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PU3INKA KOHOAEHCNPOBAHHOIO COCTOAHUA

H.M. bnaeux, C.A. Hemo@, J1.E. lllenumoBa

AHU3O0TPOINUA NOMEPEYHOIO YPDDEKTA
HEPHCTA — 3TTUHICIrAY3EHA B MOHOKPUCTAJIJIE
PbSb,Te,, TJETMPOBAHHOM MEbIO

Kpucrannel PbSb,Te, oTHocsTCS K K1accy ciio-
WCTBIX TETPAAMMUTOTIONOOHBIX XaJlbKOTCHUIOB
€ pOMOO3IPHUUYECKO CUMMETpHE (IPOCTPAHCTBEH-
Hag rpyrnna R3m) ¢ mapameTpaMy reKcaroHaJIbHO
pewetku a = 0,4350(1) um; c=4,1712(2) um [ 1, 2]
W TIPUHAJIEKAT K HOBBIM MEPCTIEKTUBHBIM TEPMO-
2JIEKTPUUIECKUM MaTepHUaJIaM.

Tem He MeHee, MPAKTUUECKOE UCTIOIb30BaHNe
TAHHOTO COEIMHEHMSI CIePKUBACTCS JOCTATOUHO
BBICOKOW BEJIMYMHOW KOHLEHTPALIUU HOCUTEJIEN,
YTO CBSI3aHO C OOJIbLIUM KOJIMYECTBOM COOCTBEH-
HBIX Ie(heKTOB, 00pa3yloIInXcs B pe3yJbTaTe 3a-
METHOTO OTKJIOHEHUST OT CTEXHMOMETPUH ITPU KPHUC-
TaUTU3aL M.

Tak, moHokpuctaibsl PbSb,Te,, uccienosan-
HBIE B CTaThe | 3], MeJIu IBIPOUYHBII TUTT TIPOBOAM -
MOCTU C BBICOKOUW KOHLIEHTpALIME HOCUTENEH
p ~310%%Mm .

WccnenoBanus a¢ppexkra HepHera — DTTUHT-
cray3eHa B YKa3aHHOM COeIMHEHUH, TIPUBEIEHHbIE
B CTaThe [4], moKa3aau, YTO B AMAMa30HE TeMIIepa-
Typ oT 100 1o 420 K HabG1romnaeTcss aHU30TPOTHSI TTO-
nepedyHoro 3¢p¢GeKTa co cMellaHHbIM MEXaHU3MOM
paccestHus. [Tpudem 1Be KOMITOHEHTHI TeH30pa (-
tdekTta HepHcta — OrTunrcraysesa 0,3, 03, OT-
pULIATEIbHBI, UTO O0YCIOBIEHO JOMUHUPYIOILIUM
paccesiHueM HOCUTeel TOKa Ha aKyCTUUeCKuX (ho-
HOHaX, M ofHa — (J35; — MOJIOXUTEJIbHA BILUIOTH 1O
400 K, 94TO CBUAETENLCTBYET O CYLIECTBEHHOM BKJIa-
JIe paccesiHUsI Ha KYJIOHOBCKOM MOTEHLUAJIE TPU-
Meceii 1 e(peKToB B 9TOM HaMpaBJICHUN.

Llenb paboThl — JErMPOBATH MOHOKPUCTAIT
PbSb,Te, nsisi cHUXXEHUSI KOHLIEHTPALIMKU IbIPOK,
OLIEHWUTh KOHLIEHTPALIMIO HOCUTENEe TOKa TMyTeM
nsMepeHust KoapduuueHta XoJaa u yCTAaHOBUTD
MeXaHU3M paccesiHUs HOCUTeIel B IIMPOKOM UH-

TepBaJie TeMIEePaTyp MO aHAJTU3Y KOMIIOHEHT TE€H-
30pa koadpunmenta Hepacra — DTTUHTCray3eHa.

Jl1st maHHOM 11esT1 OBbLIO HEOOXOIMMO BBITIOTHE -
HUe CIEeIyIOUINX 3amad: BBEIOpaTh JIETUPYIOUINA
KOMITOHEHT, MOJYYUTh MOHOKPUCTAJUT BHICOKOTO
KavyecTBa, TTO3BOJISIONINIA U3MEPUTh BCEe TPU He3a-
BUCHMbI€ KOMIIOHEHTHI TeH30pa HepHcta — DTTHHT-
cray3eHa M OLIEHUTh KOHIIEHTPALINIO HOCUTETIEH
TOKA ¢ momMouibio 3¢ dexkra Xoa.

OO0beKThI HCCIeI0BAHNS

st CHUKeHW ST KOHLIEHTpALIMY HOCUTe el ObLTO
MPOM3BEACHO JIETUPOBaHUE MOHOKpUCTaLIA
PbSb,Te, menbto. DTOT 3/1€MEHT MEPBOIA IPYIIIbL
MMeEET OIVH 3JIEKTPOH HA BHEILIHEH 3JIEKTPOHHOI
000JI0uKe, OTHaBast KOTOPbI MeIb MPOSIBISET A0-
HOpHbIN 3 dekT. Kpome Toro, ierupoBaHKUe MeIbIO
JPYrMX MOHOKPUCTA/IOB I10Ka3ajo 3(h(PEeKTUB-
HOCTb MCIOIb30BAaHUS 3TOI 100ABKMU, OKA3bIBAKO-
1LIeM CUJIbHOE JOHOPHOE AelicTBUE [5].

Monoxkpuctann PbSb,Te, : Cu 6b11 BeipaLieH
meTonoM YoxpaaibCKoro ¢ noanuTKOM XKuaKou da-
301 3 mnaBatouiero Turist. CoefMHEHUE UIEHTU -
(bvrpoBaHO C TOMOIIBIO pEeHTIeHOTPahUIECKO-
ro UCCJIeN0BAHUSI MOHOKPUCTAJITMYECKUX CKOJIOB
C UCII0JIb30BAaHUEM aBTOMATUYECKOro nudpak-
tomerpa IPOH-YM (CuK -usnyuenue) B Un-
CTUTYTE METALTYPTUU U MaTepUaTOBEACHUST UM.
A.A. Baiikona.

JlomoTHUTEIBHO 110 AJIMHE 00pa31ia C IIOMOLLbIO
TEPMO30HIa KOHTPOJIUPOBAJICS Pa30poC 3HAYCHU A
Koa(hGULMEHTAa TEPMOI/IC, KOTOPBIN 75T pa3HbIX
YJACTKOB He IpeBbiian 5 % (B npeaeiax TOUHOCTU
M3MEpEeHMUs1), YTO CBUAETEIbCTBOBAJIO O IOCTATOYHO
BBICOKOI CTeNEHU OMHOPOIHOCTH IT0 IJTUHE UCCTIe-
JIlyeMOTO MOHOKPUCTAJLIA.
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Mertoauka 3KcnepumMeHTa

Koadpduument HepHcra — DrruHrcrayseHa
IUIST MaTepuajaoB POMOOIIPUIECKON CUMMETPUH
SIBJISIETCSI TEH30POM M MMEET TPU HE3aBUCHUMBIX
KOMITOHEHTSL: 0,3, 03, 1 O3,;. [ToaTOMY U141 1TpO-
BEIEeHUs SKCTIEPUMEHTATbHBIX MCCIeIOBAHUMN U3
OIHOTO MOHOKPHCTAJIJIa OBITN BBIpE3aHbI 00pa3IIbl,
pa3Mepbl M KpUCTAUIMYECKasi OpUEeHTALIMsI KOTO-
PBIX TTO3BOJIMJIA U3MEPUTH BCE TPU HE3aBUCUMEBIE
KOMITOHEHTbI TeH30pa Koadduuuenra HepHera —
OrrunrcrayseHa — Q),3, Q)3,, 03, ¥ IBE KOMIO-
HeHTbl Koaduuuenrta Xonna — Ry U Rz, (roe
Mo HOMepOM 3 IpUHUMAeTCs HaTlpaBIeHUe TPU -
TOHAJbHON OCH ¢ B MOHOKPHUCTALJIE, & MHAEKCHI
B TIOPSIKE PACTIONOXEHUS XapaKTEePU3YIOT CIIEeIy-
[olIMe HampaBjJeHUs: MEPBbI — U3MEPsIEMOro
BIIEKTPUUYECKOTO TTOJIST, BTOPOM — DJIEKTPUUIECKO-
ro TOKa WJIM rpanveHTa TeMIIepaTypbl, TPeTUI —
MarHWTHOTO MOJIst).

W3mepenue nosiHoro reH3opa Hephacra — D1~
TUHTCTray3eHa MO3BOJISET MOJIYUYUTh HanboJiee 10c-
TOBEPHYI0 MH(MOPMAILIMIO O MEXaHU3MaX PacCesTHUs
HOCUTEJIEi, TaK KaK OH 00JIiee IyBCTBUTEJICH K Me-
XaHMU3MaM paccestHUsl, YeM IpYyrue KUHETUYECKue
KOB(h(PULIMEHTHI.

M3mepeHune Tpex HE3aBUCUMbBIX KOMITOHEHT
TeH3opa HepHcTa — DTTUHICray3eHa Ha oOpasuax
PbSb,Te,: CunpoBoauinch B inanazoHe TeMepa-
Typ oT 80 mo 450 K, xpome TOTO, 17151 OLICHKN KOH-
LIEHTPaLlUX HOCUTEJIEl B UCCeNyeMOM MOHOKPHC-
Tajte U3MEpPEeHBl KHHETUUEeCKNe KO3(POULIMEHTH
Xomna Rjy3 1 Ry, ipu 77 K.

OcHoOBHbBIE COOTHOIICHUS

KoHueHTpaluss HocuTesell oLieHUBaJach Mo
0oJblIEl M3 KOMIIOHEHT TeH30pa Xosuia Ry, npu
77 K o bopmyiie |6]:

p 2(9R321)_1’ (1
IIe e — 3apsi 2JIEeKTPOHA.

B cityyae CMITBHOTO BBIPOXKIEHUS B AHU30TPOII-
HBIX KpUCTAJIaX KOMITOHEHTHI TeH30pa HepHeTa —
DTTUHTICray3eHa OMKUCHIBAIOTCS CIIEAYIOLIEei hop-
MyJoii [6]:

dlnrt;
omt; ’ )

Olng "

k n> kT
O = ___|Rikl |Gkk
e 3 u

rIe e — MOIYJb 3apsiia JIEKTPOHA; K — MOCTOSTH-
Hast bonbiimMana; T — TeMmeparypa; pL — XUMHAYe-
CKUI moTeHUMan; R;,; — Ko3pduuueHt Xosia;
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Ok — YACJIbHAsI 3IEKTPONPOBOAHOCT; | Ry |04 —
XOJIJIOBCKAS! MOIBUXKHOCTb HOCUTENEH TOKA; T; —
BpeMsi peJlakcalluu; € — SHePrusi HOCUTEJ/Iei ToKa.

Takum o0pa3oM, Kak BUAHO U3 (HopMYJbl (2),
aHu3oTponusi nomnepedHoro apdekra Heprera —
DTTUHTCTay3eHa OMpeaeIsieTCs He TOIbKO aHU30T-
pornueii XOIITOBCKON MOABUXHOCTU |Ry |6, HO
U BPEMEHHU peslakcauuu 1, OTpuuaTebHblil 3HAK
apdexra HepHcra — DTTUHICray3eHa UMEET MeC-
TO TIpU TIpeoOIaTaHUM pacCesTHUST HOCUTENIe Ha
aKyCTUYeCKUX (P)OHOHAX

(elnt/alng |, = —1/2),

a MOJIOXKUTE/IbHbIM — MPU PACCESIHUU HA KYJIOHOB-
CKOM TTOTeHIIMAaJIe TIpuMeceil 1 1e(peKToB

(0lnt/dlne |, = 3/2).

Pe3y.]ILTaT])I HHux oﬁcyxme}me

AHaIU3 MOJYYEHHBIX JAHHBIX MOKA3aJ1, UYTO UC-
cienoBaHHble Hamu obpasusl PbSb,Te, : Cu npu
77 K uMenu AbIpOYHBIN TUT POBOAUMOCTHU C KOH-
HeHTpauueii p ~ 1,7 10%¥cm~3 (paccumnTaHa 1o op-
myJie (1) u3 6osblIeit KOMITOHEHTHI TeH30pa XoJ1a
R3y)). DTO CBHUIETENBCTBYET O CYLIECTBEHHOM
YMEHbIIIEHNU KOHLIEHTPALMU ABIPOK B Pe3y/IbTaTe
MX KOMITEHCALIMM SJIEKTPOHOM M3 BHEIITHE 000104~
KU JIETUPYIOLIETO aToMa MeIu. BbicoKast KOHILIEHT-
paiust HocuTesell B UCCIeayeMOM MOHOKPHUCTAJTe
PbSb,Te, : Cu no3BossieT 11 aHaIN3a KCIEPU-
MEHTAJIBHBIX TaHHBIX UCITOb30BaTh (DOPMYITBI TSI
BBIPOXAECHHOI CTATUCTUKU.

TemrepatypHbie 3aBUCUMOCTH TPEX HE3aBUCH -
MBIX KOMITOHEHT Koadduimenta HepHcta — O1-
TUHTCray3eHa MpUBEeIeHbI Ha PUCYHKE.

[Ipexnae Bcero, CTOUT OTMETUTh HAJTUUUE IBYX
MOJIOKUTENIbHBIX KOMIOHEHT Koad duimenta Hep-
HCTa — OTTHHIcrayseHa Os, 1 Q)3 B PbSb,Te,: Cu,
YTO B Y3KO30HHBIX CJIOMCTBIX TOJYTTPOBOTHUKAX
paHee He HaOmonanock. [1pn 3ToM KommoHeHTa O,
TTOJIOXUTENIbHA BO BCEM MCCIIETyeMOM ITHamna3oHe
TeMIepaTyp, a KOMIOHEHTa (|3, MOJIOXUTEIbHA
TOJIBKO 10 TeMIiepaTypbl npeoausuteabHo 200 K;
BBILLIE HEE BEJIMYMHA KOMIIOHEHTBI ()3, MEHSIET 3HAK
¥ CTAaHOBUTCS OTPULIATETHHOIA.

KomnonenTa Q),3, onpenensemast IepeHoCOM
B IJTOCKOCTH CITAMHOCTY KPUCTAJIa, OTPULIATEITb-
Ha BO BCeM MHTepBaJje TeMrepaTyp (CM. pUCYHOK),
YTO TUITMIHO TSI Y3KO30HHBIX MTOJTYITPOBOTHUKOB
tuma A"VBY AZVB 3VI B 00JIaCTV TPUMECHOU MPO-
BoaMMOCTHU. B ykazaHHoIt 061acTu KO(DOULIMEHT
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HepHcTta — OTTHHICray3eHa oTpuuaTeeH B JUa-
na3oHe Temnepatyp ot 100 no 300 K, mpu nomuHm-
pyIOIIEM pacCessHMM HOCUTEe ToKa Ha aKyCTH-
yeckux (OHOHax.

Takoe cyli11eCTBEHHOE OTJIMYME ITOBEACHMSI KOM-
MOHEHT TeH30pa HepHcTa — DTTUHICray3eHa MOX-
HO OOBSICHUTb T€M, UTO 1O, IeCTBEM MAarHUTHOIO
MoJis Bo3HUKaeT cuiia JIopeH1a, OTKJIOHSo11as TTo-
TOK HOCUTEJIEH B IJIOCKOCTU, NEPNEHAUKYJISIPHOMU
HaMpaBJIEHUI0 MArHUTHOTO TOJISI; B Pe3yJbTaTe
B KOMITOHEHTE (|,3 OTKJIOHEHHE HOCUTEIEH HabI0-
JaeTCsl B MJIOCKOCTU CKOJIa U 3HAYUTEbHBIM OKa-
3bIBAETCSl pacCesiHUE HA aKyCTUUeCKUX (POHOHAX,
aB 03,1 O3, OTKIOHEHUE MPOUCXOIUT C Mepece-
YyeHHeM MOToKa HOCUTEel TIIOCKOCTHU CKOJia, UTo
MPUBOJWT K YBEJIWUYEHUIO BAMSIHUS paccesiHus Ha
KYJIOHOBCKOM IMOTEeHLIMAJ e TpUMeceii U 1e(heKTOB.
HawnbGoJsee BeposITHO, YTO ATOMBI MEAY ITPU JIETUPO-
BaHUU MoHoKpuctamia PbSb,Te, BcTpanBatoTcs
B BUJIE MOHOB MIPEUMYILIECTBEHHO MEXIY TMJI0CKO-
cTsaMu criaiiHocTu. [1on0XuTenbHO 3apsikKeHHbIE
WOHBI MeJIM YBEJIMYMBAIOT BJIUSIHAE PACCESITHUS Ha
KYJIOHOBCKOM ITOTEHIIaJIe MIOHM30BaHHBIX ITPUME-
ceit. CieaHHOE MPEANONIOXKEeHUE TTO3BOISIET O0bsIC-
HUTb Pa3Inure KOMIOHEHT Oz, U O)3,. [laHHOE pa3-
Ju4yre OOYCIOBJICHO pa3HULell HampaBIeHU
OCHOBHOTO MOTOKA HOCUTEJIEH, a TAKXKE Pa3TNIHbIM
€ro OTKJIOHEHUEM Toj1 AeiicTBUeM cuJibl JIopeH11a.
Jlist KoMnOHEHThI O3, JaHHbII IOTOK MOJHOCTbIO
nepeceKaeT MI0oCKOCTb CMalHOCTY ¢ HE3HAYUTE b-
HBIM paccessHUeM Ha aKyCcTHM4ecKuX (poHOHax 3a
CYET OTKJOHEHUS IBIPOK B MJIOCKOCTHU cKoua. s
JIPYroil KOMINOHEHTbl OCHOBHOM OTOK HOCUTEEN
HarpaBJieH B IJIOCKOCTH CKOJIa U, OTKJIOHSISICh, Te-
peceKaeT MJI0CKOCTH CMaiiHOCTH, 100aBsIS K pac-
CeSTHUIO Ha aKyCTUYECKUX (POHOHAX paccesiHue Ha
KYJIOHOBCKOM TTOTeHLIMAJIE TTpUMeceil u neeKToB,
B pe3yJibTaTe 4ero od0a MexaHu3ma B 9TOM HalpaB-
JICHUU CTAaHOBSITCS COMTOCTABUMBIMMU.

C pocToM TeMTiepaTypbl yBEIUYNBAETCS KOJIU-
4yeCcTBO (DOHOHOB, a CJIeI0BATEIbHO UX BKJIA/ B pac-

Q. MBAK-T)
4 - !
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TemrepaTypHast 3aBUCMMOCTh KOMITOHEHT
TeH3opa kKoahduumrenta HepHcra — DTTUHTCray3eHa:

031 (D); O3 (2); 0123 (3)

cesTHMe Ha aKyCTU4ecKnX (poHOHAx. OTO MPUBOIUT
K YMEHbLUEHUIO [0JI0KUTEIbHBIX 3HAYEHU I KOMITO-
HEHT O3y, 1 0,3, C TEPEXOJOM MOCIIeTHEN B OTpULIA-
TEJIbHYIO 001aCTh.

Takum o6pa3om, Ha MoHOoKpucTaslie PbSb,Te,,
JIETUPOBAaHHOM MEJIb0, SKCTIEPUMEHTATbHO U3Me-
PEHbI BCE TPU HE3aBUCUMbIe KOMITOHEHTbI HepH-
cta — OtTuHrcrayseHa 0,3, O 1 Q)3 B 1namna-
3oHe Temriepatyp ot 80 10 450 K. OrpuuarenbHblii
3HAaK KOMITOHEHTBI ()53, ONIPEAesieMOii TEPEeHOCOM
B IUIOCKOCTH CITATHOCTU,, CBUAETEILCTBYET O JOMU-
HUPYIOIIEM pacCesTHUM Ha aKyCTUIEeCKMX (DOHOHAX,
a [0JIOXKUTEbHBIN 3HAK KOMIIOHEHTbI (O35, — O 10-
MUWUHUPOBAHUU PUMECHOTO PACCESTHUS BIOJIb TPU -
roHaJbHOI ocu. ManocTb aOCOJIIOTHOIO 3HAYEHU S
KOMIMOHEHTHI (3, U CMEHA 3HaKa C MOJOXUTEb-
HOIrO Ha OTPMULATE/IbHbINA BOJM3U TeMIIEPaTypbl
200 K cBUaeTeIbCTBYET O MPUMEPHO PABHOM BKJIA-
JIe STUX MEXaHMU3MOB B pacCesiHUe IbIPOK B MOHO-
kpuctaie PbSb,Te,: Cu. C pocTom TemniepaTypsl
YCUJIMBAETCSl BIAMSIHUE PACCesiHUsI HA aKyCTUYeC-
K1X OHOHAX, UTO MPUBOIUT K YMEHbBIIIEHUIO MOJIO-
JKUTEIbHBIX KOMIOHEHT O3y, U O35, @ TAKXKE Mepe-
XO[1 B OTPULIATENIbHYIO 00J1ACTb KOMITOHEHTHI Q) 3,.
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PE)XXUMbl POCTA HUTPULA TANNINIUA
NMPU XTOPUATUAPUOHOUN TA3ODPA3HOU SNMUTAKCUU

Hwutpun ranavst — mimpoKo30HHBIN TPSIMO30H-
HbII MOJYNPOBOAHUK, UCTIOAB3YIOLINUICS B CUHUX
1 yIbTparOIETOBBIX CBETOAMOMAX U Jla3epax, a
TaKXe MOIIHBIX BbICOKOYACTOTHBIX YCTPONCTBAX.
M3-3a HepocTaTka pOACTBEHHbBIX OLIOXEK HUTPUL
rast GaN MoJydyaroT TeTepodnuTakcueil, Kak
MnpaBuiio, Ha cardupe. DTO MPUBOAUT K OOILIION
nnotHocTH ancokatmii (10° =10 cm™2) B Beipa-
eHHOM Matepuaie. [110THOCTb AuCI0KALMI CHU-
3KAEeTCsI C TONIIUHON, MO3TOMY OIHUM U3 METOAOB
VIIY4YIIEHWST Ka4eCcTBa MaTepraa sBIsieTCs BbIpa-
LIMBAHUE TOJICTHIX TJIEHOK.

MeTtoa xJ10pUATUAPUAHON razoda3Hol smu-
takcuu (XI'PD) mo3BoNSIET JOCTUYb BHICOKUX CKO-
pocreii pocta (10 400 MKM/4) 1 BEIpallIuBaTh TOJI-
CThI€ MJIEHKU HUTpUaa rajius. [1pu pocte TOJCTBIX
CJIOEB OCOOEHHO OCTPO BCTAET IPOOIeMa BOSHUK-
HOBEHUSI MEXaHUYECKUX HATIPSIKEHU U B TJIEHKAX,
13-32a KOTOPBIX TJIEHKA M3TH0AeTCSI M MOXET pac-
TpecKaThbes.

MexaHn4yecKre HaIpsoKeHUs B TUIGHKAX HUT-
puia rajausi MOXHO YCJIOBHO pa3deiuTh Ha IBa
TWTIa — BHEIITHWE U BHYTpeHHUE. BHeITHIe BO3HN-
KaloT U3-3a BO3AEUCTBUS HA TUIEHKY MOJIOXKH.
TUNMMYHBIM TPUMEPOM TAKOTO HATIPSIKECHUS SIBIIS -
€TCsI TepMOHAMPSIKeHNEe, BO3HUKAIOIIIEe 1U3-3a Pa3-
HULIbI TEMIEPATYPHBIX KO3 GHULUEHTOB paciiupe-
HUS MOAJOXKU U TJIeHKU. B cucteme HUTpug
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raymst/candup wigs GaN TepMOHANPsKEHUE CK -
Marollee, 4YTo MPUBOAUT K U3TUOY CTPYKTYPHI TIpU
KOMHATHO TeMItieparype. TepMoHamnpsKeHre Xopo-
1110 U3BECTHO U PACCUYMTHIBACTCSI METOIAMY TEOPUH
yrpyrocTu [1].

BHyTpeHHee HarpsikKeHe BOSHWKAET B TUIEHKE
TPU POCTE W HA3bIBAETCS POCTOBBIM. 7151 HUTpUIA
TaJIns 3TO, KaK MpaBUIIO, pPACTSITMBAloOLLee Harpsi -
XKeHwue [2].

Ha naHHbIit MOMEHT HET SICHOCTH B BOTTPOCE BO3-
HUKHOBEHUST POCTOBOTO HATIPSIKEHUST, 1 HY OJTHA 13
MPUYMH HE MOXET CUMTATHCS TBEPIO YCTAHOBIICH -
Hoii. OmHa 13 BO3MOXKHBIX ITPUYMH BO3HUKHOBEHUS
POCTOBOTO HATPSIKeHUST — KOaJeCLEHIIUS 3apo-
obieit [3], mpyras — HaKJIOH KpaeBbIX AUCIOKA-
uuii [4].

JlanHass paboTa MOCBsILIEHA MCCAEI0BAHUIO
BJIUSTHUST YCIOBUI pOCTa Ha BEIMUMHY POCTOBOTO
HanpsKeHUsT 1 MOP(DOTOTHIO TUTEHOK.

SKCHepHMEHTaJIBHaH YacTb

Bce o0pa3siisl OB BhIpAIEHBI B BEPTUKATh-
HoM wectunomioxedHom XI'DD-peakrope. PocT
MPOBOAWJICSI HA MOJI0XKAX candupa 1MaMeTpoM
2 nroiima (5,08 cm). Iepen nenosuuueii candupo-
Bble TOIJIOXKW OTXKUTAIUCh TIPU TeMIiepaType
1060 °C B atMmoc(epe amMuaka B TeueHue 10 MuH.
Hasiee HaHOCcUJICs Oy(pepHbIii CJI0M IIPU JaBJIEHUU
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250 Topp u Temnieparype 800 °C B TeueHue 3 MUH.
3aTeM peakTop HarpeBaJics 0 TeMIIepaTyphl pocTa
B aTMocdepe aMMuaka. BeipaniuBaHue mpoBoau-
Jock ripu Temmnepatypax 1040—1130 °C u naBieHun
800 Topp. CkopocTb pocTa peryjiupoBajach 11oia-
Yeil XJIOPUCTOTO BOAOPOIA B PeaKTOp 1 M3MEHSIACh
B auanazoHe 20—180 Mkm/u.

M3mepeHre KpuBbIX KaYaHKST 00pa31ioB MPOBO-
JII0Ch HA MOAM(PULIMPOBAHHOM IBYXKPUCTATLHOM
nudpakrometpe IPOH-4 ot miockocteit (0002).
[11oTHOCTD AMCIOKALIMIA OTPEenessiaCh METOIOM
TToIcYeTa IMOK TpaBJIeHUsI. TpaBieHMe TPOU3BOIN -
JIOCh B pacIijiaBe eaKOoro Kajusl Ipu TeMIeparype
450 °C BTeueHre 3 MUHYT.

PesynbraThl M ux 00CyKaeHHE

bbu1o 06HapykeHO aBa pexXuma pocTa IJIeHOK
HUTPWUIA TAJUINAS: «[TUTOB» U «TpeIInH». B obnactn
MapaMeTPOB POCTA ITU PEXKUMBI PACTIONOXKEHbI OJTN3-
KO APYT K IpPYyTy, OJHAKO TJEeHKHU, BbIpAllleHHbIE
B pa3HbIX peXUMaX, 3HAYMTEIbHO pa3IMyaloTCs 1o
CTPYKTYpe U MOP(DOJIOTUH.

Pexxum nutoB. [TyieHKU, BbIpallleHHbIE B 9TOM
pexume, 061aat0T LIEPOXOBATON MOBEPXHOCTHIO,
KOTOpast COCTOUT U3 Teppac 1 V-00pa3HbIX gedek-
ToB (MuToB). Ha puc. 1, a mpencraBieHa MUKPO-
(pororpacdus Takoii ruieHku. [1o ee ckoly BUIHO,
YTO HEOJHOPOAHOCTU MTOBEPXHOCTH CBSI3aHBI C Ma-
JIOYTJIOBBIMM TIJIOCKOCTSIMU, KOTOPBIMU OTPAHEHBI
3epHa. OOBIYHO B TaKWX TJIEHKAX HE COACPXKUTCS
TpeumH. TunmuyHoe 3HAaYeHME IMPUHBI KPUBOM

KayaHus mieHku toaiuHoi 30—40 MkM, Bbipa-
IIEHHOM B PEXUME IMUTOB, COCTABISICT BETUUNHY
370—400". 13-3a Haiu4usi OOIbIIOTO KOJIMYECTBA
Ie(eKTOB Ha TIOBEPXHOCTHU,, OTIPEACIUTD IJIOTHOCTh
JUCIOKALMM B TAKUX CJIOSIX METOAOM IOAcCUYeTa
SIMOK TPaBJICHUS CJIOKHO.

BenuuuHa HanpsiKeHUS B TAKUX IJIEHKAX MO-
JKET OBITh OLIEHEHA MMyTeM YMCJICHHOTO pacyeTa Ha
OCHOBE aHaJ13a UX KPUBU3HLI [5]. DTO Hanpsike-
HUE SIBJISIETCS CyNEPIIO3ULINEN pOCTOBOTO U TEPMO-
HanpsikeHuit. TepmoHanpsikKeHue MoaaaeTcs pac-
yeTy MeToaamMu Teopuu ynpyroctu [1]. Takum
00pa3om, BeJIMUMHA POCTOBOrO HAIIPSIKEHUSI PaB-
Ha pa3HOCTU CYIIEPIIO3ULIUY 1 TEPMOHATIPSIKCHMUSI.
ITomo6Has olleHKa OOBIYHO JTaeT 3HAUYEHUE BeJIn-
YMHBI PACTSITUBAIOILIETO POCTOBOTO HAMPSIKEHUS
B nuana3oHe 120—170 MIla a5 1jieHOK, Bbipa-
LIEHHBIX B peXNME ITUTOB.

Pexxum Tpemun. [11eHKY, BhIpallleHHBIE B YKa-
3aHHOM pexXUMe, 00/1aJaloT 3epKaabHOM ITOBEPXHO-
CTbIO, Ha KOTOPOI1 HAOIIOIAIOTCSI LIECTUTPAHHbIE
nupaMuabl. Takue IJIeHKU COAEepKaT TPELIMHEI,
KOTOpbIE, KaK PABUJIO, HE BbIXOASIT Ha [IOBEPXHOCTh
(puc. 1, 6). DTu TpelIMHBI PACMOJOXEHBI CI0SIMU
Ipyr Haj apyrom. Kak rnpaBuiio, HampasJieHUE Tpe-
IIVH COBITANAeT ¢ KpucTayytorpadgpuaeckmm [1 150] .
C TOMOIIBI0 ONITUYECKOTO MUKPOCKOTIA TPU (POKY-
CUPOBKE Ha Pa3HYIO [IyOMHY MOXHO OLIEHUTh pac-
CTOSTHUIE MEXIY CJIOSIMU TpeIIUH. TunmuuHoe cpe-
Hee 3HAaueHUEe DTOTO PACCTOSIHUSI COCTABISIET
5—15 MKM B 3aBUCUMOCTHU OT PeXXMMa pOCTa.

Puc. 1. Mukpodororpaduu IJIEHOK, BbIPALLIEHHbIX B PA3HbIX PEXUMAaX:
a — TITOB; 6 — TpelnH. MOTO Ha BCTaBKax:
a — cKoJa IUIEHKH; 6 — TIOBEPXHOCTH TUIEHKU
(monyueHa B MHTepdepeHIMOHHOM KoHTpacte Homapckoro)
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Mpbl TiperoaraeM CIeayoi MeEXaHu3M BO3-
HUKHOBEHUS TaKWX TpelrH. [11eHKa HUTpraa raj-
JIMSI PACTET PACTSIHYTON. DHEPTUsl yIpyrux Harpsi-
JKEHUI YBEIMUMBACTCS IO Mepe POCTa TONIINHBI
IUIEHKU BILJIOTh 10 MOMEHTA, KOTJa CTAHOBUTCS
DHEPTETUYECKU BBITOMHO CHU3UTH 3TY 9HEPTUIO 3a
cueT 00pa3oBaHus TPEIIMH. 3aTeM BO3HUKILIME TPE-
IIWHBI 3apacTaoOT, U SHEPTUS YITPYTUX HATTPSKEHUI
BHOBb HAUMHAET YBEJUUMUBATHCS BILJIOTD 0 CIIEIY-
IoIIeTo pacTpeckuBaHus. [Ipoiiecc moBTOpSIETCS
HECKOJIbKO pa3, U B pe3ysbTaTe (hopMUPYETCS T10-
JOOHAas CTPYKTypa TPELIMH.

Hamu ycTaHOBJEHO, YTO MJIOTHOCTbH TPELIMH
MEHBIIIE B KaXKIOM ITOCIEIYIOIIEM CJIOe, TIO CpaBHE-
HUIO C TIPEABIAYIIUM, XOTS 3TOT 3¢ (heKT He Bceraa
SIPKO BBIpaxkeH. B o0IieM ciydyae TI0THOCTh Tpe-
LIIMH, & TAKXe CKOPOCTb €€ CHMXEHMUS OT CJIOsI
K CJIOIO 3aBUCSIT OT YCJIOBHI poCTa.

[1neHKu, BeIpallleHHbIE B pexKMMe TPEeIIvH, Xa-
PaKTepU3YIOTCST peHTTEHOBCKMMU KPUBBIMU Kayda-
Hus (0002) B nimanazone 900—2000". ITo Bceii Bu-
IVMOCTH 3TO CBS3aHO C pacTpecKMBaHWeM. [1ankas
TOBEPXHOCTD STUX IIJICHOK MO3BOJISIET OLIEHUTh KO-
JIMYECTBO TUCIIOKAIINIA C TTOMOIIBIO METOIA TToICYe-
Ta SIMOK TPaBJIEHUsI; B TAKUX IIJIEHKAX OHA OOBIYHO
cocrasnstet 5107 cM > npu ToiamurHax 30—40 MxM.

MeTon n3mMepeHnst KpUBU3HBI He TIPUMEHWM TSt
OLIEHKM BEJMYUHBI POCTOBOTO HATPSIKEHUS
B IUIEHKAX, CONEPXKAIMX TPELIUHBL. B 9TOM ciiyyae
YKa3aHHYIO BETMYNHY MOXXHO OLIEHUTB ITO CpeIHe-
MY PacCTOSTHUIO MEXIY TPEITMHAMU B CJIO€ WIIH TTO

R AT
w Pesum nutos i
:  HeT tpewmH. Wepoxosartaa ;

NOBEPXHOCTE :

1025 157557

30 150 Va., MKy

Puc. 2. TTosie mapaMeTpoB Jisi IByX PEXUMOB
BBIpAIIMBAHUS TJIEHOK HUTPUIA TaJlJIvS.
3Be310il oTMeueHa 00J1acTh MapaMeTpoB

BBIpAIINBAHUS TIJICHKU,

(oTorpadusi KOTOpoii npuBeaeHa Ha puc. 3
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paccTostHUIo Mexxay ciostmu [2]. Takoit aHanu3 no-
3BOJIMJI HAM TIOJIYYUThb 3HAa4eHUs Topsiaka 250—
400 MIla, uto mpuMepHO B ABA pa3a BbILLIE, YEM IS
00pas110B, BbIpAlllEHHbIX B peXXHUME MTUTOB.

Ilepexon mexxny pexkumamu. Pexxrim, B KoTOpom
BbIpALLIMBAETCS TUIEHKA, OTIPEAEIISIETCS POCTOBBIMU
napaMeTpamu, B IepBYI0 ouepeab TeMIepaTypoi
¥ CKOpOCThIO pocTa. Ha puc. 2 cxemaTuuecku mo-
Ka3aHbl 00J1aCTU NIAPAMETPOB JIJIs1 STUX JBYX PEXKU -
MOB. BuaHoO, Hanmpumep, 4TO AJsl pocTa TJAEHKHU
B pexXrMe IMUTOB, HEOOXOAMMO CHU3UTh TEMIIEPATY-
Py ¥ TTIOBBICUTb CKOPOCTb POCTA.

Hamu ycTaHOBJIEHO, UTO IJIEHKU, BbIpALLIEHHbIE
B OJTHOM peXuMe, HO MPU pa3IMUYHbIX POCTOBBIX Ma-
paMeTpax, MOTYT OTJINYAThCSI LLIEPOXOBATOCThIO ITO-
BEPXHOCTH JIMOO MJIOTHOCTBIO TPELIWH, OAHAKO Ka-
YEeCTBEHHBIX OTJIMYUI B HUX HEe OyneT. B pexume
TPELWH pe3yJIbTaTOM OYAET MJeHKA C IJ1aaAKOMH Mo-
BEPXHOCTbIO, HO € TpellIMHaMu B 00beMe. B pexkume
MUTOB MOBEPXHOCTh MOJYUUTCS 1LIEPOXOBATOM, HO
BOOBEME TPELIMH He OyZIeT.

s u3ydeHus repexoja MexXIy IBYMS pexu-
MaMM Obl1a BhIpallleHa IIeHKa ITPU BEICOKOM CKO-
POCTH pOCTa U HAIMUU U TEMIIEPATypHOTO TpaiueH-
Ta BAOJIb nogioxku (puc. 3). Ha ¢dororpaduu
TUJIEHKU BUAHBI IBE pa3iMuHble o0aacTu. BepxHsis
YacThb IUVIEHKHU BhIPOCa B peXKUMe IMUTOB, TOTIa Kak
HWXHsS — B pexxume TpeniuH. [epexonHasi 061acTb
MEX/y HUMU I0BOJIbHO y3Kasi. DTOT BKCIIEPUMEHT
MOKAa3bIBAET, UTO MEPEXO/I OT OJHOTO PEXUMa K IpY-
roMy IIPOMCXOIUT He TTIOCTETIEHHO, a CKAYKOM ITpU
MaJIoM U3MEHEHUU TeMTepaTyphl.

JIBycTanuiinpiii poct. [ToCKOJIbKY peKUMBbI MU~
TOB 1 TPEUIMH PAaCcMoOJOXEHbl OYEHb OJM3KO APYT
K IpYyTy B 00J1aCTU MapaMeTpOB pOCTa, 3a1aya BbI-
PacTUTh TJIEHKY 0€3 TPELWH U C T1aaAKON MoBepX-
HOCTbIO B OJIHY CTaAMIO IIPEACTABISIETCS TPYAHOBbI -
nosHuMoi. OAHUM U3 BO3MOXHBIX METOJOB
MOJIyUeHUSI TAKOM TUIEHKU SIBISIETCS MCIIOIb30Ba-
HUE IBYCTAAUNHOU METOJIUKHU.

Ha nepBoii cranum ycioBus 1monouparoTcs Ta-
KUMU, 4TOOBI TMJIEHKAa pocja B pexXuMe TMUTOB.
Ha BTOpoii cTaguu HEOOXOAUMO TaK UBMEHUTD yC-
JIOBUSI pOCTa, YTOOBI TIJIEHKA pocja B pexXnme Tpe-
wuH. C MoMOoLIbIO 3TOM METOAMKK HaM yIajloCh
MOJYYUTh TJICHKY HUTPUAA TAJIJIUS TOJIIUHOM 10
200 MKM 0€3 TpeLLMH U C IJ1aJKOU [10BEPXHOCTDIO.
TT10THOCTD AMCIOKALIMI B TAKUX TIJIEHKAX COCTaB-
Jisi1a mopsiaka 2+ 107 cm™2. TunuunHas LIMPpUHA KPU-
Boi kauaHwus ot rtockocteit (0002) — menee 200”.
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Puc. 3. ®ororpadusi 1ieHKH, BbIPAILIEHHOI B YCIOBUSIX BbICOKOI CKOPOCTU
pocTa Ha TpaaueHTe TemrepaTyp (CM. puc. 2).
CrieBa 1okasaH NMpUOJM3UTEIbHBIN TEMIIEPATYPHbIA IPAIUEHT
BIIOJIb TTOJJIOXKHU Tpu pocTe. CripaBa Tpu MUKpodoTorpadum,
CIeIaHHbIe TTOCIEI0BATEeIbHO BIOJIb POCTOBOTO I'PaaeHTa TeMIIepaTypbl

TTpu pa3pa®oTKe TeXHOJOTMU BbIpalllMBaHMUSI
TJIEHOK HUTPUIA TAJITUST HAMM OOHApPYKEHO IBa pe-
KMMa pOCTa HUTPUAA Faliusl — «TPEIIMH» U «I11-
TOB». [171eHKM, BBIpallleHHbIE B peXUMe TPEIInH,
00J1a1a10T 3epKaJbHOM MTOBEPXHOCTHIO, HO COMEp-
XaT TpelnHb. [11eHKM, BeIpallleHHbIE B PeXMe
MUTOB, HE COAEPKAT TPEIIWH, HO 00J1a1at0T IIepo-
XOBATOM TMTOBEPXHOCTBIO.

BriOop pexuma pocTa 3aBUCUT OT POCTOBBIX
napameTpoB. [lepexon Mexy pexxrumamu TpoUCXo-
JIAT HE MOCTENEHHO, a CKAYKOM MPU MaJIOM M3MeEHe-
HUU TapaMeTPOB.

Ecnu BeIpaliuBaTh MI€HKY B IBE CTAAUU — CHA-
YaJia B peXXruMe MMUTOB, a MTOTOM B PEXMME TPEIIVH,
TO yAAeTCs MOJIyyaTh MIeHKU 06€3 TPEIMH U C IJ1aj1-
KOI MOBEPXHOCTHIO.

CNMUCOK JIUTEPATYPbI

1. Paskova, T. Effect of sapphire-substrate thickness
on the curvature of thick GaN films grown by hydride
vapor phase epitaxy [Text] / T. Paskova., L. Becker,
T. Bottcher [et al.] // J. Appl. Phys.— 2007.—
Vol. 102.— Ne 12.— P. 123507—123511.

2. Etzkorn, E. Cracking in GaN films grown by
hydride vapor phase epitaxy [Text]: Ph.D. thesis /
E. Etzkorn.— Santa-Barbara: Univ. of California,
2005.—347 p.

3. Nix, W.D. Crystallite coalescence — a mecha-
nism for intrinsic tensile stresses in thin films [Text] /
W.D. Nix, B.M. Clemens // J. Mat. Res.—1999.—

Vol. 14.— Ne 3.— P. 3467—3473.

4. Romanov, A.E. Stress relaxation in mismatched
layers due to threading dislocation inclination [Text] /
A.E. Romanoyv, J.S. Speck // App. Phys. Lett.— 2003.—
Vol. 83.— Ne 13.— P. 2569—-2572.

5. Clos, R. Wafer curvature in the nonlinear
deformation range [Text] / R. Clos, A. Dadgar, A. Krost
// Phys. Stat. Sol. A.— 2004.— Vol. 201.— Ne 11.—
P. R75—R78.

6. Etzkorn, E.V. Cracking of GaN films / E.V. Etz-
korn, D.R. Clarke // J. App. Phys.— 2001.— Vol. 89.—
Ne 2.— P. 1025—1034.

13



HayuHo-TexHuueckne Beagomoctn CII6ITIY. dusmnko-mareMatnueckme Haykm 3’ 2011

YK 621.315.592

B.B. BopoHeHKO0GB, A.U. Lok, A.C. 3ybpunog,

10.C.JlenukoG, O.I. lLipemep

MEXAHUYECKMUE HANMPAXXEHUA B NJIEHKAX HUTPUAA TAJIJINUA,
BbIPALLLEHHbIX HA MOAJIOXKAX C MACKOM

Hutpun rannus GaN vcrnonb3yeTes 1151 co3na-
HUSI CUHUX CBETOJMOIOB U J1a3ePOB, MOLLHbIX BbI-
COKOYACTOTHBIX MPUOOPOB. M3-3a BHICOKOI LICHBI
U1 Majioro oobema npousBoacTsa nomioxek GaN
OCHOBHAas YacCTh MPUOOPHBIX CTPYKTYP BhIpAIIMBa-
€TCS TeTePOMUTAKCUATBHO Ha TTOIJTOXKaX caru-
pa. HecooTBeTcTBHE MOCTOSIHHBIX PEIIeTKU carndu-
pa U HUTpUIA TaUIMsl IPUBOAUT K 0Opa30BaHUIO
OWCIIOKALIWIA, YXYIIIAIOIINX XapaKTePUCTUKU TTPH -
6opoB Ha ocHoBe GaN. M3BeCcTHO, YTO IUIOTHOCTh
OUCIOKAIMI MOHUXKAETCs C YBeJIMUeHUEeM TOIIIM -
HBbI TUIeHKY HuTpuaa ramaus [1]. Takum obpazom,
CO3JaHNe TeXHOJIOTUU POCTa TOJNCThIX cioeB GaN
C HU3KOM MJIOTHOCTBIO AMCIOKALIMI TOJIKHO YJIyU-
LIUTB TTapaMeTpbl MPUOOPOB |2, 3].

OpaHa 13 npobsieM mpu pa3padOTKe TEXHOJOTUM
T€TEPOINMUTAKCUATIBHOTO POCTA MJICHOK — BO3HUKHO-
BEHME B HUX MEXaHMUECKHMX HATTPSIKEHU I B poLiecce
pocTa v BO BpeMsl OXJIaXKICHM s 10 KOMHATHOM TeMTie-
patypbl. Hannuuve HanpsikeHuiA BbI3bIBAET M3rMO MO -
JIOXKKW Y MOXKET MPUBECTU K BOSHUKHOBEHHIO TPELLIWH.

MexaHuueckue HampsiKeHUsl MPOsIBISIOTCS
B MEHbIIIel CTeTeH!, eCJIU MJIEHKA COCTOUT U3 OT-
JeJIbHBIX, MEXaHWUYECKU HE CBSI3aHHBIX, 00JacTei
U €CJIY JIaTepaJIbHbII pa3Mep TaKUX o01acTeii cpas-
HUM (M1 MEHBIIIE) C CyMMapPHOM TOJILIMHOM IIJIeH-
KW U TIOIJIOXKKH [4].

s cneuuaabHOro BblpallMBaHUsl TAKMX He-
CTIJIOITHBIX TMJIEHOK MOXKHO MCTOJIb30BaTh MOMTOX-
KU C MaCKO# U3 MaTepuasa, Ha KOTOPOM POCT HUT-
pua rajivs ToAaBeH, HanmpuMep, U3 JUOKCHUIA
WJIK HATPUJA KPEMHUSL.

B naHHO#1 paboTe M3yyanoch BIUSIHUE MacKu
1 YCJIOBUI pocTa Ha MOP(MOJIOTUIO TIIEHKH, BEJTH -
YUHY MEeXaHWUYEeCKUX HATPSKeHUH U TJIOTHOCTh
NMCIOKALIMH.

SKCHepHMe}lTaJIbHaﬂ 4aCTb

IneHKu HUTPpUAA raJlIvs BbIpallBaJUCh B Bep-
TUKaJbHOM MHOTOMomioxkeuHoM XI'DD-peakTope
(XI'®HD — xnopunaruapuaHas ra3odasHasi SMUTaK-
cust). B kaxxmoM rpoliecce BelpalliBaniach rapa ie-
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HOK — OJIHa Ha MOUI0XKe carndupa ¢ HaHeCeHHOI
Mackoii nuokceuaa kpemHus SiO,, npyras Ha Nof-
JIoxke 6e3 Macku. Macka npeacrasisiia co0oit ceT-
Ky u3 nosnoc SiO, mmrpuHoii 50 MKM, OPUEHTUPOBAH-
HBIX BIOJIb KpUCTaJIOrpauecKrx HampaBIeHW
nutpuna raums (1-100) u (11-20) u orpaHn4YMBaIO-
WX KBagpaTHbIe OoKHa pa3zmepoM 350x350 MkM.
Bcero 0b110 BeIpalleHO ISITh Nap MIEHOK, CpeaHue
TOJILLIMHBI KOTOPBIX TPUBEIECHBI B TAOJIHLIE.

3HavYeHHsT TOJIIMHBI IJIEHOK,
BbIPAIEHHbIX HA MOIOKKAX U3 candupa
NpPH Pa3HBIX YCJIOBHAX

Homep TommmHa ob6pa3na, MKM
fiporiecca € Mackoii 6e3 MacKkun

I 52 (1IM) 44 (1)

I 62 (2M) 49 (2)

11 181 (3M) 173 (3)

v 43 (4M) 38 (4)

A% 42 (5M) 37 (5)

IIpumeuanue. B ckoOkax maHbl HOMepa oOpa3-
1I0B, XapaKTepuU3yIOIlKe HOMEP MPpOoLecca U TUI UCITOJb-
30BaHHOW MOJIOXKM.

Ilepen BbIpalMBaHMEM ILJICHOK MOIJIOXKHU OT-
KUTAJIUCh B aTMOcepe aMmMuaka B TeueHue 10 MuH.
ITocne 3Toro HaHOCHUJICSI HU3KOTEMIIEPATyPHBI Oy-
(bepHbIit cnoit npu nasinenuu 250 Topp u Temrmepa-
type 800 °C. JanbHel1nii poCT IPOBOAMJICS B 1B€
cranuu [5]. TTpoueccol pocta I, ITu [T ocymiectBisi-
JIUCh MPU OJMHAKOBBIX apaMETPax U pa3indyaiiuch
TOJIEKO BpeMeHeM TIpoBeneHUs. B TeueHne mepBoit
CTaIuy TeMIlepaTypa pOCTOBOI KaMephl COCTaBIsLIA
1025 °C, ckopocTb pocta — 180 MKM/4. 3aTeM TeM-
neparypy nogHumMaiu 10 1090 °C u npoBoauiv BTo-
pyio ctaguio pocta ipu ckopocTt 100 Mxm/4. OT-
HOLLIEHME TOJILIMH CJI0€B, BbIpallleHHbIX Ha IEPBOIA
¥ BTOPOIi cTamusix, coctanisuio 3 : 1. B mpouecce
pocTta IV ucronb30Baiuch MpexXHue napaMeTpbl, HO
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Puc. 1. Mukpodororpaduu B OTpak€HHOM CBETE TJICHOK,
BbIPALLIEHHbIX HA MOAJ0XKaX candupa ¢ Mmackoii B npoueccax [1-V:
ob6pasubl 2M (a), 3M (6), 4M (8), SM (e) (cMm. Tabauiy)

OTHOLIEHME TOJIIIMH CJI0eB, BbIPALIEHHBIX Ha ITep-
BOI1 1 BTOpOI cTaausix, obiio 1 : 3. [Npouecc pocta V
oTimyasncs ot npouecco [-I1I temnepaTypoii mep-
Boii ctaguu — 1045 °C.

PesynsraThl M uX 00CyKAeHHE

Bce nieHku, BelpallieHHbIE Ha carupe 6e3 Mac-
KW, UMENU TJIaAKyl 3epKalbHYI TTOBEPXHOCTD.
[1nenkwu, BeIpalieHHbBIE Ha carupe ¢ MacKoii, co-
CTOSIIM U3 KBaIpaTHBIX 00JacTeli ¢ MIaaKkoi 3ep-
KaJIbHOM MOBEPXHOCTHIO, COOTBETCTBYIOIINX OKHAM
B Macke (puc. 1). Han nonocamu SiO, snutakcus
Obl1a MogaBJIeHa, 1 3apacTaHNe ATUX ITOJIO0C MPOKC-
XOMIUJIO 32 CUET JIATePAJIbHOTO POCTA MJICHKU. XapaK-
TEp U CTETIEHb 3apaCTaHUsI 3aBUCEIN OT KPUCTAILIO-
rpauuecKoit OpueHTALIMU MOJI0C, TapaMEeTPOB POCTa
W TOJIIIVHBI TUTEHKU.

IMonocsl, unyiiue Baoab HarpasiaeHus (11-20),
MOJIHOCTBIO 3aPOC/IM TOJABKO B 00pa3ie 3M, Bo Bcex
OCTaJIbHBIX CJy4yasix 00JacTU ObLIW pasaefeHBbl.
ITonocsl, pacnonoxeHHbie B1oJb {1-100), B oopaz-
Hax IM — 4M TOJTHOCTBIO 3apOCIN, U Ha UX MECTE
HaOJIIOIAIMCh KAHABKU C V-00pa3HbIM npoduieM
rnyounoit 20 — 30 mxM. [ToBBILLIEHWE TEMTIEPATY-
PBI pOCTa Ha TIEPBOI CTaauHU B TIpolecce V mo3Bo-

JIAJI0 CHU3UTb CKOPOCTb POCTa OOKOBBIX FPaHeil u
un30exaTh MOJHOTO 3apacTaHust Macku (puc. 1, 2).

Macchbl II€HOK, BbIPAlEHHbIX Ha MOJI0XKAX
C MacKkoii u 6e3 Hee, MPaKTUIeCKU HE OTINYATIUCH.
B nepBoMm ciiyyae matepuas 0Caxaasics IpeuMylie-
CTBEHHO B OKHaX MAacKW; 3TO TPUBOIMIIO K OOJTb-
LIEi CKOPOCTU POCTA U OOJBIIUM TOJILIMHAM HeE-
CTIIOLITHBIX TUICHOK.
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Puc. 2. 3aBucumocTb usruoda
cruiowHbIX (1, 3) ¥ HecIUIoWHbIX (2) IJIEHOK
OT TOJIIMHBI;

Hanpasnenust uamepenuii npodunst: (11-20) (2, 3);
yKa3zaHbl HOMepa 00pa3ioB (CM. TaOJIHILy)
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Puc. 3. MukpodoTtorpacdu B 0OTpaxkeHHOM CBETE TIJIEHOK,
BbIpAlLlEHHbIX B Ipouecce IV Ha nmomioxkax candupa 6e3 Mmacku (a) U ¢ Mackoii (0)

ITnoTHOCTB AMCTIOKALIMIA ObLTA M3MEPEHA METOIOM
CEJIEKTUBHOTO TPABJIEHUS B PACILIaBE €KOTO KA ITPY
temmneparype 450 °C [6]. st HauboJiee TOICThIX 00-
pa3uoB, BeIpaileHHbIX B pouiecce 111, moTtHocTs ayic-
JloKaiui coctasuna (2,4 +0,2)- 107 em st TUTEHKU,
BbIpallleHHOI Ha candupe 6e3 macku, u (2,7 = 0,2)x
%107 eM™2 st MJIEHKU, BBIPALLIEHHOM C MAaCKOIA.

ITpoduam n3ruba Bcex rieHOK ObLIM U3MEPEHbI
Broab HanpaBneHuit (1-100) u (11-20) ¢ moMoI1IbIO
KOPOTKO(OKYCHOTO OINTUYECKOrO0 MUKPOCKOTA
JIJIOMAM UM -1. KpuBu3Ha CIJIOMIHBIX IIJICHOK, 13-
MepPEeHHasl BI0JIb pa3HbIX HAITPABICHUI, pa3inyanach
MeHee yeM Ha 10 %. KpuBHU3HA HECIUIOIHbIX TLIe-
HOK 1M — 4M Baosb HanpasiaeHust (11-20) 6buia
TaKOM Xe, KaK CTUIOLIHbIX OJIN3KOM TOMLLMHbI, & KpU-
BU3Ha Baosib HanpasieHust (1-100) obuia B 1,5—2
pa3a MeHbliie (puc. 2). B obpasiie SM kpuBu3Ha Oblia
YMEHbIIIeHA B 000MX KpHCTaaorpadhuuecKux Ha-
npaBieHusix. Bo Bcex ciyyasix KpMBU3HA BAOJIb He-
3apOCIIEro HaMpaBeHUs ObljIa MEHbIIIE.

Hab6monaemoe yMeHbllIeHYEe KPMBU3HBI MOXHO
OOBSICHUTD peakcalureil HarpsKeHU i Ha O0KOBBIX
rpaHsX CIUIOLIHBIX oOnacteii [4].

Ellie o1HMM CBUIETEICTBOM YMEHbLICHUSI Ha -
MPSKEHUI B HECTIJTIOIIHOM MJIEHKE MOXET CJIY>KUTh
MEHbIIIee KOJIMYECTBO HabonaeMbiX TpemuH. Ha
puc. 3 ipuBeneHbl MUKpodoTOrpachu ABYX MIEHOK,
BbIpallleHHbIX B ITpoiiecce pocta V. B crioiHoi rieH-
Ke 00pa3oBasiach OMHOPOIHASI CETKA TPELLIMH, B TO Bpe-
Msl KaK B HECIUTOLIHOM TPEILUH He OOHAPYKEHO.

OcHoBHbIe UTOrM padboThl cienyrowue. He-
CIUTOLLIHBIE TUIEHKU HUTPUAA TallIdsl ObLIW BhIpa-
LIeHbl Ha MOJJIOXKAX C MacKoil. MexaHuuecKue
HAMpPsDKEHUS B TAKUX IJIEHKAX OBUIY CYIIECTBEHHO
MEHblLIe, YeM B CILIOLIHbIX [JIEHKAX, BbIPALLEHHbIX
MpU TexX ke ycaoBusix. CHUKEHUE HATIPSKEH W TTPU -
BEJIO K YMEHbILEHUIO U3r1uda v IMo3BOJIUIIO0 IPEIOT-
BpPaTUThb PACTPECKUBAHME IIPU POCTE TOJCTBIX CI0-
€B HUTpUIA rajuius Ha candupe.
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POJ1b HEPABHOMEPHOCTU TEMIMEPATYPHOIO NONA
B UCNAPSIIOLWENCA KAMNE
AUCNEPTMPOBAHHOM XXUAKOCTU

WcnapeHue nucneprupoBaHHON XUIKOCTU
B TypOYJIEHTHbBIX I'a30KareJbHbIX CTPYSIX TPAJAULIU -
OHHO MOJEJIMPYETCS B MPEATOTI0XEHUN PABHOMED-
HOTO pacrpene/eHus TeMnepaTypbl BHyTpPH KarieJib
[1]. [Tpu 3TOM B pacueTax mpearnoaraeTcsi, YtTo Ha
BCeX ATallax UCrapeHus Karjiyu TeMneparypa ee no-
BEPXHOCTU COBMANAET CO CPeAHEOOBEMHOI, 1 3TO
MO3BOJISIET HE paccMaTPUBATh MTPOLIECCHI IEPEHOCA
BHYTPU Karuiu (TeTJIOTTPOBOAHOCTD, LIUPKYJISILIUS
JKMIKOCTU U B Clydae MHOTOKOMITOHEHTHbIX >KUI-
KocTeil — auddy3uss KOMIMOHEHTOB).

OpHako, Kak IoKa3aHo, Harmpumep, B padoTax
[1, 2], ykazaHHbBIe OOTYIIEHUS MOTYT MPUBOAUTD
K 0O0JbpLIMM OolMOKaM, a y4eT HepaBHOMEPHOCTHU
MOJIsi TeMITepaTypbl BHYTPY UCTIapsItOLLeics Karau
MO3BOJISIET MPUOJIU3UTD PE3YJIBTaThl PACYETOB K aH-
HBIM U3MEPEHW. YKa3aHHbIe BIBOIbI ObLIY Clie/a-
Hbl IPUMEHUTETBHO K KOHKPETHBIM CLIEHApUSIM
HUCTapeHUsT HEKOTOPBIX TOPIOYMX KUIKOCTEH, BbIO-
PaHHbBIX B KAYECTBE MPOTOTUITIOB XXUIKUX TOTLIMB.
B To Xe BpeMs, 001aCTh MapaMeTpPOB, B KOTOPOW
HajMuyue rpareHTa TeMIlepaTypbl B Karjie cyiiie-
CTBEHHO BJIMSIET HA AMHAMUKY UCTIAPEHUST U 10K~
HO ObITh YUTEHO B UMCJIEHHbIX pacueTax, K HaCTOsI -
11IeMy BpeMeHHU He orpeaesieHa. B nanHoit pabote
ccopmynrpoBaHbl 6e3pa3MepHbIC KPUTEPUH, OTIPe-
JEJISI0IIME YKa3aHHYI0 001aCTh MapaMeTPOB, U BbI-
MOJIHEHbI YMCJEHHbIE PACUETHI J1s1 IBYX KUAKOCTEN
(aueToHa 1 BOMIbI) MPU ABYX 3HAUEHUSIX TEMTIepaTy-
Ppbl OKpy2Katouiei cpeibl. OTMETUM, YTO alleTOH Ya-
CTO UCTOJIb3YETCsI 1151 9KCTIEPUMEHTAIbHBIX U TEO-
PEeTUYECKUX UCCIIeOBAHUN UCIApeHUs KUIKOTO
TorinBa [2—4]. YncieHHble pacueThl UCMapeHusI
JNMCTIEPIrMPOBAHHON BOJIbl HEOOXOAMMbI, B YACTHO-
CTH, TIPU MOJEINPOBAHUHU TTPOLIECCA TOXKAPOTYIIIE-
Hus [5]. Cnenyer TakxKe OTMETUTb, YTO alleTOH

¥ BOJIa TIPEICTABIISIOT TPYIIITHI KUAKOCTEI C CUITh-
HO pa3/iMyaroleiics JeTy4eCThblO.

B manHOM MccnenoBaHUM PUMEHSIETCS MOIEITh
HUCTIapeHMsI KarlTn XKUIKOCTH, COOPMYTUPOBAHHAS
B paboTe |6] u anpodbupoBaHHas B padote |7]. Tam
K€ TI0Ka3aHo, YTO TaHHas MOJEIb, peaTn30BaHHAS
B KauecTBe Moays porpammbl Fire3D [5], anek-
BaTHO BOCITPOM3BOIUT TaHHBIC U3MEPEHUI KaK ISt
alleToHa, Tak U Jy1st Boibl. OCOOEHHOCThIO paccMaT-
pMBAEMOTO IMOAXOAA SIBISIETCS YIeT pacpeaeIeHUs
TEMTIEpaTyphl BHYTPU KaTuTi. B TprBeIeHHBIX HIKe
pacueTax ykazaHHOE pacrpeaeIeHre MoTydaiy Yic-
JIEHHBIM pellleHueM HeCTallMOHAPHOTO YPaBHEHUS
TeIUIONPOBOIHOCTHU B Karujie (moapodHee cM. pado-
THI [6, 7]).

B xauecTBe nmpuMepa pacCMOTPUM U3MEHEHNUE
TeMTIepaTyphl KTl alleTOHA TP IBWKEHUH TTOI0-
TpeTOoli Karjii B XOJIOMHOM BO3IyXe B yCITIOBUSIX 9K~
crniepuMenTa [3]. PacueTsl mokasbiBatoT (puc. 1, a),
YTO Ha HAYAJTbHOM CTAIUM UCTIAPEHUS Pa3BUBACTCS
3aMETHBIN Tepenan TeMIIepaTyp MeXIy LeHTPOM
1 TTIOBEPXHOCTBIO Karutn. K KOHITy TpoMesKyTKa Bpe-
MEHU, TIOKAa3aHHOTO Ha 3TOM PUCYHKE, MCTTapseTcs
0KO0J10 8 % MaccChl KaIuli, yMEHbLIECHUE AuaMeTpa
COCTaBIISIET OKOJIO 3 %, a Tiepeman TeMIiepaTyphbl
MEXIY LIEHTPOM U MOBEPXHOCTHIO KAILTU — OKOJIO
7 °C. HecMoTps Ha TO, 4TO 0ojee MJIUTEIbHBII
MMPOMEXYTOK BpeMEHM HE BOCTIPOU3BOIMUTCS B 9K~
CcriepuMeHTe, TpOBeIeHHOM B padoTe [3], moJjie3Ho
MIPOAHATM3UPOBATh NTAJTbHEHIITYIO 9BOTIOLIUIO Ipa-
IVEeHTa TeMTIepaTypbl BHYTPH KaTJIv ¥ €TO BO3MOX-
HOE BIIMSTHIAE HAa TMHAMUKY €€ UCTIapEHUS.

PacueTHOe M3MeHeHMe TeMITepaTyphl Karljii Ha
uHTepBase BpemeHu 100 Mc mokazaHo Ha puc. 1, 6
(TIpenmojaraeTcs, 9YTO CKOPOCTh KaTlJIid YMEHbIIIa-
€TCSI 10 HYJIS IO TOMY XK€ JIMHEMHOMY 3aKOHY, YTO
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Puc. 1. U3meHeHune TeMmepaTyphbl KaIIi alleTOHA MPU IBMXEHUUW MOAOIPETON KaIuiu
B XOJIOJJHOM BO3JlyX€ B YCJIOBUSIX dKCIIepUMeHTa [3]: @ — HavajbHasi CTanus;
0 — peJjakcalysi TeMrepaTypbl Karii K paBHOBECHOMY 3HAUCHMUIO;

I(cuMBOJIBI) — pe3yJibTaThl U3MepeHuii [3]; 2 — pacueTHast cpenHeoObeMHasi TeMIieparypa;
3, 4 — pacueTHbIe TeMIIepaTypbl MIOBEPXHOCTH U HEHTPA COOTBETCTBEHHO

U B Hauaje rnpouecca [3]; B 3ToM ciydae HyJIeBoe
3HauUeHUE CKOpPOCTU AocTuraetcs yepes 40,5 Mc).
BunHo, 4to pazianuue Mexiy MaKCMMaJlbHOM U MU-
HUMaJIbHOW TeMIepaTypoil BHYTPU KaIlJyu MPaKTH -
YeCKU ucyesaeT 3a BpeMs nopsiaka 40 Mc. JlanpHeii-
IIUK pacueT ObLI BBIMOJHEH C MOMOIIBIO Tpex
MOJIEJIbHbIX [TOIXO/10B:

C HEpaBHOMEPHbBIM T0JIEM TeMITIEpaTyphbl, C yue-
TOM LM PKYJISILIUY XUAKOCTH;

C PaBHOMEPHBIM TTpoUuieM TeMMepaTyphbl;

C HEPAaBHOMEPHBIM I10JIEM TEMIIEPATYPbI, HO 6€3
yueTa HUPKYJISILUU XKUAKOCTH.

PacueT nokaspIBaeT, 4TO JTUTETbHOCTD OJHOTO
KWCTapeHMsl Karid COCTaB/sIeT BEIMUMHY OKOJIO 2 C,
a OTJIMYME BPEMEHU XKU3HU KaILI1, BBIYMUCJIEHHOIO [0
Ppa3HbIM MOJIEJISIM, COCTaBIsieT okou1o 2 Mc. [Tpu aTom
NepBbli MOAX0J — YUY€T BHYTPEHHEN LUPKYJIsSILUU
KUAKOCTH IMMPUBOANUT K YBETMYEHUIO 3(PHEKTUBHOIM
TEIJIONPOBOAHOCTU U TEM CaMbIM MPUOJIMKAET pe-
3yJIBTAT pacyeTa K BTOPOW MOAEIU, YYUTHIBAIOLLIEHN
rpajyMeHT Temiepatypbl B karie. HuutoxHo manoe
pazuuue Mexy pacieTHbIMU BpeMeHaMU ucnape-
HUS1 KaIuiu, MoJly4YeHHbIMU 10 Pa3HbIM MOJIEJISIM, YKa-
3bIBAET HA TO, YTO B JAHHOM CJIy4yae rpaarleHT ToJsl
TEMIIEPATYPbI B KAILJI€ HE BIUSIET HA BPEMSI €€ XKU3HU.
TTpuuunHa 3akir0uaeTcsi B TOM, UTO 32 TPOMEXYTOK
BPEMEHMU, B TEYEHME KOTOPOI'O I'PAIMEHT TEMIIEPATY-
Pbl 3aMETHO OTJIMYAETCS OT HYJISI, UCTIAPSIETCS JIUIIb
MaJlasi YaCcTb MAcChl KaIliu.

TTpuBeneHHbIN MpUMep MOKAa3bIBAET, UTO, HE-
CMOTPSI Ha CYILIECTBEHHOE BJIMSIHUME HA HAYaJlbHOM
CTaIMy TEMI000MEHA 1 MCTIapeH s Karliu, TpaiieHT
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TEeMIEPATyphl B KAILI€ HE BIMSIET HAa BPEMsI €€ KU3HU.
AHaJIOTMYHBIE BEIBOJBI ObLIN CIOEJIAHbI paHee B pa-
6orax [11, 12] u opyrux, rae HabaOmANICS Mepenan
TeMIIepaTyphbl BHYTPU KaIlIi Ha HAYaJbHOM CTanuun
€€ HarpeBa; OJHAKO ITOT I[1epemnas He OKa3blBaJl BJM-
STHUSI HA OOIIYIO JJTUTETbHOCTb UCTIAPEHMS.

JlaHHast paboTa CTaBUT LIE€JIbIO OTBETUTh HAa BOII-
pOC, HACKOJBbKO YHUBEpPCaJeH OAaHHBIII BBIBOI.
B cBs131 ¢ 3TUM BO3HUKAET HEOOXOAMMOCTb CHOP-
MYJIHMPOBAaThb OCHOBHBIE KPUTEPUU, OTIPEICIISIONINE
BO3MOXHOE BJIMSHME I'pagdeHTa TeMIIEPaTypbl
Y TIPUTOIHBIE U alIPMOPHBIX OLIEHOK. bosee oz -
POOHDII aHAINU3 BAMSHUS IPAIMEHTa TEMIIEPATyPbl
BHYTPH KaILTU LIeJIECO00Pa3HO BBITTOJTHUTD AJIST yC-
JIOBUM MOCTOSIHHOY CKOPOCTH OTOKA, OMbBIBAIOLLE-
ro KaruIio, 1 Ipyu MOCTOSIHHOM TeMIIEpaType OKpY-
Xkaroueil cpeapl. Ponb TenioBoro nsaydeHust Oyaem
noJyiaraTb HECYIIECTBEHHOM.

AHAJM3 POJIM rPpaMeHTa TeMIepaTypbl
BHYTPH KaIjIu

[TpubaXeHHBIN aHATM3 BO3MOXHOM POJIU Ipa-
JHUEeHTA TeMIIepaTypbl BHYTPU KAIIM MOXHO BbIITOJI -
HUTb, €CJIN MCTOJIb30BaTh MaCIITA0ObI BpeMEeHH, Xa-
paKTepHbIe 17151 HarpeBa (OXJIaXKIeHNsI) U UCIIapeHUs
karui. CorytacHoO paboTe [6], MOKHO BbIAEIUTh TPU
XapaKTepHbIX MaciiTaba BpeMEHMU:

BpeMsI peJlakcalliy ToJIst TeMTiepaTypbl BHYTPpU
Karig —

_(ap) |
K P M



BpeMmsi Iporpesa (oxj1axaeHus1) Kariy 10 paB-
HOBECHOM TeMIEPATypEI, TPU IOCTATOYHO MAJIOM T,
COBITAJAIOIIEE C BPEMEHEM BhIPABHUBAHMSI TEMIIE-
paTypbl B Karuie, —

T

T = T 15 (2)
TI€ T,,,, — KOHBEKTUBHBIIA MacIITab BpeMEHMU,
Tconv =
_ om(T; = T,y) .
- «In(1+By) ~i0)
mdNu' == (T, =T, )= Ay, (T, )

BpEMA XKU3HU KarlJIn OO €€ TMOJHOTO UCIape-
HUA —

P/a’2
4Sh’p  In(1+By,)

ITockoabKy B OOJILIIMHCTBE Cy4aeB Ha4Yallb-
Hasi TeMIlepaTypa Karlli He ONpeae/isieT XapaKTep-
HYIO0 CKOPOCTb UCTIapEHMUSI, OLIEHKU 110 (hopmyiie (4)
CJI€YET BBIMOJHATh IJIsl TEMITEpATypbl MOKPOTO
Tepmometpa 7., , Ip1 KOTOPOIi ucrapsieTcs 60J1b-
1rasl 9acTh MacChl Karuii. YUclIeHHOe 3HAaUYeHUe
TeMIIepaTypbl MOKPOTO TEPMOMETPA OMIPEAE/IACTCS
13 TPAHCLICHASCHTHOI'O YPAaBHEHU ST, BRIPAXKAIOLLIE -
ro TEIUIOBOI OalaHC MPU CTAMOHAPHOM UCIIape-
HUM KATLJIN:

: 4)

Tevap =

B 1 B 1, ®)
rac
T PsS r P,
T
¢ T T T
BT 2% - (6)

ap
— MaCCOBO€ 1 TCIIJIOBOEC Yncjia Cnonzera;

C o [C 4 h"/Nu" / e.

B npuBeneHHbIX paBeHCTBax d — AMaMeTp Karl-
5 Ay €5 gy ygy — KOIDOULMEHT TEIIONPOBOL-
HOCTH, TETJIOEMKOCTb, IJIOTHOCTD M TETIOTA CIIa-
PEHUS KUIKOCTU;  — MHOXKUTEb, yIUTHIBAIOIIN I
BHYTPEHHIOIO LIUPKYJISILUIO XKUIKOCTU; m — Mac-
cakaru; o, , — KOO(D@UUMEHT TeTIonpo-
BOJHOCTH, TEMJIOEMKOCTb U MJIOTHOCTb Maporaso-
BOM cMecHu; *, N *, Le — uwmcna llepsyna,
Hyccenbra (Moau@puMupoBaHHbIE C yUeTOM UCIIA-

* Marematnueckoe moaenmpoBaHue usnueckmnx npoueccos»

penust) u JIstouca; & — KoapduuueHTt nuddy-
3UHM Mapa B BO3LYXE; Cp ., — TEIIOEMKOCTb Mapa;
Yoap.ss Yoapoo — MACCOBBIE 10JIM HACBILLIEHHOTO Mapa
TIpU TeMTIepaType TTOBEPXHOCTH KaTlT! 1 TTapa B OK-
pyXalollen cpeae, COOTBETCTBEHHO; T o T, — Tem-
rnepaTypbl OKpyXarolleil cpelbl U MOBEPXHOCTHU
Karuiu.

CrenyeT UMETb B BULLY, UTO B ONIPeaeIeHUU MaC-
mraba BpEMEHU T; HEABHO CIEJIaHO JOMYILEHKE O
TMTOCTOSTHCTBE KOA((UILIMEeHTa , YIYUTHIBAIOIIETO
yBenudeHue 3¢ (HeKTUBHON TETIJIOMPOBOIHOCTH 3a
CYET BHYTPEHHE! LIMPKYJISILIMU XXKUIKOCTU B KarLie.
DTO 03HAYAET, YTO MOJIe CKOPOCTHU B Karljie CYUTAET-
Csl yCTAHOBUBILIMMCSI, 4 3TO B CBOIO OYePelb DKBU-
BAJIEHTHO JOMYLIEHUIO O MAJOCTH XapaKTePHOIO
BpPEMEHU YCTAHOBJICHMS T0JIsI CKOPOCTU B Karuie.
st kanenb H-gekaHa nuametpoM 0,1 MM B paboTte
[8] mokaszaHO ycTaHOBJIEHUE I10J151 CKOPOCTHU 3a Bpe-
ms1 nopsiaka 1 mc. CnemoBaTebHO, BpeMsI peJiakca-
LMK MOJISI CKOPOCTU MOXKET ObITh COIOCTABUMO
C BpeMeHeM peJTaKcalliu IOJIst TEMIIepaTyphbl, 1 e~
TaJbHOE OIMCAHME YKA3aHHOM CTaauu Ipolecca
TpeOyeT pelieHNS He TOJIbKO YpaBHEHUS TIepeHoca
TeIia, HO U ypaBHEHUI IBUXKEHUSI BHYTPU KaILIU.
Takoif TToAX0I BEIXOIUT 3a paAMKH HACTOSIIIEH pa-
0O0TbI, IOCKOJIbKY HA JAHHOW CTaJAuU UCHAPSIETCsI
HUYTOXHO MaJiast 9aCTh MacChl Karuin.

Wcnonb3yeM Tpu IepedyrCiIeHHbIX MaciiTada
BpEMEHU; TOTIa MOXKHO TTOCTPOUTh IBa HE3aBUCUMBIX
6e3pa3MepHbix Kputepust. OnuH U3 HUX — 0000LLIEH-
Hoe unci10 bro, BBeneHHOE B paboTe [6] ¢ yueToMm ma-
paboaryHOCTY ITPOGUIst TEMITEPATYPhl B KaILIe:

1y

15t~

conv

p= (7)

Kputepuit  mokasbIBaeT, ycrieBaeT JIh yCTaHO-
BUTBCS KBA3UCTALMOHAPHBIH MPpOoduUIb TeMIiepaTy-
PbI B Karuie 3a BpeMsl CHUXKEHUS CPeIHE00beMHOM
TeMIepaTypbl Karjid 10 paBHOBECHOTO 3HAUYEHMSI
(TemriepaTypbl MOKpPOro TepmomeTpa). CTporo roBo-
ps1, TPMMEHEHNE TapabOoTMIECKOTO TTPODUIIS TEMTIE-
paTyphl B Karwie 1omycTuMo, uiib ecnu B < 1. On-
HakKo JaXe B TOM cllyyae, KOTJa 3TO YCJIOBUE He
BBITTOJTHSIETCST, XOPOIIIETO COTTTACHS C 3aBUCUMOCTBIO
TeMIepaTypbl IOBEPXHOCTH KaTUIX, TTOJTy4YeHHOM ITpU
TOYHOM DPEIIEHUU YPAaBHEHUSI TeTIONPOBOAHOCTH,
MOXHO JTOCTWUYb, €CJIU UCTIONb30BaTh NCKYCCTBEH -
HOE CIIaXKMBaHME PaCUeTHOM 3aBUCUMOCTH (TIOAPO0-
Hee cM. paboThl [6, 9]). OTMeTUM, 4TO

T =Tygmy + T /15 = Teom (14B).

19



HayuHo-TexHuueckne Beagomoctn CII6ITIY. dusmnko-mareMatnueckme Haykm 3’ 2011

BTtopoii 6e3pazMepHBbIii KpUTEpHii MOXKHO OITpe-
JIEJIUTh KaK OTHOILIEHME BpEMEHU MTPOrpeBa (OXIax-
JEHUsI) KaIlJIM OO0 PAaBHOBECHOU TeMmeparyphl

e = com(1+ ) K BPEMEHU XU3HU KATUIU 4. CO-

IJIACHO pe3yJIbTaTaM CTaThU [6], lepemnas TeMmnepa-
Typbl B Karje CHUXAETCS A0 MaJiblX 3HAUCHMI
npUOJN3UTEIHHO 3a BpeMs 31.. MOXHO TToKa3aTh,
YTO JAHHOE OTHOILIEHUE CJIEAYET BhIPAKEHUIO

T 2 (5= w)(1+B)

- T
Tevap 3 ¢ ,vap( s g)+A

®)

vap T

DU3MYECKUIT CMBICI KDUTEPUSI  3aKJIFOUYACT-
Cs1 B TOM, 4TO OH OMPEC/IsieT CTEeNeHb 0J11M30CTH TEM-
rnepaTypbl TOBEPXHOCTH KarlIv JIM0O K CpeaTHe00b-
eMHOI1 TeMTiepaType XUIKOCTH B Kariie (ecin
Majo), IM00 K paBHOBECHOMY 3HAUEHUIO TeMTiepa-
TYpBI, 00YCJIOBIEHHOMY TETJIOOOMEHOM C OKpYyKa-
folIKM ra3oMm (ecaiu  Benko) [6]. COOTBETCTBEH-

HO, mpu P<<l| moje Temmepatypsl B Karuie
pasHomepro (7, T,7, Twu T |T, T,| 0,rne
T, — TemIepaTypa LIeHTPa KaILIH), B TO BPEMsl KaK
npu
POTO KpUTEpHs 3aKITIOUAETCS B TOM, UTO KOTIMUECTBO

KUIKOCTH, UCTIAPUBLIEICS B YCTIOBUSIX 3HAYNTEb-
HOTO IpaaueHTa TeMrepaTypbl BHYTPU Karjiu, pac-

Lumeem T, T,. PU3N4ECKUii CMBICT BTO-

TET C YBEJTUUCHUEM & / evap- CIENOBATENBHO, 3Ha-
YEHME ATOr0 KPUTEPHs yKa3bIBaeT Ha BHI3BAHHOE
TpagIleHTOM TeMTIEPATYpbl U3BMEHEHUE B IMHAMUKE
HUCTIapeHUs Kariu.

YucaeHHbIe 3HAUEHUS YKa3aHHBIX KPUTEPUEB
KOPPEUPYIOT C JIETYUYECThIO XKMIKOCTHU: YEM BBIIIIE

CKOPOCTDb UCITApECHUA ITPU 3aJaHHBIX YCJIOBUAX, TEM

a)B
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0OJIbLLE 3HAYEHUSI U = / evap- 3ABUCUMOCTD 6€3-
pa3MEpHBIX KDUTEPUEB U / evap OT TEMIIEPATY -
Dbl OKPYKAIOLLIETo BO3AyXa MokazaHa Ha puc. 2. Ot-
METHMM, 4TO Ha PUC. 2, a IPUBEIACHbI PE3yIbTaThI
pacueToB 1 Karejab nuamerpom 0,1 u 1 MM ¢ yue-
TOM BHYTPEHHE ! U PKYJISLIMY XKUIKOCTH, KAK OTTH -
caHo B [6].

<<1

(Boma, HM3Kas TeMIiepaTypa OKpyXKalolieii cpenbl),

AHanu3 puc. 2 moKas3bIBaeT, 4YTO €C/In

TO OTHOILIEHUE +/ ,,,, HAMHOTO MEHbIUE eIUHHLIbI

U OHO ¢J1a00 3aBUCUT OT AuameTpa Karu. [1pu Hus-
KOI TemMmepaType OKpPYKalolle cpenbl 3HaYeHue

x / evap U1S1 ALETOHA CYLIECTBEHHO GOJIbLLE, YeM
111 Bofel. [1py BBICOKOH TemmniepaType BIUSHUE TU-

amMeTpaKamiMHa W «/ ,,, YCHIMBAETCS, dKC-

JIEHHbIE 3HAaYEHUSI 000UX KPUTEPUEB YBEIMUMBAIOT-

Csl, IPUYEM 3HAUCHUST = / evap W11 BOIIbI M ALIETOHA
CTAHOBSITCS OJIUBKUMMU.

HecraunoHnapHbii pouecc nporpesa (oxax-
NCHUSI) U UCTIAPEHUSI KaTlJI MOXHO Pa3neInuTb Ha
CIIeAYIOIINE CTAMNH.,

IlepBas crammus: ¢ ;/15 . D10 HavambHas
CTamus IporpeBa (OXJIaXIAECHUS ), Ha KOTOPOU Tpo-
WCXOIWUT peJlaKcallusl ToJIsi TeMIIepaTypbl BHYTpU
karau. HeyctaHoBuBilIeecs moJie TeMIepaTrypbl B
Karuie He OTMChIBAETCS MAapabOTMUeCKIM PO UIeM.
OnHako MOJesb, UCIIOIb3YIOIAast TAKON MPOhUIb,
MOXET MTPUMEHSIThCS, €CJIA 3aBUCUMOCTD TeMTIepa-
TypbI TOBEPXHOCTH OT BpeMEHM 7, { TIOABEPraeTcs
crnaxkuBanuio |9, 10, 6]. [Mepeman TemmepaTypsl
MEXIy IEHTPOM U MOBEPXHOCTHIO KAILJIU YBEJINYM -
BAeTCsI CO BPEMEHEM M TOCTUTAaeT MaKCUMyMa.

T.ftmm
I 2]
0.08 ===
’;::_‘_’,-—f"‘_.-'
. -
0.06 S s eanm
F
004
o0z
0_ 11 1

1500 1750
K

250 500 758 1006 1250

air ¥

Puc. 2. 3aBucumoctb 6e3pa3MepHbIX Kputepues B(a) u T/ T oyap (0)
OT TeMIePaTyphl OKPYXKAIOIIEro BO3AyXa.

Hauanbnas temmneparypa karm 20 °C, ckopocThb moTtoka Bodmyxa 10 m/c. Juametp karmmu: / — 0,1 mm; 2 — 1,0 MM
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Bropas cramusi: O(1;/15) <1 <O(1;/15+ 1, ).
PacrnipeneneHve TeMnepaTypbl B Karuie CyleCTBEeH-
HO HEpaBHOMEPHO U C IOCTATOYHOM TOYHOCThIO ar-
MPOKCUMUPYETCS MapadoIuuyecKuM TpodUuiIeM.
Temnepartypa Kamniyu OTIMYaeTCsI OT PABHOBECHOI.
HocTturaercs MakCUMalbHbIN Tiepernaz TemMrepary-
PbI MEXYy LIEHTPOM U ITIOBEPXHOCTBIO KAILIN, 3aTEM
MPOUCXOAUT €r0 CHUXEHWE. YCIIOBHOW IpaHuLIei
MEXIY 5TOM Y CJICAYIOLIEN CTANMEN MOXHO CYUTATD
MOMEHT 37..

evap- Kar-

Tperbs cragua: O(T,/15+‘C ) <t<t

conv
JIsS UcTapsieTcsl MpY paBHOBECHOM TeMIIepaType, yc-
TaHaBJIMBAETCS paBHOMEPHOE pacTpeae/ieHUE TeM-
nepaTypbl BHYTpU Karuiu. Ha aToil ctanuu nns
HenoaBrxkHOM Karu (Nu ~ 2) UMeeT MeCTO KJiac-
CUYeCKUIi 3aKOH d 2, a Ju1sl ObICTPO JIETSILIEH Karin
(Nu ~Re'/2 ~ d'/?) — sakon d°/? [4].

C yueToM M3JI0XKEHHOTO MOXHO OXUIATh, 9YTO
3aMEeTHOE BIMSTHUE HEPAaBHOMEPHOCTH TeMITepaTy-
PHI B Karute, BOZHUKAIOIIEee P JOCTATOYHO O0JTb-
WX 3HAYEHUSAX [ U« / evaps BOBMOXKHO TIpEXIe
BCEro IS JIETKOJIETYUYUX XUIKOCTEN (Harpumep
alieToHa). B TeueHue mpoMexyTka BpeMeHU, KOorna
CYILIECTBYET 3aMETHBIM Iepenan TeMIlepaTypbl
B Karujie, UCIapseTcs JIUIITb Majias 9acTh €€ MacChl
(ae 6onee 10 %). [1oaToMy CIeayeT OXXKUAATh MaJIoe
BIMSTHUE TpaJNieHTa TeMIIepaTyphl B Karljie Ha Bpe-
Ms1 KM3HM KaIUly, [IpyUyeM HaumOoblinii ahdexkT
IOJIKEH HaOII0aaThCsl MMEHHO Ha HayaTbHOM CTa-
IUU UCTIApEHU S, KOTa Iepernan TeMIlepaTyphl elie
IOCTaTOYHO BeauK. [IprBeneHHbIE BEIBOIBI M3 TEO-
PETUYECKOTO aHAIM3a IMTOATBEPXKIAOTCS YUCIEHHbI -
MM pacueTaMu.

Pe3yabraTsl pacueToB

J171s1 IpOBEPKY BEIBOJIOB, TIOJTYUYEHHBIX B TIPEIbI-
IyIIeM paszaesie Mpy aHaI13e XapaKTepHbBIX BPeMeH-
HBIX MAaCIITA0OB, PACCMOTPUM PE3YJIbTATHI UNCIICH-
HbBIX PACYETOB UCTIAPEHUSI Karleb alleTOHA U BOIbI.
Ternodusnyeckue CBONCTBA alle€TOHA Y BOMIbI ITPH -
BENICHBI B cTaThe [7]. B pacuerax rmojaraan, 4To Ha-
YajbHas TemrepaTtypa Karum pasHa T, = 20 °C;
CKOPOCTb TTOTOKA, OMbBIBAIOILETO KATUTIO, TOCTOSTH-
Ha u cocTaBnsieT V,, = 10 M/c, a HavaIbHBIA Q1a-
metp Kar — d; = 0,1 Mmm. OT™MeTHM, 4YTO, KaK
MOKa3aHO BblllIe, BIUSIHUE TpaleHTa TeMIepaTy-
PBI BHYTPH KaTlTi CJ1ab0 3aBUCUT OT CKOPOCTH Ta3a
U (IIpu MajaoM ) OT Ha4aJbHOIO IMaMeTpa Kariu.
B pacuerax, B KOTOPbIX YYUThIBAETCSI HEPABHOMEP-

* Marematnueckoe moaenmpoBaHue usnueckmnx npou,eccos»

HOCTb MOJIsI TeMIIEPATypPhbl B Karuie, UCIOIb3yeTCsI
MOJEIb [6], Tae peanoaraeTcs mapadoJIndecKmii
MpOodWIb TEMIIEPATYPhI U UCTIONB3YETCsI CTIaXK1Ba-
HUE TeMIIepaTyphl MTOBEPXHOCTH KaTlIM B HAUaJIb-
HOI1 ctaguu ee rporpesa. LIMpKyasiys XKuaKoCcTH
YUUTBIBAETCS B paMKaX KOHLETTIINY 3()(HEKTUBHOM
TETUTONTPOBOIHOCTH.

