX
HelTpoHOB. Pa3zpabaTbiBaeTcsi MeTOAMKA OMOI03M -
MeTpUUECKUX M3MepeHuit. MI3yuaeTcs neiicTBue pa-



XpoHunka

JUOMPOTEKTOPOB, IIPEAOTBPALLIAIOLIMX [OSIBJIEHUE
JIy4eBOi1 00JIE3HM.

B0 yCcTaHOB/IEHO, UTO TaK Ha3blBa€MbIi
«3aKOH MaJIbIX 103» SABJISIETCS JJOKHBIM — Y MO0~
MbITHBIX XXMBOTHbIX, 00JIy4EHHbIX MaJIbIMU 103a-
MU TIPOHUKAIOIINX U3JTyUCHU I, B TCUEHUE JJTUTEIb-
HOro BpeMeHM He Hab0I101a10Ch HeraTUBHBIX
siBJIeHUi. [leiicTBUe N3 Ty4eHN A THKOPIIOPUPOBAH-
HbIX M30TOIIOB 0KAa3aJ10Ch 00Jiee ONACHBIM, [IO3TO-
My B.TI. KoHCTaHTMHOB NpemIOXUI He3aMeLIu-
TEJIbHO MNPEKPATUTh BCE WUCHBITAHUS SIAECPHOIO
opyxusi. Pamnobuoaornyeckue ucciaenoBaHus Io-
Kazajiu, YTO MUPHasl siiepHasi 9HEpreTUKa He Mpe/-
CTaBJISIET OMACHOCTH [1J1s1 0MoCc(hephl 3eMJIU TOTBKO
B TOM CJIy4ae, eCJii OTpabO0TaHHOE TOILIMBO He OyIeT
MOABEPraThCs BCKPHITUIO U TIEpePabOTKE.

B 1961 roay b.I1. KoHCTaHTMHOB HAYMHAET UC-
cJIeqOBaHMs U pa3pabOTKU B 00J1aCTU SHEPIeTUKM.
CBoli B3IJISII HAa 9HEPTeTUKY OYIYIIEro OH U3TOXKWI
B CTaThe «3arJIsabIBasl B 3aBTpalllHUI 1eHb». K ce-
peanHe XXI Beka OCHOBHbIMU UCTOYHMKAMU YHC-
TOI U BOCIIPOM3BOAMMON 3Heprum ctanyt ADC,
MPUPOIHbBII U CHHTETUYECKHU I Ta3 (MeTaH ), TUIPO-
CTaHLIUM 1 OMOYHEPTEeTUKA, OCHOBaHHAs Ha (hOTO-
cuHre3e. ADC cTposiTcs U OyayT CTPOUTHCS BOJU3U
KPYITHBIX TOPOJOB U TIPOMBILIJIEHHBIX LEHTPOB.
SmepHble peakTophbl OyayT 0e30MacHbBIMU, OYAYT pa-
0oTaTh Ha TOTUIMBE U3 ypaHa-238 v Topusi-232, 6e3
paziesieHKsl U30TOMOB ypaHa, nepepadoTK TOILIU -
Ba 1 BblAeAeHUSI TUTyTOHUS. CeTh ra30mpoBOIOB MO~
KpOET Bce KOHTUHEHTHI. [IpupomHkbIii ra3 COCTOUT
Ha 90 % u3 metaHa. OH cropaet 6e3 KOIoTH, oopa-
3ysl BOCHOBHOM 0Oe3BpeaHbIi BoasgHoi nap. Korma
3arachbl IPUPOIHOTO rada KOHYATCS, Y€JIOBEUECTBO
nepenaeT Ha CMUHTETUYECKUM MeTaH, 0Jly4YeHHbIN
W3 IPEBECUHBI pACTCHUIA.

Cnayvana bopuc ITaBnoBuu npearnosiarai, 4To
9TO OyIeT Ky/JbTypHas uBa. [poMamgHble mIaHTaUIUN
MBbI 3aiIMYT Bce nmycTytoiue mioianu B CeBepHOM
NoJyimapuu. JJJINHHBIE pSIbl UBOBBIX KYCTOB OYIyT
BBbICAKEHBI BIOJIb BOJOCOOPHBIX KaHaBOK. BecHoit
1 JIETOM CITe[MaIbHbIe MAILIMHBI OYAYT OLLIMITBIBATh
BEPXHME JUCTOUYKHU MBBI HA 3€JIEHbII KOPM XKUBOT-
HBIM U IITUIIE, & B KOHIIE JIETa KOCUJIKU CPEXYT KOH-
Libl BETBEH C JIUCThSIMU U HABSIKYT U3 HUX BEHUKU.
BricyiieHHBIE 1 pa3MOJIOTHIE, OHU JaIyT KOPMOBYIO
MYKY — IUTaTeJIbHbII KOPM Ha 3uMy. OCeHbIO Ma-
LIWHBI-IIPEEPhI CPEXKYT TOIOBOM MPUPOCT U HAPY-
0s1T 1poT (KOpPOTKUE Naaouku). Oypbl CBE3YT 3TOT
JIpOT Ha 3aBOJ, TNI€ U3 HEro CaeJaloT IPEeBECHbI
yIrojb — IIPEBOCXOJHOE BKOJOTMYECKU UUCTOE

>

toruBo. b.I1. KoHcTaHTMHOB mpeamnonarai, 4To
KYJbTYPHYIO UBY MOXHO BBIBECTU CEJIEKLIMEN U3
KOPMOBOI NBBI, KOTOPYIO LTAPCKUE €TePU BHICAXKM -
BaJii Ha KOopM ojieHsIM B OpnoBoii poure. Ceiigac
Ha3zBaHue «OpJjosas Poliia» n3BecTHO MHOTUM bu-
3ukaM B Poccru 1 3a pybexkoM — OHO acCOLUMUPYeT-
cs ¢ [TeTepOyprecKMM MHCTUTYTOM sIIEPHOM (PU3UKU
(MM AD) B 1. [aTunHe JIeHUHTPaACKOIi 00JACTH.

[IpencTosizio BeICAAUTD THICSYM KYCTOB KOPMO-
BOW MBBI U OTOOpATh Jy4lIKe MO COBOKYMHOCTHU
CBOIICTB — C MpaBWIbHOI (hOPMOI1 KyCcTa, C MOILI-
HO1 KOPHEBOI CUCTEMOIA, a IJTABHOE — BHIHOCSILLIUX
€XEroJHYI0 Cpe3Ky NpyTheB. KpynHbIii yueHbIN-Te-
HeTuk M. E. JloGaiiieB mpeaioXui Apyroii myThb Bbl-
BEIEHMST PACTEHU WIsi OMOPHEPTeTUKHU: U3YIUTh
TEHOM JPEeBECHBIX PAaCTeHWI1 Y BBECTU B HETO TE€HbI
ObICTpOro pocTta. B 1ecTuaecsThix rogax 310 Npe-
CTaBJISLIOCHh COBCEM MTPOCTHIM — HYKHbI TOJIBKO J1a-
OopaTopHbIe MOMELLIEHMS, 000PYIOBaHUE 1 CITCLIN -
aJIMCThI B 00JIACTU TEHHOM UHXXEHEPUU.

bopuc I1aBnoBuY npuHUMAaET pelieHne moCcT-
pouth B [aTumHe 0O0JbIION arpoOMOJOrHIeCKuit
KOpIlyC, 000py/A0BaTh €ro 1, r11aBHOE, HaYaTh 10/ -
TOTOBKY CTELIMAIMCTOB MO TeHHOM MHKeHEepUH Ha
(puzuko-mexaHnyeckoMm akyabrere IToauTexHu-
YeCKOro MHCTUTYTA.

B 1966 rony HaumHaeTcs pacuucTKa TEPPUTO-
PUM U TIOATOTOBKA K CTPOUTEJIBCTBY arpoOMOJIOTH -
yeckoro kopmyca. OmMHOBpEMEHHO MPUCTYIUIN
K cTpouTesbcTBY peaktopa [TMK — Moaenu Tsxe-
JIOBOJHOTO HEPreTUUECKOTro PeakTopa ¢ BOCIIPOU3-
BOJCTBOM TOTLIMBA. M Ha/o e TaK CAYYUThCS, UYTO
€IMHCTBEHHBIM MECTOM Ha KapTe, TIe MOXKHO ObLIO
MOCTaBUTb PEAKTOP Ha HaJIexXallleM yIaJleHUU OT
OKPYXKaloIlIMX HaceJeHHbIX MYHKTOB, OKa3alach
TUIOLIAAKA arpOOMOJIOTMYECKOTO KOpITyca; €€ OTaa-
qu noa [THUK. JIaGopaTopuio reHeTUKHU 3yKapuoT
(3aBenytoiuii 1aboparopueit M.A. 3axapoB) pas-
MECTUJIM Ha KOPMOKYXHE BuBapus. JlabopaTopus
TEHEeTUKHW pacTeHWI He MpUcTynana K UCcaenoBa-
HUSIM 110 TPUBUAJIbHOM MPUYNHE — HUKTO U3 BEIy-
1IMX OMOJOTOB HE 3aX0TeJl Mepee3)aTh Ha padboTy
B [aTunny.

B XXI Beke paOOTHI MO CeNEKLMU KYJIbTYPHOI
WBBI BEAYTCS BO MHOTHX CTpaHax mupa. LlIBeackue
arpoOMOJIOTY HayYUJIUCh Pa3BOAMTH MOLIHbIE THO-
pUIbI CMOMPCKOM KOP3MHOYHOM MBI C IPYTUMMU BU -
JaMU TUKOpacTylIux uB. [aomans ux riaHTauui
KyJabTypHO#t uBbl npeBbicuia 20 000 ra. YcnemiHo
MPOABUTAOTCSI paOOThI 1 MO CO3MaHUI0 TeHETUUECKH
Monu(ULIMPOBAHHBIX BUIOB OCUHBI U TOTTOJIA1. Yalie
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BCEro B FeHOM IPEBECHBIX PACTCHU A BBOISIT I'€H KYy-
KYPY3bl, OTBEUAIOIINIi 32 CKOPOCTh (DOTOCHHTE3A.

A torma mis peanusauuu uaeii b.I1. Koncran-
TUHOBA HYKHbI ObLTM OMOJIOTH, 3HAIOLIME (PUBUKY
u nHgopmatuky. Kadenpa 6uopusnku co3napa-
J1ach ¢ OONBIINM TPYIOM, M €My MMPUILIIOCH CTaTh
neKaHoM (u3uKo-MexaHu4yeckKoro daxyabreTa
(1962—1966 rr.). OcHOBHAs1 pOJib B CO3IAHKU TOI
Kadenpsl, 6e3yciaoBHo, npuHagiexuT C.E. bpec-
nepy — onmmxaiiemy corpyaHuky b.IT. Koncran-
tuHOBa. CemeH EchrMoBUY MHOTOE Cliesall Mo-CBO-
emy, HO 3ambicen b.Il. KoHcTtanTuHOBa cTtan
pPeabHOCTBIO. YKe MAThAECST JeT (PU3uKo-MeXa-
HUYECKUI (paKyJIbTeT TOTOBUT (PU3NKOB-OMOIO-
TOB, U MHOTHE M3 HUX CTAJIV BEAYLIUMU YUEHBIMU
OTEYECTBEHHOW HAYKHU.

® cx: ®
B 1946=1969 IT -
PABOTAM
BRIAAKDUIHMHCA
P M 3 U K
BHEETIFE3HAEHT
AH CCCP
AKAAEM MIL

BOPHC TIABAOBMY

4 KOHCTAHIMHOB

= (1910-1969)

M3Becte o cmeptu b.I1. KoHcTaHTHMHOBaA
B 1969 romy 6b110 OLLETOMJISIIOLLUM /151 BCEX, KTO
ero 3Has. Ero He cTano B Bo3pacte 59 JieT (Ha TpeTuii
NeHb MOCJIe AaThl poxaeHus ). Ero npy3bs v Kosuie-
TY COXpaHWJIN TTaMSTh O HEM — HaIcaHo OOJIBIIIOe
KOJIMYEeCTBO BOCIIOMUHAHMI. MIMsI BbIIAIOIIETOCS
YUEHOTO M co3uaaTesist iprucBoeHo [TeTepOyprcko-
MY MHCTUTYTY siiepHOi du3uku. B ero mamsrh Ha-
3BaHa Takke yuia B KammHnHckom paitone CaHKT-
IleTepOypra. Y Bxoma B 3maHue 2-ro y4yeOHOro
kopnyca CITOI'TTY, rae pacrionoxeH ¢GpU3MKO-Me-
XaHU4eCcKuil hakynbret, B 1984 romy ycraHoBaeHa
MpaMopHasi MeMopHuabHas ITocKa (apXWUTEKTOp
SA.I1. TTactepHak) (cM. (OTO), KOTOpasi BHYIIAET
yBaxkeHWe HOBBIM IMTOKOJEHUSIM CTyIEHTOB K CJIaB-
HbIM TPAIULIUSAM OTEUECTBEHHOI HAYKMU.




* HayuHo-TexHuueckne Beaomoctn CI6ITY. ®usmnko-maremarnueckme Haykm 3’2010

CBEAEHUA Ob ABTOPAX

KOHTAKTHbIE AAHHbIE

AHTUMOHOB Muxaui AjleKCaHApOBUY — ACHU-
paum Hucmumyma npobaem mauiunosedenuss PAH,
mexHuk kKagedpor meopemuueckoii mexanuxu Cankm-
ITlemepbypeckoeo 2ocydapcmeeHH020 NOAUMEXHUUECKO-
20 YHUgepcumema.

195251, r. Caukr-IletepOypr, [Torutexuuyeckas yi., 29

(812) 321-47-80
mike.antimonov@gmail.com

APE®BEB KoucTtantTun MakCHUMOBHY — 0OKMOpP
mexHuYecKux Hayk, npogeccop Kageopv. Komnsromep-
HbIX mexHonoeull u JKcnepumenma 6 menﬂod)us’uxe
Canxkm-Ilemepbypeckoeo 2ocydapcmeeHHo20 noaumex-
HUYeCK020 YHUeepcumema.

195251, . Cankr-IletepOypr, [lonmutexnuueckas yi., 29

(812)294-42-76

garefiev@gmail.com

ACTAIIOBA Enena CremanoBHa — 0doxkmop ¢husu-
KO-Mamemamuveckux Hayk, npogeccop kagedpvl pu-
3UYECK020 MAMEPUAN08eOeHUs U NA3EPHBIX MEXHON0ULL
Amypckoeo eocydapcmeeHHo20 YHUGepcumema.

675027, 1. BraroBemenck, WMrHarbeBckoe mrocce, 21

(4162) 39-45-01

yastapova@mail.ru

BAPAHOB Anekceii AHaToJbeBU4 — cmydeHm pa-
ouoghusuueckoeo ¢paxyromema Canxkm-Ilemepbypecko-
20 20CY0apCMEeHH020 NOAUMEXHUMECK020 YHUBepCcUmema.

195251, r. Caukr-IletepOypr, [Torutexuuyeckas yi., 29

(812) 552-63-14

vladimir_semenov@mail.ru

BEPUHCKU Wrops Edumoswy — acnupanm,
accucmenm Kagheopol meopemu4ecKoll MexXaHuxKu
Canxm-Ilemepbypeckoeo 2o0cydapcmeenHo20 noAUMEexXHL -
uecKk020 yHusepcumema, MAAOWUL HAYYHbII COMPYOHUK
Hucmumyma npobaem mauiunosedenusi PAH.

195251, . Cankr-Iletepbypr, [lonmutexnuueckas yi., 29

(812) 290-98-72

iberinsk@gmail.com

BYPBAEB Tumyp MapyanoBuu — kaunouoam ¢u-
3UKO-MaAmMeMamu4eckux. HayK, cmapuuil Hay4Holil co-
mpyouuk Dusuueckoeo uncmumyma um. I1. H.J/le6ede-
6a PAH.

119991, & Mocksa, JlenmHCcKMit mp., 53

(499)132-63-62

burbaev@sci.lebedev.ru

BYPKOBCKH Poman TeoprueBuuy — acnupanm
Kaghedpul usuueckoil snexmponuxu Cankm-Ilemepoype-
CK020 20CY0apCmeeHH020 NOAUMEXHUHECK020 YHUBEPCU -
mema.

195251, . Cankr-Iletepbypr, [lonutexHuueckas yi., 29

(812)552-73-33

roman.burkovsky@gmail.com

BACWUJIBEB Anekcanap Hukonaeswuy — xarnOu-
dam  @uauko-mamemamuveckux Hayk, npogeccop
Kagedpsl evicuteit mamemamuxu Cankm-IlemepOypec-
K020 20cy0apcmeeHn020 NOAUMEXHUUECK020 VHUBEPCU-

mema.

195251, . Cankr-IletepOypr, [lonutexnuueckas yi., 29
(812) 437 3464
a.n.vasilyev@gmail.com

BAXPVYIIIEB Cepreii BopucoBua — doxkmop ¢huzu-
Ko-Mamemamu4eckux Hayk, npogeccop Kagedpsl pu-
suueckoil snekmporuku Cankm-IlemepOypeckoeo eocy-
dapcmeenn020 NOAUMEXHUeCK020 YHUBepcumemad.

195251, r. Cankr-IlerepOypr, [MomutexHuueckas yi., 29

(812)552-73-33

s.vakhrushev@mail.ioffe.ru

BUHHMUIIKAS Auna OgaeroBHa — acnupanm Ka-
hedpbr mamemamuueckoll meopuu MOOEAUPOSAHUS CUC-
mem ynpaenenus Cankm-Ilemepbypeckoeo eocyoap-

CMEBEHH020 YHUeepcumema.
198504, r. [leteprod, YuuBepcurerckuii mp., 35
8(812) 428-44-68
vin_anna@mail.ru

BOJIKOBA Haramss CepreeBHa — cmydenmka
Guszuueckoeo gaxyssmema Huxnceeopodckoeo eocyoap-

cmeenHo2o yhueepcumema um. H.HU. Jlobauesckoeo.
603950, ©. Hizkuuit Horopon, mp. Tarapuna, 23, xopi. 3
(915) 932-21-68
volkovans88@mail.ru

TAHEBUY Ouer KoHcTaHTMHOBUY — cmapuiuil
npenodagamens Kageopvl meopemu4eckoi MexaHuKu
JlanbHesocmouHo20 20Cy0apcmeeHHo20 yHueepcumema

nymeii coooujeHus.
680021, 1. XabapoBck, yia. CepriiieBa, 47
(4212)40-73-76
ivanov@festu.khv.ru
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T'OJIOBKMWHA Mapusa Bunesia — xandudam u-
3UKO-MaAmMeMamu4eckux Hayk, doyenm kageopol usu-
Kku  Ilogoadxcckoeo eocydapcmeennoeo yuugepcumema
MeNeKOMMYHUKAUUT U UHDOPMAMUKU.

443010, . Camapa, yu. JIsBa Toscroro, 23

(846) 228-00-37

nauka77@yandex.ru

T'OPIIKOB Anekceii ITaBnoBuu — xaundudam @u-
3UKO-MaAMeMamu4ecKux Hayk, 0oueHm kageopsl Gusuxu
noAYnPoBOOHUK08 U onmoarekmponuku Husceeopodcko-
20 eocydapcmeenHozo yHueepcumema um. H.HU. Jloba-
Ye6CcK0e0.

603950, . Hwxuwuit Hosropon, mp. Tarapuna, 23, Kopt. 3

(831)265-87-09

gorshkovap@phys.unn.ru

JTUKUNI Anekcaunp Viropesuy — xandudam 6uo-
A02UYeCKUX Hayk, 0oueHm omaoeneHus OUOMEXHON02ULL
Hopeexcckoeo yHusepcumema HayKu U mexHoA02UU.

N-7491, Hopgserus, r. Tpouxeiim

+47-73-59-78-63

alex.dikiy@biotech.ntnu.no

ET'OPOB Auton Wiabuy — kandudam ¢pusuxo-ma-
memamu4eckux HayK, 6e0VWUil HAYYHbll COMPYOHUK
omaoenenus nHeiumpounvix coedunenuti ITUSAD um. b.11.
Koncmanmunosa.

195251 r. Canxkr-IletepOypr, [lomurexuuueckas yi., 29

(813-71) 46025

EPMAK Cepreii BukropoBuy — xandudam ¢husu-
KO-MamemMamu4eckux Hayk, 0oueHm Kageopbl Keanmo-
6oil snekmponuku Canxkm-Ilemepbypeckozo eocyodap-
CMBEHH020 NOAUMEXHUUEeCK020 YHUBepCumemd.

195251, r. Cankr-ITlerepOypr, [MoautexHuueckas yi., 29

(812) 535-10-09

vladimir_semenov@mail.ru

30JIOTYXUH Kupuan OneroBud — cmyodenm
Qusuko-mexanuueckozo axysomema Cankm-Ilemep-
0ypecKk02o 20cy0apcmeenHo20 NOAUMeXHUUeCcK020 YHU-
sepcumema.

195251, . Cankr-IletepOypr, [Tonutexnuueckas yi., 29

(812) 552-79-61

bi-bi_boy@mail.ru

3YBOB Adanacnii BragumupoBuu — kanoudam
dusuKo-mamemamuuecKkux Hayk, 0oueHm haxyibmema
NPUKAAOHOU MamemMamuku — Hnpoueccog YNpasaeHus
Canxkm-Ilemepbypeckoeo eocyoapcmeeHH020 YHUBEPCU-
mema.
199034,
n. 7-9
(812)274-80-11
zubovnv@mail.ru
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r. Cankr-IletepOypr, YHuBepcurterckas Hao.,

3YBOB UBan BnagumupoBud — dokmop ¢u3uko-
Mamemamuueckux Hayk, npogeccop pakyrbmema npu-
KAQOHOU —~ MamemMamuku —  NPOUecco8  YNpasaeHus
Canxm-Ilemepbypecioeo eocydapcmeeHnoe0 YHUBEPCU-
mema.
199034,
7-9
(812)274-80-11
zubovnv@mail.ru

r. Caukr-IletepOypr, YHupepcuteTckas Hao.,

3YBOB Cepreii BraaumupoBuy — xanoudam ¢u-
3UKO-Mamemamuyeckux Hayk, douenm @axkyibmema
NPUKAAOHOI MamMeMamuku — HNPoUecco8 YNpasaeHus
Cankm-ITlemepbypeckoeo 2ocyoapcmeeHH020 YHU8epCu -
mema.
199034,
7-9
(812)274-80-11
zubovnv@mail.ru

r. Cankr-IletepOypr, YHuBepcuterckas Hao.

MNBAHOB Bagum KoncTtantuHoBUY — dokmop ¢u-
3UKO-MamemMamu4ecKkux Hayk, npogeccop Kageopoi
akcnepumenmanvroil uzuxku Cankm-Ilemepbypeckoeo

eocy()apcmeeﬂﬁoeo nOAUMEXHUUEeCK020 YHUsepcumema.

195251, r. Cankr-IlerepOypr, ITonutexHuveckas yi., 29
(812) 552-77-90
ivanov@tuexph.stu.neva.ru

NBAHOB Banepnii IBanosua — dokmop ¢husuko-
MamemamuvecKux HayK, 3asedyouull kagpeopoii, npogec-
cop kaghedpvl meopemuueckoil mexanHuxku JlaroHesocmou-

HO020 20CYOapCmeeHH00 YHUeepcumema nymeii CoOOueHus.

680021, r. Xabaposck, ya. Cepsoimiesa, 47
(4212) 40-73-76
ivanov@festu.khv.ru

KIIMMEHTBEB Cepreii BaueciaBoBuy — Kauol -
dam QuauKO-MamemamuvecKkux Hayk, 0oueHm Kageopsl
2NeKMPOMeEXHUKU, IAEKMPOHUKU U INeKMPOMEXAHUKU
Jlanvreeocmounoeo  20cy0apcmeeHHoe0 yHugepcumema
nymeil coooujeHus.

680021, . Xabaposck, ya. CepsiiieBa, 47

(4212)40-77-21

npcnich@festu.khv.ru

KHA3BKOB Anarommii BukropoBua — kardudam
usuKo-mamemamu1ecKux Hayk, doueHm, JOKmopaHm Ka-
hedpwt huzuuecrkoii snexkmponuxu Cankm-Ilemepbypecko-
20 20CY0apcmeeHH020 NOAUMEXHUHECK020 YHUBepCUmMemd.

195251, . Cankr-IletepOypr, [Tonutexnuueckas yi., 29

(812) 552-76-21

akniazkov@mail.ru

KOPOBUIIbIHA JIroamuna JleonunoBHa — cmap-
WYL HAY4HBLI COMPYOHUK UHCMUMYmMAa Xumuu Hegpmu
CO PAH.

634021, . ToMck, AKageMUYeCcKuil Tp., 3

kll@ipc.tsc.ru
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KOPOJIb Amuapeii Baapumuposuuy — xaundudam
Qusuko-mamemamuueckux Hayk, douenm Cankm-Ile-
mepoypecko2o 20cy0apcmeeHH020 MOPCKO20 MexHuue-
CK020 YHUgepcumema.

190008, r. Cankr-IletepOypr, JloumaHckas yi., 3

(812) 495-02-07.

a.korol@fias.uni-frankfurt.de

KOTOB Ouger UBaHoBuu — dokmop usuxo-mame-
MamuyecKkux Hayk, npogeccop kagedpsl paduodusuxu
Cankm-Ilemepbypeckoeo eocyoapcmeennozo noaumex-
HU1ecK020 YHUgepcumema.

195251, . Cankr-Ilerepoypr, TMonurexHuueckas yi., 29

(812)552-96-78

kotov@rphf.spbstu.ru

KOYUEB Muxaun Banepsesuu — acnupanm om-
denenusn Duzuku meepdoeo meaa Dusuueckoeo uHcmu-
myma um. I1.H. Jlebedesa PAH.

119991, & Mocksa, JlenuHckuii mp., 53

(499)132-6345

kochievmv@mail.ru

KPACHOBA Hanexna KoncranTunoBHa — KaHOU-
dam uzuko-mamemamu4ecKux HayK, 0oueHm Kagheo-
pbl usuueckoil snekmporuxu Cankm-Ilemepbypeckoeo
20Cy0apCcmeeHH020 NOAUMEXHUYeCK020 YHUusepcumema.