PacueTsl BHITIOTHEHBI IJTSI IBYX CLIEHAPWEB MC-
napeHus Kariu. B mepBoM TemmiepaTypa okpyxato-
weii cpens (Bosnyx) pasHa T, T, =20°C. Batom
clyyae paBHOBECHasl TemIiepatypa (TeMmnepaTtypa
MOKPOTO TEPMOMETpPA) OKa3bIBACTCSI HUXKE Hauaslb-
HOI TemmepaTypsl KaIrlid, U TeMIlepaTypa Karuiu
CHITXAETCsI B Ipoliecce ncrapeHus. Bo BTopoM ciie-
Hapuu TeMIlepaTypa OKpyKalollero Bo3myxa paBHa
T,,;, = 1400 °C, 4yT0 BOCIIPOM3BOAMT, HATIPUMED, 10~
MagaHue Kariy B 30Hy TopeHus. B aTom ciyuyae paB-
HOBeCHas TeMIlepaTypa OKa3bIBaeTCs BbIIIE HAYaAb-
HOM1, ¥ TeMTiepaTypa UCTIapsTIoLIelics Karljiyi pacTeT.

[ToxydeHHBIe UMCIIEHHBIE 3HAUEHUST XapaKTep-
HBIX MacIITabOB BpeMEHU M COOTBETCTBYIOIINX
0e3pa3MepHBIX KpUTEPUEB ISl pacCMaTPUBAEMBbIX
cleHapueB MpuBeacHbI B Tabauie. CKOPOCTb UC-
TMapeHusT KUIKOCTH XapaKTepU3yeTcsT BpeMeHeM
KM3HU KANEb ¢y - JaHHBIE TAOIMLIBI TOKA3bI-
BAlOT, UYTO CKOPOCTh MCTIAPEHMS KalleJib alleTOHa
CYILIECTBEHHO BBIILIE€ TAKOBOM 7151 BOABI (UTO B Iep-
BYIO 04Yepeib 00yCIOBICHO Pa3TuureM KOHIIEHTpa-
LIMIA HACBILLIEHHOTO Mapa Mnpu 3aaHHON TeMnepa-
Type), OOHAKO 3TO pa3INurie yMEHBIIIAeTCsI C POCTOM
TeMTIepaTypbl OKPYXKaroLIei Cpe/bl.

s uicmapeHus KarIvu BOABI TIPU HU3KOM TeM-
nepaTtype Bo3ayXa XapakTepHbI MaJjible 3HAaUeHUs 3
U - / evap» ITO YKA3BIBAET Ha Cl1aboe BIUSHUE Ipa-
IUeHTa TeMIlepaTyphbl B KaIljie Ha IMHAMUKY UCTIa-
peHusi. B camom gene, puc. 3 moKa3bpIBaeT, UTO MaK-
CUMAaJIbHBIM TIepemaa TeMTiepaTypbl B Karuie
oka3biBaeTcsi MeHble 1 “C u cyliecTByeT B TeUeHUE
MPOMEXKYTKa BpeMEH!, 04eHb MaJIOTO IO CPABHEHUIO
C BpeMeHeM XW3HU Karuid. Beravcnenus cpemHe-
00BEMHOI TeMTepaTypbl U CKOPOCTHU UCTIApEHUSI
KarI1, BEITIOJTHEHHBIE C Y4eTOM 1 0e3 yueTa HepaB-
HOMEpPHOCTU TeMIIepaTyphl B Karuie, NaloT MPaKTu -
YeCKU UIEHTUYHBIC pe3yabTaThl. OTMETHUM, 9TO Ha
MPUBEIEHHBIX Jajiee PUCYHKAX BepPTUKAJIbHBIE
CTPEJIKM YKA3bIBAIOT HA YMCJIEHHbIE 3HAUEHUSI Mac-
1ITa00B BpEMEHH T, /15 U ..

B ciyyae uicriapeHus1 Kariv BOIbI TTPY BBICO-
KO TeMIIepaType OKPY>KaroIlero BO3ayXa 3HaueHUsI

n =« / evap BO3pacCTaroT, 4YTO YCHUJIMBACT BJIIMAHUC
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MacmTaﬁu BPEMEHH U 6e3paaMeprle KPUTEPHUH JIA PACYECTHBIX CIHCHAPHUEB
(dy=0,1mm, T, = 20 °C, ¥, = 10 m/c)

T, =20°C T, =1400°C
Benmunna

ALieTOH Bona ALEeTOH Bona
Tevap s MC 224 2870 17,4 35,1
rl/15 , MC 0,646 0,424 0,646 0,425
Toom » MC 3,87 18,1 0,480 2,08
T, :‘Cwnv-‘r‘tl/IS,MC 4,52 18,5 1,13 2,51
‘C*/‘Emp 0,0201 0,00643 0,0648 0,0715
B 0,167 0,0235 1,35 0,204

a) A,
T oC AT, °C -dni/dt, RT/C it
' 11 8E-10

{08
128
o4

10,2

BE-10f
2E-1D

2E-10]

Puc. 3. Ucnapenue kamau Bonbl B Bo3ayxe npu temmeparype 1,;,.= 20 °C

air —

(dy= 0,1 mm, T;= 20 °C, V, = 10 m/c): a — cpenHeoObeMHas TeMmrepaTypa Kariu T
M [epernaa TeMIIePaTypbl MEXIY LIEHTPOM M MOBEPXHOCTHIO Karui AT (IIyHKTUP — TeMIiepaTypa
MOKPOTO TepMOMETpa); 6 — CKOPOCTb UCMAPEHUS Karull — dm/dt  ee OTHOCUTEIbHAS Macca m/my

rpagreHTa TeMIIepaTypbl B Karie Ha AMHAMUKY UC-
nmapeHus1, KOTOpoe, OMHAKO, OCTAETCSI TOCTATOYHO
cnabbiM. B camowm nene, puc. 4, a moKa3bIBaeT, YTO
MaKCUMaJTbHBIH TIeperta TeMITepaTyphl B Karie BO3-
pactaet 10 25 °C. DTo np1MBOAUT K HEKOTOPOMY pa3-
JIMYUIO B pe3yJIbTaTax pacueTa rmapaMeTpoB (TeMrie-
paTypbl M CKOPOCTM MCHApPEeHMs KaIliu),
TTOJTYYeHHBIX C YUETOM 1 06€3 yueTa HepaBHOMEPHO-
CTU TeMIIepaTyphl B Karuie (puc. 4, 6, ¢). Ha Hauanb-
HOI cTaIny HAaTpeBa Karii MOXKHO OTMETUTH OoJiee
BbIPAXKEHHYIO MHEPLIMOHHOCTh TEMIIEPATYPhI ITOBEP-
XHOCTH, BEIUUCIIEHHOM B TIPEATTOJIOXEHUN PaBHO-
MEpHOI1 TemIiepaTypbl B Karuie (puc. 4, 6). 1o npu-
BOIUT K 3aHWKEHHOU (MMpY JaHHOM HaTpaBIeHUN
M3MEHEHUsI TeMIIEPATYPbl TOBEPXHOCTU ) CKOPOCTHU
HUCIapeHusl Ha 1aHHOM aTane (puc. 4, ). OgHaKo
0 UCTEYEHU U IMPOMEXYTKA BpEMEHU MOPSIAKA 3T,

pe3yJIbTaThl pacyeTa 1o 00erM MOJIE/ISIM COBIANAIOT
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(puc. 4, 2). 3a Bpemsi, B TeU€HHE KOTOPOIO Cylle-
CTBYET Tepenaj TeMrepaTypbl BHYTPU Kariu, yc-
MeBaeT UCTIAPUTHCS He 00JIee HECKOTbKUX MTPOIICH-
TOB HAUaJIbHOW MAacChl Kariu, U Mocieayloliee
HUCTnapeHue MPOUCXOAUT IMPY TEMIIEPATYPe MOKPOTO
TepMOMeTpa B OTCYTCTBHME IpaarieHTa TeMTiepaTyphbl
BHYTPM Karuii. B pesynbrate MOXHO 3aKJIOUUTD,
YTO YUYET rpajiieHTa TeMIiepaTypbl B Karuie BOIbl He
OKa3bIBAaeT CYHIECTBEHHOTO BJIMSHUS Ha BpPeMs
KU3HU Karliu.

OTMETHM KaueCTBEHHOE Pa3IniKe B IMHAMUKE
WCTapeHus Karii B XOJIOAHOM U ropsiueil cpene,
KOTOPOE OTPEAEISIeTCSI COOTHOLIEHUEeM HaualbHOM
(7},) v paBHOBeCHOIA (T}, ) TeMniepaTypbl Karm. Ecin
T, > T, TO BTIIpOLIeCCE UCTTaPEHNs KaK TeMITEpaTy-
pa Karuiu, Tak ¥ CKOpOCTb €€ UCTTapeHUsI MOHOTOH-
Ho cHukarorest. Hanporus, eciu 7 < 7, , TO BIIpO-
lecce HMcHapeHus TemIlepaTypa Kariu pacTeT
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Puc. 4. Ucnapenue Karum Boabl B Bo3ayxe mmpu temneparype 71,,.= 1400 °C

(acumnToTHYECKM NPUOAMKAiACh K T, ), a CKO-
pPOCTb ee MCITapeHusT U3MEHSAEeTCS] HEMOHOTOHHO.
B aTOM citydae cKOpOCTb HCTIapeHUsI CHavaja pac-
TET BCJICACTBUE YBETUICHUS TEMIIEPATYPhI, a 3aTEM
CHMXKAETCS M3-32 YMEHBILIEHUS TITOIIAAN TTOBEPX-
HOCTHU KaIlu.

PacueTsl mokasaju, 4to 11si 0osiee JIeTyuei Kuj-
KOCTH (aLIeTOH) BAMSIHUE IPaiMeHTa TeMIIEpaTypPbl
B Karule Ha AMHAMUKY McMapeHus: doJjiee cyile-
ctBeHHO. [Ipu TeMmepaType OKpy>KaroIiero BO3my-
xa 20 °C makcuMaibHBIi Mepenaja TeMrepaTypbl
B KaIlIe alleTOHAa — Ha MOPSIIOK BhIIIE, YeM B Karie
Boabl (puc. 5, a). OngHaKo, Kak U MpU MCTIapeHU U
BOIBI, TIEpETaa TeMITepaTyphl B Karljie Mcue3aeT 3a
BpeMsl, HAMHOTO MEHbIIIee BpeMEHM KU3HU Karliu.
Ha puc. 5, 6 noka3zaHo pasnuuue pacueTHbIX TEM-
rnepaTtyp MOBEPXHOCTHU, TTOJIyYEHHBIX C yUeTOM 1 0e3
ydeTa repernana TeMIepaTypsl B Karwie, CIeACTBUEM
KOTOPOTO SIBJISIETCS pa3inyre pacyeTHBIX CKOPOC-
Teil ucnapeHus (puc. 5, ). MoXHO 3aKII0YUTb, YTO

air

(dy= 0,1 mm, T, = 20 °C, V,= 10 m/c): a — cpenHeoObeMHas TeMmepaTypa Kariau 1
M [epenajg TeMIEePaTyPbl MEXIY LIEHTPOM M ITOBEPXHOCThIO Karuim AT
6 — TemIepaTypa IMOBepXHOCTU Karu T ; 6, ¢ — CKOPOCTb UCIApeHUs! Kariu —dm/dt 1 ee OTHOCUTEJIbHAs
Macca m,/m, Ha HauaJbHOM 3Tare (6) 1 3a BCe BPeMsl KU3HU Karuiu (2);
pacyeTsl C YYETOM (1) u 6e3 ydeTa (2) HEPaBHOMEPHOCTHU TEMIIEpATYpPhI B KaIlJi€; 3— TeMIIepatypa MOKpPOIro T€pMOMeETpa

[ e HA HAYaJIbHOM HECTALIMOHAPHOW CTAlNM yKa-
3aHHOE OTJINYME HEBEJIMKO, & PACYETHI BDEMEHU XU 3-
HU KaIriy Kak ¢ y4eTOM, TaK 4 0e3 yuyeTa nepenaaa
TEMIIepaTyphl B HEM AAIOT MPAKTAYECKU COBITAIAI0-
1111e pe3yJbTaThl (puc. 3, 2).

BnusiHue rpanyeHTa TeMIiepaTypbl BHYTPH Kall-
JIV alIeTOHA Ha HAYaJIbHOUW HECTALIMOHAPHOU CTaquu
€€ UCMapeHus CTAHOBUTCS CYLIECTBEHHBIM JIUIIb
MPU BBICOKOM TeMIIepaType OKPYKatolllero ra3a. 1o
TMOKA3bIBAIOT PE3Y/IBTAThl PACUETOB, MPEACTARICHHBIC
Ha puc. 6. BUIHO, 4TO B TeUueHME IPOMEXKYTKA BpEMe-
HU TIOpsiaKa 3t. , KOrga BHYTPU KaruIy CyIIeCTBYeT
3HAYMTENLHBIN TIEpenaz TeMrepartypsl (puc. 6, a),
KaK pacueTHasl TeMIeparypa NOBepPXHOCTU Kariu
T,, TaKk ¥ pacyeTHas CKOPOCTb €€ MCIapeHUs
—a’m/ dt CylweCTBEHHO 3aBUCSIT OT UCMOJIb3YEMOW
monenu. Ha HayanpHOM cTaauu McrapeHus, 1an-
TEJLHOCTh KOTOPOW MOXHO OLIEHWTH KakK T, / 15,
TeMrepaTypa MOBEpPXHOCTH, BEIUMCIICHHAs Oe3 yue-
Ta Tiepemnaaa TeMIEpPaTyphl B Karjie, 3HAYUTEIbHO
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Puc. 5. McnapeHue kamam alieToHa B Bo3ayxe npu temnepatype 7, = 20 °C
(dy= 0,1 mm, Ty= 20 °C, V,= 10 m/c); cm. moanucs K puc. 4

a) _
T,°C AT, °C
45
R B J25
20 ]
120
35 ]
15
30
110
% 1s T M5
20 , ) : 20'..*.|. 1 | T IR
L bl L L L
o B001 D002 0,008 0004 0,005 o o001 0002 0003 D004 f’”cos
t,c ’
8 .
-def, -d}ﬂfdf, KT/
4E-08 4E08
3e-os |’
3E-08
;
2E-08 |
2E-08
1E08 |-
+1, M5
- I P | L I L [ -
1E-08 D001 Dg0z G003 0004 0005
tc
Puc. 6. Mcnapenne karum arietoHa B Bo3ayxe npu temmneparype 7., = 1400 °C

(dy= 0,1 mm, T;= 20 °C, V,= 10 m/c); cm. moanucs K puc. 4



MeJJICHHEee CTPEMUTCS K PABHOBECHOMY 3HAYEHUIO
(Temneparype Mokporo tepmomerpa 7,,) (cm.
puc. 6, 6). B nanHom cayuae, korna 7, > T , 3T0
MPUBOAUT K 3aHUXKEHHOI CKOPOCTU UCIIAPEHUsI Ha
JaHHOM 3Tare (puc. 6, ). OTHAKO TPOIOJIKUTENb-
HOCTb KM3HU KarlIu 0 e TIOJTHOTO NCMapeH s, Kak
U B IPYTUX CIIydasix, pPACCMOTPEHHBIX B TaHHOM pa-
00Te, 0OCTaeTCs HEUYBCTBUTEIbHOM K MCIIOJIb3yeMOit
Monenu (puc. 6, ).

ITonBenem ocHoBHBIE UTOTU. B maHHOI paboTe
MareMaTrudeckasi Moaesb [6, 7] ncrnonb3oBaHa mist
aHaJIM3a BO3MOXKHOTO BIUSIHUS TPAIMEHTa TeMIIe-
paTyphbl B Karuie Ha ITMHAMUKY ee ncrnaperus. [1pu
9TOM c(HOPMYTMPOBAHbI O€3pa3MEPHbIE KPUTEPUH,
omnpenessoime 00J1acTb apaMeTpoB, B KOTOPOi
HaJMuKe TpaaiueHTa TeMIepaTyphl B Karjie cylle-
CTBEHHO U TpeOyeT yueTa B UUCJIEHHBIX pacueTax.
151 1eMOHCTPALIMU POJIY FPadueHTa TeMITEpaTypbl
B Karijie BbIMOJHEHbI YMCIEHHbBIE pacueThl Mcrape-
HUs Kaneb ABYX KMUAKOCTEl (alleTOHA U BOMIbI) MpH
Huzkoii (20 °C) u Beicokoit (1400 °C) Temnepaty-
pax okpyxatoiero Bo3myxa. 1o pe3yiabratam aHa-
JI3a MOXHO CIeJIaTh CIEAYIOIINE BEIBOIBI.

1. PeanusyoTcs Tpu cTanuy Harpena (OXJ1ax-
NEHMST) U UCTIAapEHUST KaIln, KaXkIoi U3 KOTOPbIX
COOTBETCTBYIOT TPU MacilTaba BpeMEeHU: pejaKkca-
LMY TIOJIST TeMTiepaTyphbl BHYTPHY Karuiu, MporpeBa
(oxymaxkaeHus ) Kariv 0 paBHOBECHOI TeMIiepary-
PbI ¥ BpeMsl XKU3HU KaTlIu.

2. BnvsiHue rpaayeHTa TeMIiepaTyphbl B Karuie Ha
JUHAMUKY €€ UCTIApEHUS OTIPEAEIISIeTCS ABYMSI O€3-
pa3MepHbIMU KPUTEPUSMU: OTHOLLIEHUEM BPEMEHU
penakcanuu ToJs TeMIlepaTypbl BHYTPU Karutu
K BpeMEHU peflakcalluy TeMIIepaTyphl KarTu K paB-
HoBecHoMy 3HaueHnio = ( ,/15)/ . (06obuieHHoe
yucio bro, yautsiBaroliee ucCrnapeHue) ¥ OTHOLLIE-

* Marematnueckoe moaenmpoBaHue usnueckmnx npoueccos»

HUEM BpEMEHU peJlakcalliy TeMITepaTypbl Kariu K
PaBHOBECHOMY 3HAUEHUIO K BDEMEHU €€ XKMU3HU 10
MOJIHOTO UCIIAPEHUS  « / evap- BEIMUMHA / evap
Jaet npubIMXKEHHYIO OLIEHKY J10J1M MacChl Karuiu,
WCITApUBILIEICS B YCIOBUSIX CYLIECTBOBAHUSA Ipa-
JIWeHTa TeMIepaTyphbl B Karuie.

3. BiusiHue HepaBHOMEPHOCTU TeMIlepaTypbl
B Karuie 0oJiee BbIPaXKeHO JJIs1 JIETKOJETYUMX KU~
KOCTe| 1 yCUIMBAETCS C POCTOM TeMIepaTyphbl OK-
pyXaroliei cpenbl.

4. TTocKonbKy B Te€YEHUE ITPOMEXYTKA BpeMe-
HU, KOT/Ia CyI1IeCTBYET 3aMETHbBII Nepenaj TeMre-
patypbl B Karjie, ucrnapsiercs Juillb Majias 4yacTb
MAaccChbl Karljid, BJAUWSIHUE T'PAJMEHTa TeMIlepaTypbl
B KaIlJle Ha BPeMsl XKM3HU KaIll1 MaJo.

5. IpagueHT TemIiepaTyphsl B KaIjie OKa3blBaeT
HaunOoJIblllee BIUSIHME Ha HaYaJIbHOM CTaIuM UCTa-
peHus. [IpeHeOpexeHue nepenagomM TeMrepaTypbl
BHYTPU Karulu 3aHUXKAET TeMT CTPeMJICHUSI TeMTIe-
PpaTypbl MOBEPXHOCTU K €€ pABHOBECHOMY 3HAYEHU IO
U 3a/1epKMBAeT TEMIT U3MEHEH S CKOPOCTU UCTIape-
HUS Karuiu.

6. DddeKT, CBI3aHHBIN ¢ TPATUEHTOM TEMIIE -
paTypbl B Karuie, YCUJIMBAETCS TIPU UCTIapeHUUn
B Cpee C BHICOKOM TeMNEPATypOid, YTO O3HAYAET HE-
00XOAMMOCTb YUeTa nepernaja TeMrepaTyphbl B Kar-
Jie TIpU MOJIEJTUPOBAHUM UCITAPEHUS IUCTIEPTUPO-
BaHHbBIX KMIKOCTEM B Kamepax CropaHus,
LWJIMHAPAX IBUTaTeEN, B BBICOKOTEMIIEPATYPHbBIX
TEXHOJIOTUUECKUX YCTAHOBKAX, a TAKXKe MPU TyIIe-
HUU NTOXKaPOB.

JlaHHast paboTa BBHITIOJIHEHA B paMKaX MPOCKTa
«YHuBepcajabHasT MOJE/Ib Fa30KAIEIbHON CTPYM IS
WHXEHEPHBIX MPUJIOKEHUI» npu noaaepxke PODU
(rpant 10-08-92602-KO_a), Royal Society (Benuko-
oputanusi, rtpanT JP090548) u OOO «Iedect»
(Cankr-IleTepOypr).
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A.B. AHdpeeBa, B.U. 3viHb, A.A. CagoHOB,

A.B. Ulaukuti, A.M. LLiImepeHbepe

KMHETUKA NMPEANOJ/IUMEPU3ALIUU
B HECTALMOHAPHOM TJ/ZIEIOWWEM PA3PAAE

B mapax moHOMepa, TOMEIEHHOTO B TJICIOIIM I
pas3psii, Ha HaYaJIbHBIX CTAAUSIX CUHTE3UPYIOTCS
MPEATIOIUMEPHBIC CTPYKTYPHI B BUIE KPYITHBIX MO-
JIeKyJ U KjacTepoB. Brnocaenctsuu, Koaryiaupyst
B o0beMe paspsiga, OHM 00pa3yloT MOJUMEPHBIE
aspo30JI1, a 0CaXKIasiCh Ha TBEPIbie TTOBEPXHOCTH,
(bopmupyIoT MosMMepHbIe TIIEHKNA W TTOPOIIKH.
[1pakTuuecku BCe HCCIEIOBAHUSI MEXaHU3MOB
TJIa3MOXMMUYECKHMX PeaKIIUii TPOBOASTCS B OTKPbI-
TOM peXHMe ¢ MPOTOKOM rasa uepe3 peaktop. Bo-
TEePBBIX, 3TO CTAOMITU3UPYET YCITOBUS KAK TSI pa3-
psina, Tak U IJIs peakluu, U TT03BOJIsIeT U30eXaTh
HEKOHTPOJMPYEMOT0 U3MEHEH ST (DYHKIIMM pacrpe-
JeJeHUs 3JIeKTPOHOB Mo sHeprusim (PPHOD), onpe-
NEeNSIONIe BCe MOCIeAyIOIe TIPOLIECChH U Mmapa-
MeTpbl peakunu. HecTaOuabHOCTD 3TOM hyHKLIMN
BHOCHT CKPBITYIO HEOTIPEIEJICHHOCTh B KWHETUYE-
CKMe XapaKTepUCTUKHU MpolLiecca U TEM CaMbIM Jie-
JTaeT HEBO3MOXKHBIM MCITOb30BAHNE KWHETUKY IJTST
UIeHTU(UKALIMY U UCCIIeOBaHNS MEXaH3Ma pe-
akuuu. Bo-BTopbIX, paspsiaHas cpeaa moammMepusa-
LIMOHHOM CUCTEeMbl BCErJa HepaBHOBECHA (MHAue
TOJTMMED He IMOTYUNTD) ¥ XapaKTepu3yeTcst KaK MU~
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HUMYM JIBYMSI TEMIIepaTypaMu: MOJIEKYJIsIpHas CO-
crapisitonas 6anska K 500 K, a ajnekTpoHHast —
K40—50 Thic. K. ®PDD Takux 371eKTPOHOB, HEOOXO0-
IuMast TS pacueTa Ko3(phuumeHTa k,, HEM3BECTHA
1 CUJIbHO OTJIMYAeTCsl OT MAKCBEJITOBCKOI. Ee Ha-
XOIAT MO0 pacueTHBIM MyTeM, pelliasi ypaBHEeHe
bonbumana, 1100 onpenensiioT SKCIEPUMEHTAb-
HO, YTO Ype3BbIYATHO TPYIHO U Uallle BCEro HEBO3-
MOXHO, 0COOEHHO B IMOJIMMEPU3aLOHHON CHCTEME,
rae oOpasyeTcs U pacTeT HoBas (haza, U3MEHSIo1ast
YCJIOBMSI U [T pa3psifa, v M1 XUMUYECKUX peak-
1A, B-TpeTbnX, CTalIMOHAPHBIN PEXUM TIA3MOXU -
MUWYECKON peakuu UMeeT MPAKTUIECKYIO LeH-
HOCTb: OH HE TOJIbKO 00JIee TPOCT 11 U3yYEHUsI, HO
W IIUPOKO MMPUMEHSIETCST B TEXHOJIOTUN CO3MaHUS
U TpaBJIEHUSI TUIEHOK U TTIOKPBITU I, 00pabOTKHU MO~
BepxHOCTel. OmHAKO B ITOC/IeAHEE BpeMs B IJIa3MO-
XUMUUYECKOU TEXHOJOTUU SIBCTBEHHO 0003HAYMIACh
TEHJEHLIMSI 0OpallEHUS K HECTALIMOHAPHbBIM, MIPEXK-
JIe BCETO UMITYJIbCHBIM PeXUMaM, OTKPbIBAIOIINM
HOBBIE BO3BMOXHOCTH TIJTa3MOXMMUHU B CO3MaHUM
MPaKTUYECKU LIEHHBIX HOBBIX MaTepUaaoB, CTPYK-
Typ, KOMIO3uLIMii. B CBsI3M C 3TUM BO3HUKJIA HEOO-



XOJMMOCTb UCCJICAOBAHUSI MEXaHU3MOB TEIIEPb YKe
HECTAllMOHAPHBIX PeaKLUii, UAYLIUX B UMIMYJIbCE
pa3psifia WK B 3aKPbITOI cucTeMe Oe3 MPOTOKa ra3a.
Ho MeToauka uccienoBaHusi MOAOOHBIX peakLuii
OTCYTCTBYET. B mpUHLIMIIE MOXHO MOMNBITATHCS [PU-
MEHUTD CYIIECTBYIOLIYIO CTALIMOHAPHYIO METOIU-
Ky B HECTALIMOHAPHBIX YCJIOBUSIX, HO 3TO ITPUBEAET
K pe3KOMY POCTY CJIOKHOCTU U TPYIAHOCTEM 3KCTe-
PUMEHTAIbHOI'O M TEOPETUYECKOIO XapaKTepa, 0CO-
OEHHO MpPU MPOBEACHUY SHEPreTUUECKOTO aHAI3a
CHUCTEMBbI, Y OTHOBPEMEHHO K CHUXKEHUIO JOCTOBEP-
HOCTU Y HaJIeXKHOCTH PE3YJIbTaTOB.

Llenbro HacTosIIIEl paOOTHI ObLIO OOOCHOBAHME
U CO3IaHue HOBOW METOIMKHU UCCIEeI0BAHUS KU-
HETUKU HeCTallMOHAPHON MpeAIoJuMepru3aluu
B 3aKPBITON TJa3MOXMMUYECKON cCUcTeMe C He-
MPEPLIBHBIM MACC-CIEKTPOMETPUUECKUM KOHTPO-
JIeM cocTaBa ra3oBoit ¢asbl. [IpuMeHeHue TaHHOM
METOIUKHU IO3BOJISIET TPOBOAUTE UCCIeIOBAHIE Me-
XaHU3Ma HavyaJbHBIX CTAAUM MIa3MOXUMUUYECKOMN
MOJUMEPU3ALUU, OCTABASICh B pAMKAX IIPOCTOM XU~
MUWYECKOI KUHETHMKH U He Mpuderast K BeCbMa CI0XK-
HOMY Y HEHaleXXHOMY aHaIU3y SHEPreTUYECKOro
COCTOSIHUS cUCTeMbI. BO3MOXXHOCTH pa3paboTaHHO-
ro NoAXo/a IeMOHCTPUPYIOTCS B HACTOsILIEH pabo-
Te Ha MTpYMepe MoJIuMepu3aluy TeTpahTOpITUIEHA
(TD3), ny1st KOTOPOTO OBLIU IMOJYyYEHBI HEKOTOPHIE
HOBbIE pe3yabTaThl. [Ipy 3TOM 3a/1aua MOJHOTO UC-
CJIeJ0BAHMS MEXaHM3Ma PEAKLIUU HE CTABUTCSI, BHU-
MaHUe yIeJIeHO, TJITaBHbIM 00pa3oM, TeM acreKTaM
HCCIIeIOBAHMSI, KOTOPbIE OOBIYHO HE HAXOMST pellle-
HUSI B paMKax CYLIECTBYIOLIMX METOAUK U OTHOCSITCSI
HE K Pa3psiIHbIM, a K MOJIEKYJISIDHBIM U XUMUYE-
CKHM CTOpOHAaM Tpoluecca. B 3aKpbIThIX MJI1a3MOXK-
MUYECKMX cucTeMax (hopMa IMOTHOM KUHETUUECKOM
KpUBOI OT Hauaja 10 KOHLIA peakLMu Ompeaesi-
€TCsI HE TOJIbKO KOHLIEHTPALUSIMU BE1LIECTB-Y4acT-
HUKOB peakiiun, HO U KO3 GULMEHTOM CKOPOCTH,
OOBIYHO 0003HAYAEMBIM k\n,, TIIE kjy — COOCTBEHHO
KO2((DULIMEHT CKOPOCTU XMMUUECKON peakinu,
MaTeMaTUYECKU — 3TO MHTErpajbHbIi MOMEHT
OPDOI, n, — KOHUEHTPALMS SJEKTPOHOB B IJIa3Me.
KoadduuneHT k, 3aBUCUT OT COCTOSTHNSI CUCTEMBI
1 MOXET MEHSIThCS B XO[Ie peaKliui HEU3BECTHBIM
00pa3oM. DTO AeJ1aeT 3aTPyAHUTEIbHbIMU OObIUHbII
KMHETUYECKUI aHaIu3 (pOpMbl KpPUBOI 1 pacyeThbl
C UCIIOJIb30BaHWEM YpaBHEHM I 3aKOHA AeHCTBYIO-
mux Macc. B pabote rmokazaHo, Kak U3 TTOJTHOMN K1-
HETUYECKOI KpUBOIA, He ITpuoderast K UCCIeA0BaHUIO
®OPHDY, myTreM MPSIMOTO pacueTa MOKHO TOJTYIUTh
PSII MTHOBEHHBIX 3HAUeHU I KO3 hUIIMEeHTa CKOpO-

* Marematnueckoe moaenmpoBaHue usnueckmnx npou,eccos»

CTU peak1uy IJ1s1 pa3HbIX MOMEHTOB BpeMeHU. B ka-
YECTBE 3TAMOB PEIICHUS 3TOM 3a1a41 PACCMOTPEHBI:
YCTaHOBJIEHWE TUIA M OOLLE CTPYKTYPbl PEAKLIUU;
npoleaypa aHajiu3za KUHETUYECKOW KPUBOU
U NOJIYYEHUSI U3 HEE OCHOBHbIX KUHETUYECKUX Ma-
paMeTpOoB peaklru;

BEPOSITHBIE TUTIbI 3JIEMEHTAPHBIX CTAINIA;

HaJIUuKUe TMMUTUPOBAHUSL.

IToxa3aHa aHanorusi ¢ npuoOpeTaIOIIUMU Ce-
TOJIHST OOJIBIITYIO MOTYJISIPHOCTb UCCAEIOBAHUSIMU
TJIa3MOXUMUYECKON TTOJUMEPU3ALIUUA B UMTTYJIbC-
HO-TEePUOJNYECKHX PEXUMAX.

OCo0eHHOCTH KHHETHKHI 3aKPbITBIX CUCTEM

3aKpbITOCTD WU OTKPBITOCTH CUCTEMBI OTTpe/ie-
JISIeTCS TeM, KaKue N3MEHEHUST BHYTPEHHEN cpeabl
npeod1aaloT B HEl — 3a CYET BHYTPEHHUX ITPOLIEC-
COB U peaKIIvii UJIv 3a CYET MaTepUaIbHOTO OOMEHa
C BHELLIHE cpe/1oii, HarpuMep, B hopMe ra30BOro ro-
ToKa. B MmynbCHOM pexxuMe pa3psiga OTKPbITast Ha
TIEPBBI B3TJISII TPOTOYHASI CUCTEMA BITOJIHE MOXET
0Ka3aTbCsl 3aKPbITOM, €CJAU PEAKLIMOHHbIE U3MEHE-
HWUSI BELLIECTBEHHOW CPENbl B HEM ITPOMCXOAAT 3HAYM -
TeJIbHO ObICTpee BHellIHero ooMeHa. Toria B TeueHue
peakinu, TPOXOASIIeH BaKTUBHOM (paze MMIyJIbca,
B CHCTEME IIPOMCXOISIT TaKK1e XKe IJTyOOKKe u3MeHe-
HUS KOHLIEHTPAaLWH, KAKE XapaKTEePHBI TSI 3aKPbI -
TOM CUCTEeMbI O€3 MPOTOKA Iasa.

AHanu3y noajiexxariBa acnekTa KUHeTU4ec-
KO KapTUHBI: €e 00111as1 CTPYKTypa, T. €. MOPSIA0K
PACIIOJIOXKEHUS KUHETUYECKUX KPUBBIX, U UHIWBU -
IyaJlbHbIE€ KPUBBIC, MTOKA3BIBAIOIINE U3MEHEHUS
KOHIICHTPALIUY KaXI0TO YYaCTHUKA PEAKIIVH.

KuneTnyeckas KapTuHa
g TerpadTopITIHIIEHA

CucreMa KWHETUYECKUX KPUBBIX, IEMOHCTPH -
pyIolLasi SBOJIOLIMIO0 KOHLIEHTPALUUI HECKOJIBKUX
HU3KOMOJIEKYJIIPHBIX coenuHeHu B paspsine TOD,
npeacrasieHa Ha puc. 1. OHa cocTouT u3 cnagaro-
111e#l KpruBoOit / MOHOMEpa U HECKOJIbKHX OMHOBPE-
MEHHO MPOXOISUIMX Yepe3 MAKCMMYM KPHUBBIX
(2—4), umero1ux Bua, XapaKTEPHbIH 17151 IPOMEXKY-
TOUHBIX MPOAYKTOB. MeeTcst Takke KpuBas 3, pu-
Hamnexauas Tepadpropmerany CF, n oOHapyxu-
Balolllasi MpM3HAKW KOHEYHOTO MPOJYKTa B BUIIE
MOHOTOHHOTO pocTa BO BpeMeHU. KapTuHa nosyue-
Ha B paborte [ 1] ¥ IeMOHCTPUPYET UETKOE pa3aese-
HHE TPOMEKYTOUHBIX ITPOAYKTOB HA ITOKOJIEHUS IO
BPEMEHU UX MOSIBACHUS ¥ pa3BUTHSL. Tam ke moapoo-
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KoHueHTpauna, o6

Epenta, ¢

Puc. 1 [1]. KuHetnueckue KpuBbi€ MpPEeBpaLLCHUsI
TeTpadTOPITUIEHA B TPOMEXYTOUHBIE
¥ KOHEUYHbIC TIPOAYKTHI TOJMMEPU3ALINN:
1—C,F,; 2— C,F4; 3— C,Fyy;: 4— C;Fy; 5— CF,;
6— CcymMMa KpPUBBIX 1— 5; TMYHKTUP — 3KCITOHCHTA
C TIOCTOSIHHBIM 3HaueHUEM KoddduuueHra kyn,;

napnenne P = 26 [la, mioTHOCTh TOKa j = 2,4 A/Mz,
00beM peakTopa Ve, = 5107 w3,
TUIOLIAAb 3JEKTPOIOB S = 1,4'10’4 MZ,
paccTosiHue MeXIy dJieKTpomamu d = 3,5-10_2 M

HO OTMCaHa MacC-CIeKTpOMeTpruIecKass METOIMKa
W PEKUMBI TTOTyYeHUST KWHETUIECKUX KpUBBIX. Kap-
TWHA TOTTOJTHIETCS KWHETUIECKMMU MacC-CIIeKTpa-
MU MOHOB (0e3 pacunhpoBKU), UMEIOLINX MaCcChl
6onblie ucxogHoro TMH — 100 a.e.m. (puc. 2) [1].
BOTBITMHCTBO 3apeTUCTPUPOBAHHBIX COETMHEHWI
00pa3yloT XOpOoLIO C(POPMUPOBAHHYIO KUHETUYEC-
KYIO TPYIIIY U OTHOCSTCSI K TIEPBOMY MOKOJIEHUIO
MPOIYKTOB, 00pa3yIOLINXCS HETIOCPEICTBEHHO U3
MOHOMepA 1 TIPOAYKTOB €0 Pas3IoXeHUST JIEKTPO-
Hamu. PactiomoxxeHre KWHETUIeCKUX KPUBBIX, BXO-
JSILIKX B TPYTIY, CBUAETEIbCTBYET O MapaieTbHOM
(omHOBpeMeHHOM ) (POPMUPOBAHUHU U PA3BUTUM CPa-
3y MHOTHX coeAuHeH i [2]. BTopoe mokosieHne co-
nepxut TonbKo TeTpadTopmeran CF,, KoTopbIii 00-
pasyeTcsl He U3 MOHOMEDPA, a U3 ITPOIYKTOB [TEPBOTO
TTOKOJIEHUS KaK Pe3yJbTaT UX AKTUBAIINN SJIEKTPO-
Hamu. [1okoeHns cBI3aHbI IPYT C APYTOM TTOCTIE-
JIOBaTeIbHO KaK POIUTEIbCKOE U TOUEepHEe.
CTONKHOBEHUS U peaKLIUU PAAUKaI0OB ¢ MOJIe-
kynamu C,F, MOTYT mpuBOIMTE K OBICTPOMY O0Opa-
30BaHMIO KPYITHBIX MOJIEKYJT pa3IMYHOTO COCTaBa
yKe B IIepBOM ITOKOJICHUH, YTO M HAOJI0IaI0Ch BO
BceX aKcrnepuMeHTax. OmMHOBPEMEHHO 3TH Xe pe-
aKIIMK YIACTBYIOT U B PACXOOBAHMY MOHOMEDA.
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KpuBass MoHOMepa BO BCeX dKCIEpUMEHTaX
00HapyXuBajla YCKOPEHUE €ro pacxodoBaHUs BO
BPEMEHMU B BUAE OTKJIOHEHUS PEAIbHOM KPUBOM OT
SKCIIOHEHTHI eXp(—ko#,f), PACCUNTAHHOM KaK ITPO-
JOJIKEHME HAa4aJIbHOTO YYaCTKA C MOCTOSIHHBIM TO-
KaszarejeM (CM. puc. 1, TpuxoBas JuHuUs). MaTte-
MAaTMYeCKM 3TO O3HAYaeT yBEIMUYEHNE BO BPEMEHU
ko3 duuneHTa kyn, B ToKa3aTeje 3KCIIOHEHTHI.
B kauecTBe PU3UKO-XUMUYECKUX IIPUYMH HAOIIO-
JaeMOT0 YCKOPEHMST MOXXHO MPeAnoaraTh Kak rno-
CTETICHHO pa3BOPAUMBAIOIIMECS YIIOMSHYThIE peaK-
LIUY PaarKaJIoOB ¢ MOJIEKYJIaMHU, TaK M YBeJTMUECHUE
AKTUBUPYIOLIEH CTOCOOHOCTH 3JIEKTPOHOB B MEHSI -
IOLIENCSl MO COCTABY M XapaKTepUCTHUKAM TJ1a3Me.
[MepBasg U3 IPUUYMH TIPEICTABIISIETCS BIIOJIHE BEPO-
STHOM M JaXe 00s13aTeIbHOM, B CBSI3HM C TEM, UTO
KMHeTU4YecKas KapTUHA T1a3MOXMMUYECKOM Mo -
MEepM3alUH MPSIMO YKa3bIBaeT Ha CYIIECTBOBAHUNE
Takux peakuuit. OmHaKo peaabHO (OpMY KUHETH -
YeCcKOM KpUBOI OTTpenesiieT UMEHHO CTaIusT aKTH-
BallMU, BCJEICTBHUE TOTO, YTO OHA (DaKTUUECKU T -
MUTHUPYET BCIO PeaKInio. DTOT BBHIBOI CJIEAYET U3
TOTO, YTO CTaAMs aKTUBALIMU CTOUT MEPBOIA B JTIO-
0011 TUTA3MOXUMUYECKOM peaKIIN 1 SIBIISICTCS ca-
MOl MeaneHHo#. B camom nesne, MoaeKyasipHble
CTOJIKHOBEHMUS ITPOUCXOIST B 10°-10° pa3yaiie, yeM
aKTUBALIMOHHBIE. DTO HECKOIBKO YIPOIIAeT Kap-
THUHY, TTOCKOJIBKY TTO3BOJISIET BHIPA3UTh CKOPOCTH
yObUIM MOHOMEpA Yepe3 ypaBHEHUE, comepKaliee
TOJILKO OJIMH 3TOT KO(DDULIUEHT.

PaccMOTpUM THITOTETUUECKYIO MOZIETh TIOJIMe-
pu3alru, B KOTOPOI CHauajla MoJieKyJia MOHOMepa
AKTUBMPYETCS DJIEKTPOHOM M PACManaeTcsl Ha 1Ba
panukalia, a 3aTeM B Mpoleccax CTOJKHOBEHUM
U peKOMOMHALUU BO3HUKAIOT HOBbIE MOJIEKYJIbI.
CkopocTb yobl1 MoHOMepa dM/dt onipenensiercs
KOHILIEHTpalUUsIMU YYACTHUKOB TIpoLiecca — 3JIeKT-
POHOB (1) u MoJieKya (M) v paBHa

dM /dt = —kyn,M . (1)

3aech U ganaee MpSIMbIMU MPOTHMCHBIMU OYKBaMu
0003HaYeHbl XUMUYECKKE CUMBOJIbI aTOMOB U MO-
JIEKYJI, @ HAKJIOHHBIMU — X KOHLIEHTpalMU. YpaB-
HEHMEe KMHETUYECKOI KpMBOI MPeaCTaBIsieT CO00M
nHTerpai oT BeipaxeHus (1). Ho koadduunent kyn,
HE MOCTOSIHEH, OH MEHSIETCSI B XO/1€ pEaKIIM1 HEW3-
BECTHBIM 00Pa30M, MOITOMY UHTETPUPOBAHUE B 00-
1eM ciydyae HeBO3MOxXHO. Kak OymeT mokaszaHo,
BOTOM U HET HEOOXOIUMOCTH.

MakcumManbHBIN IO Macce paauKai, KOTOPbIil
MOKET 00pa30BaThCs B PE3yJIbTaTe pacraiga MoJie-



KyJibl MOHOMEpa, — 310 C, F;. MakcumanbHo Kpy1i-
Hasl MOJIeKyJa, KOTOpasi MOXET BOBHUKHYTh B pe-
3yJIbTaTe peKOMOMHALMY PAJAUKAJIOB B IEPBOM I10-
KOJIEHUH, T. €. TTOC/Ie OAHOKPATHON aKTUBALlU, —
a0 rekcadropdyraguer C,Fy. JItoObie 6oee ciox-
HbIE U KPYTMHbIE COENMHEHMs MOTYT 00pa30BbIBATh-
Cs1 TOJIbKO BO BTOPOM ITOKOJIEHUU ITPOIYKTOB, TTOCIIE
MOBTOPHOI aKTUBALUM rekcadTopOyTanmueHa. to
cpasy ke IOJKHO OTPa3UThCsl B KUHETUUECKOM Kap-
THHE B BUJIE MOCJIEI0BATEIbHOCTU COOTBETCTBYIO-
LIMX KUHETUYEeCKUX KpuBbIX. Kak ciemyeT us puc. 1
U 2, MOJydeHHble KUHETUYECKHE KAapTUHbBI UMEJIN
NPUHLUMOKUAIBHO UHOW BUJ, COEAUHEHUS] pa3HOU
CTEIEHU CJIOKHOCTH BILIOTh 10 Cy 00pa30BLIBAIMCh
napaieJbHO, B paMKax OIHOTO, TIEPBOTO MOKOJIe-
Hus. bojee Toro, B 3TOM MOKOJIEHWU ObLIU 3a(hUK-
CUPOBaHbI MOHBI ¢ 18 aTOMaMu yriiepoja.

Knaccuueckas noammepusanusi Ha OCHOBE pe-
aKLWi TpUCOeINHEHUS LIEIBIX MOJIEKYJI MOHOMepa
M K pagukany R® He MOXeT 00ecreunTh 00pa3oBa-
HUE pa3JMYHbIX LeNel, OTAMYalIIUXCS APYT OT
Ipyra 1o cOCTaBy MeHee, YeM Ha OJHY MOJIEKYJY.
IIpuBonuM ypaBHEHUSI peaKLMii KJTACCUYECKOM 110~
JIUMEPU3ALINN:

R*+M —> MR*; MR*+M —- MMR?*; ..,
M(N -1)R"+M —>MANR". 2)

B cnyuae, mpencraBieHHOM Ha puc. 1, oqHOBpe-
MEHHO TeHepUPYIOTCS pa3Hble MOJIEKYJIbI, OTINYa-
foLIMecs M0 COCTaBY Ha IPOOHYIO YaCTh MOJIEKYJIbI.
OTO MOXET MPOUCXOAUTH TMOO B pEaKLIUSIX PeKOM-
OMHALMK paguKaioB

Ri+R] >RR;;  Rj+Rj; —>RR,;
R3+R5 > R,R,, 3)
JIM00 B peaKIusIX oOOMeHa TUIIa
R*+AB—>AR*+B; AR°+AB— ABR®+A;
AR®*+AB—> AAR* +B, 4

rae A, B — yactu moseKyJibl MOHOMEpa, KOTOPbIe
MOTYT KakK 11eJ10€ y4acTBOBATh B peakLIUsIX OOMeHa.

Kak BumHO, yXe Ha TepBOi ObICTPOIl cTaguu
MOTYT MapalJeIbHO 00Pa30BbIBATHCS PA3HBIE MPO-
nyKTbl. C pOCTOM uMc/ia ObICTPBIX CTAAMI BO3MOX-
Hoe pa3HooOpa3ue ToJbKO yBeauuuBaetcs. Oba
tuna peakuuii — (3) u (4) — He 1O0Ka3aHbI IPSIMbI-
MU HAOJIOAEHUSAMU, HO U HE UMEIOT KaKUX-JI1M0O
3aMpeToOB, OJHAKO OOMEHHBIE ITPEACTABISIOTCS 00-
Jiee BEPOSITHBIMU KaK 3HAUUTEJIbHO MEHee 3K30-

* Marematnueckoe moaenmpoBaHue usnueckmnx npou,eccos»
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Puc. 2 [1]. U3meHeHMEe BO BpeMEeHU
Macc-CreKkTpa 00pa3ylolInXCcsl BEIIEeCTB.
CnpaBa B IIpsIMOYTOJIbHUKAX YKa3aHbl MACCOBbBIC
YUClla COeNMHEHUI U UX XUMUUECKHUe (HhOPMYITbI

TepMUYHBIE. HarmpoTnB, peKoMOMHAIINS paTuKaaoB
COMPOBOXAAETCS OUEHD OOBILINM SHEPreTUYeCKUM
3¢ (HeKTOM, 10 HECKOBKUX 3JIEKTPOH-BOJIBT, UTO JIe-
JIAET MOJIEKYTY-TIPOAYKT HEYCTOMUYUBOI U CKIIOHHOM
K pacniamy. Hampumep, B peakumu

CF, + CF; - C,F

BbLIessieTCs 3,96 3B, 1 1151 cTabUIM3aL K IPOIyK-
Ta 00s13aTEIbHO y4acTHe TPETHEro TeJia, CIIOCOOHO-
TO TIPUHSTH Ha Ce0S1 JINIITHIO SHEPTHI0. DTO MOXET
OBITb MOJIEKYJIAa MJTU CTeHKa peakTopa. CoOpoc sHep-
T peKOMOWHALIMY BO3MOXEH TAKXKe TTyTeM OTIIIETT-
JieHus1 (3MMMUHUPOBAHMST) MaJION YacTh 00pa3oBaB-
IIeiicst MOJIEKYJTBI, HarrpuMep atroma (propa. Bropbim
coobpaxkeHUeM B ITOJIb3y paauKal-MOJeKYIIPHBIX
peakuuii TPOTUB paTuKal-paIuKaTbHBIX SBISETCS
TO, YTO KOHIICHTpALMsI MOJIEKYJ B TIa3Me Ha I10-
PSIIKY TIPEBOCXOANUT KOHIEHTPAIIUM PaaIuKalioB,
0COOEHHO B Hauajie rpolecca. B kauecTBe TpeTbero
apryMeHTa B MOJIb3Y paanKal-MOJEKYIIPHBIX Pe-
akLuii (cM. nepBoe ypaBHeHue (4)) oOpaTuM BHU-
MaHME Ha TO, YTO B KaXXJIOM 3JIEMEHTApPHOM aKTe
9THUX peaKluil COXpaHsSIeTCs paaruKal U BMECTe C HUM
CIOCOOHOCTD K ITPOAOJIKEHUIO OBICTPOro pocTa 0e3
HOBOM akTuBauuu. PagukanbHass peKOMOMHALMSA
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Ha KaXnoi cTagyu puBoAuIa Obl K TMOEIN pagu-
KaJJOB U HEOOXOAMMOCTH MOBTOPHOU aKTHMBALIMU
00pa30BaBLLIEICsI MOJIEKYJIbl 3JIEKTPOHHBIM YIapOM
JUTSI TIPOJIOJIKEHMSI CUHTE3a M YKPYTTHEHUST MOJIEKYJI.
KuneTtnka 0osiee KpyrnmHoii yacTU1bI Obly1a ObI ITOC-
JIeA0BaTeIbHON OTHOCUTEILHO POIUTENILCKOM. Ta-
KyI0 KMHETUKY B HallleM Ccliydyae IeMOHCTPUPYET
ToJbKo TeTpadTopmetaH CF,, B CBS3M C 4eM MOXHO
YTBEPXK/JIaTh, YTO OH 00pa3yeTcsi He U3 MOHOMeEpa
C,F, v He npy yyacTU¥ paguKajioB MEPBOTO MOKO-
JICHUS, 2 U3 MOJIEKYJIIPHbBIX ITPOAYKTOB CUHTE3a Iep-
BOTO IMOKOJIEHHUS TIOCJIE UX IEKTPOHHOM aKTUBALIMA
1 00pa3oBaHUsl PAIMKaIOB BTOPOrO MOKOJEHUS,
KOTOpbIE€ MHULIMUPYIOT €ro 00pa3oBaHUE.

Bo MHOrux uccieqoBaHUSIX MeXaHU3Ma TOJIH -
mepuszaunu TAD B KauecTBe OJHOTO M3 KAHAJIOB
cuHTe3a purypupyet peakuus (3), MoaubULUPO-
BaHHasl y4aCTUEM TPETHETO TeJia B BUIE MOJIEKYJIbI
MOHOMEpPA UJIU CTEHKU KaMephl:

R°+R*+M > RR +M.

DTa Xe peakums MPeacTaBiasgeT TaKKe KaHal
TubeIu paauKaaos.

PaccmoTpum npouenypy pacuera Koappuim-
€HTOB CKOPOCTH YOBbIJIM MOHOMEpA U HApabOTKM HO-
BBIX COeIMHEHUI PY IPUHATUU 3TOM Moaesn. CKo-
pOCTh YOBITM MOHOMEpa TIO 3TOMY MeXaHU3MY
clemyeT ypaBHEHHIO

M
—‘Z—t = ko, M + kg R*M . (5)

[1epBoIii UieH B TIPaBOi YaCTH YpaBHEHUS BhI-
paxkaeT CKOPOCTb YOBLTM MOHOMEPA IO/ 1€ CTBUEM
9JIEKTPOHHOTO y/1apa, BTOPOil — B pe3ysbTaTe TpOoii-
HOT'O CTOJIKHOBEHUSI, B KOTOPOM MOJIEKYJIa MOHOME-
pa M MOJTHOCTBIO MJIW YaCTUIHO COSTUHSIETCS C pa-
IVKaJlaM1 M BXOIUT B COCTaB O0Pa3yIoIIeiics B 9TOM
CTOJIKHOBEHUHU MOJIeKYJIbI-TipoaykTa. Koadhduum-
eHT kgpy — TO KOHCTaHTa CKOPOCTU TaKOIi peak-
LINU, HO MTOCKOJIBKY OHAa MOXKET OBITh TIePEMEHHOM,
TO Ha3bIBaeTCst KOAPPULMEHTOM cKOopocTu. Paau-
KaJIbl POXIAIOTCS B aKTaX AMCCOLMALIM MOHOMeEpa
1 MCYE3al0T B aKTaX PeKOMOWHAILIMU C y4acTUEeM
MOJIEKYJI MOHOMEpa, KOTOPbIE MOTYT BXOIUTH B CO-
cTaB KpyInHoro pamukana. CKOpoCTb U3MEHEHMUS
KOHIIEHTPAILINY PaaKajIoB JaeTCs ypaBHEHUEM

% =2k, M — 2Uegra R°M =0, (6)

i€ CKOPOCTb U3MEHEHMUSI KOHLIEHTPALUMK PaauKa-
JIOB IpUPaBHEHA HYJIIO IO CJICAYIOLIUM (TUTTUUYHBIM
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U151 TOAOOHBIX CUTYaLuii) coodpaxkeHusim. Corac-
HO 9KCTIepUMEHTAIBHBIM JaHHBIM, XapaKTepHOE Bpe-
Msl peJlakcallMy paauKaaioB — MeHee 1 Mc, Tora Kak
BpeMsl UX TeHepalluu u3MepsieTcsl ceKyHaamu [3].
TToaTOMY KOHLIEHTpaLMsI pagyKaaoB ObICTPO, 3a Bpe-
MsI TIOpSIIKA BpEMEHHU peJlaKcallid, JOCTUTAET CTa-
LIMOHAPHOT'O 3HAYEHMSI M OCTAETCSI PABHOM MU OJIU3-
KO K CKOPOCTH MX TeHEepaLIiN:

krmR*M ~ kon, M. (7)

[1Tpu U3MEeHEHUSIX CKOPOCTU FeHEPALIMU PAIM-

KaJIOB CKOPOCTb UX TMO€IM HEOTCTYITHO CAEAYET 3a

Heii. [Moacrapnss paBeHCTBO (7) B ypaBHeHUE (5),

noJjiyyaeM, 4YTo CKOpOCTb YObLJIM MOHOMEpaA OTpeie-

JIIETCSI TOJIbKO aKTaMM €TI0 IMCCOLMALMU, COTJIac-
HO CJIEAYIOLIEMY YPABHEHUIO:

_am =2kyn,M . (8)
dt

OTO TaKXKe 03HAYAEeT, YTO IIPOLIECC YObLIU MO-
HOMepa XOTs ¥ UIET M0 ABYM KaHallaM, HO €T0 CKO-
POCTb OIpeaesieTcs MapaMeTpaMU TOJbKO OJHOIO
13 HUX. MHBIMU ClIOBaMU, TPOLIECC TMMUTUPOBAH
cTaguei akTuBauuMy. Takoi ke pe3yJIbTaT MOJyUUT-
cd BO BCeX ciaydasx, Korga rubeib paaukaioB
Y1 MOJIEKYJI IIPOUCXOAUT B OJHUX U TeX K€ aKTax,
TaK KakK MpU 5TOM BCEraa BbIMOJHSETCS YCIOBUE
(7). I1pu 5TOM YCI0BMU CKOPOCTh 00OPA30BaHUSI MO-
Jekys RR, koTopbie 111 cOKpalleHus 3anrcu 000-
3HavyaeM uyepe3 B, MmoxeT ObITh 3amnucaHa Ciaemayro-

1M 00pa3oM:

dB

7 skrrm REM —2kogn, B =

=agkyn,M —2kypn,B, ©)
e ag — BECOBOI MHOXUTEJIb 00pa30BaHusI Bellle-
cTBa B B BeTBU MapaljieibHbIX MPOLIECCOB CUHTE3A.
ITomuMo yxe M3BeCTHbIX KO3(PPULIMEHTOB,
B ypaBHEHNU (9) IOSBUJICS HOBBIM, K, BJISTIOLINI-
cs 7151 BeulecTna B Tem ke, yeM miist MoHOMepa M
SIBJISIETCSI KOO (MULIMEHT CKOPOCTU €T0 aKTUBALIUU
ky. D10 KO3(pDULKMEHT (yIaeabHasi CKOPOCTb) AKTHU -
BalMU MOJIEKYJ B 3/1eKTpOHHBIM yaapoM. 31ech Tak
K€, KaK paHee JJIsI MOHOMEPA, peakys JUMATUPO-
BaHa aKTaMy aKTUBALIMKU MOJIEKYJ KaK UCXOMHBIX,
TaK ¥ BHOBb 00pa3ytoiuxcs. OTMETUM, UTO CTaaust
AKTUBHUPOBAHMSI, KK U TIOJIOXKEHO TUMUTUPYIOLIEH,
SBJISIETCS CAMOU MEIIJIEHHOW Y CTOUT MEPBO B PSLY
npeBpalleHnii BelllecTBa B pa3psije.
OcHOBHbIE pe3yJibTaTbl OAHONI U3 Cepuil uzme-
peHuit, mpoBeAeHHBIX B padoTe [1], mpeacTaBieHbl



Hapuc. 1. O6paboTKa 3TUX JAHHbIX [IPOU3BOAUIACDH
C MMOMOIIbIO MOJYYEHHBIX ypaBHeHU (8) 1 (9):

M 1
kon, =———-100; 10
0" dt M ( )
dt
agkon, M ‘fi—B 100
kog, e (12)

B Tabnuie npencraBiaeHbl pacCCYMTAaHHbBIC 3HA-
4yeHUs KO3(PPULIMEHTOB CKOPOCTEN: kyi, — aKTHU-
BaLlM¥ MOHOMEpA 3J1EKTPOHHBIM Y1apoM; agkoh, —
00pa30BaHUs MOJIEKYJI BELIECTBA IIEPBOTO MOKOJIE-
Hus B; kypn, — akTuBauum Beuiectsa B snexTpoH-
HBIM YIapOM.

Koaddunuentol ckopocreit
pasnoxeHnus MoHomepa kyn,
u 00pa3oBaHusl MPOJAYKTOB nojMMepusauun agkyn,
u kygn, Kak pynknun BpemMeHu

i ko”e ‘ alz:]iolne kOBne
0 0,658 0,700 -
50 0,912 0,775 0,119
100 1,086 - 0,203
150 1,171 - 0,127
200 - - 0,153
250 - - 0,813

JI1060i1 13 K0P DULIMEHTOB U3MEHSIET CBOIO Be-
JTUYMHY B XOlle peakUnu (C Te4eHUEeM BPEMEHM )
7 MOXET OBITh Ha3BaH KOHCTAHTO TOJIBKO B (PUK-
CUPOBAHHBI MOMEHT BPEMEHH, T. €. KAK MTHOBEH-
HoOe 3HaueHne. DKCITepUMeHTaTbHbIE 3HAUECHUS KO-
3D GULIMEHTOB CKOPOCTEM UCCIEAYEMbIX PeaKIIUi
HEOOXOINMBI IS TIPOBEPKU aIeKBATHOCTH TIPEI-
CTABJIEHHOM MOJEM CJIOXKHOU peakiyy MyTeM CpaB-
HEHUS DKCTIEPUMEHTAJIBHBIX BEJTUYUH KOO DULI-
€HTOB C TAOJMYHBIMU. DTa 3ada4ya B JTaHHOI paboTe
He CTaBUTCH.

CpaBnenue
€ MMITYJIbCHO-TIePHOINYECKMMH PeKUMAMHI

B nociieagHue roabl MosiBUIOCH HECKOJIBKO pa-
0OT, BBITTOJIHEHHBIX HA Pa3JIMYHBIX TIOJIMMEPU3aL-
OHHBbIX CUCTEMax C MOIYJMPOBAHHOWM IJa3MOW
B MMIIYJbCHO-TIEPUOANYECKUX pexumax [4—7].

* Marematnueckoe moaenmpoBaHue usnueckmnx npou,eccos»

HawnboJsee 6;113Ka K HallIei 1o LEeJISIM U pe3yIbTa-
TaM padorTa [5], TakKe IOCBsIIEeHHAasl UCClIenoBa-
HuUo noaumepusauuu TOHD, HO B IPOTOYHOM UM-
MYJIbCHOM TJICIOLLIEM pa3psie.

MonekyaspHbIi COCTAB IJ1a3Mbl PETUCTPUPO-
Basics ¢ momoibio MK dypre-criekrpomeTpa mo
MOTJIOILEHUIO TTOJUXPOMATUUECKOTO MMyYKa OT [JI0-
Oapa, TIepeceKalolIero pa3psaHylo saeiiky. Paspsin
Havacrore 13,56 MIi1 npousBoauics reprogndec-
KAMU UMITYJTbCAMU Pa3IMIHON TTPOIOIKUTETLHO-
CTH, CKBaXXHOCTH U TTeprognuHocTh. [Teprom nm-
nyabcoB cocTtasisa 0,04—0,32 ¢, momHOe BpeMs
nonnuMmepusanun — 25—24600 c. DopmupoBaHme
pexXnMa, KWHETUIECKUX KPUBBIX M COOTBETCTBY-
IOLIEro cnekTpa nokaszaHo Ha puc. 3. [TokaszaHo,
YTO 3TA 3aBUCUMOCTb U KMHETUUYECKAasl KpuBasi —
OIHO U TO XXe. B HuXKHe# yacTu pucyHka u3oopa-
JKEeHbl TPU UMITYJIbCA C PA3JIMUYHBIMU KO3(DGULIM-
enramu 3anosHeHus: 10, 30 u 70 %; npomoaKu-
TeJIbHOCTH aKTUBHBIX a3 — 1|, 1, t;. Pe3ynbrath,
TOJTy4eHHBIE 1O OIMTMCAHHOM METONNKE, TIPUBEIE-
Hbl Ha puc. 4 [5]. ObpaluaeTt Ha cebs1 BHUMAaHUE
OYEeBUIHOE CXOACTBO C JAHHBIMHU pUC. |, KOTOpOE
SIBJIIETCST CJIEACTBUEM TTPUHUIMTTHATBHBIX aHAJIO-
TWIA KaK B TIPOUCXOISAIINX TIpolleccax, Tak v B Me-
TOHAX UX PETUCTPALIUU.

Takum o6pa3om, B JaHHOM cTaTbe IpeacTaBe-
Ha METOAMKA aHATTM3a KUHETUYECKUX JAaHHBIX, TTO-
JIy4yaeMbIX B 3aKPbITOU M1a3MOXUMUYECKOUN CUCTE-
me 0e3 mportoka rasza. IlokazaHo, 4To peakiusi
B TAKOW CUCTEME MTPOXOIUT YEPE3 HEMPEPBIBHBIN P
CMEHSIOLIMX APYT APYra MCHOBEHHBIX COCTOSIHUA,
BIOJIHE aHAJIOTUYHBIX (DUKCUPOBAHHBIM COCTOSIHU -
SIM TPOTOYHOM CUCTEMBI. AHAIU3 KUHETUUECKOTO
MaTepuaa Ijsl Kaka0To TAKOTO COCTOSTHUS TTO3BO-
JISIET HAWTU psiil MTHOBEHHbBIX 3HaUeHU I KOo3(pdu-
LIMEeHTa CKOPOCTU pasioKeHWs MOHOMepa IS He-
CKOJILKUX MOMEHTOB BPEMEHMU, TTPEICTABUB €ro KakK
(byHkuM0 BpeMeHu uiau pasbl peakunu. [1poBeneH-
HbII aHAJIU3 KUHETUYECKUX KpUBbIX TPD nokaspl-
BAeT, YTO B TJICIOLLIEM Pa3psiie IPOUCXOAUT KaK pa3-
JIO)KEHWE MOHOMEpA BJEKTPOHHBIM yIapoM, Tak
U COEIMHEHUE MOJIEKYJ C AKTUBHbIMU YACTULIAMMU,
MPUYEM MOCJEIHUMN MPOLIECC HOCUT LIEMTHOM Xapak-
Tep, U KaK 3HAYMUTEIbHO 00Jiee ObICTPHII 1 IOCIIe-
JIOBATEbHbINM OH TUMUTUPOBAH nepBbIM. [ToaTo-
MY B KMHETMYECKUX YPABHEHUSX MPUCYTCTBYET
TOJBKO KOB3GDMUILIMEHT CKOPOCTH Pa3IOKEHUS MO-
HoMepa. CorjlacHO MPOBEJAEHHbBIM pacueTam, 3TOT
Koa(UIIMEHT ¢ TeueHeM BpeMeHU BO3pacTaeT,
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Puc. 3. CBsi3b MeXIy MPOAOIKUTEIBHOCTBIO aKTUBHOM (ha3bl MMIysbca (6)
U TIpeACTaBJIECHNEM YYaCTHUKOB peakluu B criekTpe (6).
B leBOM MpsIMOYTOJIbHOM Ti0Jie (@) MpencTaBieHbl KUHETUYECKUE
KpuBble MoHOMepa (M), nmpomexyrouHoro coeauHenust (IT)
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Puc. 4 [5]. Bnusinue koadhduuKreHTa 3all0JHEHUs UMITYJIbCa
Ha TapiyalbHbIe JaBJICHUS BCEX BEIIECTB, JETCKTUPOBAHHBIX
B ria3me (CM. puc. 3): a — IoJiHasi KapTUHA,

0 — KpUBbI€ MaJIOii MHTEHCUBHOCTU B YBEJIMYEHHOM MacliTabe.
Wnentudukanus seuwects: / — CF, (1337 em ') 2— C, Fg (1250 em);
3— CF, (1281 cm™'); 4 — C4F, (1004 cm™"); 5 — C,F 1 (900 em');

6 — C5F4 (1037 em™!). Meprox momyssunm 0,32 ¢
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BEPOSITHO, BCJIEACTBME POCTA AKTUBUPYIOLIEH CITO-
COOHOCTH 3JIEKTPOHOB U YBEJTMIEHUST BHICOKOHEP-
reTUYECKON YacTu (DYHKLMY pACIIpeeIeHIS DJIEK-
TPOHOB IO 3HEPTUAM. TeHAEHLUIO K pPOCTY
00HapyKMUBaET TaKKe KOd(P(PULIMEHT CKOPOCTHU pa3-
JIOXKEHUST 00Pa3yIOLIMXCsI TPOMEKYTOUHBIX COEAM-

HeHuii. [TokasaHa aHajorust ¢ NpoLeccaMy B UM-
IyJIbCHO-MOIY/IMPOBAHHOIA I1a3Me.

PaGora BeimosiHeHa npu nomaepxke Denepalib-
HOM 11e1eBOi mporpaMMbl «HayuHble 1 HaydyHO-TIeAa-
roruyeckue Kaapbel ”HHoBallMoHHOM Poccun Ha 2009—
2013 roapi».
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A.b. CmenaHoB

CUHTE3 BEMBJIETOB
AN HEMPEPbIBHOTO BEUBJIET-NMPEOBPA3OBAHUA CUTHANIOB
S/IEKTPOSHLUE®DATOTPADPUU

DnexTposHuedanorpadus B HaCTOsIIEe Bpe-
MSI SIBJISIETCST OMHUM U3 OCHOBHBIX METOJIOB O0BEK -
TUBHOTO TECTUPOBAHUS (YHKIMI LEHTPATbHOMN
HEPBHOI CUCTEMBI — TOTO [JIABHOTO, YTO XapaKTe-
pU3yeT XMBOI MO3T YeJloBeKa B HOPME U TIPU He-
BpoJiornyeckoii marojgoruu [1].

OnekTposHLedanorpamma (DOT) npencrasisieT
co00i1 CIIOXKHBIN KoJIeOaTeAbHBIN 2JIEKTpUUECKUM
MPOLIECC, KOTOPbII MOXET ObITh 3aperMCTPUPOBAH MPH
PacMoJIoKeHUH 3JIEKTPOIOB Ha MO3Te UJIU Ha TTOBEPX-
HOCTU CKaJibla, U €CTb Pe3yJbTaT 2JEKTPUUECKOTrO
CYMMUPOBAHUS U (DMITBTPALIMM A/IEMEHTAPHBIX ITPOLIEC-
COB, TIPOTEKAIOIIMX B HEPOHAX FOJIOBHOTO MO3ra [2].

OBT umeeT psig 0COOEHHOCTEM, K KOTOPBIM OT-
HocsTCs Tpah037IEMEHTBI, KOTOPbIE MOTYT CUUTATh-
Cs TIaTOJIOTUYECKUMU, apTedaKThl (SIBJICHUS, HE
CBSI3aHHBIE C AESTETbHOCTBIO MO3Ta) U IIP.

Ananmu3 BT ckimagbiBaeTcsl U3 TPeX B3aUMO-
CBSI3aHHBIX KOMITOHEHTOB:

OLIEHKA KauecTBa 3anucu U auddepeHunanus
apTedakToB OT COOCTBEHHO 3J1eKTpo3HLIedanorpa-
(prueckux heHOMEHOB;

YacTOTHAs W aMTUJIUTYIHAs XapaKTepUCTUKU
DBT, BblAeIeHUE XapaKTePHBIX rPahO371eMEHTOB Ha
OOI, a Takke omnpeneaeHUe JOKAIU3alUNA UCTOY-
HUKOB Pa3IMYHOTO TUTIA TOTEHIINAIOB B MO3TE;
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¢dusuonornueckass MHTEpHpeTauus JaHHbIX
1 GOpMYIMPOBaHNE TUATHOCTUIECKOTO 3aKITI0Ue-
Hus [2].

C nosiBjieHEeM KOMITbIOTepHbIX DT -KoMILIeK -
coB aj1eKTpoaHLedaiorpadus Kak MmeTon GyHKL U~
OHAJIbHOM AMATHOCTUKY TIOJTyIMJIa HOBBIM MMITYITbC
pazButusi. C KaxabIM rooM arlrnapaTHasi YacTh CTa-
HOBUTCSI Bce 0oJiee TOYHOM U coXHOI. OgHaKo
camMu MEeTO/bl 00pabOTKHU 3/1EKTPOIHLIedaorpaMm
OCTAlOTCs MpeXXHUMU. TpedyeTcsi BHeAPEHWE HOBBIX
MeTOA0B LM(pPoBoii 06padoTku curHaioB. Kinaccu-
YeCcKMe METOIBI aHAJIM3a UMEIOT PsIT HEMOCTAaTKOB,
B OCHOBHOM 3TO CBSI3aHO C T€M, UTO OHU Pealn30Ba-
HBI C TPUMeHEeHMEeM TTpeodpa3oBanms Dypbe, KOTO-
poe SIBJISIETCS XOPOILIMM METOIOM [Jisl aHaau3a
MePUOANYECKUX (PYHKIMH, CBOMCTBA KOTOPBIX
MPAKTUYECKU HE UBMEHSIIOTCSI CO BpDEMEHEM, HO IL10-
XO TMOIXOINT TSl aHAJIN3a CUTHAJIOB, YbM XapaKTe-
PUCTUKU IIPETEPIIEBAOT 3HAYUTEIbHbBIC U3MEHEHMS
BO BPEMEHHOI 00/1aCTH.

J71s1 pereHus 3TUX po0JIeM TTpeaiaraeTcs Ipu-
MEHSTB BeBIeT-TIpe0Opa3oBaHue.

BeiiBneTsl (wavelets) — 3To 000011IeHHOE Ha3Ba-
HHUE 0COOBIX (PYHKIIMM, MMEIOIINX BUI KOPOTKUX
BOJIHOBbIX [IAKETOB C HYJIEBBIM MHTETPAJIbHBIM 3Ha-
YEHUEM Y C TOW WJIM UHOM, TT0149aC OYE€Hb CJIOXHOM,
(bopmoii, TOKATM30BaHHBIX [0 OCU HE3aBUCUMOI
TepeMeHHOI BpeMeHM,, CITOCOOHBIX K CABUTY TTO HEMt
M MacLITAOMPOBAHUIO (CXKATUIO/PACTSIKEHUIO).
BeiiBeThl KOHCTPYUPYIOTCS C TIOMOIIIBIO CITEII-
aJIbHBIX 0a30BbIX (DYHKIIMI — MPOTOTUIIOB, 3a1a-
JOIIVX WX BUI M CBOMCTBA U YIOBJIETBOPSTIOIINX 1Ie-
JIOMY psify cnietduruyeckux ycaosuii [3].

J17151 BBEISIBIIEHUST TOHKUX OCOOEHHOCTE ! CUTHA-
Jla HanboJiee IpUTOTHO [4] HETIpepbIBHOE BEMBIIET-
npeodpazoBaHue QYHKLUU A1) € L2(R) [5]:

Wah=1 | f(r)w(%jdr,

rae y(7) — dyHKUMS BelBlIeTa; a, b — mapameTphbl, a
onpeaesisieT pa3Mep BeliBiieTa, b 3a1aeT CABUT 11O OCU
BpeMeHU, TaKuTo a, b € R, a=0; Lz(R) — IPOCTpaH-
CTBO (DYHKILIMI1, UHTErPUPYEMbIX C KBaApaTOM Ha R.

Pe3ybTaThl HEMPEPHIBHOTO BEUBIIET-TIPe00pas3o-
BaHUSI MOTYT ObITh BU3yaJU3UPOBAHbI B BUE BEB-
JieT-crnekTporpaMMbl. OHa MpeacTaBIsieT CO00M TpeX-
MEpHBbII rpaduK, MO3BOJISIIOILIUI BbISIBJISITD 1aXe
caMble TOHKME U3MEHEHUSI aHATM3UPYyEeMOT0 CUTHA-
Ja. BeiiBier-crnekTporpaMMa — 3TO 10 CYTH, rpadu-
YeCKOe 0TOOpakeHNe KOppeJIsiLiy MexX 1y 0a3uCHOM
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(yHKLMEN BeliB/ieTa, IOMELLEHHO B TOUYKY b, 1 j1e-
TaJIblO AHAJIM3UPYEMOIO CUTHAJIA, JJIMHOW, pAaBHOU
pa3Mepy BeWBeTa, 115 pa3JIMYHbIX 3HAYCHUI Mac-
mraba. CiaegoBaTeIbHO, M300pakeHUe BEBIIET-
CIIEKTPOTrPAMMBbI OCYILIECTBJISETCS B TPEXMEPHOM
MPOCTPAHCTBE KOOpAWHAT: a, b, W(a,b). Ans ynoo-
CTBa B IPUBEACHHbBIX HUXKE IrpadrKax 3HaUeHUsI 10
ocu W(a,b) oTKnanbiBaloTCs HACBILLIEHHOCTbIO TOHA.

IIpu pewenuun 3amay Busyagusauuu DOI
U uAeHTU(DUKALIMKA OCOOEHHOCTEN HanboIee akTy-
aJIbHBIM CTAaHOBUTCSI BOIIPOC BbIOOpa 0aszucHOM
(byHkuMY BeiiBaeTa.

ITpoBeaeHHbIE 3KCIIEPUMEHTHI 110KA3a11, YTO
CYIIECTBYET PSII TPAAVIIMOHHBIX BEUBIICTOB, HATTPH -
mep symlet 2 (puc. 1, a; rpacuk I), KoTopbie Mo3BO-
JISTIOT TTOJTYYUTh KaYeCTBEHHBIE BEMBIIET-CITEKTPO-
rpammbl (puc. 1, 6, npumep I).

OmHaKoO 3THU BEUBIETH HE MOTYT CUMTAThHCS
afarTUPOBAHHBIMU ISl aHATN3a BJIEKTpOsHIIeha-
JIOTPaMM.

B nanHoii paboTe npeniaraeTcsi Npou3BOAUTH
CUHTE3 BEIBIICTOB IIJIs1 HEMIPEPBIBHOTO BEUBIIET-TIPE-
o0pa3oBaHUs Ha OCHOBe 00pa31ioB DO -cUurHamsoB.
B xauecTBe 00pasiia MOXKET BBICTYIIATh JIF00O0I (hpar-
meHT DOI, HO HauboJjiee onpaBaaHO UCII0JIb30Ba-
HUE C 3TO LEeTbI0 (PparMeHTOB, COIEPKAIIINX OCO-
o6eHHocTu DOBOI; 3TO MO3BOJUT BIIOCJIEICTBUU
WACHTUOUIINPOBATD UX BO BCE COBOKYITHOCTH I'pa-
hosnemenToB DI

TTpu npoueaype cMHTe3a TOJXKHbI COOMI0AATh-
Cs1 OCHOBHBIE TpeOOBaHMS, IPEAbsIBsSIEMbIe K BEIB-
JleTam:

KOMIAKTHOCTb HOCUTEJIS,;

HyJIEBOE MHTETpaAIbHOE 3HAUCHME.

ImaBHas mpobieMa, KOTOpYIo HEOOXOAUMO pe-
IIATH ITPU CUHTE3¢ BelBIIeTa, — 3TO €0 MaTeMaTH -
YecKoe OMMCcaHMe, MOCKOJAbKY (DYHKLIMSI, HA Oa3e
KOTOpOU TUTAHUPYETCS TIOJYYUTh BEHBIIET, MOXET
OBITh JOBOJILHO CIOXHOIA.

CornacHo Teopeme Beiiepirpacca, mst 10001t
HenpepbIBHON (PYHKIIMU MOXHO IOJ00pAaTh [ocJie-
JIOBATETbHOCTb MHOTOWJICHOB, pABHOMEPHO CXOISI-
LIMXCS K 9TOi (PyHKLIMU Ha oTpe3Ke. Heobxoaumo
peIInTh 3a1auy anmpokcumMannu. B cimydae cunTe-
3a BeBJIETOB J1s1 HEMTPEPHIBHOTO BEMBIET-TIpeoopa-
30BaHUS MOXET MPUMEHSThCSI METOI, HAMMEHBIITNX
KBaApaToB U (DYHKIIUS BUIA

() = cypo(x) + €191 (X) + ...+ €0,,(%).

IIpu 3T0M €cnu uncio KodhGULIMEHTOB arll-
POKCUMALIUU OyIET PABHO YUCJIY Y3/I0B DYHKLIUU,
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Puc. 1. llpumepsl BeliBieT-crieKTporpaMm (8) (hparmeHTa 2j1eKTpodHIedanorpaMmsel (0)
C KUCIIOJb30BaHUEM Pa3IMYHbIX 0a3UCHbIX (DYHKIIMIT BEiiBIETOB (a):
I — y -dyakuuu symlet 2; 11, 111 — cHTe3MpOBaHHBIX BEUBIETOB,
IIOJIYU€HHBIX, COOTBETCTBEHHO, C IIPUMECHECHUEM ITOJIMHOMA TSITOM CTeTleHn
v pubaMkeHreM K GYHKIMM f{X) METOIOM HAMMEHBIINX KBaIpaToOB
B TIPOCTPAHCTBE OPTOTOHATBHBIX (DYHKIIMIT
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TO CpemHeKBapaTUIeCcKasi arrmpoKCUMAaIIns COBIIA-
IeT ¢ uHTepnosiuueii Jlarpanxa [6]. U ipu otcyT-
CTBUM BBIYMCIUTEIHHON MOTPEITHOCTH aIlIPOKCH -
Mupylolias QYHKIUS MOJHOCTbIO COBMECTUTCS
C alIpPOKCUMUPYEMOM.

B kauecTBe anmnpoKcuMupytoliei GyHKIUNU MO-
KT BBICTYTIATh, HATIPUMED, alre0pandecKuii moyim-
HOM m-TO MopsIaKa:

Fx)=ay+ ax+ ayx*+ ...+ a,x". (1)

PacmiupenHas matpuua [pama Oynet BbITISIACTh
cJeayoIM 00pa3oM:

OnHako HabirogaeTcs cienyolnas 3aKOHO-
MEPHOCTb: UeM CJIoXKHee (hyHKLMSI, TEM OOJIbLIUIA
NopsIIOK moanHoMa Tpedyercsi. [IpoBeneHHBIE UC-
cJeJ0BaHMsl OKA3aJu, UTO IIPUMEHEHUE TAKOIO
MOJMHOMA MPU CUHTE3€ BEHBIETOB IOMYCTUMO MU
JI0BOJIbHO IIPOCTOH aganTupyloueid QyHKLUN.

[lpu yBenuyeHUU CTENEHU MOJUHOMA 10 6—7
U BblLLE BO3HUKAIOT CJIOXKHOCTU MPU pacueTe, a Kak
CJIeICTBUE — UCKAXEHUSsI, CBSI3aHHBIE B IIEPBYIO OUE-
penp ¢ poodIeMoii IJ10X0i 00ycJIOBIeHHOCTU. bonb-
LLIAsT TTOTPELTHOCTb IMIPUBOAUT K IMTOBBILLIEHHOM OCLIVIT-
gsauuu. Ecnm Obl mpuMeHsieMbIii MOJMHOM ObLI
OPTOTOHAJIbHBIM, TO HEIUATOHAIbHbIE 3JIEMEHTBI MaT-
puubl Ipama 6bu11 Obl O7IM3KM K HYJTHO, UTO MOJIOXM -
TeJIbHO OTPA3UI0Ch ObI HA TOUHOCTH AITIPOKCUMALIVN.

Hapuc. 1, a (rpacduk 11) npuBeaeH CMHTE3UPO-
BaHHbII BEMBJIET C UCTIOJIb30BAHUEM TTOJIMHOMA S-1i
crerneHu. BunHo, 4yTo monydyeHHBIN BeliBieT obJia-
JAeT IOCTATOUHO MpocToit (hopmoii. Jlaxke ams Ta-
KO 3jieMeHTapHOI 0COOEHHOCTH KaK IJIA3HOM ap-
TedakT, moJiyueHHas1 0a3ucHast (PyHKIIMS HE CMOTJIa
MOJIHOCTbIO MOBTOPUTH (hOpMY 0Opa3La.

Hapuc. 1, ¢ (rpapux I) npuBeaeHsl pe3yibTa-
Thl HENPEPLIBHOT'O BEMBJIET-IPe00pa30BaHUsI, TIOJTY-
YeHHbIE C TPUMEHEHNEM CUHTE3MPOBAHHOTO BEiiB-
JleTa Ha OCHOBe oOpasua r1a3Horo apredaxra.
BeiipneT-cnekTporpaMma 0oJjiee JIOKaJIuM30BaHa,
HMMEET SIPKO BbIPaXKeHHbIE MPU3HAKH, ITI03BOJISIIOLLIAE
UIEHTU(ULMPOBATH OCOOEHHOCTU, 00JanaeT Jyd-
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LM BPEMEHHBIM pa3peleHrueM, YeM MPU UCTIOJb-
30BaHUU TPAAULIMOHHbBIX BEHBJIETOB.

Jlna aHainu3a 0oJiee CIOXHBIX 0COOEHHOCTEN
HEeo0X0AMMO, YTOObI BEWBJIET MPAKTUUYECKU MOJTHO-
CTbIO TOBTOPSLI (popmy oOpa3La. st HarIsIIHOCTU
paccMOTpUM TOT ke 00pasell, HO MpU MpoLeaype
CHHTE3a OBLICUM TPeOOBAaHUS K 0a3UCHOM PYHK-
1y Beiipneta. OHa 10KHA MPaKTUUECKU TTOJTHOC-
ThIO COBNAIATh C 0OPa3LIOM.

C oToMi LIeIbI0 HEOOXOAMMO HATU HanJTyJllIee
npubarXKeHue K f{x) B IPOCTPAHCTBE OPTOrOHAJIb-
HBIX (DYHKLWIA, HATPUMEDP, MOXET MPUMEHSIThCS
MHorouwieH JlarpaHxa:

n
L,(x)=) f ><(A/B),
k=0
rie
A=(x=xp)(x =) = (X =Xy )x
X (X=X 1)~ (X = x,);
B = (x —x0)(xp = x1) = (X =X )%
XX =X 41) = (X = %,).

Ha puc. 1, a (rpadux I11) mpuseneH npumep
CUHTE3MPOBAHHOTO BeiBIETa, MOJY4EHHOTO OH-
CaHHBIM METOIOM, a Ha puc. 1, & (rpadux I111) —
COOTBETCTBYIOIIIAs BEMBIET-CIIEKTPOrpaMma.

bbl10 BBIUKCIEHO MaKCUMaJIbHOE U CpedHee
KBAIPATUYECKOE OTKJIOHEHUE KAXKIOM ITOJTYYEHHOMN
Oas3ucHol (yHKLIMU BeliBleTa OT oOpa3lia OpUru-
HaJIbHOTO curHana. Jljisi mepBoro MeTona Makcu-
MaJIbHOE OTKJIOHEHUE COCTaBWIIO 6,2 MKB, a cpen-

Hee KBanpaTtuyeckoe — 5 MkB; nsa Btoporo — 0,7
1 0,1 MKB cOOTBETCTBEHHO.

TakuM 0O6pa3oM, Ha OCHOBAHUU TMOJIYYEHHBIX
pe3yIbTaTOB MOXKHO CIeJaTh BHIBOM O TOM, UTO TSI
CUHTE3a «IIPOCThIX» BEBIETOB (HampuMep Ha 0ase
00pa3lia ma3Horo aprepakTa) MOIyT HPUMEHSIThCS
noauHoMbI Buaa (1), Ho [ist 0osiee «CI0XKHBIX» Beil-
BJIETOB MJTY TIPY HEOOXOIMMOCTH TepeIaun BeiBIie-
Ty TOYHBIX XapaKTepHUCTUK 00pa3iia peKOMeHIAyeT-
Csl MPUMEHSTH NpubaMKeHue K f{x) mo meromy
HaMMEHbIINX KBaApaTOB B MMPOCTPAHCTBE OPTOTO-
HaJIbHbBIX (DYHKLIMIA.

NHpOPMATUBHOCTb  BEHBIET-CIIEKTPOTPAMM,
TTOJTYYeHHBIX Ha OCHOBE HETIPEPBIBHOTO BEMBIIET-TIPE-
00pa3oBaHMsI ¢ MPUMEHEHNEM CUHTE3UPOBAHHbIX BEli-
BJIETOB, HE BBI3BIBAET COMHEHUs. MX BpeMeHHOe
paspelnieHre 3HaYMTeIbHO BhIle, TH(POPMAaTHBHbBIE
MNpY3HAKY OCOOEHHOCTEM Ha HUX 00JIee JIOKATM30BaHbI.
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MATHUTHBIE CBOMCTBA HAHOCTPYKTYP ®TOPUAA KAOMUSA

B03MOXHOCTU KBAHTOBAHUSI JHEPTUU HOCUTE -
Jiel TOKa B TIOTEPEeYHOM MAaTHUTHOM ITOJIe OBLTU
ctporo ooocHoBanbl JI.JI. JlTanmay [ 1], koTopsiii mo-
KazaJji, 4YTO B 3TOM CJTy4ae HeTpePbIBHbIN SHEPTreTH -
YeCKHUIi CIIEKTP CBOOOIHBIX 3JIEKTPOHOB TpaHC(Op-
MUPYETCsI B CUCTEMY ITOA30H

E,= ho,(v+1/2),

roe o, = eB/m* (m* — s¢dpdextuBHasa macca, e —
3apsi BJEKTPOHA), v — HoMep YpoBHsI JlaHaay.

DTH yCcIOBUS KBAaHTOBAHUS TTPAKTUIECKU He-
MeIJIEHHO TTOJTYIMITN 9KCITEPUMEHTATBHOE TIONTBEP-
JKIIEHME BCISACTBUE OOHAPYKEHUST IBYX (PyHIaMeH-
TaJbHBIX 3((HEKTOB ITPU UCCTIEAOBAHNY ITIOBEICHUS
MPOAOJLHOrO conpoTunieHus (apdekt LIyoHnKO-
Ba — ne [aaza (IIal') [2, 3]) u¥ MarHUTHOM BOCTIpU -
umunBoctu (3ddekr ne [aaza — Ban AnbdeHa
(nI’'BA) [4]) BucMmyTa B nornepe4HoM MarHUTHOM
noJjie. B o6oux cayuasx ObiM 3aperucTpupoOBaHbI
OCUMJIISILIUY TPAHCTTOPTHBIX XapaKTEPUCTUK B 3a-
BUCHUMOCTH OT BEJIMUMHBI BHEITHETO MAarHUTHOTO
TTOJIST, TIEPUOJ KOTOPBIX COOTBETCTBOBAJ 9HEPTETH -
YECKOMY 3a30py 7o, Mexay ypoBHaMU Jlanaay. [Tpu
3TOM MaKCUMYMBI OCHUJUISIINIA COTIPOTUBIICHUS
W MarHUTHOW BOCTPUHMMYMBOCTHU HaOIIOIAINCh
KaXXIbIi pa3, Korma TMpu M3MeHEHMH MarHUTHOTO
TTOJIST COBMANANN 3HAYEHUST DHEPTUM OUYEPEITHOTO
yposHsi Jlannay u yposHst @epmu £, No3uLMsi KOTO-
POTO COOTBETCTBYET MAaKCUMATbHOM SHEPTUY CBOOOI -
HbIX HOcHUTesel Toka B oopasie. COOTBETCTBEHHO,
MMHUMYMbI OCLUMJLISILAI COTTPOTUBIIEHNUS] 1 MATHUT-
HOW BOCTIPUMMYWBOCTH PETUCTPUPOBATIUCH B YCIIO-
BUSIX, KoraIa ypoBeHb DepMu (pUKCUpoBaIcsa MeXIy
IBYMS COCETHUMU ypoBHsIMU JlaHmay.

B nanbHeitem adhdextol IlyOHUKOBA — ne
Taazau ne [aaza — Ban Anb(eHa pa3BuiInCh B KJ1ac-
cHUYecKre MeTOIbI B (PM3MKe TBEPIOTO Teja v (hH3M-
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K1 MOJIYNpoBOAHUKOB. OCOOEHHO MHTEPEC K UCCIIe-
moBaHusiM ocuwuisiuuii [llyonukosa — ne Taaza
BO3pOC TIOCJIEe Pa3BUTHUS TEXHOJOTUM TTONydeHUS
HU3KOpa3MEPHBIX IMOJYITPOBOTHUKOBBIX CTPYKTYP
C BBICOKOIi TTOABMXKHOCTBIO HOCUTENEH TokKa [35].
CieayeT OoTMETUTD, 4To ocuuisiuuu LlyoHukoBa —
ne [aaza He TOIbKO MO3BOJISIOT ONIPeeUThb 3HaUe-
HUS TIJIOTHOCTU HOCUTEIel ToKa U3 UX Tepruoja, HO
U SIBJISTFOTCS BaXKHOM COCTABJISIIOLIEH MCCaeI0BaHUS
KBaHTOBOTO 3(pdekTa XoJj1a, MOCKOJbKY MO3ULIUN
MX MAKCUMYMOB CBEPXTOYHO COTJIACYIOTCSI C CEpe-
JWHAMU CTYTIEHEK KBAHTOBOM JIECTHULIBI XOJIJIOB-
ckoro conportusienus [6]. B cBoro ouepenn, s dexr
ne Taaza — Ban AnbgeHa cTajl MOIIHBIM UHCTPY-
MEHTOM WuCclenoBaHuii moBepxHocTn Pepmu,
MOCKOJIbKY IMePUO OCUMIISIIMI MATHUTHOTO MO-
MEHTa, paccMaTpuBaeMblil Kak pyHkuusi 1/H, He-
TOCPEACTBEHHO B3aUMOCBSI3aH C IIOIIAIbIO €€ MaK-
CUMaJIbHOTO WJIW MWHUMAJIbHOTO TIOTIEPEYHOTO
CeUeHUS TJIOCKOCThIO, TIEPIeHANKYISIPHOW MarHUT-
Homy moJito H [7]. OcobeHHO MHTEHCUBHO UCCIe-
TIOBaHUS 10 MACHTU(WKALINY TToBepxHOCTH Depmu
Pa3IMYHbIX METAJLIOB, MOJYIPOBOAHUKOB U CBEPX-
TPOBOIHUKOB CTAJTN TTPOBOAUTHCS ITOCIIE CO3TAHUS
(bynmamenTanbHo Teopun Jinudimmua — KoceBu-
Ya, B paMKaX KOTOPOi1 OBLJIO TTOJTy4eHO COOTHOIIIE-
HME, CBSI3bIBAIOILEE OCLIIMPYIOIUIA MATHUTHBIA
MOMEHT C 9KCTPEMaJIbHBIM CEYEHEM ITOBEPXHOCTHU
®depmu [8]. Kpome TOro, nojydyeHHast T€OpeTuye-
cKasl 3aBUCUMOCTb aMTUIUTyd ocuuasuuii Ll
u 1I'BA oT TemriepaTyphbl MO3BOJIMIA MCTOJIb30BaTh
WX U3MepeHust 15 omnpeneaeHus: apOeKTUBHOM
Macchl HOCUTEJIeH ToKa, UTO MPeaCTaBIsieT mpak-
TUYECKUI UHTEPEC, B YaCTHOCTH 151 PUBMKU HU3-
KOpa3MepHBIX CTPYKTYD [9].

OnHako B TeYeHME JOJITOTO BPeMEH! He yIaBa-
soch Habmoaath ocumissuuu HIal u af’BA nipu
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temmeparype 7 > 30 K u3-3a xecTKOCTU yCJI0BUSI
CUJIBHOTO TIOJIST

oT=uB>>1 (1)

(B — vHIYK1IMs MATHUTHOTO MOJIST), KOTOPOE COOT-
BETCTBYET BbICOKOI MOABUXKHOCTHU [ = (et)/m * HO-
cuTeliel ToKa U BBITIONHSIETCS TTPU HATMYU Y HU3KOTO
3HaueHMs1 3(D(PEKTUBHOM Macchl m *1 OOJIbILIOTO Bpe-
MeHu penakcaunu MmomeHTa 1 [ 10]. Kpome Toro, pe-
ructpauuy ocuwusiuyii Hnl' n i’ BA npenstcTBy-
€T TETJIOBOE pa3MbITUE B Cllyuae HEBBITIOJHEHMUS
yenoBust ho, > kT (k— nocrosinHas bonbumana).
Tem He MeHee, ocumLsiuuu LAl bl oOHapyKeHbl
MpY KOMHATHOM TemIieparype B rpadeHe 61arogapst
HU3KOU 3(peKTUBHOUI Macce HocuTenel (mopsiaka
10~ M), XOTSI IUTST MX PETUCTPAaLY TTOHAaIOOMIIOCh
KCIOJAb30BaTh MArHUTHOE ToJie BeanuuHon 29 T
BCJIENICTBHE KOPOTKOTO BPEMEHH PelakCallii MOMEH-
ta [11]. Takum 0Opa3zom, peanu3anus yCIOBUS CUITb-
HOTO TOJIST B CJIA0BIX MATHUTHBIX TTOJISIX OCTABaach
MPaKTAYECKU HEPELLIEHHOM 3a1a4eil.

Euie 6oJiee )kxecTKMEe OrpaHUYEeHMSI CYLLIECTBY -
0T aJ1s1 HaOmoaeHus ocuunsguuii 1’ BA B cBepx-
MPOBOAHUKAX, MOCKOJIbKY BeJITMUMHA MATHUTHOTO
MoJisi, HEOOXOAMMOTO JIsI UX pErucTpalu, o0blu-
HO [IPeBOCXOAUT KpuTuueckoe nnose H,, pasosoro
repexoaa U3 CBEPXITPOBOISIIETO B HOPMATbHOE CO-
crostHue. [ToaToMy B KJIaCCUUYECKUX CBEPXITPOBOI-
Hukax ocuuuisituu A’ BA MOTyT NposiBUTHCS B 00-
JJACTU OYEHb HU3KUX TEMMEPATyp —

T<eH,/2w’m* ~ T}/Eg, Q)

rie ¢ — CKOpOCTb CBeTa, 1, — KPUTUUECKAsl TeMIIe-
patypa repexoja B CBEpXMPOBOSILIEE COCTOSTHUE
[12,13].

JlaHHO€E OrpaHUYeHME B 3HAUUTETLHOM CTETIEHU
CMSITYAETCsI B CBSI3U C Pa3BUTUEM TEXHOJIOTUU BbI-
COKOTEMMEPaTYPHbIX CBEPXTTPOBOJHUKOB, /151 KO-
TOPBIX U3MepeHUus ocuuansuuii 1’ BA craHoBSITCSI
OIIHMM U3 OCHOBHbBIX METOIOB UAECHTU(UKALIUY Me-
xaHu3Ma cBepxinpopoaumoctu [14, 15]. [Tpuuem
0COObI MHTEPEC BbI3bIBAIOT MOAEIbHBIE TTPENCTAB-
JIEHUSI BBICOKOTEMIIEPATyPHbIX CBEPXIIPOBOJHUKOB
B paMKax MOCeI0BATENbHOCTU JKO3e(PCOHOBCKUX
Mepexoa0B, IPEACTABISIONIMX CO00 cuctemy
CBEPXITPOBOASIINX 5-0apbepOB, pPa3Ae/JIeHHBIX KBAH-
TOBOPA3MEPHBIMU IUIJIEKTPUUECKUMU WU METaI-
JIMYECKUMU MPOCIIONKAMU.

M mMeHHO B 1O10OHbBIX 15KO3e(COHOBCKUX COH/I-
BUY-HAHOCTPYKTYpax ObLIO peaju30BaHO MPpUOIU-
JK€HUE CUJIBHOTO I10JIs1 [TPYU BICOKMX TeMIIepaTypax

B CJIA0OBIX MATHUTHBIX ITOJISIX [ 16—19]. DT HaHOCT-
PYKTYpBI, MOJYyYeHHbIE HA TOBEPXHOCTU KpUCTAJLIa
(bTopuma kagMusi n-TUIA TPOBOAUMOCTHU, ITPEACTAB-
JIsiIM co0Oil CBepXy3Kyto (2 HM) KBaHTOBYIO SIMY
¢dropuna kanmust CdF, p-tuna, orpaHUyYeHHYIO
d-0apbepaMi, MPOSIBASIOIIMMU CBEPXTTPOBOASINE
CBOICTBA, BCJIEACTBHUE KOTOPBIX IBYMEPHBIE AbIPKU
00J1agaloT Maioil 3(p(HEeKTUBHOM MACCOi1 M OOJIBLINM
BpeMEHEM peJlakcallui MOMEHTA, UTO [TO3BOJIMIIO 3a-
peructpupoBatb octyLIsiuuu L nl npyu KoMmHAaTHOM
temreparype [16—18]. [Toatomy 0coObIil MHTEPEC
K TAKUM HaHOCTPYKTYpam 00yCJIOBIEH BO3ZMOXKHOC-
TSIMUM U3y4YEeHUSsI B3AMMOCBSI3aHHOCTHY CBEPXITPOBO/ISI -
LLIMX CBOMCTB 8-0apbepOB M KBAHTOBAHUS SHEPTUU
HOCHUTeJIell B OrpaHUYMBAEMbIX UMM KBaHTOBBIX
siMax, TTPOBOJIOKAX U TOUKaX, €CJIM CBEPXITPOBO/IS -
11ast JUIMHA KOT€PEHTHOCTU U (hepMUEBCKasl AJIMHA
BOJIHBI OTJIMYAIOTCS He3HAYUTeNbHO [17]. JlanHas
B3alMOCBSI3aHHOCTb MOXET ObITb OOHApY>KeHa B UC-
CJIeIOBaHMSIX KaK MOMEePEeYyHOro, TaK 1 MPOA0JbHO-
ro tpaHcrnopra. B yactHocTy, Npu TYHHEJIMPOBAHU A
yepes COHIBUY-HAHOCTPYKTYPY, KOTOpasi MpecTaB-
JIsIET co00ii IBOMHOM O6apbep, HAOMIOAACTCS CUHX-
POHHOE TMOBEAEHUE CTIEKTPaIbHbIX 3aBUCUMOCTEM
CBEPXTOKA U ITPOBOAMMOCTHU ABYMEPHBIX JIBIPOK, Pe-
TUCTPUPYEMBIX COOTBETCTBEHHO HUKE 1 BbILLIE TEM-
repaTypbl CBEPXIIPOBOIAILIETO ITepexoaa 6-0apbepoB
[17,18]. BaTOM ciiyyae MUKOBbIE 3HAUEHUST CBEPX-
Toka [, u npoBopuMocTu G, COOTBETCTBYIOT IHEP-
FeTUYECKUM TIO3ULMSAM YPOBHEH pa3zMepHOro
KBAHTOBAHUSI, a UX COOTHOIIIEHUE OTpaxkaeT B3au-
MOCBSI3aHHOCTb MPOLIECCOB TYHHEIUPOBAHUSI OfU -
HOYHBIX AbIpoK n ux nap 1,/G, = nA/e[17, 18, 20].
B cBo1o ouepenb B UCCAEI0BAHUSIX KBAHTOBAHUSI
XapaKTepUCTUK TTPOIOJHHOTO TpaHCTIOPTA B COH/I -
BUY-HAHOCTPYKTYPE CJAEAYET OXKUAATh MPOSIBJICHUSI
B3aMMOCBSI3aHHOCTU CBEPXIIPOBOJSILIUX CBOMCTB
d-0apbepoB 1 KBaHTOBaHUs JIaH1ay BCieacTBHE Ha-
JIMUUST AUCKPETHBIX COCTOSIHUI bo3e-KoHmeHcaTa,
KOTOpbIE TTOABEPKEHbI BIUSIHUIO BHEIITHETO MATHUT-
HOTO IOJISI M TEMIIEPATYyPhl, YTO MOXKET MPUBECTU
K U3MEHEHMUIO TJIOTHOCTU U 3(P(PEeKTUBHOI MacChl
JIBYMEpHBIX HocuTeneil. B HacToseii padoTte mono0-
Hble 3(PheKThbl ObLIM OOHAPYXKEHbBI B TEeMIIEPATYPHBIX
3aBUCUMOCTsIX ocuuisituii Al BA B COHABUY-HAHO-
CTPYKTYpax Ha OCHOBe (hTOpuIa KaaMusl.

SKCﬂepI/lMeHTa.ﬂbHaﬂ 4acCThb

[InanapHbie canaBuu-Hanoctpyktypol CdB,F,_ /
p-CdF,-QW/CdB_F,_, 0bu11 MOTy4eHbI C TOMOILBIO
nuddy3umn 6opa U3 ra30B0oi (pa3bl HA MIOBEPXHOCTU
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kpuctaiuia n-CdF, tonuunHoii 1,0 mm, npeasaputesib-
HO JierupoBaHHoOro uttpueM [17, 18]. BonsT-amnep-
Hasi xapakTepuctuka (BAX) coHABUY-HAHOCTPYKTYP
MpOosIBUJIA HE TOJbKO HAJIMUKE 3aNpellieHHON 30HbI
wupuHoit 7,8 3B B CdF,, kotopoe nemoHcTpupyer
(OpMUpOBaHUE p* —n-TIEPEXOIIa, HO U CIIEKTP YPOB-
HEW KBAHTOBAHMUS IBYMEPHBIX JbIPOK B KBAHTOBOW
ame p-CdF,. U3smepenus TynHenbHBIX BAX, cTa-
TUYECKOM MATHUTHOM BOCIPUUMMYMBOCTU U TEIJIO-
€MKOCTHU MO3BOJIUIN UAEHTU(DULIMPOBATb CBEPX-
nposoasilue cpoiictea d-6appepoB CdB,F, .,
OTPaHWYMBAIOILMX CBEPXY3KYI0 KBaHTOBYIO iMy CdF,
p-tuna npooaumoctu [17, 18]. Kpome Toro, 6buiu
3apeructpupoBanbl ocuyustiun Lal [16], a takke
BAX, nposirsitoiine 3(pheKThbl CMTMHOBOTO TPaH3KC-
TOpa ¥ KBAHTOBOT'O CITMHOBOTO 3 pekTa Xosa.

B Hacroseit pabote npoBeneHbl JeTajlbHbIe
U3MEPEHUS MOJIEBbIX M TEMIEPATYPHBIX 3aBUCUMO-
CTE CTAaTUYECKOM MArHUTHOW BOCITPUUMUYUBOCTH
C LIeJIbIO BBISIBIIEHUST OCOOEHHOCTE! peructpauum
ocumisiunii i’ BA B uHTepBaje temneparyp BOJIM-
31 KpUTUYECKOI TeMIlepaTypbl nepexoaa 6-oapbe-
pos CdB,F,_ | BcBepxnpoBozsilee COCTOSTHUE.

OKcnepuMeHTAIbHbIE UCCIEI0BAHUS, B TOM UKC-
sie addexra 1’ BA, npoBoaUIUCh ITyTeM U3MEPEHUST
CTATUYECKOW MArHUTHOM BOCTIPUUMYUBOCTH B IMa-
Ma30He HaTIPsSLKeHHOCTe MarHUTHBIX Tosieit 0—1,1 T
B uHTepBasie Temrepatyp oT 280 1o 350 K meTogamu
®Dapanest u ['yn Ha ycraHoBke MGD 312 FG B aBTo-
MaTU3UpOBaHHOM pexume. Harpes u oxyaxaeHue
00pa3iia oCyIlIeCTBISUIUCH B aTMOC(hepe UHEPTHOTO
raza — rejamsl.

B ocHoBy meTonoB @apaznest u [yu 1oJioxeHo
U3MEpeHUE CUJIbl B3aMMOAECWUCTBUSI MaTepualia
C BHEIITHUM MarHUTHBIM IOJIEM, MOIYJTb UHIYKIIUU
KOTOPOTO U3MEHSIETCS MO «BbICOTE» 00paslia.

B meTone ®apanesi CBsi3b MEXK /1y 3HAUEHUEM CTa-
TUYECKOW MAarHUTHOU Bocnpuumuusoctu (7, B)
u u3mepsiemoii cunoit (7', B) («<MarHUTHBIM Be-
COM») OIpENEIsSIeTCS BbIpaXkeHeM

F(T,B)

xT,B) =W-

3)

IpagueHT uHaykuuu dB/dz BHELIHEro MarHuT-
HOTO MOJISI CO3IAETCsI CIIeLMaIbHOM (hOPMOIA ITOTIOC-
HbIX HAKOHEYHMKOB MAarHuTa, a Mpou3BeAcHUE
B(dB/dz) nmeeT omnHAKOBOE 3HAUCHUE 11O BCEMY
00BeMY, 3aHMMaeMOMY 00pa3LIOM.

s mpoBeneHus U3MepeHnii o0pa3el IIoMelia-
€TCsl B KBapLEBYIO YallleuKy, KOTOPAasi COeAMHSIETCSI
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C Becamu IMOJIBECOM M3 TOTO ke MaTepuana. Cuia
Fy(T,B) HaxonMTCsl KaK pasHOCTb CUJIbl B3aUMO-
JIEWCTBUSI C MATHUTHBIM TTOJIeM o0pasiia, ToMeleH-
HOTO B YallIeyKY, U CUJIbI, AEUCTBYIOLLEN HA ITYCTYIO
Yalleyky Mpu TeX XKe BHELIHUX yCIOBUSIX.

Kanu6poBka ycTaHOBKY IPOBOAMUIACH C TOMO-
1IbI0 ATAJIOHHOTO 00pa3iia, B KaUeCTBE KOTOPOTO
HCTIOJTb30BAJICS MOHOKPHUCTAJT MATHUTHO-YHUCTO-
ro dochuna nHAUSI ¢ BOCIPUUMUUBOCTBIO )} =
=_313-10% e’ /T. [Ipryem BeICOKAsI UyBCTBUTETb-
HoOCTb OanaHcHoro criektpomerpa MGD 312 FG,
107°—-1071° CGS, obecneunBana BBICOKYIO CTa-
OMJIBbHOCTb KaNMOPOBKU 3HaueHuii B(dB/dz).

B meTone [yu cratnueckast MarHUTHAsI BOCIIPU -
MMYUBOCTD OTTPENEIsIeTCs BhIpaKeHUEM

Fy(T,B)

m(B/2L)
st co3naHusl rpaaideHTa MAarHUTHOIO IOJIs
OJIMH KOHell o0pa3lia IJMHON L moMelaeTcs B of1-
HOPOAHOE MAarHMTHOE M0Jie MHAYKLIMEH B, a BTopoii

HaXOOWUTCS BHE TONS (MHOYKLWS B 3TO 00IacTh
[10JIaraeTcsl PAaBHOI HYJIIO).

xT.B)= “4)

Pe3yabraTsi 1 uX 00CyKI€HHE

OKcrnepuMeHTalbHbIe TTOJIEBbIe 3aBUCUMOCTHU
CTAaTMYECKON MATHUTHOW BOCTIPUUMYUBOCTU IEMOH-
CTPUPYIOT ocUMIsIIMY e [aaza — Ban Ab(deHa,
MepUoa U aMILTUTYIa KOTOPBIX 3aBUCST OT TEMIIE-
paTypbl B BblllieyKazaHHOM uHTepBaie 1 = 280 —
350 K (puc. 1). ITpu aTOM HabIIOOAIOTCS ABE Yepe-
nyromuecst ocumyssuuu I BA ¢ oTinuarommmMcs
BJIBa pa3a epuoJoM, YTO YKa3bIBAET HA 3ABUCHMOCTb
TUIOTHOCTU JIBYMEPHBIX IBIPOK OT TeMIIepaTyphbl.
TTpuHKMMasi BO BHUMaHKe 3HaUeH1e HOMepa BEpXHe-

Prp ( h—
2eB/h
TTOCTOSTHHAA l_[.J'[aHKa), MBI MOXEM OLEHUTD TIJIOT-
HOCTb IBYMEPHBIX ABIPOK P, ), OTIPEAEIISAA TTIOTTOXKE -
HHE COCETHUX MAKCUMYMOB B 1 32 OTUX OCHUJIJIA-
Ly B O6paTHOM MAarHuTHOM I10JI€,

O 3aIOJIHEHHOT0 YpoBHs JlaHmay v =

Vl _Vz = pzD - pzD = 1 =
2eB,/h 2eB,/h

N 3 e 1
P20 = /By =(/By

IMonyyeHHBIE TeMIlepaTypHbIe 3aBUCUMOCTHU
TUJIOTHOCTU IBYMEPHBIX ABIPOK MOKA3bIBAIOT, UTO €€
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3HAUEHME U3MEHSETCsI B MPOTUBO(A3E C AMILIUTY-
noit ocunuisiuuii 1’ BA (puc. 2, au 6). UHbiMu ciio-
BaMM, YBeJIMUEHUE TUIOTHOCTU ABYMEPHbIX IbIPOK
COTIPOBOXIAETCS IMAaMAarHUTHBIM OTKJIMKOM 8-0a-
PbEPOB, OrPaHUYMBAIOLINX KBAHTOBYIO SIMY (hTOPH -
JIa KaaMus p-Tuna rnpoBoauMoctu. Kpome Toro,
Hajauuue AByX TUNoB ocuwsuisiuuit i’ BA aBToma-
TUYECKU MPUBOIUT K JBYM MOCIEI0BATEIbHOCTIM
MOJIyLE/bIX 3HAUEHUI V, KOTOPbIe COOTBETCTBYIOT
nx makcumymam: 1 — v =20,5; 1,5;2,5;3,5u2 —
v=1,5;2,5;3,5;4,5;5,5.

CrenyeT OTMETUTD, YTO COHIBUY-HAHOCTPYKTY-
pot CdB F,_ /p-CdF,-QW/CdB,F,_, ucciaenosa-
JIMCh B JaHHOM paboTe B MArHUTHOM I10J1€ HUXKE KpH-
TUYECKOI BETMYUHBI H ,», TPY JOCTVXKEHUN KOTOPOiA
HabJ01aeTCsl UCYE3HOBEHUE CBEPXITPOBOMASIIIINX
cBoiicTB d-6apbepos [17,18]. OnHako gruaMarHuT-
HBI XapaKTep CTATUYECKOM MATHUTHOUN BOCTIPUUM -
YMBOCTU HE paCIPOCTPAHSIETCS HA 00J1aCTh C1a0bIX
MarHWTHBIX Tosieit (cM. puc. 1). DTo, Ha MepBbIi
B3LJIsLI, TIapaJ0KCAIbHOE ITOBEICHUE BITOJIHE O0bsIC-
HUMO, €CJIU TPUHSATh BO BHUMaHUE (PpaKTaIbHYIO
CTPYKTYpPY 6-0apbepoB, KOTOPBIE COCTOST U3 Uepe-
TYIOIIMXCSI CBEPXITPOBOISILIAX U HECBEPXITPOBO/S -
LIMX KBAHTOBOpPAa3MepHBIX objacTteii. eTanbHoe
HUCCIeI0BAHUE TEMITEPATYPHbIX U MOJIEBbIX 3aBUCU-
MOCTEM CTaTUYECKON MAarHUTHOM BOCIIPUUMYUBOC-
TU B CJAaObIX MArHUTHBIX MOJISIX MOKa3ajo, 4To
CBEPXIPOBOSIILIME CBOMCTBA COHABUY-HAHOCTPYK-
typ CdB,F, ,/p-CdF,-QW/CdB_F, . moryt ycu-
JINBATHCS B 3aBUCUMOCTH OT UMcia 1K03e(COHOB-
CKUX BUXpEi, 3aXBaUYE€HHbBIX HA HECBEPXITPOBOASIIIVE
KBaHTOBOpa3MepHble obsactu. B maHHOM ciydyae
WHIYLIMPYEeMbI€ KOJIbLIEBbIE TOKW MTPUBOIST K pe3-
KOMY YCUJICHUIO CBEPXITPOBOISIIIUX CBOMCTB MpU
YBEJIMYEHUU MarHuTHoro noJis [17, 18]. MuTtepec-
HO, YTO M0100HAas CBEPXIPOBOAUMOCTb, MHAYLIU-
pOBaHHAas BHEILIHUM MAarHUTHBIM TOJIEM, OTpaxa-
€TCsl B KBAHTOBAHUU KPUTUUYECKOM TeMITEpaTyphl,
€CJIM BUXPU MOCJIEN0BaTEIbHO 3aXBaThIBAIOTCS Ha
KBAaHTOBOpAa3MepPHbIe HECBEPXITPOBOASILIIME 001a-
ctu [21, 22].

B oTinuue ot AuanazoHa 3HaYEHU I UCITOJIb30-
BaHHOTO MATHUTHOTO TOJISI, TeMMepaTypHbIi HHTEP-
BaJl BKJIFOYAET 3HAUeHUE KPUTUUYECKOI TeMIepaTy-
Pbl, UTO TPUBOAUT K pa3pyLLIeHUIO KYTIEPOBCKUX Map
IbIpok Ha rpanule p-CdF,-QW — ceepxmpoBons-
K d-0apbep M COOTBETCTBEHHO K YBEJIMUYEHUIO
IUIOTHOCTU JIBYMEPHBIX JbIPOK B KBAHTOBOM SIME;
OJHAaKO JJMHEWHOTO YBEJIMUEHHUS P, ; C POCTOM TEM-
nepaTypbl He HabaomaeTcs (puc. 2, 6). bojee Toro,

>

Puc. 1. Ocuunnsuuu ne Ixaza — Ban Anbdena
B TIOJIEBBIX 3aBUCUMOCTSIX CTATUYECKO
MarHUTHOW BOCTIPUMMYUBOCTH,
W3MEpEeHHbBIC TIPU Pa3IMYHBIX TeMIiepaTypax,
B COHIBUY-HAHOCTPYKTYPE
CdB,F,_,/p-CdF,-QW/CdB,F,_,

Ha nosepxHocTu Kpucranna n-CdF,

OCUMJUTUPYIOLINI XapaKTep MOBeIeHUSI IJIOTHOCTU
OIMHOYHBIX IByMEPHBIX IBIPOK YKAa3bIBaeT HA Me-
TaCTaOUJIbHOCTD PEIIETKU 13K03e(DCOHOBCKUX BUX-
peit, o0ycoBIEeHHOM (PpaKTalibHON CTPYKTYpOii
d-06apbepoB. OIHOI 13 BO3MOXKHBIX TPUUNH TTOI00-
HO1 MeTacTaOMIBLHOCTH SABIIACTCSI U3MEHEHME (-
(beKTUBHOI MacChl IByMEPHBIX ABIPOK, KOTOPOE
MOKET BO3HUKATb CHHXPOHHO C OCHMJUTSILIASIMU MX
maotHocTu. ClieyeT OTMETUT, YTO HAOIIOAEHKE OC-
mtssunii A’ BA mpu oTHOCUTENbHO MaJIOil II0T-
HOCTHW OJIMHOYHBIX ABYMEPHBIX IbIPOK B COHIBUY-
naHoctpyktypax CdB,F,_ /p-CdF,-QW/CdB,F,_,,
MO-BUINMOMY, O0YCTIOBIEHO YMEHbBIIIEHUEM UX 3(-
(beXTBHOI MacChI BCISACTBUE HATUIUS TUTIOTb-
HBIX LIEHTpOB 0opa [ 17, 18]. Tem He MeHee, yBenue-
HHUE BHEIIHErO0 MAarHUTHOTO TOJISI ¥ TEMIIePaTyphl
MOTYT MPUBECTU K UBMEHEHUSIM 3(PeKTUBHOI Mac-
Cbl IBYMEPHBIX IIPOK B CBEPXY3KOM KBAHTOBOM SIME
p-CdF, naxe Ha ¢oHe ee MaJbIX CPEIHUX 3Haye-
Huit. [Tpuuem nns onpeneneHus: 3PpPeKTUBHOM
MAacChl OMMHOUYHBIX IBYMEPHBIX IBIPOK C TTOMOIIIBIO
JaHHbIX, IPEACTABJICHHBIX HA pUC. 1, MOTYT OBITh
HCTOJIb30BAHbI MOJOXEHUST O01LIENPUHSITON TEOpUH
JIndpmmua — Koceuua [8] ¢ yueTom ocobeHHOC-
Teil TToBeAeHUS IBYMEPHOTO ra3a HocuTeneit [12,
13, 23]:

i ekT><
1+Z, hed
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a) 4my,
0,2

0,0 |

0,31

e)
AE, 5B
0,16

280 300 320 340 'K

Puc. 2. TemniepaTypHblie 3aBUCUMOCTH
AMIUIMTYAbl CTATUYECKOW MAarHUTHOM
BOCIIPUUMYUBOCTU (@), TUIOTHOCTU (0)
U 3(HEeKTUBHOI Macchl (8) IBYMEPHbIX JbIPOK
B COH/IBUY-HAHOCTPYKTYpE
CdB,F,_,/p-CdF,-QW/CdB,F,_,.
3HavyeHNe MarHUTHOTO TOJISI COOTBETCTBYET
v = 1,5 (v — HoMep ypoBH# JlaHzaay);
2 — pacyeTHbIe 3aBUCUMOCTH U3MEHEHMS
sHepruu E(H,) (1), ho./2 (2) u Eg (3)
OTHOCUTENIbHO 3HaueHui npu 285 K;

TOJIy4eHbI /it v = 1,5 ¢ yueToM JIaHHbIX pUC. 2, O U &
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& 1 . B,
% 20
ZO sh(2n?jkT / ho,) Sm(znj B j ©)
rae d — mMpuHa KBAHTOBOW sAMbl; By =®dyn, =
= hen, /e (®, — KBaHT MarHUTHOTO TMOTOKA, A, —
IBYMepHasT TNIOTHOCTb HOCUTEJIEil); OTHOIIIEHNE
Er / ho, Boipaxeno yepes By/B (Ey /ho, = B,/ B).
BennunHa Z, npornopuroHaabHa KOHCTAHTE OOMEH-
HOT'0 B3aMMOEMCTBUS MEXITY 2JIEKTPOHAMU; OHA OT-
puliaTebHA U MOXeET ObIThb Osu3ka K —1 [12].
IToaToMy 1EIECO00pa3HO paccMaTpuBaTh Ciaydait
Z, + 1 << 1. Crnenya pabote [23], ajig pacyeTta Mbl
MCII0JIb30BaIM 3HaueHue 1 + Z,=2-107"

ITomyyeHHBIE HA OCHOBAHUHY JAHHBIX TEMIIEpa-
TYPHBIX 3aBUCHUMOCTEH aMIUIUTYA, OCUMWJISLUMA
OI'BA (cM. puc. 1) 3HaueHus1 53 GHEKTUBHON MACChl
JBIPOK (pUC. 2, 8) HAXOASITCS B XOPOLLIEM COIIACUU
C pe3yabTaTaMU UCCIeN0BaHUI OCLIMJIIILNN ApO-
HoBa — Kauepa [17, 18]. Kpome Toro, manast ag-
(bexTBHAs Macca IBYyMEPHBIX IBIPOK B COYETAHUU
C IOCTATOYHO MPOTSKEHHBIM BPEMEHEM peJlakcalu
MOMEHTA, KOTOPOE CeIyeT U3 TTONYITMPUHBI TTUKOB
ocumuisguuii i’ BA, CBUAETEIbCTBYET O BBIIIOJIHE-
HUM YCIOBHUS CUJIbHOTO ToJs (1) B uccaeayeMbix
COHABUY-HAHOCTPYKTYpPax B CJaObIX MAarHUTHBIX
moJisax. [1pu 9TOM yCIToBHE CUITBHOTO TTOJIST BBITION -
HSIETCSI IPY BBICOKMX TeMIIepaTypax B COOTBETCTBUM
C MPUBEIECHHON BbILLIE OLUEHKO (2). OOHapyXeH-
Hbl€ OCLMJUISILUY 3HaYeHUs 9(PPEeKTUBHOM MacChl
OIMHOYHBIX ABIPOK B 3aBUCUMOCTH OT TEMIIepaTy-
PbI CHHXPOHHO CJIEYIOT COOTBETCTBYIOIINM HU3Me-
HEHUSM D, ) (DUC. 2, 61 8), UTO CBUIETEIBCTBYET 00
MX HEMPUYACTHOCTU K MEXaHU3MY B3aMMOCBSI3aH -
HOCTU AMAMarHUTHOTO OTKJTMKA ¥ TEMIIEPATYPHBIM
OCUMJUTSILIMSIM TJTOTHOCTH OJMHOYHBIX IBYMEPHBIX
IBIPOK.

Jpyroii npruurHON METaCTaA0OMJIbHOCTU PELIETKH
IK03e(PCOHOBCKMX BUXpeEit, KOTOpas IO3BOJISIET
00BSICHUTb 00OHAPYKEHHOE N3MEHEHUE IIEPHUOAA OC-
umsturii il BA 1 cOOTBETCTBYO11IE€ BOBHUKHOBE-
HME TeMIePaTyPHBIX OCLWUISILUMI TIJIOTHOCTY O -
HOYHBIX ABYMEPHBIX IBIPOK, BO3MOXKHO, SBIISICTCS
MPOCTPAHCTBEHHOE OTPAHUYEHME IJTMHBI KOTEPEHT-
HOCTM KyTNEpPOBCKUX Tap IbIpoK B 8-0apbepax. Co-
[JIACHO IaHHBIM MCCIeNOBAHUI ME30CKOMUYECKUX
CBEPXIPOBOTHUKOB, BOJTHOBBIE (DYHKITNHY KYTIEPOB-
CKUX TIap MOAUMUIIMPYIOTCS, €CIM OHU HAXOISTCS
B CWJIBHO OTPaHWYEHHOM O0BEeME, UTO TIPUBOIUT
K (hopMUpPOBaHMIO KBAHTOBBIX COCTOSIHUI Bo3ze-
KOHIeHcaTa, KOTOPOe MOXET OBITh PACCMOTPEHO
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B PaMKax IMCKPETHOTO U3MEHEHUSI [JUTMHBI KOTEPEHT-
HOCTU & = hvg/A B yCIOBUSIX BapbUPOBAHMUS
HAMNpPsSKEHHOCTH BHEITHET0 MarHUTHOTO TIOJST U
TeMTIepaTyphl, Toe A COOTBETCTBYET BEJIMYMHE
cBepxnpoBosieii e [24]. @pakrtanbHasi CTPyK-
Typa CBEPXIIPOBOIAIINX 5-0apbepOB MPAKTUIECKH
MpeaonpenessieT X Me30CKOIMMIYeCKre CBOMCTRA.
IMpuyeM pasmMep HECBEPXITPOBOISIINX OOJIaCTE
(okou10 0,22 MKM), KOTOPBIii OLICHMBAETCSI U3 IaH-
HBIX MCCJICIOBAHWN OCHWLISALNNA AapoHOBAa —
boma u Aaponosa — Kamepa [17, 18], Hakianbi-
BaeT COOTBETCTBYIOIIVE OTPAHUICHUS Ha 3HAYCHUS
JUTMHBI KOTEPEHTHOCTH.

CornacHo pabote [24], aHeprusi KyrnepoBCKUX
Map Ha rpaHuUlle «CBEPXIPOBOASIINN 5-0apbep —
kBaHTOBas iMa p-CdF,» MoXeT ObITh MoJTydeHa npu
pemieHuy ypasHeHus1 LLpenuHrepa, KOTopoe siBisi-
eTcsa MOIUMUIIMPOBAHHBIM YpPaBHEHUEM TEOPUU
[uH30ypra — Jlanmay:

h2
E(Hcr m 2(T
h—zz LT Hcr /Tc ’ 4)
2m © 0

rae T(H,) COOTBETCTBYET TEMITEpAType, MPU KOTO-
pOIi BO3pacTaeT INIOTHOCTb OAMHOUHBIX IBYMEPHbBIX
IOBIPOK B MATHUTHOM ntoste H = H,,,..

JanHas sHeprus (pakTUUeCKU MPUHAIICKUT
yacTUlie, pa3Mep KOTOPOUl paBeH IJMHE KOTePEeHT-
HOCTH &, 3aBUCSILIEIH OT TeMIIepaTyphbl:

§(7)=¢(0)[1-(7/T;)]

W3meHeHnue sHeprum E(H,,) c pocTOM TeMIiepa-
TYpbl IPUBOAUT K pa3pylIeHUIO KyTepOBCKUX Map
B 8-0apbepax U COOTBETCTBYIOLIEMY YBEIUYECHUIO
TUTOTHOCTH OMMHOYHBIX ABYMEPHBIX IIPOK B KBAH-
ToBoii sime p-CdF,, uTo oTpaxaeTcsl B UBMEHEHUUN
(bepMMEBCKOI1 SHEPTUU

-1/2

Ex ki /2m*,

rae kp — GepMUEBCKUIA BOJTHOBOW BEKTOP.

Tak kak TeMnepaTypHble OCLUWIISILIY P, ) HE-
MOCPEACTBEHHO CAEAYIOT U3 YMEHbIIEHUS epuoaa
ocumnsgunii 11’ BA B 1Ba pa3a, To u3MeHeHue dep-
MMEBCKOI SHEpTUHY He TIPEBBIIIACT BETUINHY, PaB-
HYIO TMOJIOBUHE dHEPreTUYECKOro 3a3opa MexXiy
yposHsaMu JlaHgay, — ho./2. Kpome Toro, cnenyet
TIPUHATH BO BHUMaHWe, 4To 3Heprus E(H,,) KOHKY-

>

PUpPYET C BHepruei KOHASHC AU, U KAK TOJIbKO OHA
YBEJIMUMBAETCS, CBEPXITPOBOISIIINI TTEPEXO CIBU-
raercst B 00JacTb HU3KUX Temmepatyp. Iloatomy
U3MeHeHue sHeprun E( /), mpuBoIsliee K Anamar-
HUTHOMY OTKJIMKY BOCIIPUMMYMBOCTU COHABUY-HA-
HOCTPYKTYP B OTCYTCTBUE B3aUMOIEICTBUSI MEXKIY
KYNEepOBCKMMMU NapaMu, TAKKE CPABHUMO C /i /2
[24]. O6paTHbIi yXO1 IBYMEPHbIX IbIPOK B 3-0apb-
ephbl, MO-BUAUMOMY, CBA3aH C MPOCTPAHCTBEHHBIM
nepepacripeaeacHueM I13K03e(COHOBCKUX BUXPEi
MpU YBEJIMYEHUU TeMIepaTypbl. UHBIMU clTOBaMU,
peleTKa 1K03e(COHOBCKUX BUXPEU IEMOHCTPUPY -
€T MeTacTaOWIbHBIEC CBOMCTBA. [1pn 3TOM TeMIiepa-
TYPBI CTAOUIBHBIX (pa3 COOTBETCTBYIOT MUHUMYMaM
TeMrepaTypHbIX OCLUUJUISILNIA p, . PacueTHble 3a-
BucumocTu suepruit E(H,,), ho,/2 u Eg, KoTOpblE
[OJIyYEHbI ¢ YY4ETOM 3HAUEHUII MArHUTHOIO I10J1s1
U TEMIIEPATYPhI, UCITOJIb3YeMbIX B OKCIIEPUMEHTAX
(puc. 2, ), AEeMOHCTPUPYIOT B3aUMHOE COTJIACHE, UTO
CBUIETETLCTBYET O BO3MOXHOM CBSI3M HAOIOAAEMbIX
TEeMIIEPATYPHBIX OCHUJUIALINI TMIJIOTHOCTU U 3 deK-
TUBHOI MAcCChI IBYMEPHbIX IBIPOK ¢ (POPMUPOBAHU -
€M KBaHTOBBIX COCTOSTHMIT bo3e-KoHaeHcaTa.

B 3akioueHue noaseaeM OCHOBHbIE UTOTH TTPO-
BeJeHHOro ucciaenoBaHus. Ocuuisgunu ae [aaza —
Ban Anbdena (nI'BA) 66111 0OOHApYKEHbBI TPU BbI-
COKUX TeMIIepaTypax B CIa0bIX MATHUTHBIX TTOJISIX
C TIOMOIIIbIO U3MEPEHUIA TTOJIEBBIX Y TEMTIEPATYPHBIX
3aBUCUMOCTENM CTATUYECKOM MATHUTHOMN BOCTIPUUM-
YUBOCTU COHIBUY-HAHOCTPYKTYP, KOTOPbIE MpPe-
CTaBJISIIOT OO0 CBEpXy3KYI0 KBaHTOBYIO simy CdF,
p-TUTA, OTPAaHUYEHHYIO 8-0apbepaMu, CUJILHO Jie-
TUPOBAHHBIMU OOPOM Ha TTOBEPXHOCTU KpHCTaIa
CdF, n-tumna. Peructpauust KBaHTOBaHUS SHEPTUN
B YCJIOBUSIX TIPOIAOJIBHOTO TPAHCITOPTa HOCUTENE
CTajla BO3MOXHOW BCIEACTBUE TOCTUXKEHUS TPUOIU-
JKeHUS CUJIBHOTO MoJist uB >> 1, 61arogaps Majioi
3 hEeKTUBHOI Macce IBYMEPHBIX ABIPOK, UTO MOI-
TBEPXKIACTCSI U3MEPEHUSIMU TEMITEPATYPHBIX 3aBH -
cuMocTeit ocumsunii I’ BA. O6Hapy>XeHo nepu-
OIMYEeCKOe N3MEHEHNE YacTOThI ocMiuIsiinii il BA,
COTPOBOXIAaeMOe TMaMarHUTHBIM OTKJIMKOM, C PO-
CTOM TEMIIePATYPhI; OHO IMO3BOJIUIO UIEHTU (UL -
poBaTh TeMIepaTypHble OCUUIISLINU TJIOTHOCTH
IBYMEPHBIX IBIPOK KaK CIEICTBHE ME30CKOITMYEC-
KHMX CBOMCTB CBEPXTPOBOASIINX d-0apbepoB. [1o-
Ka3aHOo, YTO IJIOTHOCTh U 3(D(heKTUBHASI Macca Ou-
HOYHBIX IBYMEPHBIX IBIPOK B KBaHTOBOI siMe CdF,
p-TUTIA CHHXPOHHO OCHWITAPYIOT C POCTOM TEMTIE-
patypbl. [loydeHHBIE pPe3yJbTaThl 00BSICHSIOTCS
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B paMKax (hOpMUPOBAHUSI KBAHTOBBIX COCTOSIHUIA
bo3se-KoHaeHcaTa, KOTOpOE SIBJISIETCS CJIEACTBUEM
JUCKPETHOIO U3MEHEHMUSs IJIMHbI KOT€PEHTHOCTU
KYTIEPOBCKUX Iap ABIPOK B YCJIOBUSIX (PpaKTaaIbHOM
CTPYKTYPbI CBEPXITPOBOISIINX O-0apbepoB.
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[A.MeneHmvoeB, M.A. BuHHU4eHko,
A.B. [lBypeueHckuti, A.N. AkumoB

OOTOMHAYUMNPOBAHHOE MNMOIJIOLWLEHUE B CTPYKTYPAX
C KBAHTOBbIMU TOYKAMMU Ge/Si

W3BecTHBI TpU pexXrMa reTepo3nuTaKCuaabHO-
ro pocTa MOJYIMPOBOAHUKOBBIX CTPYKTYp: PpaH-
ka — Ban-gep-Mepse [ 1], mpu KOTOpom peanunsy-
€TCs MOCJIOWHBIN POCT HATIBUISIEMOTO MaTeprajia Ha
noioxke; @onmepa — Bebepa [2], npu KoTOpoM
MPOUCXOINUT 00pa30BaHKE OCTPOBKOB HAMBLISIEMOTO
MaTepuaja Ha IOBEepPXHOCTU noaaoxku; CTtpaHc-
k1 — Kpacrtanosa | 3], Tpy KOTOpOM CHavaJja mpo-
MCXOIUT MOCAOKMHBIN pOCT HANBLISIEMOIO MaTepra-
Jla, a 3aTeM 00pa3yrTCsl OCTPOBKU HAMbLISIEMOTO
Marepuana Ha IOKpPBhITOi nomyioxke. ITocaenHnii
PEXUM peain3yeTcsl B reTepo3NUTaKCUATbHBIX CUC-
TeMax C pacCorjacOBAaHUEM MOCTOSIHHBIX PEIIETKN
HanbUIsIEMOTro MaTepuaia U nomioxku. [pu atom
NEPBOHAYAIbHbINA POCT MOXKET IMPOUCXOANUTb OCIOM-
HO, OIHAKO TIPU OCaXAeHUU 0oJjiee TOJCTOTO CIO0sI
BSHEPreTUYECKM BHITOIHO 00pa30BaHKUE U30JIMPOBAH-
HBIX OCTPOBKOB, COMPOBOXIaeMoe pejlakcalueit
YIPYTUX HAaOpsIKEHUM B pacTylleM MaTepuaie.
O0pa3oBaHMe MACCUBOB KOTEPEHTHO HAMPSIXKEH-
HbIX 6e31e(PeKTHBIX OCTPOBKOB HAOJII01aJI0Ch 9K~
CMEepPUMEHTAIbHO MPU POCTe apceHraa MHAus InAs
Ha NOBEPXHOCTU apceHuaa raaaust GaAs (cM. Ha-
npumep [4, 5]), a Takxke npu pocte Ge Ha Si (cM.
Hanpumep [6, 7]).

JBrXeHWe HOCUTeNIel 3apsina, HaXOdsIIUXCs
BHYTPHU OCTPOBKOB, MOXET 0KAa3aTbCsl OrPAaHUYECH-
HBIM BO BCEX TPEX HAMPaBICHUSIX ITPU YCJIOBUU, UTO
pa3Mepbl OCTPOBKOB COIOCTABUMEI C Ae-0poiineB-
CKOM JJIMHOM BOJIHBI 3JieKTpoHa. [Tpu 3TOM HOCH-

Tesr 3apsina OymyT UMEThb YMCTO MIMCKPETHBIN CIIEKTP
SHEPTUHU, XapaKTePHBIH TSI OTACTIBHBIX aTOMOB.

B cucreme ¢ kBaHTOBbIMU TOUuKamu Ge/Si cy-
1LIECTBYET MOTEHLIMATbHAS SIMA TOJIBKO JIJISI IBIPOK,
TO €CTb peanu3yeTcss HaHoreTepocTpykTypa I Tuna.
CucTeMBI ¢ CaMOOPTaHN30BaHHBIMU KBAHTOBBIMU
toukamMu Ge/Si oueHb NMPUBJIEKATEIbHbI B OTHO-
IIEHU U COTIPSTKEHUS ¢ Pa3BUTOM KPeMHUEBOM TEX-
Hojorueil. B Takux cTpykTypax HaOa10IanuCh
doTomoMuHeceHINST U (POTOTTPOBOAUMOCTH
B OIMKHEN H(paKpacHOi 00/1aCTU CIIEKTPA C SIHEP-
TUSIMUW KBaHTa MeHee IIMPUHBI 3aTPEIIeHHOM 30HbI
kpeMHus [8, 9]. CrekTpbl (HOTONMPOBOAMMOCTH
U POTONIOMUHECLIEHLIMY MEPEKPBIBAIOTCST B HEKO-
TOPOIi 001aCTH, UTO 1aeT BO3MOXHOCTb UCITOTb30-
BaThb TAKYIO CUCTEMY B MHTETpAIbHBIX TTPUOOpAX OT-
TOBJEKTPOHUKHU, TMPUYEM M3JIy4eHUE MOXKET
pacnpoCTpaHsSITHCS 1O KPEMHUEBBIM BOJTHOBOJIAM.

OnTuyeckue cBoiicTBa KBaHTOBbIX Touek Ge/
Si MHTEepeCHBI HE TOJIBKO B OIMKHEM MH(paKpac-
HOM JIMaIta3oHe, HO 1 B 00Jiee JJTMHHOBOJIHOBOM 00-
JIACTU, B KOTOPOI Ha MEPBbIA MJIaH BHICTYNAIOT 3¢h-
(hexTbl, CBSI3aHHbIE C BHYTPU30HHBIMU ITEPEX0ONaAMU
HocuTesel 3apsiia MeX Iy TMCKPETHBIMU COCTOSTHU -
SIMM DHEPTeTUYECKOTO CIIEKTpa IBIPOK, a TaKXkKe
C BBIOPOCOM HOCHUTEJIEH 3apsiaa, J0KAIU30BaHHbBIX
BTOYKAX, B CIJIOLLIHOM CIIEKTP COCTOSIHUIA. DTO PU-
BOJIMT K TMOSIBJIEHUIO ONMTUYECKOTO MOTJIOLIEHMUS
B cpenHeit nH(ppakpacHOM 00J1aCTH, a TAKXKE K BHYT-
PU30HHO (DOTOMPOBOAUMOCTH B 3TOM JUAaria3oHe.
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BayTtpuzonHas (HoTOnmpoBOAMMOCTh HAHO-
CTPYKTYP C KBAHTOBBIMU SIMAMM, CBSI3aHHASI C BO3-
OyXIeHUEeM 2JIEKTPOHOB WJIH IBIPOK U3 OCHOBHOTO
COCTOSIHMSI B BbILLIEJIEXAIIe COCTOSIHUSI KBAHTO-
BBIX SIM — SIBJIEHWE XOPOIIO N3YYEeHHOE U YCTICIITHO
MpUMeHsIeMoe TTPY CO3AaHUU IETEeKTOPOB CpeaHe-
ro MHGpaKpacHOro Auarna3oHa Ha KBAaHTOBBIX
smax [10]. POTONMPOBOAUMOCTb B CTPYKTypax
C KBAHTOBBIMU TOYKAMU OTJIMYAETCS OT (DOTOMPO-
BOJAMMOCTH B KBAHTOBBIX SIMaX U3-3a 00JIbILIETO Bpe-
MEHU XKM3HU HOCUTEJIE 3apsaa 1o OTHOIIEHUIO
K MX 3aXBaTy B KBAHTOBBIC TOYKH, TI0 CPABHEHUIO
C 3aXBaTOM B KBAHTOBBIE sIMbI. KpoMe Toro, B CTpyK-
Typax ¢ KBAHTOBBIMU SIMAMU CYIlI€CTBEHHA TOJb-
KO BepTuKaibHasi (hOTOMPOBOAMMOCTb, KOTAa
9JIEKTpUYECKOe oJie MPUI0XKEHO BAOJb OCU pOCTa
CTPYKTYpHI. B CTpyKTypax ¢ KBAaHTOBBIMU TOUKa-
MU BO3MOXHa U JlaTepajbHast pOTOMTPOBOAUMOCTD,
KOTJa 2JIEKTpUYECKOe MoJje MPUJIOXEHO BIOJb
MJIOCKOCTU CJIOSI ¢ KBAHTOBBIMU TOUKaAMU. DTOT
(haxT nenaetr cucTeMbl ¢ KBAHTOBBIMU TOUKAMU
IOCTAaTOYHO TPUBJIEKATETbHBIMU B OTHOIICHUU
pa3paboTKM MPUEMHUKOB U3TyUYeHUST CPETHETO
nHpaKkpacHOTo auarmaszoHa. [1py 3ToM MOXHO
HCITOJb30BaTh HAaMbOIee eCTECTBEHHYIO T€OMET-
P10 HOPMAJILHOTO MAACHUS M3JTyYeHUs Ha TTOBeP-
XHOCTb CTPYKTYPbI C KBAHTOBBIMM TOYKAMU, a TaK-
3Ke Co31aBaTh MACCUBHI (POTOTIPUEMHUKOB U 0oJiee
CJIOXHBIE CUCTEMBI, TakKMe KaK MaTpULbl B (ho-
KaJIbHOW TJIOCKOCTH.

CrnekTpajbHasi 3aBUCUMOCTb BHYTPU30HHO
(boTOMPOBOAMMOCTHU CTPYKTYP C KBAHTOBBIMU TOU-
KaMH OTIpeNeIsIeTCs TIIaBHBIM 00pa30M CITeKTPasTb-
HOI1 3aBUCUMOCTBIO BHYTPU30HHOTO TIOTIOIIEHUS
CBeTa B JICTMPOBAHHBIX KBAHTOBBIX TOUYKax. Ilep-
BbI€ MCCJIEIOBAHMS CIIEKTPOB BHYTPMU30HHOTO T1O-
[JIOLIEHMST B KBAHTOBBIX TOUKAX Ha OCHOBE CUCTe-
Mbl MatepuanoB InAs/GaAs onucaHbl B padborax
[11, 12] u mo3aHee B padote [13]. B TO e Bpemst
paboT MO CreKTpaM BHYTPU30HHOTO TOTIOIICHUS
CBeTa B KBAaHTOBBIX TouKax Ge/Si 3HaAUUTENbHO
MeHblIe. JIocTaTOuYHO JIeTallbHble UCCAeA0BaHUS
CIMEKTPOB BHYTPU30HHOTO (DOTOMHIYLIMPOBAHHOTO
MOMIOLLEHUs CBETA OMUCcaHbl B padoTe [14], onHako
aBTOPBI HE M3yYaTy 3aBUCUMOCTH TOTJIOIIEHUS OT
TOSIPU3ALIUM CBETA, 2 OHA MOXKET OBITH CYIIIeCTBEH -
Ha ¥ pa3nyHa IJ1s1 PA3HOTO TUTIA ITEPEXOI0B IbIPOK
B KBAaHTOBBIX TOUKax. Takke He M3y4eH DKCIIEPH-
MEHTaJIbHO BOIPOC O MOTIJIOIIEHUM CBETA B CTPYK-
Typax ¢ KBAHTOBBIMY TOUKaMU, UMEIOILIMU Pa3HYIO
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CTeIeHb 3aI0JIHEH S IbIPKAMU YPOBHEN pa3MepHO-
ro KBAaHTOBaHMSI.

B HacTosi11ei paboTe n3ydeHbl CIIeKTpbl POTO-
WHIYUIVUPOBAHHOTO BHYTPU3OHHOTO ONMTUUYECKOTO
TOTJIOLIEHUS , CBI3aHHOTO C ONTUYECKUMU IMEPEXO0-
JaMU OBIPOK KaK U3 OCHOBHOTO, TaK U U3 BO30YXK-
JIEHHOTO COCTOSIHUI KBAaHTOBbIX Touek Ge/Si, mst
CBETA C pa3JIMYHON MOJISIpU3alieii B HEJIETUPOBAH-
HOW CTPYKTYpE IPU pa3HbBIX YPOBHSIX ONITUYECKOTO
BO30OYKIEHUSI.

MerToauka 3KcCnepuMeHTa

CTpyKTyphl ¢ CaMOOPraHM30BaHHBIMU KBaH-
ToBbIMU TouKaMu Ge/Si ObLIM BhIpallleHbl METO-
JIIOM MOJIEKYJIIPHO-TTyYKOBOM anHUTakcu B UH-
cTutyTe (puszuku noaynpoBoaHukos CO PAH
MO TEXHOJIOTUU, aHAJIOTUYHOKW UCMOJIb30BaHHOM
B padorte [14]. CTpyKTypa BeIpalliiBajach Ha MO -
noxke KO®M-5, opueHTUPOBAHHON B KPUCTANIIO-
rpacpuueckom HanpasieHun [001], u conepzkana 10
CJI0EB KBAHTOBBIX TOUYEK, KAX/IbIi1 U3 KOTOPBIX I10-
JIydasics Py HaIbLJIEHUU 8§ MOHOCJIOEB repMaHusl.
Kaxnblii ciioii Touek 3apaliuBajicsi COOCTBEHHbIM
KpemHueM ToamuHoi 100 aM. Cnou repMaHus Ha-
MBUISITACH CO CKOPOCTHIO 0,2 MOHOCJIOS B CEKYH Y
npu Temrepatype nomaoxku 300°C, KpeMHUEeBbIE
oapbsepbl — npu Temrniepatype 500 °C. [TonyyeHHBIE
KBaHTOBBIE TOYKW MMeJTA (DOPMY MTUPAMUIOK C KBaJI-
PaTHBIM OCHOBaHUEM, CPEIHUE Pa3MePbl KOTOPOTO
CcOoCTaBsLIM 15 HM; BBICOTA TUPAMUAKUA — OKOJIO
1,5 uMm; pa36poc pazmepoB cocTasisii 0koso 20 %.
[10THOCTD TOYeK oueHuBaetcst Kak 310" em™
[14]. Takxke mMmenach aHaJIOTUYHAsI CTPYKTYpa, Jie-
rupoBaHHass 60pOM B JeJibTa-CJioe, CABUHYTOM
Ha 5 HM OT KBaHTOBBIX TOYEK, 10 KOHLIEHTpALUU
810! CM_2, B KOTOPOI1 U3MEPSIMCh PABHOBECHbIE
CIEKTPHI MOTJIOIIEHUS B CpeIHeil nH(ppaKpacHOM
obyacTu.

N3 cTpyKTYyphl ObLIM U3TOTOBIEHBI 00pa3LIbl IS
HCCIeI0BaHWT B MHOTOITPOXOIHOM reoMeTpuu ¢ 18
npoxogamu. B Takoit reoMeTpuu TOpLbl 00pasia,
TepIIeHANKYISPHBIC TUTOCKOCTA KBAHTOBBIX TOUEK,
nutn@yoTCs 1 IOJUpPyITes nof yriaom 45°. U3ny-
YyeHUe MajJaeT HOPpMaJabHO HA CKOLIEHHYIO TOBEPX-
HOCTb, 1 34 CUET IIOJIHOTO BHYTPEHHETO OTPAXKEHMSI
MHOTOKPATHO ITPOXOAUT YePe3 CJIOU C KBAHTOBLIMU
Toukamu. [1py1 3TOM BEKTOP NOJISIpPU3ALIMY UBJTyYE-
HUSI MOXET JIeXKaThb KaK B INTOCKOCTH CJI0SI ¢ KBaH-
TOBBIMU TOUKAMMU (S-TIOJApU3aLsi), TaK U ObITh
MOBEPHYTHIM TIOJ yriioM 45° K MJIOCKOCTU CJOSI
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(p-monsipuzauusi). B mocnenHem ciyyae BEKTOp I10-
JIIPU3ALIMM CONEPKUT paBHbIE KOMITOHEHTHI B IJIOC-
KOCTH CJI0S1 ¥ BIOJIb OCH POCTa CTPYKTYPHI.
HepaBHoBeCHbBIE HOCUTEIU BO30YKIAJIMCh OII-
TUYECKUM U3Ty4YEHUEM, COOTBETCTBYIOIINM MeX-
30HHOMY JWara3oHy, TpUYeM CBeT Tagai 1Mo HOp-
MaJi K TUTOCKOCTH CJI0S C KBAHTOBBIMU TOUKAMH.
OCHOBOI1 9KCTIEpUMEHTATLHOM YCTAHOBKMY JUTS
HCCIIEAOBAHMS CTIEKTPOB (DOTOMHIYIIMPOBAHHOTO
TTOTJIOIIEHUS SBIISIICS TTPU3MEHHBI MOHOXPOMATOP
uHppakpacHoro cnekrpomerpa MKC-21. UcTou-
HUKOM MH(PAKPACHOTO U3TYUEHHUS CITYKIJ TI100ap.
W3znyyeHue riobdapa, nMTaeMoro CTabMIn3upoBaH-
HbIM TOKOM 6 A, (DOKYCHPOBaIOCh HA BXO[IE MOHO-
xpoMaropa. MoHOXpoMaTuiyeckoe nHdpakpacHoe
U3JTy4eHHe Ha BBIXOE C TOMOIIbIO OTITUYECKOI cxe-
MBI Ha OCHOBE c(peprIecKmX 3epKajl poKycupoBa-
JIOCh Ha TOpEL] MHOTOTIPOXOIHOTO oOpa3iia. Hemoc-
pPeICTBEHHO Tepen 0o0pa3loM YCTaHaBIWBAJICS
TTOJIIPU3aTOp U3 ceJleHnaa IinHKa. [pomeniee de-
pe3 obpasel] u3jIydeHrue coOupaaoch Ha BXOOHOM
OKHe (pOTOTPHEMHNKA, BHITIOJTHEHHOTO U3 TBEPIOTO
pactBopa Kanmuii-ptyth-Tesutyp (KPT) u pabota-
OI1IeTO MPU TeMIIEPAType KUIAKOTO a30Ta.
Hnst BO30yXIEHUSI HEPAaBHOBECHBIX ABIPOK
B 00pa3iie UCIOJIb30BAJICSI HEMPEPbIBHBIM TBEPIO-
teJibHbli 1a3ep YAG:Nd co cBeToaMOHOM HaKay-
KOI ¥ yIBOEHWEM YaCTOTHI; [IUTMHA BOJIHBI U3JTyUe-
Husg — 0,53 MKM; MakcuMalbHass MOIIHOCTb
onrtuueckoro usnydenust — 300 mBT. I1epBas rap-
MoHuKa (1,06 MKM) ocabirsiiach ¢ TTOMOIIBIO OTI-
THYeCKUX (puiibsTpoB. M3nyueHune 1asepa c TOMOLIbIO
CUCTEMBI 3epKaJT HAITPaBJISJTIOCh HAa TIOBEPXHOCTH 00-
pasiia co CTOPOHBI CJTIOEB ¢ KBAHTOBBIMU TOUKAMM.
Bonbinas yacth M3Ay4eHUs Ja3epa, MOIMAaBIIEro
B oOpasell, Morjomazach Ha CyMMapHOM TOJMIINHE
CJI0€B ¢ KBAHTOBBIMYU TOUKAMU U OapbePHBIX CJIOEB.
JlonosHUTENbHOI (POKYCUPOBKY U3TyUEHUS J1a3e-
pa He TTIPON3BOAMIOCH, TIPW 3TOM 3a CUET COOCTBEH-
HOI pacXOAMMOCTH Jla3epa pa3Mep MSITHA TpUOIT-
JKEHHO paBHSICS pa3Mepy oOpasiia, TO eCTh BCsS
TTOBEPXHOCTH OOpa3Iia OKa3bIBaIach 3aCBEUCHHOI.
HemnpepriBHOE M3TydeHME JTa3epa MOAYJINPOBa-
JIOCh MEXaHWUYECKUM OOTIOpaTOPOM Ha YacToTe
900 Iix. Curnan ¢ poTonmpreMHrKa, GUKCUPOBAB-
1IETO U3MEHEHME TIPOITYCKaHMS MH(MpaKpacHOTO 13-
JydeHust 00pa3IoM ITPU 3aCBETKE JTa3ePOM, YCUITH -
BaJICS TIPEIYCUIIUTEIEM 1 U3MEPSLICS C TIOMOILbIO
ceJIeKTUBHOIO (ha304yBCTBUTENbHOIO yeuautesst SR
830 Ha sToii yacToTe. Bropoit aHaJIOTMUHBIN yCUIH-

>

TeTb KOHTPOJMPOBAJT MHTEHCUBHOCTb U3TYYEHUS
Jlazepa, u3Mepsisi CUTHAJI ¢ KpeMHHEBOro (hoToano-
J1a, PaCIOJIOKEHHOTO B ITy4YKe, OTPaXKEHHOM OT OI1-
TUYecKoro (puabTpa. B KauecTBe OMMOPHOTO CUTHA-
Jla 7151 CEJIEKTUBHBIX YCUJIUTENIeH MCTTOIb30BaICs
YCUJIEHHBI CUTHAJI C OTITOTAPhI, yCTAHORJIEHHOM Ha
oOTIOpaTope.
‘YcraHoBKa OblTa MOJHOCTbIO AaBTOMATHU31MPOBa-
Ha. PasBepTka crieKTpa ocylIeCTBISIACh C TOMO-
IIBIO IITArOBOTO IBUTATETSI, YCTAHOBJIEHHOTO Ha Oa-
pabaH MmoHoOXxpoMaTopa. JBuraTeab yepes miaaTy
yIpaBieHus: Obll noakiodyeH K ODBM, naHHbie
C CEeJICKTUBHBIX YCUJIUTENICI CYUTHIBATMCH YePe3 MH-
tepdeiic GPIB. CnelyaibHo pa3paboTaHHOE [IPO-
rpaMMHoOe obecIiedeHue B OJTHOCTbIO aBTOMaTUYe-
CKOM peXXrMe OCYILECTRIISIIO UBMEPEeHE CTIEKTPOB
C BO3MOXHOCTBIO YCPEIHEHUsI OOIBIIOTO KOJINUe-
CTBa TOUEK, C MOCTOSTHHBIM KOHTPOJIEM TOKa I100a-
pa v MHTEHCUBHOCTHU BO30YXIalOIIETO Ja3epa.
Hns obecrieueHUsT XOpOILIero CreKTPaabHOTO
paspemenus B pa3nuuHbix MK guamazonax B Mo-
HOXPOMATOp yYCTaHABIMBAIUCh Pa3HbIC MMPU3MBI.
JIJ1st CHSITUSI CIIEKTPOB B 00J1aCTH AJIMH BOJH OT 1,5
0 5 MKM KCIOJb30Bajgack npusma LiF; B o6nactu
6osiee 5 MkM npumeHsuiach npusma NaCl.
M3MepeHHbIe CTIeKTPbl (POTOMHAYLIMPOBAHHO-
TO UBMEHEHUS TIPOTTyCKaHUsI obpasiia HOpMUPOBa-
JINCh Ha paBHOBECHBIE CIEKTPHI MPOTTyCKAHUS
(B OoTCyTCTBUME 1a3epHOI 3acBeTKM). [1pu nzmepe-
HUM MOCJIEIHUX U3JTyUdeHUE TJI00apa MOIYIUpOBa-
JIOCh OOTIOPATOPOM, YCTAHOBJIEHHBIM Ha BXOIIE MO-
HoxpomaTopa. Kpome Toro, paBHOBECHBIE CTIEKTPhI
HCCIIeTOBAINCH HAa (Dyphe-CIIEKTPOMETPE.
DoToMOIYIIIIMOHHAS METOOMKA U3MEPEHUS
CIIEKTPOB BHYTPU3OHHOTO MTOTJIOIICHUS UMEET PSiT
MPEeUMYIIECTB; B YAaCTHOCTH, OHA TTO3BOJIsIET U30e-
2KaTbh Mapa3UTHBIX BKIAIOB B IMOIJIOLIEHUE OT IU/I-
POKCMITBLHBIX TPYIIT, a0COpOMPOBAHHBIX Ha TTOBEP-
XHOCTH KpeMHMUS (cM. Haripumep |15, 16] 1 cchutkmn
B 3THX paboTax), a TaKXKe JUHUU ABYX(DOHOHHOTO
TTOTJIOIIEHUST B KDEMHUU.

DKcnepuMeHTaJIbHbIE Pe3YIbTaThl
1 MX 00CYKIEeHne

M3mepeHHbI ¢ TOMOLIbIO (PYypbe-CIIEKTPOMET-
pa paBHOBECHBII CTIIEKTP MOTJIOIIECHUS JIESTUPOBAH -
HBIX KBAHTOBBIX TOUEK JJISI p-TIOJSIPU3ALIAY U3TTY-
YyeHus rokasaH Ha puc. 1. OH peacTaBiseT codoit
JOCTATOYHO IIWPOKUN TTUK ¢ MAKCUMYMOM TIpU
sHepruu KBaHTa /o = 450 MmaB, cBa3aHHBI ¢ Po-
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Puc. 1. PaBHOBECHBbII CMIEKTP MOTJIOUIEHMUSI
JIETUPOBAHHOW CTPYKTYPbl C KBAHTOBBIMU TOUKAMU
s p-nonsipusaiuu; T = 300 K

TOMOHM3ALUEN KBAHTOBOU TOUKM, TO €CTb C ONTU-
YeCKMMU TIePEX0JaMU IbIPOK 13 OCHOBHOTO COCTO-
STHUS B COCTOSIHUSI CTJIOIITHOTO CIIEKTpa Hall Oapbe-
poMm. IlojoxeHWe mNHUKa YIOOBJICTBOPUTEIHHO
COBIAAAET C JTaHHBIMU O BEJIMUYMHE Pa3pbiBa BaJICH-
THO1 30HbI B cucteme Ge/Si[17].

WN3mepeHHble IpU KOMHATHOM TeMIiepaType
CHEKTPhl (POTOMHAYLIUPOBAHHOIO MOIJIOLICHUS
B CTPYKTypax C HEJeTMPOBAHHBIMU KBAHTOBBIMU

0,30 ——

025 -
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FHeprua dioTaHa, 3B

Puc. 2. Criextpsl (hOTOMHAYIIUPOBAHHOTO
MOTJIOIIEHHUSI HeJIETUPOBAHHOM CTPYKTYDbI
C KBAHTOBbIMU TOUYKamu s- (1)

u p- (2) nonsipuzauuy U3J1y4eHUs:
(xpuBas [ mogHsaTa Ha 0,1 % 11 HATJSAHOCTH).
MHTEHCMBHOCTh MEX30HHOI HaKa4KH
okozo 0,8 BT/CMz; T =300 K.

Ha BcraBke: cxema ONITUUYECKUX IIEPEXOI0B ObIPOK,
OTBETCTBEHHBIX 3a HaOJtOgaeMble CIIEKTpaJIbHbIE MaKCUMYMBbI
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TOYKAMM JUIsl IBYX IOJISIpU3ALUI U3JIydeHUS TIPU
MaKCHUMaJIbHO MOLIIHOCTHY BO30YKIAI0LLETO JIa3e-
paIpeacTaBieHbl HA puUC. 2.

15T N3Ty9eHUs p-TIoJISIpU3aliiy HaOII0aaeTcs
JIOBOJIbHO IIMPOKUI MUK MOIJOLIEHUS B 00J1aCTU
SHEPruu KBaHTa 0K0J10 460 MaB, a Tak:ke MOHOTOH -
HBIIA pOCT MOIJIOLLIEHMSI B IJIMHHOBOJIHOBO 00J1ac-
TH cTIeKTpa. M3mydeHne s-ToJisipu3aiii MHTEHCUB-
HO IOMIOIIAETCS B JOCTATOYHO LLIMPOKOI 0061acTu
B paitoHe 170 M5B, 01HaKO MOXKHO 3aMETUTh U €111€
OAHY cia0yl0 JMHMIO MOIJOLIeHUs B obyacTtu
380 maB. I1pu sHeprusix kBanTa meHee 120 m3B Ha-
YuUHAeTCsl 00JaCTh PELIETOUYHOIO MOIIOLICHUS B
KPEMHUU, TIOTOMY B 3TOM CIIEKTPaJIbHOM 001acTh
U3MepeHUsI ONITUUECKOTOo MPOITyCKAHMSI KpaliHe 3a-
TPYIHEHBI, TaxKe TIPU UCTTOIb30BaHUM (POTOMOIY-
JISILMOHHOM METOAUKU UBMEPEHUIA.

HaOmomaemast criekTpajibHas OCOOEHHOCTH
(boTOMHAYLIMPOBAHHOTO MOTJIOIIEHMUS B p-TIOJSIPU-
3allM¥, TaK e KaK ¥ paBHOBECHOE TOTJIOIICHE
BJIETUPOBAHHOM CTPYKTYpe (CM. puc. 1), 00ycioB-
JieHa (POTOMOHM3aLMEN KBAHTOBOM ToUKHU. PocT mmo-
IJIOIIEHUSI B JJIMHHOBOJHOBOI 00JIaCTU CBsI3aH
C TIOTJIOIIEHNEM Ha CBOOOIHBIX HOCUTEIISIX 3apsiaa
B nomJioxke (cMm. Hanpumep [ 18]), akcneprumeHTab-
HBbIE TaHHBIE TI0 KOA(PGULIMEHTY MOTJIOICHUS B 3TOM
00JIACTH TOCTATOYHO XOPOIIIO alIITPOKCUMUPYIOTCS
KBaIpaTUYHOM 3aBUCUMOCTBIO OT IJTMHBI BOJTHEI.

CuibHOE MOIJIOLIEHUE B S-IOJISIPU3ALIUU B 00-
JIaCTU PHEpruii KBanta okojo 170 MaB cBs3bIBaeT-
CsI C MEXXYPOBHEBBIMU ONTUYECKUMU IepexoaamMu
JBIPOK MEKTY TTEPBBIM U TPETBUM YPOBHSIMU, DHEP-
rYsl TAKOTO MePexoaa XOPOLLO COrJIACYeTCsl C UMe-
IOLIMMUCS INTEPATYPHBIMU JaHHBIMU. I3BeCTHBIE
pe3yNbTaThl IO ONTUYECKOMY IOTJIOIIEHIU IO BMECTe
C JAaHHBIMU 10 (poTOMPOBOAUMOCTHU B cpeaHeit UK
obsactu B 110J00HbIX cucTtemax [19], a Takke Teo-
peTuyecKoe paccMoTpeHue Borpoca [20], maiot Be-
JIMYUHY SHEPreTUYECKOTO 3a30pa MEXKITY OCHOBHBIM
1 TIEPBBIM BO30YXIEHHBIM COCTOSTHUSMU, PABHYIO
80 M3B, MexX1y OCHOBHBIM M BTOPbIM BO30YXK/IEH-
HBIM cocTosiHuEM — 150 M3B.

Cna6b1ii UK npu Ao = 380 MaB obyciioBiaeH
3aMoJTHEHNEM ILIPKaMU BTOPOTO YPOBHS KBAHTOBOM
TOYKU U ONITUYECKUMU MEPEXOJAMU U3 ITOTO YPOB-
H$I B CTUIOIITHOM CTIEKTP COCTOSTHUI Hall 6apbepoM.
OTO MOATBEPKAACTCS BEJIMUMHOM CABUIa MAKCUMY-
Ma 3TOTO KA OTHOCUTETHHO TMOTJIOIIEHUS B p-T10-
Jisipu3auuu, pasHoii 80 MaB, 4To coOTBETCTBYET pac-
CTOSTHUIO MEXIY OCHOBHBIM M BO30YXIEHHBIM
COCTOSIHUSIMU KBAHTOBOI1 TOUKH.
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3aBUCUMOCTH BeJIMYMHbI (POTOUHAYLLMPOBAHHO-
IO MOMIOLIEHWS OT UHTEHCUBHOCTH BO30YKAAOILIETO
WU3Ty4eHUsI, TPUBEACHHbBIC Ha pYC. 3, TOATBEPXKIa-
0T BbICKa3aHHbIE MPeanojoxeHus. JleiicTBUTeNb-
HO, C POCTOM MHTEHCUBHOCTH Jia3epa IMOIJIOLIEHHE
npu /io = 460 M5B B p-noasipusanuu u npu Ao =
= 170 m3B B s-noaspuszanum, oOyCI0BIEHHOE I1e-
pexoJaMu 13 OCHOBHOTO COCTOSIHUSI, CHavaJia 10c-
TaTOYHO OBICTPO PACTET, a MPY OTPEAETCHHOM BeJIH -
YMHE WHTEHCUBHOCTUM HAaKayku BBIXOAUT Ha
HachllIeHre. DTa MHTEHCUBHOCTD (ITOKa3aHa CTpeJ-
KOW Ha puc. 3) COOTBETCTBYET MOJHOMY 3aroJIHe-
HUIO OCHOBHOTO COCTOSTHUSI BCEX TOUEK IbIPKAMM.
HanbHei1ni c1adblit pOCT CBSI3aH, MO-BUAMMOMY,
C BKJIQJIOM OT CBOOOAHBIX HocuTenei. OnHaKo Imo-
roleHue npu Ao = 380 M3B B s-noasgpusaunu,
00yCJIOBJIEHHOE TTePEX0IaMU CO BTOPOTO YPOBHS,
JEMOHCTPUPYET MHYIO 3aBUCUMOCTb OT UHTEHCUB-
HOCTU MEX30HHOI Hakauku. [lornolieHre Hauu-
HaeT pacTy MpY MHTEHCUBHOCTU BO30YKIEHUS, Mpe-
BbIIIAIOIIE 3HAUYeHWE MHTEHCUBHOCTHU, IIPU
KOTOPOM IMOJIHOCTbIO 3aMIOJJHEHO OCHOBHOE COCTOSI-
HUE KBAHTOBOI TOUKM.

Wrak, B paboTe nccienoBaHo MOTJIOIIEHNE M0~
JISPU30BAHHOTIO CBETA, CBI3aHHOE C ONITUUYECKUMU
repexoJaMU JbIPOK U3 OCHOBHOTO COCTOSTHUS KBaH-
TOBBIX ToUeK Ge/Si B CTIJIOUIHOM CMEeKTp, a TakKXKe
BIIEpBbI€ HAOJIIOAAIOCH TTOTJIOLIEHUE, O0YCIOBICH-
HOE MepexoJaMU ObIPOK U3 OCHOBHOTO B BO30YX-
JIEHHOE COCTOSIHME U U3 BO30YKIEHHOT'O B CILJIOLI -

>

AT/T,o.e.
0,002 T T T T T T T T T

0,001

0,000 .
0,10 0,15 0,20 P, Br

Puc. 3. 3aBUCUMOCTU BEJIUUYUHBI
(hOTOMHIYIMPOBAHHOTO TOTJIOIIEHUS
HEJIETUPOBAHHOM CTPYKTYPHI ¢ KBAHTOBBIMU
TOYKAMU OT MOLIHOCTU OIITHUYECKOIO MEX30HHOIO
BO30yxkaeHuUs B 5- (2, 3) u p- () nonsipyusanuu
MPU pa3IMYHBIX DHEPTUAX KBaHTa 7/im , MoB:
460 (1), 170 (2) u 380 (3).

Ilnowmane Mex3oHHOU 3acBeTku 0,25 CM2, T =300 K

Hoii cnektp. [lojyyeHHbIe JaHHbIE [10J€3HbI [1PU
pa3paboTKe IETEKTOPOB CPeIHEr0 MH(PPAKPaCHOTO
MU3JIydeHUs Ha 0a3e HAHOCTPYKTYP C KBAHTOBBIMU
toukamu Ge/Si.

Pabora monnepkaHa rpaHtaMu POD®U, MunHo6-
pHayku P® u ®PIIT «HayuHble u1 HayuyHO-MeAaroru-
Jyeckue Kaapbl MHHoBanuoHHON Poccum» Ha 2009—
2013 ronwi.
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M.A. XodopkoBckuti, C.B. Mypauwio8, C.b. Jllo64uk,
JLI. Pakuee6a T.0. ApmamoHo6a, A.B. CabaHuel

OCOBEHHOCTU NMPOLIECCOB KJTIACTEPU3ALIUU MOJIEKYN
®YNJIEPEHOB MPU NNAZEPHOU ABJIALUMU

BsaumoneiicTBre 1a3epHOTO U3TyUYeHUs C TBEP-
IBIMM 00pa3liaMy MPUBOIUT K 00pa30BaHUIO JIa3ep-
HO¥ MIa3Mbl U TIPEACTABISET COO0I OMHO U3 Upe3-
BbIYailHO MHTEPECHbIX (U3NYECKUX SIBJICHUIA,
MMEIOIIMX KaK HAyYHBII, TAK ¥ IPUKJIATHON NHTE-
pec [1]. JlazepHast abasiius (MCIapeHue) YIiepo -
HBIX MAT€pUaJIOB OUeHb BaXKHA BBUIY €€ IIPUMEHE -
HuUs 11pu (POPMUPOBAHUU TOHKUX ILIEHOK HOBBIX
maTepuazoB. s mpolecca 1a3epHOTo ucnapeHust
B OTJIMYME OT OOBIYHOTO IMpOrpeBa oopasiia Xxapak-
TepeH OBICTPHII JIOKAJTbHbBII HATPEB 1O OYEHB BHICO-
KMX TEeMIIEpaTyp, 3a KOTOPbIM CJIEAYeT BbIOpPOC
BelllecTBa U3 rnporpetoii oonactu. [Tpu sToM cyiie-
CTBEHHBIM M3MEHEHMSIM ITOJBEPraeTCs OYeHb He-
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00JIB11I0# ¢1011 0Opa3ua. KOMITOHEHTHI, 13 KOTOPBIX
COCTOUT OOpa3sell, UCTIapsIIOTCS B COOTHOLIEHUH,
OJIM3KOM K CTEXMOMETPUUECKOMY, UTO OTIpEAeIISIeT
YHUKAJIbHbIE BOBMOXHOCTH IIPUMEHEHMUSI JIA3EPHO-
TO MCTapeHus IS MCCIeMOBaHUs COCTaBa Bellle-
ctBa. WMmynbcHas nmasepHas OecOpOIMOHHAS
MAacC-CIEKTPOMETPUS MOXET OBbITh NIPUMEHEHA
K aHAIM3Y ITPAKTUYECKH BCEX HEJIETYUMX MATEPUATIOB.

Psan paboT mocBsIIIeH uccieI0BaHNIO B3aMO-
IEMCTBUSI MMITYJTBLCHOTO Ja3epHOr0 W3JIydeHUS
¢ (yIepEeHOBBIMU TBEPABIMU 00pa3LIaMU METOA-
MU BPEMSIIIPOJIETHOM Macc-criekTpoMerpuu [2—4].
B Macc-crniekTpax KpoMe MOHOB MOHOMEPHBIX MO-
JIEKYJT peTUCTPUPYIOTCS MOHBI KJIacTepOB (IMMepOB,
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TPUMEPOB U T. [I.) U UX (PPAarMEeHTOB C MAcCaMu, Kpat-
HbIMU Macce nuMepa C,. MexaHn3M MpoLeccoB Kila-
CTEepU3aLIMU MOJIEKYJT (DYJIJIEPEHOB U UX (pparMeH-
TalW¥ TIPY JIa3epHOI A0S 3aBUCUT OT JUTUHBI
BOJTHBI U TIJTOTHOCTH JIA3€PHOTO U3yuyeHus1. B pado-
Te [2] moKa3aHo, 4To IIpy 00JIydeHUM 00pa3LIoB (yJI-
JIEPEHOB YJbTPa(UOJIETOBBIM JIA3€POM C UHTEHCUB-
HOCTbIO M3yueHust mopsiaka 5-10” Br/cm? u Gonee

HabmonaoTcst noHbl Cg, 1 CO CTOPOHbBI MEHBLINX

macc Habop nonos Cg, , (n =2, 4, ...), a Takxe
Ha0Op IMMEPHBIX NOHOB, 00pPa30BaHHBIX U3 MOJIE-
KyJ1 Cg 1 ux pparmenToB. Cpeay TMMEPHbIX MOHOB
HanboJjiee UHTEHCUBHBIN CUTHAJ COOTBETCTBYET
noHam (Cyy+ Csg) . Tpu 061yueHun o6pasiia na-
3epPHBIMU UMITYJIbCAMHU C JJTMHOM BOJTHBI A = 566 HM

MOJIeKYJIsIpHbIiA UK C¢, TAKXKe SIBJIseTCs Onpe/e-
JastoinM, a pparmentauus Cgy ¢ norepeit C, nuner
B MEHbILEH CTEMeHU, YeM MPU yJIbTpadroaeToBOM
00JTy4eHUM, HO CO CTOPOHBI OOJIBILIUX MACC MOSIBIS -
0TCSl MOJIEKYIISIpHBIe MOHBI Cfyy,, (n=2,4,...),4TO
MPUBOAUT K TIOSBICHUIO B MAacC-CIIEKTPe MMUKOB
¢ Maccoii, bosplIeii, yem Macca Kactepa C .

O0pa3zoBaHue KJIACTePHBIX MOHOB (QyJIJIEPEHOB
MOXET MATH KaK 3a CUeT UX 9MUCCUM U3 00paslia,
TaK ¥ 3a CYET KOHACHCAIIM MOHOMEPOB, & TAKKE X
(bparMeHTOB pU ra30AMHAMUYECKOM OXTTAXKICHUN
JIa3epHOM I1a3Mbl BOJIM3U IOBEPXHOCTH 00pa3ia.

N3mepsist IpoCcTpaHCTBEHHO-BPEMEHHOE pac-
MpeneeHre KIIacTepoB, MOXKHO OTNPENENTUTh, [Ie OHU
OBLTM 00pa30BaHBbI.

DKCIepUMEHTA/IbHAS YACTh

DKcIrepuMeHTaTbHasl YCTAHOBKA COCTOUT U3
BPEMSIIIPOJIETHOTO MAacC-CMEeKTPOMETpa Tuna ped-
JIeKTpoH c iazepHoit nonuzauueit TOF-1 (dpupmbl
Bruker, [epmanust) u 1azepHoil cuctembl ((GupMbl
Lambda Physics, Iepmanust), cocTosiiieit u3 aKCu-
mepHoro sa3epa Hakauku LPX-200 na XeCl (niu-
Ha BoJIHbI 308 HM, MaKCHUMaJibHasI BIXOIHAsI SHEP-
rust 350 MK ¥ OJIMTEIbHOCTh UMITYJIbCA 25 HC)
u gaszepa Ha kpacutessix FL-2000 ¢ kpucraniom-y-
BouTesneM. B kauecTBe KpacuTessl UCIOIb30BAICS
kymapuH 307, KOTOpBIIi oOecrieunBa U3Iy4eHue
B auara3zoHe miuH BosiH 480—520 HM, U B ciydae
KCIOJIb30BaHUS KpUCTalIa — B nuanasoHe 240—
260 HM. JIazepHOe U3/Ty4eHHE C IIOMOLLbIO KBAPLIEBOI
TTOBOPOTHOI TIPU3MBI TIOAABATIOCH HA aXpOMAaTHJeC-
Ky1o JuH3y ¢ pokycom 210 mm. ChokycupoBaHHOE
OTHOMOIOBOE U3TYUEHHE C TayCCOBCKUM ITPOpIIEM

>

auamerpoM 0,1 MM ronagano Ha odopa3sell, pacro-
JIOXKEHHbI BMOHU3ALIMOHHOMN KaMepe BpeMsInpoJieT-
HOI'O MacC-CIeKTPOMETpA.

NoHuzaunoHHas Kamepa CoAepXUT B cede Tpu
niaockomnapauienbHbie actuHbl [-111 B Bume me-
TaTMYECKUX TMCKOB TOJIIMHON 1 MM, pacroJo-
JKEHHBIX Ha paccTosiHuu S = 13 MM Apyr oT apyra
(puc. 1). Ha ocu, neprieHAUKYJISIPHON MIOCKOCTU
JIMCKOB 1 IIPOXOsIIIEei yepe3 ux LIEHTP, ObLIU Clie-
JIaHbI OTBEPCTHUS AUaMeTpoM D = 5 MM B KaKJOM.
Hanpsixenue 1—1,5 kB, npukiaasiBaeMoe K 3TUM
MJIACTUHAM, MO3BOJISIO YCKOPSITh MOHBI, 00pa3yto-
LIMECS MEXXAY STUMU MIACTUHAMMU 32 CYET BHEIIHE-
o UCTOYHKKA, B HANPaBIEHUU OTPAXKAIOLIETO 3ep-
Kajia Macc-pedJieKTpoHa U IOC/enylolleid ux
perucTpalueii ¢ TOMOIIbIO T1eTEKTOPA, BHIMOJHEH-
HOI'O Ha OCHOBE CIBOGHHBIX MUKPOKAHAIbHbBIX I1J1a-
ctuH. PazneneHure MOHOB Mo MaccaM MPOUCXOAUIIO
34 CYET I10J1yYeHUsI UMM Pa3IMYHOM HaYaIbHOM CKO-
POCTU B OIMHAKOBOM YCKOPSIOILIEM ToJie, MPUIo-
2KEHHOM K IJJaCTMHAM MOHM3aLMOHHON KaMephbl.
OOpa3zel] BBOAWJICS B KamMepy uepe3 BaKyyMHbI
NOPT MEK/Y NEPBOI U BTOPOM IJIACTUHOM MOHU3A-
LIMOHHOM KaMepbl U MOT ObITh YCTAHOBJIEH Ha pa3-
JIMYHOM paccTosiHuM L OT ee ocu, B Ipeaeax
0—100 mM. B Hammx skcriepuMeHTax oOpasel yc-
TaHaBaMBajcs Ha pacctosiHun L = 70 MM OT ocu
Macc-CIeKTpoMeTpa. YTosl o MeXAy MI0CKOCThIO
o0Opasia 1 0Cbio Macc-CcrieKTpoMeTpa (COBIIaga0-
11Ie# C OChbI0 MOHU3ALMOHHOM KaMepbl) MOT BapbU -

Puc. 1. YcrpoiicTBO MOHM3ALMOHHOM KaMephbl:

I, II, III — Tpu ruiockKomnapajieibHble IIACTUHBI;
S — paccrosiHue MEXIy IUIACTHHAMU;
D — nmameTp OTBEPCTHs B IUIACTHHAX;
L — paccrosinue oT o6pasia 40 OCH MacC-CIEKTPOMETPa;
hv — KBaHT CBETa JIA3€PHOTO M3JIyUCHUS
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poBatbesi OT 10 10 90°. B TUIIMYHOM 3KCIIEPUMEHTE
3a OJMH JIa3€PHbII UMITYJIbC, (DOPMUPYIOLINIA J1a-
3ePHYIO [LJ1a3MY, PETUCTPUPOBAJICSI CIIEKTP MOJIOXKM -
TeJbHBIX MOHOB BO BCEM MAIa30He Macc C pa3pe-
wenueM nopsaka 1000. Ilox paspelueHueM
TMoHUMaeTcst oTHoteHue M/AM, rne M — Bennau-
Ha MacChl pErucTpupyemMoro noHa. B ciyuae HeoO-
XOIMMOCTH YIYUIIEHUS pa3pelieHNsT CUTHAI/TITyM
cnekTp HakamimBajcs B tedeHue 50—100 nasep-
HbIX UMMYJbCOB. OMHAKO MPU 3TOM pa3pellieHne
curHasa ymeHsbinanach 10 300 B o6sacTu 00JbIINX
macc.