195251, r. Cankr-IletepOypr, [lonurexHuueckas yi., 29

(812)552-75-16

n.k.krasnova@mail.ru

KVIPAIIIOB Anekceii BraauciaBoBuy — Hauanb-
HUK omdena HayuHo-mexHuueckoz2o pazeumusi OAO
«Ceemaana».

194156, r. Caukr-IletepOypr, np. DHrenbca, 27

(812)552-69-29

Kudrjashov av@svetlanajsc.ru

JIMOKYMOBWUY Jleonun Bopucosua — doxmop
Qusuko-mamemamuueckux Hayk, npogeccop Kagpedpsl
paouoguszuku Cankm-Ilemepbdypeckoeo eocyoapcmeet -
H020 NOAUMEXHUUeCK020 YHUGepcumema.

195251, . Caukr-Ilerepoypr, IMonutexHuueckas yi., 29

(812)552-96-78

leonid@rphf.spbstu.ru

MAPIHEHIOK Muxaun AnnpeeBud — JoKmop
uzuko-mamemamu1ecKux HayK, npogeccop, 3asedy-
owuil Kageopoi KoMNbIOMEPHbIX CUCEM U MeaeKOM-
myHuxkayui Ilepmckoeo eocydapcmeennoeo yHugepcu-
mema.

614990, . [Tepmb, yi. Bykupesa, 15

(342)2-39-64-50

mrcn@psu.ru

MAPIIMHOBCKWI WMBan AprembeBnd — acni-
paum Kaghedpsr pusuueckoii snexkmponuxu Cankm-Ile-
mepoypecko2o 20cyo0apcmeenHo20 HNOAUMEXHUUEeCKO020
YHUgepcumema.

195251, . Caukr-IlerepOypr, [MonutexHuueckas yi., 29

(812) 552-75-16

zanzabuku@gmail.com

MEIBEJIEB Amunpeit BukropoBuu — kaundudam
usuko-mamemamuueckux Hayk, 0oyeHm Kagpeopwl pa-
ouogusuxu Cankm-Ilemepbypeckoeo 2ocydapcmeeHHo-
20 NOAUMEXHUUYECK020 YHUeepcumema.

195251, r. Cankr-IlerepOypr, [lonmurexHmueckas yi., 29

(812)5529678

medvedev@rphf.spbstu.ru

HTYEH Muns Xye — dunsomuuk, mazucmp Moc-
K08CK020 @PuU3UKO-MmexHU1ecK020 uHcmumyma
(M®PTH).

119991, . Mocksa, JleHuHCcKuii 1p., 53

(499)132-6345

habe293@mail.ru

HEPUHOBCKHUM Kupuin Bopucosua — npo-
epammucm gusuveckoeo gakysomema Cankm-Ilemep-
Oypeck0eo 2ocydapcmeenHo20 YHUGepcumema, Hay4Holii
compyonux HOI[ «Hanoouomexuonoeuu» Cankm-Ile-
mepoypecko2o 20cyo0apcmeenHo20 HNOAUMEXHUUECKO020
YHUgepcumema.

195251, . Caukr-IlerepOypr, [MonutexHuueckas yi., 29

(812)552-98-09

nerinovski@yandex.ru

OCHIIOB Baaaumup IlerpoBuy — xandudam mex-
HU"eCKUX HayK, 6e0yWull Hay4Hwlil COMPYOHUK, OOUeHm
Kaghedpol evicuieli mamemamuxu Hucmumyma npuxaaod-
Hoti mamemamuku um. M.B. Keadvima PAH.

125047, r. MockBa, Muycckas 1., 4

(495) 250 7860

osipov@keldysh.ru

IMECUH Baanm AHaTobeBUY - gedyujuil uHxice-
Hep Kaghedpvl uU3UKU NPOUHOCMU U NAACMUYHOCMU
mamepuanos Cankm-Ilemepbypeckoeo eocyoapcmeenHo-
20 NOAUMEXHUYeCK020 YHUGepcumema.

195251, r. Cankr-IlerepOypr, [lonmurexuuueckas yi., 29

(812) 552-76-60

titovets@phmf.spbstu.ru

IMETPOB Baagumup HuxkudopoBuy — doxkmop
Qusuko-mamemamuuecKkux Hayk, npogeccop Kagpedpl
akcnepumenmanvroil guszuxku Cankm-Ilemepbypeckozo
20Cy0apcmeeHH020 NOAUMEXHUYECK020 YHUGepcumema.

195251, r. Cankr-ITlerepOypr, IMoautexHuueckas yi., 29

(812) 552-77-90

petrov@tuexph.stu.neva.ru
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IIOBAPOB Huxkura WUropeBuy — acnupawm Ka-
hedpoi sxcnepumenmanvhoil uzuxku Cankm-ITemepoyp-
2CK020 20CYO0apCmeeHH020 NOAUMEXHUUEeCK020 YHUBEPCU -
mema.

195251, r. Cankr-IlerepOypr, [lomurexuuueckas yi., 29

(812)534-95-13

npovarov@spbstu.ru

ITOJIO3KOB Poman IpuropseBwmd — rxandudam
Gusuko-mamemamuueckux Hayk, O0oyeHm Kagpedpsl
axcnepumenmanvroil usuxku Caunxkm-IlemepOypeckozo
20cy0apcmeeHn020 NOAUMEXHUYECK020 YHUGepcUmema.

195251, r. Cankr-IletepOypr, IlonuTexHuueckas yi., 29

(812) 552-77-90

polozkov@tuexph.stu.neva.ru

IITAINKNUH Hukura CepreeBuu — cmyodeHm
Mocko6ckoeo uniceHepHO-pu3UUecKo20 UHCMUmyma
(MUDH), unxcernep omoenenus Qusuiu meepdoeo meaia
Quzuueckoeo uncmumyma um. I1. H.Jlebedesa PAH.

119991, ©. Mocksa, JlennHcKuii mp., 53

(499)132-63-62

ptashkin88@yandex.ru

PAJIOMCKHWUM Bukrop CepreeBuna — acnupanm
Amypckoeo eocydapcmeenno2o yHugepcumema.

675027, . brarosemeHck, MTHaTheBcKoOe 1mocce, 21

(4162) 39-45-01

e-mail: rsm@ascnet.ru

PYICKOM Annpeii IBanoBHY — doKxmop mexuu-
ueckux Hayk, uner-koppecnondenm PAH, npopexmop
no nayutoi pabome Cankm-Ilemepbypeckozo eocyoap-
CMBEHH020 NOAUMEXHUYECK020 YHUBepcumemad.

195251, . Cankr-Ilerepoypr, [TonrurexHuueckas yi., 29

(812)552-97-14

rud@tu.neva.ru

PBIYKOB Teopruii Hukonaesuu — xanduoam ¢u-
3UKO-MamemMamu4ecKux Hayk, doyenm kKagedpst ouo-
Gusuku Caunkm-IlemepOypeckoeo eocydapcmeeHH020
NOAUMEXHUYECK020 YHUGepCUmema, HAy4Hulli compyo-
Huk aabopamopuu obuogusuxu maxpomonexyr Cankm-
ITlemepbypeckoeo uncmumyma soeproii guzuxku PAH.

195251, r. Cankr-IlerepOypr, [lonurexuuueckas yi., 29

(812)552-98-09

rychkov@omrb.pnpi.spb.ru

CAHUH Amnnpeii Jleonapnosua — doxmop pu3uko-
MamemamuuecKkux Hayk, npogeccop kagedpsi meope-
muueckoii gusuxu Caunkm-IlemepOypeckoeo eocyoap-
CMBEHH020 NOAUMEXHUHECK020 YHUeepcumema.

195251, r. Canxr-Iletep6ypr, IMonuTtexuuueckas yi., 29

(812) 557-26-18
andreylsanin@yandex.ru

CEMEHYEHKO Taresana MuxaiiJloBHa — cmy-
denmia Quszuxko-mexanuueckozo axysvmema Cankm-
Ilemepbypeckoeo eocydapcmeenno20 NOAUMEXHUYECKO-
20 yHUgepcumema.

195251, . Cankr-ITetepOypr, ITonutexuHuveckas yi., 29

(812) 552-76-60

titovets@phmf.spbstu.ru

CEMEHOB Baaguvup Bacuibesua — Jdokmop
usuko-mamemamuueckux Hayx, npogeccop kagpedpvl
Keanmosoil nekmponuxu Cankm-Ilemepbypeckoeo eo-
cy0apcmeenH020 NOAUMeXHU1ecKk020 YHueepcumemad.

195251, r. Cankr-IletepOypr, IMonutexHuveckas yi., 29

(812) 552-63-14

vladimir _semenov@mail.ru

CEMEHOB Esrenmii AnekcanapoBmd — dachu-
panm Kagpedpsr meopemuueckoii guzuxku Canxm-Ile-
mepoOypeckoeo 20cy0apcmeeHH020 NOAUMeXHUYEeCK020

YHUgepcumema.
195251, r. Cankr-IlerepOypr, IMonutexHuyeckas yi., 29
(812) 557-26-18
seaman2003@tut.by

CKIIAPEHKO Makcum CepreeBud — kandudam
MeXHUHeCKUX HAyK, 31eKMpPOHUK Kagheopbl KOMNbIOmep-
HbIX cucmem u meaekommynurkauuii Tlepmckoeo eocyoap-
CMBEHH020 YHUeepcumema.

614990, . Tlepmb, yi. Bykupena, 15

(342)2-39-64-50

sklyarenko-ms@perm.usi.ru

COJIOBBEB Amnppeii BraamvumpoBmua — 0okmop
usuko-mamemamuueckux Hayx, npogeccop kagpedpsl
akcnepumenmanvroil guzuxku Canxkm-Ilemepbypeckoezo
20¢y0apcmeeHn020 NOAUMEXHUYECK020 YHUBepcumema.

195251, r. Cankr-IletepOypr, [lonmutexHuueckas yi., 29

(812) 552-77-90

solovyov@fias.uni-frankfurt.de

CTPEKOIIBITOB UBan CepreeBuy — acnupanm
Gakyromema npuKasaoHoil MAmMemMamuKu — npoueccos
ynpasnerus Cankm-IlemepOypeckoeo 2ocyoapcmeerHo-

20 YHUeepcumema.
199034, r Canxr-IletepOypr,
7-9
(812)274-80-11
zubovnv@mail.ru

VYHuBepcuretckasi Hao.,

CTPEKOIIBITOBA Mapust BranumupoBHa — KaH-
dudam ¢usuko-mamemamuuecKkux Hayk, doyeHm @a-
Kyabmema npuxkaadHoll Mamemamuku — npoueccos yn-
pasaenus Caunxkm-Ilemepbypeckozo eocydapcmeeHH020

YHUgepcumema.
199034,r. Cankr-IletepOypr,
7-9
(812)274-80-11
zubovnv@mail.ru

YHuBepcuteTckass Hao.,
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TAPXOB JImutpuii Ans6epTroBud — dokmop mex-
HUYecKux Hayk, npogeccop, douenm Kagpedpwvl ebicuieli
mamemamuxu Cankm-Ilemepbypeckoeo eocyoapcmeen -
H020 NOAUMEXHUHeCK020 YHUBepcumema.

195251, . Canxkr-IletepOypr, [ToautexHuvyeckas yi., 29

593 5512

dtarkhov@gmail.com

TUTOBELL KOpuii ®enoposuy — doxmop ¢u3su-
KO-Mamemamu4eckux HayK, npogeccop, 3a6e0youjuil
Kageopoil u3uku npoyHoCmu U nAACMU4HOCMU Mame-
puanoe Canxkm-IlemepOypeckozo 2ocy0apcmeeHnozo no-

AUMEXHU4ecKoeco yHueepcumema.

195251, r. Cankr-IlerepOypr, [lonurexuuueckas yi., 29
(812) 552-76-60
titovets@phmf.spbstu.ru

YCTUHOB Anekcaunp BopucoBuy — acnupaum
Kagedpol gusuueckoii snexkmporuxu Cankm-IlemepOyp-
2CK020 20CYOapCMEeHH020 NOAUMEXHUYECK020 YHUBEPCU -

mema.

195251, . Caunkr-IletepOypr, [Tonurexnuueckas yiu., 29
(812) 552-77-90
ustinov@tuexph.stu.neva.ru

OUJINMOHOB Anekceit BiaaaumupoBuy —
Kaunouoam puauko-mamemamuyeckux HayK, 0OueHm
Kaghedpol Qusuueckoii s3nekmporuxu Cankm-Ilemep-
0ypecKk0eo 20cydapcmeenHo20 NOAUMEXHUYECK020 YHU -

eepcumemad.
195251, . Caukr-Ilerepoypr, [MonurexHuueckas yi., 29
(812)552-73-33
filalex@inbox.ru

®PEVAWH Anekcannp BopucoBma — dokmop
usuko-mamemamuueckux Hayx, npogeccop Kagpedpvl
mexanuku u npoyeccoe ynpagaenuss Cankm-Ilemepoyp-
2CK020 20CYOapPCMEEHH020 NOAUMEXHUYECK020 YHUBEPCU -

mema.

195251, r. Cankr-IlerepOypr, [lonmurexuuueckas yi., 29
(812)552-77-78
afreidin@yandex.ru

®POJIOB Makcum EsrenbeBuy — xanoudam u-
3UKO-MamemMamu4ecKkux HayK, 0oueHm Kageopvl npu-
Kaaouoti mamemamuku Canxkm-Ilemepbypeckozo 2ocy-

()apcmeeﬁﬂoeo noAUmMexXHu4ecKoeo yHueepcumema.