15t iccaienoBaHusI MPOLIECCOB BO3HUKHOBEHUSI
U pacrnana Jla3epHO# mia3Mbl Mocie BO3NeUCTBUS
JIa3epHOTO UMITYJIbca ObLT UCITOIb30BaH CIIOCO0 13-
MEHSeMOI 3a1ep>KKH TTOTauX UMITYJIbCHOTO BBITAJI-
KMBAIOLLIEr0 HAITPSIKEHUS HA TUIACTUHBI MIOHU3ALIM -
OHHOU KaMepbl MO OTHOIIEHUIO K JIa3epHOMY
umiItysbcy. C 3Tol LebIo UMITYJIbCHOE BBITAIKUBA-
fo1Iee HaMpsiKeHWe MOTJIO TTOAABAaThCs KaK MEXIY
MNEepBOI U TPETbEM, TaK U MEXK/Y BTOPOU 1 TPEThEN
miactuHaMu. Eciiv B mepBoM ciydyae cOOp MOHOB
MPOUCXOAUT 3a CUET BTSITUBAHMSI UX 13 BCeii obac-
TW MIOHU3ALIMU MEXTY TIEPBOIA U BTOPOIA MIacTUHA-
MM, TO BO BTOPOM PErUCTPUPYIOTCSI TOJIBKO T€ UOHbI,
KOTOPBIE CAMOCTOSITEILHO MEPECEKIUN TJIOCKOCTD
BTOPO¥ ITACTUHBI Uepes ee nuacdparmy. MHbBIMU clio-
BaMH, B TIEPBOM cCJIyuyae Mbl MMOJydaeM UHTeTpajib-
Hy1o uHdopMaLuIo o JazepHoM (akese 3a BpeMs
JEeMCTBUST BBITAIKUBAIOLLIETO UMITYJIbCA, a4 BO BTO-
POM MMeeM aHaJIoT CKOPOCTHOM (hOTOperucTpaluu
MOHHOTO cocTaBa Mia3Mmbl. Perucrpaunsi makeTton
MOHOB, NepeceKkatoux niaactuny 11, B 3aBucumoc-
TH OT BPEMEHU 3aA€PXKKU MO OTHOLIEHUIO K JIa3ep-
HOMY UMIIYJIbCY TTO3BOJISIET HAOMIOAATh pa3BUTHE
BO BPEMEHMU JIa3epHOI TMa3Mbl, pasjieTalolieincs
B BakyyM. B ToMm ciyuae, koraa Bpemsi BbITAIKMBA-
HUs MOHOB U3 oosnactu Mexay [T u Il mnactuHamu
CYILIECTBEHHO MEHBIIIE BpeMEHU ITPOXOXKICHUS ye-
pe3 3Ty 00J1aCTh MPOIYKTOB JIA3epPHOIA T1a3Mbl, B -
sIHUE anmnapaTHoi (DyHKIIMY BBITATKUBAIOILIETO YC-
TPOMCTBA MOXHO OLEHUTb M3 COOTHOLIEHWUS
HavyaJbHbIX CKOPOCTEH MOHOB 1 CKOPOCTEH, TTIPUO0-
PETEHHBIX MU B TIPOIIECCE YCKOPEHUS B BHITAJTKU-
BatolleM noJje. Eciiv cHuMaTh 3aBUCUMOCTU KOJIU -
YECTBEHHOTO 1 KQUECTBEHHOTO U3MEHEHUSI CIIEKTPOB
MOHOB OT BpEMEHMU 3a[€P>KKHU [10 OTHOLIEHUIO K UM~
MyJIbCY JJa3epHOTO BO3IEUCTBUS, TO MOXKHO OTIpe/ie-
JIUTb TEMIIEPATYPY, IUVIOTHOCTb U ITPOCTPAHCTBEHHOE
pacripenesieHre TIPSIMBIX U (PparMeHTHBIX MOHOB BO
BPEMEHU.
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Pe3synbraTbl M NX 00CyKIeHHE

Ha puc. 2 npuBeaeH Macc-CneKkTp yrjaepoaHbIX
WOHOB B obmacT Macc 1o M/z = 2200 ¢pymrepeHo-
BOI'O [OpOLIKA YMCTOTOM 99,2 %. Bpemsi 3anepxku
T, Mexay UMIyJIbCOM Jia3epa U BbITATKMBAIOLLIMM
UMITYJIbcOM cocTaniisiyio 20 MKc. JIiMHa BOJIHbI Jia-
3€PHOTO U3JIy4eHUSI COCTaBIsiIa 518 HM.

B npuBeneHHOM CIIEKTPe MOXKHO BbIACIUTb TPU

TPYIIIBI TUKOB: B paiioHe MOHOMepHOTO noHa Cg,

numepHoro Cj,, 1 TpuMepHoro Cjg,. B obmactn
Macc MOHOMEPOB 3apernCTPUPOBAH HAGOP MHUKOB,
KOTOpbIE OTHOCSITCS K (hparmMeHTHbIM noHaM Cig

(696 a.e.m.), Ci; (672 a.e.m.), C, (648 a.e.m.), 06-
pa3oBaBLUMMCS U3 MaTepUHCKUX MosieKyl Cg, € OT-
pbiBoM MoJieKyJbl C,. Co CTOpOHBI Macc OOJbLINX,
ueM Cg, TakKe HabmonaeTcss Habop OYEHb CIa0bIX

MHKOB, COOTBETCTBYIOLIMX MaccaMm noHOB C¢,, Cg,
U T 1. B obract Mmacc AMMepoB U TPUMEPOB 3ape-
TUCTPUPOBAHBI HAOOPBI TMKOB, TAKKE OTIMYAIOLIM -
ecsl ApyT OT Apyra Ha BeIn4nHy Macchl C,. B paiio-
He JUMEpPOB INIaBHbIe (hparMeHThl MOHOMEPHOI

mosiekysbl Cig 1 Cig PUBOST K PACIIPELEICHHIO

MKOB 110 MaccaMm ¢ eHTpoM Cg—C{ ;.

WM3BecTHO, 4TO 00pa3zoBaHUE KJIACTEPHbBIX
HMOHOB (GY/UIEPEHOB MOXET MITU KaK 3a CUYeT UX
SMUCCHUU U3 00pa3iia, Tak 1 3a CUeT KOHIEHCAIIUHN
MOHOMEPOB, a TaKKe NX (PparMeHTOB TTPU Ta300M -
HaMWYeCKOM OXJTAKICHUH JIa3ePHOM TI1a3MBbl BOJIU3HU
MMOBepXHOCTU 00pa3iia. BpeMeHHOe pacmipenesieH1e
KJ1acTepoB, c(OPMUPOBAHHBIX HA MOBEPXHOCTH,
OyIeT CyIIeCTBEHHBIM 00pa30M OTINYAThCS OT KJTa-
CTEPOB TOTO ke pa3Mepa, 00pa30BaBIINXCS B ITPO-
1ecce KOHACHCAIINH.

Jl71s1 MccaenoBaHMsl BpEMEHHOIO pacipesaese-
HUS (pyuiepeHoB abasIMOHHOTO (hakesia Oblia 13-
MepeHa 3aBUCUMOCTh MOHHOTO CUTHAJIa OT BpeMe-
HHU 3aJepKKU MEXTYy JIa3epHBIM HMITYJIbCOM U
HMMITYJIbCOM BBITAJIKMBAHUSI 3JIEKTPUUECKUM IOJIEM.
Bpemst 3amepskKu MoIaroBo M3MEHSIJIOCh C TEM, UTO-
OBI TTOJTYUUTH pacTpeieIeHIsI MOHOB (DyJLIEPEHOB BO
BpeMeHU. Pa3inuHble MAaKCUMYMBI, HaOTI01aeMbIe
B OKCIIEPUMEHTE, OTHOCSITCS K PA3JIUYHbIM YACTIM
abisIIMOHHOTO (hakeia BO BpeMsl eTo paclliupeHUsI
B BaKyyM. DTOT METOI SBJISICTCS TIPEKPACHBIM Cpei-
CTBOM ISl UCCIIEIOBaHUS BpEeMEHHOM 3aBUCHMOC-
TU KJIACTEPHOI'O pacIipeae/ieHIus MIOHOB B T€UEHUE
HavaJIbHOM CTamuy pacimupeHus akea. YBeau-
YEHME BPEMEHU 3a€PXKKU T, MEX Y JTa3ePHBIM UM-
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Puc. 2. Macc-crekTp MOHOB YIJIEPOIHBIX KJIACTEPOB,
TOJIyYEHHBIX TIPU Jla3epHOU abisiuuu QyniepeHOBOro MopoIlIKa;
T,= 20 mxc, A =518 um

>

MYJIbCOM ¥ MOHHBIM UMTTYJTbCOM BBITATKMBAHUS CO-
OTBETCTBYET YBEJIMUEHMIO BO BPEMEHHU MPOJIETA CO-
OrpaeMbIX MIOHOB. BBICTpbIe YaCTULIBI TTOSBASIOTCS
npu 60J1e€ KOPOTKUX 3aepKKax T, B 3TUX IKCIe-
pumeHTax. OIHO U3 MPEUMYIIECTB TAKO METOIM -
KW — 3TO CITOCOOHOCTH MOJy4aTh BPEMEHHOM MPOo-
(bnab Kaxkmoro MoHa MpU BapbUPOBAHUYU BpeMEHU
3a[I€PKKU; 3TO MO3BOJIIET TOYHO U3MEPSITh PacTpe-
JeJIeHUe CKOPOCTel M CKOPOCTh apelicha MOHHBIX
yactull. [ToaTomy ais ucciaenoBaHusl pa3BUTUSI a0-
JIILIMOHHOTO (pakesia BO BpeMeH! 1 TTOHUMaHMUSI TIPU-
pOIbl KjiacTepooOpa3oBaHUsl ObLIM CHSITHI MaccC-
CTIeKTPHI (PYJIIEPEHOBBIX TTOPOIIIKOB B 3aBUCHMOCTH
OT BPEMEHU 3a[ePKKH MEXKIY JTa3epHBIM UMITYJTb-
COM U UMITYJIbCOM BBhITAJIKUBaHUS. BpemeHa 3anep-
Kku T, uBMEHsUIUCH OT 5 10 50 MKC.

Ha puc. 3 n300paxeHbl 3aBUCUMOCTU UHTEH -

cuBHOCTel MKoB 11st HoHOB C¢y, Clyy 1 Cyp, CO-

OTBETCTBEHHO, KaK (DYHKLIMU OT BpEMEHU 3aePXK-
KU, 1719 TUMEPHBIX ¥ TPUMEPHBIX MIOHOB ITPOBEACHO
pa3ioXeHre KPUBbIX HA MUKU. BuaHo, uTo (hpopMbI
3aBUCUMOCTE MTHTEHCUBHOCTE 1 MOHOMEPHBIX, TV -
MEPHBIX Y TPUMEPHBIX MOHOB PAaAUKAIbHO OTJIU-
JaloTCcs APYT OT Apyra. MakCMMyMBl MHTEHCUB-
HOCTEU JJis OMMEPHBIX U TPUMEPHBIX MOHOB
CMEIIAIOTCS B CTOPOHY OOJIBIINX 3HAUEHUI Bpe-
MeHu T,. Y ecnu KpuBas 3aBUCUMOCTH TSI MOHO-
Mepa MMeeT OIUH MaKCUMYM IIPY BpeMEHU 3a1ep-

XKU 20 MKC, TO IJIST AUMEPHBIX MOHOB 3aperuCT-
PUPOBAHO J1Ba, a /15l TPUMEPHbBIX — TPU MAKCUMY-
Ma. OCHOBHOI1 MAKCUMYM AUMEpPA COOTBETCTBYET
BpeMeHU 3anepxkku T,.= 35 MKC, a IOMOJTHUTENb-
HBI, c1a00 BBIpaXXEHHBI MakcuMyM, — 20 MKc.
st TpuMepHbIX MIOHOB MAKCUMYM UHTEHCUBHOC-
TH MIPUXOAUTCS HA BpeMsI 3a1ep>KKU MPpUMEPHO 32—
35 MKC, a NONyLIMPUHA pacIIpeaeJeHUs IO UHTEH-
CUBHOCTSIM TMHWKOB, COOTBETCTBYIOILIUX MaccaM
Cisosn(n=12,4, ...), 0onbllle, YeM 119 MOHOMEP-
HBIX ¥ IUMEPHBIX MOHOB. Kpome Toro, Haboaa-
FOTCSI 1BE€ TPYIIbl TPUMEPHBIX KJIACTEPHBIX MIOHOB
npu 3aaepxkax 20 u 48 MKc.

KpuBasi MHTEHCUBHOCTU OUMEPHbIX WOHOB
¢ MakcUMyMoM nipu 7,= 35 MKC Ka4eCTBEHHO OTpa-
JKAeT 3aBUCUMOCTb CKOPOCTE MOHOB JIJ151 IMMEPOB,
c(hopMUPOBABIINXCS HEMTOCPEICTBEHHO Ha MOBEP-
XHOCTH, a KpuBas ¢ MakcuMmymoM nipu 7, = 20 Mxc
MOXET COOTBETCTBOBATh AUMEPaM, 00pa30BaBLINM-
Csl B IIPOLIECCE IUMEPU3ALIUU B OXJIAKJAEHHON YacTu
CBEpPX3BYKOBOIl cTpyu. TakuM oOpa3zoM, MOXKHO
CUMTATh, YTO OCHOBHOI MaKCMMYM B pacripesesie-
HUU MHTEHCUBHOCTU IUMEPOB OTBEYAET MpOoLecCy
00pa3oBaHMs IMMEPOB HA IOBEPXHOCTHU O€3 CyllIe-
CTBEHHOTO HapyllIeHNs KapKaca MosieKys Cgy, T. €.
B pe3yJbTaTe peakiny (hPOTOTMMEPU3ALNH B IIPOLIEeC-
ce JIa3epHOit 1ecCOpOLMU U MOHU3ALIUM, & HE B pe-
3yJIbTaTe ra30JIMHAMMYECKOI0 OXJIAXK/1€H sl ra30BOM
(hbaszwl MPOIYKTOB A0ALINN.
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Puc. 3. 3aBUCUMOCTH OT BpEeMEHU 3a[CPXKKU
OTHOCHTETFHON MHTEHCHMBHOCTH KiacTepHbIX HOHOB Cf (a); Cly (6); Clyy (8),
PETUCTPUPYEMBIX MpU abisiuuu QynnepeHoBoro nopomka (A = 518 HM);

TMYHKTUPOM TOKA3aHO PA3JIOXEeHUE KPUBBIX HA MUKU

MakcruMyM 3aBUCUMOCTY MHTEHCUBHOCTH TPH-
MEPHBIX MOHOB ITpu 7, = 32—35 MKC, TO-BUIVMOMY,
COOTBETCTBYET (hOPMUPOBAHMIO TPUMEPOB ITPEUMY-
IIECTBEHHO HE HAa MTOBEPXHOCTH, a B JJa3epHOM (a-
Keje, 1 GopMUPOBAHUE X PACTIHYTO BO BPEMEHH
10 CpPaBHEHUIO CO BpeMeHeM 00pa30BaHUSI MOHOME-
pPOB U IMMEPOB MPU MCITAPEHUN C TTOBEPXHOCTH.
[pynna uoHos npu 7, =48 MKC COOTBETCTBYET TPHU-
MepaM, BBUIETEBIINM C TIOBEPXHOCTH, a MAKCUMYM
npu T, = 20 MKC — TpuMmepaM, 00pa30BaBIINMCS
B IIpOIIeCcCe KJIAaCTePU3aLINK B OXTAXKICHHOMN YaCTH
CBEPX3BYKOBOJ CTpYyHU.

Hanuawme B ciekTpe nmpy onpeneieHHOM 3amepsk-
K€ TPYITT MOHOB C CYIIECTBEHHO OTINYAOLIUMUCS
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MaccaMy O3HayaeT MPeXAe BCEro TO, UTO B 30HY
BBITAJIKMBAHUS MacC-CMEKTPOMETPA MTPUXOIST O/ -
HOBPEMEHHO pa3Hble IPYMITbl MOHOB C OIMHAKOBOI1
cKopocThio. Kak ciemyeT 3 MpruBEenIeHHOTO BBIIIIE
aHanu3a GakTopoB, BIUSIONIUX HA CKOPOCTU UOHOB,
TakKasi 3aBUCHMOCTb MOXET ObITb B TOM CJIy4yae, KOr-
Jla 4YacTb MOHOB 00pa3yeTcsl B pe3yJibTaTe Mpoliec-
coB accouuanuu (kiaacrepusanuu). Ilpu 3ToM cKo-
POCTb O0bEIMHEHHOI YaCTULIBI OYACT OTTPENESI ThCS
CKOPOCTSIMU TIAPTHEPOB, YK€ HAXOISIIMXCS B Jla-
3epHOI MIa3Me; B 3TOM KaueCTBe BHICTYNAIOT (Hau-
0oJiee BEpOSTHO) (PyssIepeHOBbBIE MOJIEKYJTbI I MIOHbI
MeHbLIero pa3Mepa. Tak, npu 7, = 20 MKc Ha0I0-
JAl0TCsl KAK MOHOMEpPBI, 00pa3oBaHHbIE NP B3au-
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MOJIEMCTBUU M3JIYYEHUSI C MOBEPXHOCTbIO, TaK
U IUMEpPBI, 00pa30BaHHbIE B PE3y/IbTaTe acCOLMa-
THUBHBIX IPOLIECCOB BJIa3epHOM (hakesie, U 1aKe TPU-
Mepsl. [Ipu 7, = 32—35 MKc HabMona0TCA AUMe-
Pbl, BbLIETEBILME C MOBEPXHOCTU, U TPUMEPHI,
00pa30oBaHHbBIE B MpolLleccax KJacTepusali.
AHaJIOrMYHBII 3KCHOEepUMEHT ObLI OIMCaH
B cTaThe [5], Tae aBTOpbl UCCIea0BaIN 00pa3oBa-
HUE MaJlbIX yriepoaHbix kiactepos C,—C,, npu 1a-
3epHOI1 a0simu rpaduTa Ha IJIMHE BOJIHBI 355 HM.
3aBUCUMOCTY MHTEHCUBHOCTHU KaXKI0TO MOHA OT
BPEMEHU 3aJePXKU AEMOHCTPUPOBAIU CXOIHOE
nosejaeHue: 00JIbIIME KJIACTEePhbl MOSIBJSLIUCH IPU
IJIUTEJbHBIX BpeMeHaX 3alepXKu. Takxke ObLIU
paccuuTaHbl HanboJIee BepOSITHbIE CKOPOCTU NOHOB
W MOCTpoeHa Jorapudmuieckast 3aBUCUMOCTb (DyHK-
LIMM CKOPOCTU OT Macchl. B cooTBeTCTBUU C TEOpE-
TUYECKUMMU MTPOrHO3aMU MaKCUMaJbHasi CKOPOCTh
YacTULL JOJIKHA MUMETh OOpaTHYIO KBaIpaTUUHYIO
3aBUCUMOCTb OT UX MOJIEKYJIsIpHOTO Beca. OqHaKo
pacuyeTHOE 3HAYeHME YIJia HAKJIOHA ITOCTPOSHHOM
JjoraprMUUecKoit 3aBUCUMOCTU CKOPOCTH OT Mac-
cbI cocTaBmwiio O = 0,36, UTO MeHbIIIE OXUIAEMOTO
0 = 2 1m0 00paTHO KBAaAPATUIHOM 3aBUCUMOCTU. DTO
PACXOXAEHUE MEXIy TeOpUE U IKCIEPUMEHTOM
B YKa3aHHOM CTaTbhe 00bSICHSIACh B3AMMOICHCTBU-
eM (3(h(peKTOM CMEIIMBAHUS ) PA3TUYHBIX AaTOMHBIX
YacTUll, Haxoogamuxcs B ¢pakene. Ecau miIoTHOCTD
YaCcTHUL JOCTATOYHO BbICOKASI, TO CTOJIKHOBUTEJIb-
HO-WHIYIIMPOBAHHBIN OOMEH UMITYJIbCAMU MEKITY

>

KUCIapsieMbIMU YAaCTULIAMM B T€UEHUE HAYaJIbHOM
CTaInu pacIIupeHus pakena ABIIeTCS TPUIMHON
TOTO, YTO BCE YACTULIBI PACLLUPSIFOTCSI C IPUMEPHO
OIMHAKOBOU CKOpocThio. [To Mepe pacimpeHus
(pakesia NJIOTHOCTD MAAAeT U MPOLECC CTAHOBUTCSI
TMOYTH 0E€CCTOTKHOBUTEILHBIM. B mipotiecce 3Toro
pexXuMa UHIUBUAYATbHbIC YACTULILI CBOOOIHBI 1JIst
YCKOPEHUST ¥ TOCTUTAIOT CBOUX TpeAeIbHBIX CKO-
pocTteil. Takum 06pa3om, 3aBUCUMOCTb CKOPOCTEN
B3aMMOICICTBYIOIINX YACTHUII TUTA3MbI MEHBIIIE, YeM
MPOrHO3upyeMasi oO0paTHasi KBapaTUUHAasl 3aBUCH -
MocTb. Kpome Toro, 0oJjibiire KjaacTepHble NOHBI
C IOCTATOYHOM BHYTPEHHEMN SHEPrUueit cCaMonpou3-
BOJIbHO MOTYT (DparMeHTUPOBATLCS B OoJIee JIeTKIe
MOHBI. B TaKOM cllyyae CKOpOCTU paCILMPEHUSI Ma-
JIBIX KJIACTEPHBIX NTOHOB, TTOJIyUeHHBIX (hparMeHTa-
LIMEi, MEHbILIE, YeM CKOPOCTU MaJjibIX MIOHOB, 00pa-
30BaHHBIX TP TIEPBUYHON a0IALUN, YTO TaKKe
MNPUBOAUT K OTKJIOHEHUIO OT TEOPETUYECKOTO IIPO-
THO3A.

Ha puc. 4 npuBeaeHa 3aBUCUMOCTb CKOPOCTHU
rpynn dyiepeHoB Cg,, 2Cq,, 3Cs, OT X Macchl
(B norapummueckom Macitade). CKopocTh pac-
CUMTHIBAIACH M3 OTHOIIEHUS PACCTOSTHUST ICXOIHO-
ro oopasua a0 ocu macc-cnekrpomerpa (L =70 Mm)
K BpeMeHaM 3aIep>KKHN MEXIY UMITYIbCOM Jiazepa
Y BBITAJIKMBAIOIINMM UMTYJabcoM T (Tipy HUX K-
CHUpOBajach MaKCHMMaTbHast YHTEHCUBHOCTH PETH-
CTpUPYEMbIX MOHOB). [ToJlyueHo, 4TO yroj HakJIoHa
3TOI KpuBO# coctapisieT O = 0,8577, uto cyuie-
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Puc. 4. 3aBucuMOCTb CKOpPOCTH TpyIn (PyJaepeHoB
OT MX MaccChl
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CTBEHHO 00JIbllIe, YeM 3HAYEHUE, TTOJIyYEHHOE ABTO-
pamu [ 5] mpu ucceaoBaHUY A0JISILIUY YIJIEPOIHOM
muiieHu (0 = 0,36), HO B TO e BpeMsI MEHBLIIE T€O-
peThuecKoit 00paTHOM KBaapaTUYHOM 3aBUCUMOC-
TU. DTOT pe3yabTaT CBUAETEIbCTBYET O TOM, UTO
IJIOTHOCTD YacTuUll B (hakesie mpu adoisiuu Qyie-
PEHOB J1a3epOM JOCTATOYHO BbICOKAsI, YTO MPUBO-
JIUT K HapyLLIeHWI0 00paTHOM KBaJApaTUYHOM 3aBU-
CUMOCTU MAaKCUMaJIbHOM CKOPOCTU YacCTHUL] OT UX
MOJIEKYJISIPHOTO Beca, HO CYLIECTBEHHO MEHbI1Iasl,
yeM HaOoaaaack B [ 5] mpu abasiuuu yriiepoa.

Takum 06pa3om, MPOBEACHHBIE MCCICI0BAHMS
(bys11€pEHOB METOIOM BPEMSITIPOJIETHOM MacC-CIeK-
TPOMETPUHU ITOKA3AJIU, YTO BPEMEHHAS 3aBUCUMOCTh
pacnipeneneHus MOHOB (hyJIIEPEHOBBIX KJIACTEPOB
B TEUEHME HAYaIbHOM CTaAMU pacluupeHusi pakena
saBJsieTcst 3G PeKTUBHON XapaKTEPUCTUKOM MpoLiec-
ca abasauuu 00pasloB IO AeCTBHUEM JIa36PHOTO
uznydeHus. [TokazaHo, 4To (hOpMbl 3aBUCUMOCTEN
WHTEHCUBHOCTEM OT BPEMEHMU 3a1€PXKKM MOHOMED-
HbIX, IUMEPHbBIX U TPUMEPHbBIX MOHOB (yJIepeHa
pagvKaIbHO OTAWYAIOTCS APYT OT Apyra. Hanuuue
B Macc-CIeKTpe Mpu OAHOU U Toi e (ompeneieH-

HOI1) BPEMEHHOM 3aepXKKe TPYIII MOHOB C Cyllie-
CTBEHHO OTJIMYAIOIIMMUCS MacCaMM O3HaudaeT
MpeXAE BCEro TO, YTO B 30HY BbITAIKMBAHUS MACC-
CHEKTPOMETpa MPUXOASIT OJHOBPEMEHHO pa3HbIe
IPYIIIbl MOHOB C OMHAKOBOI CKOPOCTbIO. YCTAaHOB-
JIEHO, YTO BHWJ 3aBUCUMOCTU CKOPOCTU OT Macc
HMOHOB (popMUpyeTcs B pe3yJibTaTe Ipoliecca, Koraa
YacTh MOHOB 00pa3yeTcsl Mpu accoluraunu (Kaac-
Tepu3aluu), U o0beJMHEHHAs YacTrLa Oy1eT UMETh
CKOPOCTb, OTNpeaesieMylo CKOPOCTSIMU MapTHEPOB
coyJapeHMsl, yKe HaXONSIIUXCS B ra30Boii (hase
JIa3epHOI IIa3Mbl, B KQUeCTBE TAKUX MAapTHEPOB
HauboJiee BEpOsITHO BLICTYNAKOT (hy/L/IEpPEHOBbIE MO-
JIEKYJIbl 1 MIOHBI MEHbIIETO padMepa. U ecau kpu-
Bas 3aBUCUMOCTH IUISI MOHOMEepa UMEET OMUH MaK-
CUMYM ITIpU BpeMeHU 3aaepxku 20 MKC, TO IJs
JUMMEPHBIX MOHOB 3apEruCcTPUPOBAHO NIBa, a s
TPUMEPHBIX — TPU MaKCUMyMa.

PaGora BhinojiHEHA MpU (UHAHCOBOM IMOIACPXK-
ke MunHuctepctBa oOpa3oBaHuS U Hayku Poccuii-
ckoii ®epepauun (TocymapcTBeHHbI  KOHTPAKT
Ne 02.740.11.5182) ¢ ucnonb3oBaHUEM HAyYHOTO 000-
pynoBanusi LKII <«AHanuTtuyecKuii LIEHTP HAHO-
u o6uotexHonoruit TOY CIIGTTIY».
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MATEMATUYECKASA PUSNKA

B.H. Ko3noG, .A. TpogpumoB, A.N. AkumoB

MOAEJINPOBAHMUE MNMPOLIECCA MNMPOIPEBA
NMPOMBILLUJIEHHOM YCTAHOBKM,
NMPUMEHAEMOM NPU U3rOTOBJIEHUU JIOH)XEPOHOB

B nporiecce M3rotoBneHMs TOHKePOHA METOIOM
MOJIMMEpPU3alIMU U3 MHOTOCIOWHON KOHCTPYKLIUT
(MK) B crietinanbHoi mpecc-dopme (I1P) bombiiioe
3HaueHWe uMeeT paBHOMepHbIii porpes 1D npu
TepMudeckoii oopadorke MK.

YeTkoe coOIONEHNE TEMTTEPATYPHBIX PEXUMOB
SIBJISIETCST HEOOXOAMMBIM YCJIOBHEM TOTYUEHUsI TTPO-
IyKTa Tpebyemoro kadectBa. OgHa u3 PyHKUIMIA
I1® — 510 nepenava teraa MK KOHIYKTUBHBIM
TeryioooMeHoM. Ho npu yripaBieHUM TeMIiepaTyp-
HBIM PEXMMOM U3TOTOBJICHUST U3BECTHA JINIII TEM -
nepaTypa BHenrHei yactu [1D.

PaccmoTpum Bompoc 00 yripaBieHUM TeMIlepa-
Typoii Ha BHyTpeHHe oBepxHocTr [1MD, npuMbika-
fouieii K BHewHe nosepxHoctu MK. Heobxonumo
HaWTU YCIOBUSI TEeMTEpaTypHOTO pacTipeaeaeHUsI
B [1® 1 BBISICHUTB BpeMsI TIOTHOTO OTKJIMKA TEMTIe-
paTypbl BHyTpeHHel yactu [1MD Ha ee 3MeHeHe Ha
BHewHel rpanute [MO.

CohopmynarupyeM wMaTeMaTUUYeCKyl0 MOJIeIb
B LIWUIMHAPUYECKOM CUCTeMe KOOPIMHAT:

oT(r,9,2,7)

=aAT(r,0,2,7), (1)
ot

rae a — Ko3hGUIMEeHT TeMIepaTypoTrpoOBOIHOCTH;
T — Bpemst; T(r, ,z, ) — UCKOMasl TeMIepaTypa;

— onepatop Jlariaca B UMJIMHAPUYECKOM CUC-
TeMe KOOPAUHAT.

VYuutsiBasi, uto mrHa [T HamHOrO 00JIbIIIE €
nuametpa, T. . //2R 1, ¥ IOITyCKasi OCEBYIO CUM-
meTtputo 1D, 3akitouaeM, UTo pacripeaeieHue TeM-
rnepaTypbl He OyaeT 3aBUCETh OT Z U

Takum oOpa3oM, 3amaya cBegach K 0OeCKOHEeU-
HOMY LIMJIMHIIPY, TeMTepaTypa KOTOPOTrO MEHSIETCsI
TOJIBKO I10 PAINYCY:

T 1T

T(,)
( ! . @)

Mmeem HavasbHOE yCJIOBUE

Tr,0) T, Ry r R, 3)
rae 7 — temmeparypa cpenbl, R,, R — BHYTpEH-
HU# 1 BHelHui paguycol [1D.

Kpome Toro, nMeem aBa TpaHWUYHBIX YCJIOBUS
(Tak KaK UMJIMHIP MOJIbIA).

Jng BHYTpeHHel TMOBEPXHOCTU — TPaHUUHOE
YCJIOBUE TPETHETO POJA:

T

— T . T. 0, 0, (4
rl Ry
rae I1® octbiBaeT; o, — KO3PPULIMEHTDI TEILIO-

OTHAYM U TETUTOTTPOBOIHOCTH.

s BHeILIHel MOBEPXHOCTU — IPAaHUUYHOE
yCJIOBUE MEepBOTO poja:

T(R,) T 0, (5)

rae I1® narpesaercs; 7, — U3BECTHAs MOCTOSTH-

Has TeMIlepaTypa, noaaepKruBaeMasi Ha BHELLIHENH

nosepxHocTu [P, OueBUAHO, YTO pellieHUE B UC-
cieayeMoi 00J1aCTu JOJIXKHO ObITh KOHEUHBIM, T. €.

Ry, r R. (6)

B utore Beipaxenus (2)—(6) popMupyloT cme-
LIAHHYIO KpaeBylo 3a[ady AJisi HECTALIMOHAPHOIO
YpaBHEHMSI TETUTOTTPOBOIHOCTH.

IMpoaHanu3upyeM NoJy4eHHYIO MOIEIb U JJIsI
yIoOCTBa TiepeiiaeM K 0e3pa3MepHBIM ITEpEMEHHBIM.
‘YpaBHeHUe TEIIONPOBOIHOCTH, HAYAJIbHOE U I'pa-
HUYHBIC YCIOBUS TIPUMYT CJICAYIOIINIA BUT:

a®(M) 2’0 100
=== (7)
oFo 67’2

|T(r,7)| < +o0,

r or
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@(;,FO)FOZO:TC—TO, Ro r I, (8

50 -
EHRO=—B1{®(R0,F0)+(T0—Tc)}, Fo 0,(9)
r, ol 0. o0 (10)
‘ _,o‘ , Ro 1, (11)

rIe T T, — v30bITOYHasA TemrepaTypa; R —

XapaKTEpHBbIi1 pasMep LMINHAPA; F = —, Ri =L =1,
R R
Ro =&; Fo a_z — kputepuii Dyppe; i=—1>V" —
R, R
Kputepuii buo.

[Monyunin CMELIAaHHYI0 KPAeBYIO 3a1a4y B 0€3-

pa3MEpHBIX MEpeMEHHbIX, THe ® ® r,Fo, , o ,

Bommuue ot I T , ., T, , ,Ry,,R comepxur

MEHbIIIE OTIPENESIOIINX TAPAMETPOB.
g pewienus 3agauu (7)—(11) Bocnoab3yemcs
MHTEerpajbHbIM IIpeoopazoBaHueM XaHkes [ 1] mist

KOHEUHBIX TipenesoB 0 Ro 1 I cMemaHHOM
KpaeBoii 3agaun. [1pruMeHNTEIbHO K Halllek 3amaue

1

Fo r rFol, ;rdr,1 Ro;(12)

i

Ro
® r,Fo
,—
2i n© L3
—2 2 —_ ) 0 1 5
il Roy ;Ro B
rie
0 i o i Go i o Gy ; (4
( , G, z — OecceneBbl (DYHKLIMN MEPBOTO
¥ TPETBETO POJIOB COOTBETCTBEHHO); ; — MONOXH-

TEJIbHBIE KOPHU TPAHCLIEHIIEHTHOIO YPABHEHU S
o(& o) & o(& o) (15)

Haiinem obpa3 omneparopa Jlannaca ajis ypas-
HeHus (7):

r
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= ;rdr 7—_L0 ;rdr
Ro T R T
2
U — U —
0 i =0 i
B 1
—L
0
1 d — — — —
— —=rLy ;r Ly ;rdr
R odr
-0 ke, - -
=|r—= 0 &r | —& Jr—= o &rdr.
or Ro Ro or
1_ —_— —_—
[MycTb ; r—1L, ;r dr,Torna
R T
;rLy ;v rJFo z

Rl (irtol ) ol 7))dr.

Bocnonb3yemcst ypaBHeHuem beccens, mon-
CTaBJIsSi B Hero (OYHKIINIO LO( ,.x), KoTopas sIBJIsI-
€TCS €TO PELICHUEM:

Lg(iix)+é%%(aix)+L0(aix) =0,

1

T.¢
4 1 !/
Lo(gl.x)+&—L0(E_\,-x):—l{)(§,~x).
X
Torna
Irly r) ;,Fo);
0
1_ p— p— p—
2 r rFo Ly, ,rdr
Ro
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Lo 7) (7Fo) - 2( Fo)

(mocnegHee moJydyaeTcss B CUJIYy TOrO, UTO
0 , O i 0 ).
BepHeMcs K BBIYMCICHUIO
ol )
B B B L 1
—1L i Ly » O
0
—
; i» 0. (16)
PaccmoTpum mepBylo Tpyniy ciaraeMbIX TTpU
r 1. C y4eToM BHIpaKEHMUsI (14)L, , Ownwusse-
CTHO, 4TO L()(g,.)zl [2, c. 597]; Bocnosnb3yeMcst
i
takke popmyinoii (10). CnemoBaTenbHO,
_a® — -, — —
r;Lo(é r)—&, rLO(&. r)@(r,Fo)i =0.
r=1

PaccMoTpuM BTOpYIO TpYMITy ClaragMbIX TIpU
r  Ro.Tpumenum ycnosue (15):

FL er —erL ET © F.Fo
or r=Ro

0 0 i 0 _—‘ 05 )
0

BoipaxkeHue B GUTrypHbIX CKOOKax B CUJTy hop-
myJibl (9) paBHO T, T
Haxkoneu, monyyaem o0pa3 B BUjie
. - - 27
0 I o 0o 4 0 i O
Tenepb nocTporm 00pa3 HAYATLHOTO YCI0BUS (8):
,0 I ,

1

el rL, ( ,-; dr — 00pa3 eAMHNYHON (PYHKIINN.

Ro

Jlanee yMHOXaeM Ha r  &;r 00€ yacTH ypas-
HEHUSsI TEIUIONPOBOAHOCTH (7) U MHTErPUPYEM 10 Ce-

b

YEHUIO IMJIMHAPA; BOCIIOJb30BaBIINCH 0(

MOoJIy4yaeM YpaBHEHUE B 001aCTU M300pakeHMi1 XaH-

KeJisl. DTOMY YPaBHEHUIO COOTBETCTBYET HAUaIbHOE

yCJIOBUE ,0

TakuM 00pa3omM, Mbl MOJYUYUJIM CJICAYIOLIYIO
3a7a4y:

— 2 .o BT, T R, ;Ro;
00 Ly
Penrenue monyyaem B Buae

0 0

i
et g2 iEOLO(g,.Eo) ]-etFo

[Tepexonum B 06iacTh n300paxkeHU 1Mo Gop-
myae (13):

I/I, HAaKOHE1I, BEPHEMCs K HAYA/IbHbIM IIEPEMEHHDBIM:

5 0 212 0
1 e Bk ,.RL 1l e
R R
! R RL ,.% ; Bi

PesynbraT MOaeaupoBaHUS
TeMTepaTypHbIX U3MeHeHW ycTaHOBKU 1D
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Wrak, HaMy Mo/y4eHO aHAJIUTUYECKOE pellie-
Hue 3anaun (2)—(6); mpoaHanusupyem ero. st 51o-
ro BOCIIOJIb3YEMCSI BbIUMCIUTEIbHBIM IaKETOM
MathCAD 14.

Jns BRIYMCIEHUN OBLIM B3SITHI CJICOYIOLINE

sHauenus: R, = 0,1 m; R = 0,2 mM; Teronposoz-
HOCTh
C, =896 [Ix/(xr'K); nnotHocTh

= 240 Bt/(m-K); yaeabHas TETUIOEMKOCTh
= 2700 xr/m>;

TEMITEPATYPOIPOBOIHOCTD g = p% =9,92-10" m?/c,
p
terutootgada o = 30 BT/(Mz'K), TemIiepaTypa cpe-
aet T, = 20 °C, TemnepaTypa BHELIHE TOBEPXHOC-
™ T, =50°C.
PaccmaTtpuBanuch necsaTh MepBbIX WICHOB psina
XaHkens.

Ha pucyHke npeacrapieHa mojydeHHas moBep-
XHOCTb U3MEHEH U TEMIIEPATYPbl YCTAHOBKHU. Bax-
HO, UTO pPe3yJ/1bTaT MOAEIMPOBAHMSI [TOKA3bIBAET IJ1aB-
HBbI pOCT TEMIEPATYPbl B HAMPABJAEHUU OT BHELLIHEN
MOBEPXHOCTHU LIWJIMHAPA K €r0 BHYTPEHHE! rpaHulie
BILIOTb 10 IOCTVKEHUS TeMIiepatypbl 7j, .

17151 BBIOpaHHBIX 3HAUEHU A MapaMeTpOB HarpeB
10 48 °C npowusoiten 3a 100 c. CrenoBaTebHO, MOX-
HO CIEeJIaTh OLIEHKY, COIJIACHO KOTOPOW TOJHBIA OT-
KJWK MPOUCXOAUT TOCTATOYHO OBICTPO, 4 UMEHHO
ans 1y = 50 °C — MeHee yeM 3a IB€ MUHYThI IJIS
BbIOpAHHBIX 3HAYEHUIA.

Takum oOpa3oM, HaMU HAMIEHBI YCIOBUS pac-
npenenaeHus temrepatypsl B [1M 1 mpoBeneHa nx umic-
JIEHHAs UHTEPIIPETaLVsl, CICJIAHbI BBIBOIBI O TIOJTHOM
OTKJIMKE TeMIepaTypbl BHyTpeHHel yactu [1M Ha ee
M3MEHEHUe Ha BHelHel rpanuie [1d.
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A.B. [leHuco6

OLHOMEPHASA 3A1AYA PACCEAAHUSA MJTIOCKOU BOJIHbI
CUMMETPUYHbBIM NMNJIASMEHHbIM CJIOEM

MHTepec K 3agaye o0 pacrpoCTpaHEHU N BOJHbI
BEPTUKAJIBLHON NOJSIpU3alluu (Ipyrue UCIoab3ye-
MBIE B JIMTEpAaType Ha3BaHUsI 3TOI BOJHBI — BOJIHA
TM-nionsipu3alyu, BOJIHA p-TIOJSIpU3aLIMI ) CKBO3b
CUMMETPUYHbIC TJIa3MEHHBIE CJIOU, XapaKTepU3y-
folIMeCs] HATMUMEeM MaKCUMyMa 3JIEKTPOHHOI KOH -
LIEHTPALIMK U MAJIBIMU TUCCUTTIATUBHBIMU MPOLIEC-
caM, BO3HUK B KOHIIe 60-X ronoB XX Beka B CBSI3U
C BOMPOCOM O MOJISIPU3ALMOHHOM (DUIIBTpALIMK TIOJIS.
B panunodusuke 1 acrpodusuke Terepb yxKe craj
XOPOIIO U3BECTHBIM 3(P(EKT SKPAaHNPOBAHUS TAKOM
BOJIHBI KaK I1JIJA3MEHHbIMU CJI0SIMUA KOHEYHOM TOJI-

60

muHH [1, 2], TaKk 1 06CKOHEYHO MPOTSKEHHBIMU
[3,4]. OH cocTOUT B TOM, UTO HAa YaCTOTE MOJIsl, PaB-
HOUW MaKCUMaJIbHOM IMJIa3MEHHOM 4aCcTOTE, COOTBET-
CTBYIOLIEI TAKOMY CJIOK, HAKJIOHHO IaJarolast
MJI0CcKasi BEpTUKAJIbHO MOJISIpU30BaHHAsI BOJIHA HE
MPOXOAUT 3a TOUKY C MAKCUMAJbHOI KOHLIEHTpAa-
LIMei BJIEKTPOHOB, €CJIU MOTEPU B CJI0E YCTPEMUTD
K HyJ10 [1, 2]. DTOoT 3(ppeKT MMeeT MeCTO 11 I11a3-
MEHHOTO CJIOSI, Y KOTOPOTO B OKPECTHOCTH TOUYKU
MaKCUMyMa 3JIEKTPOHHON KOHLEHTpaLUUu Belle-
CTBEHHas YacTb (PYHKLUMU IUITEKTPUIECKON MPO-
HULIAEMOCTHU UMEET HYJIb YeTHOI KPAaTHOCTM.



[Tpu oTcyTCTBMM NTOTEPH BPOHCKHMAH BOJHOBO-
TO YpaBHEHUSI IJIT MATHUTHOTO TTOJIST BOJTHBI BEPTH -
KaJIbHOM NoIsipy3alny 00pallaeTcs B HYJIb B TOUKE
MaKCHUMyMa 3JIEKTPOHHOW KOHIEHTPALlUH, eCIN
4aCcTOTa BOJIHbI PABHA MAKCUMAJIbHOW ILJ1IAa3MEHHOM
YacTOTE; 3TO CYIIECTBEHHO 3aTPYIHSIET ITPOBEICHNE
HE TOJIbKO AHAJIMTUYECKUX, HO U UMCJIEHHBIX pac-
YETOB 3JIEKTPOMAarHUTHOTO 1ToJ1s. [1pu mepexome ye-
pe3 3Ty TOUKY TePSIETCsI AHATUTUUECKUIA XapaKTep
peuieHusi [1—4]. Kak Oynet aHaIUTUUYECKH TTOKa-
3aHO HUXKE, ITPU [IOYTHU HOPMAaJIbHOM MaJieHU U BOJI-
HBI Ha CJIOM 1 TTPU MaJTbIX B HEM ITOTEPSIX UMEET Me-
CTO PE3KOE M3MEHEHME I10Jisl BOJHBI IIPU MaJlbIX
M3MEHEHMX yIiia mageHust. OTMETUM, YTO OCHOB-
HOM pe3yJbTaT OAHOI U3 TIePBBIX padoT [5] 1Mo 06-
CYXIIaeMOMY BOITPOCY 3aKJII0UaJicsS B TOM, UTO TTpH
CTPEMJIEHUH [TOTEPB B CJIOE K HYJIFO BEPTUKAJIBHO 10~
JIIpU30BaHHAs BOJTHA C KPYTOBOI YaCcTOTOM, paB-
HOW MaKCUMAaJIbHOM TJIa3MEHHOM YacToTe B CJIOE,
MTPOXOIUT Yepe3 TOUKY, TAe JOCTUTACTCSI MAKCUMYM
3JIEKTPOHHOI KOHLEHTPALN. DTO MOJIHOCTbIO ITPO-
THUBOTIOJIOXKHO BEPHOMY Pe3yJIbTaTy, YTO BOJTHA Ue-
pe3 Hee He TTpoXoAuT. Takoii pe3yNbTaT BIiepBhIie ObLT
TOJTy4eH B paboTe [6] He COBCEM CTPOTUM CITOCOOOM
(moagpoOHee cM. [2]), a 3aTeM CTPOTrUM (HO 3HAYM-
TeJbHO 00JIee TPOMO3IKKUM) CITOCOOOM MCCIe0BAH
B paborax [1, 2].

B pabote [1] Obl1a paccMOTpeHa OJHOMEpPHAs
3a/1a4a paccestHUsI TAKOI BOJIHbI IJIA3MEHHbBIM CJIO-
€M, OTPaHUYEHHBIM B IIPOCTPAHCTBE. DTOT CJIOM He-
MpepbIBHO (HO He INTaIKO) MePEeXOIU C 00eUX CTO-
POH B BaKyyM, M €ro (CJios) TIpOTSKEHHOCTh He
MPEeBOCXOANIIA IJIMHY BOJIHbI B Bakyyme. [IpuBeaeH-
Hoe B [ 1] mokazaTeJ1bCTBO 3KPAHUPOBAHUS BOJIHBI —
JIOBOJIBHO CJI0XKHOE; 9TO CBSI3aHO C 000OCHOBAHUEM
MPaBOMEPHOCTH CTPEMJICHHSI TIOTEPh B CJI0€ K HYITIO
rnocje 6€CKOHEUHOro YMc/ia UTepaluii mpu peiie-
HUU UHTETPAJIBHOTO YPaBHEHUS METOIOM CKAThIX
oTOoOpaKeHM. MeTo IpeAIioaaraeT, 4To siapo ypaB-
HEHUS CTPEMUTCS K 06CKOHEYHOCTH IMTPY YMEHBbIIIEe-
HUM NIOTEPD B CJI0E.

B pa6orax [1, 2] pakTuueCcKu pacCCMOTPEHBI TP
Mnpeae/ibHbIX [1Iepexoaa:

TT0 YTUTy TTaJeHUS BOJTHBI,

I10 ITOTEPSIM B CJIOE;

10 YMCJTy UTEepalliii B METO/IE TTOCIEeI0BATE b~
HbIX IPUOIMKEHUI (UX YUCIIO YCTPEMJISIIOT K Oec-
KOHEUYHOCTH, KOTIa AIpO OlepaTopa CTPEMUTCS
K OECKOHEYHOCTH).

J1Ba ToCcIe MHUX TTpeIeIbHBIX TTepexo/1a OCyIIe-
CTBJISIFOTCSI OIHOBPEMEHHO.

Marematnueckas CbM3MKa>

Borpoc o nepecTaHOBKE MpeaeabHBIX TTEPEX0-
JIOB HETPUBUAJICH JaXe B cIydyae JMHEMHbIX orepa-
TopoB. B paccMarpuBaemoli 3anaue rnpu oopaieHun
00BIKHOBEHHOTO JIMHEWHOTO N1 (epeHIIMAaTbHOTO
YPaBHEHMSI Mbl IMEEM JIEJ10 C HEJTMHEMHBIM OTTepaTo-
POM, ¥ BO3MOXKHOCTb ITPEICTABICHUSI €r0 Pe30JbBEH-
TOI ¢ HEOrpaHUYEHHBIMM SIIpaMU HEOUeBUIHA, —
MpPUBEICHHBIEC JOKA3aTeIbCTBA [2], BO3MOXHO, Tpe-
Oy10T manpHelimero 0osee rJiyooKoro McclienoBa-
Husl. Bpabotax [1, 2] acddekT 3kpaHUpOBaHUS Bep-
TUKAJIBHO TOJSIPU30BAHHOM BOJHBI PACCMOTPEH
JJ1s1 TIJTa3MEHHBIX CJI0€B, BEILIECTBEHHAs YaCTh KOM-
MJIEKCHOM NU3AEKTPUUECKON MPOHULIAEMOCTU KO-
TOPbIX UMEET B TOUKE MaKCUMyMa 3JIEKTPOHHOM
KOHLIEHTPALIMU HYJIb YeTHOI KPaTHOCTU. YaCTHBIM
cJyyaeM TaKoi MOJEU CJIOS SIBJISIETCS mapadosin-
yeckas, [Jisi KOTOpoii B padbote [3] MarHMTHOE 1oJie
BOJIHBI 32 TOYKO MaKCMMyMa 3JIEKTPOHHOM KOH-
LIEHTPALlMM UCKAJIOCh B BUIE aCUMIITOTUYECKOTO
psiia 1o MajoMy rnmapameTpy 3agauu — KBaapaTHO-
MY KOPHIO 13 OTHOLIEHUs 3(D(HEKTUBHOI YaCTOThbI
CTOJIKHOBEHUI BJIEKTPOHA K KPYTrOBOU 4aCTOTE BOJI-
Hbl. [TocaenHsst moaarajach paBHOI MaKCUMaslb-
HOI T1a3MeHHoM yacToTe ciosi. [1pu aTom cniepBa
arpyvopy YTBEPXKIAIOCh, a 3aTeM TOICTAHOBKOM
B YpaBHEHUE MPOBEPSIIOCH, UTO CYILLIECTBYET pellie-
HUeE, [UTs1 KOTOPOTO MEePBbIi YIeH aCUMITTOTUYECKO-
ro psijia 3a TOUKOW MaKCUMyMa 3JIEKTPOHHOI KOH-
LIEHTPAllMM B HAMpaBJIE€HUU PACIIPOCTPAHEHUS
BOJIHBI ITPOTNOPLIMOHAJIEH 3TOMY MaJIOMY IapaMeTpy
B IIEPBOI1 CTEIIEHU, a HE B HYJ1eBoii. Cxema noucka
pelieHus B BUlIe aCUMITTOTUYECKOTO Pa3IOXKEHUS TTO
MajoMy IapaMeTpy, MCIIoJib3dyeMas B cTaTbe [3],
MO3BOJISIET KOHTPOJIUPOBATH TOYHOCTH COOTBETCTBY -
[0111eT0 MPUOIMKEHHMSI M HE BbI3bIBAET HUKAKHX CO-
MHeHUi. OTHAKO BOMPOC O €IMHCTBEHHOCTH Haii-
JIEHHOTO pelIeHUs B Heil He 00CyKIamncsl.

AKTyaJTbHOCTb 00CYKIaeMOii 31eCh ITPOOJIEMBbI
CBsI3aHA HE TOJbKO C BO3MOXHOCTBIO TTOJIyUEHUS
pe3yJIbTaTOB CTPOTMMU MaTeMaTUYECKUMU METO/a-
MM, HO U C OJTM30CTBIO K HEl ABYX APYTUX 3a/1a4, HE
pellIeHHBIX aHAJTUTUYECKH 10 HACTOSIILIETO BpeMe-
HU. DTO, BO-TIEPBBIX, 3a1a4a O PACTIPOCTPAHEHUU
B TaKo cpeaie UMIYJIbCHOTO CUTHAJIa, U BO-BTOPbIX,
3a/maya o TepexXoIHOM U3JIyYeHUN 3apsiaa B TaKOM
HEOIHOPOJHOI cpene. 3anaya 00 SKpaHUPOBAHUU,
Kak OblJ10 OTMeueHO B paborax [1, 2|, uHTepecHa
U C TOYKU 3pEHUSI TEOPUU OOBIKHOBEHHBIX TP Pe-
PEHLMAIbHBIX YPABHEHUI, IOCKOJIBKY B HEM CTPO-
UTCS pellieHUe aud@epeHINnaIbHOTO YpaBHEHUS
C BBIPOKIAIOLIMMMCST OCOOBIMU TOUKAMMU.
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PaccmorpeHHoe Jaliee aHAIUTUYECKOE PeLeHUE
9TOM 3a1a4M ONTMPAETCS] HA TOCTPOCHUE MPUOIHKEH-
HOTO pelleHUsI MHTErPaJlbHOI'O YpaBHEHUsI B OKpeC-
THOCTHU TOYKW MAaKCUMYMa 3JIeKTPOHHOI KOHIIEHT-
paLyy, HO He JIJ1sS1 MAarHUTHOTO I10J151 (KaK 3TO ObLIO
caenaHo B [1, 2]), a nas sanexktpuueckoro [4]. TTpu
9TOM MOJIyYAETCsI OYEHD CY1LIECTBEHHOE OTJIMUME OT
CXeMBbI, ucTob3yemoii B [1, 2]. OHo 3akitouaeTcs
B TOM, UTO ITPY JOCTATOYHO MAJIbIX ITOTEPSIX Mbl MO-
JXKeM B OKPECTHOCTH TOUYKM MaKCUMyMa 3JIeKTPOH-
HOW KOHLEHTPALWX HAUTU peLIEHKE STOr0 YpaBHE-
HUsI, KOTOpOEe TIpU BEIIECTBEHHBIX 3HAYCHMSIX
HE3aBUCUMON MEPEMEHHOM XapaKTepU3yeTCsl KO-
HEUYHBIM (ITpUYeM MaJIbIM B CJTy4ae MaJIbIX TTOTEPh),
a He OeCKOHEUHBIM (Kak B [1, 2]) ssmpoM. [1pu aToM
000CHOBaHUE CXOAMMOCTU METOA CXKAThIX OTOOpa-
JKEHUI He Bbi3blBaeT TpyaHocTeil. OnHaKo B 3TOM
cXeMe IUTS BO3MOKHOCTH CpallliBaHUsI TTOJTydaeMbIX
HIXKe aCUMITTOTUUECKUX Pa3IOXKEHUIM 1S ITOJISI BOJI-
HBI HaM TIPUXOAUTCS BBECTH OY€HBb CHJIBHOE OTpa-
HUYEHMEe HA yroJj NajeHusl BOJIHbI Ha coit. [Ipu
9TOM C YMEHBIIIEHUEM TTOTEePh B CJI0€ MBI BEIHYKIIE -
HbI YMEHbIIATh U YTOJI MafeHUSI BOJTHBI, a 3TO €CTh
0e3yCJOBHO CYIIeCTBeHHOE orpaHuueHue. OqHako,
HECMOTPSI Ha 3TO, U3 IOJYYEHHOTO ITPUOIMKEHHO-
T0, HO aCUMIITOTUYECKU TOYHOTO (TIPU CTPEMJICHUM
MOTePb B CJ10€ K HYJI0) pellieHUSI MOXHO MOJTYYUTh
BaXKHBIN pe3yJIbTaT O HATMYUU PE3KOTO N3MEHEHUSI
yrja najaeHus BOJIHbI U IOTEPb B CJI0€ B 00J1aCTU UX
3HAYEHUI, JOCTATOYHO OJTM3KHUX K HYJIeBBIM. Takoit
pe3yJbTaT CorIacyeTcs ¢ BBIITOJTHEHHBIMU B pabo-
Tax [7, 8] uMcieHHBIMU pacueTaMu JJIs1 IpYyroii aHa-
JIOTUYHOU MOJEH CJIOS.

®du3znuecKkasd M MATEeMATHUECKA TOCTAHOBKH
3aJa4Yu

PaccMmoTpum HEOTHOPOIHBI M30TPOIHbIN Oec-
KOHEYHO MPOTIKEHHBIN TJIOCKOCTOUCTBIN TL1a3-
MEHHBII CJION, BBIXOISIINI C 00X CTOPOH B BaKy-
yM. BriOepem nekapToBy NpsIMOYTOJIbHYIO CUCTEMY
koopauHat (X,Y,Z) Takum o0pa3oMm, 4Todbl ock OZ
Obl1a MepreHaNKYISIpHA ¢JI010. Bynem nmojaraTh, 4To
TSIKeJIble YaCTULIBI (MOHBI Y MOJIEKYJIbI) B HEM He-
MOJBUKHbI, a MPOCTPAHCTBEHHAsI AUCTIEPCUS TIpe-
HeOpexXuMo Maia. JIIuccunaTuBHbIE MPOLIECCHI yU-
TeM MOCPEACTBOM BBeIeHUS 3 (PeKTUBHOI YaCTOThI
CTOJKHOBEHUI 2JIEKTPOHA V(Z), KOTOPYIO OyaeM
CUMTATh MOCTOSIHHOM B OKPECTHOCTU TOUKU Zz = 0,
1€ JOCTUTAETCS MAKCUMYM 3J1eKTPOHHOMN KOHLIEH-
Tpauuu. PaccMoTprM magarolinyto Ha 3TOT CJIOM CO
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CTOPOHBI Zz =—© noayrioM , 0 kocu OZnnoc-
Kyl0 MOHOXPOMATMYECKYIO 3JIeKTPOMArHUTHYIO
BOJIHY BEpTUKaJIbHOM nojsipusauuu; (X0Z) — mioc-
KOCTb MaaeHusI BOJHBI (TIE JEXUT €€ dJeKTpUUeC-
KUii BeKTOp). ByneMm cuutarth, 4To Kpyropas 4acTo-
Ta BOJHBI ® paBHA MaKCUMaJbHOW TIJIa3MEHHOM
YacToTe CJI0S, a BellleCTBEHHAasT YaCcTh KOMTUIEKC-
HO (DyHKIINY TU3JIEKTPUIECKOM TTIPOHUIIAEMOCTH
nMeeT B TouKe z = () HyJIb BTOpOii KpaTHOCTH. OTHO-
meHue / CUMTaeM MaJIbIM TapaMeTPOM 3adaul:
/ 1. Tlpencraenss none H, BBuie

H, = Hexp(ikxsin®, —iot),
JUTSI KOMILIEKCHOM aMITIUTyabl H nMeem ypas-
HeHue [1, 2]:

!

H, —%H; 15 (a(s)=sin’ 0y ) H =0, (1)

® z
Toemn, = ?l (® — Kpyrosasi YaCTOTa BOJIHBI); s = il

He3aBucHMas 0e3pa3MepHasi epeMeHHasl.

He ymanss oGIIHOCTH, B KauecTBe XapaKTep-
HOTro MaciuTada / BbIOepeM TONIINHY CJI0S Ha YPOB-
He Re  1/2. ®yHKUMIO KOMIUIEKCHOM IMAJIEKT-
pUYeCcKOil TPOHULIAEMOCTH CPenbl g(s) 3adaauM
B BUJIC

2
e(s) =12 th7s )

1+i—
Tae (O]

v
—=const.
o}

TTockoabKy TaKo¥ MIa3MeHHBIN CJI0M TTpy 3Ha-
YEHUSX |s| >1 moCTaTOUYHO OBICTPO (B JAHHOM CJTy-
Yyae Mo dKCMOHEHIIMATbHOMY 3aKOHY) MepPEeXOAUT
B BaKyyM, TO acCUMTITOTHKA BeHTuens — Kpamep-
ca — bpuntosHa 1 petieHust ypaBHeHus (1) mpu
s uMeeT BUJ MJIOCKUX BOJIH, U CYILIECTBYET
pelieHre 3TOro YpaBHEHWUSI, YIOBJIETBOPSIIOIIEE
MPUHLKITY U3JTydeHUs TIipu § — +oo [9]. s onpe-
JIeJICHHOCTU MOJI0XUM aMTIUIUTYAY NaJaroleii Boi-
HBbI paBHOI eauHMLIe. Toraa rpaHMYHBIE yCI0BUS (Ha
0ECKOHEUHOCTH ) IJ11 NICKOMOTO pelleHUs ypaBHe -
Husl (1) 3anuinyTcs B CeayrolieM BUIe:

IpUA § —> +00

H T(, 4, o)exp(i gscos o) O(exp( s)); (3)
npu § — —oo

H exp(i gscos §) R(, ¢, o)
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exp( i ¢scos o) O(exp(s)), 4)

rae T(, ¢, o)y RC, (¢, o) — KO(pdULMEHTHI
MPOXOXKICHUS U OTPAKEHHSI BOJTHBI, 3aBUCSIIINE KaK
OT IIOTEPD V B CJIOE, TAK U OTyIJ1a |, NAJEHUS BOJI-
Hbl;  — KOHCTaHTa.

B nanbHeiiliem 3aBUCMMOCTb OT IapaMeTpa

B Koa(hGUILIMeHTaX TTPOXOXKIAECHUST U OTpaXKeHUST Oy-
neM ormyckatb. OTMETHUM, YTO TaKOM BUI aCUMIITO-
TUKW BBITEKAET TaKKe W3 TOTO, UTO TIPU OOJTBIIX
3HAUEHUSIX § MCXOOHOE YpaBHEHUE CTAHOBUTCS
ypaBHeHMeM Kiacca Pykcea [10].

Paccmotpum perieHne ypasHeHusd (1), umeroliee
ACUMIITOTUYECKOE MoBeneHue (3) npu s —+wo ¢
T= 1. HeTpyaHo BUETb, UTO IIPU § —> —0 OHO UMe-
€T aCMMIITOTHKY, comepxariyio €Xp( i (Scos ).
B ciyuae, eciv koadumeHT npu exp(i (scos )
He paBeH HYJ10, TO IoJIyyuM peleHue (3), (4), pas-
JIEJIVB HA OTOT KO3 (DULIMEHT.

Bormpoc 0 emMHCTBEHHOCTH MTPOIOJIKEHMS peliie-
Hus Buaa (3) B pewieHue Buaa (4) HeTpUBUAJICH.
B paccMmarpuBaeMoii 3amaue CTpeMJICHHUE TTOTEPh
B CJIO€ K HYJIIO COTTPOBOXKIACTCS BBIPOXIECHUEM
B OIHY TOYKY M3HAYAJIbHO UMEIOIINXCS ABYX (IJIsT
ciaydasl mapa®oanyeckKoil anmpoKCUMAILIUK CJI0ST
B OKPECTHOCTH TOYKM MAaKCHUMyMa 3JIEKTPOHHOM
KOHLIEHTPALIMK ) 0COOBIX TOUEK AU hepeHINATbHO-
roypaBHeHus (1), v U3 (hopMaTbHO BOBMOXKHbBIX IBYX
TUTOB PEIICHUsI HAM HYXKHO OIpeneanuThb husnye-
cku BepHoe. [TocaenHee MBI COTJIacyeM ¢ TeM Tpe-
OOBaHMEM, UTO I10JIE MOXKET ObITH OIIPEAEJICHO (XOTSI
OBI B TIPUHLINTIE) B TIPOM3BOJIbHOM TOUKeE Ha Bellle-
CTBEHHOMU OCU, BAOJIb KOTOPOU pacripoOCTPaHsSIETCs
(poHT BoaHbIL. [Tpu yHHOPMU3ALIMY MHOTO3HAY-
HOTO pellIeHus] Mbl OyIeM TakK TIPOBOIUTH pa3pes,
YTOOBI B pe3yJIbTaTe TPeNeIbHOTO Tiepexoaa He OC-
Tajaach BbIKOJIOTOM HM OfHA TOYKA HA BEILIECTBEH-
HOIt ocU. DTO TpeboBaHMe TeM 0oJiee pa3yMHO, UYTO
JaXke TIPY CITUSTHUM OCOOBIX TOUEK B OITHY TTOJIE BOJI-
HBI B Heli 0cTaeTcsT (KaK MBI YBUIVM Jajiee) BeTMIM -
Holi KoHeuHoit. Eciiu npu yHudopMusaumyu MHOTO-
3HAYHOTO pelleHus (B caydyae rnapadoanmyecKoi
arnmnpoKCUMAallMK) B KOMIUIEKCHOM obiactu (op-
MaJTbHO COeIMHUTD Pa3pe30M ABE 0COObIE TOUKHU, TO
HEBO3MOXXHOCTb ITOCTPOUTH PELIEHUE Ha BCEll Be-
IIECTBEHHOM OCH TIPUBOIUT K HEBEPHOMY pe3yJIbTa-
TY, YTO BOJIHA CKBO3b CJIOM MPOUIET.

Hymn dyHkumm g(s) (kak OyaeT BUTHO U3 JaTb-
HEMIIIero) eCTh TOUKW BETBJICHUS PEIIeHUST ypaBHe-

Hus (1), npuuemnipu v 0 byHKIMS g(s) HE UMeeT
HyJIell Ha BellleCTBEHHOH ocu s. B nanpHelimem aist
YHU(DOPMU3ALIMY PELIEHNYSI MbI ITPOBEAEM HA KOMIT-
JIEKCHOW TUIOCKOCTH S TAPAJJIEIbHO MHUMOW OCH 1BA
paspesa, COeaUHSIIONINE KaXablii HYIb (PYHKLIUN
g(s) ¢ 6eCKOHEYHO yIaJeHHOW TOYKO. SIcHO, 4TO
KOHTYP, Ha KOTOPOM MbI CTPOMM PELLIeHUE, MOKHO
nedopMUpPOBaTh, TUILIb ObI 0COObIE TOYKHU OCTaBa-
JIUCh IO pa3Hble CTOPOHbBI OT Hero. Mbl OyaeM cTpo-
WTb pellieHrEe Ha BellleCTBEHHOM ocu 5. B 0eckoHey-
HO Y3KOMI MoJjioce Ha KOMILJIEKCHOM MIOCKOCTH,
BKJIIOUAIOIIE yKa3aHHYIO OCb, KO3 (MUIIUEHTHI
ypaBHeHUs (1) ABISIOTCS aHATUTUYECKUMU (DYHK-
HusIMU TIepeMeHHOM s. [Tpu mocTaTouHO 0OJBIINX
(Ha30BeM UX 'PaHUYHBIMU) MOJOXUTEIbHbBIX 3HA-
YEHMSIX § S, IPM KOTOPBIX MMEET MECTO aCHUMII-
TOTHKA (3), MOXKHO OCYLLIECTBUTD HEITPEPbIBHbIM (HO
He m1ankuii) BeIxod B BakyyM. [Ipu aToMm, TpeOysi
HETPEePbIBHOCTD PELICHUS ITPU ITepexoie uepe3 3Ty
TPAHUYHYIO TOUKY, MbI TTOJIyUUM, UTO PA3HOCTb KO-
3GbGUIMEHTOB TP exp(i (SCOS () B PELIEHUSX 11O
00€ CTOPOHBI OT Sy, OyAeT METB TTIOPSIOK O(exp(—s))
U MOXET ObITh cIeJaHa CKOJb YrOJAHO OJIM3KOM
K HYJIIO ITPU BBIOOPE 1OCTATOYHO OOJIBILIOTO 3HAYE-
HUSA S, B TOUKeE 5, MbI B IPUHLIMIIE MOXEM Tiepe-
(bopmynupoBaTh 3agady ¢ ycaoBHEeM Ha OeCKOHEeU -
HOCTM B HayajnbHylo 3amauy. [lpu 0
K03 GULMEHTbI ypaBHeHUs (1) SIBISIIOTCSI aHAIM -
TUYECKUMU (DYHKLMSIMU B 0ECKOHEYHO Y3KOM T0-
JIOCKE, BKJIIOUAIOIIEi BEIIECTBEHHYIO OCb, U B CO-
oTBeTcTBUM ¢ TeopeMoil Ko — KoBaneBckoii [11]
CYIIIECTBYET eAMHCTBEHHAS aHATUTUYECKast (DYHK-
1S, oTIpeieJieHHas Ha BEILIECTBEHHOM OCH §, SIBJISI -
fouascs peleHreM JaHHOM 3a1auu, KOTOPYIO Mbl
3nech ¥ OyaeM CTPOUTb.

CdopMynupyeM CieayIolyo Teopemy.

Teopema. /s 3asucumocmu (1) npu 3naveHusx

P 1
v
6, < (—) , e20e P>—=, u npu npou3BoAbHOM PUKCU-
®

\%
POBAHHOM KOHEHYHOM 3HAYEeHUU  TIpU — —> 0 cnpa-
®

6€01U8bl COOMHOUEHUS:

T(aO)

Kl kil

exp( i2In(2) ,cos 1 o(l));
2% MIE 21, ocos o (1 o(b)
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R(!O)

[ 2inMkyl, + ki, + Ky,
2inMI3 211,

exp(—i2In(2)n, cos )J x

1 o)),

20e M:smzeo—mo;

o aba ), (ab (D
1 s ") )
15 d a ) (@ ( b)
b aod ), AbaC D
awabs )y ) a
(' — eamma-pynkuyus,; a=§+iw; b=E-

_[.nocoseo. c=l; I
2 2 4

oa=e p(—iEJ\/z ).
4 )V o

JlokazaTeIbCTBY 3TOM TEOPEMBI TTOCBSIIIIEHA BCS
0CTaJIbHAs1 YaCTh cTaTbu. OHO ONMPAETCsI HA [TOCT-
pOeHME METOIOM CpaIllMBaHUST ACUMITTOTUIECKIX
paznioxeHuii peweHust 3agauu (1)—(4), kKoTopoe Ha-
XOIUTCS ITPU 6ECKOHETHO MaJTBIX (HO OTJIMUHBIX OT
HyJIs1) TIOTEPSIX v Ha BELIECTBEHHOI ocu s. B utore
HaXOAUTCS TTPUOKEHHOE PellieHre, KOTOPOe TP
CTPEMJIEHUM IIOTEPb B CJI0€ K HYJI CTAHOBUTCS
ACUMITOTUYECKN TOUHBIM.

b

ITocTpoenue pemenus
B OKPECTHOCTH TOYKH MAKCHMyMa
3JIEKTPOHHOI KOHIEHTPAIH

Ecnu paccMoTpeTh MHTETpaibHOE YpaBHEHUE
Bonbreppa g ynkuun - (), ToBcenyyae 0

%
MOIYJIb SIIPA MHTErPaibHOIo oreparopa npu — — 0
®

BTouke s (0 HeorpaHMUEHHO BO3PACTAET, U, CJie-
JIOBaTeJIbHO, YCIOBUS TEOPEMBI O CXKAThIX OTOOpa-
JKEHUSIX B IPOCTPAHCTBE HEMPEPBIBHBIX (DYHKILINIA
HapywatoTes [11]. YToObI Tpy pacCMOTPEHUN NH-
TErpajJbHOrO ypaBHEHMS N30€XKaTh HEOTPAHUUEHHO-
CTU siiep, CleslaeM 3aMeHY UCKOMOM (DyHKIIUHU:

5 L)

(s) ds ©)
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U TIOCTPOUM PeELlIEHUE, COOTBETCTBYIOIIEE NHTET-
paJlbHOMY YpaBHEHMUIO [J1s1 HOBOM (pyHKIUu ()
TPY BEILIECTBEHHBIX 3HAYCHUSIX §, TPUHAIIEKAIIINX
uHTepBany , ( r,r),Toe
1
r — , O<o<— (6)
2
Kaxk BumHO 13 (hopMyitsl (6), TpU CTpeMIEHUN
K HYJTIO TTIOTEPb B CJI0€ CTPEMUTCS K OECKOHEYHOCTH
OTHOLLEHUE 7 K PACCTOSIHMIO OT TOUKU § = () 10 Kax-

JIOM 13 OIMKANIIMX OCOOBIX TOUeK ypaBHeHus (1),
PAacCIIOIOKEHHBIX B KOMITJIEKCHOI 00/1aCcTU. DTUMU

0COOBIMU TOUKAMU SIBJISIIOTCS HYJIN Sl(%)

% LT
sl(g) = i\/ge p(—z Zj

Hast ynkumu U (s) HETPYAHO MOJYYUTb UHTET -
pajbHOE ypaBHEHME

GyHK-

oun e(s) :

KU;

v U, (s,8) (s)ds, (7)

1€ BBEACHDI 0003HAYEeHUS:

U
2 dy

2 (3) y(s) ¥@3)

o G Gy, =U(0),

b

0

K(s,5)

[y(s): | %dg; q(s):a(s)—sinzeo].
0

B paccmarpuBaeMoii OKPECTHOCTU |, UMEEM:
v v 1-26 v
e(s)=i—+s>+0[| — ~i—+52,
® ® ®
TaK 4yTo
s—a
y~s—MIn , (8)

s+a

rae napameTpbl oo U M ObLIM BBEAEHBI B KOHIIE pa3-
IeJia MoCcTaHOBKY 3agaun. Tem cambiM U, eCThb pe-
LIeHWE YPaBHEHUS

d dU,

— — 0.
ds q ds



3aMeTuM, 4TO e€CJM OMUpaThCsl HA ypaBHEHUS
Makcsenna, TO U3 HUX U COOTHOLIeHUs (5) BbITe-
KaeT, 4TO B BLIOPAHHOM 1eKapTOBOIi CUCTEME KOOP-
avHaT pyHKuMS U(s) MpONOpLMOHANIbHA 2JIEKTPU-
YECKOi KOMTOHEHTE £ .

HTak, Kak ObL710 paHee cKazaHo, ISl YHUGhOP-
mu3auuu GyHkLIuu (8) npoBeaeM Ha KOMILIEKCHOM
MJIOCKOCTH S MapajijieIbHO MHUMOI OCH JiBa pa3pe-
3a, He NepeCceKalole UHTEPBAl  , U COENNHSAI0-
LIMEe KaXIblil HYIb QYHKUUN g(s)C OECKOHEYHO
yIaJeHHOU TOUKoi; nmpuueMm npu s = () MoJoxum

N

In i . Torna npu BelLlECTBEHHBIX 3HAYEHU -
s
X S, YIOBJETBOPSIOLLUX HEPABEHCTBY | | [—,
HMeeM:
y s i oM,
|l mpu s> 0,
roe Xo =

-1 mpu s<0.

ByaeM MCKATbh pCIICHUE B UHTEPBAJIC . METO-

JIOM TIOCJIeI0BaTeIbHBIX MPUOJIMKEeHUI. B HyieBoMm
MPUOIVXKEHUH TTOJIOXKUM

Oy a Gy

B paccmaTpuBaeMoM MHTEpBasie UHTETPaTbHOE
ypaBHeHue Bosabreppa (7) 3aMeHUM ypaBHEHHEM
®penaroabma [11], BKOTOPOM SIAPO UHTETPATBHOTO
oriepaTopa coBnagaeT ¢ (s §) MpU 3HAUEHUSIX
|s| <|s|, a ipy APyrUX 3HAUCHMSIX 5 OHO PABHO HYIIO.
I1pu 5TOM MOXHO IOJyYUTh, YTO AJISI JIDOOIO 3HA-
YEHUS S U3 UHTEPBAJIA , ONEPATOP MHTErPAIbHOTO
YpaBHEHMUS SIBISIETCSI OTPAHMYEHHBIM B IIPOCTPaH-
CTBE HETTPEPBIBHBIX (DYHKIIWI, TPUUYEM €ro HopMa

N
| (s,s)|ds
0

L %anz . 3 9)

JLnst BBITONHE HMsl HepaBeHCTBa | ||

| ] ma,

1 panu-

yC pacCMaTpUBAeMOTO MHTEPBAJIa TOKEH YIOBIET-
BOPSITh OTPAaHUUYEHUIO

3
4 Ozmax 1

(10)

r I

M|

Marematnueckas CbM3MKa>

Ecin npu Tako# mosyprHe FUHTepBaia |,
BbIOpaTh G B aManasoHe 1/3 1/2 , To npu noc-
TATOYHO MAJIBIX 3HAYCHUSIX Vv ¥ [UTs TIPOU3BOJIBHBIX
3HaueHmii ( Gynem umeth: | | 1,uTo rapanTn-
pyeT 6IM30CTh TOYHOTO PELLICHHS PACCMATPHBAEMO-
O ypaBHEHMUS K HyJIeBOMY MPUOIMKEHUIO.

J17151 BOBMOXHOCTH JATBHEHIIIErO ACHMITTOTHYEC-
KOTO CpALLBAHMSI PELLICHHIA 11 CYLLIECTBOBAHMSI ITepe-
KPBIBAIOLLMXCS] NHTEPBAIOB (CM. iasiee pasiel, 1o-
CBSILLICHHBIIl «CMELUMBAHMIO» PELLICHNIA) MbI BBEAEM
OYeHb CUJTBHOE OTPaHIUEHIE Ha MapaMeTp sin | :

p
. v

Sin0Q, < (—] ,
o

me /7 ,u>0.
Y100kl HE cyXaTh 1 0€3 TOrO MaJIblii JUaIra30H
U3MEHEHUs |, Oyaem Janee CuuTarTh L 6ECKOHEYHO

MaJjioii BEIMYMHOM, a TAKXKE YUYUTBIBATb MAJIOCTb I1a-
v .

paMeTpa — , IO3TOMY BCIOAY 3aMEHSTh SIN 90 Ha 90.
[0}

C y4eToM BBEICHHOTO OrPaHUYEHHs HA  ; MOX-
HO 0CJTIA0NTHL OrpaHWYEHNE HaA ITapaMeTp G, 3aMe-
HUB €T0 CJIEAYIOIINM:

1 1
———u<o<—. 11
14 34°°%) (D

W3 npuBeneHHbIX Bbillie (hOpMYJI U OLIeHKHU (9),
(10) aJ1s1 HOPMbI MHTETPAJIBHOTO OIePaTOpPa HETPY/I-
HO TTOJTYYUTh OCHOBHOM pe3yJIbTaT 3TOTO paszena,
KOTOPbIM COCTOUT B 10KA3aTENbCTBE CAEAYIOLLECH
JIEMMBI.

c

Jlemma 1. IIpu (90,—] € Q,, 20e MHOJICECME0

3a0aemcs KaK

v
—<c<<l,
®

1
I
v \7
0|~ |,
w

npu éeu,ecmeeHHblX 3HaAa4eHUAX S, yaoeﬂemeopﬂiougux
HepaeeHcmeam

n>0, (12)

(98]
W [ =

| |
_< <_.
ede g <073 N

bl

4 ,’max 1,

Ml

65



HayuHo-TexHuueckne Beagomoctn CII6ITIY. dusmnko-mareMatnueckme Haykm 3’ 2011

L
M| — -,
m L
peuleHue uHmezpanbHo2o ypagHenus (7) umeem euo

v uv®

C, Csi M 10 — , (13

e&ey:3c—i>0.
14

Ha sTOM MBI 3aKaHUUBaeM IIOCTPOEHUE pellle-
HUSI BUHTEPBAJIE (— ) U TIEPEXOIMM K ITOCTPOEHUIO
pELIEHUST B CMEXKHBIX C HUM JIBYX ITOJTYOCSX.

IMocTpoenue peurenus
HA ABYX CME2KHBIX BE€IIECTBEHHBIX MOJIYOCAX

B sTOM pazaesie Mbl NIOCTPOUM PELLUEHUE ypaB-
HeHu (1) Ha IByX BELIECTBEHHBIX ITOIYOCsX ( , £)
u(y, ),TOe r;  F,Kaxmias U3 KOTOPBIX Tiepece-
KaeTcsl C BBEIEHHBIM B MPEIbIAYLIEM pa3esie Be-
LIECTBEHHBIM MHTEPBAIOM ( r,r), a 3aTem
(B caemyolieM pasaese) aCUMNTOTUUECKU CPaCTUM
peLLeHKUs B NEPEKPbIBAIOIIMXCS UHTEPBAJIAX.

%
Bynem cuntate, uTo napameTpsl U o TaKo-

Bbl, YTO (90,—] € Q.. [Ipu orpannyenun (12) Ha

YTOJI TIaIeHUS BOJTHBI Ha CJIOM MOJTYYUM MPUOIVKEH-
HbIe BbIpaXeHnd 111 pyHkumn U(s) (CBA3aHHOMN
¢ () dopmynoii (5)) Mpy MOJTOXKUTENBHBIX U OT-
pULATENbHBIX BELLIECTBEHHBIX 3HAYEHUSX S, YIOB-
JIETBOPAIOLLIMX HEPABEHCTBY

0>\/: .

B nepBom ciyvae, koraa /— , TIOJIOKUM

(14)

|S| 1

(o)

a4 BO BTOpOM, Korga  , ,—, OIpeacinMm

5o Qo)
A% V’
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npuyeM BbIOEpEM T B IMaIIa30He
Octat it (15)
12

13 HepaBeHCTBa (14) 1 BBEAEHHOTO paHee Or-
paHuuyenus (12) Hayron , CJIEmyeT, 4yTo

=R )

TIE G| =%+%—r>0.

Otcrona ¢ yueToMm BbipaxeHus (24) mojydaem,

\%
yro npu — — () 3HaueHue ;| 0.
o

B nipensiayiieM pasaesie OblI0 MOJYYeHO, UTO

r  — . J1asi Toro yToObl ObLIO BBIIIOJHEHO HEpa-
BEHCTBO 7| < 7, TApaHTUPYIOLIEE CYLECTBOBAHNE
MEPEKPLIBAIOIINXC UHTEPBAJIOB ( 7, 1) U (K, 1),
B KaXX/IOM M3 PAaCCMOTPEHHBIX BbILIE CyyaeB He-
00X0IMMO, YTOObI BBIMOJHSIJIOCH HEPABEHCTBO
| » KOTOPOE C y4eTOM JIEBOro HepaBeHcTsa (11)
Oy1eT BbIMOJHEHO TOJbKO B TOM cCjyyae, eciu
/ . OTMeTHM, UTO TO MOCIIEAHEE HEPABEH -
CTBO MOXET ObITb BbIIIOJIHEHO, [TOCKOJIbKY IIPU 10~
CTAaTOYHO MaJIbIX 3HAYEHUSIX  OHO HE TPOTUBOPE-
yuT ycaosuio (15).
ITpn HaxoxneHnn pewreHns U(s) Ha ABYX MO-
ayocax (- ,n) W (4, ) mepeigemM cHavana ot
( ) K HOBOW yHKLMK

o [y
q(s)

Mg pynkuuum Ve yaetom (1), (5), (12) HeTpya-
HO MOJIyYUTh ypaBHEHUE

(16)

i— sin’ 0 i—sin? o t %

(=3 ]

S§

1 i—

SV, (17)

e g % ,a §(g) — obo3Hauenue Npou3BoL-
s
Hoit LLIBapua oT yHKUIMK &:

2

S(g) (18)

N | =

8 3 &
g 4 g
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MoxHo nepeiitu ot ypaBHeHusi (17) K uHTer-
paJibHOMY YpaBHEHMIO M HAXOAUTh €T0 PellleHUe Ha
BEILECTBEHHBIX ITOJYOCAX ( , /) ¥ (7}, r) METOIOM
nocJienoBaTeIbHBIX NpuomkeHuii. [1pu 3HaueHn-
ax r <[s|<<1

-4

d| sinQ, +\/Z =
()
®

TaK YTO C YUYETOM JIEBOI YyacTu HepaBeHcTBa (15),

MpU CTPEMJICHU U ITOTEPh B cJioe K Hy10, S(g) Tak-
K€ CTPEMUTCS K HYJTIO.

|S()|=0| sin*6,

Tpu Apyrux 3HaYeHUsX |s| B pACCMATPUBAEMBIX

MOJIYOCSIX UBMEHEHMUSI TIEPEMEHHOM § MOMIYJIb BbIpa-
KeHwus (18) 1o mopsiaKy BeTMYMHBI paBeH

0 fO)si?y,

rae f(s) — orpaHnYeHHas GyHKLUNS TepeEMEHHOMN
S, CTpeMSILLIAsACs K HYJIO TIPU § MO 3aKOHY
exp(—2|s|), 4YTO SIBJISIETCSI HEOOXOOUMBIM YCJIOBUEM
IUTSI pellieH WS ypaBHEHUsI METOIOM TTOC/IeI0BaTE b-
HbIX TPUOIMXKEHU . DTO YCJIOBUE 00eCTIeUMBAET CXO-
JIMOCTD OTIPEAEIEHHBIX MHTETPAJIOB IPU PACCMOT-
peHUM IPUOIKEeHUI 00J1ee BBICOKOTO MOPSIIKA.
Pemenue B HysieBOM NTpuOavKeHuu V' 0 yI0B-
JeTBopsieT ypaBHeHU1o (17) 6e3 npasoii yactu. [1o-
CKOJIBKY corsacHo (popmyram (5) u (16) pyHKLMs
() mpomopuMoHaabHA MMPOU3BOIHON (PYHKINU
(s),Te.
1 d (s)

Vis)= eq(s) ds

C MHOXUTEJIEM, CTPEMSIIIIUMCS K TTIOCTOSTHHOMY 3Ha-
YEHHUIO MPU § — +00, TO OHA, TaK Xe Kak u  (s),
OUEBUIHO JOJIKHA YIOBIETBOPSTH MPUHLIMITY U3y~
yeHus [9] mpu s — +oo.

3anuiuem npu s > | penieHue ypapaenus (17)
B IIEPBOM MPUOIMKEHUN, KOTOPOE YIOBAETBOPSIET
9TOMY YCJIOBUIO:

1 N
O_ OF Ly O |+
0w

0 € v ds.
Wo s

(19)

3nechb Vl(o), V2(0) — JIMHEHHO-He3aBUCUMBbIE pellle-
HUs ypaBHeHus (17), mpuueM npu s — +oo (PyHK-

ust Vl(o) YIOBJIETBOPSIET NPUHLIMITY MU3JYyYEHMUSsI,

a VZ(O) €MY HE YIOBJIETBOPSIET.
Ilpu s > 40

Vl(o) exp i ¢S 0S g ;
Vz(o) MPU 5TOM 3HAUYEHUU § 3a1a€TCS B BUE

V2(0) exp [ ¢S 0S ¢ .

IMocTtostHHast T TIpomopIMoOHaNTbHA KO3 hM-
LMeHTy TTipox0oxXaeHus (B HYJI€BOM MPUOIMXKEHUU)
ISl MAaTHUTHOM KOMITOHEHTHI TI0JIS1, 3HAU€HUEe KO-
TOPOTO OY/IET OTIPE/IEIEHO HIKE;

2
s — v,

rme V' ' — peureHue B Hy/leBOM MPUGIIKEHUN;

V(O) NVI(O)‘ B (bOpMyﬂe (19) o — OMNpeneIUTEb

BpoHckoro (¢yHKuMM 1(0) u 2(0),

(2 50 o).
W3 BoipaxeHus (19) orpaHMUeHHOCTU (DYHKITUIA
(0)
1

PaBHBII

" V2(0) B paccMaTpUBacMOM WHTEpBaJie

1 13 HaliZIEHHO BBIIIIE OLICHKY 3HAYCHUST TTPOM3BOI-
Hoii LlIBapia ciemyeT, 4To MpU CTPEMIIEHUH TTOTEPh
B CJI0€ K HYJTIO OTHOCUTETbHASI BETMYMHA ITOITPABKU
K HYJIEBOMY TIPUOJTMKEHUIO JIJTST pEIIIEHS TOXKE CTpe-
MUTCS K HyJT10. C ITOMOIITBIO TTpeoOpa3oBaHmit

Vo1 o) fO); s ’s;

1 2 .
-1 1 451 i—
4 0

TTOJTyYaeM TUTIEPTEOMETPUYECKOE YpaBHEHUE IS
dynkuman f( ) [12]

p(1-p)fr +[c=(a+b+1)p]f—abf =0
CO CJICAYIOIIUMU MTapaMEeTpaMu:

.M COS
a=5+i 00> 0,
2

[ =

.n()COS 0.
pog—iMCS 0. 1
ST 2
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B obmactin | | 1 ero TMHETHO HE3aBUCUMBIMU
peLLIEHUSIMU IBJISTIOTCS

Si=(w)H [a, a-c+1l;a-b+1; &J,

1

fi C Y,F bb ¢ ;b a 1;— .

W3 cootHowenuit (1) u (5) cnemyet BeIpaxkeHUE

g H:
2
0 V

TTpuHLIMITY U3ITyYEHUSI TIPU S —> +00 YIOBJIETBO-
pseT GyHKLUS

1 d
g 02 ds

(20)

V=Va-pf 1)

rae V, —mnocrosuHad. [1pn s — +oo 1 GYHKIMK

HtonmyyaeM CIIeayIonTyto aCUMITOTUYECKYIO 3aBH -
CHUMOCTb:

=—L Ve pi y(s—In2) 0s6y).
0

B unrepBane | CTIpaBeLIMBA aHAJIOTMYHAsI
cxema ITOCTPOEHMSI PELLIEH NS, KAK U B XK€ PACCMOT-
PEHHOM MHTEpBaje > |, OJIHAKO OHA UMEET OTIIM-

yue, CBsI3aHHOE C BbIOOPOM (DYHKILIU V,-(O) (i 1,2).
B aT0i1 061acTH 00111ee pellieHre OMHOPOIHOTO ypaB-
HeHus (17) umeeT BUI

voa ) s B

[Mpu s — —oo u3 (20) u (21) moayuyaem BbIpa-
KeHue

o exp(i oscos ;) Rexp( i (scos g ,

rae R — Ko3OULIMEHT OTPaKeH S BOJTHBI.

W3 npuBeneHHbBIX BbIIIE (hOPMYJT BHITEKAIOT CO-
OTHOIUIEHUS 1151 KODDULIMEHTOB oTpaxkeHus: R
W TIPOXOKAEeHUS 7 MArHUTHOM KOMITOHEHTBI BOJTHBI:

R=—£e p —i2In(2)n,cos6; ;

T=-"¢ p -i2In(2)n,cosH, . (22)

Koadduumentsr Ru T OymyT OKOHUATETHHO OIT-
PpelesieHbl IOC/IE HAXOXIEHUs HEU3BECTHBIX A, Bu V) .
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3anuiieM noseaeHue hyHKLMU (5) B MHTEpBaiax
(23)

C y4eToM OLIEHKM 3HAYECHUS 1, HAlIEHHOI
B HavaJjie 3TOro pasnesia, 3TOT MHTEPBaJI CYIECTBYET
MPU JOCTATOYHO MAJIBIX ITOTEPSIX B cj10€. Bocmosb3y-
eMcs (DYHKLMOHAJbHBIMU COOTHOLICHUSIMHU [12],
CBSI3BIBAIOIIMMU PA3TMYHbIE PEIIECHUSI TUTIEPreOMeT-
pUUECKOro ypasieHust uepe3 raMma-dyHkunu I'( ):

fo WA LA s ki kS
A 2R(ab; ),

1ec¢ . )
f2:( H) ZFi(1+a )1+b ,2 5“)’
Beipaxenus s Ky, k,, 1}, [, cM. BbILLe B (hopMy-
JIUPOBKE TEOPEMBI.
[py MasIbIX 3HAYEHUSIX |s| C TOUHOCTBIO 10 Yiie-
HOB 00J1€€ BEICOKOTO MOPsIIKa

fr10?, f 4107,

npuueM OepeTcsi apudMeTUIeckuii KBaapaTHbIN
KOPEHb U3 MOJIOKUTEbHOTO YUCIa.

Takum oOpa3om, onupasiCh Ha pelIeHUE YpaB-
HeHust (17), HalimieHHOE B HYJI€BOM IIPUOIMKEHU N
METOo/1a ToCcaeA0BaTeIbHBIX MPUOJUXKEHU, C yUe-
ToM (18)—(22) MOXHO HAUTU ACUMITOTUKHU (DYyHK-
uuu U B nntepBanax (23). Chopmyaupyem nomy-
YEHHbIM NPU 3TOM Pe3yabTaT B BUAE CJIECAYIOLICH
JIEeMMbI, JOKa3aHHOM BBIIIIE.

Jlemma . Bunmepsanax (23) pynxuusa U(s), c6:-
3annasa ¢ peuwenuem V(s) ypasnenus (17), daemca
CAeOYIOUUMU BbIPANCEHUAMU:

R <<|s]<<1.

npus 0
U=V, +12s)L1+0ugJ U, (24)
npus 0
U Alky kys)+B(l lzs))
1 O — , (25)

2de t onpedenero gpopmyno (15).

CumBanue pemieHMii
B MePEKPbIBAIOIIXCS HHTEPBAJIAX

[TpubavxeHnHoe peweHue U(s) MpyU 3HAYEHUSX

S, yaIOBJeTBOpsolIMX HepaBeHcTBaM (10), maeTcst
bopmynoii (13). Kak BugHO U3 BeipaxeHuit (24)



u (25), Tako# ke XapakTep uMmeer peueHue U(s)
BoOacTu (23). [ToTpebyeM BLINOTHEHYS HEPABEeHCTB

/—rirrol,

TIE 7, Ky , I ONIPEEIEHbl COOTBETCTBEHHO (hOPMYJIa-
mu (6), (10) u (14). DTO HEPABEHCTBO BLIMIOJIHSIETCS
MPY JOCTATOYHO MAJIBIX TIOTEPSIX B CJIOE U TIPU UC-
MOJIb30BAHHOM paHee ycaoBuu (12) Ha yron naneHust
BOJIHEL MHTEepBaNbl ( r, s,) U (S,,7) ABIAIOTCA 00-
LIMMU COOTBETCTBEHHO LTSI IBYX Map MPOMEKYTKOB:
( , s9)(—= )u(— )(sy, ), BKOTOPBIX ITOCT-
POEHBI IIPUOJIKEHHBIE peleHrst. B 3Tux o01mx nH-
TepBaJiax IIaBHBIC WICHBI ACUMITTOTUK JIMHEMHO-He-
3aBUCUMBIX PEIICHUI yPaBHEHUA AT () CyTb 1 U S.

TTpupaBHUBas B KaXX10M U3 3TUX IBYX UHTEP-
BAJIOB B IMOJIyYEHHbIX PELICHUSIX KOI(PDPULIMEHTbI
MPU ONVHAKOBBIX CTEMEHSIX S, TPUXOJUM K CUCTEME
YEThIPEX JUHEHHBIX aIreOpanvyeckKux ypaBHEHU N
IUTSI Y€ ThIPEX HEU3BECTHBIX:

DTa cucTeMa UMeEeT BUJL
G

C, =—k, - Bl,.

W3 aTix aare6pandeckKux ypaBHeHU I HAXOIUM
KO3(pOULMEHTH OTpaskeHUS W TTPOXOXKACHUS IS
MAarHUTHOTO I10J151 BOJIHBI, MPEACTaBAECHHbIE B (hop-
MYJTUPOBKeE TeopeMbl. Ha 3TOM cunTaeM moTHOCThIO
IOKa3aHHOI TeopeMy, ChOPMYTMPOBAHHYIO B pa3-
ZieJie TOCTAHOBKY 3aa9H.

CornacoBaHue MoJIy4eHHbIX 3aKOHOMEPHOCTEN
C pe3yIbTaTaMu Ipyrux aBTOpoB

%
M3 teopembl cienyet, uto npu — — 0 (mpu 3ToM
®

u o 0)sHauenme|R| 1,T.e.MMeEeTMECTO MOMHOE

OTpaXeH¥e BOHBI OT clost. B atom cydae |T| — 0.

Ycnosue (12), K coXaJeHUIO, He TIO3BOJISIET MTPU
MaJIbIX 3HaUeHUsIX | paccMOTpeTh GUKCUPOBaH-
HOE 3HAUEHUE yTJia TTaICHUS BOJHBI Ha CJI0W. DTO
0e3yCJ0BHO CleAyeT MPU3HATb CYLIECTBEHHBIM
HEIOCTAaTKOM PAaCCMOTPEHHOI BBITIIE CXeMBI ITOCT-
poeHus pemeHnst. OMHAKO, HECMOTPS Ha TaKoe
CUJIBHOE OTpaHWUYeHME, U3 BRIpaXXeHUs IS KO3d-
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(buteHTa TPOXOXKAEHUS BOJHBI BUIHO, UTO €CJIU
NPK MAJIbIX 3HAYEHUSIX |/ PACCMOTPETh 3HAYCHMUSI
o U3 MHTEpBana
1 1
v )4 v
—| <<0y<<|—= ,
Q) ®
rae | — OeCKOHEUHO Majlasi MOJOXUTEbHAs BEu -
4nHa, To 3HaueHne 7= 0(I/M) o(1),T. e. momyya-
€M He3HauMTeJbHOE ITPocaurBaHUe BOJTHBI CKBO3b
cioil. B aToM ciyyae, eciiy moTepu B CIIO€ yCTpe-
MUTB K HYJTIO, TO B IIpeaesie Mbl MoaIyduM, uto 7= 0.
Ecnu 3HaueHne , MeHblLie win nopsiaka ( / )1/ 4
TO KO3 OULIMEHT MTPOXOXKACHUST BOJTHBI OyIET OT-
penensiTbes 00Jee COXKHBIM BhIpaKeHUEM, pUUeM
npu 3HaueHuax , O(1) kosbbuuuent 7' = 0(1),
T. €. UMEETCsI CYIIECTBEHHOE ITPOCAYMBAHUE DJIEKT-
POMArHUTHOTO TOJISI 32 TOUKy s (.

Takum oGpasom, npu yciosuu / 1 K03d-
(bULIMEHTHI TPOXOXACHUS U OTPAXKEHHUS PE3KO Me-
HSIOTCS TIPU TTaJIeHU Y BOJHBI HA CJION TTOYTH HOP-
MaJibHO K ci010. HamoMHuM, 4To coriacHo [1, 2]
17151 BceX (DUKCUPOBAHHBIX M OTJIMYHBIX OT HYJIS yT-
JIOB TIaIeHU ST BEPTUKATbHO MOJISIPU30BaHHAs BOJTHA
HE MPOXOAUT Yepe3 HEOAHOPOAHBIN TJIa3MEHHBIN
CJIOI, €CJTM BBIMOJTHEHBI YCJIOBUSL: TIa3Ma XOJIOMHASI,
YacTOTa BOJIHbI paBHA MAKCUMAaJIbHOM MJIa3MEHHOM,
OTCYTCTBYIOT IMOTEPU U ABUXKEHUE MIOHOB U MOJIEKYJT
BO BHUMaHME He IPUHUMAETCS.

B pao6orte [8] paccMOTpeHO B3auMOIEHCTBUE AJIEK-
TPOMArHWTHOTO U3TYUYEHMUSI C MJ1Ia3MONOA00HO cpe-
JIOi1 TBEpAOTO Tesia BOIM3U KPUTUYECKO KOHLIEHT-
palny 1 ucceaoBaHa CTPYKTYpHasT HEYCTOMUMBOCTD
peLLeHMS 3a0a491 PACCESTHUS BOTHBI 10 HATPABACHUIO
pacrpocTpaHeHus BOJIHBI. B Heli B KauecTBe MOIEb-
HOI 3a7a41 PaCCMOTPEHO MTOYTU HOpMaJIbHOE Tajie-
HUE TTIOCKOM 3JIEKTPOMATrHUTHOM BOJIHBI ITPY CBEPX-
MaJIOM TIOIJIOLIEHUM HA MOYTHU IJIOCKOCIOUCTYIO
cpeny, IM3JIeKTpruiecKas MpOHULIAeMOCTh KOTOPOi
TPOXOAUT Yepe3 Hy b, Onupasich Ha YMCIEHHOE UH-
TerpupoBaHue ypaBHeHUST PUKKATH, aBTOPBI padOThI
[9] momy4ymnu 3aBUCUMOCTD PELLIEHUS UCCIEAYEMOi
3a/1a4y OT MaJIbIX MapaMeTpOB BOJIM3U HYJISI KOMII-
JIEKCHOU MUAJIEKTPUUECKON MPOHULIAEMOCTU. DTU
Ppe3yaBTAThI COTIACYIOTCS C TIOTYYeHHBIMU HAMM.

ABTOp BBIpaxaeT 0JIarogapHOCTb BeAylleMy Hayd-
Homy coTpynHUKY nipodeccopy A.T1. KauanoBy u3 na-
OopaTopuM MaTeMaTUYECKUX IIpo0JIeM reo(pu3nKu
TTOMU PAH um. B.A. CrexiioBa 3a moJjie3HbIE THC-
KyCCHUH.
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[MPUBOPLI N TEXHUKA

PUSNYHECKOTO SKCMNEPUMEHTA

YIK 621.9.048.7

A.A. KopomeeG

METO/[,bl PACYETA 3AKOHOMEPHOCTEM
®OPMUPOBAHUA OTBEPCTUM B BbIBOAHbIX KAHAJIAX CUCTEM
TPAHCIMOPTUPOBKU SJIEKTPOHHbIX MYYKOB

OnexTpoHHblie nydku (BI1) siBasirorest oo61Ie-
MPU3HAHHBIM WHCTPYMEHTOM, 00eCTieunBaIoIIuM
3¢ dpeKTHBHBIN 9HepronepeHoc. K mpenmyiiiecTBam,
KOTOpbIe O0YCJIOBIMBAIOT IMPOKUI TMAaMa30H MpU-
MEHEHUS TyYKOB, CJAEAYET OTHECTU BOZMOXHOCTD
rnepeHoca 00JbIIMX MOLLIHOCTEN 1 TOCTUXKEH WS 3HA-
YUTEIbHBIX KOHLIEHTPALIUI SHEPTUU BJlyue, 00beM-
HbIM XapakTep B3aUMOIECWCTBUS C MarepualiaMu,
IIMPOKME BO3MOXHOCTH BO3ICCTBUS HA TPACKTO-
pu1io Jiyda 1 ero (OKYCHPOBKY, YMCTOTA ¥ KAUECTBO
o6padotku. [Ipumenenue DI1 Ha HayaIbLHOI cTa-
MU MX OCBOEHMSI OCYILECTBIISIOCH B yCJOBUSIX Ba-
KyyMa. [losiBieHre HOBBIX 3a[1a4, B YaCTHOCTU KOH-
LICHTPUPOBAHHOTO BO3ACHCTBUST HAMpaBIeHHbBIM
MOTOKOM 3HEPTUU, CO3AaHUsI TEHEPATOPOB TIa3Mbl
U1 HEPABHOBECHBIX MJIa3MEHHBIX 00pa30BaHUii, pa3-
PabOTKM YCTPONCTB /151 OCYLLIECTBIEHSI TPOPBIBHBIX
TEXHOJIOTMYECKUX MPOLIECCOB, 00YCIOBIUBAET HEOO-
XOIMMOCTD pacIIMPeHMS TUara30Ha CTTOTb30BAHUS
OII 3a pamku Bakyyma. B pabore [1] nmpeacraBneHa
MPUHIUITAATbHAS CXeMa CUCTEMbI TPAHCTIOPTUPOB-
KU BJIEKTPOHHBIX ITyYKOB, MMPeIHA3HAYEHHOM ISt
OCYILIECTBJICHMS MX BbIBO/A B 00J1aCThb C 1ABJIEHU -
€M BILTOTb 10 aTMocdepHoro (puc. 1). YcTpoiicTBo
COCTOUT W3 TpeX CTyTeHel nasiaeHus (/—3) v yi-
JIMHUTEIS 4 ¢ YCTAaHOBJIIEHHBIM Ha HEM BaKyyMHbBIM
MMTHEeBMO3aTBOPOM J. [eHepalus U yCKOpeHWe 31eKT-
POHHOTO TTy4YKa 10 TpeOdyeMoit SHeprur OCYIEeCTB-
JISIOTCA JIEKTPOHHO-JIY4€BO MYLIIKOM.

CryneHu aaBiaeHUsl COCTOST U3 Kopryca 7—9,
MpoJeTHBIX (piaHueB /0— 12 y3/10B MPOBOIKH MyY-
ka 13—15. B xopnyc BBapeHbl natpyoku 16— 18,
npeaHa3HauYeHHbIe JJIST TTOACTHIKOBKY BAKYYMHbBIX
HacocoB. C BHEIIIHE CTOPOHBI Ha KaXKIOM KOPITyce
pa3MellieHbl ABe Mapbl OTKJIOHSIOIIUX COJIEHOUIOB
19cuctembl Koppekiinu Tpaekropuu DI1.

V37161 IPOBOAKYM 00ECTIEUMBAIOT IIEPEBOI ITyYKa
B 00J1acTh € 00Jiee BBICOKUM JABIACHUEM U COCTOSIT
u3 rpadutoBoii nuadparmol 20— 22 (0OCHOBHOM pa-
OouMii BJIEMEHT CUCTEMbI), (DOKYCUPYIOILIETO COe-
Houaa 23—25 (MOCTOSTHHOTO MarHUTa) U CEKTOPHO-
ro JaT4MKa MoJjoxeHus1 myuka 26—28. [IpoxuraHue
OTBepPCTUil B 1MadparMax OCylLIeCTBIISICTCS Ha 3Ta-
e TTIOATOTOBKY U3EJINSI K 9KCILTyaTalliu.

Llenbio HacCTOSIIEH paOOTHI IBJISIETCS UCCIIEI0-
BaHME OCHOBHbIX 3aKOHOMEPHOCTEl (DOPMUPOBAHUSI
KaHaJIoB 1o Bo3aeiicTeueM OIT.

Merton ucciaeanoBaHus

Ecav cuuraTh, 4TO BCSI SHEPTUST DIEKTPOHHOTO
MyYKa 3aTpaunBaeTcs Ha MCMapeHue MaTtepuana,
MOABOAMMAs MOIIIHOCTb pacIipeneieHa OAHOPOIHO
10 TTOBEPXHOCTH TUTOIIAAN S ¥ TTy4OK (hOpMUPYET
LWIMHIPUYECKOE OTBEPCTHE, TO CITPABETUBO pPa-
BEHCTBO

pL,SAl = NAL, (1

rae L, — yaenbHas TeIioTa UCMapeHust MaTepua-
Jla; p — TUIOTHOCTb Matepuana; A/ — yBelIndeHue
JUTUHBI (hOpMUPYEMOTo KaHasa 3a BpeMst A7 TTpU BO3-
NEeUCTBUY ITyYKOM C MOIIIHOCTBIO M.

Torna B pe3yJibTaTe MHTETPUPOBAHUS PABEHCTBA
(1) monyuaem:

t
(1) ! Ndt £@ , 2)
S L, S L,
roe E(7) — sHeprus my4dka, 3aTpaurBaemMast Ha hop-
MMPOBAHKE OTBEPCTHSI.

PaccMmoTpeHue 3a1aur 00pa3oBaHuUsT OTBEPCTHS
MPEANOJaracT yueT TEIJI0ONPOBOIHOCTHU B TBEPAYIO
da3sy. B kauecTBe HAUATBHOTO IMPUOIMKCHUS MOXK-
HO PaCCMOTPETh BO3AEICTBUE HA [10Jy0ECKOHEYHOE
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Puc. 1. TTpuHIMNUanbHas cXemMa CUCTEMbl TPAHCTIOPTUPOBKHU 2JIEKTPOHHBIX TTYYKOB M3 BaKyyMa
B 00J1aCTb C MOBbBILLIEHHBIM JaBJeHUEM (CM. MOSICHEHUS] B TEKCTE)

Tes0. B 3TOM ciyuae ypaBHeHuUe TEIIONPOBOLHOC-
TH UMEET BUJL
_1oT , (3)
a ot

rae a — Kod(pdUIMEeHT TeMIepaTyponpoOBOAHOCTH
rpacduTa.

IpaHnyHBIE yCIOBMS HA TOBEPXHOCTHU MCTIape-
HMSI MOTYT OBITh 3aTTMCAHBI B CJCIYIOILIEM BUIE:

N dl _oT

Kl

rae A — Ko3(p@UUUEHT TEIUIONPOBOAHOCTU; 1 —
HOPMaJb K TOBEpXHOCTH; T,, — TeMIieparypa rnoBep-
XHOCTH UCIIAPEHMUSI.

OTHOIIIeHNEe BEJTMYNHBI TETUIOBOTO MTOTOKA, OT-
BOIMMOTO BCJIEACTBKE TEILIONPOBOIHOCTH, K 3aTpa-
TaM Ha UCTIapEHNE COCTABIISCT:

T

—n_ 5
X - ©)
" dt
Benanuuna 67/0n numeer nopsanok T,/1,., tie
— XapakTepHas JUInHa (JOPMUPYEMOTO KaHaa.

AT

r T,, 4)

/

xap
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Ecnu 0603Ha4uunTh d//df = v — cKopocTb HhOpMUPO-
BaHUS OTBEPCTHSI, TO B KAYECTBE XapaKTEPHOM TN -
HbI MOXET PACCMATPUBATLCSI OTHOLIEHUE Ly, = a/V.
Torna 1 OTHOIIEHUS y BO3MOYXHA CIIEAYyOIIAsT
OLIeHKA:
ATy T,

N M= 6
apL,yv L (©)

n

OcobeHHOCTbIO rpaduTa SIBISIETCS. MaJ10€ 3Ha-
yeHue y, paBHoe 0,06.

Ecnu BBecTu Ge3pasMepHbie IIEPEMEHHBIE, a

nmenHo T = T/T,; X = x/l,, (HampaBieHne ocu x
COBIAMAET C OCbIO nuadparmbl); T = vt/l,; [ =
= I/4p, TO C yIETOM TOTO, YTO M3 MEPBOTO TPAHNY -

Horo yciaoBusi (4)
v=N/(pL,S(1+ %)),

MaTeMaThJyeckas MOJesIb UCTIapeHus B 6e3pa3Mep-
HOM BUJI€ MOXET ObITh C(hOpMYIUpPOBaHA CIIEAYIO-
LM 00pa3oM:

—_ . (7)
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Bbespa3mepHblie rpaHUUYHbBIE YCIOBUSI BhIpaxa-
JOTCSI KaK

dl o ileo. T
[d_r_lj_x[a_f-HJ_O’ T=l. &)

®yukuum |, [,aTakke = MOHO pa3-
JIOXWTbD B Psif IO MAJIOMY TlapameTpy y. B pe3yibTa-
T€ MOICTAHOBKU BTUX Pa3I0XeHU B Popmyibl (5)
u (6), C yIeTOM MaJIOCTH ., TIOJIyJarOTCsl CIIEAYIO-

1II1€ BBIPAXKEHMSI IJIST HYJIEBOTO TIPUOIVKEHUS:
LT, 1 )

B Hys1€BOM MprOAMKEHU N _0 . B noaBmxHoi

CUCTEME KOOPAMHAT, CBA3aHHOI C MOBEPXHOCTHIO
ncrnapeHus, peterne (9) uMeeT BUI

—X—7T 1
fOZT,_Tf% fczT. (10)
T

I1pu ocyliecTBACHUN MEPBOrO MPUOIVKESHUS
3a7a4a MIpUHUMAET BUJ

T
—L 1 =27 0. (11)
X

C yuyeTtom BbipaxkeHusi (10) moayyaem:

(12)

Torna ckopocTb B iEpBOM IpuUodIMKeHUun hop-
MUPOBAHUSI OTBEpPCTUS B AuadparMe CUCTEMbI
TPaHCTIOPTUPOBKM BhIpaXKaeTcs KaK

— O
N

Boipaxenue (13) ¢ xopolliieit CTeneHbI0 TOYHOC-
TH OTTUCHIBAET TTpo1iecC (hOPMUPOBAHUS OTBEPCTHUS
MpY JOCTATOYHO OONbIINX BpeMeHax (t >1).

[1pu MaJTBIX T HEOOXOIMMO YUUTHIBAT TOT (haKT,
YTO MOKa TemMIeparypa nopepxHoctu x 0 He goc-
TUTHET BeIMUUHBI T, Bcs oABOAMMAs K quadparme
SHeprus OyIeT paccenBaThes B rpaduTe BCISICTBHE
TEIUIONPOBOAHOCTH («3aAepKKa ucrnapeHus»). Ha-
YaJIbHBIE YCIIOBUS B 3TOM CTydae TPUHUMAIOT BT

. (13)

1 - x 00T 0 0;

|~

T > 0npu X — .

(14)
B coorBeTcTBMU € paboTOii [2] nMeeM ciienylo-
11ee peuieHue ypapHeHus (14):

L .
T X Fec2_ 1 2. (15

BpeMH 3aJCPKKHU UCTIAPEHUA

T, =my/[4(1 +%)°],

aTeMIepaTtypa npu t = T, CJIeAyeT BBIPAXEHUIO

16
——3 B (16)

Ecau Bocnosib30BaThCsi TPUEMOM, U3TI0KEHHBIM
B KHuUre [3], 1 BBECTU OTCYET «HOBOIO» BpEMEHU T’
OTBPEMEHMU T,, T. €. T = 0 Mpu T = 1, a TAK)Ke BBECTU
HOBBbIE IIEPeMEHHbIE
=2 v="_T T:L; T'=T;
x XZ 4 X2

p=p,

TO MAaTEMATUYECKYIO MOJIE/Ib MOXKHO ITPe00pa3oBaTh
CIIEIYIOIINM 00pa3oM:

ecmn X =xx'(7');

T'=0,eciu X — oo. (17)

W3 Beipaxkenus (16) moaydaeM popmyity

R F(1+7)
T=—1 waeperte 20 g
(f’(lﬂg)z X'(1+x)e C( \/; ] (18)
R
npu
( 3 (19)
4D

®yukuyu 7' ¥ |’ aHAJTOTUYHO BBIIOJHAEMBIM
paHee pa3IoXeHUSIM MOTYT ObITh MpeICTABICHbBI
B BUJI€ PSIIOB [10 CTEIIEHSIM ).

73



HayuHo-TexHuueckne Beagomoctn CII6ITIY. dusmnko-mareMatnueckme Haykm 3’ 2011

Torpa 3amaya TEraIONMPOBOAHOCTH B HYJEBOM
MPUOIMXEHUU MTPpeodpa3yeTcs K BULY

= _ _
Ty Ty . Ty, =
2 S %2 Ty

— 1, eciu x 0;

X

T, =0, ecnu X — oo, (20)

Pewast ypasHeHus (20), MOXHO MOJy4UThb TaK

Ha3bIBAEMOE «BHYTPEHHEE» pellieHUE B HYJIEBOM

npubakeHun. HauanbHoe ycjioBUE TIpeacTaBis-
€TCs Kak

= —x’erfc(%J mpu 7' =0.  (21)
Iz

B ciryuae pukcupoBaHHOM rpaHULIBI TOCTAHOB-
Ka 3a7a4y YIIPOIIAeTCs U BO3MOXHBIM CTAHOBUTCSI
HCIOJb30BaHue nMpeodpa3oBaHus Jlarmaca:

T)=

o ef

=

S

T, e — o o ~0,ecmn X —> oo, (22)

p
B cucteme (22)
Ty = [Ty ar. (23)
0

Peenue cucremsl (22) MeeT CAemy oL BUI:

_ I*P 2e c\/7 B
T, & — 2

I

X
e c ~— =
2 e 2
X mp
erfc' - N
Jno 2 J 1, X
E 3 ; - XerfC| ﬁJ (24)
p NP7 3

Eciu npumensaTts mpeoOpazoBaHue Jlammaca
K IIEPBOMY FPaHUYHOMY Yc1oBuo (20), nuddepeHim-
posarb 7, 0110 X', aTaKxke 00paTUTb ~ C UCIOJIb30BA-
HUEM Ta0JIULI, TO MTOJIy4aeTCsT «BHYTPEHHEE» PELLICHUE:

o). 25)
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Ha ocHoBE 11oy1y4e HHBIX «BHYTPEHHUX» U «BHELLI-
HUX» Pa3JIOKEHUI, UMEIOLINX OOLLYIO YaCTh, MOTYT
CTPOUTHLCSI COCTaBHBIE pa3yioxeHust. B pesynbrare
MOCTPOEHUS MYJIBTUTTIMKATUBHOTO PA3JIOXEHUS U3
(bopmyin (12) u (25) onpenensieTcst CKOPOCTb I'PAHU -
LIbI UICTIAPEHUST

v 1l

erc— —
= 1+y ! J . (26)
2 [ 4 sin L.
2
1+-X
4

OTBop Ter1a B paniraJibHOM HaMpaBJIeHUU MTPU
(bopmupoBaHusa KaHana B auadparMax CUCTEM
TPAHCIIOPTUPOBKU 3JEKTPOHHBIX MYYKOB MOXKET
YUUTBIBATHCS CAEAYIOLIUM O0pa3oM. YpaBHEHUE
TETUIONPOBOIHOCTH 3aITMChIBACTCS B IMIMHAPUYEC-
KO CUCTEME KOOPAMHAT:

2
1o, 2 18y
ror\ or oz a ot
IpaHuuHBIe yCIOBUS:
T=T,ecmz=vt,0=<r <r(r,— panuyc
(hopmupyeMoro kaHana);

T~0,ecnuz—> oo WIN ¥ —> ©,

HauanwsHoe ycaoue: 7(f = 0) = 0.

BBons 6e3pa3MepHBbIii pannyc r = r/r,, a TaKXe
YUUTBIBAsI paHee OTIPeIeICHHbIE Oe3pa3MepHBIC Be-
JIMYMHBI, 33024y 00 UCTTAPEHU N MOXKHO IMPENCTABUTD
B CJIEIyIOIIEM BU/IE (MPUHUMAETCST, UTO Z =Zz/l,,):

_ -
k2éi_ 7@ +ﬂ:£; T lecmz ;
ror\ or ) az* o

T~0,eciun Z »ooum ¥ — ;T (1=0)~0, (28)
rae k= a/(vry).
C yueToM paHee MPUBEIEHHOTO 3HAUEHUS [T V:

k=mn(y +1)apL,ry/N.

®opMuUpoBaHUE OTBEPCTUI paTuyCcOM OKOJIO
1 MM B rpacduTOBBIX AuadparMax CUCTEM TPAHC-
TTOPTUPOBKU 3JIEKTPOHHBIX ITYYKOB TTPU MOIITHOC-
™ 1yuka 6oJiee 30 kBT MoxxeT onuchiBaThCS MOJTY -
YEeHHBIM OTHOMEPHBIM pEIlIeHNEM, TaK KaK B 3TOM
ciyuae k% < y. TIpy UCIIONb30BAHKY TYYKOB MEHb-
IIIeif MOIITHOCTH XapaKTep BO3IEWCTBUS CTAHOBUT-
Csl IBYMEPHBIM M [IJisl ITOJy4eHUsT 00J1ee TOYHOrO
pelreHus TpebyeTcs YIMTHIBATh paarajbHBIC TTe-
PETOKM TerIa.
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20 40 60 80  f,mMc

0,5

4 8 12 16 20 fwe
6)
di

—, cM/c
dt /

6,0

2,0

f
[
4,0 /
/
/
/

0,4 0,8 1,2 1,6 2,0 t,mMc

Puc. 2. 3aBucumMoCcTy UCTUHHOII CKOPOCTHU
ucrapeHust rpadura OT BpeMEHU
npu GOpMUPOBAHUN OTBEPCTUSI TUAMETPOM 2 MM;
MOIITHOCTU 3JICKTPOHHOTO Tryuka N, KBT:
5 (a), 10 (6), 30 (8)

[ cMm
12

4 =

P l/__/

0 20 40 60 80 1,Mc
l,cm

l,em
1,6 -

0,8 /-‘
0,4 el

//

0 0,4 0,8 1,2 1,6 2,0 f,MC

Puc. 3. 3aBucumMocTu riyOMHbBI
cchopMUpoBaHHOTO B TpachuTOBOI nuadparme
OTBEPCTUSI TUAMETPOM 2 MM OT BPEMEHU
Tpu MOIIHOCTU Tiyuka N, KBT:

5 (a), 10 (6), 30 (8)
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tp, MC
10

\

™

5 10 15 20 25 N, xBr

Puc. 4. UsmeHeHre BpeMeHU OOCTUXKEHUS
CTAllMOHAPHOTO 3HAUEHUSI CKOPOCTU MCIapeHUsl
rpauTa OT MOLIHOCTH 3JIEKTPOHHOTIO Iy4YKa
npu GOPMUPOBAHUN OTBEPCTUS TUAMETPOM 2 MM

OO6cyxkenne pesy/IsTaToB

Ha puc. 2 mpencTaBieHbl 3aBUCUMOCTH CKOPO-
CTH MCTIapeHUs rpachuTa OT BpeMEHU M MOIITHOCTHU
BJIEKTPOHHOTO MyYyKa Mpu (POpMUPOBAHUU OTBEP-
CTHSI TMAMETPOM 2 MM.

B HavanbHBII MOMEHT CKOPOCTh KPYTO Hapac-
TaeT, a 3aTeM BBIXOIUT IMPAKTUUECKH Ha CTAlIMOHAP-
HBINl ypOBEeHb. Bpems 1OCTHUXEHUS TTOCTOSIHHOTO

3HAUEHUSI CKOPOCTHU MCHapeHus TeM 00Jiblle, YeM
MEHbILIE MOIITHOCTb 3JIEKTPOHHOTO IMyuKa.

Ipaduku, WUTIOCTPUPYIOLLIKE 3aBUCUMOCTH LJTY-
OMHBI C(DOPMUPOBAHHOTO B rpadUTOBOI mraparme
OTBEPCTUSI AUAMETPOM 2 MM OT BpEMEHU U MOILIHOC-
TU BJIEKTPOHHOTO My4Ka, MPeACTaBIeHbl Ha pUC. 3.

3aBUCUMOCTD IIyOMHbBI OT BPEMEHU SIBJISIETCS
MpPaKTUYEeCKU JIMHEMHO: IS «TTPOLIMBKW» KaHaJla
JJIMHOM 15 MM (xapakTepHasi AJIMHA KaHajia TpaHC-
MOPTUPOBKHU 3JIEKTPOHHOTO My4yKa B 00J1aCTh C 1aB-
JIECHMEM Ha OfVH-[Ba MOPsAKA HUXKe aTMOC(epHO-
ro) TpedyeTcs ~12,6 mc mpu N = 5kBT; ~6,5 Mmc ipu
N =10 kBt u ~2,2 mc npu N = 30 kBt. Kananbl
B 00Jiee KOPOTKUX IuadparmMax, COOOIIa0LINXCS
¢ atMmochepoii, (hOpMUPYIOTCS 32 MEHbILIEE BPeMsl.

KpuBasi, xapakTepusyoliiasi u3MeHeH1e BpeMe-
HU JOCTUKEHUS CTALIMOHAPHOTO 3HAYEHUSI CKOPO-
CTU McnapeHus rpaduTa OT MOLIHOCTU 3JIEKTPOH-
HOro Myyka Ipu (HOPMUPOBAHUU OTBEPCTUS
nuramMeTpoM 2 MM, TipefcTtaBieHa Ha puc. 4. C yBe-
JINYEHUEM MOLLIHOCTU CTALIMOHAPHBIN PEKUM J10C-
TUTAETCs 3HAUUTEIbHO ObICTpPEE.

PesynbraThl aHanu3a JaHHBIX, MPUBEACHHBIX
BJIMTEPATYPHBIX UCTOUHUKAX (Haripumep [3]), cBue-
TEJIbCTBYIOT O TOM, UTO BO3[EHCTBOBATh HA [NIyOMHY
OTBepCTUS, (POPMUPYEMOTO JIEKTPOHHBIM ITyYKOM, 33
OJIVH 1 TOT € MPOMEKYTOK BpeMEHU! MOXKHO He TOJTb-
KO M3BMEHEHHEM MOILTHOCTH, HO U BLIOOPOM OTNITUMATb-
HOI1 BeJIMYMHBI 3ar1y0/ieHust (hoKyca B MaTepuall.
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NMOBbIWWEHUE SODEKTUBHOCTU NPEOBPA3SOBAHUA
3BYKOBOIO AABJ/TIEHUA
B BOJIOKOHHbIX UHTEP®EPOMETPUYECKUX MUKPODPOHAX

BonokonHo-ontuyeckue (BO) unrepdepomerpu-
YeCcKHe YCTPOMCTBA MMEIOT M3BECTHBIC JOCTOMHCTBA
MPY PErUCTPALIMK PA3TAYHBIX PU3MYECKIX BEJTUYNH
[1 — 3]. B maHHOI1 paboTe pacCMOTPEHBI BOIIPOCHI,
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CBSI3aHHBIE C CO3AAaHMEM BOJIOKOHHO-OMNTUYECKUX
MHTepdEPOMETPUIECKIX U3MEPUTETEH 3BYKOBBIX KO-
nebaHuii, a UMEHHO C MTPUHIIMIIOM co3nanust dpdex-
TUBHOTO YYBCTBUTEIBHOTO 3JIEMEHTA JIJIST TAKUX W3-
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mepurtesieit. B nomoOHbIX yCTpoiicTBaX (TUITMYHAS CXe-
Ma ¢ uHtepgepomeTpoM Maxa — LleHnepa nokaszaHa
Ha puc. 1) uamepsieMoe BO31eicTB1Ee, B JAHHOM CITy-
Yyae aKyCTUUECKUIA CUTHAJI, MEHSIET Pa3HOCTh (Da3 MH-
Tepdepupyoimx BOJH A, TO €CTh Pa3HOCTb (haz3o-
BbIX 3aIepXeK @ U ¢, CBETa B BOJOKHAX IJieY
nHTepdepomerpa. Ha Bbixoae noaBoasiuero BOJIOKOH-
HOTO TpaKTa KoJIeOaH!sT MTHTEHCUBHOCTH PETUCTPUPY-
101Cs1 (hOTOAETEKTOPOM, U C ITIOMOLLBIO CIIELIUATbHBIX
METOIOB IMMPOM3BOINTCS ICTCKTUPOBAHME KOJTeOaHMit
A@(?), conepxaliyux COCTaBISIOLLYIO, TPONOPLIMO-
HaJIbHYIO U3MEPSIEeMOMY 3BYyKOBOMY CUTHAJTY.

YyBCTBUTEbHBIN 3JIEMEHT TAKOTO YCTPOICTBA,
conepxamuit tHTeppepoMeTp, IpekIe BCero 0J1-
>K€H BBITTOJTHSATD (DYHKIIMIO BOJIOKOHHO-OITUYECKO-
ro akyctuueckoro rpeoopasonatessi (All), To ecTb
€ro KOHCTPYKL M JO/KHA 00ecieynTh apPeKTrB-
Hoe TipeoOpa3oBaHUEe 3BYKOBOTO HaBIIeHUS p(f)
B MU3MEHEHUE Pa3HOCTU (a3 ¢ (7)

o.(1) = Kp(1), (1)
rne K — da3zoBas uyBcrButeabHOCTb All, nu3mepsie-
Mmag B pan/Ila.

OueBUIHO, UTO OT YPOBHS (Pa30BOiIT YYBCTBH-
TeapHOCTH BO akycThueckoro mpeobpa3oBaTelist
3aBUCSIT HEIMOCPEACTBEHHO KaK 0011asi YyBCTBU-
TEJIbHOCTD, TaK M pa3pemiaionias CliocOOHOCTh WH-
TepdepoMeTpUIECKOro faTuMKa 3BYyKa.

B nanHoI1 paboTe 00CYyXIar0TCss TPUHLIMIIBI IT0-
cTpoeHusi U 9pGHEeKTUBHOCTb KOHCTPYKLUM TAKOTO
peoOpa3oBaTeis, CO3TaHHOTO Ha OCHOBE 3J1aCTHU -
HOTO MOJIOTO LUJIMHAPA U TPOTUBO(HA3HOTO U3ME-
HEHWMS IUIeY MHTepdepoMeTpa.

Bbi6op cxembl
uHTepdhepoMeTpruIeCcKOro npeodpazoBaTeis
1151 M3MePeHHs 3BYKOBBIX CHTHAJIOB

ITpu paccMOTpeHUM MEXaHUYECKUX BO3MYIIIE-
HU BOJIOKHA B UHTep(hEePOMETPUUECKOM aKyCTHU-
YeCKOM IpeobdpaszoBaTesie CaenyeT yYuThIBAaTh, UTO

HauoboJsee 3PpPeKTUBHBIM MEXAHM3MOM MOIYJISILIUA
(ba3oBOI1 3aEPKKI B CBETOBOIE SIBIISICTCS TIPOIOJTb-
Hoe HaTskeHue [4]. Kpome Toro, AIl nomkeH me-
HSTH Pa3HOCThH (Pa30BBIX 3aePKEK B BOJTOKOHHBIX
Tievax, B CBSI3M C YEM YacTO pas3nessiioT mpeodpa-
30BaTeNIN C «M30JIMPOBAHHBIM OITOPHBIM TLICYOM»
U paboratoiue B AuddepeHLIManbHOM pexkruMe (Tak
HasbIBaeMblii «push-pull» pexxum) [4, 5]. B nepsom
CJlyyae U3MepPSIEMOe BO3MYLLEHUE MEHSIET TOJIbKO
(bazoBy10 3a0epXKKY @ OIHOTO MJieya, a BTOpoe IJie-
4O SIBJIIETCSI ONTIOPHBIM. B ciiyuae nudepeHimanb-
HOTO pexkruMa BO3IEHCTBIE BINUSIET Ha 00a BOJIOKOH-
HbIX I1JIeYa, HO Pa3HOCTh (ha3 MEHSIETCS TOTOMY, UTO
dbopmupytotcs mpotuBodasHble TPUPALIEHUS @
1 @,. JnddepeHInanbHbIi MpeodpazoBaTesIb O0bIY-
HO TpeOyeT 00J1ee CI0XKHBIX KOHCTPYKLIMIA, HO 00ec-
rne4yrBaet 00Jiee BbICOKYI0 9 PEKTUBHOCTD.

B mutepatype onvcaHbl pa3TUIHbIC TPUHITUTIBI
noctpoeHns Al mHTepdepoMeTpUIECKIX U3MEPH -
TeJiel MexaHUuYecKux Kosiebanuii (puc. 2). [Tpu stom
MOXHO OTMETUTb, YTO B OOJBIIMHCTBE CJydyaeB
B MYOJUKAIMSIX pacCMaTPUBAIOTCS KOHCTPYKIIUY
MHTEePDEPOMETPUUECKIX UYBCTBUTETLHBIX DJIEMEH -
TOB IIJIST PETUCTPALIUY TUAPOAKYCTUUECKUX CUTHA-
JIOB, BUOpauuii, yckopeHuii. PeanbHble KOHCTPYK-
LIV U3MEPUTENIe 3BYKOBBIX CUTHAJIOB B BO3IyXE
(MUKpO(hOHOB) HAa OCHOBE IBYXILICUeBbIX MHTEP(E-
POMETPOB B JIUTEPATYpe TIOYTH HE BCTPEUYAIOTCS.

TunuuneiM npuMepom BO akycTrueckux mpe-
obpazoBaTeseil MOTyT CJTYy>KUTh KOHCTPYKIIMH C 3J1a-
CTUYHBIM LIUJIMHIPOM, HA OOKOBYIO TTOBEPXHOCTD
KOTOPOT0 HAMOTAaHO BOJIOKOHHOE IJIe40 MHTepdhe-
pomeTtpa (puc. 2, a). [1pu ux mpuMeHeHuu B BO uH-
TepepomeTpruueckux ruapodoHax [4 — 8] 3Byko-
Basl BOJTHa MEHSIET TUAPOCTATUYECKOE CIaBTMBaHIE
TTOBEPXHOCTH LIMJIMHIPA, YTO TPUBOIUT K U3MEHE-
HU10 3P (PeKTUBHOTO AMaMeTpa KaTyIIK/A BOJOKHA
dv HaBeNEeHHBIM NU3MEHEHUSIM IIPOAOBLHOTO HATSI-
XeHus cBeToBona. OMHAKO ClieayeT OTMETUTh, UTO

HyBCTBHTE/IbHBII

| L AMEMEHT ~~
| OHTL‘PB.?.II(E;I'II{BOHHHH | \\\ AK}’CTH‘IQCKOE
: : nU,'J.BlJ,.'J.ﬂ‘I:LlHﬁ = _I.S_U-'S.ucm:'ruue
cl o v.
| Tazep BOHOI\OIII:I ST H Y
i [ v 7~
)| ObpaboTra 1 v A
v A
: ®oro- ! Al
| aerexrop | L A
| v [lnedu
BOJIOKOHHOTO

unrepdepomeTpa

Puc. 1. CrpykrypHasi cxema
UHTEepPHEePOMETPUUECKOTO JaTurKa 3ByKa (MUKpOGOHA)
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Puc. 2. [IpyHUMIBI TOCTPOCHUST KOHCTPYKLIMII mpeoOpa3oBaTeseii
JUIsi MHTEpOEepoOMeTpUUECKUX J1aTUMKOB;

1 — >MacTUYHBIA TUAUHAP (TUOKUI AUCK), 2 — BOJOKOHHOE TLIeU0 MHTephepomMeTpa,
3 — cioit pukcupymolero kies, 4 — XecTKue (Hecyllne) 3JIeMEeHThl Kopryca

B BO3IYIITHOM Cpele Takash cxemMa TTpaKTUIeCKH He
MOXeT paboTaTh, TOCKOIBbKY 3BYKOBasi BOJTHA B BO3-
Iyxe He obecrieunBaeT 3 HEKTUBHOE CKATUE 1M~
JIMHIpA M3-3a CYLIECTBEHHO 00Jiee HU3KOTO aKyc-
TUYECKOTO MMIIeJaHCca BO3OYIIHOW Cpembl IO
CPaBHEHMUIO C BOJIOM.

B mpyrom BapraHTe CXeMbI C OTTIOPHBIM LIMTMH]I-
POM perucTprpyemMoe BO3IeCTBIE CO3IAET aBICHIE
Ha OCHOBAHUS IWJIMHAPA, U IMaMeTp LIWINHIPA Me-
HSIETCsI BCJIENCTBIE TTPe00pa30BaHMsI ITPOIOTBHOM 1e-
(bopmarinu B monepeuHyto (puc. 2, 6). Hartiie Bcero npu
9TOM MCIOJB3YIOT MHEPLMOHHYIO MacCy Ha TOpILE
LIWIWHAPA, U KOHCTPYKIIMS paboTaeT B pesKMMe akce-
JiepomeTpa uiv Buopomerpa [4, 9]. OnHako HETpyaHO
TIPEIUIOXUTH «MUKPOMPOHHBIN» pEXXUM PabOTHI: 1IN~
JIMHIIP C TOPLIOB CIABIMBAETCS MEMOPAHOIA, Ha TTOBEP-
XHOCTb KOTOPOW JIEUCTBYET 3BYKOBOE JABJICHUE.

Elie onvH npumep npeodpazoBaTesiss — KOHCT-
PYKLIMS ¢ TMOKUM IUCKOM (MeMOpaHOii), Ha ToBep-
XHOCTb KOTOPOTO IO CITMPAJIH YJI0XKEHO U 3aKper-
JIEHO BOJIOKHO (puc. 2, 6) [4,7 — 11].
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KoHCTpyKIIMST ¢ IMCKOM OTHOCUTEIBHO JIETKO
MOXET ObITh BHITIOJIHEHA B BapuaHTe ¢ U epeH-
LIUATBLHBIM PEXUMOM PabOTHI, €N TUIEUN MHTEP-
(bepomeTpa 3aKperieHbl Ha pa3HbIX TOBEPXHOCTSIX
nucka (puc. 2, e) [4,9, 11]. KoHCTpyKLMSI HA OCHO-
B€ MPOIOJILHO CIABINBAEMOTO LIUJIWHAPA U MHEP-
LMOHHOM MaCcChl MOXET OBITh cae/laHa TuddepeH-
LMAJIbHON MyTeM HAMOTKM ILJIeY Ha IBa LIWJIMHIPA
(puc. 2, 0) [4, 9]. Kpome Toro, B iutepaTtype (CM.
Harpumep, padoTty [3]) ymoMuHaeTcss KOHCTPYKLIMS,
obecneunBatoias auddepeHInaIbHbIN peXXuM pa-
601bl BO nHtepdepomerpuueckoro All nocpen-
CTBOM 3aKpeTUIeH!s BOJIOKOHHBIX TJIEY Ha BHEII -
HEW M BHYTPEHHE! MOBEPXHOCTSIX MOJOT0 LIMIMHAPA
(puc. 2, e).

B xone uccnenmoBaHuii, HarpaBIeHHBIX HA pa3-
pabotky BO nnTephepomMeTpruecKuX MUKpO(OHOB,
U ToucKa NpocToro U 3¢p(GeKTUBHOTO BapuaHTa
koHcTpykunu All mis nHTepdepomMeTpuuecKoit
cxembl Maxa — Llennepa ObL1 BbIOpaH BapUaHT 10—
ctpoeHuns BO akycTudeckoro rmpeoOpa3oBaTeis



C I10JIbIM LMIMHAPOM U AnuddepeHLnaIbHbIM PEXU-
MOM paboThI (puc. 2, e).

ITonoGHast KOHCTPYKLIMS SIBASIETCSI OTHOCUTE b~
HO MPOCTO#A, Jyyllle CoTJacoBaHa ¢ BO3IEMCTBUEM
aKyCTUUYECKOM BOJIHbI B BO3YLLIHOM Cpejie U Npe-
CTaBJIsIETCS TPUBJIEKATENbHOM 1181 TocTpoeHust BO
nHTepdepomeTpruuecKrx MUKpOGOHOB. OqHAKO /151
MOATBEPKACHWS TPUMEHUMOCTH TaKUX ITpeodpa3o-
BaTesieil He0OXOAUMO MPOBEPUTh, HACKOJBbKO 3TOT
npuHUUN 3G PEKTUBEH C TOUYKU 3pEHUST 00eCTneum-
BaeMOTr0 ypPOBHS YyBCTBUTEIbHOCTU Ipeodpa3oBa-
Hus K.

Kpowme Toro, xotsi pasmelleHue BOJOKOHHbBIX
MJiey Ha BHEITHE! ¥ BHYTPEHHEe CTOpOHAX MOJIOTro
LWJIMHIpa Mpeanonaraet nuddepeHInaIbHbIN pa-
KUM TMpeoOpa3oBaHus, 3(p(HeKTUBHOCTb peann3a-
LIMK 3TOrO PEeXMMa He TaK OUYeBUIHA, KAK B CUM-
METPUYHbBIX KOHCTPYKLUSX (PUC. 2, 2, d). DTO BAXKHO,
MMOCKOJIbKY €CJTU PETUCTPUPYEeMOE BO3MYIIIEHHUE HE
BO3IEHCTBYET Ha BOJIOKOHHBIE TIJIeUu UHTepdhepo-
MeTpa IpOTUBO(MA3HO, TO 3HaYeHrue K MOXKET He
TOJIbKO HE YBEJIMUUTHCS, HO U 3HAUUTEIbHO YMEHb-
LIMTHCS TI0 CPABHEHUIO CO Cy4aeM M30JMPOBaH-
HOTO OMOPHOTO IJieya.

B cBs131 ¢ OTHOCUTETBHOM ITPOCTOTOM paccMaTt-
pUBaEMOI KOHCTPYKLIMU MOXKET MOKa3aThCs, UTO €€
XapaKTepUCTUKU HETPYAHO IPOaHATU3UPOBATh
TEOPETUUYECKU, PACCUUTAB €€ KaK MeXaHUYECKYIO
KosiebaTesibHyI0 cucteMy. OIHAKO B JIUTEPATYpE I10-
MbITKY pacyeTa KOHCTPYKLIMI MHTep(epoMeTpruie-
CKMX YYBCTBUTEJbHBIX 3JIEMEHTOB BCTpEUalOTCSI
KpaliHe peaKo (Harpumep, aHaJIu3y HauboJiee rnpo-
CTOI KOHCTPYKLIMU, IPUBEAEHHOM HA puUC. 2, a, 10~
cBsilleHa padota [12]), U pe3yabTaThl pacyeToOB
YacTo IJIOXO COMIACYIOTCS € MPaKTUYEeCKU IMoJTy4ya-
eMbIMU MapaMeTpaMu. B 1efiCTBUTEILHOCTHY CTOXK-
HO pa3paboTaTh aJeKBATHYIO aKyCTOMEXaHUUYECKYIO
MOJIeJIb Mpeo0pa3oBaTeisi U CBSI3aTh TapaMeTphbl €€
BJIEMEHTOB € MMapaMeTpaMUi MeXaHUUECKUX SJIeMEH-
TOB peaabHOU KOHCTPYKLUMU. CI0XHBIM U HEOTIpE-
JeJeHHbIM (DaKTOPOM SIBJISIETCSI, HAIIPUMED, MeXa-
HUYecKasi Harpy3ka Ha LMJIMHIP CO CTOPOHBI C105T
BOJIOKHA 1 (PUKCUPYIOLIEro ero Kiesi. Kpome Toro,
JOCTATOYHO CJIOXHO CYAWTb, B KaKOW CTeTeHU
KoJiebaHus JuaMeTpa LUIMHIpA IMpeodpa3yroTcs
B yUIMHEHWE CEPALIEBUHBI CBETOBO/IA, 4 B KAKOM CTe-
[EeHU MPOA0JIbHOE HATSKEHUE B CEP/LIEBMHE CBETO-
BoJa AeMripupyeTcs GUKCUPYIOLIUM KJIeeM-KOM-
MayHI0M U MOJMMEPHbBIM ITOKPhITUEM BOJIOKHA. Kak
MOKAa3bIBAET MPAKTUKA, MOMbITKU TEOPETUUECKOTO
pacyeTa He TOJIbKO He IT03BOJISIIOT ONPEeaeUTb Yac-
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TOTHYIO XapaKTepUCTUKY 4yBCTBUTEIbHOCTH All,
HO JaXe YpOBEeHb pACCUYMTAHHOM BeJIMUMHBI K MO-
KET B AECSITKHU Pa3 OTIMYAThCS OT 9KCTIEPUMEHTAb-
HO U3MEPEHHOTO.

C y4eToM yKazaHHBIX OOCTOSTEIbCTB MIJIs1 TOCT-
POEHUSsT UyBCTBUTEIbHBIX 271eMeHTOB BO nHTepde-
poMeTpUYeCKMX MUKPO(OHOB Ha OCHOBE OTITMCAHHO-
ro MpUHLMMNA MTpeoOpa3oBaHus ObLIM MPOBEAEHbI
9KCMepUMEHTaIbHBIE MCClienoBaHus. M3amepeHust
ObLIM HaLleJEHbl Ha OMNpeAe/ieHe XapaKTepPUCTUK
peanbHbIx 00pa3oB All 1 mocTuraemMbix B paccmar-
pUBAEMOI KOHCTPYKLIMU 3HAYEH Ui YYBCTBUTEIBHO-
ctu K. I1pu 5TOM BaxkHOI COCTaBIISIIONIEH NCCAEA0-
BaHUs1 ObL1a TPOBEPKa pean3alyy MpoTUBO(a3HOTO
BO3MYILIEHMSI TJIeY CBETOBOA.

OcHoBHBIE XapPAKTePUCTHKH NpeoOpa3oBaTes
U METOIMKA M3MePeHMUI

PaccmoTpum nogpoOHee NCnob30BaHHbIC HAMU
napaMeTpbl ¥ XapaKTepPUCTUKH, OTTUCHIBAIOIII1E BO-
JIOKOHHO-onTruYeckuii AT mHTepdhepoMeTprdecko-
ro mukpogoHa. C yueToM BO3MOXHOCTU IMHENHBIX
MCKaXXeHMI OCHOBHOM XapaKTepUCTUKOM Ipeodpa-
30BaTeJIs SIBISIETCS YaCTOTHAS 3aBUCUMOCTD (ha30-
BOI1 wyBcTBUTEIbHOCTU K(f):

K(r)=m, @)
Pm
Tae 0¢,, — aMIUINTYyAa KoueOaH!s apryMeHTa UH-
TephepEeHLIMOHHOTO CUTHAJIA TTPY TAPMOHUYECKOM
aKyCTMYECKOM BO3IEMUCTBUM C aMITJIUTYI0M 3BYKO-
BOTO JABJICHUSI P, U YACTOTOM f.

OTa xapakTepucTuka rpeodpa3oBaTesi, Kak
MPaBWJIO, 3a1a€T BUI aMIJIUTYIHO-4YaCTOTHOM Xa-
paktepucTuku (AUX) Bcero uHTepdepomeTpruiec-
Koro MukpocdoHa, a pa3pelraroias CrrocoOHOCThb
MUKpPO(POHA 00paTHO MPOMOPLMOHATbHA YPOBHIO
(bazoBoIt YyBCTBUTETLHOCTH.

TTpu oueHKax MHTETpaabHOU 3(PHEKTUBHOCTH
aKyCTUYECKHUX IMpeobpaszosateseil (MUKPO(hOHOB)
CMELUATNUCThI, KaK MPaBUI0, UCTIONB3YIOT Cpel-
HIOIO (XapaKTepUCTUYECKYIO) UyBCTBUTEIbHOCTh
[13], yuuThiBaOLIy0 CYyObEKTUBHbBIE OCOOEHHOCTH
BOCTIPUSITHS 3BYKa CITyXOBOI CHCTEMbI YEJIOBEKA:

3)

e f; — LEeHTPaJbHbIE YACTOTbI CTAHAAPTHBIX TPETh-
okTaBHBIX TToJtoc (100, 125, 160, 200, 250, 315, 400,
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500,630, 800, 1000 [ixu T. 11.), # — KOJIMYECTBO TPETh-
OKTaBHBbIX [10JI0C B paboueM a1rana3oHe 4acToT.

C mpyroii CTOpOHBI, 00J1Iee O0LIMM OObEKTUBHBIM
rnokasarteJjieM CpeIHETO YPOBHSI UyBCTBUTEJIbHOCTH
B paboueM aMara3zoHe 4YacTOT MOXET CIYXXWUThb
yCpeIHEHHasl BeJIMUMHA YYBCTBUTEIbHOCTU

1 fn
K, =—|K(f)df =
= Gw
1 n
—> K(WS—f)- 4

Kpowme Toro, ns cpaBHeHUS 3(h(HEeKTUBHOCTU
KOHCTPYKLIM# TpeoOpasoBaTteieit yacTo y1ooHo uc-
M10J1b30BaTh IOTOHHYI0 YYBCTBUTEIbHOCTD, IIPUBE-
NEHHYIO K eIMHUTIC ITUHBI 9yYBCTBUTEILHBIX BOJIO-
KOHHBIX I1JIeY / B TipeoOpa3oBaresie

K K/I. %)

B skcrmepuMeHTaxX TTPOBOAUINCH U3MEPEHUS
3HAYEHUS YyBCTBUTEILHOCTU 00pa3ioB BO akyc-
TUYECKUX IMpeodpa3oBaTeieil Ha LIeHTPaJbHBIX Ya-
CTOTaX CTAHAAPTHbIX TPETbOKTABHBIX [10J10C f; B 11 -
amasone yactor 0,3 — 8 ki1, mocJie yero misd 3Tnux
YaCTOT PACCUMTBHIBATNCH YKa3aHHBIE apameTps! K,
K., ¥ MX TIOTOHHbIE 3HAYEHMUSI.

Cxema 3KCNepUMEHTAbHON YCTAHOBKY MOKA-
3aHa Ha puc. 3. BoJIOKOHHAs 4acTb CXeMbI Mpe-
cTaBisia coboit mHTepdepomeTp Maxa-Llennmepa,

10

Kanan I ]

Bxon  Brixon

Kanan 11

J

\\ | %ﬂm%

00pa30BaHHBIN BOJTOKHAMM TECTUPYEMOTO aKyCTH -
4eCcKOoro rpeoodpazonaressi / v AByMsI BOJJOKOHHbIMU
Y-pasperButeisiMu 2. UCTOUHUKOM OINTUYECKOTO
U3JTy4eHUSsT 4 CITy>K1J1 OMHOYACTOTHBIH MOJTYTTPOBOI -
HUKOBBI Ta3epHbIit nuon. HanpsikeHue u(f), po-
TTOPLIMOHANBHOE @ (), BBIAESIOCH TPU MOMOLIN
BCIOMOTaTeIbHO MOAYSILIUY YACTOThI JIa3€pHO-
o UCTOUHMKA 1 00pabOTKM MOIYIMPOBAHHOTO UH-
TephepoMeTpUIECKOTO CUTHAJA, MOCTYIAlOIIEero
¢ BbIxona (OTOAETeKTOpAa B MPUEMHOM MOJYJIE J.
ITapameTpsl mOTYy4eHHOTO CUTHANA U(f) KOHTPOJIU-
posanuck octmitorpagom 9(C1-83) n ananmzato-
powm criektpa 7 (B&K 2032).

AKycTrYecKasl 4acTb YCTAHOBKM conepkaia
u3jlyyarenb 3ByKa /1 (IMHAMMYECKYIO U3Jydaro-
1yto rojoBKy 4I'/1-36, moaBelIeHHY0 Ha BEICOTE
1,5 M, Ha KOTOPYIO Uepe3 3BYKOBOI YCUIIUTETb MOIII-
HocTu /0 mocTymnaj curHai ot reHepaTtopa § (I'3-
112), u u3aMepuTeabHbIiI MUKPODOH 6 (1rymomep
«CE Digital Sound Level Meter 8921/8922»), pac-
MOJIOXEHHBI PSIIOM C TECTUPYEMbIM MPeoOdpa3oBa-
Tenem 1.

g uaMepeHus 4yBCTBUTENbHOCTH K(f;) HA U3-
JTyJaTesb IToIaBaoCch TapMOHNYECKOE HATIPSTKEHMEe
TpeOyeMOM YaCTOTBI f;, a C TOMOLLBIO U3MEPUTETIBHO-
ro MuKpodoHa 1 uHTeEPPEPOMETPUUECKOI CXEMbI
PErucTpUpPOBaAIaCh AMILIMTYA 3BYKOBOTO [IaBJie-
HUS p,,, U aMIUTUTYAA @, @ TAKXKE BEI3BAHHBIE 3TUM
3BYKOBBIM JaBJIEHUEM KOoJieOaHUsI pa3HOCTU (ha3 A@.

i1

Puc. 3. CxeMa 3KCMEpUMEHTAIbHOM YCTAHOBKM:

[ — TecTupyeMblil aKyCcTHUeCKUI peodpasoBartenb; 2 — Y-pa3BeTBUTENN; 3 — CBETOBOJIBI,
4 — onTUYecKWil UCTOUHUK; 5 — TPUEMHBI MOIYJTb; 6 — U3MEPUTENIbHBI MUKPODOH; 7 — aHAIM3aTOp CHEeKTpa;
& — reneparop; 9 — ocumutorpad; /0 — ycunutenb MOIIHOCTU, /] — W3mydalomiasi AMHaMUUecKasl TOJTOBKA
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[1o dbopmysie (2) Beruncisuince 3HaueHust K(f;), ano
Habopy 3HaueHui 4 f;B nosoce ot 300 Ty no 8 kIirc
MOMOILLbIO BeIpaxkeHuit (3) — (5) pacCUUThIBANIUCH
XapaKTeprucThuiecKasi YyBCTBUTENIbHOCTh K, cpen-
Hee 3HaueHUe K, U MX IOTOHHbIE BETMYMHDbI.

O0pa3ub npeodpa3oBareneit
U pe3yJbTaTbl U3MepeHuii

OCHOBHBIM BapuMaHTOM IIpe0Opa3oBaTes, pac-
CMaTpUBaeMbIM B JaHHOI paboTe, SIBJSIETCS KOHCT-
PYKLIMS C 2JTACTUYHBIM MOJbIM LIMJIMHAPOM (puC. 2, e).
OnHako B Xxo/e UcCAeA0BaHUI ObIIM MPOBEACHbI
uzMepeHus 1 psga oopasuoB BO akycTuueckux
npeodpazoBaTeieil pa3HOro TUIMA C LeJbIo OO -
HUTEJILHOTO 000CHOBAHMS BbIOOpA MaTepuraia Liu-
JIMHpA Y MPOBEPKHU peanusaiuu auddepeHunanb-
HOTO pexxrMa padboTbl. OTMETUM KPATKO PE3yJIbTaThl
9TUX TIPEABAPUTENbHBIX U3MEPEHUIA.

IlepBas cepust uaMepeHuit Obl1a MPOBEACHA AJIsT
00pa31oB AIT Ha OCHOBE LIMJIMHAPOB, BHIMOJHEH-
HBIX M3 PA3HBIX MAaTEPUAJIOB: METAJIIa, KAIlPOJIOHA,
TUJIOTHOM pe3uHBI (CM. KOHCTPYKIIWIO Ha pUc. 4, a).
Ha uunuHnp HaMaThIBaIOCh OMTHOMOIOBOE BOJIOK-
HO mIMHO# 10 M TOJIBKO OIHOTO Ijieya MHTEpdepo-
meTpa. BHelHuit KopIryc ObLI ciejlaH U3 MPOYHOIO
MJIaCTHKA, KPBIIIKKU KOPTyca BBITTOJHSIN (PYHK-
LIMI0 MEMOPaH, TaBSIIMX HAa OCHOBAHUS LIMJIMHIPA.
Llenbto 3MepeHUit OblTa SKCTIepUMEHTAIbHAS TTPO-
BepKa pabOThI TAKMX LIMJIMHAPOB C yYETOM MEXaHU -

OnopHbiii Kprimikn koprmyca

HHITHHIP

YeCKOI Harpy3Ku Ha BHEILIHIOK CTOPOHY LIMJIUH/I-
pa, co3maBaeMol CJI0eM KJIesI-KOMTIayH/1a ¥ BOJIOK-
HoM. M3aMmepeHnust BenmunHbl K 17151 HECKOJIbKUX 00-
pa3IoB TaKMX ITpeodpa3oBaTesieii B 00J1aCTH YacTOT
0,1—1 kI ybenuTeabHO MOATBEPAUIIN, YTO (KAK
1 OXXUIAJIOCh) TUJIWHIP U3 Pe3UHBI 00eCTICUNBaAET
3HAYMTEIbHO 00JIbIINI YPOBEHDb K, UeM LMIMHAPDI
W3 IpyTuX MaTepuanoB. HanMmeHbIINi ypoBeHB
4YyBCTBUTEJbHOCTU HAOIIOAAJICS 1Sl IMJIMHAPOB U3
MeTajlyla, CpeAHUIA — Il KarpoJjioHa. Takum oopa-
30M, O0Jiee BbICOKME 3HaYeHUs Koo duimenTa [Ty-
accoHa M HU3KMe 3HadeHus momyast KOHra matepu-
aja UWIMHApaA SIBJSIIOTCS  OIpeaesIIOIUMU,
HECMOTps Ha HAJTMIKE TOTTOTHUTETLHOTO MEXaH ! -
YeCcKOro 3J1eMeHTa — BOJIOKHA, 3aKpeIIeHHOTO Ha
OGOKOBOI TTOBEPXHOCTH LIVJIMHIIPA.

BbL1a Takke mpoBeaeHa BTOpasi Cepust U3Mepe-
HU 7151 TIpeoOpa3oBatesieii ¢ IByMs BOJIOKOHHBIMU
[ieyaMu, HO UMEIOLLIMX UHYIO KOHCTPYKLIMIO, YEM
TMoKa3aHHBIe BhITIE. TeCTUPOBAHUIO TIOABEPTIINCH
00pa3Libl peodpazoBaresieit (MX yCTpOMCTBO OKA-
3aHO Ha puc. 4, 6, ) ¢ AByMsl LIMJIMHAPaMU U3 300-
Huta (nuamerpol 70 u 60 MM, TOIILIMHA CTEHOK 4 MM,
3230 MEXIIy CBOOOTHBIM TOPIIOM Y KPBIIIIKOI KOp-
nyca 1 mm). TectupoBasicst oopasel (puc. 4, e) ¢ ABy-
M HWIMHAPaMU 13 KaTlpojioHa (BHEIITHUI IMaMeTp
70 MM, BHyTpeHHuU# 60 MM, TOJIIMHA CTEHOK
3—5 mM). Llenbto uamepeHuii Obiaa mposepka s dex-
TUBHOCTU TaKuX JuddepeHLnaaibHbIX KOHCTPYK-

Puc. 4. Koncrpykiuu o6pa3ioB BosioKOHHbIX AIl mist usmepenust 3asucumoctu K(f);
1, 2— nineuu 1 1 2 COOTBETCTBEHHO
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LMIA, ONHAKO pe3y/ibTaTbl U3MEPEHUU MMapaMeTpPOB
Bcex 00pa3loB MokKasaayd 3HaYUTEIbHO MEHbIIUI
YPOBEHb YyBCTBUTEIbHOCTH, YeM OCHOBHOM BAPUAHT.

TpeTbst (MTOrOBasT) CTaausI MPOBENEHHOTO UCCIIE-
JIOBaHMSI CBsI3aHa ¢ M3MepeHusimu oopasuon All, n3-
TOTOBJIEHHBIX 10 CXEM€, IOKA3aHHOM Ha puc. 4, 0, e.
B onHom o6pa3ue (cM. puc. 4, d) BHELIHUI KOPITyC
ObLI BBITIOJHEH U3 CTEKJIOTEKCTOJUTA C KPbILIKa-
MU — MeMOpaHaMu TOJLLUMHOM 3 MM. ONOPHbII LY~
JIMHApP ObUI clieJlaH U3 TUIOTHOW pe3uHbl (MapKu
MBC) quamerpom 70 MM U TOJILMHON CTEHOK 6 MM.
BoaokHa puHoi okoJio 50 M ObLIM HAMOTaHBI Ha
OOKOBbIE CTEHKH LIMJIMH/IPA (OKOJIO ABYXCOT BUTKOB,
B HECKOJIbKO CJIO€B) ¢ HEOOJBbIIUM HATSXKEHUEM
U ¢ (hUKcalKeil KaXKI0TO CI0SI STIOKCUIHBIM KJIeeM.
Hpyroit oopazeir AIT (cM. puc. 4, e) ObLI BbITTOJIHEH
MIEHTUYHO MPEeabIIyLIEMY, HO OIHO BOJOKOHHOE
mieyo uHTepdepomMeTpa ObL10 3aDUKCUPOBAHO HA
BHYTPEHHE TOBEPXHOCTU OOKOBOI1 CTEHKHU KOPITY-
ca. Takum oOpa3om, OHO OBLIO (PAKTUUECKU U30-
JIMPOBAHO OT BJIMSIHUS 3BYKa, 110 KpaliHel Mepe,

OT HanboJiee CUIbHO BIUSIONIETO HA BEJTUUMHY @
MPOAOJbHOTO HATSIKEHUSI CBETOBO/A B pe3yJibTa-
Te IeficTBUS 3ByKOBOI BOJIHEIL. Llesbio namepeHusi
U CpaBHEHUS 3TUX IBYX 00pa3LI0oB Obljia OlieHKa 3(-
(beKTMBHOCTY TAHHOTO MPUHIIUIIA TOCTPOSHUS TTPe-
oOpa3oBaTeIsl U ITpoBepKa peaau3auuu nuddepeH-
LIMAJIbHOTO peXumMa paboThl.

Ha puc. 5 npuBeaeHs! 3aBucrumoctu K(f), moct-
POEHHBIE 110 U3MEPEHHBIM 3HAYEHUSIM (ha30BOI UyB-
CTBUTEJIbHOCTH Mpeo0pa3oBaTe/isl Ha pa3IuuHbIX Ya-
cToTax. MakcuManbHble 3HAUEHUST M UHTETPATbHbIE
XapaKTepUCTUKN YPOBHS YyBCTBUTEIbHOCTH, pACCUM -
TaHHbIe cortacHo (4)—(6), IpuBeaEHbBI B TAOIMLIE.

Kaxk BuaHoO 13 npuBeaeHHbIX 3aBUcUMOCTel K(f),
1151 000mx 00pasiioB All yacToTHasI xapaKTepUCTUKA
HepaBHOMEpHA U UMeEeT pe3oHaHC B obsactu 3 KIil.
W BoGnacTy pe3oHaHca, 1 Ha OOJIBIIMHCTBE IPYTHX Ya-
CTOT UyBCTBUTENBHOCTD Al ¢ nuddepeHnanTbHBIM
PeKMMOM pabOThbl BOJTIOKOHHBIX T1e4 IIPUMEPHO B 1BA
paza Bbiiiie yyBCTBUTEIbHOCTU ATl ¢ M301MpOBaHHBIM
mieyoM. bosiee Toro, mpuBeneHHbIE B TAOIMLIE TTapa-

K, pan/lla
10 .
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8 it
i
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Puc. 5. YacToTHBIE 3aBUCUMOCTU YyBCTBUTEJIBHOCTH O00Opa3loB
¢ nuddepeHIIMATBHBIM pPeXUMOM paboThl (/)
U C U30JMPOBAHHBIM OIMOPHBLIM IieuoM (2)

ITapameTpsi 00pa3i0B BOJOKOHHBIX AKYCTHYECKHX Mpeodpa3oBaTeleii

quCTBI/ITCJ'[bHOCTI), HOTOHHaH YYBCTBUTCJIIBHOCTD,
O6pa3zent paz/Ila pan/(ITa-m)
K max Kx K cp K r'nax K )’( K (,:p
C MDDEPCHIMAILHBIM | g g3 | 335 | 5 g7 02 | 0,066 | 0,059
PEXMMOM pabOThI
¢ M30NIMPOBAHHDIM 48 | 1,59 | 1,61 | 0,09 | 0,032 | 0,032
OIIOPHBIM ILTICYHOM

O6o3HaueHus: K
CTBUTEJIBHOCTb.

3nauenns K., u K]

X
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METPbI MpeoOpa3oBaTe/eil TakKe OTIINYAIOTCS MPH-
MEPHO B JiBa paza. DTU pe3yJbTaTbl OATBEPXKAAIOT,
YTO BOJIOKOHHbIE TUTEYH, HAMOTAHHbBIE HA BHEILIHIOIO
1 BHYTPEHHIOIO TTOBEPXHOCTU LIMJIMHAPA, AEUCTBU-
TEJIbHO MCIBITBIBAIOT B OCHOBHOM ITPOTUBO(Aa3HbIE
MpoaoJbHbIe AechopMaL (muddepeHIraabHbIN pe-
KM pabOoThl), ¥ TaKask KOHCTPYKILIMS O0eCIeunBaeT
YIBOEHME YyBCTBUTETLHOCTH TI0 CPABHEHMIO C BapH-
AHTOM, BKJTIOUAIOIIMM M30JIMPOBAHHOE TIJIEYO.

Kpowme Toro, criemyer oTMETUTB, UTO TIOTyYeHHBIT
ypoBeHb uyBcTBUTEbHOCTH (K| ~ K[y~ 3 pan/Ila)
17151 paccmoTpeHHoro Al cyliiecTBeHHO TpeBbIla-
€T TUTIOBbIE 3HAYEHUSI YYBCTBUTEIbHOCTHU ITPE00-
pa3zoBarejicii ”HTepdepOMETPUIECKUX MUKPO(DO-
HOB U TUAPOGHOHOB, MPUBOAUMBIX B IUTepaType [4].
YuuTteIBast, 4TO XapaKTepHBIN YpOBEHb MPUBEICH-
HBIX IIIYMOB (ba3bl, JOCTUTAEMbIii B TPAKTUYECKUX
cxemax, IO JIMTepaTypHBIM JAHHBIM COCTaBJISIET
~107° pan/(T)"/?, mocTurHyTas 4yBCTBUTEND-
HocTh 3 pan/Ila obecrieunT pa3penanylo cro-
cooHocTb usmepures ~ 0,3 mxIla/(Ii u)l/ 2 wiam Mu-
HUMAaJbHO IETEKTUPYEMOE 3BYKOBOE MaBJICHUE
0,3 MIla B paboueit momoce 10 xI1I.

CremyeT UMeTb B BUILY, UTO IMTOAOOPOM FeOMET-
PUYECKUX [TAPAMETPOB 2JIEMEHTOB KOHCTPYKIIMU U
MaTepuaioB, U3 KOTOPBIX OHU U3TOTOBJIEHBI, MOSKHO

BJIMSITb HA BEJIMUMHY YPOBHSI UyBCTBUTEJIbHOCTH,
a Takke Ha (hopMy 3aBUCUMOCTU K(f) U 10OUBaAThCS
JIy4LIMX [TApaMeTPOB ISl KOHKPeTHOM 3agaun. Oc-
TAeTCs BOBMOXHOCTh [MOBBIIIIEHUST YYBCTBUTEIHLHOC-
TH 32 CUET YBEJMUYEHMS] JJIMHBI BOJIOKOH. OHAKO
MPOBEACHHBIE UCCIIEIOBAHMS HE IPEIyCMaTpUBaIN
ONTUMU3ALNIO KOHCTPYKLIMU U JOIOJTHUTEIbHOIO
W3Yy4EeHUS BIUSHUS TAapaMETPOB 3JIEMEHTOB Ha Xa-
pakTepuctuku All.

Wrak, uccnenoBaHusi, pe3yJibTaTbl KOTOPBIX O~
CaHBI B JaHHOI paboTe, IPOIEMOHCTPUPOBAIIN 3(-
(bekTUBHYIO padOTOCIIOCOOHOCTD MPEIJIOXKEHHOTO
BapyvaHTa KOHCTPYKIIMU aKyCTUUECKOTO Mpeodpaso-
BaTeJisl 1151 BOJIOKOHHO-OITUYEeCKUX MHTepdepoMeT-
pUYECKUX M3MepuTeNielt 3ByKa. KoHcTpyKims npe-
CTaBJIsIeT COOOM 37AaCTUYHBINA HWJIMHAP U3 PE3UHBI
C BOJIOKOHHBIMU TJIeuaMu MHTepdepoMeTpa, 3aKper-
JIEHHBbIMY Ha BHEIITHE 1 BHYTPEHHE ITOBEPXHOCTSIX
muuHapa. M3MepeHne XapaKTepUCTUK CO3IaH-
HbIX 00pa3LI0B MOKA3a/JIu BbICOKYK 4yBCTBUTEIb-
HoCcTb — okoJio 3 pan/Ila B nuanaszone 0,3—8 Iix
u 1o 10 pan/Ila B 06;1acTM MaKCMMyMa YaCTOTHOM
xapaktepuctuku Ha yactote 3 kIi1. Kpome Toro, pe-
3yJIBTATbI UCCJIEI0BAHUS NOATBepAnIU 11 depeHLI -
AJIBHBI peXXrM pabOThI MHTEphEepOMeTpa.
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| PUSNYECKASA SJIEKTPOHUKA

YOK 537.533.3:539.1

H.K. KpacHo6a, N.A. MapyuHoGckut

CUHTE3 S/TIEKTPOCTATUYECKUX SHEPTOAHAJIUZATOPOB
C NOMOLWbIO OBPATHbLIX 3AAAY AINHAMUKU

Kuaccnueckasi TpaguLiMOHHast TEOPUST 31eKTPO-
CTaTUYECKUX DHEProaHaln3aTopoB MOKOUTCS Ha
MPSIMBIX 3a1a4aX MEXaHUKW TOUKU B 3JIEKTPOCTATU -
yeckux noJjsix. CyTb psiMOi 3aJa4u COCTOUT B TOM,
YTO CaMOe T0JIe CO CBOEH CTPYKTYpOit (TeoMeTpueit)
BbIOPAHO JOCTATOYHO KOHKPETHO (HE 00s13aTeIbHO
COBCEM XECTKO), HO MOXET ObITb C OAHUM, IBYMSI
WUT. 1. CBOOOIHBIMU YIIPABSIOIIMMU MapaMeTpamu,
XapaKTepU3YIIIMMU (hOPMY BJIEKTPOIOB UJIH DJIEK -
TPUYECKOE MUTaHUE, 100 1 TO 1 apyroe. Cam BEIOOP
3aBUCUT OT KBATU(DUKALNYU U (DaHTA3UU KOHCTPYK-
TOpA, a TAKXKE €ro NPaKTUYECKOM MUHXXEHEPHOU CMe-
Kajku. Tak nav nHave, O0JbIIMHCTBO Peau30BaH-
HbIX CUCTEM CO3[1aHO Ha 6a3e MoJIeBbIX CTPYKTYP, 151
KOTOPBIX UX YpaBHEHUsI IBUKEHMUS JIETKO MTPOUHTET-
pUPOBATH M OCO3HATH MPUPOAY UHTEIPATIbHBIX MHO-
roobpasuii. MMeeTcs B BUAy He TOJIbKO (hopMa Tpa-
€KTOpUIA, HO U UX B3aMMHOE PACIIOJOXEeHUE Mpu
Bapualluy HavyaJlbHbIX TaHHbBIX. TakuM crocoOomM
ompenessoTcs MecTa (POKYCUPOBKHY YAaCTUIL M MEpa
cenapauuu (MpOCTPaHCTBEHHOTO pa3aeeHUs) DJIeK-
TPOHHbIX CTPY¥ PAa3HOW SHEPIUU: IUCTIEPCUU YTJI0-
BOW U TMHEWHOM. [1pr COBpeMEHHBIX BO3MOKHOCTSIX
KOMITbIOTEPHbIX METOIOB 33/1a41 TAKOTO POJIA pelLlia-
[0TCS JIerKo U ObicTpo. [ToTeHLran MOXHO 3a1aTh
KOCBEHHO C MOMOIIIbIO KPaeBOU 3aaauu ISl HEro,
U TOT/Ia 3a[1a4a pelaeTcs Kak MpOMeXKyTOUHbII 3Tarl
C IIOMOIIBIO KAKOro-71100 (XOpOI110 paboTaloIIero)
naketa riporpamm, Haripumep SIMION. Ho dakTu-
YECKU TPYAHOCTH PELIEHUSI HAUMHAIOTCS YK€ B MO-
MEHT 9KCTIEPTHOI OLICHKHU TOBEAECHUST CUCTEMbI Ha
OCHOBE aHaJlM3a HE CJMILKOM LIMPOKUX CEMENCTB
TPaeKTOPUiA, TTOIBIACTHBIX BOOOpaxkeHN10. OOBIUHO
Ppa3pabOTYMK XOPOLIO «1yBCTBYET» OBEACHUE (T€O-
METPUI0) ONHOM TPAEKTOPUU, TOPA3IO0 XYKE OCO3HA-
eT IMHAMMKY €€ U3ruda rpy Baprualuuy Kakoro-amoo
napamMeTpa 1 TeM 0oJiee IMIOXO BOCITPUHUMAET 9BO-
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JIIOLIVIO O HOTIapaMeTPUIECKUX MJIU MHOTOTIapaMeT-
PUYECKUX CEMEUCTB TOHKUX MapLUUaIbHbIX CTPYM.
B cB$131 ¢ 3THM BO3HUKAIOT TPYAHOCTH KOPPEKTHO
(opMyTMPOBKY Lie/IeBLIX (DYHKIINI 1 OpraHu3aluu
3(h(PeKTUBHBIX ONTUMHU3ALMOHHBIX cXeM. Hatir orbIT
MOKA3bIBAET, UTO «IJIyXOii» CII0CO0 ONTUMU3ALIUU
C TIOMOIIBIO KOMITBIOTEPHOTO Tiepedopa, MyCTh Jaxe
U ONTUMU3UPOBAHHOIO, HE JAET CKOJbKO-HUOYIb
OILYTUMOTO TMpoTrpecca B ejie CUHTE3a SHEeProaHa-
JIN3aTOPOB C MapaMeTpaMu, Cy1leCTBEHHO MpeBoC-
XOISIIIMMMU XOPOIIIO U3BECTHBIE CUCTeMbl. OObsICHE-
HME 3TOTO MapanoKCcaTbHOTO (PaKTa ciemayeT uCKaTh
He B Heylauax rMepBoHAuYaJIbHOTO BBIOOPA MOJIEBBIX
CTPYKTYp, @ BCAMOW MPUPOJIE 2JEKTPOHHO-OMNTUYEC-
KOTO IeCTBUS MOJieit Ha MOTOKM YyacTull. OKa3biBa-
eTcsl, uTo (POKycupyoliiee 1 pa3aessolee (Iucrep-
CHOHHOE) CBOICTBA BJIEKTPUUECKUX CTPYKTYP CaMOTi
Pa3IMYHON FreOMETPUN HAXOMASITCSI B CBOEOOPA3ZHOM
aHTaroHW3Me JIpyr ¢ ApyroM. [1py orpaHUUYEeHHBIX
pa3Mepax OCeBOI TPaeKTOPUU PEAKO YAaeTcs 10C-
TUYb JOCTATOUHO OOJIBIIION TUCTIEPCUU B HECKOJBKO
eauHMLI 0a3 TPAaeKTOPUM, €CJIU B KAYECTBE 0a3bl B3SITh
paccTosiHMe MeXIy MCTOUHWKOM U JIeTeKTOPOM.
Yaiiie Bcero B pabouem pexkrMe JMHeHas SHEPIreTy -
yeckasl IMcrepcus MpuMepHO paBHa 0a3e M HUKaK
He 6osiee. B cBOI0 ouepenn xopoiiiee KauecTBo (POKY-
CHUPOBKM M0 YTy cTapTa YacTUIl Ha UCTOUHUKE —
00BIYHO MEPBOTO MOPsIAKA (PEAKO BTOPOIo 1 TeM 00-
Jiee BBIIIIe) JOCTUTAETCS TTPU OUEHD CITeLIUPUIeCcKUX
ycnoBusix. O0a 3HeproaHaIM3MPYIOLIMX CBOMCTBA —
OoJIblIast UCTIEPCHs U cOBepllieHHast (DOKYCUPOBKa
peanu3yloTcsi BCOBOKYITHOCTHY KpaiiHe peiko. DToro
yIaJI0Ch JOCTUYb TOJIBKO B IBYX CHCTEMaX ¢ Ha3Ba-
HusMmu «TyranxaMoH» u «Apka» [1, 2].

JlaHHbBIE TTOJIeBbIE CTPYKTYPbI HAIEHBI C TOMO-
111b10 0OpATHBIX MOJXO010B Ha 6a3€ aHATUTUYECKOTO
pelleHnsT HeKOTOPBhIX OOpaTHBIX 3a7au MeXaHUKHU
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yactull. 1151 5T0i BOsIbHOM BepcuduKaLum 1poosiem
9HEProaHaAIN3a XapaKTEPHO KOHCTPYUPOBAHUE MO~
TOKOB TPA€KTOPU1 COOTBETCTBYIOILIMM MaTeMaTUYEC-
KWM anrapaToM, JOCTUTAIOIINM «BBITOJHOU SHEP-
roaHaJIM3UPYIOLLEH CUTYyaLIMK» U (DOPMATU3YIOLIUM
9TU CBOMCTBA. [lajiee Mo yKazaHHbIM XapaKTEePUCTU-
KaM CO31aeTCsI IMTOAXOAIINIA BapuaHT 0OpaTHOM 3a-
Jauu MEXaHUKHW, UMEIOLIM I OTHO3HAYHOE HETTPOTH -
BOPEUMBOE PELIEHUE, TO €CTb YIOBAECTBOPSIIOIINIA
YCJIOBUSIM CYILIECTBOBAHMUS U €IMHCTBEHHOCTH.

®DopMyaupoBKa 00paTHOI 32124

BribepeM kiacc moseit, aist KOTOPbIX HA OCHOBE
00paTHBIX 3a1a4 MEXaHUKW MOXHO TTOCTPOUTD 3D~
(bexTUBHBIE HEPrOAHATN3ATOPBI, UCITOTb3YST KOM-
OMHUPOBAHHYIO METOANKY — aHATMTUKO-KOMIIbIO-
TEPHYI0. DTO MOJIA C TNTIOCKOCTHIO CUMMETPUH, TIE
MOTeHLIMAJ eCTh UeTHast (DyHKIIMS TI0 OMHOM U3 KO-
OpIMHAT, HAIIPUMEP IO OCHU Y

(x,9,2 (x, »,z . (1)
B MJIOCKOCTH CHMMETPUHU X,Z XOI MOTEHIINA-
na sagaetca yHKumein  X,z):
|y o XNz )
OyHKUMS NOTEHLMANA X, ),Z) B LIEJIOM L0~
XHa GbITb TApMOHMYECKOI:
. 0. 3)

Yro kacaeTcst GyHKIIUN x,z) , TO OHA A0JIX-
Ha ObITh IJIaAKOM aHATUTUUECKOM, 38 UCKTIOUEHU-
€M, ObITb MOXET, HEKOTOPbIX KOHKPETHbIX TOUYEK.
3amaya BOCCTaHOBJEHMS TTOTeHLIMAIa (x, y,z TO
ycaoBuio (2) (3apaya Koim) yierko pemaercsi, mo
KpaiiHei mepe, 1151 OKPECTHOCTU IVIOCKOCTU ) =
B BUJIC YETHOTO PSIIA MO CTETIEHSIM ), 2 B HEKOTOPBIX
CJyyasiX pellaeTcsi TOYHO B BUIIE aHATUTUYECKUX
(bynkuuit u kBagpatyp. CemeiicTBa TPA€KTOPUIA,
JIEXKAIIME B TNIOCKOCTU CUMMETPUU X, Z , COCTAB-
JISIIOT CBOEOOpa3HbIii KapKac, Ha KOTOPbI HAaHU-
3bIBAIOTCS TPOCTPAHCTBEHHBIE TOTOKU, 3ATTOJIHSIIO-
LI¥e HEKOTOPBIN CIol — <y < . OTu cemeiicTBa
YMECTHO Ha3BaTh ONITUYECKUM KapkacoM. OHU UT-
paloT ISl HEPTOAHAIN3a, C €TO IUPOKUMU TI0 YTy
pazdpoca u JIMHENHHBIM pazMepam Myuykamu, poib
CBOEOOpa3HOI «MHTETpaIbHO ONITUUECKON OCU».
B aTOM CMBbICIIE KaCCUUECKHE U300PaXKAIOLIME CU-
CTEMBI SIBJISIIOTCST UX YACTHBIM CJIy9aeM, KOTIa OIl-
TUYECKUI KapKac BbIPOXIAETCS B OMHY KPUBYIO

(uyacTo npsimy1o). KoHcTpyupoBaHue pa3HOOOpa3-
HBIX ONTUYECKUX KAPKACOB B IIOCKOCTU CUMMET-
pUM JaeT OOpaTHBIE 3a1a4u 1J1s1 OTpeaeieHUst (PyHK-
o x,z) , KOTOpasi, eCTECTBEHHO, He 00s3aHa
MOMIYMHSITHCS HUKAKMM OTpaHMYMBAIOIIUM (KpOMe
AHAJIMTUYHOCTH) YCJIOBUSIM TUTIAa ypaBHeHUs Jlarn-
Jlaca. BMecTe ¢ HUMM OTKPbIBAIOTCSI BOBMOXKHOCTU
IJIS1 aHAJIMTUYECKOTO KOHCTPYUPOBAHUS (BMeCTe
C YMCJIEHHBIM MOJECIMPOBAHNEM ) LLIMPOKUX [IOTOKOB
U UX oNTUMU3aLMS. B ¢cBOIO ouepenb OT 3TUX pellie-
HMI ymaeTcs mepeiTu K MHOrooopasmio CUCTEM
C OCEBOU CUMMETpUEN U B COBOKYMHOCTb MOJIeH
C IMCKPETHBIM HAaOOPOM IVIOCKOCTE CUMMETPUH,
MPOXOAAIINX Yepe3 OAHY OCh. TakuM 00pa3oM, OT-
KPbIBAETCSI U3PSIAHOE OOTaTCTBO BO3MOXKHOCTEM [1151
CUHTEe3a HeTPAAULIMOHHBIX KOPIYCKYJISIPHO-ONTH -
YECKUX CUCTEM.