195251, r. Cankr-Iletepbypr, [lonutexuuueckas yi., 29
(812)552-75-25
frolov_me@mail.ru

XPYIIEHKO Anekcanap AHATOJIbeBHY — aCClUC-
meHm Kagheopsl KOMNbIOMEPHHIX MEXHOA02UL U dKCHe-
pumenma ¢ menaopuzuxe Cankm-Ilemepbypeckoeo 2o-
CyoapcmeeHH020 NOAUMEXHUHeCK020 YHUepcumema.

195251, r. Cauxkr-IlerepOypr, [MoautexHuuyeckas yi., 29

8(812)294-42-76

hrushenko@mail.ru

IIBETKOB Buranuii AHatoibeBud — Kandudam
@usuko-mamemamu1eckux HAayK, CMapuiuil Hay4Hli
compyonux omoenenuss Pusuxu meepdoeo menra Pusu-
ueckoeo uncmumyma um. I1.H. Jlebedesa PAH.

119991, Mockga, JlennHckuii mip., 53

8(499)132-6345

tsv@sci.lebedev.ru

YEPKAEB Amnnpeii BeceBoaogosuu — doxmop ¢hu-
3UKO-MamemMamu4ecKkux Hayk, npogeccop Kageopbi
mamemamuxku Yuueepcumema wmama Omot (Coam-
Jiik-Cumu, CIIA).

155 S 1400 E, University of Utah, Salt Lake City, Utah 84112
U.S.A.

155 KO 1400 B, Yuuepcutet KOTb1, Conr-Jleiik-Cutu, KOta
84112, CIIA

+1 801-581 6851

cherk@math.utah.edu

ITABAJIMH KoHCTaHTHH AJIEKCAHAPOBHY — KaH-
odudam Quzuko-mamemamu4ecKux Hayk, douenm Kagpeo-
pbl 6uogusuxu Cankm-Ilemepbypeckoeo eocyoapcmeet -
H020 NOAUMEXHUUeCK020 YHUBepcumema.

195251, . Caukr-IletepOypr, [MonutexHuueckas yi., 29

(812)552-98-09

kostya@nanobio.spbstu.ru

HIEIEJ/Ib [lenuc BsgecnaBoBuY — acnupanm
omoenerus Duszuxu meepdoco mesa Duszuueckozo uH-
cmumyma um. I1.H. Jlebedesa PAH.

119991, . MockBa, JIeHMHCKUIi MPOCIIEKT, 53
(499)132-63-62
denisshepel@yandex.ru

HITEJIbBMAX Cseriana BacuibeBHa — 3a6e0dyro-
was nabopamopueil Kagheopsl Gu3uKu nPoHHOCMU U NAA-
cmuynocmu mamepuanoe Cankm-Ilemepbypeckoeo eo-

cy()apcmeeHHoeo nOAUMEXHU4YeCK020 yYHueepcumemad.

195251, r. Cankr-IlerepOypr, [lonurexuuueckas yi., 29
(812) 552-76-60
titovets@phmf.spbstu.ru

AKNUMOB Anekcannp IlaBnosuy — maaduwiuii Ha-
VuHbLI cOmpYOHUK aabopamopuu npu Kageope 6uopu-
suxu Canxm-IlemepOypeckoeo eocydapcmeennoeo noau-
MexHu4eck02o YHU8epcumema, cmapuiuii
nabopaum-uccaedosamens aabopamopuu  OUOPUIUKL
makpomonexyn Cankm- Ilemepbypeckoeo uncmumyma
a0epuoii puzuxku PAH.

195251, r. Canxkr-Iletep6ypr, IlomurexHuueckas yi., 29

(812)552-98-09

yaleks@nanobio.spbstu.ru
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AHHOTALUMUU

K/THOYEBBIE CJ/IOBA

AHTUMOHOB M. A, YepkaeB A. B, ®peiinun A. b. OITUMAJIBHBIE MUKPOCTPYKTY-
Pbl 1 TOYHAA HUXKHASA TPAHULUA DHEPTUHA YIIPYTMX KOMITO3WUTOB M3 ABYX N30TPOII-
HBIX ®A3.

PaccmarpuBaeTcss KOMIO3UTHBIN MaTepuasi, COCTOSIIMI M3 NBYX JIMHEHHO-YIPYrMX M3O0TPOIHBIX (a3.
CTpouTcs HUKHSIST OLleHKA 3Hepruu AedopMalvii TIpy 3aJaHHBIX BHEITHUX HedOopMalnsax U OObEMHBIX TOJISIX
(az. TTokasbiBaeTCst JOCTUXUMOCTh 3TOW OLIEHKHU JUJIsi BCEX BHELIHUX JaedopMalMii Ha MUKPOCTPYKTYpax, 00-
pPa30BaHHBIX CJIOSIMU TEPBOTO, BTOPOTO WJIM TPETHETO PAHTOB.

JBYX®A3HBIM KOMTIO3UT. CIOUCTAS CTPYKTYPA. HUXKHSISA OLIEHKA YIIPYTOM DHEPTUW. TPAHCJIATOP.

ActanmoBa E.C., Pagomckuit B.C.,, Kopoouusua JI.JI., Duaumonon A. B. MHTEP-
TMPETALIMA CTPYKTYPBI HEOJIUTOB, MOOAU®UILIMPOBAHHBIX HAHOYACTULIAMU, C TTOMO-
b0 MK-CIIEKTPOCKOIIMMH.

Bbutr TosydeHbl TTOJIMKPUCTAJIBI BBICOKOKPEMHE3EMHBIX IIEOJIUTOB METOIOM THIPOTEPMATbHOTO CUHTE-
3a u1 MoauduuMpoBaHbl HaHO4YacTMUAMKU MeTaioB. 1o nanubiM MK-crnekrpockonuu mMoauduuupoBaHue
1IEOJIUTOB HAHOYACTUIIAMU META/UIOB He TIPUBOIUT K CYIIECTBEHHOMY U3MEHEHUIO CTETIEHU KPUCTATMIHOC-
TU BbICOKOKPEMHE3EMHBIX LICOJIUTOB.

BbICOKOKPEMHE3EMHbBIE LHEOJUTbl. HAHOYACTULIbI. CTPYKTYPA. UK-CITEKTPOCKOIIU .

bapanos A .A.,, Epmak C.B., CeménoB B. B. OPUEHTALIMOHHAA 3ABUCUMOCTDL CBE-
TOBOI'O CABUTA HACTOThbI PAIMOOINTUYECKOTO CBUY-PE3SOHAHCA B IMAPAX PYBUWSL.

AHQJIUTUYECKN W IKCTIEPUMEHTATbHO MCCIENOBAaHbl CBETOBOM M OPUEHTAIIMOHHBINM CABUTU YaCcTOTHI pa-
NMOOTNTUYECKOTO pe3oHaHca Ha 0—(-repexoie CBEPXTOHKON CTPYKTYPbl OCHOBHOTO COCTOSIHUSI aTOMOB pyOu-
NIUST TIPU OTITMYECKOM HaKaukKe JIAMITOBBIM U JIa3epHBIM UCTOYHMKaMU. [loKa3aHO CylIeCTBEHHOE 3HAUCHUE

OpMEHTALMOHHOrO capura yactotbl 0—0-nepexona.
CTAHJAPT YACTOTbI. OPUEHTALIMOHHAS 3ABUCUMOCTb. CBETOBOW CABUT. PAIVMOONTUYECKUN CBY-
PE3OHAHC.

Bepunckxuii U. E. CTEP2XKHEBAS MOJEIDb KPUCTAJJIMYECKOW PEIIETKHW TPA®EHA.

[MpenoxeH TMOAXOM, TTO3BOJISIIONINI CBA3aTh NTUCKPETHOE OTMCAHNE B3aMMOIEHCTBUST YaCTUIl, MOIEIUPY-
IOIIMX aTOMBI PEIIeTKH, U KOHTUHYaJTbHOE ONMMCAHKUE C TTOMOIIBIO KITAaCCUUECKON Teopuu cTepxkHeil. B pe3ynb-
Tare paboThl ObLIA MOCTPOEHA MOJAEb pelIeTKU rpadeHa, B KOTOPOH MeXaTOMHbIE CBSI3U MOIETUPYIOTCS JIM-
HEHHO-YIPYTUMUA LWJIMHAPUISCKUMU CTEepXHIMU. OTpeneseHbl MapaMeTpbl MOJENIW, COOTBETCTBYIOIIME

9KCIIEPUMEHTAIbHBIM JaHHBIM JJIs1 TpadeHa.
JOUCKPETHBIE MOJEJIN MEXAHUKU. CTEPXXKHEBAS MOJAEJIb. KPUCTAJTINIMYECKAS PELIETKA T'PA®EHA.
MOJIEJIU CPEJ] C MUKPOCTYKTYPOW. MOMEHTHOE B3AMMOJIEMCTBUE.

Bacunbes A.H., Ocunos B.IL, Tapxos I. A. YHUOUIIMPOBAHHBIN ITPOLIECC MOJIE-
JNPOBAHUA ®OUSUKO-TEXHUYECKUX OBPBEKTOB C PACTTPEAEJIEHHBIMU IMTAPAMETPAMM.

IpennoxeH yHUGUIIMPOBAHHBIN TTOAXOM K PEIIEHUIO IIMPOKOTO KJlacca 3aaav, CBSI3aHHBIX C YPaBHEHUSI -
MU B YaCTHBIX TIPOM3BOJIHBIX, OMUPAIOIINICS HAa METOMOJIOTHIO UCKYCCTBEHHBIX HEMPOHHBIX ceTeil. [TokazaHa
BO3MOXHOCTb PACCMOTPEHMUS C IMHBIX TTO3UIMI METOMIOB CETOK, KOHEYHBIX JIEMEHTOB U HEMPOHHBIX CETEil.
W3ioxeHHass METO0IOTHSI TT03BOJISIET €AMHOO0PAa3HO pellaTh KaK MpsiMble, TaK U OOpaTHbIE 3a1a4yu, BKJIIO-
yaTh B PACCMOTPEHUE SKCIEPUMEHTAIbHbBIC JaHHbBIC, KOTOPbIE MOTYT TIOMOJIHSATHCS, CTPOUTh UEPapXui0 Tepe-
CTpauBaeMbIX MOJEJE U T. TI.

VYPABHEHUS B YACTHBIX [TPOM3BOAHBIX. UCKYCCTBEHHBIE HEMPOHHBIE CETU. ®YHKLIMOHAJ OILLIUBKU.
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Bunnuukas A. O. CCABHUTEJIbHBINM AHAJTIM3 PA3JIMYHBIX ®YHKIIMOHAIOB MPU OB-
PABOTKE BA3bl 5KCINEPUMEHTAJIbHBIX JAHHBIX.

[TpoBeneHbl aHaIN3 MaTEMaTUYECKOM MOIENN Pa3BUTUS U CTApEHUA U COINOCTaBIEHUE C pe3yabraTaMiu
HaOmoneHni. [NTaBHBIN pe3yNbTaT UCCIENOBAHNS — BBISBICHUE PEAKLUNN Pa3IMYHBIX METPUK Ha TUIOTHOCTH
pacrnpenesieHUs HaceJeHUs U BbISICHEHUE COOTHOLUEHUS PA3JIWYHBIX [PYII HACEJIECHUS MO FeHETUYECKU IPeJ-
MUCAHHOW TMPOJOIKUTETLHOCTU KU3HMU.

ATIITPOKCUMALIUA. AHAJIN3 JAHHBIX. PACIPEAEJIEHUE. MUHUMMU3ALIUA. MOJAEJIMPOBAHUE. OINTHU-
MU3ALNA.

Boakora H.C., Topumkos A.Il. BITUAHUE AHOOAHOIO OKNUCIIEHUA APCEHUIHbBIX TE-
TEPOCTPYKTYP C KBAHTOBBIMU TOUKAMUW HA TEMITEPATYPHBIE 3ABUCUMOCTHU ®OTO-
BJIEKTPUYECKHUX CITEKTPOB.

IMoka3zaHo, 4YTO aHOJHOE OKHCJIEHHE MOKPOBHOTO CJIOSI TETEPOCTPYKTYP ¢ KBAHTOBBIMU TOUYKamMu InAs/
GaAs npuBOIUT K U3MEHEHUIO TeMIIePAaTypHbIX 3aBUCUMOCTEH (POTOJIEKTPUUECKUX CIIEKTPOB B PE3yJibTaTe
YMEHBIIIEHUSI peKOMOMHALIMOHHOTO BPEMEHU XU3HU (DOTOBO3OYXIEHHBIX HOCUTENICH B KBAHTOBBIX TOYKAX.

KBAHTOBBIE TOYKHW. AHOJHOE OKUCJIEHUE. PEKOMBUHALIMOHHOE BPEMS XKMW3HMN.

TonoBkuHa M.B. MATHUTHBIE CBOMCTBA KOMIIO3UTA CO CBEPXITPOBOJSAILIMMU
BKJIFOYUEHUWUAMMUN.