OOpaTHbIe 321291, OCHOBAHHbIE
HA HHTErPaJbHOM ypaBHEHHH AGeis

Bce Hawm uccen0BaHKs BEAYTCs B Oe3pasMep-
HOI MaTeMaTHYeCKOI MOJIENT!,, KOHIIETILISI BEIGOpa
KOTOpOIi1 U3710KeHa B padboTtax [3, 4].

PaccMOTpPHM KJTACC IBYMEPHBIX 3/IEKTPUUYECKHX
TOJIei ¢ XOIOM MOTeHLMaNa f (X ) BILIOCKOCTH CHM-
METPUH:

X, Y,z |y 0 x . 4)

B manHoM cJiydyae 3agada Kotu nerko peuiacT-
Cs ITPpU ITOMOLIM KOMITJIEKCHOTIO ITOTEHLIMa1a

Xy [ Xy, (5)
KOTOPBI KOHCTpyupyeTcs o popmyie [5]:
5o X y. (6)
TTycTb
ro 0 Lo ™)
Xl o

T. €. OTPAaHMYUMCS ITIPU BbIOOpE f x) MHOXECTBOM
MOHOTOHHBIX (DYHKLIWIA.

M3yurM ITMHAMUKY YaCTHUII B TUTOCKOCTH (x, z
MpU HAYaJIbHbBIX YCIOBUSIX

(XL 0 Xo O’ x|‘r 0

Xy ~2Wsin
zy ~N2Wcos ,

t))
LZ|1: 0 20 0’ Z|‘r 0
Xg+ 23

rne W= — 0Oe3pa3MepHasi KuHeThuecKas

BHEPrusl.
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YpaBHeHUs1 AMHAMUKU UMEIOT BUJ,
Z=0 )

U pellaloTcs B BUAE KBaApaTyp Npu MpOU3BOJIbHOM
byakumm f x) C TIOMOIIbIO MHTETpaTa SHEPTUH.
Peuienue 151 TaHHOTO C1yyasi TAKOBO:

JA-f(x)

rne A )'c02 /2— BEpPTUKAJIbHAS KWHETUUYECKas

z=zyt=~2W cos 0 1, (10)

T=—F

l)j- dx
V2

DHEPIUsl.
Ksanparypa (10) peako 6epeTcsi B ajieMeHTapHbIX

ynkumsx, Harpumep s f (x) — BBUJIE MOJIMHOMA
He BbILIE BTOPOU CTerneHU 100 KOMOMHALIUI
f ? xz’ f e”,
ft2xf t?x
OaHako MaTeMaTUYECKUIi anmnapar AJIsl SHEp-
roaHajm3a MOXHO CYILIECTBEHHO YIIPOCTUTh OJia-
rogapsi y4eTy KOHKPETHBIX 00CTOSTeNbCTB. [1pu
3TOM MOSIBATCSI HOBBIE MHTEPECHbIE BO3MOXKHOCTH.
B ycnoBusix (7) Ha yacTully OeiCTBYeT TOPMO3SI-
1asi cuja, BO3Bpallaloiiasi ée Ha OCh CTapTa z
BTOuYKe P (puc. 1). YacTuua onuceiBaeT npu 3TOM
CUMMETPUYHYIO BBIIIYKJIYIO IYTY, OXOIs 10 Bep-
LIMHbl X I10 BOCXOJsIleld BETBU, I/le€ CKOPOCTh
obOparaeTcs B HyJIb, M CKaThIBAETCS Ha3a 1Mo HUC-
xXonsiei gyre 1o Touku P. KoopauHarta nmpuieta P,
TakKUM 00pa3oM, BbIYKCIISIETCS 110 (hopMyJie

X

O P “

Puc. 1. TpaekTopust 4acTULILI
B TopMo3sitieM nosie; O, P — Touku crapTa
¥ TIpUJIeTa YaCTUIIBI COOTBETCTBEHHO;
X,, — KOODJAMHATA BEPLUMHbI TPAEKTOPUM YaCTHULIbI;
6 — yros BjeTa 4YaCTUIIBI
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X
dx
e
0 «,A f X
rae X OIpeaessieTcs Kak ePBblii KOPeHb YPABHEHUSI
A fx, 0. (12)
Wnrerpan (11) — HecoOCTBeHHBbIN U OGepeTcst
B BJIEMEHTAPHbBIX QYHKIIMSX HE Yallie, 4eM OOLInii
uHterpain (10), xoTst npu GUKCUPOBAHHBIX KOHK-
PETHBIX 3HAUEHUSIX 9HEPTUM = O  MOXHO TO-
CTPOUTH CPABHUTEIBHO MHOTO YAaCTHBIX CJIydyaeB
Oepylmxcs KBaapaTyp. MHOXECTBO MOHOTOHHBIX
byHkuuit f (x) MOXHO PaBHOIIPABHO OIMCHIBATH
He npsiMbIMU popMyaamMu f f x , HO pABHOLICH-
HBIMM O0OpaTHBIMU (hOpMYJIAMU

x Fx; F0 O0;

N (11)

zy 2

ar >0. (13)
df >0
Torna oueBUIHO, UTO UMEET CMbICJI TTEPECTPO-
uTb nHTerpan (11), B398 f 3a HOBYIO IEPEMEHHYIO
WHTerpupoBaHus. B pe3ysibrare nmoayymTcsi HOBOe
HWCKJIIOUNTETBHO T0JIE3HOE MpeacTaBIeHue (DYHK-
uuu P:

X .
A 22 Wisin? (14)

2

9TOMy MHTETrpaly MOXHO NMpUaaTh €€ OOHY
MOJIE3HYI0 (POPMY, €CIIM 3aMEHUTD IIEPEMEHHYIO MH-

terpupoBanus. [Tonoxum

JA [

TOraoa
JA
P(W,A)=4W -4 jF'(A—xz)dx. (15)
0

B Takoii hopMe cpasy ke BUIHO, uTo nHTerpai (15)
OepeTcsl B 3JeMeHTapHbIX (DYHKIIUSIX IJIsl BechbMa
IIMUPOKOTO MHOTOOOpa3ns GyHkumit F ( f .Ecmm

M(7)
N(/)

rae M, N — npou3BOJibHbIE TOJMHOMBI LI€JIbIX CTE -
neHeit, To uHTerpan (15) 3aBenoMo 37aeMeHTapeH.
3mech MHTEPECEH B ITEPBYIO OUepeIb BAPUAHT 11€J10-

F(f) , (16)



dusnueckas 3ﬂeKTpOHMKa>

ro nonuHoma M ( f mnopsnka n npu I; Torna
uHTerpa (15) Oyaer uejbiM NOJIMHOMOM IOPSIAKA
2n 1 OTHOCUTEJILHO ITapaMeTpa JA.

Paccmorpum BapuanT F = /™ u Bbluucium P
C TTOMOIIIbIO BhIpaxeHus (14):

(a7)

TTonoxum
(18)
Torna

(19)

ITpu uenbix m MHTErpajibl B BoipaxxeHUU (19)
MIPENCTABISIIOT COOO0I PSII KOHKPETHBIX YK CET, BBI-
YUCJISIEMbIX BIIOJIHE 3ieMeHTapHO. Ec/iu Tenepb Mbl
10JIOXKHUM

af af af’ a,f", (20)

To BestmurHa Pc momorrsio (19) 3amaercst hopmyoit

2/ x

N, 5 L@

2a, (22)

a
A
DTO BeIpaKEeHNE TTO3BOJISIET TIPSIMBIMU CITOCO0A-
MU U3Y4YUTh (POKYCUPYIOLIME U JUCTIEPCUOHHEBIE
CBOICTBA IIIMPOKOTO KJacca ABYMEPHbBIX MOJIEBbIX
cTpyKTyp. Tak Hampumep, paccmatpuBasi A Kak
YIJIOBOM MapameTp Mnpu GUKCUPOBAHHON SHEPTUU
W, MBI MOXeM TOOUTHCST (POKYCUPOBKU /-TO MO-
psaKa, pacriojiaras # CBOOOIHBIMU TTapaMeTpaMu
I» 25 > TIPY3TOM 3a1a4a CBONMUTCH K pellIe-
HUIO TUHEMHON anredpanyeckoil CUCTeMBbl 1-TO
MopsiiKka OTHOCUTEJILHO MCKOMBIX [apaMeTpOB
b 2o » - OIpeneauTenn 3Toi CUCTEMbI OKa3bl-
BaeTCsl OTIMYHBIM OT HyJ1s1. OMHAKO 11e/Ib CTaThU —
MoKasaTh TOJIBKO TOAXOIBI K TTpobieMe, TO3TOMY
MBI He Oy/ieM WJLTIOCTPUPOBATh TaHHYIO METOAUKY
TPOMO3IKNMI KOHKPETHBIMU BBIKJIaIKAMU, a 00pa-
TUMCS K JIPYToii, 00Jiee BHITOJHOM TOUKE 3peHHUS Ha

cooTtHoueHue (14). [Tepenuiiem ero B BUIe

, F fdf
2/ oN

(23)

Jlerko BUOETh, YTO 3TO KIACCUUYECKOE MHTET-
pajibHOE ypaBHeHUE ADesIsi OTHOCUTEIbHO (DYHKLIUK
F'(f), ecnn ieBylo yacTh (23) cumMTaTh 3a1aHHOI
dynkuueii ot A. [Tonoxum

A

2 A

Toraa, ciaeayst padbore [6], MbI MOXKEM 3aMUCATh:
, 1 d IQ A dA
b df

WHTerpupysi 310 ypaBHeHUE ¢ ydeToM cBsizu (13),
[OJIYYMM IEPBYIO KJII0YEBYIO (POPMY.JTY, CBSI3bIBAIO-
LIYIO IMHAMUYECKHE CBOMCTBA CUCTEMBI, 3aJaHHbBIE
C TIOMOIIbIO , A

Jj P W,AdA
" o W-4 f-4

A (24)

(25)

(26)

®ukcupyst Wu npuHuMas A Kak nmapameTp ¢o-
KYCUPOBKU, HaTpUMeEp moJarast 1, A 2 ,
Mbl MOXEM LIMPOKO BapbMpOBaThb TUM (PYHKLIUU
P(A (HO ¢ M3BEeCTHOI HOJieli OCTOPOXHOCTH)
U KaXblii pa3 rnojyyarb cBoe nosie. Tak, nosaras
P= C, nonyunm

f
x F(f) 22 aA

Toy(1 A/ 4)

C il N/

17

Oo6patuas (27), Toay4YuM eIMHCTBEHHOE B CBO-

€M POjIe ABYMEPHOE TOJIE C MAEATbHON (POKYCHPOB-
KO 1O YTITy C XOJIOM TTOTEHIIMaja

27)

—th? ™
/ C

IMonaras C= 1 u npuMeHsiss popmyny (6) mist

(28)

KOMIIJIEKCHOTI'O ITOT€HIMa1a (CO , 4 3aTEM OTAC-

TSt (x, y), MOJYYUM CKaJISIPHBIN TOTEHLIMA TTOJIST
B BUJIEC BBIPAXKEHUS

o(x,y)=

sh?2mx —sin? 2nty

(ch2 2mx + cos? 2rcy)2

(29)

[1oTHBI SKBUTTOTEHIINATBHBIN TTOPTPET ITOTO
nosst (puc. 2) naet 6oJjee UPOKYIO KAapTUHY BO3-
MOKHOCTEH eTO 3JIEKTPOHHO-OTNTUYECKUX IIPUME-
HeHuil. Hampumep, ¢parmMeHT B mOJymoJsioce
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>
X o A sin? |, (31)
. P
575 g [Tonaraem B cooTHoOIIeHNH (23)

| ' | A4 (32)

sin®

Toraa
2 A
sn F d

0 fdr (33)

Puc. 2. DxBunoTeHUMANbHBIN TTOPTPET MO,
BbIpaxkeHHOTO hopmyJioii (29)

I y 1, x 0 JerBOCHOBY TEOPHUU BbICOKOINC-
MEePCUOHHOTO 3HeproaHanusaropa « TyTaHxaMOH»
[7]. Ho kpome aTOrO, (hparMeHT MoJjis B KBajapare

I y L, 1 x 1 MOXHO uCHOJb30BaTh MJIs
CHMHTE€3a HOBOUW OPUTMHAJIBHOW KBAIPYIOJbHOW
JINH3bI, OTJIMYAIOIIEIICSI OT OOBIYHOM ruIepooInydec-
KOI Te€M, UTO B OIHOM ITOCKOCTU PEATU3YETCS UIE-
ajibHast (POKYCUPOBKA. DTO O3HAYAET, YTO TaAHIEM
U3 TAaKUX JIMH3 00Jie€ CBETOCUJIbHbBIN, YeM KJ1aCCU-
YECKUI BApUAHT.

Ecu B popmyiie (26) mOT0XUTH

P C+ (4), (30)

rae ¢ — (PyHKLMSI, pa3ioxXeHue KOTOPOIi IO CTere-
HSIM (A A, HauMHaeTCs ¢ KaKOW-TO KOHEUHOM
CTeIeHu 2, 3, ..., TO Mbl IIOJYYMM KJ1acc mosiei ¢ 3a-
JAHHBIM MOPSIAKOM (DOKYCUPOBKU, IPUYEM IIyTEM
00J1ee KOPOTKUM, YEM ITPU UCITI0JIb30BAHM U BbIPAXKe-
Hus (20). EcTb eliie oHO LIeHHOE MPUJIOXKEHNE ITOTO
anroput™a. Ecii mpuHATE, 4TO max| A | , TO
¢ TTOMOIIBI0 (hopMyITBI (26) MOXKHO CBA3aTh Bapra-
MO UAeabHOM CTPYKTYpHI (29) (ee 2J1eKTPOJIOB) €
abeppalMsMU IMTy4YKa B KOHLIE MyTH (OKOJIO TOUKHM BO3-
Bpara P) B BUzIe HETPHMBHAIbHOM MasKOPAHTHOM OIIeH-
KM, CBOOOIHOI OT MIEO0JIOTUY OOBIYHBIX CTEIIEHHBIX

OLIEHOK abeppaLuii.
Jucnepeus. Ecnu cuntats napamerp A aHepre-
TUYECKUM, Iojaras 0o O U BapbuUpysi

sHepruto W, To Halm paccyXaeHus 1 pacyeThl JIer-
KO IIEPECTPOUTD TaK, UTO MOJTYIUTCS CBSI3b MO U
IUCIIEPCUOHHOM XapaKTEPUCTUKMN:
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2Ctg 0\/7 0 \/ f ’

IIponenas Takue e BBIKJIAAKHU, YTO U MPOIE-
JIaHHbIE BbILIE, MOJYYUM BTOPYIO KJIHOUYEBYIO (hop-
MYyJTy TEOPUU IByMEPHBIX AHATM3aTOPOB:

t o/ P AdA
2 ,Jar 4

JIuHeliHas sHEepreTUYecKas IUCIIEPCUS BhIpa-
2KaeTcsl CeyIMMU O4eBUAHbIMU (POpMYyIaMu:

p=wf _ F
ow 0
Ecnu 3aaTh [UCEpCUIo D(A KakK (pyHKIIUIO
oT A, To 13 (35) MOXXHO CHavaJla BOCCTAHOBUTh P(A

OIHOMU KBaApaTypou

x F f

(34

(35)

A
—dA,
A

u ganee 1o gopmyiie (34) BOCCTAHOBUTD (DYHKIIMIO
noteHumana. s noneit £ x" (crerneHHbIe mMosi)
JIETKO TTOKA3aTh ITPSIMBIM BBIYMCIIEHUEM, UTO JTUCTIEP-
cud D(A TAK3Ke SIBJISIETCSI CTENEHHOM (PYHKLIMEN
D x .Cnomoubto hopMyJ1 00paTHOIO MOCTPOE-
Hus (35) u (34) nerko nokaszarb 00OpaTHOE yTBEPK/E-
HUE, YTO CTENEHHYIO 3aBUCMMOCTb IMCIePCUU OT A
BKJIacCe IByMEPHBIX MOJIei MOTYT UMETh TOJIBKO TTOJISI
CO CTETNEHHBIM MOTEHLIMAIOM.

Ellle onHY HETpUBUAbHYIO 3a1a4y — OIpee-
JIEHUSI TIOJIel ¢ Harepe 3aIaHHBIM 3a11acoM dHep-
TETUYECKON NUCTEPCUN — MOXHO TaKXe PEelIUThb
yKa3aHHbIM CIIOCOOOM. DTa 00J1acTb HYX/IAeTCsI
B IOAPOOHOI pa3zpaboTKe, TaK KakK 31€Ch MPOCMaT-
pUMBAIOTCS OOJIbIIME TEePCIEKTUBLI 1151 CUHTE3a
9HEProaHaJIn3aTOPOB BBICOKOTO Pa3peLIeHUS.

(36)

OOparHble 3aaa4u,
pelraeMble ¢ TOMOIIbIO YPABHEHUS
AMWJIBTOHA KoOH

VpaBHeHue [amuabToHa — AK0oOU 11 yKOPO-
YEHHOTrO AeicTBUS S (x, y) IUTST TITTOCKOTO IBUKE-
HUS C TOTEHLIMAIOM (x, y) “MeeT BUIT
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. 5 xy) E, (37)

)

+ Yo

rae E = XOT +¢(x,y) — nonHasi sHeprusi.

Ecnu ripu 3amaHHOM MTOTEHIIAAJIE (x, y) HalT!

TaK Ha3bIBa€MbIli TTOJHBINM UHTETpal S (x, vEC ) s
T. €. pellieHUe, coaepsKalliee KpoMme Fellle oaHy Mpo-
M3BOJIbHYIO MOCTOSIHHYI0 C, TOrAa, B COOTBETCTBUU
¢ MeTonoM S ko0u, 3ama4a MHTErPUPOBAHMS ypaBHE-
HUI ABVKEHUS BBITIOJIHEHA, M TPACKTOPUU AUy T-
CsI IBYMSI pABEHCTBAMM:

S(, .EC)
_ const ;
¢ (38)
S( . EC)
E
rae D — nocTostHHas, Kak U E, BeIpaxkaemasi uepes

HayajbHbIE TaHHBIE.
IMouck nHTerpupyeMbix TUIOB (37), T. €. TOMCK

T Tp»

noxxomsumx  (X,y), KaKk M3BECTHO, MPUBOLMT
K CPaBHUTEJIBHO Y3KOMY KJIACCY JIMYBUJUIEBBIX CHC-
TeM [8]. DTO JaeT HEKOTOPHBIil MPOCTOP [UIsl CUHTE3a
HOBBIX CHCTEM 3HEProaHajn3a, HO BO3MOXHOCTEM
3[1ECh SIBHO HEJIOCTATOYHO. YpaBHeHue (37) 1o camoii
CBOEI CTPYKTYpe pacriojiaraeT K TOCTaHOBKE 00pat-
HbIX 337124 IMHAMUKU. B naeane HanboJiee riiodanb-
HOI 3amaueii TAKOTO poa SIBUIOCH OBl TTOCTPOESHME

HanboJIee IMPOKOro Kjacca GyHKLIM ,§ (x, v, E,C )

TaKuX, YTOObI MPU MOACTAHOBKE B ypaBHeHUE (37)

nmobast Takasi (yHKLMS TMOpoXKaana IMOTEHLMAN
(x,¥), He 3aBucsmii ot moctosiHHbIX Eut C:

I
X, S sx . cfl 9

VYragpiBaTh TaKM€ CTPYKTYPhI, AaxKe YACTHOTO
XapakTepa, OueHb TPYAHO. MOXHO «CHU3WUTh 3a-
[POChI» U PACCMATPUBATh OAHOIAPAMETPUYECKHUE
cemMeiictBa S (x, »,C mpu GUKCUPOBAHHOM dHEP-
TUn ons . 31eCh yxXe MOSIBIISIOTCS HEKOTOPhIE
BO3MOXKHOCTH, HO BCE e11le 0OUeHb yacTHbIe. Hanbo-
Jiee mpoCToii ciyuail Boluncaenus  (x,y) nonayua-

eTcs, korga S S (x, y — GyHKUMA, BooOIIe He
conep:kallasl B IBHOI (popMe TTPON3BOJIbHBIX TTOCTO-
saHHBIX F mim C. 3aech Mbl JOJKHBI OOpAaTUTHCS
K (PU3UYECKOMY TOJKOBAHMIO TAKMX YACTHbIX Aeii-

CTBUI1 S (x, y). Kak n3BecTHO, TpagueHT AeiCTBUS

dusnueckas 3ﬂeKTpOHMKa>

JAeT MEXaHUUYECKUI MMIIYJIbC, 4 B HALIEeM Cilydyae
0Oe3pa3MepHOIT MOIE/IN ABMKEHUS TOUKU — 3TO IIPO-
CTO CKOPOCTh

S S, (40)

Takum oOpa3oMm, 3amaHue YaCTHOTO NECTBUS

S (x, y) — 9TO MPOCTO 3aJaHue MO CKOPOCTEiA,
MHTErpajbHOE MHOTOOOPAa31e KOTOPOTO COCTABISIET
M303HEPreTUYECKOE OAHONAPAMETPUIECKOE CeMEi-
CTBO TpPAaeKTOPWIii, TOpPOXAalollee TMOTEHIIUAT

X,y BUIa

S? 5?2

(x,y) E, % 41)

[TocKOIbKY TpaeKTOPUU OPTOTOHABHBI MTOBEP-
XHOCTSIM TTOCTOSIHHOTO 1€ ICTBUSI ons , 3agava
MOCTPOCHUS TPAEKTOPU A CBOAUTCS K KJIACCUUECKOM
reoMeTpUUIECKOi MpodaeMe MOCTPOSHUST B3AUMHO
OPTOTOHAJIBHBIX CEMECTB KPUBBIX.

Crenyer OTMETUTb, UTO 3amaHue S x,y  yxke
JaeT BCIO MH(MOPMALIMIO O COOTBETCTBYIOLIUX Tpa-
€KTOPHUSIX, €CJTU CJIemoBaTh puHLMMY [folireHca, HO
peabHO 3Ty MHMOpMALIUIO He TPOUUTATh 0€3 NH-
TETPUPOBAHUS CUCTEMBI

x S, y S,. (42)
Meton ¢pusndeckux anajormii. MlcTouHUKOM

CTPYKTYDP S’ X,y , CJIyXAaLUKUX MOJEJbIO KAKUX-TU0O
3JIEKTPOHHO-OTMTUUECKUX CUCTEM, MOTYT OBITh (DU -
3UYEeCKHWE aHAJOTMM W3 JUHAMMKU UOAEATbHBIX
KUIKOCTEH, CaMO 3JIEKTPOCTATUKU, TETJIOBBIX 3a-
nad, reopun cucteMbl CTOKCa 1 ee 00001IeHUsT —
p-aHaIuTUYecKuX (pyHkUWi. Bce 9T aHanmoruu
YIOOHBI, TOCKOJbKY BCETa 0Ka3bIBAETCs, UYTO K-
BUTIOTEHIIMAJIN U TIOJIS CKOPOCTEH BCEX ATUX CUC-
TeM B3aMHO OpTOroHaJIbHbI. OCOOEHHO ITOA00HOE
TMOCTPOEHME BBITOMHO [IJI5 33Ja4/ CUHTE3a ONTUYE-
CKMX KapKacoB sl 9HeproaHanu3sa. JleiicTBuTeb-
HO, U309HEPETETUUECKOE CEMENCTBO TPACKTOPUIA
B IJIOCKOCTY CUMMETPUU TApPMOHMYECKOTO MOJIsl KaK
HeJIb3s1 JTydIlle TIOAXOAUT Ha TaKyk poOJib, OCOOEH-
HO, €CJIM OHO XOpOo110 C(PoKycUpoBaHO. Tem caMbiM
petraeTcs yXe BaKHEWIIast 4acTh 3aa4M CUHTE3a
9HEProaHaaM3aTOPOB C HY>XKHBIMU HAM XapaKTepu-
ctukamu. [lpuoputeTHOU 3amavyeil BCEro 3TOTO
HarpaBjeHUs, 0e3yCIOBHO, SIBISIETCS TOCTPOEHUE
ToJieli ¢ uaeaabHOM YTII0BOI (POKYCUPOBKOIT M303-
HEPreTUYeCKuX MoTOKOB.

Nneanbnas doxkycupoBka. YToObI co3naTh CU-
TyaLuIo C UIEaTbHOM YIJI0BOM (POKYCHPOBKOI, HAIO
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HAy4YUTbCS KOHCTPYMPOBATh CEMENCTBA KPUBbIX

P x,y const, IpOXoAsSIINX Yepe3 ABe (PUKCUPO-

BaHHBIC TOYKU X;,); , (X,,, ), IPIUEM TaK¥e, 4TO-
Obl OBLTIO U3BECTHO B SIBHBIX (DYHKIIMSX CEMENCTBO
OPTOTOHANILHBIX KPUBBHIX Q X, y) const, Tak 4YTo-
Obl BbIMOJIHSLJIOCH TOX/IECTBO OPTOIrOHAIbHOCTH

P 0 PO, PO, 0. (43)

Ha ponb Takux map B JaHHOM CJTy4yae OCOOEHHO
TTOIXOMST 3TEKTPUIECKUE TTOJIST HEKOTOPBIX (PUKTHB-
HbIX TOUYEUHBIX 3apsaoB. eldcTBUTEIbHO, €Cu
B3sITbIBa3apsiia g U ¢ (HeBaXHO, KPYIJible W
JIMHEMHbIE) TO CUJIOBbIC TIMHUMU TT0JI51 HAUMHAIOTCS
Ha MepBOM M3 HUX U 3aKAHYMBAIOTCSI HA BTOPOM.
Hanuuo nneanbHast GOKycHpoBKa, €Cu MPUHSTD
CUJIOBBIE IMHUU 3TOTO (PUKTUBHOTO BCITIOMOTaTE b~
HOTO 10JIs 32 TPAEKTOPUHU, 2 OPTOTOHATbHYIO (DYH-
KLIMIO 5KBUMNOTEHLMANEH acCOLMUPOBATh C €M~
CTBUEM S.

Ntak, nycts P x,y — QYHKUINUS MOTOKA CU-
CTeMBbI JBYX TOUEUHBIX (DMKTUBHBIX 3apsiioB, a
0 x,y —uxmnorteHuuaj. Pacmonoxum 3T BCro-
MOTaTeJbHbIC «MaTeMaTUUEeCKUE» 3apsibl B TOUKAX
x 1, y 0,a3apsabl BO3bMeM JIMHENHbIE, TO €CThb
JBe 6eCKOHEYHbIE TOHKWE TUHUU C TMHENHOM M10T-
HocThio ¢ (Kit/M). BenuunHa 3apsina ¢ 3mech He Ur-
paeT poJiu, MO3TOMY €€ MOXHO MPOCTO OMYCTUTh
1 3aIKUCATh MOTEHIMAN (PUKTUBHOTO ITOJISI OUEBU/I -
HoI (hopMmyJ10ii

(44)

Puc. 3. Cucrema aByx 3apsijioB +q u —q.
WpeanbHas (GpokycupoBKa
BO BCEM JIMara3oHe yIIoB
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CootsetcTByo1Ias GyHKIUS MOTOKA P X,y
TOTA 3aIUILIETCS B BUIE

y

P x,y =act —act yl' (45)

Jlunum P x,y  const eCThb O CyTU CEMEICTBO
OKPYXHOCTEI, TIpOXONSIIUX 4Yepe3  TOUYKHU
x==1, y=0 (puc. 3). Ecnu HerocpencTBeHHO ac-
COLIMUPOBATh MoTeHuUran O ¢ UICKOMOU (pyHKLIMEH
S'c TeM, 4YTOOBI paCCUUTATb COOTBETCTBYIOIIMI pe-
anbHblil noteHuman  (x,y) no gopmyae (39), . e.
MOJIOXUTh = (Q , TO HEMEIJIEHHO OOHAPYXKUTCSI, YTO
KBagpar rpaaueHTa Q B TOUKAaX 3apsima oOpaTUTCS
B OECKOHEYHOCTb, MTHAUe ToBopsl, GDU3UUECKU COEeP-
XKaTeJbHOM MOJIEBOW CTPYKTYPbI Mbl HE TOJYYUM,
TaK KaK TpaeKTOPUU HAUMHAIOTCS B OMHOI 0CO00¥
TOUKE 1 3aKaHUYMBAIOTCS B Ipyroii. IcripaBuTh 3TO
MOJIOKEHNE MOXHO, €CJTA B3SIThb B KAaUeCTBE NIEi-

cTBus He camy dyHkumio Q(X,y), a HeKOTOpyIo,

MoKa Heu3BecTHyIo GyHKImMio  Q ,y . OueBun-

HO, UTO TOXAECTBO (43) mpu 3TOM aBTOMATUYECKU
BBITTOJTHSIETCST, TaK KaK

— 0. (46)

0

Takum o0pa3om, CTPYKTypa ceMeicTBa Tpaek-
Topuit P x,y  const mpu 3TOM COXpaHSIETCsI, HO
CTPYKTypa TTOTeHIIMaIa CTAHOBUTCS YIIPABISIEMOM
Mpu MoMour GpyHKIUN R(Q . Utak, nonaras

S R(O,

X,y u3(39) B BuIme 060011eHHOI hop-

(47)
HalgeM

MYJIbI
2 .

b

X, o KO | 0

2

d
1d 0 , (48)
2 dQ
rae K — Bceraa nojoxuTeabHas GyHKLMS.
Paccuuraem |V |2 119 moteHumana (44):
4
| o (49)

x 17 vy x 17 )2

B Toukax 3apsinoB x ==*1, y=0 sTa QpyHKIUS
MMEET IOJII0ca BTOPOro nopsiaka. YToObl MX IMKBU -
IMpPOBaTh, MOAOEPEM MOJOXKUTENbHYIO (DYHKIINIO

K O , xotopas nMesna ObI B TOUKaX IMOJTIOCOB HYJIU



dusnueckas 3J'IEKTpOHMKa>

MOpsIAKa BbILLIE WUJIX PABHOTO IBYM. 31€Chb MOXHO
MPEIOXUTh MHOXKECTBO BADUAHTOB, HO, KOHEYHO,
HaJI0 CTPEMMTBCS K CAMBIM ITPOCTBIM MaTeMaTHUYeC-
KHUM CTpYKTypaMm. B KauecTBe TaKOBOI MOXHO B35 Th

K=t
4 ch(2Q)
OTOT racsilinuit MHOXUTEb 1€MCTBUTEIbHO 0Opa-
waercst B HyJb npu Q = +oo . [loncranoska Q u3
BoipaxkeHusi (44) B (50) u nanee B hopmyay (48)
¢ yuetoMm (49) maeT oKOHYATEIbHbBIN MOTEHLUAI
¢ uneaabHOI (hDOKYCUPOBKOI1 B BUJIE

1

(50)

¢ =const—

, (1)

(x2 +y? +1)2 +4x?

SKBUMOTEHLIMAIBHBINI TIOPTPET KOTOPOTO MPEACTAB-
JIeH Ha puc. 4.
Ecnu B3aTh K B Bume arperata

k=—"Y , 4 |

ch(20) [ch(20)]
e (52)
[ch(20)] [ch(20)]

TO Mbl MOXEM IOJYYUTb MHOXECTBO Pa3JUUYHbIX
CTPYKTYp C UOAeaJIbHOI (POKYCMPOBKOI HA OTHOI
U TOM XK€ CUCTEME TPACKTOPUIN — OKPYKHOCTEM.
OnucaHHas cXxeMa MOXET BUIOU3MEHSITbCS
OECKOHEUHBIM YHCJIOM CITIOCO0O0B, B 3aBUCUMOCTH
oT (paHTa3MM UCCIIeN0BaTENs, €CU OpaTh pa3anuy-
Hble KOMOMHALMY TOYEYHBIX (M HE TOJbKO) (PUK-
CUMpPOBAHHBIX 3apsI0B. B uacTtHOCTH, eciu B3SITh
OOMH COCPEAOTOUYECHHBIN 3apsia BEIUYMHbBL K1 , T1e

-4 -2 0 2 4 Xx

Puc. 4. DxBunoTreHUMANbHBINA TTOPTPET MO,
BbIpaxkeHHOTO (hopmyoit (51)

n 2,3,4,... upsia pazHeCEeHHBIX APYT OT Apyra 3a-
PSIIOB BETMUMHBI ¢ , TO TIOTOK M3 IIEPBOTO CyMMap-
HOTO 3apsina pa3faeuTCsl Ha 7 CTPYI, ¥ KaxKiast umie-
abHO C(hOKYCHUPYETCsI Ha CBOI 3apsi.

Takum oO6pa3omM, MBI paCCMOTPEJIM HECKOJIBKO
BapMaHTOB OOPATHBIX 3a1a4, pelias KOTOPhIe MOX-
HO CKOHCTpYUpOBaTh 3(P(PeKTUBHbIE DJEKTPOCTA-
TUYeCKHe dHeproaHaIn3aTopbl. HekoTophle 13 HUX
y3Ke HALLUTU CBOE MPAKTUUECKOE BOILIONIEHNE, YaCTh
TpebyeT ellle AOTTOIHUTETEHOTO OCMBICTIEHHS Y TIPH -
JIokeHusl. B 11e710M MOXHO KOHCTaTUPOBATh, YTO
OTTMCAHHBIN HETPATUIIMOHHBIN TTOIXOA K CUHTE3Y
BHEProaHaJM3aTOPOB YCIEUIHO PAOOTAET U IAET I'0-
pasmo 6oJiee IMPOKHE BO3MOXKXHOCTH JIJISI KOHCTPY-
MPOBAHUS YCTPOMCTB SHEProaHaan3a ¢ Harepes 3a-
JAHHBIMU TTOJIE3HBIMU CBOMCTBAMM.
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YOK 537.534.3:621.384.8

N.A. MapuyuHoBckuti

METO/bl BOCCTAHOBJIEHUA SHEPTETUYECKUX CINEKTPOB
B 3JIEKTPOHHbIX CMTEKTPOMETPAX

ITpoGaema BocCTaHOBIEHUSI ICTUHHOTO HEP-
TETUYECKOTO CTIeKTpa Mo JaHHBIM U3MEpPEHUS BO3-
HUKJIA B 3JIEKTPOHHON CIEKTPOCKOMUU JABHO, HO
3TOT BOTPOC A0 CUX TOP MPOpadOTaH SIBHO HEI0CTa-
TOYHO, U HA MPAKTUKE YACTO MOJIb3YIOTCS CTApOii
METOIUKOM, He MCTIOIb3YIOLIEH CTIelIMalbHYI0 Ma-
TeMaTUYECKYI0 00pabOTKY BBIXOAHBIX CUTHAJIOB
cnektpometpa [1, 2]. [Ipu 3TOM 3HEepreTUUeCcKuit
CITEKTpP OOBIYHO aCCOLIMMPYETCS C (hOPMOIt peTHCT-
pPUPYEMOTo TOKa Ha IETeKTOPE MOCJIe BHIXOAHOM ce-
JneKkTupytomeit nmadparmol. B taHHOM HccnenoBa-
HUY pa3BUBAETCs1 OOIINI MOAXO K 3TOM Tpobiieme,
a TakXXe MpeiaratoTcsi HEKOTOPble KOHKPETHbIE
METOJIMKU BOCCTAHOBJICHUS CITEKTpA.

Jlanee Mbl MOJIb3yeMCsl Oe3pa3MepHOI MOIEIbIO
OTKCaHUS TIOJIeH U TpaeKTOpUil, KOTOpast MUHUMMU-
3MpYeT YMCJIO CUMBOJIOB U YITPOLIAET MaTeMaTruye-
CKME BBIKJIAAKW U (DU3NUYECKYI0 WHTEpPIpeTaLUIO
(monpobHoe ee onucaHue MpUBOAUTCS B padore [3]).
3aech BaXKHO MOAUYEPKHYTh, YTO MOEb hOPMUPY-
€TCsl 32 CUEeT Mepexoia OT 1eKaAPTOBbIX KOOPAUHAT
X, Y, Z Vi BpeMeHH f K 0e3pa3MepHbIM TTepeMEeHHbIM
X, y,Z U T IIpY IOMOLIY NTpeoOpa30BaHUi

X=k, Y=Iy, Z=lzut=Tr, (1)
rae /, T— nuHeliHble MPOCTPAHCTBEHHbIN U BDEMEH -
HOIt MacIlITaObl.

BBenem Takcke hr3nuecKuii MOTEHIIMAN SJIEKT-
PUYECKOTO MOJIS:

o (xyz) 2)

IIe (x, v, z) — Oe3pasMepHbIi moTeHUMan; , |—
(bu3nyeckue NMOCTOSIHHBIE, CBSI3bIBAIOLIUE €ro C
MacIITaboM M3MeHEeHM MOTeHIIajla B ONChIBAE-
MO cucTeme.

JI711 9acTULI € 3apSIIOM ¢ M MACCOM 71 CBSI3b KOM -
MOHEHT CKOPOCTHU B HayaJIbHbIIi MOMEHT BpEMEHU
3aJaeTCs B BUIE

/m m /m
Xy= [—V}; :f—V;z: —V;, 3
0 10, 1> Yo 7D, 25 20 40, 3 (3)

YTO MMO3BOJISIET BLIPA3UTh OE3pa3MEPHYIO KUHETH -
YeCKYyI0 9Hepruio (OHa OyaeT UurpaTh BAXKHYIO POJb
B JaJibHElIlIeM aHalIu3e):
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N oyon LW vV E
2 q o 2 q o
Takum oGpazom, mapamerp W BbIpaxkaeT Ha-
YaJibHYI0 KUMHETUYECKYI0 SHEPTUI0 yacTuubl E
B IOJIIX ¢ ( XapaKTePHOW IMOTEHLMAIBLHON SHEP-
rumnonsa: U g ;. BianHoMm ciydae 5Ty BEIMUMHY
Mbl Oy/IeM pacCMaTPUBATh KAK SHEPTUIO PA3BEPTKU.

/4

-4

BbiBo1 0CHOBHOTO HHTErpajbHOro COOTHOIECHUA

Ilepen Hayamom o0CYXIeHMsI COOCTBEHHO aJl-
TOPUTMOB BOCCTAHOBJIEHUSI PACCMOTPUM MPOLECC
(bopMupoBaHUs TOKA Ha AETEKTOPE, TAK KaK pa3-
Hble aBTOPbI [2, 4—8] UCI10JIb3YIOT pa3/IM4YHbIE 10/ -
XOmApl K 3TOMY Borpocy. TpaguiionHo [1] ans onu-
CaHWST TOKA MCITOJIb3YeTCsl TIOHSITUE armapaTHOM
byHKIIN A(E U ) , KOTOPYIO MOXXHO OMpPeAaeUTh
KaK 3aBUCUMOCTb BBIXOIHOTO TOKA 3HepTroaHaIu-
3aTOpa OT BHEPTUU HACTPOKiKU UNpU YCI0BUU, UTO
WCTOYHUK  HMOHOB —  MOHOB3HEpPreTU4ecKuii
(E const) . DTa 3aBUCMMOCTb 33a€TCS B SIBHOM
Buze B (popMe HEKOEro MHTETPaTbHOTO COOTHOLIE-
HUSI, U3 KOTOPOTO MOXKHO HAWTU TOUHYIO (hOpMYy
criekTpa f ( E TI0 5KCIEpUMEHTAIBHO U3MEPEHHOM
byskuum J (U ) . CnenyeT OTMETUTD, YTO aIlapar-
Has (pyHKLMSI He XapaKTepU3yeT aHAIM3aTop caM
1o cebe, HO HeIMPEMEHHO B CBSI3KE C TUTIOM UCITOJb-
3yeMOT0 3JIEKTPOHHOTO UCTOUHHWKA.

B o01iem ciayyae cTallMOHapHbIM UCTOUYHUK
3JIEKTPOHOB MOXHO OIUCATh ILIOTHOCTbHIO SMUCCUU

J, KOTOpasi 3aBUCUT OT KOOPAMHAT POXKICHUS DIICKT-

mv?

2
MNyrjioB , ,ONpeac/IsdolmnX HAITPpaBJICHUE BEKTO-

packopoctu V BbLIeTa 3JIEKTPOHOB:
jF(ssasY5E- (5)

06 anepreTuyeckoM criekTpe f (E) TaKoro uH-
TerpajbHOr0 UCTOYHMKA MOXKHO FTOBOPUTb TOJILKO B
TOM cilyyae, eciv FpacrnanaeTcsi Ha MHOKUTENU BUAA

j F R(,,,.,yf(E. (6)

pOHOB &, M, A , KHHETUYECKOW dHeprun FE =



MIMeHHO ¢ TAKMMY UCTOYHMKAMM OOBIYHO MME-
[OT [I€JIO B SHEProaHAIN3eE.

BHauajie Mbl pacCCMOTPUM ILJIOCKYIO MOJIEJb
JIBVXKEHMS YACTULL B ITOJI€, T10JIarasi, YTO OHO ITPOUC-
XOIMT 110 IeMICTBUEM CHJI C Oe3pa3MEPHbBIM ITIOTEH-
ouajoM X, ) st TIpOCTOTBI pacCyXIeHUit

IIOJIOKHM, YTO —
X

0, Torma aist 4yacTull, CTap-
x 0

TYIOIINX 13 00J1aCTU Havyayia KoopanuHat x =z = (),
3JIEKTPOHHEBIE TPAEKTOPUY 0OPA3yIOT IyTH, Tiepece-
KaIoIIKe OCh Z. 31eCh MBI ¥ PACTIOJIOKMM CEJIEKTH -
pylowyto 1iesib S u aertekrop yactull (puc. 1, a).
JAnHaMUKa 4aCTULL ONTUCBIBAETCS 3I€Ch CUCTEMOI

o
(7)

_‘ J

dusnueckas 3ﬂeKTpOHMKa>

2 2
X5 Z E
w 0= =y ) (8)
2 U 0
WHTerpupys 3Ty ypaBHEHUSI, MOJIYIMM 3aBUCH -
MOCTU

x x(,,,

sz oz(, o, 9)

TTonaras x 0, HaXOAMM MOMEHT BCTPEUU T
TPAeKTOPUHU C OChIO Z, KOTOPBII fajee BCTpanuBa-
em B 3aBucumocts z( ,p, ,W) u nonyuaem oc-
HOBHYI0 (DYHKIIUIO TAKOTO abOCTPAKTHOTO DHEP-
roaHajausaropa:

7| P p,o, (10)
B Heil B HEIBHOM BUIOC COOCPXKUTCA OCHOBHAA
MH(OpMALIUSI O CBOMCTBAX CUCTEMBbI: BEJIMUMHE IUC-

nepcuun D = W%, pazpeuiarolieil crnocooHOCTH

W/ W, kauectBe (hOKYCUPOBKM, CBETUMOCTH U
CBETOCUIIE.

6) A(W)
AO
a)
. 3/
p——— |
e = b e b
a0 /3
s -
] P/P o 0 W W, W, W
0p 2 E_’E}u ? o7 W, g f f
Blp. 8, at5)
3) 'y Fﬂ_
W
4 //
W, f=—"1
2
) L7 W
= alp, 0, )
/ ”
[} .~ W=const
/{6 A /’,/

0, 0,

Puc. 1. Onpeaenenue anmnapaTHoi (yHKLIMKM DHEpProaHajiu3aTopa:

a — obwuii Bun aHanusaropa: I — Tpaekropuu yactuu, 2 — nerekrop (P P,),
3 — BAEKTPOIpl, p — UCTOUYHUK, 80 — pacTBOp MyuykKa; 6 — anmnapaTHasi QYyHKIUs
JUIs aHaJIM3aropa Tuna rjockoe sepkano, Wy, W, W,, W, — rpanuupi
COOTBETCTBYIOIIMX 00JIaCTeii MHTErPUPOBaHUS; 8 — 0ObEM WHTETPUPOBAHMS
JUISE HAXOXKIEHUS anmapaTtHoi (yHKIIMU B TIPOCTPaHCTBE p, 6, W
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DHeproaHajun3 3aKJI0UaeTCs B TOM, UTO 4epes
1LIeJIb S TIPOITYCKAIOTCSl YACTULIBI CO CPEIHUM 3HAa-
yeHuem W, u pasbpocom AW Bosie Hero. B cuiy
cooTHowIEeHUA (8), MEHsAA  (; , Mbl MOXKEM IIPUBO-
IUTh Ha IETeKTOP MOCIeI0BaTeIbHBIMU IPYIIIaMUu
BCe DJIEKTPOHBI cTIeKTpa f (E ) MCTOYHMKA C (PYHK-
umeit omucenn j  R(p, f(E .

AbcomoTHOe 3HaueHue pa3opoca A E, mpomyc-
KaeMoro IIeJbIo, TMHEHO HapacTaeT BMeCTe C OC-
HOBHO 3Heprueil E. 3mech cpa3y ke 0OHapyKuBa-
€TCs1 CBOMCTBO ITPAKTUYECKU JIFOObIX CUCTEM TAKOIO
TUMA; OHO 3aKJTFOYAETCS B TOM, YTO MbI OOSI3aHbI 3a-
paHee 0Ope3aTh MHTEPBAIBI U3MEHEHUS HaYaTbHBIX
TAHHBIX Ha UCTOYHUKE, TAK KaK BITOJTHE MOKET OKa-
3aTbCsl, YTO MpU J1000# sHeprum W Hailgercst Ha-
6Op HAYATTBbHBIX JAHHBIX, FAPAHTUPYIOLLIMIA TPOJIET
yepe3 1esTb. B HallleM cirydae orpaHWYeHNsT Ha cTap-
TOBBIE YCJIOBUSI UMEIOT BUT

0 p

1 2 (11)

ITycts W — ukcrpoBaHHas TOCTOSTHHAST BeJT -
yrHa. [ToTok yacTull, y1oBJAETBOPSIIOLIUI YCIOBU-
aM (11), coznact Ha Ocu z CIUIOLIHO# OTpe3oK A P, —
naTHO 3acBeTKU. [1pu Bapuauum W nsTHo 3acBeT-
KU IBUKETCS KakK 1LeJ0€e U, KpOME TOTO, OHO MOXET
MEHSIThCS O padMepaMm. I1ycTb £ B BbIpaXeHUU
(6) — duKcHpoBaHHAs BEJTMUMHA, TOTIA TTPU U3Me-
HeHuu UsHeprusi WToxe OyneT MeHSIThCSI, IpU4eM
MaJbIM 3Ha4eHUsIM U O0TBeUYaroT OOJIbIINE 3HAYEHUS
W. PaccmaTprBaeM 3BOJIIOLIMIO TMSTHA 3aCBETKU
B P, Bnonb ocu. Hapammsasa W ot Masbix 3Have-
HUI1 32 cueT u3MeHeHust U, Mbl 10ObeMCs1, UTO TIpU
KakoM-TO W, rpaHuLa [IITHA 3aCBETKU P, J10CTUT-
HET JIEBOrO Kpasi LIEJIU Z = @, U ITyYOK HAYHET «I1pO0-
BaJIMBaTbLCSI» Ha JETEKTOP, CO3AaBasl TOK A(W
Ecau 11enb 10CTaTOUHO BEJIMKA MO CPABHEHUIO C
OTPE3KOM | ,, TO TOK A(W OyaeT pacTu MOHO-
TOHHO, ITOKA TOYKA F HE «yIPETCI» B JIEBBIN Kpail
weammz=anpu W W, W, .Ilocie 310ro HeKo-
TOPOE BpeMsI IIPU yBeanueHuu Wrtok A ( W Hane-
TEKTOpE Oy/IET MOCTOSAHEH, IT0KA TOYKa P, He 10C-
TUTHET MPaBOro Kpasi LIeIu Z npu W W,.
TTsaTHO 3acBEeTKM HAUMHAET YXOAUThb 3a Mpeaesibl
1LIeJIU, U TOK A(W) HayMHaeT MOHOTOHHO MaaaTh
110 MOMEHTA, 110K P HE JOCTUTHET TOYKU Z
npu W W, . B pesyastare sniopa toka A(W
MPUHKUMAET BUJI TPAIELIMY C KPUBOJIUMHEMHBIMU 00-
kamu (puc. 1, 6). TlocTpoeHHbIl rpaduK TOKa
A( U €CTh MCKOMasl annapaTHasi QyHKIIHS.
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IIpuBenem Ternepb cxeMy pacuera anmnapaTHoi
(byHKIMM TPU 3a0aHHOM (PYHKLIUU pacTipeIe/ICHUSI
271eKTPOHOB Ha amuTTepe R(p, ). [octponm mpo-
CTpaHCTBO MapameTpoB p, , W(puc. 1, 6). Hepa-
BeHcTBa (11) «BBIpe3aloT» B MOJYMPOCTPAHCTBRE

0 mpsiMoyToNIbHYIO TpyOy. PYHKIINS MIpUIeTa
P(p, , W)nomxHa yloBIeTBOPSITE YCIOBHSIM I10-
MaJaHWs B IIEJTb MEXIY Z= au z= a+ S, 4To SKBU-
BAJIEHTHO HEPABEHCTBAM

a (., a S, (12)
KOTOPBIC 3a4a10T IBE 'PAHUYHBIC TOBEPXHOCTU:
W=oa ,60,a; (13)
W=p ,0,a+

OnHu BMecTe ¢ HepaBeHcTBaMU (11) «BbIpe3aoT»
B (ha30BOM IIPOCTPAHCTBE MCTOYHUKA p,
CJIOXKHYI0 00BbEMHYI0 (PUTYPY, KOTOPasi B OOILIEM CITy-
Yyae JOCTATOYHO IIMPOKOM IIEJTM COCTOUT M3 LIEHT-
PpaTbHOTO TIPSIMOYTOILHOTO Opyca 1 IByX KPUBOJIH -
HEMHbIX HAPOCTOB CBEPXY U CHU3Y (puc. 1, 8). YToObI
BBIUMCJIUTD allnapaTHyo (DyHKLMIO CUCTEMBI C 3a-
JAHHOM MJIOTHOCThIO R( D, ) MbI IOJDKHBI IIEpecedb
(urypy Ha puc. 1, 6 IIOCKOCTbIO ons umnpu
KaXJIOM ee TTOJIOKeHU N (PUKCUPOBATh CEUeHNE €10
JOMYyCTUMOI o0jlacTu mpuwyieTa W ; majiee He-
00X0anMO ee MHTEeTpupoBaTh Mo O u p. Torma misa
A(W  nomyuum BeipaxeHue

_ . (14)
Q

Taknum oOpa3om, B 0011IEM CTydae X0, anmapar-
HOI (PYHKLIMY BCETAA pa3phIBHOI M COCTOUT U3 TPEX
HEHYJIeBbIX ()parMeHTOB:

0, 0w Wy
AW, Wy, WWg
A A, W, W W, (15)
AW, W W W
0, W W,
nOCKOIIBKy, KaK MbI YCTAHOBWJIN,
A=A(W)=A(§j, (16)

MOJIHBIH TOK Yepe3 111eJib, OYEBUIHO, MOXKHO 3aI1M -
caThb B B¢ MHTerpaia

> (E
J U =6|'A(E]f E dE. (17)



OpaHako crieuurduka annapaTHoil PyHKLMY Ta-
KOBa, YTO OHA OOpaIlaeTcss B HyJIb Ha KPBUIbSIX
0 W WyuW >W,,clnenoBarenbHO, UHTETPUPO-
BaHME WMeEET CMBICI TOJBKO Ha WHTepBaje
W, W W,.W3ycroswuii
_E oy _E
Ut U
MpH KaxXnoM (bUKCupoBaHHOM UMOXHO BbIYMCIIUTh
COOTBETCTBYIOIIME 3HAUeHUs1 Ey u E;, onpenes-
[OLLIME KOHLIbI MHTerpupoBaHus B (17); B pe3ynbra-
Te MHTerpaJl mpuodpeTaeT hopmy

W, (18)

WU

JU) A 5 f(E)dE. (19)

A%

B ob61em ciyuae, korga A umeeT pa3Hoe Ipe-
CTaBJIeHWE Ha TpeX (pparMeHTaxX CBOEH Tparelun,
WHTETpa MPeACTAaBUTCS CYMMOM BUIA

L
JWU) Ay (E)E

WU

+ 2jf( )d + | 2(-);@( )d . (20)

TTonyuyeHHOE BbIpaXkeHUE OTHOCUTCS K ypaBHE-
HugM Boawsreppa 1-1o poma B CHTy TOTO, UTO TIpee-
JIbl MTHTETPUPOBaHUsI lepeMeHHbIe. MeTobI peliie-
HUSI THTETpabHbIX YPaBHEHU, pa3padoTaHHbIE 03
yueTa crneurduKy MOpoXaaloei ux npodaemMb,
Yalre BCero OTANYAlOTCSI HEYIOBIETBOPUTEIbHOM
TOYHOCTBIO PeILIeHHUS, TOATOMY Aajiee UCCAeAYeTCs
HECKOJIbKO MOAX0A0B K pelieHuto ypapHeHus (20)
JUU1S1 KOHKPETHbBIX aHATU3UPYIOLIUX CUCTEM.

Boccranosienue cnekTpa
€ MOMOIIbIO IEKOHBOJIIOIUN

YT0OBI MPOIEMOHCTPHUPOBATH BO3MOXKHOCTU TEX~
HUK BOCCTAHOBJICHMSI CIIEKTPA, MbI OyIeM UCIOJIb-
30BaTh MPOCTYIO MOAEJIb INIOCKOTO 3epKaja. bynem
MOJIb30BATHCS TOM XKe CXEMOI aHAJIM3aTOPA, UTO U HA
puc. 1, a, HO ICTOYHUK YaCTHULI ¥ AETEKTOP CUMTAEM
BBIHECEHHHBIMH C OCH z. JIMHaM1Ka YacTU1I B 001a-
CTU C HEHYJIEBBIM MTOTECHIIMAIOM OITMCHIBACTCS ITPU
MOMOILIY CUCTEMBI, aHaornyHol (7); Torma Tpaek-
TOpUS IBIDKEHUS B aHAJTM3aTOPE ONPEAETISIETCS B BUIC

2
X _— 21
02 os’ @)

dusnueckas 3J'IeKTpOHMKa>

C yyeToM ABUKEHUSs B ApeiipOBOM IIpOCTpaH-
CTBE IMAIA30H YHEPIUii YACTULL HA IETEKTOPE MPU
3aJaHHOM YTJI€ BbIJIETA U [T0JI€ B AHAJIM3aTOPE OTIpe-
TeJISIeTCS M3 HePaBeHCTB

W, W W, (22)
Tae
®
Wy 0 =[z,— ct 6]—"—;
0 [Zl ]2sin29
W (0)=[z,— ct 0 Do (23)
2sin 260

[ToaHBI TOK Ha IETEKTOP MPU 3aJaHHOIN MEX-
9JIEKTPOIHOM pa3HOCTH MOTEHILIMAIOB PAaBEH MHTET-
paiy GyHKUMU pacripefe/eHs 10 YIIy U SHEPTUU:
0, W, U

f 6,E dEdO .
0, WoU

JU (24)

Y100bI BHIAEINUTH B JAHHOM BBIpAaXK€HUU SIAPO
(anmapaTHy0 (DYHKLMIO) B SBHOM BUIE, HYXKHO
BBIICIUTh YaCTh, CBSI3aHHYIO C TEOMETPHUEN CHUCTe -
MBI 1 ucTouHMKA. C 3TOM LIeablo HaliaeM 1JIsl Hava-
Jla 3aBUCUMOCTh

| v o1 © U (25)
2
1 ai,—6b-3
U,=— +———+2a, |;
1273, 12
a, func z; , a, func(z,); (26)
= —a(a2—9ab+9)+
+ [27(a4 —a®b? ~10a%b+2d* +
1
4
+8b3 +12b% +6b+ 1)}4 Q27)

3mech u — BeleCTBEHHBIN KOPEHb YPaBHEHUS

B2 3 2ab % & 261 2a 0; (28)

Uy 1 U, COOTBETCTBYIOT I'paHUIIAM IETCKTOpa z; U
Z,, BEJIMYMHA @ BKIIOYAET 3aBUCUMOCTh OT IMOJIO-
>KeHUS TOYKHU MPUJIETa Ha IETEKTOP, b — SHEPreTH -
YeCKU M rmapamMeTp:

a z/h, b 2W/h. (29)
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Tenepb MHTErpabHOE BbIpaXKEHME 17151 TOKA 3a-
MUILIEM B BUJIE

2/
(U P g

v/

ud d , (30)

S

nIn

—
Il

(31

rae

Wrak, Mbl [10J1y41IId CBSI3b CIIEKTPA U U3MEPsie-
MOTO TOKa MPU MTOMOIIIU anrapaTHoi (pyHKLuu (19)
JUTSI IUTOCKOTO 3epKasia. Teriepb BBEIeM epeMeHHbIE

e, e ; C HUMU ypaBHeHue (31) npuBoauTcs
K BULY
a) 6)
W,o.e. 0, =0,35 pan
0, = 0,75 pan

6) 6,08

2

J K e

1

ed (32)
JlaHHOE ypaBHEHUE SBIISIETCS MHTETPATbHBIM

ypaBHeHUeM Ppenroabma 1-1o poma TMMA CBEPTKH.
OCO0EHHOCTH B3aUMOJENCTBUS aHAIU3UPYIOLLIEH
CHUCTEMbI C YaCTULIAMMU, a TAKXKe 3aBUCUMOCTb TOKa
OT YIJIOBOTO pacrpenesieHus1 31eCb COCPEnIOTOUECHBI
Bsanpe . Hapuc. 2 npeactaBieHbl 3aBUCUMOCTU
(bopmbl simpa MHTErpaabHOTO ypaBHeHUS (32) OT
BuaHo, UTO pe3yabTaThl pacyeTa 115t MOJEU TIoC-
KOTO 3epKajia OTJIMYHO COTJIACYIOTCS C HALLIUMU TIpe-
JBIIYIIMMU PACCYKISHUSIMU.

[Tpu MmonenpoBaHUY Mbl KCITOJIB30BATN (PYH-
KILIMIO pacrpeaeeHUs B BUIE

1
ke p
1
2
+kye p|-| 22— |, (33)
1)
K, o.e.
50, = 0,565
o, =0,5pan 2 bt
04
82, = 0,505 pax
a0 AN
6,06 6,08 6,10

6,12
e, D x107°

08 :

1 plel, o.e.

1
WL

0 0,004

Y
0,00

B U B

Puc. 2. BoccraHoBjieHME BHEPreTUUYECKOro CEKTpa B MJIOCKOM KOHAEHCATOPE;

a — o0nacTb UHTETPUPOBaHUS B MpocTpaHcTBe (0, W) npu uKcupoBaHHBIX KOOpAWHATAX
JETeKTOpa z| U Z,; 6 — mpoduin siapa K cCBEPTOUHOTO ypaBHEHHUS MPU Pa3HBIX yriiax
pacTBopa myJKa 4acTull 80; 6 — TpUMep BOCCTAHOBJIEHUSI SHEPTETUUECKOTO CIEKTpa

¢ nmomoueio anroputma lonma nipm p, < 1,3 10*2, a, = 0,3825, a, = 0,38274;

1 — 3aBUCUMOCTh HOPMUPOBAHHOTO TOKA JETEKTOPA OT PAa3HOCTH MOTEHIIMAIOB MEXIY TUIACTUHAMU
aHanm3atopa; 2 — MOIEJIbHBIN CIeKTP p(€), TOUKM — BOCCTAHOBJIEHHOE PACTIpEIeIeHUe M0 IHEPTUIM
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MOCKOJIbKY TUITMYHBII 37IeKTPOHHBII CIIEKTP Mpe-
cTaBisieT coboit Habop MuKoB ['ayccoBa Tuma, uMe-
IOLIMX PAa3JIMYHOE MOJIOXEHME HA DHEPreTUYECKOM
LIKaJIE.

3aech paszmepHocTb MaTpuubl K 7 =2000; Ko-
JIMYecTBo utepaunii i=1,0- 105; MUHUMAJIbHBIN YTOI
BoiteTa | = 0,5 pal; MaKCUMaJbHBbIiA yroJ BblJIeTa

, = 0,55 pan; pacnipeneneHue no yriay p =1;
KOOpAMHAThI JeTekropa x; = 1,006; x, = 1,007;
noreHuuan , = 1,0; a; = 0,3825; a, = 0,3831;
ki=1,0;k,=04; | ,=1,0107"

s peteHust (31) OTHOCUTENBHO g(E ) MOXHO
KCMOJIb30BaTh OWH U3 PACITPOCTPAHEHHBIX METOIOB
nexonsomonuu [9, 10]. Ha puc. 2, ¢ mpencrasieH
pe3y/IbTaT BOCCTAHOBIEHUS (PYHKLIUU pacIpesesie-
HUSI ¢ TIOMOILIbIO airopuTMa [ona. Mbl MOXXeM KOH-
CTATUPOBATh, UTO Pa3pellalolast ClIOCOOHOCTb MO-
IeTbHOTO TIpubopa MoBbICUIachk. [IpoBemeHHas
MaTeMaTudecKasi 00padoTKa IT03BOJIMIA U3BJICYb U3
HWCXOTHOTO TOKa TOTOJIHUTEBHYIO MH(MOPMAIIIIO
O CTPYKTYpe NMUKa. JIaHHBII pe3yJIbTaT MOJy4YeH Mpu

TOUYHOCTU BOCCTAaHOBJIEHUs1 HAypoBHe , L,0- 1073,

[ToBbIlIEeHME pa3peliatoiieii CoCOOHOCTH B TaHHOM
KOH(pUTYypaLMu Y ITPY YPOBHE TOUYHOCTU BOCCTAHOB-
nenns  , <1,3-10 * cocrapnser E,/ E, 5,79.
B 3aBrCHMOCTH OT KOHKPETHBIX TEXHUUECKIMX XapaK-
TePUCTUK CUCTEMBbI U OCOOEHHOCTE CHUMAEeMOTO
CIIEKTpa, MOBBILLICHNE pa3pelialoiieii ClToCOOHOCTH
MOXKET ObITb e111e 00J1e€ 3HAUMTEIbHbIM.

Boccranosienue cnekTpa
MeTOIaMH Pa3JIoKeHHs 110 0a3UCy

OnuH 13 MoaX0I0B K PELICHNIO0 UHTETPATbHOTO
ypaBHeHUs (20) COCTOUT B pa3aoXeHUN BXOASIIINX
B Hero (DYHKIIMOHAJbHBIX 3aBUCUMOCTEI B PSIIbI
U BBIYMCJIEHUU COOTBETCTBYIOIIMX KO3 dulineH-
ToB. Ha mpocToM mpumepe paccCMOTpUM, KakK 3TO
MOXET ObITh peaanu30BaHO. M bl Mperoaraem, 4to
rnoBeneHue (PyHKIIMOHATbHBIX 3aBUCUMOCTEM TOKA
U pacnpeaesieHus o 3HepruK B 00J1aCTU UHTEPECY-
OLLIMX HAC 3HAYEHM I TOTEHLIMA/IA Pa3BEPTKU U IHEP-
TUIA YaCTULL MO3BOJISIET TPOU3BECTU TAKOE Pa3I0Ke-
HHUe; CBOMCTBA SiApa MHTErPAIIbHOTO YpaBHEHUS
OBLIM PACCMOTPEHbBI BhILLIE.

Bynem kaxnblit u3 Tpex ydyactkos siapa (20),
MpeacTaBlIeHHBIX Ha pUc. |, 6, aMMPOKCUMUPOBATD
MOJMHOMOM 3-i1 CTeneHu:

1 1.2 1.3. 2 2 2.2

1 . 2.3,
ay ax axX° @®X;a; GX @)X

ax;

dusnueckas 3J'IeKTpOHMKa>

303, 3.2 3.3
ay ax ax- @;x,

(34)
a (QyHKLUIO pacnpeneneHus Bo3dbMmeM f(FE) =
= const, ¥ CJIeI0BaTe]bHO, MPU PA3TOXKECHUU €€
B P51/l OH OYJET CONEPXKATh BCETO OJIHY KOHCTAHTY b.

Hanee nas KpatkocTtu OyaeM paccMaTpuBaTh

TOJIbKO NepBbIii nHTerpan u3 cymmsol (20). Mcnonb-

E
3ysi BMECTO X U Y COOTBETCTBEHHO T u U, nonyyaeM

TMOABIHTEIPAaJIbHOC BLIPAXKEHUE B BULIC

2 3
ha At A5 A5 69
U [10CJIE UHTErPUPOBAHMUS
1 al 2 2
U ag Wi W, 71 W W
a al
SWWe W e=
3 4
b, k' (36)
Bepxuuii nunekc | B koadduimente ' o3Ha-

YaeT, YTO OH OTHOCUTCSI K IEPBOMY UHTETrpajly, BXO-
nsiemy B cymmy (20). Llenrkom npaBast 4aCTb MO-
JKeT ObITh 3aMrcaHa B BUIE

1 2 3

o 3 (37)

JleBast yacTh (TOK) TakKe MOXKET OBbITh pa3jio-
KE€Ha BpAABUIA )y, U TOIAA, IPUPABHUBAA
KO03(hGULMEHTbI IPU COOTBETCTBYIOIINX CTETIEHSIX
U, Mbl 1I0Jly4aeM IIPOCTYIO, XOPOIIO O0YCJIOBJIEH -
HYIO CUCTEMY JJMHEWHbIX YPABHEHUI:

o G

| bo(k1 K2 k3). (38)

M3 5TOT0 BBIpaXKEeHMS JIETKO HATH KO3 hULI-
eHTHI b (B 1IaHHOM CJIy4ae OH OJMH).

[TpoBeneM HeOOMbILION aHAN3 TTOJYYEHHbIX pe-
3yJIbTaTOB. B MTaHHOM BBIBOJIE MBI TTPOU3BOJbHBIM

00pa3oM oOpbIBaM psmsl a,x”, y"u b, 2" 1,
BBIOMpAd 7 Y m yIOOHBIM JU1sT Hac o0pa3oM. Bo3Hu-
KaeT BOITPOC O COCTOSIHUY CUCTEMbI, KOTJ1A 3TU YUC-
Jla OKaXyTCsl IOCTATOYHO 00IbIIMMHU. Kak MbI BbI-
sSICHUIM paHee (cM. puc. 1, 6), sapo (20) Hocut
SIBHO HEMOHOTOHHBII XapaKTep, HO OTAEIbHbBIE €T0
YUaCTKU MTPEKPACHO aNIPOKCUMUPYIOTCS OJIUHO-

97



HayuHo-TexHuueckne Beagomoctn CII6ITIY. dusmnko-mareMatnueckme Haykm 3’ 2011

MaMH, a [Py OTpeaeJeHHOM BbIOOpe YCIOBUiA cpe-
HSIST 4acTh BOOOIIE OKaxXXeTcsl KOHCTaHTou. [lo-
CKOJIBKY TOYKM pa3pbiBa MOXKXHO BBIUMCINTH, 3TO
03HAYyaeT, YTO SIAPO MHTErpajibHOrO YpPaBHEHMSI
¢ OOJTBIIION TOYHOCTBIO ATIITPOKCUMUPYETCS TTOTH -
HOMaMM HEBBICOKUX CTETICHEI.

CroxHee OOCTOUT AeJI0 C TOKOM. TUMUYHBII
TOK, CHUMAaeMbIil Ha IETEKTOPE, MPEIACTABISIET CO-
0011 TTOCIem0BaTETbHOCTD MMUKOB, Pa3TUYHBIX 1O
(bopme, pazMepaM 1 OJIOKEHMIO, HO BCE Xe Oosiee
unan MeHee Oau3kux K I'ayccoBeiM. HeGonbioi
YUaCTOK TaKOM MOCIeIOBATETbHOCTA TOXE MOXET
ObITb 1OBOJIBHO XOPOLIO ANIMPOKCUMHUPOBAH IMOJIH -
HOMaMH, HO BECh CITEKTp LIETMKOM Pa3IOXUTh IO
TakoMy 0a3ucy npoodjeMaTuyHo. 31eCh MOXET OKa-
3aThCST TTOJIE3HBIM TIePeX0[l K KyCOUHO-HEMpPEpPhIB-
HOM anmnpoKCMMaLK, HAITPUMED CILUIAHAMU.

B no6om ciryuae cuctema (38) sIBISIETCSI CTPOTO
JIMaroHajbHOM, a YUCJIO YpaBHEHU I COOTBETCTBYET
CTEMEeHM amnMpOKCUMMPYIOIIETO TOK TOJMHOMA.
Jlaxe 3HAUNTETbHOE YBEJTMUEHNE YMCIa ypaBHEHU
(pocT cTeneHu MOJIMHOMA) HEe OKaXeT OOJIbIIOro
BJIWSTHUS HA TOYHOCTD MTOJTYYaeMBIX Pe3YTBTaTOB.

MBI He TIPUBOIVM 31€Ch TIOJTHBIM BEIBOI ypaBHE-
HWA JUTS TIPOU3BOJIBLHBIX 72 Y 1 BBUY €70 TPOMO3IKO-
CTH; OTPAHUYIMMCSI TOJTbKO KOHEUHBIM PE3YJIETaTOM:

>
k? —"ZH—"f W) _pylied) (39)
b r=1Ed pil L
U CUCTEMA ITOJTHOCTBIO UMEECT BU:
0o G
bk Kk
................................ (40)

Takum 00pa3om, MBI pACCMOTPEJIN OOLLMIA TTOM -
XOJI K OTIpEJICIEHUIO CBSI3U MEXKIy TOKOM Ha e TEKTO-
pe PHeproaHaan3aTopa U ICTUHHBIM SHepreThuec-
KuM criekTpoMm. Takasi 3aBUCMMOCTb, KaK U3BECTHO,
HOCUT UHTETPaIbHBII XapaKTep, IIO3TOMY IS OIIPE-
JieJIeHUsI CIIEKTpa HY>KHO pelliaTh COOTBETCTBYOIIEE
WHTErpajbHOe YypaBHeHUe. B pesynbraTe mosyueHa
ya00Has1 (hpopMa 3TOro BbIpakeHMsI, O3BOJISIFOLIAS
CTPOUTH METOIMKM OIPEACACHUS UCTUHHOM (hOPMBI
CIIeKTpa Y MOBBILIEHUSI pa3pellarolieil CmocoOHOC-
TU UHIUBUAYATbHO IS LIMPOKOTO KJIACCa aHaIM-
3UPYIOLIMX IPUOOPOB. B KauecTBe NpruMepOB TAKKX
METOIUK MPEACTABICH METOI JEKOHBOJIIOLINY U ME-
TOJI pa3IoXeHUs 0 Oa3UCy, TAKKe MPUBEACHBI He-
KOTOPBIE PE3YJILTAThI BOCCTAHOBJIEHUS, IEMOHCTPH -
PYIOLLIME IOJIOKUTEbHbIN Pe3yJIbTaT UX TPUMEHEHMSI.
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PUN3INYECKASA OINMTUKA

I0O.M. MokpyuwuH

DOPMUPOBAHUE U3OBPAXXEHUA CTPOKH
B AKYCTOONTUYECKOMN CUCTEME C UMMNY/IbCHbIM JIA3EPOM

OnHolt U3 MepCIEeKTUBHBIX CUCTEM (POPMUPO-
BaHUSI TeJIEBU3MOHHOTO U300pakeHUS Ha TTPOEKIIM -
OHHOM 3KpaHe SIBJSIETCSl aKyCTOOITUYECKAsl CHUC-
TeMa, paboTaroiiasi Mo MpUHIKITY 3KCMO3ULIUY BCei
TEJEBU3UOHHOM CTPOKMU 32 OIUH UMITYJIbC U3JTyUe-
HUS Ja3epa v JadbHE111eT0 OTKIOHEHWS CTPOK MO
Kanpy [1, 2]. B pabote [3] ObL10 HalimeHo obiiiee pe-
1LIEHUE UHTETPaJbHOTO YpaBHEeHUs 11 1Uhparupo-
BaHHOTIO MOJIsl, COOTBETCTBYIOLLIEE CAyYalo 1IMpPO-
KOTTOJIOCHOI aHW30TPOTTHOM Ar(paKklIMK CBeTa Ha
MEIJIEHHOI CIBUTOBOI yIIPYroii BOJIHE BOJIM3M OIl-
TUUYECKOI OCU aKyCTOONTUYECKOTO MOIYJIITOpA U3
kpucrasa naparesainypura TeO,. B HacTos1uel pa-
00Te Ha OCHOBAHWM TTOTYYEHHOTO PeleHM s 115 I~
parupoBaHHOrO IOJisI paccMaTpUBaeTCs 3ajava
0 (hopMUPOBAHUHN Ha MPOESKLIMOHHOM 3KpaHe U300~
PaXXEeHUS aMILIUTYIHO-MO/LYIMPOBAHHOM CTPOKHU,
KOTOpasl 3aMoJIHIET aNePTypy aKyCTOONTUYECKOTO
MoayJisitopa. B kauecTBe MCTOUHKMKA CBETA BbIOU-
paeTcs nasep Ha rnapax Meiu ¢ JUIMHOM BOJIHBL A, =
= (,5106 MKM ¥ JUIUTETbHOCTBIO UMITYJIbCA TE€HEPa-
uun 1, = 10 He.

JIndpakuus cBera HA 3ByKe
B CXOJISIIEMCS CBETOBOM ITyYKe

PaccMOTpUM aKyCTOONTUUYECKYIO CCTEMY (hop-
MUPOBaHUS U300paXkeHUs1 CTpokH (puc. 1), cocTo-
SILYIO U3 aKYyCTOOTITUYECKOTO MoayJisitopa (AOM),
BXOIHOU LIMJIMHAPUYECKON T1H3b1 JI; M 00beKTHBA
n3 auH3 JI, nJ1;. [nockoctn X'0Z' u Y'0Z' cuc-
TeMbl BbIOpaHbI TAKUM 00pa30M, YTO B OTHOM 13 HUX
(X'0Z") mpoucxonut nudpakuus ceeta B AOM
1 opMuUpOBaHUE N300pAXKEHUST CTPOKM HA IKPaHE
9, aBapyroii (Y'0Z') — dopMupoBaHue IPOCTpaH-
CTBEHHOTO pacIpee/ieHUsI CTPOKU U €€ OTKJIOHEHME
B TUTOCKOCTH 3KpaHa. Cpenoif aKyCTOOTITUYECKOTO
B3aMMOeNCTBUS siBsieTcst Kpructamt TeO,.

Haiue paccmoTrpeHue OyneT OTHOCUTBLCS K OIT-
peeseHHO TeOMeTPUY B3aUMOIEHCTBUS, UMEIOLLEH
MECTO B peaJIbHOM YCTPOUCTBE (puc. 2) 1 COOTBET-
CTBYIOLLIEH CJTy4ato IMPOKOIOJI0CHON aHU30TPOTI -
HOI Au(paKLMKU CBETA HA MEIJICHHOI CIIBUTOBOM
YIPYTro¥ BOJIHE.

bynem cuutartnb, uTo Booab HanpasiaeHus [110]
KpuCTalia, COBNAIAIOLLIETro C 0Cblo X' ONTUYECKOit
CHUCTEMbI, PACITPOCTPAHSIETCS YJIbTPAa3ByKOBAS BOJI-
Ha, BEKTOP MOJISIpM3aliui KOTOPOIi HaTlpaBIeH IMo

ocu [110], coBnagaloiieit ¢ ocelo Y'. BoaHoBoik
BEKTOP CBETOBOI BOJHBI K COCTABIISIET YTOJT § C €TO

npoekiueit Ha TiockocTh (110) , a mpoek1us 3Toro
BeKTOpa Ha I1ocKocTh (110) cocTaBisier yroan o

' Fy X !

A X o !

/
2 T : /'///
HH““--‘_MM

r

I, Y Yl

- | =10

Puc. 1. Ontuueckas cxema
CUCTEMBI (POPMUPOBAHUS M300paKeHUs] CTPOKU
B JIByX B3aMMHO IEPIEHANKYJISIPHBIX ILIOCKOCTSIX:

AOM — aKyCTOONTUYECKUI MOZYIATOP;
JI; — BxoAHasi HWIMHIPUYECKAs JIMH3A;

J1,, JI; — nuH3bEl 00beKTUBA; D — 3KpaH; [l — nuadparma;
Iy, I, — VHTEHCUBHOCTH TAJAIOIIET0 U IndparnpoBaHHOTO
CBETOBBIX JIyueil; ay, by — pa3mMepbl CBETOBOIO IIyuKa
1o ABYM KoopauHatam; F| — dbokycHoe pacctosHue JI;;
d — pa3Mep aKyCTOOMTHUECKOTO MOIYJISITOpa 1Mo ocu X'
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Puc. 2. Teomerpust
AKYCTOOINTUYECKOTO B3aMMOIEUCTBUSI:

, 45— BOJIHOBBIE BEKTOPBI CBETOBOIl 1 3BYKOBOIl BOJH;
ky,k,, k, — npoekuuy BEKTOpa Ha OCU KOOPAUHAT;
6 — yroJ MexJy BOJTHOBBIM BEKTOPOM
¥ ero mpoekuueit Ha miaockocth (110); oo — yron
MeXIy OCblo Z U MpoeKiueil BekTopa Ha miockocTs (110)

cocbio Z'. Yribl oo ¥ 6 cuuTaem MajibIMU, IPU 3TOM
WMEeM CJIEMyIOIINe COOTHOIICHUSI:

kx,,ky, << k; ko =k, =-ksinf=-£k0;

k, =kcosbsina=ko , (1)

roe k= 27t/ Ay — aMIUIUTyla BOJHOBOTO BEKTOpA
CBETOBOM BOJIHBI 1151 CBOOOJHOTO MPOCTPAHCTBRA.
IMpennonoxum, 4To Ha BXOA CUCTEMBI MafaeT
OJTHOPOJIHAsI TJIOCKAs CBETOBAsI BOJIHA, BEKTOP 2JIEK-
TPUYECKOTO I10J15 KOTOPOI U3MEHSIETCS [10 3aKOHY

E[ _ U/ ei(kor'—a)t) _ ﬁle—imt; (2)

U =Ux"+U,y"+U, "=

0 0 0
=1 *t a2 t 3 (3)
rme . % % —opror
k). " k(z'cosBycosa —
Xsn  ycos osn ) 4)

ByleM CUMTATb, UTO YIJIbI O U 0. BHE KPUCTAJ-
Jla CBSI3aHBI C yIIaMU W BHYTPU KpHUCTaJJia Co-
OTBETCTBYIOIINM 3aKoHOM CHeJlsTiyca Ha rpaHulIe
pasznena cpel. bynem Takxe sl onpeaeeHHOCTU
CYMTATh BOJIHY (2), (3) 2/IMNTUYECKU MOJSIPU30-
BAHHOW MEIJIEHHOW CBETOBOW BOJIHOM € ITOKA3aTe-

0
JICM TIPCJIOMJICHUSL 1,

2 2 2 2 2
Ly
1,2 4

100

>
~ 2 2
m ) (5)
e
. 5 2 2
?-‘[”‘”] 3B 0. o, e Mo (6)
’ 2’ 4}1e2

n,, n, — MOKa3aTeJIn NPeJOMIIEHUS IJIsl OOBIKHO-
BEHHOM 1 HEOOBIKHOBEHHOM CBETOBBIX BOJH, Gy —
COCTaBIIAIOIIAs TICEBIOTEH30pa TUPALIMU B HATIPaB-

aeaun 001 kpucranna TeO,, m — nopsinok B3au-

MOJICUCTBUSI.
KommiekcHas aMminTyna KaxXmoil KOMIOHEH-

Thl 251eKTprueckoronona U, U (x, y,z) ecTb QyH-
KLIWST KOOPAWHAT TOUYEK MPOCTPAHCTBA, YIOBIETBO-
pSOLIas CKaJSpHOMY BOJHOBOMY YPaBHEHMIO,
a TakKe TudpakIoHHBIM ¢opmyiaam Kupxroda
[4]. B cBs3u ¢ aTM Oyzmem paccMaTpuBaTh IIPOLIECC
(bopmMuUpoBaHUS N300paKeHUS C TTO3UINN CKAJISIP-
HO BOJIHOBOU T€OPUU, CIIPABELIMBOM 111 KAXKA0M1
JIeKapTOBOI KOMITOHEHThI 3JIEKTPUUECKOTO ITOJIS.

IMpenronaoxum, 4To TOHKAs HUIUHIApUIeCcKas
avn3sa JI;, nmeronias GokycHoe paccrosiHue F|,
pacriojiaraeTcsl Ha BXoJe ONTUUECKOI CUCTEMbI Ha
paccTosiHUMI or AOM (cmM. puc. 1). bynem
paccMaTpuBaTh €€ KaK 3KpaH ¢ (hyHKLIMEH mpomyc-
KaHUs:

8(x0, ¥0) = &1(x0) &(3p)s ™)
e
I mpu | xo|<by/2;
81(x)
0 1put | xo|>by/2;
-0
0 | ol o/ 8)

0 o of

anZ[CTaBI/IM KOMIIUVIEKCHYIO aMITJIMTYAY KaxX-
o1 u3 OPTOIOHAJIbHBIX COCTABJIAIOLIMX CBETOBOI'O
I10JI4d, ITagaromiero Ha JJMH3Y, B BUIC

~ i( g 0X oY)
TR A

eik(ooooxnoyoono)’ (9)

=1,2,3.

ITone 3a3kpanHoM npu z' =0 onpenessieTcst Bbl-
paxXeHUueM

rae

I(x()ayo) A “Co O)g (x(])
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xe e (1) . (10)

Yra0Boii cieKTp 3TOro noJisi ¢ yuetoM (1) umeeT Bua

CD,0 (ky.ky)=U), J. _[ 8i (x('))e_i(kx'_k"x’)xb x

—00 —00

~i(ky Ky

x &, (¥h)e D it dyp = (11)

UT2 (k, ko)

rae
2
0 0 0
_ 2! * 2R
e dy,. (12)
0
2
k a
C yuetoM BeipaxkeHuii (1) mpu 5 =0 1 Boc-
1

MOJIb3yeMCsl TIEPBBIM YJIEHOM aCUMIITOTUYECKOTO
pasyioxkeHust UHTerpaia J 1o oOpaTHbIM CTEIEHIM

ke [4]. Tpu| ol 2—OI/IMCCM2
1
,.[kﬁ«x ao>2+3jj
o 2T )k, 13)
k
k k,
e X, —L
R

Yr10BO# CIEKTP CBETOBOTO MOJIS B MJIOCKOCTU
z' =2z (BXOIHOM} IJIOCKOCTU aKyCTOONTUYECKOTO
MOJIYJISITOpa) uMeeT BUL [5]:

3

ik, —

U,2 ( 0 Je o

Gk Ky Ky
%el 2k ‘el y2ky " (14)

IIpeneOperaeM oTepsiMu CBETA IIPU OTPAXKEHUM
BOJTH Ha TpaHUlIe paszesia BO3IyX — KPUCTAJLUT; TOTIa
B3aMMOIENCTBYIOIIEE C YABTPA3BYKOM IT0JIE MOKHO
MPEACTABUTD B BUAE CYNIEPITO3ULIMU IIJIOCKMX BOJIH:

U[ (x3 ’Z) ) ! (k2x’k2y’z)
& Daky di,,, (15)
rie (kzx,kzy,z’) — YIJIOBOW CIEKTP TUIOCKUX

0
BOJIH C TOKA3aTCJIEM IPEJIOMJICHUSTL 5

F
/ (k2x’k2yaz) 2 % (k2x kgx)

3 i 1
Laop 2, 2,
Uze e ;o (16)
0 .
> —h, 0s gsin g,
0
2 0.
J —n, sin . (17)

0

3nech 1 fanee noj 3Ha4eHUEM F| IOHMMAETCs 3K-
BUBaJIEHTHOE (DOKYCHOE paccTosiHue JuH3bl JI,
C YYETOM IIPEJIOMJIEHUSI CBETA B KPUCTAJLIIE.

B pe3ynbraTte B3aMMOIEiICTBUSI C YIABTPa3BYKO-
BbIM nosieM BAOM, HauuHas ¢ paccToaHus z' =z; ,
MPOUCXOIUT MPEOOpPa30OBaHUE YIJIOBOIO CIIEKTpa
MaaarolIeii CBETOBOM BOJHBI:

1
[] (]s]’Z)-

CsetoBoe nosie rocie AOM B (+1)-m nudpak-
LIMOHHOM IOpsIIKe OyAET MpeacTaBasITh COO0I Cy-
Meprno3ulinio TudparupoBaHHBIX IIOCKUX BOJIH.
Wcnonb3yeM oOlliee pelleHue MHTEeTPpabHOTO
ypaBHEeHUS 17151 A parupoBaHHOTO nos [3]; Tor-
Ja MOXXHO HATU cyMMapHoe noJje B (+1) -m nud-
PaKLIMOHHOM TTOPSIAKE Ha BEIXOIHOM anepType aky-
CTOONTUYECKOro MmoaynaTopa (z =z,=z;+L)
B TIPUOIVKEHUN #-TO MOPSIIKA B3aMMONEUCTBUS.
BuactHoCTH, Tpu Masioit 3¢ (GHEKTUBHOCTH aKyCTO-
ONTUYECKOTO B3aMMOAEHMCTBIS MOXKHO OTPAHUINTh-
sl MPpUOIMKEHUEM TIEPBOTO TMOPsIIKA B3aUMOICH -
ctBus. Torpa pist mosst B (+1)-M audpakLiMuOHHOM
nopsiake Ha BbixogHo# aneprype AOM HaitgeMm:

1(23 2,2)

E} Ued (18)

U, =0.x"+0,y"+0,2". (19)
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Kaxasi u3 KOMILIEKCHBIX aMIUIUTYl OPTOro-
HaJbHBIX COCTaBJSIOIUX CBETOBOro mojs (19)
B pe3yJibTate Audpakiiny npeodpasyercs K BULY

- 1 o0 0
Ull (x’ Vs Z):(2 2 J‘ J.(DI(IH)(klx’kly:Z)x
T —00 —00

3n
i(kx Kiyy) _ 1 Rh iy
e dk, dk, =— |—="e
Y Ton n(‘)
1
4 o
x el 1 ki )elk( 0 5 ) (x, )x
0
; —
; . (20)

J17161 TTOJIS1 B TIJIOCKOCTH Zz = [, IPUOIU3UTE b=
HO COBIAaJalolIel C MIOCKOCThIO BEIXOJHOI anep-
Typel AOM z' =2z} = z| + L, N0J1ly4uM BbIPAXEHUE!

Pk kL
U (x,y) |te
0

o
o

ik ox 2 |
e (x, )
x [, CometC g Q1)
e
I npu |x| %;
X,y X p (22)
0 mpu |x| E;
2"0 ;d—pasmep AOMmoocux; U, (, ) —
10

KOMITJIEKCHbBIE AMTIJTUTYIBI OPTOTOHATBLHBIX COCTAB-
JISTIOIIMX BJIEKTPUUECKOTO 10151 AU parnpoBaHHBIX
CBETOBbIX BOJIH NpU (PMKCUPOBAHHOM 3HAUYEHUU
yria

31ech U ganee 1noj 3Ha4eHUEM F; IOHUMAETCs

5KBUBAJIEHTHOE (POKYCHOE PacCTOsIHUE JMH3bI JI;
C Y4eTOM IMPOXOXKIEHMSI cBeTa uepe3 Kpuctamt AOM.