PaccMarpuBaeTcss MCKYyCCTBEHHasl CTPYKTypa, cojepKalasi BKIIOUEHUs pa3IMuHON (hOPMBI, BBITTOTHEH-
Hbl€ M3 BBICOKOTEMIIEPATYPHOIO CBEepXMpoBOnHMKA. McciaemoBaH ciydail CBEpXIPOBOAHMKA BTOPOTO poia
B CMELIaHHOM cOCTOsIHMM. Pacuer adh(hekTMBHON MarHUTHON MPOHUIIAEMOCTHU MPOBEIEH C MCITOJIb30BAaHUEM
(bopmanusma Maxkcsemna — lapHerTta. PesynbraThl moKa3biBalOT BO3MOXKHOCTh CO3IaHUST KOMTIO3UTHBIX CBEPX-
MPOBOJSIINX CPel ¢ MAJIBIMU TTOTEPSIMMU.

CBEPXITPOBOANUMOCTDL. KOMITIO3UTHBIE MATEPUAJIbI. MATHUTHASI TPOHULAEMOCTb. ®OPMAJIN3M
MAKCBEJIJIA — TAPHETTA.

3y60B A.B., 3y60oB U.B, 3y60oB C.B., CrpexonstoB MU. C.,, CtpexonsiToBa M. B.
AHAJTUTUYECKAS TIPUPOJA CIYYAMHBIX MOCJIELOBATEJIBHOCTEMN.

PaccMaTpuBaeTcsl CBSI3b MEXIY PEKYPPEHTHBIMUA (DYHKLIUSIMU M XaOTUYHOCTBIO, TTOHUMAEMOi B BEPOSITHO-
CTHOM cMbIciie. OTCIoa eJIaeTCs BBIBOI O XaOTUYHOM XapaKTepe Hamboiee 00IInX (PeKypPPEeHTHBIX) IBUXKE-
HUIl B JUHAMMYECKUX CUCTEMAaX, UMEIOIIUX XOTS Obl OMUH aTTPAKTOP.

IUHAMUNYECKAS CUCTEMA. CIIYYAMHAS TTOCJIEIOBATEIBHOCTb. CTATUCTUYECKOE UCIIBITAHUE.
PEKYPPEHTHAS ®YHKIIWA.

MUBanos B.U.,, KnumentbeB C.B.,, N'anesuu O. K. IPUEMHUK U3TYYEHUSA C PABHO-
MEPHOM YACTOTHOU XAPAKTEPMCTUKOMN HA OCHOBE CTPYKTVYPLI METAJIJI — CETHETO-
BJIEKTPUK — METAJIJL.

TTpoBeneHo aHaIUTUUYECKOE MCCIIENOBAHMWE YAaCTOTHON 3aBMCUMOCTH BOJIBT-BATTHOW UYBCTBUTEJIbHOCTU
MPUEeMHMKA TETIOBOTO M3TYYeHHUsI, paboTaloIIero Ha OCHOBE ABYX 3((HEKTOB — MUPOIIEKTPUIECKOTO U Tep-
MOBOJIBTAUYECKOTO.

TEPMOBOJIETAMYECKHU DOOEKT. MUPOSIEKTPUYECKUN DPDEKT. BOJLT-BATTHAS UYBCTBUTEIIb-
HOCTDb. TEIIJIOBOM MPUEMHUK.

Kunsa3bkoB A. B. MHOTOITYYKOBASA YITPABIAEMAA MOAYIALIMA B ®OTOPED®PAKTUB-
HBbIX CPEOAX C KBAAPATUYHbBIM SJEKTPOOIITUYECKHNUM DODEKTOM.

[MpuBeneHbl pe3yabTaThl MCCIECNOBAHUI YIPaBASIEMOil MHOTOTYYKOBOW MU(MPAKIMOHHOW MOMYISIINU
B (oTopedpakTUBHBIX cpefax ¢ KBagpaTudHBIM DO 3¢h@deKToM 3a cueT M3MEHEHUs! CHIbI TU(PaKIMOHHBIX
pemetok. OTMEUEHO, YTO JIBYX- U MHOTOITyYKOBBIe (POTOpEepPaAKTUBHbBIE MOMIYJISITOPHI BHITOJHO OTIMYAIOTCS OT
OMHOTMYYKOBBIX TIO YYBCTBUTEIBHOCTA W JTUHEWHOCTU MOTYJISIIIVU.

MHOTOITYYKOBAS JU®PAKIIMOHHAA MOAVJIALUA. ®OTOPE®PAKTUBHBIE CPEJLI. KBAJPATUUYHLIN
DJIEKTPOONITUYECKUN DODEKT. VIIPABISIEMAS CUJIA JUDPAKLIMOHHbIX PELLIETOK.

KotoB O.WU., Kynpsgmos A.B., luokymoBuu JI. ., MeanBenen A. B. AMIUIUTY-
HBIM BOJJIOKOHHO-OTITUYECKUI AKYCTUUYECKUN JATUUK.

PaccMoTpeHbl BOPOCH! CO3AaHUST BOJIOKOHHO-OMTUYECKUX AATYUKOB aKyCTUUECKUX CUTHAJIOB aMILUIATY/I -
HOro tuma Ha ocHoBe MemOpaH. [logpoOHO ommcaHbl pa3paOOTaHHBIE MOIEIM, MO3BOJISIONIME ITPOBOIUTH
aHaJIu3 U ONTUMU3ALIUU UX TMAPaAMETPOB; NMPUBCACHBI IMTPUMEPDLI PACHYCTOB.

BOJIOKOHHO-OMNTUYECKUN JATYUK. MUKPO®OH. MEMBEPAHA. AKYCTUKA. MOJIEJTMUPOBAHUE. OITU-
MU3ALUA.
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Kouues M. B, Hryen M. X, IIBetkos B. A KMHETUKA DKCUTOHHOW ®OTOJIOMU-
HECHUEHLWUW CTPYKTYP GaAs/AlGaAs C MEJIKMMUW KBAHTOBbIMU AMAMW T1PU HU3KUX
TEMITEPATYPAX.

HccnenoBaHa KMHETHKA PEKOMOMHAILIMOHHOTO M3JIyYeHUST 9KCUTOHOB C TSIKEJIBIMU IBIPKAMU B CTPYKTYpax
GaAs/Al,Ga,_,As (x = 0,05) ¢ MesKMMU TYyHHEJIbHO M30JMPOBAHHBIMM KBAaHTOBBIMU sIMaMM LIMPUHON 3
u 4 uMm B uHTepBaie temneparyp 5—60 K. [Toka3aHo, 4TO 3HEPrusi aKTUBALUKU TEILJIOBOM SMUCCUM SKCUTOHOB
U3 KBAHTOBBIX SIM OJIM3Ka K CYMME DHEPTHIl JIOKAIU3ALUU 2JEKTPOHOB U TSIKEJIBIX ITBIPOK.

MOJYITPOBOAHUKHN. KBAHTOBBIE SAMbl. DKCUTOHBI. ®OTOTIOMUHECHEHIUA. KUHETUKA.

Kpacunosa H. K. TEOPUA SHEPTOAHAJIN3ATOPA <MOANDUILIMPOBAHHAS APKA».

Pa3BuBaeTcs Teopusi sHEproaHANM3aTOPa TUTIA «apKa» C MPSMOYTOIBHBIM MPOGhUIeM B BUIE BBICOKOI apKu
C nJockoil BepuiMHoi. [To cMelmaHHOW aHaJIUTUKO-KOMIBIOTEPHOW METOAMKE OINPEAEISIOTCS MPONopLUUmn
3JIEKTPOLIOB, ONTHUMAaJIbHbIE YCJIOBUSI BBOAA Iyuyka, oOecrneuuBarouiMe 00/bLION 3anac 3HEPreTM4ecKoi auc-
TMEepCUU MpHU BBICOKOM KadyecTBe (POKYyCUpPOBKHU. JJaHbl peKOMEHAAIMU TIO MPAKTUUECKOMY BOTUIOLIEHUIO ¢ KOM-
MeHcalueil BpeAHbIX KpaeBbiX 3(DHEKTOB U 00CYXKIAIOTCS MEePCIIEKTUBbI TPUMEHEHUSI.

DIEKTPOHHAS CHEKTPOCKOTHA. DITEKTPOCTATUYECKW DHEPTOAHAJIM3ATOP. BLICOKAS DHEPTE-
TUYECKAA JUCHEPCHUS. BBICOKOE PA3PELIEHUE.

Mapuenwk M. A, Ckaspenko M. C. AHAJINU3 IMMTPOLUECCA JUODY3NUN OKPAILIEHHBIX
BEIIECTB B IIJIOCKOM CJIOE XXKUAKOCTHU MO JAHHBIM HUO®POBOU ®OTOCHEMKMU.

B cratee mpencTaBieH METON M3MEPEHUS TOJSI KOHIICHTPAIIMU OKPAIICHHBIX BEIIECCTB B IJIOCKOM CIIOE
KMJIKOCTU C IOMOILbIO 1ppoBoii ¢poTtochemku. [IpenyioxeHa nuHeiiHasi Mojielib rpoiecca n1uddy3uu B ropu-
30HTaILHOM ciioe. [Ipu naeHTuduKaum napaMmeTpoB MOAEIM OOHAPYKEHO, YTO MPOLIECC He SIBJISIETCST YMCTO
nubby3MOHHBIM, TaK KaK COIEPXKUT KoJiebaTebHbIE MOJIbl, CBSI3aHHbIE C KOHBekluei. Pazpaboran meton
usMepeHust Kosapduimenrta 1ud@y3un oKpalleHHbIX BEIIECTB B XUAKUX Cpeaax.

ANOODOY3US. KOHBEKLIMS. OTITUYECKUE METOAbl. MAEHTUOUKALMA. METOA HAMMEHDBIINX KBAJI-
PATOB. ®OTOCHEMKA. OBPABOTKA M30BPAKEHUA.

Mapuuunosckuit U. A, AIATITALUSA AJITOPUTMOB BOCCTAHOBJIIEHUS DHEPTETUYEC-
KOI'O CITEKTPA 11O 3KCIIEPUMEHTAJIbHBIM JAHHBIM BSJEKTPOCTATUYECKHWX DHEPI'O-
AHAJIM3ATOPOB.

PaccMOTpeHBI TEXHUYECKUE ACIEKThl IIPUMEHEHHUS JEKOHBOJIOLMK JAHHBIX, ITOCTYMHAIOIMX C SHEProaHa-
JIM3aTopa THUTA TUIOCKOE 3epKayio M chepruecKoro aHaiIM3aTopa, paboTaloImnuX B PEKUME OTCYTCTBUS (hOKyCHU-
POBKM, [JIsi TIOJIyY€HUs] DHEPreTMYecKOoro criekrpa. IlpoaHanmn3upoBaHO TPUMEHeHWe aaroputMoB losga
u Jliocu — PuvapacoHa, yCTenrHo MCIMOb3yeMbIX B IPYTUX 00JIACTIX WHCTPYMEHTAJIbLHOTO aHaJln3a.

DHEPTOAHAJIM3ATOP. OBPATHBLIE 3AJJAUU. JEKOHBOJIIOIW . TIIOCKUM AHAJIM3ATOP. COEPUYECKU
AHAJINU3ATOP. METO, JTJIOCU-PUYAPACOHA. AJITOPUTM TOJIIA.

Ilono3koB P.I.,, UBanoB B. K., Kopoap A. B, ConoBbréB A. B. TEOPETUYECKOE UC-
CJIEOOBAHUME YTJIOBOI'O PACITPEAEJEHUSA ®OTODJEKTPOHOB B ITPOLUECCAX ®OTOMOHU-
SAHUN AHUOHOB METAJINIMYECKUX KJIACTEPOB.

IIpoBeaeHO TeoOpeTUUYECKOE MCCIIEA0BAHME YIJIOBOrO pacipeaeicHust (hOTO3JIEKTPOHOB B mpolieccax (hoTo-
MOHM3ALNN OTPULIATEJIbHBIX MOHOB METAJUIMUECKUX KJIaCTepoB HaTpud. [IpuMeHeHne mocenoBaTeIbHOM KBaH-
TOBOI1 TEOPUM MHOIMX TeJl ITO3BOJIMIIO MPOAECMOHCTPUPOBATh PELIAIOIIYIO POJIb yueTa MHOIO3JIEKTPOHHBIX KOp-
peJsnuii B KOPPEKTHOM OIMMCAHUU YTJOBOrO pacmpenejeHus (oToaaeKTpoHOB., KOHKpeTHBIE pacyeThl
TIPOM3BE/ICHBI Ul «MarM4eCKNX KJIacTepoB» Hatpus Na, , Nag, Nas; , XapakTepu3yeMbIX MOJHOCTBIO 3aMoJI-
HEHHBIMU 3JIEKTPOHHBIMHU 00OJJOYKAMM.

OTPULATEJBHBIE MOHBI. YTJIOBOE PACIIPEAEJIEHUE. ®OTOMOHU3ALINSA. KIIACTEP. XEJIE-MOIEJIb.
MHOTOSBJIEKTPOHHBIE KOPPEJIALIUN.

PoiukoB I. H, Bonoryxun K. O., Hepunosckuii K. b., Iukuit A. U. MOIAEJb ITPO-
CTPAHCTBEHHOM CTPYKTYPHI KOMIIUIEKCA METHOHMHCVYJIB®OKCHU-PEJYKTA3Bl Bl
1N TUOPEJOKCUHA OKWCJIUTEJIBbHO-BOCCTAHOBUTEJIBHOWM CUCTEMbI MbILIMN.

Ha ocHoOBe maHHBIX, IMOJYYEHHBIX i1 Silico MeTOmIOM GeIKOBOrO ITOKWHTA C IMOCIEAYIOUUM YTOYHEHUEM
METOIOM MOJIEKYJIIPHOM TMHAMUKH, BIIEpBBIE OblJIa TOCTPOEHA TIPOCTPAHCTBEHHAST CTPYKTYpa KOMITJIeKca OeJTKOB
MsrB1 u Trx mpimu. O6pa3oBaHUIO0 TAKOTO KOMIUIEKCa CITOcOOCTBYeT (hopMupoBaHue MexXOeTKOBOro B-iaucra,
B pe3yJIbTaTe YeTr0 BO3HMKAET HAMPSKEHHOCTb B CTPYKTYPe MUCYJIbMUIHON CBI3M OKHCIEHHOTO Oenka MsrBl.

OKUCITUTEIBbHO-BOCCTAHOBUTEJTIbHASA CUCTEMA KIETKW. METUOHUWHCYJb®OKCHUA PEIYKTA3A.
TUOPEJOKCHUH. KOMITJIEKC BEJIKOB. MEXAHW3M B3AUMOJIEMCTBUA.
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PoiukoB I  H., ToBapos H. U., Axumos A.Il., lla6anuu K. A  CHUXEHUE KOHDOP-
MAUMOHHOM TTOABMXKHOCTU BEJIKA METUMOHUWHCYJIb®OKCHUJI-PEOYKTA3BI Bl MBIIIN
B PE3YJIBTATE OKMUCIIEHWA.

BbrauciuTeIbHBIMU METOIAMM MOJIEKYJISIPHOM MEeXaHUKHW W MOJIEKYJSIPHON TMHAMMKM YCTaHOBJIEHA TPO-
CTPaHCTBEHHAST CTPYKTypa OKUCJIEHHOI (opmbl Oenka MsrB1 Mbliiy 1 nipoaHaan3upoBaH BO3MOXHBIM Mexa-
HU3M ero okucieHus. OOHapyXeHO, UTO nuCyIbdUIHas CBs3b, 0Opasyemasi Npyu OKMCJIEHUN OesiKa, yMEHbIa-
€T TIOJBMXKHOCTh €T0 OCHOBHOW IIeTH, 3a MCKJIIOYEHMEM YJaCTKOB, KOTOPbIE MOTYT NMPUHMUMATh yJacTue B
CBSI3BIBAHUM CyOCTpaTa WM BO B3aUMOJECHCTBUU C OEJIKOM-BOCCTAHOBUTEJIEM TUOPEIOKCUHOM.

OKUCITUTEJIBHO-BOCCTAHOBUTEJIbHAS CUCTEMA KIETKW. METUOHUHCYJIb®OKCHU PEIYKTA3A.
MMPOCTPAHCTBEHHAS CTPYKTYPA BEJIKA. OKUCIEHHASA ®OPMA. KOHOOPMALINOHHAA MMOABUXHOCTD.

Canun A.Jl., Ceménos E. A. CBOBOOHBIE N CBA3AHHBIE KOJIEBAHWSA SJIEKTPOHA
B IBYMEPHOM KBAHTOBOM CUCTEME C PACIIPEJEJTEHHBIM ITOTEHIIMAJIOM U JJASEPHBIM
NUMITYJIBCOM.

Ha ocHoBe HecrauumoHapHoro ypaBHeHusl LllpeauHrepa vccienoBaHa JMHAMKUKA 2JIEKTPOHA B JIBYMEPHOM
KBaHTOBO# cucteme. OCUMIIATOP C ABYMSI CTeTIEHSIMU CBOOOIBI M CHCTEMA C JIBYXBIMHBIM TTOTEHIIMAIOM 00-
CYXIAIOTCS B IETANISIX.

BIEKTPOH. IBYMEPHBIM. CBA3b. TYHHEJIMPOBAHUE. KOJIEBAHUS. TUCITEPCHI.

TutoBen 0. ®., MItenbomax C.B., TTecun B. A, Cemenuenko T. M. ITPUTTOBEPXHO-
CTHAS HU3KOTEMIIEPATYPHAS JETPAIALIMS IMPKOHUEBOW KEPAMUKMU, CTABUIN3U-
POBAHHOU OKCHUJIOM UTTPUA.

C MOMOIIbI0 CTAaHAAPTHOTO TeCcTa OOHAPYKEHO CYIIECTBEHHOE BO3pacTaHWE MOJU MOHOKJIMHHOU (ha3bl B
[IPUIIOBEPXHOCTHBIX CJIOSIX MCCACIOBAHHONW LMPKOHMEBON KepaMuKu. sl yTOUHEHHUsI IIPOLEAYPbl HEOOXOMM -
MOI OLICHKHU CTEIEeHU CTAOMIBbHOCTH KEPAMUKU IMPEIIOKEHO MCIIOJb30BaTh AOMOJIHUTEIbHBIC U3MEPEHHUS 110
METOIY CKOJIB3SIIIIETr0 PEHTTEHOBCKOTO TTyYKa.

LIUPKOHUMN KEPAMUWKA. HU3KOTEMITEPATYPHAS JETPAJALIMS. PEHTTEHOBCKWM METOA. OKCUJ UT-
TPUS. MOHOKIIMHHAS ®A3A.

Yerunos A. B, Merpos B. H MHBAPHBIE CBOMCTBA [OBEPXHOCTU KPUCTAJJIA
FeNi;(110) IO TAHHBIM CITUH-TMOJIAPU3ALIMOHHON BJEKTPOHHOM OXE-CIEKTPOCKOITUH.

MeTonoM 3JEKTPOHHON OXe-crmekTpockonuu ¢ paspeiieHueM no cnuHy (CITDO0C) ucciaenoBaHbl Mar-
HUTHbIE CBOMCTBa nosepxHocTU kpuctanina FeNiz(110) npu HanbiieHun Ha Hee xene3a. [lokazaHo, uTo npu
HAaIbIJIEHUHU XeJie3a Ha MOBEPXHOCTU 00paslia BO3HUKAET MHBApHAsI KOHLEHTPALKsI KOMIIOHEHTOB, P KOTO-
pOii MOBEPXHOCTHAS MOAPEIIeTKa HUKEJS JeMOHCTPUPYET aHTU(EPPOMAarHUTHOE YIOPSIIOYeHNE OTHOCUTETBHO
o0beMa.

CIIMH. MATHETU3M. OXE-CITEKTPOCKOITUA. CITMUHTPOHUKA. TIOJIAAPU3ALNA.

®unumounoB A.B, Baxpywen C.b.,Bbypkosckuit P I, Pyackoii A. . JIOKAJTbHBIE
CTPYKTYPHBIE MCKAXEHHWA WU OBPASOBAHME IIOJIAPHBIX HAHOOJOMEHOB B TOHKHMX
IMJIEHKAX CETHETODJEKTPUKOB PEJIAKCOPOB.

BriepBblie TIpOBEACHO MCCIEAOBAHNE ME30CKOTTMUECKON CTPYKTYPBl TOHKUX TJIEHOK CETHETORJIEKTPUKOB
pPeaKCcopoB METOAOM PACCESTHUSI KOT€PEHTHOIO CMHXPOTPOHHOTO M3aydyeHus. Ha ocHOBaHMM CBOMCTB aud-
(by3HOTO paccessHUS OXapaKTepu30BaHbI HAHOAOMEHHBIE CTPYKTYPHI, BOZHUKAIOIINE B MUCCIEIOBAHHBIX 00-
pasiax.

CETHETOSJEKTPUKHN. PETAKCOPBI. CUHXPOTPOHHOE MU3JIYYEHUE. HAHOAOMEHHBIE CTPYKTYPBhI.

®ponos M. E. ODYHKIIMOHAJIbHASI ATIOCTEPUOPHAS OLLEHKA ITOT'PEILIHOCTU PEIIE-
HU4 3AJIAYU Ob U3TUBE CTEPXHS DVUIEPA — BEPHVYIIIU.

IMonyueHa amocTepropHas olleHKa IS 3amauu 00 M3rude cTepxHs Ditepa — BepHymIM mepeMeHHOro
ceueHus1. ITOCKOJIBKY €€ BBIBOI HE MCIIOJNb3YeT KAKUX-JIM0O0 JTOMOJHUTEIbHBIX MIPEANOIOXEHUI O CTPYKType
MIPUONIKEHHOTO PEIIeHNs 3aJadi, TO OIeHKa MPUTOIHA I KOHTPOJS MOTPENIHOCTH JII000I anmpoKcruMa-
. EAMHCTBEHHBIM YCIIOBUEM SIBIISICTCS €€ TIPUHAUIEKHOCTh HEPTeTUUECKOMY MPOCTPAHCTBY, COOTBETCTBY-
jolemMy 3agade.

ATTOCTEPUOPHBIE OLIEHKU IMOTPENIHOCTU. CTEPXKEHD DMJIEPA — BEPHVJIIN.
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XpymeHnko A. A, Apedbnren K. M. MOOAEJINPOBAHWE TEIJ10O- U BIATOOBMEHHbIX ITPO-
HECCOB B TPAXEE JIETKNX YEJIOBEKA.

[MpennoxeHbl 1Be MOJEIU, YIUTHIBAIOIIME TEMI0- U BJIArOOOMEH B Tpaxee JIETKMX YeJIOBeKa, a Takxke BIusI-
HUE Ha IMpollecC TeraIooOMeHa KPOBEHOCHBIX cocynoB. [IpoBeneHO COIMOCTaBIeHNWE IKCIEPUMEHTATbHBIX
U pacyeTHBIX NAHHBIX U3MEHEHUS TeMIepaTypbl BO3ayXa MpU MPOXoxneHun Tpaxeu. [TokazaHbl MaKCUMaIbHO
BO3MOXHbBIE M3MEHEHUsI TEMITEPATypPbl CTEHKM TPaxew.

MOIEJIWUPOBAHUE. TEIINIOOBMEH. MACCOOBMEH. HECTAUMOHAPHOCTDL. TPAXESA JIETKMUX YEJIOBEKA.

Ilemensr . B.,, ITamkuu H.C., byp6aes T. M. KOHIEHCALIUA DKCUTOHOB B KBA-
SUABYMEPHBIX SiGe-CJIOAX TETEPOCTPYKTVYP Si/Si,_,Ge,/Si.

B xBaHTOBOpasmepHbIX ciosx SiGe rerepoctpykryp Si/Si;_,Ge,/Si 2-ro poga MeTOoOM CHEKTPOCKOMUN
HU3KOTEeMIIepaTypHOil (OTOMOMUHECLEHLIMN B OJMXHENH MH(PaKpacHOM M BUAUMOIN 00OJIACTSIX CIIeKTpa 00-
HapyXeHa M HMCCleloBaHa 3JIEKTPOHHO-IbIpoYHas XuakocTh (DA2XK). YcraHosiaeHo, uto DJIK coctout u3
KBa3UIBYMEPHBIX AbIPOK B KBAaHTOBOM sime B Si(Ge-Ci0e Y KBa3UTPEXMEPHBIX DJIEKTPOHOB, TAKXKE HAXOASIIUXCS
B 3TOM cjoe. [1pu OTHOCUTENIbHO HU3KUX YPOBHSX BO30YXIEHUS B CMEKTPaX JIIOMUHECIIEHIIUU 3TUX CTPYKTYD
oOHapyXeHbI JTUHUM U3Iy4eHUsT OMIKCUTOHOB. HalimeHo, 4TO 3HEprusi CBsI3M OMAKCUTOHOB B KBa3UIABYMEp-
HBIX CJIOSIX CYIIECTBEHHO OOJIbIIIE, YeM B 00BEMHOM KPEMHUU.

TETEPOCTPYKTYPbI. KBAHTOBBIE SAMbl. KOHOIEHCAL WA 5KCUTOHOB. DJIEKTPOHHO-ABIPOYHAA XKW/ -
KOCTb. BUBKCUTOHDBI. ®OTOJITIOMUWHECIL EHLI M.
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ABSTRACTS

KEYWORDS

Antimonov M. A, Cherkaev A.V,, Freidin A. B. OPTIMAL MICROSTRUCTURES AND
EXACT LOWER BOUND OF ENERGY OF ELASTIC COMPOSITES COMPRISED OF TWO ISOTROPIC
PHASES.

We consider a structure comprised of two linear elastic isotropic phases. The structure is placed in uniform
external strain fields. We construct a lower bound of strain energy at given phase fraction and external strains. We
prove that this lower bound is exact and reached by energy of simple, second-rank and third-rank laminates.

TWO-PHASE COMPOSITES. LAMINATE. LOWER BOUND OF ELASTIC ENERGY. ENERGY TRANSLATOR.

Astapova E. S.,, Radomskiy V. S.,, Korobitsyna L. L., Filimonov A. V. IR
SPECTROSCOPY INVESTIGATION OF HIGH-SILICA ZEOLITE STRUCTURE MODIFIED BY NANO-
PARTICLES.

Polycrystals of high-silica zeolite have been obtained by hydrothermal synthesis method and modified with
nanoparticles of metals. According to IR spectroscopy it was found that zeolites modification with nanoparticles
of metals did not lead to the significant change in crystallinity degree of high-silica zeolites.

HIGH-SILICA ZEOLITE. NANOPARTICLES. STRUCTURE. IR SPECTROSCOPY.