102

Cayyaii manoii 3(peKTUBHOCTH
aKyCTOONTHYECKOro B3aNMOIECTBHS

bynem cuuTtarth, YTO aMIUIMTYIA YIbTPA3BYKO-
BOI'O CUTHAJIa U3MEHSIETCSI 110 FTApMOHUYECKOMY 3a-

KOHY

o 1 mycos 2 f,—

Ay 1 my os @yx (23)
rae Ay, my, f, — aMIuIMTyaa, ryouHa U YacTtora
MOMYJISILMU; — BEKTOP CKOPOCTH; — HaIpaBJie-
HUE PaCIpOCTPaHEHMU S YJIBTPA3BYKOBOTO BO3MYILIE-
HUS B Cpee.

Torna, noacraisisi B BeipaxeHue (21) koMi-
JIEKCHbIE aMIUIMTYbl, IIpeacTaBjieHHbIe B |3, pop-
MyJIBI (66)—(68)], M oTpaHUUNBASICH TTPUOTVKEHN -
€M TIepBOTO TIOPSIIKAa B3aMMOMIEUCTBYS, HallleM
BBIpaXKeHUE TSI TIOJISI B TNIOCKOCTH z' = F, , Ipu-
OJIM3UTEBHO COBMANAIONIEH C TIOCKOCThIO BBI-
xonHo# aneptypbl AOM z' =2z, =z + L :

2 .,
- P
[](xa 7t)_ 0 X XOe
1 1 0
U/1 > 0 12 0° 0 >
Ly 0
. 0 2 Lo
sin — 4 e d
2
my !pif"(x 1) 1
— e
2 p,0
p L1
1 10

sinc 2 St o d o, 29
e
2
P !y _nO (y 01:1)
0
+L5(1-y§}))a2], (25)
2n b
o)
0= 3 [7‘0 4 : (26)



Pusnyeckas ontmka

sin mﬁ
2v
Y(B)= T 5
Sy B
Y

27)

Ry =(k, -r)| a=o~ ATVHA OMTUYECKOTO TYTH NS
LEHTPAJIbHOTO CBETOBOTO JIy4a MEXIY IIOCKOCTA -

mu(z' 0)u(z z);

“AoéongL(Pll —Pn) _

(28)
0 2,
WHIEKC MOIYJISILIVY;
go — HOpMHUpOBaHHas nebopMauusi Cpeabl;
( 11— 1p)— doToynpyrue noCTossHHbIE MapaTesuIy-

pWTa; B malbHENIIIeM OyaeM rmojarath, yto P x 1.

Bripaxenue (24) npeacrasisieT COO0 cymMMy
npousBeaeHU QYHKIUI, 3aBUCSIILIMX OT KOOPAU-
HaT x' U y :

/l(xayat) o o X & YV
hx gy e’ 0!
Hx g et (29)

Bynem cunrtaTh, uTO (hopMUpyIOLIas n300paxe-
HUE OTITUYECKas CUCTeMa MOCTPOeHA TAKUM o0pa-
30M, 4TO B 0gHOI 1uiockoct (X '0Y') ona nepeHo-
CUT m300paxeHUe MUdpParupoOBaAaHHOTO TOJS C
BbIXOAHOI anepTypbl AOM B MIOCKOCTb 3KpaHa ¢
yBesmueHnem M/, a B apyroi (Y'0Z') ocyecTs-
JIIET TIEpeHOC pacrpeae/IeHs Mo B TepeTKKe
(z'= F) Ha 3kpaH ¢ yBenudeHueM M,. [lpu stom
T10JI€ B IJTIOCKOCTH 9KpaHa OyIeT UMETb BUIL

y (X, yp, 1)) By x Gy oy
15 gnel!
2% g g € (30)

bynem npeamnonarars, 4To pa3Mepbl OObEKTUBA,
KOTOPBII CTPOUT U300paKeHUE, JOCTATOUHO 0OJIb-

wme. Torna / x =0mnpu |x/| dy; g(y)=0mnpu
| y'| dy; 2d, — nnameTp anepTypbl OObEKTHUBA,

aTakxke 2B,d, 1 (3710, KaK NpaBUJIO, BBIIOJIHS -
eTCs JUIST peajibHOM ONTUYECKON CUCTEMBI), TIe

0 %, (z; — paccTosiHMe OT OOBEKTHBA 10 €r0
z

N

MPeIMETHOI IJIOCKOCTH, Z(, — PACCTOSIHUE OT OOBEK-
THBA JI0 IJIOCKOCTU U300PAXEHUS; Z; U Z;, MOTYT
ObITh HEOAMHAKOBBIMU Is1 Tmockocteit X'0Z'
nY'0z".

Ilpu aToM pyHKUMU [ X U X , &Y U
G y cBsI3aHBI MEX]y CO00i1 COOTHOIIIEHUAMU [4]:

2

. X
[
F xl Z_Se 00 2 f stl
Zy Zy
2
i
e 0 12

R (32)
N2 2
BBonnm 0003HaUeHMS —Lll X', —y—l, s
M, M,

TOT/Ja MOJie B MJIOCKOCTH 9KpaHa (MJI0CKOCTH U300~
paxkeHUs ) MOXHO MPeACTaBUTh B BUJIE

¥ (X3, 1, 1) v fox &y
fix g v el ot
Hxg ol (33)
e
4
1

. X 12
i
e 0 12 2 (34)

(R,(z ) — monHas A1MHA ONTUYECKOTO ITyTHU [UTS LIEH -
TPAJILHOTO Jlyya OT rockocth (2 0) 10 mocko-
ctu z' zl ; F,,F; — 5KBUBaJeHTHBIE (DOKYCHBIE
paccTosiHUsI 00bEKTHBA, CTPOSILIIETO U300paXeHNe
CTPOKM Ha 9KpaHe, IS TNIOCKOCTel X'0Z' M Y'0Z'
COOTBETCTBEHHO).

JI1st MTHOBEHHO MHTEHCUBHOCTH CBETA B ILTOC-

KOCTHU I/I306pa)KeHI/I${ HalaeM:

3
I (x(, 11) =§1/, (Xt 0,1)=
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3
¢ 7 ’ ’ T ’ '
=§ZUzl(x1,y1,t)Ull(x1,yl,t)- (35)
=1

BBumy Majoctu yriioB u - OyaeMm B JaJbHEH-
1eM MpeHeOdperaTh COCTaBIsIoNIel Tudparupo-
BAHHOTO MOJIST BIOJB Z' .

CuwurTasi, uTo (hopMa CBETOBOTO UMITYJIbCA COOT-
BeTCTBYeT layccoBOMy 3aKOHYy pacmpeneseHus,
a TaKKe, mojiarast BpeMst KOrTepeHTHOCTH MCTOUHM -
Ka CBeTa Ty =/ /¢ (I, — NMpomosbHAs LIMHA
KOTEPEHTHOCTH ) HAMHOTO MEHBIIIUM JJTUTETEHOCTH
UMITYJTbCa U3TyYeHUS (3TO BHITIOTHSIECTCS, HATIPU -
Mep, IJIs1 JIa3epa Ha rapax Meii), HailieM cpenHee
10 BpeMEHHU paclipeneieHne MHTeHCMBHOCTH CBETa
B CTPOKE Ha 9KpaHe:

0 0 0
2,
2 2 _“Joo
sin —fox 1 Ve 2V'n2
2
4
2 Zin Shye (36)

roe 7 — mepuom, o KOTOPOMY IMTPOUCXOIUT MHTET-
PUPOBAHKE 10 BPEMEHU; T, — MINTEJTbHOCTD CBE-
TOBOI'O MMITYJIbCa 10 YPOBHIO (),5 MHTEHCUBHOCTHU
CBeTa;

2 2
o JHO) Ji0) B
/1 4

ACDACD JCD O ACD ;G
2
1 0(0) (D (D
1
10 D D (38)
> 100 nCh o CD
20(0) 21( 1) 21( 1) (39)
10 oD (D
10) (1D (1D,
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2

3 [0( l) [0( 1)
/1

0 D pCDh
2101 21

nC D nCD 5 40

(D (D)
A p(n; G

1 L, - (42)
1
/r(p) 2,0 ! D p> 0>

2 :
X COS k—nnooc(y —agh) B, B3 |x
0

os 2L, 1 pl 2 rS

sin 20 . o d 43)

(I=1,2;r=0,1);

D (0)
K p> 0>

1
a2 9

p b

(44)

+(=1) [|:p2 (9(’}), a) —1} cos2(p(69), oc) } 1/2; (45)

arctg[p(eg),cx)tg(p(eg,b,oc)} npu /=1,

B = tg(p(e(’}), a) (46)
arctg — @ | mpu [=2;
p(6,, a)



Pusnyeckas ontmka

p(@%o),a) p(e(’}),a)
1 p(e(0°>, (x)p(e(’}), oc)

T, arctg

xtg[@(%p,a)+¢(9$la)]}; (47)
4./ 2 (M M,T
% npu o=0, 95,’")=O;
—g mpu o=0, eﬁ,’"><0;
o) ®
5 npu o=0, 93,”’)>O;
e(m)
arctg—2— npu o #0;
o
) 12
()=o) +f -
(m) 2 2 (50)
p T
2 2
b £ ; (51)
25 %0

E,, — HanpsXKeHHOCTh 3JIEKTPUYECKOTO TIOJIA CBE-
TOBOW BOJIHBI B BO3IyXE.

IlepBoe craraemoe B BeipaxeHuu (36) onpeze-
JISIET MOCTOSIHHYIO COCTABJISIIOLLYIO B CUTHAJIE N300-
paxkeHusl, BTOPOEe — MOMYJSILUIO C YaCTOTOM BXO -
HOI'O CUT'HaJla, TPEThe — HEJIMHEWHbIC NCKAXKEHU S
B M300pakeHUU C YABOCHHOI YacTOTOM CUTHaJja.
KospduumeHnt , xapakTepusyeT U3MEHEHHE CPeli-
Hell THTEHCUBHOCTU CBETA B CTPOKE Ha AKPaHE 3a
cYeT mpeoOpa3oBaHusI pa3MepOB CBETOBOTO MyUKa.

ACTOTHO-KOHTPACTHAA XaPAKTCPUCTUKA CUCTEMbI

Bripaxenue (36) ripeacrapisieT cOO0i AByMEP-
HO€ pacripeie/ieHe MHTEHCMBHOCTU CBETA B U300~
paxeHuu CTpOoKu [(xy,y;), MOLYJIUPOBAHHON 1O
rapMOHUYECKOMY 3aKOHY YJIbTPa3BYKOBBIM CUTHA-
JIOM, KOTOPOE MOJYYEHO B MPUOJIUXKEHUN TIEPBOTO

MopsiiKa B3aUMOIEICTBUSI. DTO NPUOIMKEHUE CO-
OTBETCTBYET Cilyvaro Majioil apdekTuBHOCTU IUD-
pakuuu. Mcnonb3yeM 5TO BbIpaXKeHUE 1711 HAXOX-
JEeHUSI YACTOTHO-KOHTPACTHOM XapaKTepPUCTUKU
(YKX) cucrtembl. [1ist 3TOro pacCMOTPUM CeYEHUE
3TOTO pacnpeesieHNs MIOCKOCThIO y =y , IS KO-
Topoit 1(y,)=1,,,, - Onipenennum GyHKLMIO nepeaa-
YU KOHTPACTA B 3aBUCUMOCTH OT YaCTOTHI MOIYJISI-
187040 f0 Kak

Linax (o) Linin (fo)
[max(f()) [min(fo),

KoTopas 1 0yaeT BisAThcs nckoMoit YKX cructeMbl
(bopMupoBaHus U300pakeHNsI CTPOKHU.

®OyHk1us (52) paccuuThIBAIACh HAMU MIPU pas-
JIMYHBIX 3HAYEHUSIX JUTUTETbHOCTU CBETOBOTO UM-
nyJbca T, , KOHYCa YIJIOB MaJeHUs CBETA Ha 3BYKO-
BO MY4YOK 2¢", YTO COOTBETCTBOBAJIO BbIOOpY
PasIMYHBIX (POKYCHBIX PACCTOSAHUI F| Tl pa3HBIX
LIEHTPAJIbHBIX YaCTOT YJIBTPa3ByKa f M COOTBETCTBY-

FOIIMX 3TUM YaCTOTaM OP3TTOBCKUX YITIOB E)O) , 8) ,

(52)

M( 1)

a TaKxKe IPY pa3IMYHbIX IIMHAX aKyCTOOITUYECKO-
ro B3aumoaenictsus L. Cpenoii akyCTOONTUYECKOIO
B3aumozeiicteus sipisiercs kpuctana TeO,. nuHa
BOJTHBI CBETOBOTO U3TyUEHMUSI TIPU pacueTax BbIOWpa-
Jack paBHOI 510,6 HM, YTO COOTBETCTBYET 3eJICHOM
JIMHWY U3JTydeHUs Jla3epa Ha rapax Meliu, a riyorHa
MOZYJIALMHA YIBTPAa3ByKOBOM BOJIHBI 1y, = 1.

Pacuetsl mokasbiBaloT, 4TO M( f)) TpakTHYe-
CKM HE 3aBUCUT OT KOHYca YIJ0B MaaeHus 2q"
B IUIOCKOCTH, OPTOrOHAILHOM TJTOCKOCTU paccesi-
Hust. Ee hopma B OCHOBHOM OTpenesieTcsi BiioopoM
Hecylllel YaCTOThl yJIbTpa3ByKa f, IIUPUHOMN YJIbT-
Pa3BYKOBOTIO My4yKa L 1 JJINTEIbHOCTbIO CBETOBOTO
UMITYJILCA Ty .

Ha puc. 3 npuBeaeHbl pacCUMTaAHHbIE CEMECTBa
YKX npu BappbUpOBAaHUM OCHOBHBIX ITApaMETPOB
aKyCTOOTITUYECKOTO B3auMozeicTeus. M3 puc. 3, a
BUIHO, YTO IIPY YMEHbILIEHUU IJTUTETbHOCTU CBETO-
Boro ummnyJibca cnag YKX nporcxonurt MenjieHHee.

I1pu ymeHbILIEHUY Pa3MePOB yJILTPA3BYKOBOTO
nyuka (IIMHbI B3aumoaeicTBus L, puc. 3, 6) cnan
YKX MpoucxoauT MemieHHee, UTO 00bsICHIETCS
yBeJIMUYECHHUEM IMPOCTPAHCTBEHHO-YaCTOTHOI 001a-
CTH aKyCTOOTITUUECKOTO B3aMMOJIEIICTBUS 3a CUeT
paclIMpeHus: AuarpaMMbl HalIPaBJAEHHOCTU U3JTY -
yareJsist ynpyrux BoiH. Bo Bcex ciyyasix yMeHblie-
HUE JUIMHBI L TPUBOIUT K YBEJTMUYEHUIO KOHTPACTa
BIIepenade n300paKeHus.
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Jfo» MIix

20 fo» Mt

Puc. 3. 3aBucumoctn UKX cucrembl OT ITUTEBHOCTA CBETOBOTO UMITyJIbCa T, (),
OT JUIMHBI B3auMozaeicTBus L (6) U OT Hecylleil 4acToThbl yJbTpas3Byka f (6);
6a3oBbIii Habop mapameTpos: f= 80 MIir; L = 4 mm; 1, = 10 HC (KpuBBIE 2);

To, HE: 5 (1), 10 (2), 20 (3), 30 (4), 40 (5); L, mm: 2 (6); 3 (7), 4 (2), 5 (8), 6 (9);
£ MLz 65 (10), 70 (11), 75 (12), 80 (2), 85 (13), 90 (14)

W3 puc. 3, ¢ BugHo, yto YKX cucremsl pacim-
psieTCst Py MPUOIVIKEHU U HECYIIEN YaCTOTHI YIIBT-
pa3ByKa K YaCTOTE BBIPOXKICHUS

v 2 2
VA — Mgy By P Gs;.

0

[pu 2, =0,5106 mxm f = 57,9 MI1.

B peanbHOM MOayIITOpE BEIOOP HECYILIEH yac-
TOTbI YJIbTPa3BYKa OINPEAEIISIETCS CJISAYIOLIMMU YC-
JIOBUSIMU:

HEe0o0X0OMMO ITOJIOCO YaCTOT aKYCTOONTHYEC-
KOT0 B3aMMO/IEMUCTBUSI, KOTOPasi 00yCI0BJI€HA Bbl-
©OpOM cpellHel TOUKU ; Ha YIVIO-YaCTOTHOM 3aBHU-
cumoct 6, = F(f);

OTCYTCTBHEM TIpOBaJia B MoJjioce pabouux yac-
ToT AOM, BBI3BAHHOTO ABYX(DOHOHHBIM B3aUMO-
JIEUCTBUEM;

NpreMIeMON BEJIMUMHOM 3aTyXaHuWsl ybTpa3ByKa.
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B ¢BsI31 ¢ 3TUM ONTUMATBHYIO HECYIITYIO YaCTO-
Ty YABTPa3ByKa cJieayeT BbIOMPATh M3 COOTHOLLIEHUSI
f =1+ 02
rae Afy, — nonoca MOLYJIMPYIOLIMX YaCTOT yJ1bTPa-
3BYyKa.
Ha puc. 4 mpencTaBieHa 4acTOTHAs 3aBUCH-
MOCTb K03 uimeHTa N 0T yacTOTbI MOAY/IALMH f; :

Linax (o)

|n —max/0/
[min (f()) ’
MOCTPOEHHAs 1A TeX Xe GYHKUUI [(f;) , 4To M Ha
puc. 3, a.
3a 4MC/10 BOCIIPMHMUMAEMBbIX [J1a30M I'pagaLuii
SIPKOCTU MPUHUMAETCS BeTMYnHa [6]:
N, (fy) = 1 In Imax—(fO) ,
6 Lyin(fo)
roe — BeAMYMHA MMOPOroBOTO KOHTpAcTa, =
=0,02-0,05.

N (o) (33)

(34



Pusnyeckas ontmka

3aBUCUMOCTU Ha pUC. 4 MOTYT ObITb [10J1€3HbI [IPU
OIICHKE YNCJIa TpaIalivii SpKOCTH (Tpamariyii ceporo)
Y TPAaHUYHON YaCTOThHI BOCIIPMHMMAEMOTO TJ1a30M
n3o0paxkeHus1. ECiiv npuHSITh 32 r(paHUYHYIO YaCTOTY
YKX wacroty fy =/, , nipu kotopoit N(f;,)=0,u
pelIUTbh COOTBETCTBYIOIIME YPABHEHUSI, TO MOXHO
HaiT!, uTO 1pH T, = 40 HC 3HaUeHEe FPAaHUYHOM Yac-
TOTBI COCTAaBIISIET Jfrp, 25 MIiy, mipu 1, =30 He — frp
31 MI, anpu 1y =20He — f;, 50 MIir. Bo Bcex
CITy4asix yBean4deHUe U TETbHOCTA CBETOBOTO MM~
MyJibca B peaenax ot 5 10 40 HC MPUBOAUT K YMEHb-
LIEHWIO KOHTPACTA B ITepeaye aMIUIMTyTHO-MOTY -
JIMpOBaHHBIX curHajaoB. M3 rpadukoB Ha puc. 4
CJIEyeT, UTO TEOPETUUECKOe 3HAUCHUE YMCIa Tpa-
AW IPKOCTA Ha HU3KUX MOIYJTUPYIOIINX YaCTO-
Tax B 3aBUCHMOCTHU OT BEJIMUMHBI TIOPOTOBOTO KOH-
TpacTa MOXeT HaxoauThbes B ripeaesiax ot 200 mo 500.

Ha npakTuke rmpuBeneHHbIC 3aBUCUMOCTH TaI0T
3aBbILIEHHbIE 3HAUeHUs PyHKUMKU N (f;)) Mpu HU3-
KHX ¥ BBICOKMX YaCTOTaX, YTO CBSI3aHO C HEJTMHE -
HBIM XapakTepoM Tu(paKivu, TPUBOISIINM K yBe-
JUYEHUIO [, 34 CYET BKJIAna COCTABJSIOIINX OT
BBICIIMX TapMOHUK MOMYJISILIMOHHOM YacCTOTHI.
Kpowme toro, K /;, HyXXHO NpubaBUThL LIYMbl OT
Jlazepa, CBSI3aHHBIE C CyTMEepPIIOMUHECLIEHIIEeH ak-
TUBHOTO BEIIECTBA, OT Mapa3UTHBIX OTPaXKEHU
U paccesiHUs Ha ONITUUECKUX DJIEMEHTAX CUCTEMBI,
a TakXe IIyMbI CITeKJIOBOM CTPYKTYpPbl B U300paxe-
Huu. C Apyroi CTOpoHbI, Mpu paboOTe CUCTEMbI Be-
JVYUHY [ . TIDUXOAMTCHA YMEHBbLIATh, YTOOLI pa-
60TaThb MPU TOMYCTUMBIX BETUYNHAX HETMHEHHBIX
HUCKaXXEHU B (hOPMUPYEMOM M300pakeHUH.

Crnemyetr OTMETUTD, YTO MPU (POPMUPOBAHUU
1300paxeHus BIOJIb CTPOKM (KOOPAMHATA X, ) OCO-
ObIX TPEOOBAHMIi K KOTEPEHTHOCTH U CITIEKTPaTbHOMN
YUCTOTE JIA3ePHOTO U3TyYeHNs He TTPEIbSIBISIETCS, TAK
KaK CTPOUTCSI KapTUHA U300pakeH U YIBTPa3ByKO-
Boro 1noJjisi B AOM. EnrHCTBEeHHBIM TpeOOBaHUEM
SIBJISIETCSI BO3MOXHOCTb YOMpaTh HYJIEeBOU U Tapa-
3UTHbBIE MOPSIAKU TUMPAKLIMU C TOMOLIbIO Axadpar-
Mbl [1;. B TO Xe Bpems# 110 KoopauHare y; Ha 3KpaHe
JIOKHO (pOPMUPOBATHCS M300paKEHNE MEPETIKKIA
CBETOBOTO TyYKa, MO3TOMY K MPOCTPAHCTBEHHOM
KOTEPEHTHOCTH JIA3ePHOTO U3TyYEHHUSI 110 ITOM KO-
OpAMHATE TIPEIbSIBISIIOTCS BICOKHE TPEOOBAHMSI.

Paspenienue cucTemMbl Mo Kajapy

151 OLIEHKU pa3pelieHnsi CUCTEMBI TIO Kaapy
HaliieM pacrpeaejeHue WHTEHCUBHOCTU CBeTa
B (hOpMUPYEMON CTPOKE 110 KOOPAMHATE ), B IJIOC-

Puc. 4. Jlorapudmuueckas hyHKIIus
rnepeaadyyd KOHTPACTa Uit PAa3IMYHbIX 3HAYCHUI

JUTUTEIbHOCTA UMITYJIbCA 1), HC:
5 (1), 10 (2), 20 (3), 30 (4), 40 (5)

KOCTU U300paxkeHusl. 115t 3TOro pacCMOTPUM BhIpa-
keHue (36) Bom3K f;, =0, KOTopoe MprodpeTaeT B

11) =Tl +my) [ T (0)+J11(0) +

+I3(0)+ T30 . (55)
Ha puc. 5 npencraBiaeHbl rpaduku GyHKLIUN
P=1(y)/To(l+m,)’,
npeAcTaBisiole codboii pacnpeaeeHuss OTHOCU-
TeJbHBIX MTHTEHCUBHOCTEM TParnpoBaHHOTO TTOJISI

10 KOOpAWHATE } B (POKATBLHOM IJTOCKOCTH JTMH3bI
JI,, mocTpoeHHbIe 1Jis1 pa3auuHbIX (POKYCHBIX pac-

oSl (pul

8

¥, MEM

Puc. 5. IlonepeuHoe pacnpeneieHune
MHTEHCHBHOCTH AU(parnpoBaHHOIO CBETa
B (hoKaIbHOW TIOCKOCTU JIMH3BI
C Pa3INYHBIMU (DOKYCHBIMU PACCTOSSHUSAMU F|, M:
0,15 (7); 0,30 (2); 0,50 (3); 0,75 (9;
f=280 MIty, L=4wmm, A;=510,6 um
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crossHuil F| 5T0i 1MH3bL. Bee rpadmku nocTpoeHsl
ILJISI HOPMAJIBHOTO YIJIa MTaeHUSI IIJIOCKOM CBETOBOM
BOJIHbI Ha BXOIHYIO IMH3Y o =0 . Pasmepnr op-
MUPYEMOTO U300paXeHUs Ha OKpaHe y, = yM, , rae
M5 — Koa(hdULMEHT yBeTUYEeHUs TeJIeCKOIUYe-
ckoii cuctemsl Jl,, JI; (cM. puc.1).

W3 npuBeAeHHBIX HAa pUC. 5 rpacUKOB BUIHO,
YTO B LIEHTPE pacrpeaeaeHus MoJsi Mo y Hab/onaeT-
Cs1 MPOBaJI, CBSI3aHHbIN C OCOOEHHOCTAMU MHTEp(de-
PEHLIMU AUDPAripOBaAHHBIX AJLIUTITUYECKU-TTONSIPU-
30BaHHBIX CBETOBBIX ITyYKOB, PACTIPOCTPAHS IOIIINXCSI
BOJIM3M ONITUYECKOM OCH TUPOTPOITHOTO KpHCTaIIa
TeO, noa pasHbiMu yriamu o . [llnpuna 31010 NMpO-
Basia 1o ypoBHIo 0,5 MHTEHCMBHOCTU CBETa COCTAB-
JISIET IPUOIM3UTEBHO TPEThIO YaCTh OT ILIMPUHBI BCE-
ro pacnpenenenus asa £ >0,3 m (" <0,014 pan).
[1pu nanbHelIeM yMEHbIIEHUN F] OTHOCHUTETbHASA
LIMPUHA MpoBaJia yMeHblaercs; npu F = 0,15 m
(a"=0,029) oHa cocTaBIseT MATYIO YacTh OT IMOJI-
HO¥ LLIUPUHBI.

PeanbHbIil CBETOBOI My4OK, paCpOCTPaHsIIO-
muiics yepes BXonHyto TuH3y JI; (cm. puc.1), mpen-
CTaBJISIET COOOI CYTIEPIIO3UIINIO TUTOCKMX BOJTH, KO-
TOpBIE NAAAIOT HA JIMH3Y MO/ PA3HBIMU YIJIAMU
B Mpeaenax yrjaoBOi pacXOAMMOCTH BCETO IydyKa

A . IIpy 5TOM pE3yIbTUPYIOLIEE PACIIPEAEIEHNE
MOJIs1 TIO0 KOOpAMHATE ¥ B (POKAJbHON MJIOCKOCTH
JIMH3BI Ha Bhixoge AOM OyneT IpeacTaBisiTh COOO0i
CYMMY OTIEJbHBIX pacrpeaeeHU, LIeHTPbI KOTO-
PbIX CIBUHYTHI IPYT OTHOCUTEIBHO IpyTa B Tpee-
Jax Ay=A F . [1poBaibl B MOnepeyHOM pacripe-
JleJISHUY MoJieit OymyT 3aMbIBAThCSI.

ITpu ymMeHbLIeHNN (HOKYCHOTO paccTosiHuA F
BXOIHOM LIMJTMHAPUYECKOM JTMH3BI YBETMUEHUS MTH-
TEHCUBHOCTHU B MAKCUMYMe CUTHAJIa U300pakeHUsI
3a cueT POKyCMpOBKM, HaunHad ¢ F= 0,3 m, He
npoucxonuT. HaOmiomaercss moabeM OOKOBBIX
JIETIECTKOB, YMEHbIIIEHME IIMPUHbI TPOBaja, 00yc-
JIOBJICHHOTO TUPOTPOIUEH, U UCKaXKEHUE CUMMET-
pyu B (hopMe MOTepeuHOTo pacipeaeaeH st UHTeH-
CUBHOCTHU cBeTa. Takoe MOBeAeHNE TTOCIESIHETO
MOXHO OOBSICHUTb MCKaXXeHUSIMU BOJHOBOTO
(ponTa B 1M parnpoBaHHOM CBETOBOM IT0JIE 1O KO-
OpAvHAaTe y, BOSHUKAIOUIUMU B pe3yJIbTaTe OTAU-
YU aMTUTATY I ¥ (pa3bl AU parupoBaHHBIX TUTOC-
KUX BOJTH, PACITPOCTPAHSIOLLUXCS MO PA3TUYHBIMU
yYIJaMU oo K ONITUYECKOU OCU KpucTasia. OTH BOJI-
HBI IPUOOPETAIOT HePaBHbBIE (ha30BbIE 3aAEPKKHU ITPU
MPOXOXKIACHUM 00JIACTH B3aMOICICTBUS C yJbTpa-
3BYKOM.
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PeanbHOe 4uclio pa3pelliMMbIX 3JIEMEHTOB I10
Kaapy Oyner 3aBUCETb OT (DaKTUUECKOM LIUPUHbI
JUarpaMMbl HaIllpaBJIeHHOCTH JIA3€PHOTO U3JTyde-
HUSI, KOTOpasi OIpeae/sieTCsl AMana3oHoM yIJoB

Ao, @ TAKXKe OT (haKTOPOB, TPUBOAAIINX K €€ YLLK -
PEHUIO TIOC/Ie TIPOXOXACHUS CBETa Yepe3 OnTuie-
CKY10 (POPMUPYIOLIYIO CUCTEMY. DTUMU (haKTOpaMU
MOTYT SIBJIITHCS HEOTHOPOTHOCTH TTOKA3aTEJ s Ipe-
JIOMJICHUSI ONITUYECKUX DJIEMEHTOB CUCTEMBI, TIPU -
BOISIINME K MCKAXEHMIO (PpOHTA CBETOBOI BOJIHHI,
a TaKXKe HEPaBHOMEPHOCTh B pacIpeae/IeHUU CBe-
TOBOTO IOJISI HA BEIXOAHOM anepType aediaekTopa.
YKazaHHast HEPAaBHOMEPHOCTb BbI3bIBAETCSI, HATIPU -
Mep, HEOJHOPOIHbIM OCBELLIEHMEM arlepTypPhbl Iaaa-
FOLLIMM CBETOM, JINOO HEOAUMHAKOBOM NIM(PAKLIMOH -
HOI 3¢ (GEeKTUBHOCTHIO BCJIEACTBUE 3aTyXaHMUSI
YIIPYTOI BOTHBI B aKyCTOONITUUECKOM Ie(IEKTOpE.

OcHoBHbIE pe3yabTarbl U BbIBObI

B mpubavkeHun Manoii a(hheKTUBHOCTH an -
paKkiMu pacCcuuMTaHO AByMEpHOE pacripeiesieHne
noJisi B (+1)-M nudpakilImoHHOM TTopsiike B (hoKab-
HOW TJIOCKOCTY BXOOHOMW AJIUHAPUYECKOU JIUH3BI,
a TaKXe cpeJHee Mo BpeMEeHU pacrpeaeeHUe UH-
TEHCUBHOCTU CBETA OT UMMYJIbCHOTO KOT€PEHTHOTO
MCTOYHMKA B IJIOCKOCTU u3o0pakeHus. [IponsBe-
JIEH pacyeT YaCTOTHO-KOHTPACTHOM XapaKTepUCTH -
KM aKyCTOONTUYECKOU crucTeMbl (pOPMUPOBAHUS
U300paxKeHUsl CTPOKU C UMITYJIbCHbBIM JIA3€POM Ha
napax meau 1 AOM u3 KkpucTasuia naparejulypura
TeO, st pa3aMyuHbIX 3HAYEHUI JUINTEbHOCTHU CBE-
TOBOTO UMMYJIbCa, HECYIIUX YaCTOT yJAbTpa3ByKa,
IJIWHBI  aKyCTOOTNTUYECKOTO B3auUMOIEHCTBUS,
a TaKXKe KOHyca YIjoB mageHus cBeta Ha AOM
BIIJIOCKOCTH, OPTOTOHATLHOM MJIOCKOCTH PACCESTHMSI.

B pesyabraTe 4YMClIeHHOTO pacyeTa MoKa3aHo,
YTO YBEJIUYECHUE JUIUTEbHOCTU CBETOBOTO UMITYJIb-
Ca MPUBOJUT K yMEHbILIEHWIO KOHTpACTA B Mepeia-
ye aMIUIMTYIHO-MOYJIMPOBAHHbBIX CUTHAJOB Ha
BbICOKMX YacTOTax. TakXe K yBEJTMYEHUIO KOHTpa-
CTa Ha BbICOKMX YaCTOTaX MPUBOAUT YMEHbLIEHWE
LIMPUHBI Nbe30Mpeodpa3oBartesisi U yMEHbLIEHWE
HeCyIIel 4acTOTHI yJIBTPa3ByKa, €€ MPUOINXKEHNE
K 4acToTe AByX(DOHOHHOTO B3aUMO/ICCTBHUSI.

[TokazaHo, 4To B cIyyae maaeHus MIOCKOo cBe-
TOBO# BOJIHBI HA BXOJIHYIO IMJIMHAPUYECKYIO JTUH-
3y, B LIEHTPE pacrnpeaeeHUsI MTHTEHCUBHOCTH CBETa
Mo KOOpAMHATE Yy HaOJI0AaeTCs MpoBa, CBsI3aH-
HBI ¢ 0COOEHHOCTSIMU UHTep(epeHLIU Trparu-
POBAaHHBIX JTUTITUYECKU-TOJSIPU30BAHHbBIX CBETO-
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BBIX ITYYKOB, PACITPOCTPAHSIIOLLIMXCS TTOJ Pa3HbIMU
yoiaMy 0. K ONTUYECKOM OCU TMPOTPOITHOIO KPU -
craiia TeO,. [Ipu nageHnn Ha BXOIHYIO JIMH3Y CBe-
TOBOIO Iy4Ka ¢ YIJIOBOM PacXxoaMMOCTBIO IpOBa
B ITOTIEPEUHOM pacipeaeSeHUM MHTEHCUBHOCTH «3a-
MBIBAETCS».

OnpezeneHbl TPeOGOBAHMS K BEIOOPY (DOKYCHOTO
PacCTOSIHUSI BXOAHOM UMAMHAPUYECKON JIMH3bI
U KOHYCY ym1oB najgeHust ceeta Ha AOM B I1J10CKO-
CTH, OPTOTOHATBHOM IMIOCKOCTU NG paKLvu, MpU
KOTOPBIX HE MPOUCXOIUT 3aMETHOTO YMEHBLIEHUS
cpeaHel MTHTEHCUBHOCTU AU(MPparnpoBaHHOTO CBETA.
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[1.A. lTonukoGB, H.KO. 3onomopeBckut, A.A. BacuiveB

MOAEJINPOBAHUE KMHETUKU AYCTEHUTHOIO NMPEBPALLEHUSA
B CTANNIAAX C ®EPPUTO-NEP/IUTHOMU CTPYKTYPOM

AyCTEeHUTHOE TpeBpalieHue B CTaJIsIX M€-
Hee MCCaenoBaHo, YeM o0paTHoe eMy (heppuTHOE
( ). DTO CBSI3aHO C TeM, YTO OKOHYaTeJbHast
CTPYKTypa CTaiu (DOPMUPYETCS MPU OXJIKICHUN
B pe3yJIbTaTe MpeBpalleHust . OnHako B mocjen-
Hee BpeMsl MUHTepeC K ayCTEHUTHOMY MpeBpalleHU o
BO3pOC B CBSI3U C CO3AaHUeM ABYx(a3HbIX CTajei,
CTPYKTYpa KOTOPBIX CO3MAETCS ITPY OBICTPOM OXJTAXK-
JIEHUH U3 MEXKPUTUIECKOTO MHTEpBAIa TEMITEPATyp.
OnwIT pa3pabOTKM TaKMX CTajeil MoKasa, 4To UX
OKOHYATeIbHAs CTPYKTYpa 3HAYMTETbHO 3aBUCUT OT
0COOEHHOCTEl ayCTEeHUTHOTO TIPEBPALLIEHNSI, IPOUC-
XOASIIETO TIPU HarpeBe U BbIIEPXKKE B MEKKPUTHU-
yeckoM uHTepBaie. [locneaHee nenaet akTyalbHbIM
OoJiee rIyooKoe MccliefOBAaHUE U, B YACTHOCTH, MO-
JeTMPOBaHUE ayCTEHUTHOTO MPeBpaILeHUS.

s onuvcaHusi KWHETUKU pacCMaTpUBaeMoOro
npeBpalleHusT pa3padoTaH psia KOHeUHO-gudde-
peHIUANBHBIX cxeM [1—4], a TakKe MOTy3IMITUPU -
yeckux moueseit [5—6]. OmHako B 3TUX MOIENSX HE
YUMUTBIBAIOTCS MUKPOCTPYKTYPHBIE OCOOCHHOCTHU
3apOKICHUS M pOCTa ayCTEHUTA B UICXOMHOM (hep-
PUTO-TIEPAUTHOMN CTPYKTYPE, XapaKTEPHOM [1J151 HU3-
KO- U CPeIHeYIIepOanCThIX cTaneii. CieayeT Tak-
K€ OTMETUTD, UTO 9KCTIEPMMEHTATbHO Ha0II0aaeMoe
JIEeCTBUE JITUPOBAHUST 2JIEMEHTAMU 3aMelleH U s
(J193) Ha KMHEeTHKY TpeBpalleHus B TpOIii-
Hbix Fe-C-X u 6osee cioxHbIX craBax [1, 2] mo
HACTOSIIIErO BpeMEHU He TTOJIYYUJIN YIOBIETBOPU -
TeJbHOTO OMUCAHUS.

B cBs131 ¢ M37TOXKEHHBIM LIeJTbI0 HACTOSIIIEH pa-
0O0ThbI CTAJI0 co3aaHKe 0oJee aneKBATHOM MOJe I /1151
ornucaHus oouIeil KUHETUKU NpeBpallieHUst ,
a Takxke ee BepuduKaims Ha 6a3e TOCTYITHBIX IKC-
MepUMEHTAIbHbIX JaHHBIX. [IpencraBieHHas MO-
nesib 6a3upyeTcs Ha IMOAXOe, paHee MPeAI0KeHHOM
B pabore [7].
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Mogaeb ayCTEHUTHOTO NpeBpaLIeHus]

[IpennoyTuTeIbHBIMU MECTAMU 3aPOKACHMUS
aycTeHuTa B heppuUTO-MEePIUTHON CTPYKTYpe BCe-
raa SIBJISIIOTCSl YaCTULBI LieMeHTuTa 6 [2, 4]. Tpu
3TOM YCJIOBUSI pOCTa aycTeHUTA B (heppuTe U Tepau-
Te CyIlleCTBEHHO pa3nuyarorcs. PaccMoTpuM cHa-
yaja pocT ayCTeHWTa, 3aponuBiierocs Ha (o /0 )-
rpaHulle, BHYTPb (PepPUTHON MATPUIIHI B paMKax
OTHOMEPHOI 3aJ]a4y TIJIAaHAPHOTO POCTa CJ1051, MO~
Jlarasi, 9To ero CKOpOCTh OTIpenesieTcss 00beMHOM
nuddysueii yriaepoaa B ayCTeHUTE.

Moaenb pocTa ayCTEHUTHOTO CJI0sA B (DeppPUTHOM
marpune. Ha puc. 1 mokazaHo pacnpeneneHne KOH-
LICHTpALMU yTJIepoa B pacCMaTpUBaeMOM cliyuae.
TTockonbKy nrddy3noHHas MOABUXHOCTD YTJIEpO-
na B beppuTe Ha 1Ba-TPU MOPSIIKA BbILLIE, YEM B ayC-
TeHuTe [3], CKOPOCTb POCTa CJIOsI oTpenesieTcs aud-
(by3ueii yriepoma B ayCTeHHWTEe Ha y4yacTKe OT
TPaHULIbI C IEMEHTUTOM 10 MPOTUBOIIOJIO0XKHOM I'pa-
HuULbI ¢ pepputom. Bynem cunrtarb, 4TO B 3T0M 00-
JIACTH TPamVEHT KOHILIEHTPAIIMHU YTIIepoaa IBISETCS
MOCTOSTHHBIM (puc. 1).

Hcnons3oBanue mepBoro 3akoHa duka u yc-
JIOBMI OajlaHCa MOTOKA yrjiepo/ia Ha rpaHuLax vy / 0
" v/ o TIO3BOJISIET 3aITMCATh YPaBHEHUS TSI YTOJI-
LIEHUS CJIOSI ayCTeHUTA B HAIIPABJIEHUH TUTACTUHBI
LIEMEHTUTA X!

dC

(Ce—Cye)Sxez—DCE 8t (1a)

X=X,

Y B HaTpaB/ieHU! (peppUTHOTO 3epHa X, 3a BpeMsl O :

(Cpo —Cy )0x, ==Dp == 57,  (10)

Yo o

rae Cy, C, — PaBHOBECHbIE KOHLIEHTPALIMS YIJie-

pO/1a B LIEMEHTUTE U (DEPPUTE; C.p) C,, — cooTBeT-
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CTBYIOIIME TPAHUUYHBIC KOHILIEHTPAIIMU YTJIEPOa;
Xy, X, — BEJIMYMHBI TOJILUMHBI IACTUHBI LIEMEHTHU~

Ta U CJI0S1 QyCTEHUTA; Ec — 3¢ eKTUBHbBIN KO3hdu-

nueHT nuddy3un yriaepoaa B ayCTEHUTHOM CJIO€,
3HAUEHME KOTOPOTO BBIYUCIISIIN [JIsI €r0 CpeIHei

koHueHTpatmu C = (Cy6 +Cy ) /2.

pu pacuere koapduunerra xuddysun D,
B 3aBUCHMMOCTH OT KOHLIEHTpauuu yriaepona u J193
MBI UCTIOTb30BaIM (hOPMYJTY, TTOJTy4eHHYIO B paboTe
[8]. IpaHMYHbIE KOHLIEHTPALIUY Cye u Cya ToJiaranu
PaBHBIMU X PABHOBECHBIM 3HAYEHUSIM, BBIYMCIICH -
HbIM B TPUOIVKEHUM MTApapaBHOBECHSI C UCITOJIb30-
BaHWeM nporpammHoro nmaketa Thermo-Calc.

[MpenmonoxeHue 0 TMHEHHOM XapaKTepe U3Me-
HEHMsI KOHLEHTPALUUu yIjiepoja B ayCTEHUTHOM
CJIOE TTIO3BOJISICT 3HAYUTETLHO YITPOCTUTH BHIYUCIC-
HUE KOHILICHTPALMOHHBIX TPaaNeHTOB, BXOISIINX
BypaBHeHwus (1):

dc
dx

C,-C
)

X=Xg+X, xy

_dc
dx

X=X,

Takum 06pa3oM, Ha OCHOBaHUM ypaBHeHUI (1)
u (2) nas ckopoctu pocta G ayCTEHUTHOTO CJI0SI,
00pa30BaBLIEr0OCs HA LIEMEHTUTHOM TTACTUHE, MOX-
HO 3aMucaTh:

Dt %G
NC-Co Cu-Cp) x

o Y

3aBUCHUMOCTb TOJILMHbBI AyCTEHUTHOTO CJI05I OT
BpeMeHU X(7) (Mpu HarpeBe Wik U30TEPMUYECKOM
OTKUTE) OTPENESIIN TyTEM YUCTEHHOTO UHTETPU-
poBaHU BbIpaXeHU (3); TOJNLINHA X;, HaliJeHHas
Ha i-M 1l1are, UCTOJb3YETCs IPU ONIPENEIEHUU CO-
OTBETCTBYIOILIETO 3HaUeHUS Ha (i+1)-M Liare:

X =X +G(x;)0¢1 . (4)

Pe3ynbTaThl pacueTa, BHITTOJTHEHHOTO C UCTIONb-
30BaHueM ypaBHeHui (1)—(4), Kak moka3aHo B pa-
00Te [ 7], XOpOILIO COTTACyIOTCS C IKCIIEPUMEHTAITb-
HBIMU JAHHBIMU.

Mogenb pocTa ayCTEHUTHOTO CJIOS B IIEPIMTHOI
KoJioHuu. [IpenioxeHHas1 Bblllie MO/IE/Ib MOXKET ObITh
MpUMeHEHa JIJIs OTMCAHUS POCTa ayCTEHUTHOTO
CJIOSI B YCJIOBUSAX BBICOKOTO Tieperpesa (7> A4,3 ),
Korga Oosibllas ABMXYIIAs cuja oOecreuyrBaeT
MHOXECTBEHHOE 3apOKIeHNe ayCTeHUTA Ha TTIOBEP-
XHOCTU LIEMEHTUTHBIX IUIACTUH U UX POCT BHYTPU

C Cy

B

Puc. 1. Cxematnueckoe mpeacTraBlieHUe
pacrpenesieHus KOHIEHTPALluU yriaepoaa
MO0 TOJI[MHE CI0EB B Pa3IMYHbIX (hazax:

1 — uementura (0), 2 — aycrenuta (y), 3 — deppura (a);

Cy9» Cq — IPAHMYHBIE 3HAYECHUSI KOHLEHTPALMU

(epputHbIX c10eB [3]. OnHAKO B MEXKPUTUUECKOM
HWHTEpBAJIe TEMIIEPATypP 3aPOXKICHUE ayCTEHUTA ITPO-
HWCXOINT, KaK TTOKa3bIBaeT 9KCIIEPUMEHT, TIPEUMY-
1LIECTBEHHO Ha IpaHULIaX MEXAY 3epHaMU dheppuTa
U KOJOHUSIMU TiepanTa [4] (MOKHO NMpeAnonoXuTh,
YTO MPEANOYTUTETbHBIMU MECTAMU 3aPOXKICHMS
B 2TOM CJIy4ae SIBJISTIOTCS pa3yrmopsnoYeHHbBIE yuac-
TKU TpaHUL, / B MeCTaX OoOpbIBa LIEMEHTUTHBIX
TUJIACTUH Ha TPaHUIIE C TTPOIBTEKTOUIHBIM (heppu-
TOM). 3aTeM 3apOAMBLIASICS YACTUILIA AyCTEHUTA Pa-
CTET BHYTPb MepJAUTHOM o0sacTu. Takum oOpaszom,
3a/aya, KOTOPYIO Mbl IOJXKHBI PACCMOTPETb — 3TO
POCT ayCTEHUTA OT €T0 TPAaHUIIBI MEXIY TMePIUTOM
1 (heppUTOM B CTOPOHY IepJiuta (puc. 2).

B manHOM ciyyae OBWKEHHWE ayCTEHUTHOTO
(bpoHTa BKITIOUAET B ce0sT OMHOBPEMEHHOE CMelIe-
Hue rpaHull y /0 u v /o . MaccoBblii 6anaHe yrie-
pona Ha 3THX TpaHUIIaX OMMUCHIBACTCS, KaK U TTPEX-
e, ypaBHeHusimu (la) u (10). OomHako xapaxkTep
pacnpeneneHus yriaepoaHbIX TOTOKOB — MPUHIIN-
MUAJTbHO UHOM (CM. pucC. 2), TOCKOJIbKY IIPU IIepe-
MellleHUU (PpOHTA MPEeBPALLECHUST TTOSBISIETCS BbI-
COKMIl TIpamMeHT KOHLEHTpaluuu yrjiepoaa oOT
TpaHull y /6 LIeMEHTUTHBIX TVIACTUH MePJIUTa K CO-
CeTHUM IpaHULIaM y / o TICPIUTHBIX JJamMelielt ep-
pHTa, ONTICHIBAEMBII BBIpAXKEHUEM:

|V C| ~ M ’ ()

A/2
rme — MEXITAaCTMHYATBIA MHTEPBal B MEPIUTE
(o6bIYHO cocTarmsieT mpubausuTenbHo 0,1—0,2 MKM).
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aly

C
¢
c
C

Puc. 2. Cxema, 1oka3sbiBawliasi pocT CJiost
aycTeHUTa (y) OT UCXOAHOU (heppUTO-TIEPAUTHOMN
rpaHuiibl (o/y) BHYTPb NEPJIUTHON KOJOHUU;

o, 0 — uepenylomuecs dasbl heppuTa U IEMEHTUTA;
X, — TOJILIMHA CJIOSI AYCTEHUTA;
A — MEXILTAaCTMHYATBIM MHTEePBal B IIEPJIMTE.

JlyroBble CTpesKu — TMOTOKHU YIIepona,
KOHTPOJUPYIOLINE CKOPOCTh POCTa

B 10 ke BpeMsI rpaaueHT KOHIIEHTPALINY MEXITY
rpaHuLaMu y /O urpaHuiieii y / o B HaNpaBIeHUU
pocTa cios aycteHuTa (CM. pUC. 2) HU30K B CUITY
TOrO, 4TO X; >>A. ICKJIIOUeHME COCTABIAET camast
paHHSIS CTanKsl POCTa ayCTeHUTA, KOTAa MHTEPBa

COMOCTAaBUM IO BeJIMUMHE C TOJNLLIUHOMN ayCTEeHUT-
HOTO CJIOS X, Takum o0pa3zoM, Aj1 OMMCAHHBIX yC-
JIOBUIA CKOPOCTb POCTA aYyCTEHUTA B (hePPUTHOE 3eP-
HO OyJeT He3HAUUTEJIbHOU MO CPaBHEHUIO CO
CKOPOCTBIO POCTA B MEPIUTHON KOJIOHUU.

W3 ycnoBus 6anaHca moToOKa yrjiepoaa Ha rpa-
HULE ¥/ 0 MOXHO MOJYUYUTb BBIPAKEHUE [J151 CKO-
pOCTH €€ nepeMelleHus1 (CKOPOCTb PACTBOPEHUS Lie-
MEHTUTA):

6 2D Co=Cu

==t 6a
T GG, (©

roe C — cpelHssI KOHLIEHTpalus yIiaepoaa B ayc-
TEHUTE.
AHaJIOTMYHOE BbIpaXXKEHME ITOJYYAeTCd U ISl

CKOPOCTH TIepeMeIIeHUSI TPAaHULIBI ¥ / o
D.C,-C
o = &M ) (66)
» C,-C,

IMockonbky koHUEeHTpauus C, BeIMKa MO Cpas-
HEHUIO C IPYTMMU, BXOASLIMMU B ypaBHeHUs (6),
CKOpOCThb G/, OKA3BIBACTCS 3HAYMTEIBHO BBILLIE
ckopoctu G, . TeM He MEHee, COTTaCHO IKCTepu-
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MEHTa/IbHbIM HabtoaeHusIM [9], GpoHT npeBpalie-
HUS OCTAETCS 1OCTATOYHO MJIOCKUM: TOBEPXHOCT-
HOE HATSKE€HUe He MO3BOJISIET Y /o -CerMEHTaM
(bpoHTa 0OTOHATD Y / 6 -cermeHTbI. TakuM 0Opazom,
MOXHO 3aKJIOUUTh, YTO UMEHHO CKOPOCTb PACTBO-
pEeHUs IEeMEHTHUTA OTpeIessieT CKOPOCTh POCTA ayc-
TEHUTHOTO 3¢pHa BHYTPU TIEPIUTHON KOJIOHUMU.
KonuuecTBO NepaUTHBIX KOJIOHUI B eIMHULIE
00bEMA MOKHO OLEHUTb KaK N = (Lp)_3 ,rne L, —
CpelHee pacCTOSIHUE MEXIY MEePIUTHBIMU 00JIaCTSI -
mu. [TocnenHee, yauTsbiBasi O0COOEHHOCTH 0Opa3oBa-
HUS MEpIUTA Ha MO3IHEN CTaAuM pacrnaaa aycre-
HUTa B peppUTo-IepauTHON cTtanu [1], npumem
paBHbIM L, ~2d, (d, — cpenHuii pasmep heppuTHO-
TO 3epHa B HATTpaBJIeHU W POCTa ayCTEHUTHOTO CJIOST).
Takum oOpa3om, eciiv ayCTEeHUTHBI CJI0I pacTET OT
OJIHOM M3 IpaHULL IEPJIUTHOM KOJOHUU (CPEAHIOIO

IUIOIIAAb KOTOPOI MOXKHO OLIEHUTb KakK .S ~ d j, rae
d, — cpefiHVii pa3Mep KOJIOHNM), TO MPUpALeHNe
00BbeMHOIM 1o/ -(pa3bl Vy , 00pa3oBaBIIIeiics BTIEp-
JINTE, BIPAXAeTCsl Kak

AV, = (Vipax =V ) NS Gt =
—(V —V)d—’%(}dt (7)
" max Y (2da)3 ’

rae V.. — o0beMHas I0Ns MepIUTa B UCXOTHOM
(eppUTO-NEPUTHON MUKPOCTPYKTYPE.

06].“39[ KHHETHKA AYCTCHUTHOIO MMPEBPAICHUSA

Kaxk Ob1JI0 TOKa3aHO B MPeAbIAYIINX pa3aesax,
ayCTeHUTHOE MpPeBpalleHNE Pa3BUBAETCS CIEIyIO-
1M 00pa3oM:

KPUCTAJUTbI QyCTEHUTA 3aPOXKIAKOTCSI HA TPAHU -
e Mexay (beppUTHBIMU 3epHAMU U MEPIUTHBIMU
KOJIOHUSIMMU;

9TUM KPUCTAJIJIaM B CpelHeM TpeOyeTcsl HeKO-
TOpPOE BpeMsI, YTOObI IPOPACTU CKBO3b MEPIUTHDIC
KOJIOHUM, B KOTOPBIX OHU 3apOoannch. B TeueHune
BCEUW MAHHOW CTaAMMU CKOPOCTb pOCTa AyCTEHMUTA
orpenessieTcsi CKOPOCThIO PACTBOPEHUST LIEMEHTHTA
(cMm. ypaBHeHue (6a));

Jajee TpeBpalleHue HAUMHAETCS B COCETHUX
3epHax (pepputa. CorjaacHo d3KCIEPUMEHTAIbHBIM
HaOMoAeHUsIM |5, 9], Ha 3TOM cTannu B ayCTEeHUTE
OOBIYHO COAEPKUTCS HEKOTOPOE KOJIMYECTBO HEpa-
CTBOPHMBIIIETOCS LIEMEHTUTA, KOTOPbII IS TPOCTO-
ThI MOXKHO CUMTATh COCPEIOTOUEHHBIM B LICHTPE ayC-
TEHUTHOI 00ytacTul. [1pr 3TOM CKOPOCTH pOCcTa 3TOM
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00J1aCTU B OKpYXKaloLuii ee (heppuUT MOKHO B I1ep-
BOM MPUOJIMKEHUH OTIPENEINTb ypaBHEHNEM (3);

MPOLECC POCTA MPeKpaLlaeTCs IPU JOCTUXKE-
HUW paBHOBECHOM TOJIN -(a3bl MPU TaHHOM TeM-
neparype.

B HEKOTOPBIX ClTydassx pacCMOTPEHHBIE BBIIIIE
CTaguM POCTA OTUETIMBO IPOSIBIISIFOTCS B JAHHBIX
10 KWHETHKE TipeBpatieHus. [Ipumep Takoro rmose-
neHus rpuseaeH B padore [10], saHHbIE U3 KOTOPOIA
MpencTaBieHbl HA pUC. 3 BMECTE C pe3yjabraramu
MOJEJIMPOBaHMSI, BLIITOJIHEHHOTO C YYETOM ABYX J10-
TTOTHUTETLHBIX TTPEITTOIOXKEHMIA:

[10CJIe HEKOTOPOI'0 MHKYOALMOHHOTO epuoaa
KPHUCTALJIbI QyCTEHUTA 3aPOXKIAI0TCS ONHOBPEMEH -
HO, TIOCJIE YETO ITPOUCXOAUT UX OTHOCUTEIBHO ObIC-
TPBIM POCT B TIEPIUTHBIX KOJIOHUSIX;

npespalleHue B heppUTHOM MaTPULIE HAYUHA-
eTCS TOJIBKO IOCJe OKOHYAHUS TIpeBpalleHUs
B IIEpJIuTe.

W3 puc. 3 BUnHO, 4TO OInpeaeeHue CKOpoc-
Teil pocTa ayCTeHUTA COTJIaCHO ypaBHeHUsIM (3) u
(6) MO3BOJISIET XOPOLIO OMUCATh HAYAJIBHYIO CTa-
IHI0 pacCMaTpUBAeMOTO MpeBpallleHUs B TaHHOMK
CcTaju.

3aMeTuM, 4TO UCXOAHas GepPUTO-IIEPJUTHAS
CTPYKTypa CTaJiu, UcciienoBaHHasa B padote [10],
OTJINYAETCSI PABHOBECHOCTBIO, KPYITHBIMU MIEPIUT-
HBIMU 00JTACTSIMU U OTHOCUTEBHO Y3KUM MX pac-
npejejeHuemM Mo pasmepam. DTU 0COOEHHOCTU
CTPYKTYPHI, MO-BUANMOMY, SIBJISIOTCS TIPUUNHOMN
YEeTKOTO paslesieHUus] CTaauii pocTa B IEepJUTe
u deppute. B To ke BpeMsI, CTAaIMHHOCTD aycTe-
HUTHOTIO NpeBpallieHUsI 00bIYHO HE BbIPaXKeHa OT-
yeTauBo [11]. CBSI3aHO 3TO € TEM, UTO HOBBIE 3€pHA
ayCTEHUTA 3apOKAAI0TCSI He eAMHOBPEMEHHO (KaK
Mbl IPETOJOXUIM BbILIE), a IO MEPE POCTA 3EPEH,
3apOAMBIIMXCS HA 00Jiee pAHHUX CTAAUSIX ITPOLIEC-
ca. B Takux ciayyasix ajs ctajgeil ¢ OTHOCUTEIbHO
HeOOJIbLION JoeH MepanTa B UCXOOHOM CTPYKTYpe
MOKHO TIpeHeOperaTh CpaBHUTEIBHO OBICTPOI Ha-
yaJbHOM cTaguei pocTa ayCTEHUTA B IEPJIUTE.

IMTpuHMMasa Bo BHUMaHWe BHICKa3aHHBIE BBIIIIE
CO00pPaKEHUsI, PACCMOTPUM MOJIEb, B KOTOPOI yUu-
ThIBAETCSI KWHETUKA 3aPOKICHUST ayCTEHUTHBIX Ya-
CTUIL HA rpaHULIAaX (peppuTa ¢ NePIAUTHBIMU BKITIO-
YEHUSIMU, a JAJTIbHEU UM UX POCT MPEANOJIaraeTcs
npoucxonsimum B peppurte. 11t pacueTa CKOpoCTU
3apOXIECHUS ayCTeHUTA BOCIOJIb3YeMCSl AMITUPU--
YEeCKMM COOTHOILIEHUEM, IIPEIT0XKEHHBIM B paboTe
[11] Ha ocCHOBaHUYM aHAIU3a SKCTIEPUMEHTATbHbBIX
JAHHbIX:

Fy, %
suF

40t

0 1 1
3 e 0

Puc. 3. HauanbHas ctajust 3BOJIIOLUU
o0bemMHOI noau aycteHuta nipu T = 740 °C.

Touku — 3KCnepuMeHTaabHbie naHHbe [10],
JIMHUYM — PE3YJIbTAThl MOJIETMPOBAHUS
C y4eTOM CTAIUITHOCTH MPEBPALICHUS Ol —> Y}
1, 2— craguu npeBpaieHus B nepaure (1-5)
u B deppute (2-51)

25,36

Btk | 8
T-A4, ®

J cexp| -
Ie ¢ — YMCJIEHHbI mapamerp.
3Hasi CKOPOCTb 3apOXKIEHUSI, a TAKXKE CKOPOCTh
pocTa ayCTeHHUTA, B clydae NU30TePMUIECKOrO Ipe-
BpallleHUsI HETPYAHO PACCUMTATh OOBEMHYIO JOTIO
ayCTeHUTA B IIPOLIECCe ayCTeHU3alMU C TOMOIIbIO
M3BECTHBIX YpaBHEHUI (POpMaJbHON KUHETUKU
peBpalieHuii [12].

KanmbpoBka moznenn

3HavyeHMe HEM3BECTHOTO TTapaMeTpa ¢ B hopMy-
Jie (8) MOXHO OTIpeAenThb, €CJIM UCII0Jb30BaTh K-
cIiepMMeHTaJIbHbIE JTaHHBIE, TTOJTyIeHHBIE B paboTe
[5]. Ee aBTOpBI M3y4yany CTalu CAEAYIOLIETO XUMU--
yeckoro coctana (Macc.%): 0,06C-1,47Mn-0,23Si
(Cr.l) 1 0,12C-1,47Mn-0,24Si (Cr.I1). Dxcnepu-
MEHTBI ObUIM MpOBeneHbI Mpu TeMmeparypax 740
un 780 °C. CoriacHO JaHHBIM YKa3aHHOU pabOThI,
IO TIpeBpalIeHUs HccliefOBaHHBIE 00pa3IIbl
nMmenn PeppUTO-NIEPIUTHYIO MUKPOCTPYKTYPY (CO-
JepKaHue repanTa coctasisio 6% misa ctaau Cr. [
u 12% nnst cranu Cr.11). [1pu 3TOM MeXILIaCTUHYA-
Toe paccTosTHUE epinTa  ~ (0,2 MKM, pa3Mep 3epHa
deppura d, ~5,9 MKM, a pazmepbl IEPAUTHOMN KO-
JoHnu d, ~ 0,06 1 0,12 mxwm st ctaneit Ct.lu CrIl,
COOTBETCTBEHHO. PacyeTnl, BBIMOJHEHHBIE C UC-
TTOJIb30BAaHUEM OITMCAHHOM BBITIIE MOIEIIN 3aPOK-
JEHWST M pOCTa ayCTEHUTA, MTOKA3aJI1, YTO HAWTy4-
IIIETO COTIIACHST C SKCITEPUMEHTATbHBIMU JaHHBIMU
yaaercst goctuyb rnpu ¢ = 970 (puc. 4).
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Puc. 4. ComnocraBneHue pe3yiabTaTOB MOAECIMPOBAHMS KMHETUKM 00pa30BaHMs ayCTEHUTA
¢ aKcrepuMeHTanbHbIMU AaHHbIMU [5] ipu T = 740 °C (1) u 780 °C (2);
a, 0 — cranu Crt.I, Cr.Il coorBeTcTBEHHO

C ucrnonb30BaHNEM HaWIeHHOTO 3HAYeHWS TTa-
pamMeTpa ¢ ObUTH MPOBEIEHBI TOTTOTHUTEIBHBIC Pac-
YeThl KWHETUKN POCTa 00BEMHOM JOJU ayCTeHNUTA
JUJIS1 CTAJIA ¢ ApYruM xuMundeckuMm coctaBom (0,14C-
1,60Mn-0,40Si), nccregoBanHoit B padoTte [11].
ITockoabKy aBTOPOM CTaTbU HE OTpenesiiach Be-
JTMYMHA MEKTUTACTUHYATOTO PACCTOSTHUS TIepIuTa
pacyeTsl OBITM HAMM BBITIOJTHEHBI IJIST TPeX 3HaUe-
HUI1 TOTO MapameTpa, MepeKpbIBaAIOIINX HauboJee
BEPOSTHBIN TMana3oH ero nu3MeHeHus. M3 nTaHHBIX
puc. 5 BUAHO, UTO IIJIST BCEX MUCTIONb30BAHHBIX 3HA-
YeHUI Pe3ysbTaThl MOIETUPOBAHUS YIOBIETBOPH -
TEJIbHO COTJIacyloTcs ¢ aKcnepuMeHToM. [locnenHee
JaeT OCHOBAHME CYMTATh, YTO HAACHHOE 3HAYCHE
TMTOATOHOYHOTO MMapaMeTpa ¢ MOKHO UCTIOJTb30BaTh
IUTSI TIPOBEIEHYST KOJTMIECTBEHHBIX OLIEHOK KMHETH -

Wy, %
soF
20
30F

20

I
3 1gls, ©)

Puc. 5. ConocraBieHne pe3yJibTaTOB
MOJETMPOBAHUS KUHETUKHU POCTA
00BEMHOI IO aycTeHuTa IIpu TeMmeparype 740 °C
C JaHHbIMU BKcriepuMmeHTa [11].

[IpencraBieHbl KpUBbIE, MOJYYEHHbIE 1UIsI TPEX 3HAUEHUH A,
OXBATBHIBAIOIINX HauOoJee BEepOSITHBIN NMATa30H U3MEHEHMUS
3TOTO TapameTpa
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KM pacCMaTprMBacMoOro nmpouecca ais crajen pas-
HOTro XMMMNYECKOTro CoCTaBa.

Moaennponaﬂue BJIMAHHUSA
JIETUPYIOLIUX 3JIEMEHTOB 3aMEILICHUA
HA KHHECTHUKY NPEBPAICHUSA

W3BecTHO, UTO JIETMPOBAHUE DJIEMEHTAMMU 3aMe-
LIEHMSI CYLIECTBEHHO BJIMSIET KAK HAa KUMHETUKY
ayCTEHM3allMU CTajeii, TaK U Ha KOHEUHBI pa3Mep
3epHa aycteHura [ 1, 2]. CormacHo Mozmesu, peajio-
SKeHHOM B HACTOSIIIEH paboTe, MeXaHU3M OTMEUEH -
HBIX 3(ppexToB JID3 nmeeT c1oKHY10 ITpupomny. Jeii-
CTBUTEJIbHO, €CJIM U3MEHATDL TEMIIEPATYPY A,;, TO
JIETUPOBaHUE STUMU 3JIEMEHTAMH TOJKHO BIIUSITH Ha
CKOPOCTb 3apOXK/IeHUS 3epeH aycTeHUTa (cM. pop-
myay (8)). IIpu 3TOM, Kak IOKa3bIBalOT PaCUYETHhI,
BBIMOJIHEHHbIE C IOMOILIbLIO [IPOrPAMMHOIO [TaKeTa
Thermo-Calc, rerupoBaHue XxpoMoOM, HUKeJIEM
¥ MapraHlleM TPUBOINT K CHUKEHUIO TeMTIepaTy-
PHI A, ¥, COOTBETCTBEHHO, YBEJIMUMBAET CKOPOCTh
3apOXIACHUS (JIETUPYIOLINE 2JIEMEHThI paCTIONoXKe-
HbI B TabJ1M1Ie B MOpsiAKe Bo3pacTaHus adekra).
ITpoTMBOMOIIOKHOE BIUSHUE OKA3bIBACT JIETUPO-
BaHUe MOJIMOAeHOM (ca0blii 3 PeKT) U KpeMHMU -
eM (CUJIbHBIN).

JlernpoBaHue 3jeMeHTaMU 3aMeLLEeHUs 10O -
HUTEJIbHO U3MEHSIET BCE XapaKTePHbIE KOHLIEHTPA-
uuu yraepoaa (Cy, C,, Cye, Cva)’ OT KOTOPbIX 3a-
BUCUT CKOPOCTb POCTA ayCTEHUTHOTO CJIOsI (CM.
bopmyny (3)); naHHBIe, TpeACTaBACHHbIE B TAOIM-
e, WIJIOCTPUPYIOT BIUSHUE pa3NudHbIX JID3 Ha
rpaHnYHbIe KOHUEeHTpaunu yraepona Cy, C, .
B pesynbTaTe 3TOro JOIKHBI MEHATHCS KaK pa3mMep
3epHa ayCTeHUTA, TaK U 00LIast KHHETHKA ero hop-
MUWPOBAHUS.
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Pe3yJIbTaTl>l KOJIMYEeCTBEHHON OLEHKH KHHETHYECKHX napamMeTpoB

s ounapuoro Fe-C u Tpoiinbix Fe-C-

cmiiaBoB mpu 780 C

€ up 1oum €MEHT

— -0 -

3aMCIICHU

Ma . M

K

5 ) 5 3

O6Go3HaYeHUS: ,

— TpaHWYHBIE KOHIIEHTpAILINU YTJIepO.a; ; ,

— addexTuBHBIN KoddhdunreHT nuddysun yriepona.
IIpumeuanus ConepxaHue JerHpyIOIIEro daeMeHTa 3amelieHuss — 1 macc.%. Pacuerbl KOHIEHTPALIMIA BbI-

noJyiHeHb! ¢ nomoibio Thermo-Calc

J1OTTOTHUTETbHBIN BaXKHBIN MEXaHU3M 00CYK-
JaeMbIX 3P GEeKTOB JerMpOBaHUS IEMEHTAMU 3a-
MeleHus X 00yCJIOBJIEH UX BIusHUEeM Ha 3hdeK-
TUBHBIA KoapduuueHt auddy3uu yrieposa B
ayctenute D C, , OT KOTOPOTO 3aBUCUT CKO-
pocThb ero pocta (3). Mcnonb3dyemast B HacTosILe
pabote mozeb 1jist pacyera KoadduuueHra 1ud-
(y3un yriepona [8] mo3BosisieT KOJTMYECTBEHHO OLIE-
HUTH BKJIAJ JAHHOTO MEXaHU3Ma JIJI5T BCEX MPAKTH -
YeCKHU BaXKHBIX 3JIEMEHTOB 3aMeleHus. CoraacHo
pacyeTaM, BbIIIOJHEHHbIM HA OCHOBAHU U 3TOM MO-
eI, 0COOCHHO CHIbHBIN 3(P(MEKT OKA3bIBACT Jie-
THPOBaHUE XPOMOM U KpeMHUEM (CM. TabauIly).
ITpu aTOM XpOM 3HAUYMTENBHO 3aMeTseT T dy-
3110 YIJIEpOAa U, COOTBETCTBEHHO, CKOPOCTh POCTA

a)
Py, %o

80

60

40

ayCTeHUTa, a KpeMHUI (TIpy TeMTiepaTypax HIKe
1000 °C) oka3biBaeT NPOTUBOIOJIOXHOE AECTBUE.
PesynbraTel pacyeTOB KWHETUKY ayCTeHU3AIINHN IS
criaBoB Fe-C-X (C=0,1; X= 1 macc.%) (puc. 6),
BBITIOJTHEHHBIE C TIOMOIIBIO pa3paboTaHHOM Moe-
JI1, OTYETIMBO JAEMOHCTPUPYIOT BaXKHOCTb ydyeTa
BiusHu JID3 Ha nuddysuto yriaepoaa IIpyu MOJIe-
JIMPOBAHUM PaCCMaTPUBaeMOro npotecca. Tak Ha-
npuMep, 0e3 yueTa BAUSIHUS XpoMa Ha TUPPY3uto
yrjiepona Moneb IPeacka3blBaeT YCKOPEHUE Ku-
HETUKU TTpoliecca IIPU JIESTUPOBAHUY STUM 3JIeMEH-
TOM (32 CUET OTMEUYEHHOIO BBIIIE YCKOPEHMUS
3apOXIEHNS) (CM. pHC. 6, a). B To BpeMs Kak yueT aeii-
CTBUSI XpOMa, 3ameJisitoliero 1ug@y3uto, MpuBOAUT
K CYIIECTBEHHOMY CHUKEHWIO CKOPOCTH ayCTeHU -

0)
Py, %o

80 -
60 -

40 +

Puc. 6. Pe3ynbratel MOAEIMPOBAHUS AeHCTBUS erupoBanus 1 macc. %
sneMenTa 3ametieHust X (X = Cr; Mo; Mn; Ni; Si)
Ha KMHETUKY aycTeHu3auuu cruasoB Fe-C-X mpu 780 °C (C = 0,1 macc.%):

a — 6e3 ydeTa BIMSAHMS JIETMPOBaHUs Ha Koahduiment nuddysnu yraepona Dp; 6 — C MOJTHBIM YIETOM.
ITpuxoBasi KpuBasi COOTBETCTBYET OuHapHoMy ciuiaBy Fe-C
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Puc. 7. CpaBHeHMe TIpeIcKa3bIBaeMOl KUHETUKHU POCTa OOBEMHOM MOJIM ayCTeHUTA (JIMHUM)
B crtaimu 0,83C-0,52Cr mpu T = 770 °C (a) u 780 °C (6) ¢ aKcniepuMeHTaTbHbIMU TaHHBIMU [13] (TOUYKM).
MonenupoBanue 6e3 yuera (/) u ¢ yuetom (2) 3aMenJIsSIOLIEro IeicTBus XxpoMma Ha auddy3uo yriepoaa

THU3ALIAY TTO CPaBHEHUIO ¢ OMHApHBIM cTTaBoM Fe-
C (puc. 6, 6). [1poTUBOIIOIOXHAS CUTyalldsI UMEeT
MeCTO TS KpeMHUS. HTepeCHO OTMETUTh, UTO XOTSI
JIETMPOBaHWE MapraHileM, TIPY ITPOYNX PAaBHBIX yC-
JoBUsIX, 3ameisieT nuddysuro yrnepoaa [8], pas-
paboTaHHast MOZIEJTb TTPEACKA3BIBAET 3HAYMTEbHOE
YCKOpPEHME O0IIe KWHETUKY ayCTEHUTU3ALIUY TIPU
J100aBJIEHUY ITOTO 351eMeHTa (cM. puc. 6). OueBu-
HO, YTO JaHHbI 3P PEKT 00yCI0B/IEH OTMEYEHHbIM
BBILLE BJIMSIHUEM MapraHLa Ha CKOPOCTb 3apOXKIe-
HUS ayCTEHWTA 3a CUeT CHUKEHUS TeMIlepaTyphl
A,;. BaXHO OTMETUTB, 4TO NMPEICKA3bIBAEMOE JIEHi-
ctBre JID3 Ha KUHETHKY ayCTeHW3ALUUW CTallei
HaXOIATCS B KQUeCTBEHHOM COTJIACUM C 9KCTIEPH-
MEHTAJIbHBIMU TaHHBIMU [ 1, 2], UTO CBUAETEIBCTBY-
€T 00 aIeKBAaTHOCTHU paccMaTpUBAEMOI MOIIEITH.
3aBeplas TaHHBIN pa3aest, TPOBeIeM CpaBHE-
HUe Mpencka3aHuil KWHETUKHU ayCTeHUTU3ALNH,
BBITTOJTHEHHBIX C YUYETOM BIMSIHUSI XpOMa 1 6e3 HeTo,
C IaHHBIMM IKCIepUMEHTA. [1J151 9TOro BoCosib3y-
eMCsl pe3yibTaTaMy, MOJYYEHHBIMMU ISl CTaau
0,83C-0,52Cr[13]. CorynacHO TaHHBIM 3TOI pabo-
ThI, B UCXOTHOM COCTOSTHUY LIEMEHTUT UMeTT hopMy
chepuyeckmx yacTuil pazmepoM 1,2 MKM, a Hauajlb-

Has o0beMHast 10151 heppUTHOI (has3bl cocTapisiia
0KO0J10 88 %. B TaKMX yCIIOBUSIX TIpeBpallieHne
HauMHAETCS Ha TpaHuLIax v / 0 ¥ pacpocTpaHseT-
cs B pepput. Takum oOpa3om, HabIOJaeMbIi Xa-
pakTep MpeBpalleHUsI COOTBETCTBYET CITydalo, pac-
CMOTPEHHOMY B ITPEIBIAYIIIEM pa3nese.

CpaBHeHUe TTOTyYEeHHBIX PE3YIbTaTOB MOIEIIH -
POBaHUS KUHETUKU NTPEBPALLEHUS [TPU TEMIIEPATY -
pax 770 u 780 °C ¢ maHHbIMU dKcriepumeHTa [13]
MpencTaBieHo Ha puc. 7. BumHo, 4To coriacue
C DKCTIEpUMEHTOM 3aMETHO JIyUIlle B cIyJae, KoTaa
Koo duireHT auddy3un yriaepoaa pacCunThIBaI -
CsI ¢ yYETOM 3aMeUIsTIoniero 3 deKra xpoma.

Takum 00pa3oM, Xopolliee KOJTMIeCTBEHHOE CO-
rJ1acue ¢ SKCIEPUMEHTOM, MTOJYYEHHOE C UCTTONb-
30BaHMEM pPa3pabOTAHHON MOIENTU ayCTEHUTHOTO
MpeBpALLEHNsI, BCOBOKYITHOCTH C aIeKBATHBIM ITO/I-
XOJOM K y4YeTy AeHCTBUS IETMPOBAHUS XPOMOM Ha
nuddys3uio yriepona, CBUIETENLCTBYET O TOM, YTO
JAHHYIO MOJIETh MOXKHO MCITOJE30BaTh JIJIST IIPOBE-
JIEHUST COOTBETCTBYIOIINX KOJTMUYECTBEHHBIX OLIEHOK
B cJTyJae cTajieif CJI0KHOTO COCTaBa, Comep KalInx
Ha0OP JIETUPYIOIINX 3JIEMEHTOB 3aMeIICHUS.
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BO3MOXXHOCTU MOAEJIUPOBAHUA
BOJIE3HEHHbIX COCTOAHUM JIETKUX YEJIOBEKA

B pa6oTax [1, 2], onyOJMKOBAaHHBIX HAMU pa-
Hee, M3J10KeHa MOIIETb M aJITOPUTM pacdyeTa KMUCII0-
POIHOTO MaccooOMeHa B JIeTKMX 4ejioBeka. Bce
00J1bl1I€ OIILYIAETCSI HEOOXOAMMOCTb MCMO0JIb30Ba-
HUS pe3yJIbTaTOB YMCAEHHBIX PACYETOB M MaTeMa-
TUYECKOTO MOIECTMPOBAHMS TIPU aHATN3E OOJIE3HEH -
HBIX COCTOSTHU JIETKHX yeJoBeKa. [1py 3TOM BaKHbI
YCTaHOBKA IMTPUYMH HApYIIeHUs ra3000MeHa, Mexa-
HU3MbI BOBHUKHOBEHMUS M KOMTIEHCAIIMW OOJIe3HEN,
a TakKe HaxoxaeHue 3 (PEKTUBHBIX METOAOB Jieue-
Hus. B mono6HOM Moaxo/ie B KaueCTBe MepBOro Mpu-
OJIKEHMST MOXKHO MCTTOIB30BaTh TOCTATOYHO MPO-
CTYI0 MaTeMaTUUYeCcKy MoJesb. B maHHOI cTaTbe
MpeAcTaBIeHa MOIBITKA PACCMOTPEHUS TPUMEHU -
MOCTH MOJIEJIU TIPU UCCIIeTOBAHUYN Pa3TUUHBIX 3a-
OoneBaHuii nerkux. IlporpaMmma rnmo3BosisieT cMoje-
JIMPOBAaTh BEPOSITHbIE TPUUYUHBI OOJE3HEHHOTO
COCTOSTHUSI 1 BBISIBUTH BO3MOKHOCTH €TI0 M3MEHEe-
HUS B CTOPOHY yiIyullieHus . JJIst aHaiu3a u3 KHUTH
M.A. Tpunnu [3] BeIOpaHbl Haubosiee MOAPOOHO
OTMUCaHHbIe KIMHUUECKUE cllyyan 3a00JieBaHUI
JieTKux. B mpoliecce mporpaMMHBIX pac4eToB CCTIe-
IYIOTCS BIMSTHUE Pa3TMIHBIX TapaMeTpOB JIETKUX Ha
JIaBJIeHWE KUCIOPOIa B aTbBEOJIaX U €r0 ComepKa-
HUE B apTepuaabHOI KPOBMU.

B xauecTBe reoOMeTPUYECKOTO OMMCAHUS TbIXa-
TeJILHOM CUCTEMBI UeIOBeKa NCTOIb3YeTCsSI CUMMET-
puYHas MOJEb, IIpenjioxeHHas D. Beiidoenem [4].
[TapameTphbl, XxapaKTepU3yIOILINE PECTTUPATOPHYIO
CHCTEMY, OTBEUAIOT TaHHOM MOIEITN, KOTOpast SIBJISI-
€TCS1 OCHOBOTIOJIATAIOLEH U COOEPXKUT Haubosee
MTOJTHOE OMMCAHNE CTPOSHMS 3MOPOBBIX JIETKHUX.

Haiiia Mozesb o3BoJisieT BBECTU JOTIOJIHUTEIb-
HO OTKJIOHEHUS OT HOPMBI (TTPOMCXOSIINE B JTeT-
KUX ITpU 3a00JIeBaHU M) 1 MPOaHAIM3UPOBATh OTPU-
LIaTeTbHOE BAMSTHAE 3TUX OTKIIOHEHUIA.

[a3000MeH MeXIy BO3AYyXOM, HAXOASIIUMCS
B aTbBEOJIaX, U KPOBBIO JIETOYHBIX KAITUJUISIPOB ITPO-
WCXOAUT Ha aJTbBEOJISIPHO-KATTMJUISIPHO MeMOpaHe,
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MpeAcTaBsIoLIei o600l MHOTOMEMOPAHHYIO CUC-
TeMY ¥ Ha3bIBaeMOI BO3MYIITHO-KPOBIHBIM (23p0-
reMaTMuecKuM) 0apbepoM (ajee mpocTo MeMopa-
Ha). Camble TOHKHE YY4aCTKM MeMOpaHbl Ha3bIBAIOT
paboueii 30HOI, Ha MX AOJTI0 IpUXoauTcs 10 60 %
BCei1 aIbBEOJISIPHOM MOBEPXHOCTU. IMEHHO 3TH yua-
CcTKU (hopMUPYIOT 11D GY3MOHHYIO ATbBEONSIPHYIO
TTOBEPXHOCTD JIETKMX, HA KOTOPOI TPOUCXOIUT TTe-
PEHOC KMCJIOPOJa 13 aJTbBEOJIbI B KPOBb, a YIJIEKUC-
JIOro ra3a — B 00OpaTHOM HamnpasieHuu. HanomMmHum
aJITOPUTM pacueTa, TPOBOAUMBIN TPOTpaMMOii Mmy-
TeM uTepanuii. B Hayame pacyera B KOHTEKCTHOM
MEHIO TTpOrpaMMbl 3a/1a10TCS TTapaMeTphbl, Xapak-
TEPU3YIOLIKE JETKUe KaXI0ro KOHKPETHOTO CIIy-
yast: GyHKIMOHAIbHASI OCTATOYHASI EMKOCTb JIETKUX
Vi (00beM Bo3myxa, HAXOAALIMIACS B JIETKUX, C KO-
TOPBIM CMELLINBAETCS BABIXaeMbI BO3IYX 00BEMOM
V;); pacxon kpoBu Q, KOTOpasl y4yacTBYeT B Ta30-
0OMeEHE C BO3IyXOM, COAePXKAIIIMMCS B aTbBeosIax Jer-
KUX; KOHLIeHTpauus remorioorHa (Hb) B kposu. [Tpu
HOpMaJIbHOM aTMocdhepHoM aaBiaeHuu (760 MM pT.
CT.) ¥ KOHLEHTpaLuu Kucjaopona 21 % Bo Bobixae-
MOM BO3IyXe IMaplualbHOE JaBIeHUE KHUCI0poaa
B aJbBeoJ1ax (B 310POBOM COCTOSIHUU JIETKMX) CO-
craBisieT 0koJio 103 MM PT. CT. 4 ¢j1a00 MeHsIeTCs
B mipoliecce abixaHus [5]. B cBsI3u ¢ 9TUM napuu-
aJbHOE JABJEHME KMCI0POaA B aIbBEOJIaX IPUHU-
MaeM B IIepBOM ITpuOIMKeHu: paBHbIM 100 MM pT.
CT., a IaBJIEHUE BOASHBIX ITAPOB — 47 MM PT. CT. (CO-
OTBETCTBYET JABJICHUIO HACBIIIEHHOTO TMapa npu
temnepatype tena 37 °C). HanpsixxeHue kuciopoaa
B BEHO3HOU KPOBU, MOCTYIAIOLIEH B AJIbBEOJIbI, —
37 mm pT. cT. [5]. [Tox HanpstXeHUEM ra3a B XKHUIKO-
CTH MOHMMAIOT TaKOE MapLUalbHOE JaBJIeHUE JaH-
HOTIO ra3a B ra3oBOi CMECU Hajl 3TOU XXUJIKOCTbIO,
KOTOpOE HYXKHO CO3IaTh JIJIST pABHOBECHS B 00X
cpenax. 3ajaeM 4acToTy JbIXxaHUsl f U OObEM BIbI-
XaeMOTo0 BO3yXa TaK, YTOObI OTHOILIEHUE aTbBEO-
JIAPHOM BEHTUIALMU V; K KDOBOTOKY (BEHTU/IALIM-
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OHHO-MEP(PYy3MOHHOE OTHOLIEHHUE) HAXOIMWIOCh
B auanasone 0,8—1,0 [3, 6]. BeirnunHy anbBeosip-
HOW BEHTWJISILIUK PACCYMTBIBAEM 110 (POpMyJie

V4 :f(VT _VD)’

rae V; — 00beM KOHLYKTUBHOI 30HBI («<MEPTBOE»
MIPOCTPAHCTBO).

JbIxaTeJbHbIN LUK (BIOX U BbIIOX) pa3ouBa-
€M Ha Y3KI€e BpEMEHHBIE MHTEPBAJIbI Af, B TIpeiesiax
KOTOPBIX CYUTAEM MMAPLIMATLHOE JABIEHNE KUCITO-
poa B aJibBeOJIe€ IIOCTOSIHHBIM. Haxonum cpemHee
HanpsoKeHMe KUCIOPOa B KPOBY KaITUJUISPA 34 Bpe-
M1 [IPEOIOJIEHHSI KPOBBIO PACCTOSIHYSI, HA KOTOPOM
OCYLIECTBIISLTIACH €€ OKCUTEHALIMS, C TOMOIIBIO pe-
weHust AuddepeHLMaaTbHOro ypaBHEHUsI

0,25md; dY, /di =nd, (Y -Y,)KD, /d,,, (1)

rae d,, M— IMaMeTp Kanwuuispa; ¥, — OTHOCUTE/Ib-
Hoe 0e3pa3MepHOe HAMPSKEHUE KMCI0pOoa B KPOBY;
t,c — BpeMsl; Y — oTHocuTeNbHOe Oe3pa3MepHoOe Iap-
LMaJbHOE AaBJeHUe KUCIopoaa B aibBeonax; K,
M- (MM pT.CT.)/ M — MepecyeTHbIN KO3 MULIMEHT;
D , Ma/(MUH MM pT. cT.) — auddy3rMoHHas CIo-
COOHOCTBb JIETKUX U151 KUCIopoaa; d , M — TOJILIU-
Ha MeMOpaHBbI.

Bennuunbl, BXoasiuue B ypaBHeHue (1), Beipa-
KaKTCS CeayIIUMU (hOPMYTaMU:

/

rae P, MM PT. CT. — HaIpsDKeHWe KUCTOpoIa B KPO-
BU; P, MM PT. CT. — JIaBJIeHNE aTMOC(HEPHOTO BO3-

ar’

nyxa;
rae P, MM PT. CT. — nHapuuaJbHOC JaBJICHNE KMNCJIO-
poaa B aJIbBCOJIAX,

/s .

rae S , M2 — IUIOMAIb KAMAUISIPHON TOBEPXHOCTH
JIETKHX, Ha KOTOPOI1 OCYIIIEeCTBIISIETCS Ta3000MEH;

rae Dy, M1/(MUH MM pT. CT.) — nubdy3noHHas
CIMOCOOHOCTh MeMOpaHbl [Jig  Kucjopoda; ©,
1/(MUH MM PT. CT.) — CKOPOCTb peaKkLIiU KUCIOPO-
J1a C TeMOIJIOOMHOM 3PUTPOLIUTOB; V', M — 00beM
KPOBHU B KaITWJUTSIPAX JIETKHUX.

Dy D/K, ()
e D, Mm% /¢ — sdbexTuBHBI KOObDULMEHT Tud-
(dy3uu Kuca0pOaa B TKAHU MEMOPAHBI.
CpemHsisl BeIMYMHA OTHOCUTEILHOTO Oe3pa3s-
MEpHOTO HaTPSTKEHUSI KMCIIOPOIa B KPOBU B aJTbBe-
osiax u3 ypaBHeHusi (1):

td, (3)
0 c

TIIE 1, C — BPEMsI IPOXOXIEHNS KPOBbIO KaTIMJLIAPA;

Y 0 _ OTHOCHUTEJIbHOC 6e3pa3MepHoe HaIIps2KCHUEC

KHMCJIOPOIa B KPOBU P BXOJIE B KATTMJIISIP aTbBEOJT.

B pacuerax appexkTuBHBIN KOADDULMEHT aud-
(by3un kuciopona B TKAaHM MeMOpaHbl NMIPUMEM
D=2410 102 /¢ (uto npubausutenbHo B 10 pas
MeHblIIe, YeM KoahGULUUneHT 11 dy3un KUCIopo-
na B Boae) [5].

Haee,

0 0, 1-a” / :
1€  — CKOPOCTb PE€aKLMM KUCI0pOaa C reMo-
r100MHOM MPU COAEPKAHUM FeMOII00MHA B KPOBU
N =150 /M’; — Mepa HACBILIEHUS FeMO-
rinoouHa kucjaopoagom; p=0;¢g=1; N — comep-
JKaHWMe TeMOTJIO0MHA B KPOBH;
s 2,3 0,0235,.
[MapunanbHOe HaBIeHNEe KUCIOPOIa B aTbBEO-

Jlax HAXOAUM U3 ciieayrouiero nudgepeHInanbHO-
TO YpaBHEHMSI:

S KD
i dr  dr d
Ie ¥, — OTHOCHTENbHOE Ge3pa3sMepHOe MapLiaib-
HOE JIaBJieH1e KUCIO0POIA BO BIBIXaEMOM BO3IyXe
(npu BbIIOXE Y, Y)Y, M’— M3MeHeHMe 00beMa
BO3/yXa B JIETKHUX; , M° /M° — KO3(bdUUMEHT pa-
CTBOPMMOCTH KUCIOPO/a B MEMOpaHe.