Baranov A. A, Ermak S. V., Semyonov V. V. THE ORIENTED DEPENDENCE OF THE
LIGHT SHIFT OF FREQUENCY OF RADIO-OPTICAL SHF RESONANCE IN RUBIDIUM VAPORS.

The results of the theoretical and experimental research of the light and orientation frequency shift effects in
laboratory scheme of the Rb frequency standard are provided. The real orientation frequency shift importance is
shown.

FREQUENCY STANDARD. ORIENTED DEPENDENCE. LIGHT SHIFT. RADIO-OPTICAL SHF RESONANCE.

Berinskiy I. E. A ROD MODEL OF GRAPHENE CRYSTALL LATTICE.

The approach that connects the discrete mechanical description of the system of atoms and continuum
description based on the rod theory has been proposed. A model of graphene crystal lattice was proposed. The
interatomic bonds simulated with linear elastic cylindrical rods. The parameters of the model that correspond to

the graphene crystal lattice were determined.
DISCRETE MODELS IN MECHANICS. ROD MODEL. GRAPHENE CRYSTAL LATTICE. MEDIA SIMULATION
WITH MICROSTRUCTURE. MOMENT INTERACTIONS.

Filimonov A.V, Vakhrushev S.B., Burkovsky R. G.,, Rudskoy A.I. LOCAL STRUC-
TURAL DISTORTIONS AND FORMATION OF POLAR NANODOMAINS IN RELAXOR FERRO-
ELECTRIC THIN FILMS.

First study of mesoscopic structure of relaxor ferroelectric thin films was carried out using coherent synchrotron
radiation scattering. On the basis of the diffuse scattering characteristics the nanodomain structures taking place
in the studied samples were defined.

FERROELECTRICS. RELAXORS. SYNCHROTRON RADIATION. NANODOMAIN STRUCTURES.

Frolov M. E. FUNCTIONAL A POSTERIORI ERROR ESTIMATE FOR SOLUTION OF THE PROB-
LEM OF EULER — BERNOULLI BEAM BENDING.

A posteriori error estimate to the problem of bending of the Euler — Bernoulli beam with variable cross-
section is proposed. The estimate is derived without any additional assumptions about the structure of an
approximate solution. Thus, the obtained result is suitable for error control of any approximation. Only one
requirement should be satisfied — the approximation belonging to the respective energy space for the problem.

A POSTERIORI ERROR ESTIMATES. EULER — BERNOULLI BEAM.

187
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Golovkina M.V. MAGNETIC PROPERTIES OF A COMPOSITE CONTAINING SUPERCONDUC-
TING INCLUSIONS.

The artificial structure containing superconducting inclusions of a spherical and a cylindrical form is
considered. The type II superconductor in the mixed state is examined. The calculation of effective permeability
is worked out using the Maxwell — Garnett formalism. The results suggest a way for making composite
superconducting structures with small losses.

SUPERCONDUCTIVITY. COMPOSITES. PERMEABILITY. MAXWELL — GARNETT FORMALISM.

Hrushchenko A.A., Aref’ev K. M. THE HEAT AND THE MOISTURE EXCHANGE SIMULA-
TION OF PROCESSES IN THE TRACHEA OF HUMAN LUNGS.

Two models taking into account the heat and the moisture exchange in the trachea of human lungs of blood
vessels on the heat exchange are suggested. Experimental and calculated data on change of air temperature in
passing through the trachea are compared. The most possible changes in temperature of a trachea wall are shown.

SIMULATION. HEAT AND MOISTURE EXCHANGE. NONSTATIONARY. TRACHEA OF HUMAN LUNGS.

Ivanov V.1, Klimentiev S.V.,, Ganevich O.K.ATHERMAL DETECTOR WITH A UNIFORM
FREQUENCY DEPENDENCE ON A BASIS OF A METAL — FERROELECTRIC — METAL STRUCTURE.

The frequency dependence of the volt-watt susceptibility of thermal detector operating on a basis of two
effects — pyroelectric and thermovoltaic has been analiyzed.

THERMOVOLTAIC EFFECT. PYROELECTRIC EFFECT. VOLT-WATT SUSCEPTIBILITY. THERMAL DETECTOR.

Kniazkov A. V. MULTIBEAM CONTROL MODULATION IN THE PHOTOREFRACTIVE QUAD-
RATIC ELECTROOPTIC MATERIALS.

The investigation results of the multibeam control modulation in the photorefractive quadratic EO materials
by means of changes in the diffraction gratings force has been shown. It is significant that two- and multibeam
photorefractive modulators have great sensitivity and linearity advantage over one beam modulation.

MULTIBEAM DIFFRACTION MODULATION. PHOTOREFRACTIVE MATERIALS. QUADRATIC EO EFFECT.
CONTROL FORCE DIFFRACTION GRATINGS.

Kochiev M. V., Nguyen M. H.,, Tsvetkov V. A. EXCITONIC PHOTOLUMENESCENCE
KINETICS OF GaAs/AlGaAs STRUCTURES WITH SHALLOW QUANTUM WELLS AT LOW TEMPERA-
TURES.

Kinetics of recombination radiation related to heavy-hole excitons in a GaAs/Al Ga,_,As(x = 0.05) structure
with shallow tunneling-isolated quantum wells of 3 and 4 nm width was studied at temperatures 5 — 60 K. It was
found that the activation energy of the rate of thermal emission of excitons from quantum wells is nearly equal to
the sum of electron and heavy-hole localization energies.

SEMICONDUCTORS. QUANTUM WELLS. EXCITONS. PHOTOLUMINESCENCE. KINETICS.

Kotov O.1., Kudrjashov A. V., Liokumovich L. B, Medvedev A. V. AN AMPLITUDE
FIBER OPTIC ACOUSTIC SENSOR.

The points for realizing fiber-optic sensors of amplitude type based on membrane for acoustic signals have
been considered. The models developed that provide a means for parameter analyzing and optimization are
described in details, calculation examples are given.

FIBER OPTIC SENSOR. MICROPHONE. MEMBRANE. ACOUSTICS. MODELLING. OPTIMIZATION.

Krasnova N. K. A THEORY OF “ARCH MODIFICATED” ENERGY ANALYSER.

A theory of an energy analyser of “arch” type with electrodes which form is an arch with a flat top is developed.
Using analytical and computer methods an optimal construction of the device having high dispersion and good
focusing is defined. Some recommendations on practical realisation with the compensation for fringing fields are
given, and perspectives on usage of energy analyser are discussed.

ELECTRON SPECTROSCOPY. ELECTROSTATIC ENERGY ANALYZER. HIGH ENERGY DISPERSION. HIGH
RESOLUTION.

Martsenyuk M.A., Sklyarenko M.S. AN ANALYSIS OF COLORED SUBSTANCES DIFFUSION
IN A PLANE LIQUID LAYER BY MEANS OF DIGITAL PHOTOGRAPHY.

A procedure for measuring of colored substances concentration distributed in plane liquid layer has been
presented. The technique is based on the digital photography and following processing of its results. A linear
model of diffusion in horizontal layer was proposed and identified on the base of measurement results. The
process is not purely diffusive since it has oscillating modes caused by convection. We develop a new measurement
method of colored substances diffusivity in liquids.

DIFFUSION. CONVECTION. OPTICAL METHODS. IDENTIFICATION. LEAST SQUARES METHOD. PHOTOGRAPHY.
IMAGE PROCESSING.
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Martsinovsky I. AL ALGORITHMS FOR ENERGY SPECTRUM RECONSTRUCTION ADAPTED
FOR ELECTROSTATIC ANALYZERS EXPERIMENTAL DATA.

We investigate technical aspects of data deconvolution from plain plate and spherical plate energy analyzers
for obtaining energy spectrum. The Gold and the Lucy — Richardson algorithms which have many applications in
different instrumental analysis areas were used.

ENERGY ANALYZER. ILL-POSED PROBLEMS. DECONVOLUTION. PLANE PLATE ANALYZER. SPHERICAL PLATE
ANALYZER. GOLD ALGORITHM. LUCY — RICHARDSON METHOD.

Polozkov R.G., Ivanov V.K,, Korol A. V., Solov’yov A.V.ATHEORETICAL STUDY OF
PHOTOELECTRON ANGLE DISTRIBUTION IN PROCESSES OF PHOTOIONIZATION OF METAL
CLUSTER ANIONS.

A theoretical study of photoelectron angle distribution in processes of photoionization sodium metal cluster
anions is done. A consistent many-body theory based on the jellium model is applied to the description of angular
resolved photoelectron spectra of metal clusters anions and the results of calculations demonstrate the dominant
role of the many-body effects in the formation of angular distributions of photoelectrons emitted from sodium
clusters and are in a good agreement with recent experimental data. The concrete comparison of theory and
experiment has been performed for the photoionization of «magic» sodium clusters Na;~, Na,y~, Nas; -anions
being characterized by the entirely closed shells of delocalized electrons.

NEGATIVE IONS. ANGLE DISTRIBUTION. PHOTOIONIZATION. CLUSTER. JELLIUM MODEL. MANY-ELECTRON
CORRELATIONS.

Rychkov G.N.,, Povarov N.I, Yakimov A. P, Shabalin K. A. A DECREASE IN FLEXI-
BILITY OF MOUSE METHIONINE-SULFOXIDE REDUCTASE Bl BECAUSE OF OXIDATION.

The spatial structure of mouse MsrB1 protein in oxidized state has been determined with molecular mechanics
and molecular dynamics computational methods and a possible mechanism of its oxidation has been analyzed. It
was found that the disulphide bond formed upon protein oxidation, decreases flexibility of its polypeptide chain,
excluding regions responsible for substrate binding and for interaction with tioredoxin.

CELL REDOX SYSTEM. METHIONINE-SULFOXIDE REDUCTASE. PROTEIN SPATIAL STRUCTURE. OXIDIZED
STATE. PROTEIN FLEXIBILITY.

Rychkov G. N.,, Zolotukhin K. O, Nerinovskiy K. B, Dikiy A. 1. A SPATIAL
STRUCTURE MODEL OF THE COMPLEX FORMED BY METHIONINE-SULFOXIDE REDUCTASE
Bl AND THIOREDOXIN IN MOUSE REDOX SYSTEM.

On the basis of data obtained by protein docking and refined by molecular dynamics technique, we have built
a spatial model of complex formed by MsrB1 and Trx mouse proteins. Protein interaction is facilitated by formation

of intermolecular B-sheet, that results in disulfide bond stretching in oxidized state of MsrBl1.
CELL REDOX SYSTEM. METHIONINE-SULFOXIDE REDUCTASE. TIOREDOXIN. PROTEIN COMPLEX. MECHANISM
OF INTERACTION.

Sanin A.L.,, Semyonov E. A. FREE AND COUPLED OSCILLATIONS OF ELECTRON IN 2D
QUANTUM SYSTEM UNDER DISTRIBUTED POTENTIAL AND LASER IMPULSE.

Using the nonstationary Schrodinger equation, the dynamics of electron in two-dimensional quantum system
has been investigated. An oscillator having two degrees of freedom and a system with a two-welled potential are
discussed in details.

ELECTRON. TWO-DIMENSIONAL. COUPLING. TUNNELING. OSCILLATIONS. DISPERSION.

Shepel D.V, Ptashkin N.S., Burbaev T. M. EXITONS CONDENSATION IN QUASI-2D
SiGe LAYERS OF Si/Si,_,Ge,/Si HETEROSTRUCTURES.

In quantum-confinement SiGe layers of second type Si/Si,_,Ge, /Si heterostructures, electron-hole liquid
(EHL) was observed and investigated by low-temperature photoluminescence spectroscopy in the near infrared
and visible spectral regions. It has been found that the EHL consists of quasi-two-dimensional holes in the
quantum well in the SiGe-layer and quasi-three-dimensional electrons, also located in this layer. The emission
lines of biexcitons were observed in the luminescence spectra of these structures at relatively low levels of pumping.
It has been found that the binding energy of biexcitons in the quasi-two-dimensional layers is considerably larger
than that in the bulk silicon.

HETEROSTRUCTURES. QUANTUM WELLS. EXITON CONDENSATION. ELECTRON-HOLE LIQUID. BIEXCITON.
PHOTOLUMINESCENCE.
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Titovets Yu.F, Shtelmakh S.V, Pesin V.A, Semenchenko T. M. ASUPERFICIAL LOW-
TEMPERATURE DEGRADATION OF ZIRCONIA CERAMICS STABILIZED BY ITTRIUM OXIDE.

An essential increase of monoclinic phase in superficial layers for the investigation zirconia ceramics has been
found using conventional test. To elucidate the procedure for a necessary estimation stability degree we suggest to
carry out additional measurements using a slipping X-ray beam method.

ZIRCONIUM CERAMICS. LOW-TEMPERATURE DEGRADATION. X-RAY METHOD. ITTRIUM OXIDE. MONOCLINIC
PHASE.

Ustinov A. B.,, Petrov V. N. INVAR PROPERTIES OF FeNi;(110) CRYSTAL SURFACE ON
EVIDENCE DERIVED FROM SPIN-POLARIZED AUGER ELECTRON SPECTROSCOPY.

The magnetic properties of FeNi;(110) crystal surface with thin Fe film were studied by Spin-Polarized Auger
Electron Spectroscopy (SPAES). Iron deposition onto the substrate surface lead to invar concentration of
components on it. At given concentration the nickel surface sublattice exhibited antiferromagnetic ordering
relative to the substrate volume.

SPIN. MAGNETISM. AUGER SPECTROSCOPY. SPINTRONICS. POLARIZATION.

Vasilyev A. N., Osipov V. P, Tarkhov D.A. UNIFIED PROCESS OF MODELING OF
PHYSICOTECHNICAL OBJECTS WITH DISTRIBUTED PARAMETERS.

A unified approach to the solution to a broad spectrum of PDE problems is offered in the paper, this approach
is worked out in terms of ANN — artificial neural network — methodology. The possibility of various methods
(finite differences, finite elements and neural networks) consideration from one point of view is shown. Stated
methodology allows us to solve both direct and inverse problems uniformly, to take into consideration replenished
experimental data, to build a hierarchy of tunable models, etc.

PARTIAL DIFFERENTIAL EQUATIONS. ARTIFICIAL NEURAL NETWORKS. ERROR FUNCTIONAL.

Vinnitskaya A. O. A COMPARATIVE ANALYSIS OF VARIOUS FUNCTIONS WHEN
PROCESSING OF EXPERIMENTAL DATA BASE.

An analysis of mathematical model of development and ageing and a comparison with results of supervision
have been carried out. The main result of the study is the analysis of influence of various metrics on density of
distribution of the population and finding-out a ratio of various groups of the population on genetically ordered
life expectancy.

APPROXIMATION. DATA ANALYSIS. DISTRIBUTION. MINIMIZATION. MODELLING. OPTIMIZATION.

Volkova N.S., Gorshkov A. P THE INFLUENCE OF ANODE OXIDATION OF ARSENIDE
HETEROSTRUCTURES WITH QUANTUN DOTS ON TEMPERATURE DEPENDENCES OF PHOTO-
ELECTRIC SPECTRA.

It has been shown that the anode oxidation of the surface of heterostructures with InAs/GaAs-quantum dots
leads to a change of temperature dependences of photoelectric spectra. This change can be explained as a result of
the reduction of the recombination lifetime of photoexcited carriers in quantum dots.

QUANTUN DOTS. ANODE OXIDATION. RECOMBINATION LIFETIME.

Zubov A.V, Zubov 1.V, Zubov S. V., Strecopitov I.S., Strecopitova M. V. THE
ANALYTIC NATURE OF ACCIDENTAL SEQUENCES.

A communication between recurrent functions and a randomness understood in likelihood sense is considered.
The conclusion about chaotic character of the most general (recurrent) movements in the dynamic systems having
at least one attractor from here becomes.

DYNAMICS SYSTEM. CASUAL SEQUENCE. STATISTIC TRIAL. RECURRENT FUNCTION.
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YCJIOBUSA MYBJIUKAIIUU CTATEN
B XkypHaje «Hayuno-rexunueckue Bemomoctu CIIOIITY»
cepusi «DuU3UKO-MaTEMATHYECKHE HAYKH»

1. OBIIME ITOJIOXKEHUA

Kypnan «Hayano-texuuueckue Bemomoctu CIIGITIY» siBhsieTcst TepuoanIecKM TeYaTHBIM HayYHBIM PElleH3UPYeMbIM U3-
nanueM. On 3apeructpupoBan B [ockommeuatu P® (cBumerensctBo No 013165 ot 23.12.94) u pacrnpocTtpaHsieTcst Mo MOAMKMCKe
areHTcTBa «Pocnevath» (MHmekc 18390).

Kypnan ¢ 2002 roma BxonuT B [lepeueHb BeoyIIMX HAYIHBIX pElleH3MPYEeMbIX XypHalnoB U u3maHuii (mepeueHb BAK) u
TIPUHUMAET TSI TleYaT MaTepuaabl HAyUHbBIX UCCIeIOBAHMI, a TAKXKe CTAThH JUIST OMyOIMKOBAHUS OCHOBHBIX Pe3yJTbTaTOB AMCCEP-
Talii Ha COMCKaHUE yYeHOU CTEeTeHU AOKTOpa HayK M KaHIuUaTa HayK MO HAayYHBIM HAIpaBICHUSM: DKOHOMHKA, YNpaBlieHue,
Undopmaruka, Beruuciurensnas rexnanka, Ousuka, Duepretnka, Mamunoctpoenne, Metauryprusi, PannorexHuka u cBsizb, DJjieK-
TpoHuKa, V3MepuTenbHasi TeXHUKA.

B cootBetctBuM ¢ pemenunem [Ipesuanmyma BAK ot 24 Hosi6ps 2009 roma xypHan mpoien nepepeructpanuto Ha 2010 rom.

IMepuonuuHocTh Bbixona cepuu «PU3NKO-MaTeMaTHIecKue HayKu» — 4 HOMepa B TOI.

Hayunbie HampaBieHusi cepun «PU3MKO-MaTeMaTUYeCcKe HayKu», yauTbiBaeMble BAK MuHoOpHayku P® mpu 3amure J0K-
TOPCKMX M KAHAMIATCKUX AMCCePTAllMil B COOTBETCTBUM ¢ HoOMEHKIAaTypoil crenuanbHOCTeN HaydyHbIX paboTHUKOB: Pu3uka,
Marematuka, MexaHuka, ACTpoHOMHUS.

2. TPEBOBAHUA K INIPEJCTABJIAEMBIM MATEPUAJIAM

2.1. Odopmienne mMaTepuajoB

1. O6beM craTeit, Kak MpaBUJIO, He MOJIKeH TpeBbiaTh 20 crpaHul opmara A-4.

2. KonmmuecTBo pucyHKOB U (doTorpaduii He TOJKHO MPEBBIIATH 6, Tabaull — 4, TUTepaTypHBIX UCTOUHUKOB — 15.

3. Yucno aBTOPOB CTaThH, KaK MPaBUJIO, HE MOKEHO MPEBBIIIATH MSATH YeIOBEK.

4. ABTOpPBI TOKHBI TPUAEPKUBATHCS Cenyloliell 0000IEeHHOM CTPYKTYphl CTATbU: BBOAHAS 4acTh (AaKTyaJlbHOCTb, CyIIe-
CTBYIOIIME MPOOJIEMbI); OCHOBHASI YaCTh (MIOCTAHOBKA, OMUCAHUE 33aJa4M, U3J0XEHUE U CYyTh OCHOBHBIX PE3YJIbTATOB); 3aKITIOUM-
TeJTbHasT YacTh (TIPEITOXEHUS, BBIBOBI); CIIUCOK JINTEPATYPHI.

5. Habop Tekcra ocyiectisiercs B pegakrope MS Word, dopmyn — B penakrope MS Equation. Tabauiiel HaGuparoTcsi B TOM
ke dhopmare, YTO 1 OCHOBHOU TEKCT.

IIpudt — Times New Roman, kerib mpudra ocHOBHOTO Tekcta — 14, uHtepBan — 1,5. Tabauilbl OOJBLIOTO pa3Mepa MOTYT
ObITh HaOpaHbI 12 Keryiem.

TTapaMeTpbl CTpaHMIIBL: TOJIS CJieBa 3 CM, CBepXy M CHHU3Y 2,5 cM, cripaBa 2 cM. TekcT pasmeniaercs: 6e3 mepeHocoB. AO3allHbIi
otcTynm — | eMm.

6. Pucynku (B ¢opmare .tif, .bmp, .jpeg) 1 Tadamup 0HOPMISIOTCS B BUAE OTAECIbHBIX (Haiiios.

7. B dopmysnbHOM penakTope (Kak 1 B OCHOBHOM TEKCTE) MepeMeHHbIe, 0003HAaU€HHbIE JJATUHCKMMU CMMBOJIAMU, HAOMPAIOT-
csl KypCUBOM; IU(MPHI, TpeUecKre U PyCCKUe CUMBOJIBI — TMPSIMbIE.

Xumunueckue cuMBoJibl (Ag, Cu) — CBeTIble TIpSIMBIE.

CokpaieHHbIe 0003HaUeHUST GU3MUECKIX BEIMUUH U eAMHUL udMepenus (M, KBt, m/c, W/m) — cBeTsibie psiMbie 6€3 TOUeK.

HasBanus dyHKImii (sin, tg, min, const, log, eXp U T. J.) — CBETJIbIe TPSIMbIE.

B uncnax mecsITUUHBIM paseuTeNeM sIBISIeTCS 3amsiTas.

Pasmepsi mpudToB B hopmyiax:

OCHOBHOI1 Keriib — 11, KpyImHBI MHIEKC — 8, MEJIKMII MHAEKC — 6, KPYIIHBIA CUMBOJI — 14, Menkuii cumBoir — 11.

IMepenoc nMHHBIX HOPMYIT BBITOMHSIETCS TaK, YTOOBI ATMHA KAXIOI CTPOKM He TpeBbIlIaia IMUPUHY KOJIOHKHU (8 cM).

2.2. IIpeacraBiienne MaTepHalioB

BMmecTe ¢ MaTepuaraMu CTaThU JOJIKHBI OBITH 00S3aTEILHO TIPEICTABICHBI;

« HoMep YJIK B cooTBeTCTBUU ¢ KiaccubUKATOPOM (B 3aTOJOBKE CTaThH);

e AHHOTALMSI CTaThb¥ (2—3 TpeaToXeHUs) Ha PYCCKOM M aHTIMUCKOM SI3BIKax ¢ 00s3aTeTbHBIM TIePeBOIOM Ha aHTJIUMCKUI
SI3BIK 3aroJIOBKa CTaTbu U (haMuIMii aBTOPOB;

* KJIIOUEBBIE CJIOBA CTaThU (5—7) HAa PYCCKOM M aHTIUHCKOM $SI3bIKaX;

« cBenmeHUs 06 aBTopax: ®UO, MecTo pabOTHI, TOKHOCTH, YIeHOE 3BaHUE, YUeHasT CTeTIeHb, KOHTaKTHBIe TeaedOoHbI, e-mail;

e PEKOMEH/ALIMsI HA MMsI 3aM. IJIABHOTO PENAKTOpa XKypHasa, MMOAIMCAHHAsI HAYYHbIM PYKOBOIUTEJIEM aBTOpa U/UJIU PYKOBO-
IUTEeJeM CTPYKTYypHOTO noapasaeneHusi. Pekomengamusa momkHa 06T OBSI3ATEJBHO 3aBepeHa B oTaesie Kaapos;

o pElleH3UsT Ha UMS 3aM. TIIABHOTO pelaKkTopa XypHaja, MOAMUCaHHas CTEeNaTIuCTOM, UMEIOIINM YUeHYI0 CTeNeHb JOKTOpa
HAayK u/wid yueHoe 3BaHue rnpodeccopa. Peuensus momkHa 6eitb OBS3ATEJIBHO 3aBepena B oraene Kaapos. PeueH3eHT HeceT
OTBETCTBEHHOCTb 3a COAEpXKaHUE CTaTbU, TOCTOBEPHOCTH MPEACTaBICHHBIX MAaTePUAIOB;

¢ aKT 9KCTEPTU3BI 0 BO3MOXHOCTH OMYOJUKOBAHUST MAaTePUAIOB B OTKPHITON TICUATH.

Bce marepuaiibl JOJIKHBI ObITh IPEACTABICHBI 10 2JIEKTPOHHOI 1oute, e-mail: physics@spbstu.ru.

2.3. PaccmoTpenne MaTepuanioB

TpencrasieHHble B peNaKIIMO MaTepuaibl (M. 2.2) MepBOHAYATHHO PACCMATPUBAIOTCS PETAKIMOHHON KOJUlerneil u nepeaa-
I0TCSL Ha pelieH3upoBaHue. [locie 0moOpeHns MaTepuaioB, COTJIACOBAHUST PA3TMUHBIX BOMIPOCOB C aBTOPOM (TIpU HEOOXOIMMOCTH )
pemaKIMoOHHAasl KOJUIeTHsI cooOIIaeT aBTOpy pellieHre 00 OMmyOJIMKOBAHUU CTaThH, B MIPOTHMBHOM CiIyyae OHAa HAIPaBJISIET aBTOPY
MOTUBHPOBAHHBIN OTKA3.

[pu OTKIIOHEHWY MAaTepUATOB M3-3a HApYyLIeHWs] TpeOOBaHUI MO 0OPMIIEHUIO WU KaK He OTBEYAIOIINX TeMATUKe XKypHaia
MaTepuaibl He MyOJIUKYIOTCS M He BO3BPAIIAIOTCS.

PenakumonHas KoIIeTusi He BCTYMAeT B JUCKYCCUIO C aBTOPAMM OTKJIOHEHHBIX MAaTEpUATIOB.

[yGiuKaiist MaTepuasoB acMPAHTOB OCYHIECTBISETCS GECIUIATHO.

[lpu moOCTYIUIEHUHM B PEeNAKIMI0O 3HAYMTEIBHOTO KOJMYECTBA CTATedl MX MpPUEM B OUYEPETHON HOMEP MOXET 3aKOHUYHTHCS
JOCPOYHO.

Bosee moapobHyo nHGOPMAIINIO MOKHO MOJYYUTh 110 TelehOHy pemakiinu:

(812) 294-22-85 ¢ 10 mo 18 wacoB, Haranbst AnekcanapoBHa, Bukropust MapartoBHa win 1o e-mail: physics@spbstu.ru.