BenuuuHsl, Bxozasiiue B ypaBHeHUe (4), BbIpa-
KAIOTCH CAeAYIOUMA GOPMYTIaMU:

Y, P /Py,
rae P;, MM PT. CT. — NapuuaibHOE JABIEHUE KUC-
JIOpOa BO BALIXaeMOM BO3IyX€;

Y ¥, 4

V=V—T 1+sin —t+3—+c +V,
2 2

ta

rae ta, ¢ — JJIMTEeJIbHOCTb BIoXa (WU BbIIOXa); ¢ —
KOHCTaHTa, 3aBUCSIIAsI OT 00beMa Bbigoxa (Impu
Booxe ¢ =0).
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Pemenue nuddepeHIMaaIbHOTO ypaBHeHUSI (4)
MMEET BUTT

At T
Y, =exp —I 1dV+SAyKDL dr |x
vV ar dV
"Y;dv KD; —
il A )/b
, vV di d,
, _
cexp| [ L9 o5 XKD | ge gl ()
v ar dVv

rae Y, — Tekylliee OTHOCUTENbHOE Oe3pazmepHoe
napuuaIbHOE JABJIEHNE KUCIOPOIA B allbBEOJIAX;
& — nepeMeHHAas! UHTErPUPOBAHMS II0 BDEMEHMU.
IMoacrasisieM B BbipaxkeHue (5) CpeaHIO0 Beu -
YWHY HaTIPSDKEHUSI KUCIIOPOIa B KPOBU KaITWJUISIPOB,
paccunTaHHyo 1o dopmyie (3) U3 Npeablaylero
MHTEpBasa no BpemeHu. [locie 3Toro onpenensem
CPEIHION0 BEJIMYKMHY HAMPSIKEHMsT KUCIOPOIA B KPO-
BU [IJI JAHHOTO BPEMEHHOTO WHTepBaia. AHAIO-
TUYHO TTPOU3BOANM pacueT Ha TTOCTeAYIOINX UH-
TepBajax Imo BpEMEHU, PACCMATPUBAST ITOTIEPEMEHHO
CHayaJia BeChb I1epMO BI0OXa, 3aTeM Bbimoxa. Pacuer
BeIeTCs 10 TeX MOp, TTOKa He MPUXOANM K COOTBET-
CTBUIO TTAPLNATILHOTO JaBIeHUS KUCIOPOIa B allb-
BeOJIax B HayaJie BAOXa U B KOHLE Bblaoxa. [Tomyua-
€M YCTAaHOBUBILMICSI PEXXUM U3MEHEHUST JABICHUSI
KHMCJIOPOa B aJIbBEOJIAX, COXPAHSIOIINICS TIPU CMe-
He OTHOTO ABIXaTeTbHOTO IIMKJIA IpyTuM. PacueT Ha-
MPSKEHKS KUCIOPOAa B KPOBU, MOKUIAIOLIEH JIeT-
KHe, BEJETCS I10 CpelHell BeJUYMHE IaBJICHUs

KUCJIOPOJA B aJIbBEOJIE 3a IbIXaTeIbHbli LMK, OT-
KJIOHEHHME HaIpPsKEHUST KUCI0pOoa B apTepUabHOM
KPOBU, BBIYMCJIEHHOE ITPU KPAMHUX 3HAYEHUSIX JaB-
JIEHUs KUCIOPOa B alTbBeoJie, He TIPeBhITIaeT 5 % ot
ero 3HaueHMs1. BbL1Y MpoBeIeHbl PACUEThI PSIA KU~
HUYECKUX MPUMEPOB, B KOTOPBIX MOJYYEHO 10CTa-
TOYHO XOPOLLIee COBIAAEHNUE PACUETHBIX U SKCIIEPU-
MEHTaJIbHbIX pe3yJbTaToB. B KauecTBe mpumepa
MNPUBEAEM Pe3yJIbTaThl IJ1s1 ABYX C1y4aeB.

IlepBblii ciyyaii, BBIOpaHHbBIN 17151 aHanu3a [3].
INauuenTka, 44-1eTHss XEeHIIUHA, TpU (pU3MYE-
CKOIT Harpy3Ke WCIBITBIBAET OIBIIIKY. B TeueHme
MNPOLLENLINX IBYX JIET OAbIIIKA NPU (PU3NIECKOM
HanpsKeHUU 3aMETHO YBEJIMUMIIACH, HO TIO-TTPEXKHE-
MY OTCYTCTBOBAJIa B COCTOSIHMU TT0KOsI. [TosiBuICS
HEMPOAYKTUBHBINI CyX0ii KallleJb, CJTA00CTb U yTOM-
JISIEMOCTb.

CnenaHa peHTreHorpamMa TpyIHOU KJIETKMU;
oOHapy:KeHBbI NpU3HaKN (prdpo3a teTKux. Beimosn-
HEHO (PYHKIIMOHAJIbHOE UCCIENOBAHUE JIETKUX, U3-
MEpEeHbl HAMPSIKEHUST KUCI0POoaa apTepualibHOM
KPOBY TIPU IBIXaHUY KOMHATHBIM BO3IYXOM; Pe3yhb-
TaThbl IIPEICTABIEHbI B TA0MMIIE (1-51 CTpOKa). YMEHb-
1LIeHHasl B IBa pa3a 1Mo CpaBHEHUIO ¢ HOPMaJIbHbIM
cocrostHueM (yKa3aHa B cKoOKax) auddy3uoHHasi
CITOCOOHOCTB JIETKUX JUTSI OKCHIA YTepoaa, Tmpe-
cTaBJIeHHasl B Tabju1ie (CTpoKa 1), TeM caMbIM 1O~
Ka3bIBaeT yXyalIeHue U 1UPEPy3MOHHOM CITIOCOOHO-
CTHU JIETKUX [10 KUCJOPOILY.

B pesynbraTte oOHapyxeHHOTO (pubpo3a jer-
KUX IPOUCXOIUT MOBPEXKACHUE JETOYHON TKAHU,
BOCMaJeHNe CTEHOK aIbBeOJI. YTIJIOTHEHUE U PYO-
LIeBaHKE CTEeHOK aJbBeOJ TPUBOAUT K MOTepe 371a-

YcnoBus 06ce10BaHUs U MAPAMETPHI, XaPAKTEPU3YIONIHE COCTOSHHE JIETKHX JBYX NMANHEHTOB

Tauuent YenoBne OOBEKTUBHBIEC JaHHBIE
Oo6cnenoBaHue D %
(Bo3pacr) o0cenoBaHuUs Leo » 70 Ve,n P, , MM pT. CT.
1. XKenmuna Ilepsuunoe. [Ipixanue |B nmokoe 51 2,3(3,9) 77 (100)
(44 rona) KOMHATHBIM BO3IYXOM |[1py hr3ndecKoii 65
Harpyske N B
2.MyxunHa Ilepsuunoe. IMocne B nokoe 49 1,95 (2,5) 88 (100)
(23 ronma) JIEKapCTBEHHOM [pu husmIecKoit
tepanuu (72 yaca) Harpyske - - 78
Bropuunoe. TTocie B mokoe 84 — 85 (100)
JIEKapCTBEHHOI Ipu pusnueckoit 4
Tepanuu (3 Mecsila)  |garpyske - - 8

0O003HaYECHUS: Dy, — Iuddy3HOHHAsT CIOCOOHOCTB JIETKUX IJIST OKCUIa yriepona; ¥, — (GpyHKIMOHaNbHasI ocTa-

TOYHAsA EMKOCTbD JICTKUX; Pb — HaMpsAK€HUEC KUCJI0pOoada B KPOBU.
B ckobOkax YKa3aHbl 3HAYCHUA JId 3JOPOBBLIX JTonen TIPpU HOPMAJIbHBIX YCJIOBUAX.

120




bnounsmnka n meguumHckas CbM3MKa>

CTUYHOCTH JIETKUX, TTO3TOMY JIETOYHBIE OOBEMBI
CTAHOBATCSI CHUDKEHHBIMU 1O OTHOILLIEHUIO K 3710~
POBbIM JlerkuM (BesinunHa V). Bce aTo npusonut
K YTOJIILIEHNIO MEMOPAHBI 1 U3MEHEHMIO ILJI0LIAAN
razoooMeHa. MoaenaupyeMm ciaydail IbIXaHUS B CO-
CTOSIHMM TOKod mpu Boxe Vy 0,5 1 Bo3ayxa
U 4aCTOTOM AbIXaHUs f= 14 nbIxaTeJbHBIX LIUKJIOB
B MUHYTY. Pacxom KpoBuW B KamujuIsIpax JErkKux,
y4yacTBYIOLIE B aJibBEOJSIPHOM Tra3000MeHe,
Q0 =4,9 1/mMmuH. B pe3ynbrate BeHTUISIIMOHHO-
nepdy3noHHOE OTHOIIEHWE B OAaHHOM ClTydae
V,/Q = 1. TomunHy MeMOpaHbI 3a1a1UM B YETbI-
pe pasa 6oJibllIeil, 0 CPABHEHUIO CO 3IO0POBBIMU
nerkuMmu. [Toayuyaem u3 pacuera no popmysie (2)
11 PYy3MOHHYIO CIIOCOOHOCTb MEMOPAaHbI JIEFKKX
Dy, =6,2 M1/(MUH MM DT. CT.).

PesynbTat mporpaMMHOTO pacyeTa IpeacTaBieH
Ha puc. 1, a (kpuas /). HanpsixeHue Kuciopona
B apTepHaJbHO KPOBU TIPU 3TOM COCTaBISIET
77 MM PT. CT., UTO COTJacyeTcs C TaOJUYHBIM
(1-s1 ctpoka). Takum 06pa3om, MPOBEAEHHBIHI pac-

a)

9eT OObSCHSIET TOHMXKEHHOE 3HAYeHNEe HATIPSDKEHUST
KHCJIOPOJa B apTepUATbHOM KPOBU IO CPABHEHUIO
CO 310POBBIMU JieTKUMU. [Ipu 3TOM KOJIMYECTBO
KHCJIOPOJa, MEPEHOCUMOT0 KPOBbIO, OKa3bIBAETCSI
JOCTATOYHBIM 1 opraHusma. Caenaem pacueT mpu
BBITIOJIHEHU U TIALIMEHTKOM yrpaxkHeHui (pusnye-
cKoii Harpysku. [1puHrMaem oObem Broxa V- 0,6 11
BO3/yXa M 3aJa€M YacTOTY JIbIXaHUS, COOTBETCTBY-
IOLIYI0 Harpyske, / = 35 ObIXaTeJbHBIX LIMKJIOB
B MUHYTY. BeHTUJISILIMOHHO-TIep(y3MOHHOE OTHO-
IIEHWE COXPAHSIETCS, KaK U IIPU CTTIOKOWHOM JIbIXa-
Huu. Pacxom KpoBU B KanmMJUTSIpax JETKUX, yIaCTBY-
011l B aIbBEOJIIPHOM Tra3000MeHe, YBETUUNUTCS
10 15,75 n/MuH (OpUEHTUPOBOUHOE 3HAYEHUE ITPU
(bmzmyeckoii Harpy3ke HETPEHUPOBAHHOTO UeJIOBE-
ka). [Ipu yBennueHnM pacxoaa KpOBU Yepes JIErKue
MPOUCXOIUT U3MeHeHHUe (YBeIUYeHUEe pa3MePOB)
Kanuuispos U ux konuuecTsa [4]. O6bem kposu V,
BJIETKUX BO3PACTAET, YTOOBI BpeMSsI TPOXOKACHMUS
KPOBbIO KanuJLIsipa ObIJIO TOCTATOYHO JIJIsl HACHI-
LLIeHUST TeMOTJI00MHa KucliopoaoM. [lnommans, Ha

Foram prl.lcﬁ'r. s /\
)
114 /"“ | \
1z // 2\\><><::\_H —
N ‘ “"---..___‘h !
NS sauil
106 P= | / // L ™
104 \Q|‘\“—_
102E| 04 0.8 1.2 LA 2,0 24 2.8 3.2 3.6 4 fc
0)
F, MM PT.CT. 3 |
110
AN T
HEN/ADS @S Suu
4
104 / > \“\l‘\‘\*
102 / \\“\ \‘-..._“
1Ly , / & | \\"‘ \\M
\\\: | ‘--.\_\ -
% 7 /
| |

0 0.4 0.8 1.2 L

20 14 2.8 32 36

Puc. 1. PacueTHOe M3MeHeHUE NaBIeHUS] B aJibBEOJie
B TEUEHUE NIBIXaTeJIbHOTO 1IWKJIA IS TIepBOTO (a) U BTOpOTO (0)
KJTMHUYECKUX ciydaeB (cM. Tabiuiry). Pe3yabraTel mist AbIXaHUS
B nokoe (/,4) v mipu ¢pusndeckoit Harpyske (2,3);
3 — CKOppeKTUpOBaHHbIE (2) HAa COKpallleHKHe IIOIIAAM KOHTAKTA;
4 — mocne JeKapCTBEHHOM Tepamuu 3 Mec.
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KOTOPOI OCYILIECTBISIETCS Ta3000MeH, TIPU 3TOM
yBesuuubaercsd. duddy3noHHasi crocoOHOCTb
MeMOpPaHbI JIETKUX 10 KUCJIOPOY, PACCUMTAHHAS 11O
(bopmyie (2), yBenuuutcsi 6osiee UeM B TpU pasa, o
CPaBHEHUIO C COCTOSHMEM IIOKOSI, MU COCTAaBUT
Dy, 19,8 ma/(MuH-MM pT. CT.) . Pesynbrar pacue-
Ta — U3MEHEHNE BETMIMHBI TaBJICHUS B aTbBEOJIE —
npeacTapieH Ha puc. 1, a (kpusas 2). HanpsixeHue
KUCJIOPOA B ApTEPUATBbHOM KPOBU COCTABUIIO 76 MM
PT. CT., YTO 3HAYUTEIBHO OTIMYAETCS OT MPUBEACH-
Horo B Tabauie (2-s1 ctpoka). OueBUAHO, YTO IO
MpUYKrHe 00JIE3HN U3MEHEHNE CBOMCTB CTEHOK aJlb-
BEOJI TTPUBOIST K HEIOCTATOUYHOMY YBEJIMUEHUIO TIIO-
1A KOHTAKTa aJIbBEOJISIPHOTO BO3/1yXa C KPOBBIO
KanuiasspoB. B pesynibraTe 001e3H1 Mpor301Ieae
M3MEHEHHUSI B CTPOCHUHU CTEHOK ajibBE0JI HE O3B0~
JISTIOT TOCTaTOYHO YBEJTUIUTRLCS ATOI 00J1acTU TTPU
BBITIOJTHEHNU HArpy3Ku. [IpoBeaem MoBTOpHbIN pac-
YeT; MPEIITOIOXKIM COKpPAIlleHHE TITOIAI KOHTAK-
ta Ha 15 %, 10 CpaBHEHUIO CO 3M0POBBIMU JIETKH -
mu. PesynbraT pacuera npeacTtaBiieH Ha puc. 1, a
(kpuBasi 3), HanpsiXkKeHUe KMCJI0poaa B apTepualib-
HO1 KPOBU COCTaBUJIO 65 MM PT. CT..

IToasenem utoru. [IporpaMMHbIe pacueThl Mo-
Kaszajau, TIpU KaKuX TapaMmeTpax, XapaKTepu3yro-
LIUX JIeTKue, 00ecreunBaeTcsl JaHHOe COCTOSTHUE
00bHO. BBIsSIBIEHBI BOBMOXKHBIEC TPUYMHBI: HAPY-
1eHue 1updy31MOHHOM CIIOCOOHOCTU JIETKUX BCIEI -
CTBUE YBEIMUEHMS TOTIIMHBI ATbBEOJIIPHOM MEMO-
paHbl U HEAOCTATOYHOTO YBEJIMYCHMS TIIOIIAIN
aTbBEOJISIPHOI TTOBEPXHOCTH Ta3000MeHa TIPU Ha-
rpy3Ke. B 11e710M rosrydeHHBIE pe3yTbTaThl COOTBET-
CTBYIOT BbIBO/AM, clieJJaHHBIM B KHuUTE [3]. danb-
Heiilee COCTOSTHUE MAallMEHTKU He COO0IIAETC S, Kak
W TIpUMEHsIeMbIe METO/IBI JICUEHUS.

Bropoii cayyaii. [TauneHT, My>kurHa 23 JIeT, Xa-
JIyeTcs Ha KallleJib C BblAeJEeHUEeM MOKPOThI, KOTO-
pbIii OECTIOKOUT €TO B TeUueHUEe IEBSITU MeCSLIEB.
[TostBMIACH TTPOTPECCUPYIOIIAS OMBITITKA TPU (hU3H -
4YeCKOM HanpsikeHUU. Pe3ynbraTel mepBoHayaibHO-
ro 00CJIeIOBaHMS: YacToTa AblxaHus f =30 Ablxa-
TEeJIbHBIX LIMKJIOB B MUHYTY, KOJTMYECTBO TEMOIIIOOMHA
BKpoBM — 1811/ [3]. BeickazaHo TIpeanonoxeHne
O HAJTMUMH XXUIKOCTY B TTAPEHXMME JIETKUX KaK CITe/I-
CTBUE BOCHAJUTENbHOM 3KCCYJALIMU WIM OTEKA.
TTauneHTa ieuynam aHTUOMOTHKAMMU TI0 TTOBOJLY OCT-
poro TpaxeoOpoHXMTA (BocHaleHUE CM3UCTO 000-
JIOUKU Tpaxeu U OPOHXOB). YayullleHWe HACTYTTIO
yepe3 72 yaca. BeImoaHeHO PYHKIIMOHATIBHOE UCCIIEe-
JOBaHUE JIETKUX, Pe3YJIbTaThl KOTOPOTO MpeaCTaBIe-
HbI B Ta0au1Ie (3-4 ctpoka). CHkeHue nuddy3un
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CBUJIETELCTBYET 00 yMEPEHHOM YXYAIIeHUN TpaHC-
MOpTa ra3oB B JIETKHUX.

[lo npuynHe BocnajeHus Mpyu MOAETMPOBAHUI
JAHHOTO CITy4das HEOOXOMMMO YBEIMYUTD TONILIUHY
meMOpaHsI B 1,3 pa3a 1 yMEHbIIUTD ILIOLIAAb Ta30-
obmeHa Ha 2 % (310 cocTaBuT 0Kosio 0,7 M> MOBEPX-
HOCTH 001acTH ra3000MeHa). [ToCKOIbKyY cocTosIHIE
MauMeHTa yIydllnIoCh, YMEHbIIIUM YacTOTY, 3a1a-
BAeMYI0 IpY MOJICMPOBAHUMU, 10 18 IbIXaHW B MU -
HyTy. OObeM Broxa zanamvM V- 0,5 nBosayxa. [pu
(pmzmueckoil Harpy3Kke yBeJauueHre KpoBOTOKa CO-
MPOBOXKIAIOCH YBEIMYEHUEM BEHTUJISILIMY B COOTBET-
CTBUM C COXpaHeHneM oTHoweHus V, /Q =1, kak
W TIPU IbIXaHU U B TToKoe. [Tpy BBITTIOJTHEHU N yTTpaK-
HeHUi pU31YecKOo Harpy3Ky 4acToTa AblXaHUsI [a-
uveHTa f = 35 LMKJIOB B MMHYTY, 0ObeM BOXa
V0,5 n1Bo3nyxa. PesynbraTbl pac4eToOB NIPEACTaB-
JIEHbI Ha puc. 1, 6; KpuBasi / COOTBETCTBYIOT JbIXa-
HUIO B ITOKOE, 2 — TIPU BBITIOJIHEHUN (PU3MUECKOi
Harpy3ku. HampspkeHre Kucaopoaa B apTepruaiTbHOM
KPOBH COCTABJISIET B TIOKOE 88 MM PT. CT., & B yCJIOBU -
X (pr3MUECKOI HArpy3KU OHO paBHO 87 MM PT. CT.
[TpoBeaeM MOBTOPHbIN pacueT Mpy BHITTOJIHEHWH TTa-
LIMEHTOM YIpaxkHeHU i (pu3nuecKoi Harpy3ku, co-
KpaTuB Tutomanb KoHTakTa Ha 10 %. Hampsokenue
KHCJI0pOa B apTepuaibHO KPOBU COCTABUIIO 78 MM
PT. CT. (CM. Tabnu1y, 4-10 cTpoKy). M3meHeHue naB-
JIEHUsI KUCJIOPOA B a7TbBEOJIaX B TEUECHUE IbIXaTe b~
HOTIO LIMKJIa IIPEACTaBIeHO Ha puc. 1, 6 (kpuBas J).
B cocTostHrM MOKOs HaTpsiKeHKe KMCIopoaa B apTe-
pUAaTLHOI KPOBU HA YPOBHE HOPMBI; €TO CHUKEHUE
Ha0JTI0MAeTCs ITPU BHIMOTHEHUM (PU3NIECKOI HATPY3-
ku. KimnHnyeckoe yaydllieHue yKa3bIBaeT Ha TO, YTO
TPaxeoOPOHXUT MOAAJICS JIEUEHUIO AHTUOMOTUKAMM.
[TaleHT BBIMMCAH C PEKOMEHAALMEHN TTprueMa CoOT-
BETCTBYIOLLIMX MPenapaToB.

[locne nmpueMa mpenapaToB Yepe3 TpU Mecsla
OBIJIO MPOBEIEHO MOBTOPHOE (PYHKILIMOHAIBHOE TEC-
TUpOBaHWE JIETKUX (MpeACcTaBiIeHo B TabauLe, S5-ii
ctpoke). [Tpu 6uorncuu (B3siTue 1podbl) JErOYHOM
TKaHU TOCTaBJEH IMarHo3 capkouaosa (BOCIaiu-
TenbHOE 3a001eBaHue). JIeueHne He yIydIIaeT COCTO-
STHUSI TeX IMALIMEHTOB, Y KOTOPBIX MPOTPeCCUPOBaHIE
00J1e3HU YKe MprBeSio K hubposy gerkux (papacra-
HUeE MJI0THOM BOJIOKHUCTOM COeIMHUTEIbHOM TKaHU),
Kak ObLJI0 B MepBoM ciaydae. Moaenupyem ciiydaii
IbIXaHUS B COCTOSIHUM NOKOS Npy BIoXe V- 0,5 1
BO3/yXa M YacTOTOM AbIXxaHUs f= 14 AbIXaTeIbHbBIX
LIMKJIOB B MUHYTY. Pacxon KpoBU B KanuLIsipax jer-
KHX, YYaCTBYIOIIE B a/TbBEOISIPHOM ra3000MeHe —
0 =4,9 1/muH. B pe3ynbraTe BEHTUISIITUOHHO-TIEP-



(by3noHHOe OTHOWEHWEe cocTasuio V,/Q = 1.
YMeHbILIeHUE TOJIIIMHbI CTEHKU a1bBEOJIbI B PE3YJIb-
TaTe JIeueHUs!, KOrjaa 3Ta ToJuHa B 1,2 pa3a 60i1b-
11Ie, YeM TS 3MOPOBBIX JIETKUX, PUBOIMT K Pe3yJib-
TaTaM, IIpeICTaBIeHHbIM Ha puc. 1, 6 (KpuBasi 4) 11si
TTOKOs (TIpH (pM3MYECKOi Harpy3Ke IMOBTOPSIET KPH-
BYIO 2, HakJaApIBasCh Ha Hee). IIpu BbIMOJHEHUN
(pusuyeckoit Harpy3ku maluMeHToM vacTtota f = 35
IbIXaHWU# B MUHYTY, 00beM Broxa Vy = 0,5 1Bo3myxa.
HarmpskeHne Krcopoaa B apTepuaibHON KPOBU CO-
CTaBUJIO 86 MM PT. CT. B COCTOSTHUY TIOKOSI ¥ 85 MM PT.
CT. TIpY Harpy3Ke, 9TO TPUMEPHO COOTBETCTBYIOT IaH-
HBIM TaOJIUIIBI (5-51 ¥ 6-51 CTPOKY COOTBETCTBEHHO).
Kaxk 1 B mepBoM citydae, TporpaMMHBIE pacue-
TbI TTOKA3aJI1, TIPY KaKUX IMapaMeTpax, XapaKTepu-
3YIOLLUX JIETKUE, 00eCIIeYrMBaeTCsI TAHHOE COCTOSI -
HUE 00JIBLHOTO. BBISIBICHBI BO3MOXHBIE TPUYNHBI:
HapyleHue 1 Gy3MOHHON CIIOCOOHOCTH JIETKUX
BCJIENICTBME YBEIMYECHUST TOJNIIMHBI MeMOpaHbI
1 HEIOCTATOYHOTO YBEJTMYESHMS TUTOIIAN TTOBEPX-
HOCTH Ta3000MeHa MpH Harpys3ke. B manHoM ciry-
yae IpY He3aIyIleHHOM 00JIe3HM JIeYeHUE TIPUBEIIO
K HOpMaJIN3aLIN 1 COCTOSTHUS TIAalIeHTa B YCIIOBUSIX
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BBITIOJIHEHUST GPU3NUECKO HATPY3KU. YIyUIICHUS
2Ke CBOMCTB MEMOpPaHbl, COOTBETCTBYIOLLIEH TTOJTHO-
CTbIO 3110POBOMY JIETKOMY, HE [IPOU30LLLIO.

Takum oO6pazom, mogOOHbIN aHAIN3 TO3BOJISIET
MPY 3aTaHUM BXOMAHBIX TTapaMeTPOB (M3MEPSIIOTCS
B pe3ysbraTe 00CIe10BaHMsI YeJI0BEKA) TTOTydaTh 13-
MEHEHUS JaBJAEHUs KUCI0POa B ajibBeoIaX U €ro
HanpsiKeHUe B apTepualibHoOM KpoBu. MI3MeHsIs1 B He-
KOTOPBIX Mpeeaax BeTUUNHbBI, XapaKTepU3YIOII1e
pecnupaToOpHYIO CUCTEMY, Mbl UMEEM BO3MOXHOCTh
COTOCTaBUTh PE3YJIbTaThl PACYETOB C UBMEPEHUSIMU
JIO U TIocJIe JIeueHUsl. Pe3ynbTaThl MOTYT OBbITh 3HA-
YUTEJIbHO YTOUHEHBI, €CJIU TIPOBOAUTHL UX aHAIU3
COBMECTHO C ITyJIbMOHOJIOTOM B IIPOLIECCE JICUCHUS
nauyeHTa. MoaenupoBaHue SIBSIETCSI JOCTATOYHO
MPOCTBIM C BBIUUCIUTETbHOM CTOPOHBI, M TTO3TOMY
MOXKET UCITOJIb30BaTLCS IIPU O0YYEHUU CTYIEHTOB,
TaK Kak IMO3BOJIST B IJIABHBIX YEPTAX MOJYUYUTh Ha-
[JISIIHBIC PE3yAbTaThl TEUEHUS O0JIE3HU U JICUCHUS.
B nanbHeiiieM npeanoaraeTcs UCMOAb30BaTh HE
TOJIBKO MOJIE/Ib YCPEAHEHHOTO JIETKOTO, HO U 0oJiee
CJIOXKHBIE MOZIETIN.
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A.N. Cynaukas

OCOBEHHOCTU B3AUMO/AENCTBUA ®JTYOPECLLEHTHOIO KPACUTENA
TUOD/NNIABUHA T C AMUITOUAHBIMU OPUBPUITTAMU

AmusionaHble GUOPUILIBI — 0C000e KOMITaKTHOE
COCTOSIHME OeJIKa, KOTOPOMY OTBEYaET ITyOOKUIA MU~
HUMYM CBOOOIHOM 3HEPTUU, 00YCIOBICHHbII MEX-
MOJIEKYJISIPHBIMU B3aUMOIEHCTBUSIMU MAKPOMOJIEKYT

Oenka, oboralieHHbIX  -CTpyKTypamu. [lepBoHa-
YaJIbHO AMWJIOUAHbIE (PUOPUILITBI ObLT OOHAPYKEHbI
BO BHEKJIETOUHBIX JIEMO3UTAX TIPU PSAAE TIXKETbIX
3200JIeBaHUIA YeJI0BEKA U 3KUBOTHbIX (00J1€3HM AJTbLI-
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reiimepa u [TapkuHcoHa, nnadbeT BTOporo poaa, Ipu-
OHHbIE 3a00JIEBAHUS U T. M.), CBSI3aHHbIX C HApYIlIe-
HueM (ponauHra 6enkos [1].

Wccnenosanus nmocaeaHUX JeT MoKas3aiu, 4To
MPU ONPENeJEHHbIX YCIOBUSIX U IPYrue OeJIKU, HU-
KaK He CBSI3aHHbIE ¢ BOBHUKHOBEHUEM 00JIe3HEN
(a BO3BMOXHO, 4TO BCE O€JIKM), MOI'YyT OOpa30BbIBAThH
aMUJIOUI0TIon00HbIe GuOpUILIbL. [TprueM HECMOT-
psl Ha OoJsbIIIOe pa3HOOOpa3ne aMUJIOUIOTEHHBIX
0EJIKOB, pa3MYalolIMXCs IO Macce U CTPYKTYpe,
ApPXUTEKTYpa BCEX aMUJIOMIHBIX M AMUJIOUI0IION00-
HbIX GUOPUILIT OKazanack cxoaHoi. OHU TTpeCcTaB-
JISIIOT co00ii oOpa3oBanus auamerpom 10—20 HM
u mHoi 1o 1000 HM, cocTosiue 13 IpoTohuod-
PUJIT, BKOTOPBIX -CJIOM OPUEHTUPOBAHBI ITEPIICH -
IUKYJISIPHO OCH BOJIOKHA [2]. B ¢Bsi31 ¢ 9TUM A0J1-
roe BpeMsl CUMTaI0Ch, YTO CTPYKTYPa aMUJTOUIHBIX
(bmOpuUILI, MOTYYEHHBIX HA OCHOBE Pa3HbIX OEJIKOB,
MOJTHOCTBhI0 UAeHTUYHA. OOHAKO MCCIeN0BaHUS
MOCJIEIHUX JIET, B X0/I€ KOTOPBIX OblIa paciundpo-
BaHa CTPYKTYpPa HECKOJbKUX aMUJIOUIOMNOI00HbBIX
(pnOPUILI C BICOKUM pa3pelieHUeM, MoKa3ajiu pas3-
JINYUS B UX CTPYKTYPE.

TTockonbKy GUOPUILISIPHOE COCTOSIHUE OEJIKOB
SIBJISIETCSI OHUM 13 OCHOBHbIX TEPMOIMHAMUYECKU
CTaOMJIBHBIX COCTOSIHUI O€JIKOBOI MOJIEKYJIbI, U3y~
YeHME CTPYKTYPhl aMUJTIOMAHBIX (DMOPUILT UMEET CY-
11IECTBEHHOE 3HAYEHUE TSI TOHUMAaHUS (DyHIaMeH -
TaJIbHbIX OCHOB (hOJIIMHIA U OpraHU3aluu OEJIKOB.
PaspaboTtka pyHmaMeHTaaIbHOM Mpo0IeMbl (POIINH-
ra 6eJIKOB UMeET 1 OOJIbIIOE MPAaKTUUEeCKOe 3HaUe-
HUE I MEIWIIUHBI B CBA3M ¢ HEOOXOINMOCTBIO
BbISICHEHUSI IPUUMH TaK HAa3bIBAEMbIX «<KOH(pOpMa-
LIMOHHBIX 00JI€3HEI», COMTPOBOXKAAIOIIMXCST 00pa30-
BaHMEM aMUJIOUAHBIX (PUOPUILIL.

11 AMaTHOCTUKY BO3HUKHOBEHMST aMUJIOWI -
HbIX GUOPUILI in Vivo U in vitro 1UPOKO U dbdex-

Puc. 1. Crpykrypa monekynsl Kpacurtenss ThT
I — GeH3THa30JIbHOE KOJbIIO,
2 — aMUHOOEH30JIbHOE KOJIbIIO,
3 — JIMMEeTWJIAMUHOTPYIINA;

N, S — aTombI a30Ta U cephl, COOTBETCTBEHHO;
¢,y — yIJIBI BpalleHUus: ¢GpparMeHTOB KpPacUTes.
JIPYT OTHOCUTEJILHO JpyTa
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TUBHO UCITOIb3yeTCsl OEH3TUA30JIbHBIN KPaCcUTE b
tuodaaBun T (ThT) (puc. 1).

DTOT (haKT 00YCIOBJIEH TEM, UTO CBSI3bIBAHUE
ThT c amunouaHbIMU GUOPUILIAMU COTTPOBOXKAA-
€TCsl CYLIECTBEHHBIM BO3pacTaHMEM KBAHTOBOIO
BbIXOJa ero (ayopecleHUUr (HepeaKko B ThICSYU
pa3), Toraa Kak CBOOOJAHBIN KpacuTeab B BOOIHOM
pacTBOpe UMeeT OUeHb HU3KU I KBAHTOBBII BBIXOJ
(no HawuM naHHbIM — nopsiaka 107%). Tpuuem
9TO B3aUMOAECHCTBUE OUEHb CITEUMPUUHO: Kpacu-
TeJIb HE B3aUMOIEMCTBYET C IJIOOYIsIpHbIMU Oe-
KaMU B HATUBHOM COCTOSTHUU (32 UCKJIIOUEHUEM
alleTUJIXOJMHACTEPA3bl U CHIBOPOTOUYHBIX alb0y-
MUWHOB), C OeJIKaMU B pa3BEPHYTOM U ITPOMEXKYTOU -
HBIX YaCTUYHO-CBEPHYTHIX COCTOSIHUSX, a TaKXkKe
¢ amopdHbBIMU arperatamu 0egkoB [3]. B cBsizu
C 9TUM NIEPBOHAYAIbHO (DITyOpeCIeHLIMS KPACUTEIs
KCIOJIb30BaIaCh KaK TECT HA BO3HUKHOBEHUE aMU -
JIOUIHBIX GUOPWILI IIPU PSIAE TSKKUX 3a001eBaHUIA.
Hacrosiasi pabota HarnpaBjieHa Ha pacllvpeHue
Cpelbl MPMMEHEeHUST KPaCUTesl, TAaK KaK OCOOEHHO-
ctu B3aumoneicteusi ThT ¢ amunonaHbiMu hpuod-
pPUTaMU MOXKHO MCTIOJb30BaTh HE TOJbKO IS AV -
ArHOCTUMKU UX BO3HUKHOBEHUSI, HO U TSI U3YYEHMUSI
MX CTPYKTYpHI. 15 perreHus 3agadyu Heo0X0auMO
BBISICHUTD, B Kakoil opme ThT B3aumoneicTsyet
¢ GubpUIIaMH, a TAKKe OTNPeaeIUTh CIIEKTPaTbHbIE
CBOICTBA CBSI3aHHOTO KPACUTEJIS U TTapaMeTPbI CBSI-
3piBaHus ThT ¢ amuinonaHbiMu pubpuLIaMU.

Moeb BCTpauBaHUS KPACUTEIS
B aMHJIOUIHBIE (hHOPUILIBI

CylLIeCcTBYIOT pa3IMYHbIE MOIEIN BCTPAUBAHUSI
ThT B amunounaHble puoOpuiabl. B panHux padorax,
MOCBSILIEHHbBIX U3YYEHUIO CIIEKTPATbHbBIX CBOIICTB
ThT, 6p110 MOKa3aHO, YTO CIEKTPbl BO30YKACHMUS
(bnyopecueHuMu, aTakxe hJayopecleHLIMHU KPACK-
TeJIs1, MYHKOPITOPUPOBAHHOTO B aMUJIOUIHbBIE (D10~
PWILIBIL, CYILIECTBEHHO CABUHYThI B IJTMHHOBOJIHO-
BYIO CTOPOHY IO CPaBHEHUIO C aHAJIOTUUYHBIMU
CIEKTPaMU JJisi CBOOOIHOIO KPACUTENSI B BOTHOM
pacTtBope. B CBSI3M ¢ 3TUM psiAOM aBTOPOB ObLIN
BBIIBUHYTHI IIPEATIOI0XEHMSI O TOM, 4TO (hJIyopec-
ueHuus kpacutenst ThT (11MHHOBOJIHOBBIN CABUT
ee CIIEKTPOB U BO3pACTaHUE €€ KBAHTOBOIO BbIXO-
J1a), UTHKOPTIOPUPOBAHHOTO B aMUJIOUIHbIE (hUOPUII-
Jibl, 00ycJioBAeHA nuMepamu [4], akcumepamu [5]
WM Jaxe MULe/utamMu [6] MoJteky kpacurest. U3-
MepeHUe ONTUYECKUX CIIEKTPOB MOIJIOLIEHUS U UH-
TEHCUBHOCTH (hIyopecLIeHLIMY KpacUTes B IIUPO-
KOM JIMafna3oHe ero KOHLIEHTPALIMii, a TAKXKE BpeMeH



SKM3HU BO30YKI€HHOTO COCTOSIHUSI TTIO3BOJIMIIN K-
CIepUMEHTAIbHO MOKAa3aTh HEOOOCHOBAHHOCTD '~
nore3 o0 oOpa3oBaHMM AMMEPOB, 3KCHUMEPOB
u muues Kpacutess ThT (puc. 2, a, 0).

HyXHO 3aMeTuTb, UTO CHEKTP BO30OYKIECHMUS
(bryopecrieHIIMY KpacuTesi, ”HKOPIOPUPOBAHHOTO
B aMWIOWAHbIE (PUOPUILIBI, CIIEKTPATbHO COBIIAAAET
C JUIMHHOBOJIHOBOM TOJIOCOW CTIEKTPA MOTJIOLIEHMS,
KakK 3TO M J0JKHO ObiTh. IT0o3TOMY CrienuaaibHOro
00bsICHEHUSI TpeOYyeT He IJIMHHOBOJIHOBOE MOJIOXKE-
HUE CIIEKTPOB BO30YKAeHUSsI (DIyOpeCLEHLMN 1 CTIeK-
TpoB (ayopecueHunu ThT B ¢pubpusiax, a Kopor-
KOBOJIHOBBIE CIIEKTPbI BO30YKIeHUs (piryopecueHLIN
u ¢ayopecueHumu ThT B BomHOM pacTBOpe. MBI 110-
JlaraeM, 4TO CYIIECTBOBaHUE 3TUX CIIEKTPOB 00yC-
JIOBJICHO HAJIMYKEM B paCTBOPE MOJIEKYJT KpaCUTEIst
C HapyLIEHHOM CUCTEMOU -COIPSIXKEHbIX CBSI3EN
OEH3THA30IbHOTO MU aMUHOOEH30IbHOTO KOJIELL.

M3MepeHre KBAaHTOBOTO BBIXOJA ¢ B IIIUPOKOM
nuamnasoHe Temrepartyp 7'v BI3KOCTU paCTBOPHUTE-
Jast (puc. 2, 6) IOATBEPAUIIO BbIABUHYTOE paHee
MPEeATOoJ0XKEHUE O TOM, YTO YBEJIUUEHUE KBAHTOBO-

a)
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ro Bbixoaa (hJyopecueHLUMU KPacuTesisl Mpu ero
BCTpauBaHUU KPACUTEJIsSI B AMUIOUIHbBIE (DUOPUII-
JIbl OOYCJIOBJIEHO OrPaHUYEHUEM TOPCUOHHBIX KO-
Jie0aHnii OeH3TA30IbHOTO ¥ aMUHOOEH30JIbHOTO
KOJIeLl ApYT OTHOCUTENbHO apyra. Hapsiay ¢ topcu-
OHHBIMU KOJIeOaHUSIMU (pparMeHTOB MOJIEKYJIbl ThT
JIPYTr OTHOCUTEIBHO Apyra CylIeCTBYET IO KpailHei
Mepe elle OHa MpUUKrHa 0e3bI3TyJaTeIbHOM Ae3aK-
TUBALIMK BO30YXIEHHOIO COCTOSIHUSI KPACUTES,
MPUBOISIIAS K TOMY, UTO JaX€E B YCIOBUSIX TBEPIO-
ro pacTBOpa, He JOIYCKAIOIIEero CylleCTBOBAHNE
KPYTUJIbHBIX KOJIEOAHU 1 KOJIEL APYT OTHOCUTEIBbHO
JIpyra, KBAHTOBbII BbIXOJ 3TOT0 KpacUTeJisl Cylle-
CTBEHHO MEHbIIIE€ eNMHULILI. Ha HaLl B3T1s11, IpU-
YUHOI 3TOTO MOXET ObITh HEILIOCKOCTHOCTh MOJIe-
KyJibl ThT BOCHOBHOM COCTOSTHUM, OOYCJIOBJICHHAS
HaJlMuMeM MACCHMBHOMW METUJILHOM rPyMibl B 10J0-
KkeHuu N5 0eH3THAa30JIbHOTO KOJIbLIA.

Ha ocHoBe BBIIIEU3T0XKEHHOTO MOXKHO 3aKJTHO-
YKUThb, UTO HAIIU MPEACTABIEHUSI O BCTpAaUBAHUU
Kpacutensi B (UOPUJIBI XOPOLIO COrJIACyITCsI
¢ MOJEbIO, TIpemtoxkeHHoM Kpedcom [2], cortacHo

- -5 ? Y15
- ]
E09 P
2 5o
5 % Loy
2061 S E
g z 2
20,3+ E 8 05
T o
= = g
CJEO,O - 1 1 1 E‘ 0,0‘ 1 1 1
350 400 450 500 < 0 30 60 90
JUTHHA BOJTHEL, HM Konuentpauua ThT, meM
6) (@'
3000 |
2000 |
1000 F L i L
006 0,12 0,18
Tin K (eITy!
O‘ L 1 L 1
30 60 90 120
i, KeITy '

Puc. 2. OGocHoBaHMe Monenu BcTpanBaHus Kpacuteis ThT B amunouaHbie hUOPUILIHI,

a — crektpsl nornomeHus: ThT B Boe [UTst pa3HbIX KOHIEHTPAIUNA KPACUTEIIS:
or 107° 1o 1074 M (kpuBble [ — 5); 6 — 3aBUCUMOCTb MHTEHCUBHOCTU (ryopecuieHnu ThT
OT KOHUEHTPAIIMK KPACUTEJsI; 8 — 3aBUCUMOCTh KBAHTOBOTO Bbixona (iyopecueniuu ThT
OT TeMIIepaTypbl M BSI3KOCTH PACTBOpUTENs (HA BCTaBKe MOKA3aH YYAaCTOK 3aBUCUMOCTH,
COOTBETCTBYIONINIT HU3KUM TeMIIEpAaTypaM U BBICOKOW BSI3KOCTH PACTBOPUTEIST)
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kortopoii ThT B MoHOMepHOI hopMe BCTpauBaeTcsi
B 0OpO31KK, 00pa30BaHHbIC OOKOBBIMU LIETISIMU AMU-
HOKMCJIOT, OPMEHTMPOBAHHBIE BIOJb OCH BOJOKHA
AMUJIOMIHBIX (PMOPMIUT IEPIICHANKY/ISIDHO  ~JTUCTAM.

Onpenenenne CeKTPAJIbHBIX CBOICTB
CBSI3aHHOTO KpacuTest
1 MAapaMeTPOB €ro CBA3bIBAHUS
¢ aMIWIOMIHbIMU (hUOpPUILIAME

B nutepatype MOXHO HalATU OKOJIO AECSTKA pa-
00T, B KOTOPBIX ITPEATTPUHUMAIUCH ITOTTBITKY OTIpe-
JIEJIEHUSI CTEXMOMETPUM Y KOHCTAHT CBsI3biBaHMs ThT
¢ aMUJIOUIHBIMU (hrbpuiamu. B 6oabLIMHCTBE U3
HUX UCTTOJIb30BAJICS MOAXOd, OCHOBAHHBI HA 3Me-
PEHMM 3aBUCUMOCTU MHTEHCUBHOCTH (JTyOpecLieH-
LIMY OT KOHLIEHTpALIMU KpacuTeJIst U (WJIK) aMUJIOUI-
HbIX puOpua. OQHAKO 3TOT METO B IPUHIIUIIE HE
MOXeT AaBaTh MH(OpMALMI O KOHLIEHTpalUuu
cBOOOIHOro U cBsi3aHHOTO ¢ pubprmiamu ThT,
a 3HAYUT, OH HE MOXET ObITb UCTIOJb30BAH IS
OTIpeeICHUS TTApaMETPOB CBSI3BIBAHMS KPACUTEIS
C aMUJIOMAHBIMU (UOpUIIaMu. [17151 5TUX LieJIeid Mbl
MpeaaraeM moaxoa, OCHOBAaHHbBIM Ha MCTIOIb30Ba-
HUM MeToAa aOCOPOLIMOHHOI CIIeKTPO(hOTOMETPUN
pacTBOPOB, MOJTYUYEHHBIX C TIOMOIIBIO METOIA PaB-
HOBECHOT'O MUKPOAWAIN3a. YIUBUTEIbHO, UTO 3TOT
METO[I, KOTOPbIi ObLIT pa3paboTaH 151 ONPeaeaeHUS
CTEXMOMETPUU CBA3bIBAHUSI KpacUTeEJIel ¢ peliernTo-
pamu, HUKOTIa He MCTIOMb30BAJICS LTS OTIPEICTCHUS
napamMeTpoB cBsizbiBaHUs ThT wau ero aHanaoros
¢ aMmuiIouaHbIMU (ubpuiamu. Mcnonab3oBaHue
3TOTO MOAXO0/1a MO3BOJIUIIO HAM BIIEPBbIE ONPENEIUTD
crexktp nornoweHus ThT, ”HKOPIOPUPOBAHHOIO
B aMUJOMIHbIe (PUOPUJIIBI HA OCHOBE MHCYJIUHA.
DuoOpUILIBI OJYYaIU MyTeM MHKYOALIMU PacTBOpa
nHcyarHa B 20 % yKCYyCHOM KUCIOTE B TPUCYTCTBUU
100 MM NaCl (pH = 2,0) npu temneparype 37 °C
Y UHTEHCHBHOM MepeMellIMBaHU B TeueHre 24 ya-
coB [7]. Ha puc. 3, @ mokaszaH CnieKTp NOIJIOLIEeHUS
ThT, uHKOPMOPUPOBAHHOTO B aMUJIOUIHBIE (DUO-
pwibl (KOHLIEHTpaLus 6ejika, U3 KOTOPOro OHU
ObuM ToTyueHsl, C,= 0,4 Mr/mi), a Takxke CTeKTp
TMOTJIOIIEHMST CBOOOIHOTO KPACUTES B KOHIIEHTPA-
uun C;, paBHO# KOHLIEHTpaLuy C, CBSI3aHHOTO Kpa-
CUTEIS.

[ToayyeHHBIE JTaHHbBIE CBUAECTEIbCTBYIOT O TOM,
YTO BCTpaMBaHMUE KpacuTesl B GUOPUILIIBI COMPO-
BOXIAETCS JJIMHHOBOJHOBBIM CABUTIOM CMEKTpa
MOIJIOLLIEHUSI U Bo3pacTaHueM KoadduieHTa mo-
JISIPHOM 9KCTUHKIMU. KOPOTKOBOJHOBOE MOIOXE-
HUe cnekTpa norjoieHus ceodogHoro ThT B Boa-
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HOM PacTBOPE €CThb IPOSIBIEHUE CYLLIECTBEHHOTO
OPUEHTALIMOHHOTO IMUITONb-AUITOILHOIO B3aMO-
JIEVCTBUST MOJIEKYIT KPACUTENST C MOJIEKYIaMU T10-
JISPHOTO PACTBOPUTEIISI BOCHOBHOM COCTOSIHUM.

TTpennoxxeHHbII HAMU TTOIXOI IJIsI KAXKI0TO 9K-
CTIEPUMEHTA TI0 MUKPOIUATIN3Y ITO3BOJIVII ONPEAEIUTD
KOHLEHTpatnio C,cBOGOIHOTO 1 KOHLEHTpamio Cy,
CBsI3aHHOTO ¢ (UbpuUIamMu Kpacutens. Jist Toro,
YTOOBI TTOJTYYNTh HATISIAHOE TIPEICTaBlIeHIE O KOJTH-
YeCTBe MOJI CBA3LIBAHUS KpacUTeNs ¢ (GPUOPUIITaMH,
DKCIEPUMEHTAIbHBIE PE3YJIBTATHI ObLIY MPEICTABIIE-
Hbl B koopauHaTtax Ckeruapna (puc. 3, 6). Hennneii-
HOCTb MOJY4€HHO 3aBUCUMOCTH CBUIETEBCTBYET
0 CYILIECTBOBAHUM ABYX MJIH OOJIeE MO, CBSI3bIBAHUST
i C pa3IMYHBIMU 3HAYCHUSIMU KOHCTAHT CBSI3bIBAHUS
K,,; v urcna MecT n; CBsI3bIBaHMS (B TO BpeMsl KaK ee
JINHEIHOCTH MOTJIa ObI CBUAETEILCTBOBATH 00 ICH-
TUYHOCTU LIEHTPOB CBA3BIBAHUS U CYLIECTBOBAHUU
OIHOI MOIbI). BeTWUMHBI KOHCTAHT CBSI3BIBAHUS
W YUCJIa MECT CBSI3BIBAHUSI, aIcKBATHO OTMUCHIBAIO-
L1e DKCIIEPUMEHTAIbHBIE JAHHbIE, ObLIM OIPEIeie-
HbI C UCITOJIb30BAHUEM YPaBHEH S

Cb=Z

i

nC,Cr
Kd,-+Cf’

e K,;; 1/K,; —KOHCTaHTa IMCCOLMALIMM B IIPe/-
TTOJIOXKEHUH CYLLIECTBOBAHUS IBYX MOJI, CBA3bIBAHUS
METOAOM MHOXECTBEHHOM HEJTMHEMHOM PETPECCUN.

ITomnyuyennsle 3HaueHus Ky, Ky, n, 1 n, npuse-
JIeHBI B TOATICHU K pUC. 3, 0.

Takum oOpa3om, pa3padboTKa crieaabHON Me-
TOIMKH, TIO3BOJISIONIEH TTOTyYaTh MH(GOPMALIUIO O
CTEeXUOMETpUU cBsi3biBaHUsI Kpacutelist ThT c amu-
JIOUIHBIMU (PUOPUIITIAMU, a TAKXKE O CIIEKTPaTbHBIX
CBOICTBAX M XapaKTEPUCTUKAX CBSI3aHHOTO Kpacu-
TeJIsl, — BTO BaXKHbIU 111aT HA MyTU U3YYEHUST aMU -
JIOUAHBIX GUOPUILI U CpaBHEHUSI UX CTPYKTYphI. Mc-
clieJOBaHUE CTPYKTYpPbl OCIKOB B COCTOSTHUU
AMUJIOUIHBIX (PMOPUILIT MOXKET AaTh BaXKHEUIIIYIO
UH(OpMaIuIO 4151 BbISICHEHMS (PAKTOPOB, CIIOCO0-
CTBYIOLLIMX X 00pa3oBaHuto. Kpome Toro, uzyueHue
B3aumozeiicrBust ThT c amunonaHbiMu hudpuIIaMu
MOXET PacCMaTPUBATBLCS KaK MEePCIIeKTUBHBIN 1MOI-
XOII [JTST CO3MAHNST OMOCEHCOPHBIX CUCTEM TSI PAHHEH
JMUATHOCTUKM 32007 I€BaHUIA; TTOCTIEIHIE TTPOSIBIISIOT-
Cs1 aMUJIOUI03aMU pa3IMuHoro poaa. Pazpabotka me-
TOIOB paHHETO BBISIBJICHUS TaKWX 3a00JIeBAaHMIT —
Ype3BbIUAHO aKTyajlbHas 3aaua, MOCKOJIbKY B Ha-
CTOsI1LIEE BPEMSI IMArHO3 3a00JIeBaH NS yIaeTCs TocTa-
BUTb, KOTJIA €70 TeUeHUE y3Ke HeoOpaThMo.
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Puc. 3. BcrpauBanue kpacutensi ThT B amuiionHbie (QuOpULIbI;

@ — CIIEKTPHI TMOMIONIEHNsI CBOGOAHOTO (/) U cBaA3aHHOTO ¢ pubpumtamu (2) kpacurenst (C,= Cy);
0 — 3aBucumocth Cxketyapna: K, = 2,0'107 M’l; Ky, = 1,2-105 M’]; n, = 0,01; n, = 0,08

Heo0xonrmMo OTMETUTB, UTO MpeaiaraeMblii IO -
XOJIl YHUBEpCaJleH — OH MOXET ObITh UCITOJIb30BaH
IUTST HEUTpaTbHBIX aHaoroB Kpacutesst ThT, koto-
pble MOTYT TPOHUMKATh Yepe3 reMaTosHLedantuue-
CKUIi1 6apbep, YTO MOXET HATH CBOE TIPUMEHEHNE
B IWATHOCTUKE U Teparuu HelipoaereHepaTUBHbBIX
3a0ojeBaHuit. Kpome TOro, 3ToT METOI MOXKET OBbITh
WCITOJIb30BAaH JJIsl aHAJIM3a B3aUMOIEUCTBUSI XUMMU -

YECKHUX BEILECTB (B TOM uucie Hedyopeclupylo-
111X ), KOTOPbIE CIIOCOOHBI ITOAABJISITH IPOLIECC 00-
pa3oBaHUs aMUJIOUIHBIX (DUOPUILI.

PabGora BeinmosiHeHa Nipyu (DUHAHCOBOW MOAIEPXK-
ke Ilporpammbl PAH «MonekynspHas u KJieTouHas
ouonorusi», ®onma JImutpus 3umuHa «JIuHACTUSI»
u Poccuiickoro ¢onHaa GyHaaMeHTalbHbIX UCCIIEI0-
BaHuit (mpoekt 10-04-90038-ben.).
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MONEKYNSAPHOE Y3HABAHME INMIOKO3bl
UMCKYCCTBEHHbIMU PELLENTOPAMU UMNMPUHTUPOBAHHOM
NMOJIUMEPHOM CETKMU

MoseKyasipHblii UMIIPUHTUHT — 3TO METO[I CO-
3MaHUST COPOLIMOHHBIX MATEPUAJIOB CO CBOMCTBAMM
KMCKYCCTBEHHBIX BHICOKOCTIELIM(PUUHBIX PELIETTTOPOB

K LI€JIEBOMY BEIIIECTBY, KOTOPBIE CITOCOOHBI UMUTH -
poBaTb ap(pUHHOE CBSI3bIBAHUE, XapaKTePHOE MIJIst
TPUPOTHBIX KOMITOHEHTOB, TaAKMX KaK (pepMeHT-
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CyOCTpaT, FOPMOH-PELIENITOP, AHTUTEH-aHTUTENIO U
T. 1. [Ipo1iecc MoJIEKyISIPHOTO UMITPUHTUHTA BKITIO-
4yaeT CAeAYIOLIMEe OCHOBHbIE STAIlbI:

00pa3oBaHNe MEXMOJIEKYISIPHOTO KOMILIEKCa
MexXay (pyHKIMOHATbHBIMU I'PYIIIAMU MOHOMEPOB
(TToTMMEpOB) U 1IEJIeBOI MOJICKYJIOM-TEMIIJIATOM,
BBICTYMawIleid B poiy I1a0JIOHHON MOJIEKYJIbl
(template — 1m1abJIOH);

3aKpeIJICHUE ITOJYYeHHOTO KOMILIEKCA B TpeX-
MEpHOM CTPYKTYpe MOJUMEPa 3a CUET MEXKMOJIEKY -
JISIPHBIX CILIMBOK;

yaajieHre IabJIOHHOTO COeTMHEHMST 3 TOTOBOM
NOJUMEPHOM CETKU.

B pesymnbraTe Mo OKOHUaHUH TTpoliecca CHHTE3a
B MIOJIMMEPHOI MaTpulle COPOeHTa MPUCYTCTBYIOT
TPEXMEPHbIE MOJIEKYJISIPHBIE «OTIIEYATKI» , KOTOPBIE
1o opMe, pa3mepy, PAaCCTOSIHUIO MeX1Yy (PYHKLINO-
HaJIbHBIMM TPYTITIaMU KOMTTJIEMEHTapHBI MOJIEKYJIe
11a0JJOHHOTO COeAMHEHMSI ¥ CIIOCOOHBI TOBTOPHO
y3HaBaTh U CTICIM(UIHO CBA3BIBATH 3Ty MOJIEKYITY
cpenu MHoXxecTBa apyrux [1, 2]. Takum ob6pazom,
MOJICKYJIIPHO WMIIPUHTUPOBAHHBIC TTOJUMEPHI
(MMUIIb1) mpeacTaBasitoT co00il UCKYCCTBEHHBIE
PpeLenTOophl.

Co3naHue UCKYCCTBEHHbIX PELIEIITOPOB 1151 CITe-
IU(PUIHOTO CBA3BIBAHUS TOKCMHOB DHIOTEHHOM
U 9K30TeHHOM MMPUPOIHI SIBJSIETCSI aKTYaIbHOM 3a1a-
yeil Mpu pa3paboTKe AeiCTBEHHBIX 3(DhepeHTHBIX
METOOB JIeUeHHsI TOKCMKO30B PA3IMYHOIO ITPOUC-
xoxaeHus [3]. Takue MeToabl OCHOBBIBAKOTCS HA COP-
OLIMOHHBIX MEXaHU3MAaX CEIeKTUBHOT'O CBSI3bIBAHMS
TOKCWHOB M MOIICJTMPYIOT €CTECTBEHHBIE MEXaHU3MbI
UX DIMMMHALMM K3 opraHusma. I[IpumeHeHue
MMUIToB B 3KCTpakoprnopalbHOM J€UEHUU TIpea-
CTaBJIsIeTCsl HanboJiee MePCIeKTUBHBIM 110 CpaBHe-
HUIO C IPYTUMHM KJlaccaMy COpOEHTOB, TaK KakK pe-
LIEeNTOpHbIE copOuMOHHbIE YydacTku MMUIIoB
CMocoOHbI obecrneyrnBaTh HauboJee CeeKTUBHOE
CBSI3bIBaHUE 1IeJI€BBIX TOKCUUYECKUX BellecTB. Kpo-
Me TOTO, MEKMOJIEKYIISIPHBIE CBSI31 TOKCUH — HCKYC-
CTBEHHbII peLIENTOP KOHKYPEHTHbI CBSI3SIM TOKCUH —
aTbOyMMH B OMOKOMILIEKCaX, 00pa3yIoIIMXCs B Opra-
HU3Me 1151 2JMMUHanu metabonutos [4]. [Tpume-
Henre MUTIoB B npoliecce reMo,/mia3mMocopOLmm
MO3BOJIUT Pa3pyLLATh MEXKMOJIEKYJISIPHbIE CBSI3U TOK-
CUH — aJIbOyMWH B OMOKOMIIJIEKCAaX W OCTaBJIATh
aJbOyMMH B IJ1a3Me KPOBU.

Cosmganue MUIloB, cieunpuaHoO CBI3LIBAIO-
LLIYX TTTI0KO3Y, 00YCITOBJIEHO HEOOXOIMMOCTBIO pa3-
BUTHS HOBBIX ITOAXOIOB K KOPPEKIIUH YPOBHS 3TOTO
yIjeBOAa B OpraHu3Me uejioBeka.
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IToBbllLLI€HHBIN YPOBEHb IJIFOKO3bI, WX TUIIEP-
[IMKEeMUSI, — OAWH 13 (PAKTOPOB PUCKA BOZHUKHO-
BEHUSI METa00JIMUYECKOIO CEPAECYHO-COCYAUCTOTO
CUHIPOMA U BaXXKHEUIINII CUMIITOMOM CaXxapHOTO
nuadeTa. s KOppeKLUMy HapylIeHHOTO yIJIeBOI -
HOro oOMeHa MpU TEHACHLIMM K TUNEPIIIMKEMUN
MOPUMEHSIIOT AUETOTEePAIIMIO C OTPAHUYECHUEM KUPOB
U YIJIEBOJOB, a TAKXKE MHCYJIWH Y IPYTU€E TUTIOTJIN -
Kemusupyouue npenapatbl. OqHAKO B UHTEHCUB-
HOW Tepanuu HamboJjiee MePCHeKTUBHBIMU MPEI-
CTaBJISIIOTCSI SKCTPAKOPIIOpaibHbIe 3 (hepeHTHbIE
METOIBI KOPPEKIINY YPOBHS TTIOKO3bI B OPTAHU3ME.

B npouecce cuHTe3a oaMMepoB, UMIIPUHTUPO-
BaHHBIX MOJIEKYJ1aMU TJ10K03bl (r1-MWTIoB), cTa-
OMJIbHOCTb KOMILJIEKCOB 111a0JOHHAs MOJEKyJa
TJIFOKO3bI — (DYHKLIMOHAJIBHBIM MOHOMED U, COOTBET-
CTBEHHO, KOIn4eCcTBO apPUHHBIX LIEHTPOB CBS3bI-
BaHMS B 3TUX KOMIUIEKCAX 3HAYUTEIbHO 3aBUCEIN
OoT KOH(OpMaLIMU YIJIeBOAA B NOJUMEPU3ALIMOHHOM
CMeCU MPU 3alaHHbIX YCIOBUSIX cCUHTe3a. [1oaTomy
(bn3MKO-XxMMUUYECKUE YCIOBUSI COPOLIMU OIpeaeisi-
IOT TIPUPOILY MEKMOJIEKYJISIPHBIX B3aMMOICIICTBUIA
B COPOLIMOHHOM CUCTEME U COOTHOLLIEHNE BKJIa0B
cneln(UIHOTO U HECIEUN(PUUHOTO CBSI3BIBAHUS
r1toko3bl ¢ ri-MHUIIom.

Llenb paOOTHI — BBISICHEHUE TIPUPOIBI MEKMO-
JIEKYJISIPHBIX B3aMMOIEHCTBUI II0KO3bl C HOBBIM
r1-MWTlowm, a Takke MEXaHU3MOB PACTIPEICICHUS
copbara Ha PHEPreTUYECKM HEOTHOPOIHBIX COPOLIM-
OHHBIX caliTax B UMIIPUHTUPOBAHHOM MMOJMMEPHOM
MaTpULE.

SKCHepHMEHTaJII)HaH YacTb

B paborte uccienoBaics ria-MUII, cunTte3upo-
BanHbIl B MBC PAH Ha ocHOBE HEMOHOTEHHOTO MO-
HoMepa IMMeTaKkpuiata aTuieHraukons (AM3TI).
1ITaGioHHBIE MOJIEKYJTbI TJTIOKO3bl BBOAUJIMCH B IO~
JIMMEPU3ALIMOHHYIO CpeNy B KOJIUUECTBE 4 MOJIb %.
ITpupona HecrieLM(PUUHON COPOLIMY TITHOKO3bI C TJ1-
MMHIIom uccnenoBanach Ha KOHTPOJbHOM MOJUME-
pe (KIT) na ocHoBe JIM DI, KOTOP®Ii1 OBLT CUHTE3U -
poBaH B aHajloOrMuHbIX ¢ TI-MMUIloM ycnoBusix
noJMMepU3aLur, HO 0€3 BBeAECHMS 11a0JJOHHBIX MO-
JIEKYJI TJIIOKO3bI (CM. CTPYKTYPHYIO (hOpMYJTY).

PaBHOBecHYI0 COpOLIMIO MPOBOAMIIN B CTATU -
yeckux ycaoBusgx [5]. C aToii 1eabio HaBeCKU
COpOEHTOB 1 pacTBOpPA IJIFOKO3bI C ONpeaeIeHHOMI
HAYaJIbHOI KOHLIEHTpALeil TOMEILAIN B IEHUIINI-
JINHOBBIE (DJIAKOHbI M OCTABJISUIM HA IIEPeMelLBal0-
11IeM YCTPOMCTBE Ha IepUOoI BpeMEHU, HEOOXOIUMBIIA
IJIs YCTAaHOBJIEHUSI COPOLIMOHHOIO pPaBHOBECHSI.



KoHLeHTpaLuIo [IH0KO3bl B PACTBOPE OIPEACIISLIN
CIeKTpO(OTOMETPUYECKMM METOLOM TpH 630 HM,
MpeaBapuTE]bHO OKpALIMBasi PACTBOP IJIOKO3bI
0-TOJTYUINHOBBIM PeaKTUBOM. PacTBOPHI IITIOKO3BI
ObLIM CTA0MIbHbBI B MOAEIbHOM (PU31OJIOTMYECKOM
0,9 % pactBope NaCl B mmmpokom auamnasone pH
BTeuyeHue 10 cyTok.

PaBHOBECHYI0 €MKOCTH COPOILIMY PACCUNTHIBA-

Ji1 110 (popmyJie
q :—(C Cpasn )V -1000,
ny
rne C, Cpopy (MMOMTb T ') — HauabHast M PaBHO-
BeCHasl KOHIIEHTPALIUU TJTI0KO3bI COOTBETCTBEHHO;
V(M) — o0BeM pacTBoOpa; m,, (T) — Macca HaBECKU
copOeHTa.

BennunHy nHTErpajibHOrO KO3(hPuUIIMeHTa pac-
npeneaeHus [ HAXOMWIN ITyTeM UHTerPUPOBAHNSI Tpa-
(puueckoii 3aBucumocTy tUddepeHIINATBHOTO KO-
spduunenta pacnpeneneHus [; or  — creneHu
HACBIILIEHNS copOeHTa copbatoMm; I'; onpenensnacs
KaK OTHOILIEHME KOHLIEHTpAllK copbaTa K paBHO-
BECHOI KOHLIGHTpALIM U BE1LIeCTBA B PaCTBOpE; Mpe-
CTaBJsgeT cO00i OTHOILLIEHUE BETUYMHBI COPOLIMOH-
HOI1 EMKOCTH ¢; B [-11 TOYKE PABHOBECHOY N30TEPMBI
K MAaKCUMaJIBHO COPOLIMOHHON €MKOCTH ¢y«

MzmeHenue ceodonHoi aHeprun G (JIxk-Mosb l)
COpPOLMY PACCUUTHLIBAIU KaK

G=— RTInI,

rne R — yHuBepcanbHasi razoBas moctosiHHas;, 1'(K)
— Temriepartypa; In I' — norapudm KoadpuiineHTa
pacmnpeneaeHus.

NsmeHeHue sHTanbnuu  H (H)K-Momfl) pac-
CUMTBHIBAIIOCH M3 U30TEPM PABHOBECHOI COPOLINH,
MOJIyYeHHBIX MIPU ABYX TeMTepaTypax:

Inl', —InT,

1/T,-1/T;

rae unaekcol 1 u 2 coorsercteytor 7;=293Ku 7,=
=310 K.

WUsmenenue suTponuu S (Z[)K-Monb_l-K 1) OIl-
penessiiv U3 paBeHCTBA

T s=

AH =-R

H— G

Pesynbrarnl M uX 00CyKAeHHE

ITpupona MeKMONEKYISIPHBIX B3aMOIECTBUIA,
B pe3yJIbTaTe KOTOPBIX OCYIIECTRISIACh HECTICIIN-
(bruHas paBHOBecHas1 cOpOLMsI TTIOKO3bI, CHavasa
ObTa KCcAeaOBaHA Ha HEUMIIPUHTUPOBAHHOM

bnounsmnka n meguumHckas cbmama»
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KonTponbhbiit noaumep (KIT)

KIT — copbeHTe cpaBHEHUST, KOTOPBIN HE COOEPXUT
CTTeM(PUIHBIX CAUTOB CBSI3BIBAHUS.

W3oTepMmbl copOumm rimoko3sl Ha KIT mpu tem-
nepatype 293 K npu Bcex 3HaueHusix pH nmenu
CXOIHBIN XapaKTep U CBUAETETLCTBOBAH O TIOJTH -
(byHKIIMOHANBHBIX B3aMMOIEMCTBUSIX TITIOKO3BI
¢ KIT, mpu KOTOpBIX Majible KOHLIEHTPALUU TITI0KO-
3bI B pACTBOPE CITOCOOCTBOBAIM HAKOIIEHUIO COPO-
TUBa Ha rpaHuie pas3zaena a3z, a jajbHeuii pocT
KOHIIEHTpALIMU CTTOCOOCTBOBA BHICOKOEMKOCTHO-
My HachIlLeHUI0 copOeHTa (puc. 1, a). CpocTom TeM-
nepatypbl 10 310 K xapakTep U30TepM MEHSJICS
(puc. 1,6). TTpu kucaoM U 11eJ04HOM 3HaYeHusIX pH
OHU CTAHOBUWJIMCH TIPAKTUIECKU TIPSIMOJTUHEITHBI -
MU, IpUYeM HAOII0AJICs POCT BEIUYMH KO3 DU-
LIMEHTOB pacrpeneneHus. Bmecte ¢ Tem, B HeHTpaib-
HOW cpele copOuMsl yxyallajdach, a M30TepMa
mprobpeTaTa CTyNeHYaThIN XapaKTep.

W3BecTHO, 4TO MpeobaagaHue 9K30TepMUIeC-
KHUX COPOLIMOHHBIX MTPOLIECCOB XapaKTePHO 17151 00-
MEHHBIX B3aMMOJEHUCTBUI U BOOOPOIHbBIX CBI3EM,
B TO BpeMsI KaK MPEeBATMPOBAHNE IHIOTEPMUUECKUX
MPOLECCOB XapaKTEPHO /151 TMAPO(POOHBIX B3aUMO-
IevicTBUiA 6, 7].

JeTanbHas MUHTepITpeTaLus TPUPOIBI MEXMOJIe-
KYJSIDHBIX B3aUMOJIENCTBUI Oblla OCHOBaHa Ha
U3YyYeHU U TepMOIMHAMUYECKUX (DYHKILIMI COPOLIUM.
Kaxk BugHO 13 TaOJIMLIBI, B HEUTPaJIbHO Cpeie Cop-
ouwus rmoko3bl Ha KIT mpoTekana kak 3K30TepMu-
YECKHUI SHTAJIBIIMUHO KOHTPOJIUPYEMBIN MPOLIECC
(oTpuIaTeNbHOE U3MEHEHNE SHTAJTBITUN U SHTPO-
nun). I[Tockonbky KII siBisieTcss HEMOHOT€HHBIM
COpPOEHTOM, TO TEPMOAMHAMUYECKY BHITOTHOE U3-
MEHEeHMue CBOOOIHOI »HEpPruu copOLMHU, MO BCEl
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Puc. 1. KOHIIEHTpaLIMOHHBIC 3aBUCUMOCTA €MKOCTH PABHOBECHOM COPOLIMU TITHOKO3BI
u3 MozesabHoro BogHoro pacrsopa (0,9 % NaCl) na KII (a, 6) u Ha rn-MMUIle (s, 2)
JUTSL pa3anaHbix pH mpy AByX 3HAUYeHMSIX TeMIieparypsl 7,
pH: 2,4 (1); 7,0 (2); 11,0 (3); T, K: 293 (a, 6); 310 (6, 2)

BUIMMOCTHU, OMIPEIEIISLIOCH MTPEBATUPYIOLINM BKJIa-
JIOM BOJOPOIHBIX CBsI3eil. B Kucaoil u menouHoi
cpenax copOoLMs MpoTeKana Kak 9HA0TepMUUECKU I
SHTPOIMUIHO KOHTPOJIUPYEMbIii ITpoliecc (TTOJI0XKM-
TeJbHOE N3MEHEHME SHTAIBITUU U SHTPOMNU), TaK
Kak 00pa3oBaHKe BOJOPOIHbBIX CBA3EH MEXKTY IJIH0-
KO301 U COPOEHTOM TMOJABISUIMCH M3-3a U30bITKA
H-npotonoB niau OH-aHNOHOB B COpOIIMOHHOI
cpeae. Ho npu aToM sHaoTepMuueckasi cCopoLus
COIPOBOXKIAIACh 00Jiee pABHOMEPHBIM pacrpeaesie-
HUeM copbaTa B HEUMIIPUHTUPOBAHHOM MOJTMMED -
Holi ceTKe (cM. puc. 1, 6).

YeM ke MOXET 00BSICHITHCSI TIpUPOaa TUAPO-
(boGHoOro cBsi3biBaHMs I110K03bl ¢ KIT?
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B pabotax no ucciie10BaH1IO BIUSIHUSI CTPYKTY-
DBl YIJIEBOAOB (B YaCTHOCTH, MPOCTPAHCTBEHHOTO
pacnonoxeHust OH-rpyrin) Ha CTpyKTYpY BO/bI Kak
PacCTBOPUTEJSI OCYILIECTBISIICS aHANU3 JOCTYITHOM
TIJIOIIAIY TIOBEPXHOCTH YIJIEBOIOB M pacueT IpUOIIv-
3UTEJILHOM SHEPTMU PACTBOPEHMSI MOJIEKYJT. [171s1 5TO-
TO TIPUMEHSJICS METOI MOJIEKYJISIPHOM TUHAMUKHI
B COYETAaHMU C paCUE€TOM YIJIOB BOIOPOIHBIX CBSI3Ei
B CHCTEME BOIa — BOJIA B OKPYKEHUU MOJEKYJIbI
yrieBona [8, 9]. Pacuer aHepruu pacTBOPEHMS MOJIe-
KYJIBI YTJIeBOAA TIPOU3BOAMIICS Ha OCHOBAHUU CYyM-
MAapHOTIO BKJIa/a 3JIEKTPOCTATUYECKUX B3aMMOIe -
CTBUI pPACTBOPUTENS C TIOJSIPHBIMU TPYIIIaMU
U ruapodoOHbIX — ¢ HenosisipHbiMU. KoHbopmariys
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KoaddunuenTsl pacnpenenennss 1 TepMoauHaMuueckue (GyHKIMH cOpOUMH ITIOKO3bI MOJIMMEPHbBIMH COPOEHTaAMH

CopOeHT AG AH ATAS
rJHgKo3H pH I/, | ‘
KX/Moub
CopOumst 6e3 MOUEBUHBI

4 2002,2 -18,49 13,30 31,79

’ 2702,4 -20,33 13,30 33,63

KII 110 1397,0 -17,61 35,06 52,68

’ 3080,2 -20,67 35,06 55,73
1381,0 -17,58 —45,59 -28,01
70 4939 -15,96 -45,59 -29,64

’ 1347,8 -17,52 7,33 24,85

1590,1 -18,97 7,33 26,30

725,4 -16,01 19,77 35,78

i-MUIL ki Y B 2579
. 11,0 1132,8 18,09 19,77 37,86
4 1414,0 -17,84 8,49 26,13

’ 1712,4 -19,16 8,49 27,65

Copbums B cpene 1M MoueBUHBL

KI1 272,21 -13,63 -6,28 ,35
70 236,29 —-14,06 -6,28 7,78

MU ’ 46,62 -9,24 7,55 16,79
T 591 210,21 7,55 17,76

IlpumevyaHnus:

1. KIT, [1-MUI1 — KOHTPONBHBII TTOJIMMEDP U TTOJTUMEDP, UMITPUHTUPOBAHHBIN TITIOKO3011.
2. BepxHue u HIKHME 3HaYeHUs BennduH onpeneneHsl npu 7; =293 Ku 7,= 310 K, coorBeTcTBeHHO.

3. Cop6uus u3 0,09 % BomHoro pacteopa NaCl.

MOJIEKYJ YIJIEBOOOB ompeaessiiach opueHtauueii OH-
TPYTIN MO0 B 9KBATOPUATLHOIA, MO0 B OCEBOIA TIJIOC-
KOCTSIX OTHOCUTEJIbHO YIJIEBOTOPOIHOTO KOJIbIIA
yraesona. [1pu skBaTopuanbHoii opueHTaunu OH-
TPYTIT BO3pacTasia BEpOITHOCTh 0Opa30BaHUS BO-
JOPOMHBIX CBS3El MEXIy MOJEeKyJIaMU yrieBoaa
u pactBopuTeis. [1pu oceBoiit — 00pa3oBbIBAICS BO-
JOPOMHBIN KapKac BHYTPU MOJIEKYJbl YIJieBOa,
1 OMHOBPEMEHHO C 3TUM yBETMYMBATIACh BEPOSIT-
HOCTb B3aUMOJEHCTBUI MOJIEKYJT PACTBOPUTEIS C He-
nossspHeiMu CH-pagukanaMu yriaeBoIHOIO KOJblLia.
Takum 00pa3zoM, Ha OCHOBAaHUU BTUX PAdOT
1 9KCTIEPUMEHTATBHBIX TaHHBIX TI0 U3YYEHUIO Tep-
MOJIMHAMUYECKUX (DYHKILMI COPOLIMY MOXKHO TTO-
JlaraTh, 4TO MOJU(pYHKLMOHATbHOE Hecrielu(uu-
HOE CBsI3bIBaHME TMI0KO3bI ¢ KIT ocyliecTBIsIoCh
B pe3yJabTaTe BOAOPOIHBIX CBSI3ei U THAPO(OOHBIX
B3aUMOJCHCTBUI 1 YTO COOTHOIIIEHHWE UX BKJIAIOB
B COpOIIMIO 3HAYNTETHHO 3aBUCEN0 OT (DU3UKO-XU -
MUWYECKUX YCJIOBU I COPOLIMOHHOM CpeIbl.

I1pu copOumm rimoko3sl ri-MWITom HaGmona-
JIOCh TTONUMYHKIIMOHATILHOE CBSI3bIBAHWE U HEOI-
HOpOIHOE pacmpeneneHue copdara (puc. 1, 8, 2).
Ho B otmuume ot copouuu Ha KI1, xapakrep u3o-
TEPM MaJio U3MEHSJICSI TIPY BAPbUPOBAHUN TeMTIE-
paTypbl 1 pH. DTo CBUIETEIHCTBOBAIO O Pa3INUUN
B MeXaHMU3Max pacripeleSeHUs TJI0OKO3bl B KOHT-
POJILHOW U UMMTPUHTUPOBAHHOM MOJIMMEPHBIX CET-
Kax, ¥ ObLIO O0YCIOBJIEHO HAIMYMEM B UMITPUHTH -
poBaHHOI moauMepHoit wMatpuue Ttia-MUIIa
CTITeLIM(MUIHBIX COPOIITMOHHBIX CATOB.

Kak mpaBujo, cneliuguyuHas ceJeKTUBHOCTh
UMIIPUHTUPOBAHHBIX COPOEHTOB BO3pacTaeT Mpu
0O0JIbIIIEM COOTBETCTBUH YCIOBHI COPOLIMU YCIIOBU-
SIM CUHTE3a, B KOTOPBIX (DOpMUPYIOTCs ah(UHHBIE
ueHTpsl [10]. CunTe3 r-MMWIla ocyuiecTBasics
METOIOM pamTruKaTbHOM COTIONMMMEPU3ALIUH TIPY TEM-
nepatype 60 °C, 1 To3TOMY BO3pacTajao ruapodos-
HO€ CpPOICTBO (POPMUPYIOIINXCST UCKYCCTBEHHBIX
PELIeNTOPOB K 11a0JJOHHBIM MOJIEKYJIaM TJTOKO3bI.

131




HayuHo-TexHuueckne Beagomoctn CII6ITIY. dusmnko-mareMatnueckme Haykm 3’ 2011

B MMOpUHTUPOBAHHBIX MOJUMMEPHbIX CETKAX
CBSI3bIBAHME cOpOaTa OCYILIECTBISIETCS MPU B3au-
MOBJIMUSIHUM e (PUYHBIX M HECITeLIM(PUUHBIX B3a-
nmoneiicTBuii. Kak BUIHO 13 TaOIWILIBI, TIPY 3HAUE-
Huu pH, paBHom 7,0 (T. €. B yCIOBUSIX, OJIU3KUX
K ycaoBusiM cuHTe3a ri-MMUIIa), tTepmoanHaMu-
yeckue (pyHKLMK copbuuu Ha ri-MUIle otinya-
Jquck oT copormu Ha KTT. HecnieimguuHoe CBs3bI-
BaHue roko3sl ¢ KIT npu ykazaHHOM 3Ha4yeHUU
pH ocy1iecTBasIOCH TPY JOMUHUPYIOLLIEM BKJIaae
BOJOPOIHBIX CBSI3€ii, B TO BpeMsI KaK Py COpOLIMU
Ha rii-MMUTle Haba0aa10Ch TOMUHUPOBAHWE TH/I -
podOOHbIX B3aMMOAEICTBUIA, 00YCI0BIEHHOE IIpe-
o0siafaHueM crielM(pUIHOrO CBSA3bIBAaHUS copOaTa
¢ abGUHHBIMHU LIEHTpaMU rTuaApoGOOHOM TPUPOIBI
(cM. Tabauiy). B kucaoit U 11e04YHOM cpenax Tep-
MOJMHAMUYECKU BBITOJHOE U3BMEHEHUE CBOOOIHO
9Hepruu copouuu u Ha KIT, u Ha rin-MUWTle onpe-
Iensioch TUAPOoGOOHBIMU B3aUMOIECHCTBUSIMU.
Ho nipu aToM, B otnuue ot KIT, Ha rimi-MWTle tep-
MOAMHAMUYeCcKKe (PYHKLIMY ITPAKTUUECKU HE U3Me-
HSUTHCH TTpY U3MeHeHWH pH, uTo TToaTBepsKaasio rmpe-
UMYIIECTBEHHOE pacIipeleicHue TJIIOKO3bl Ha
COPOILIMOHHBIX LIEHTpaX APYTOit TPUPOIBI (KOMILIE-
MEHTAPHBIX [1OJIOCTSIX).

OnHKUM U3 COCOOOB UCCIENOBAHMS COOTHOLIE-
HUSI BKJIa0B BOAOPOIHBIX CBS3ei U TUAPOGOOHBIX
B3aUMOJEHCTBUI B COPOLINIO SIBJISIETCS M3ydeHUE
M30TE€PM U TEPMOIUHAMUYECKUX (DYHKLIMI cCOpOLMU
B IIPUCYTCTBUY MOUYEBUHEI.

Kak BugHo u3 Tadauisl, mpu copouun Ha KIT
BBeaeHNEe | M MOUYEBUHBI B COPOLIMOHHYIO CpELy
MOJIHOCTHIO U3MEHWJIO MEXaHU3M CBSI3bIBAHUS yT-
JIeBOJIa C HEMMITPUHTUPOBAHHOM MOJTMMEPHOM CeT-
Koii. Ilpy 3TOM nmojaBiaeHUe BOJLOPOIHBIX CBS3EH
CIOCOOCTBOBAJIO BO3pACTaHMIO BKJIama TUaApodo0-

HbIX B3aUMOJIEICTBUI1 B cucTeMe, a KoOappuumneH-
THI pacTipeae/eHUS MTOHKAIUCH Ha MOPSIIOK.

ITpu copbumm Ha rn-MMUAIle B cpene 1 M moueBu-
HBI 9HTAJIBITUITHAST COCTABIISIONIASA CBOOOIHOM SHEP-
YU COPOLMU MPAKTUYECKU HE U3MEHSLIACH 10 BEJIU-
YWHE, 0CTaBasICh MOJIOXHUTEbHOM. He3HaunTebHOe
MOHVKEHWE SHTPOITMIAHOTO YWieHa U3MEHEHUSI CBOOOI-
HOW HEPTUY COPOLIMY TTOKA3BIBAJIO JOCTATOYHO Ma-
JIbI BKJIA/1 HeCTreM(hUIHOTO CBSI3bIBAHMSL.

B 3akjtoueHre MOXHO Cae1aTh BbIBOI, UTO HE-
crienUIHOE CBA3BIBAHNE TITIOKO3BI C MOJIEKYJISP-
HbIM KOHTPOJIbHBIM HEMMIIPUHTUPOBAHHBIM I10JI1 -
MEPOM OIpeneasieTcs] BOTOPOTHBIMU CBSI3IMU
U ruapo(oOHBIMY B3aUMOAECICTBUSIMU, COOTHOLLIE-
HUe BKJIaJI0B KOTOPBIX B 0011Iee M3MEHEHNE CBOOOI-
HOI1 3HEPIUU COPOLIMY MOKHO PETYIMPOBATh (Pr3K-
KO-XUMUYECKUMHU YCIIOBUSIMU CPEIIBI.

I1pu 3TOM B mpouiecce COpOLMU IVIFOKO3bI HA TJ1-
MMWIle nmeno MecTo crieupUuIHOE pacIio3HaBaHUE
MOJIEKYJ1 copOaTa UCKYCCTBEHHBIMU PeLerTopamMu
B MOJICKYJIIPHO UMITPUHTHUPOBAHHOM ITOJTUMEPHOM
cerke. [IpeumyuiecTBeHHO crieLuduyHasi CopoLst
TJIFOKO3bI HA0JII01A10Ch B YCJIOBUSIX Cpelibl, Haubo-
nee om3kux K pusnonornyeckuM (0,9 %-it BonHbII
pactBop NaCl, pH =7,0).

Takum oOpa3zom, HOBBII MOJEKYJISIPHO MMII-
PVHTHPOBAHHBIN COPOEHT CITOCOOEH BHITIOTHSITH
(pyHKLIMIO NCKYCCTBEHHOTO PELIENITOPA MOJIEKYJIbI
TJTIOKO3bI, YTO B TaJIbHEHIIIEM 00ECITeYNT BICOKO-
CeJIEKTUBHYIO crieliM(pUUYHYIO COpOLMIO YIieBOAA
HETIOCPEICTBEHHO M3 TJIa3MBI KPOBH.

PaGora ocyuiectisiiack npu nopaepxkke OIITT
«Hay4yHble 1 Hay4HO-TI€Aaroru4eckrue Kajapbl UHHO-
BauuoHHoi Poccuum Ha 2009—2013 roabi» (KOHTpakT
No14.740.11.0382) u rpanta POOU 09-03-00516.
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POXXAEHUE KOPOTKO)XUBYLLUUX HEUTPAJIbHbIX KAOHOB
B CTO/IKHOBEHUAX AAEP AEUTEPUA U 30J10TA
nPU SHEPTUU 200 I'SB

OOHapyXeHue CUJIBHOTO MOIaBIeHUST BbIX0Ia
aApPOHOB B 001aCTU OOJIBIIMX TONEPEYHbBIX UMITYJIb-
COB SIBJISIETCS] OMHUM U3 HanboJiee BaXKHbBIX TOCTH-
XEHUU MPOrpaMMbl MO U3yYEHUIO CTOJKHOBEHUM
TSIKENBIX YIBTPApeIITUBUCTCKUX MOHOB Ha YCKO-
putene co BctpeunbiMu nydkamu RHIC [1]. Tak,
B LIEHTPAJIbHBIX CTOJKHOBEHUSIX siiep 30J10Ta TIpu
9HEPTUM /Sy B CUCTEME LIEHTPA Macc Ha rapy
HYKJIOHOB, paBHoii 200 5B, HabatonaeTcst mpubau-
3UTENBHO MATUKPATHOE TTOAABICHNE BHIXOIA TTHO-
HOB MO OTHOIIIEHUIO K UX BBIXOIY B MPOTOH-TIPO-
TOHHBIX B3aMMOJEMCTBMSIX, YMHOXEHHOMY Ha
COOTBETCTBYIOLIEE YNCJIO MAPHBIX HYKJIOH-HYKJIOH-
HBIX CTONTKHOBeHuU# [2]. 711 KaueCTBEHHOIO 1 KO-
JIMYECTBEHHOTO0 MOHMMaHUSI Ha0I10gaeMoro 3@-
(bexTa HEOOXOTMMO PA3IENUTD BIUSHUE HAYATLHOTO
U KOHEUYHOTO COCTOSTHUI HA CBOMCTBA POXKAAIOIIAX-
cs yactull. K addekram HaYaIbHOTO COCTOSTHUSI
(xonomHO¥ sIIEpHOI MaTepU) OTHOCST TaKKe MPo-
1IeCChl, KaK 9KpPaHUPOBAHUE CTPYKTYPHBIX (DYHK-
LU B 1pe, MOTEPU SHEPTUU Ha HAUAJIbHbBIX CTaIUsIX
peaxkimii 1 MSITKoe MHOTOKPAaTHOE TiepepaccessHre
MapTOHOB B HAUYaJIbHOM cocTosiHuU [ 3, 4]. K adpdek-
TaM KOHEYHOTI'O COCTOSIHMSI (TUTOTHOM U ropsiueli siaep-
HOI1 cpeibl) 00bIYHO MPUUUCSIOT 3 (PEKT raieHust
CTpYHi, TIepepaccesTHIe aipOHOB U PeKOMOMHALIMOH -
HbIe TTpoliecch [2, 5]. B cToKHOBEHUSIX siep neiTe-

pus 1 30710Ta IpU 3Hepruu /Sy = 200 I5B o6paszo-

BaHMS TOpsiYEM M MJIOTHOM SIEPHOM Cpenbl HeE
0XMIAETCH U3-3a MAJIOTO YMCJIa B3aMMOACHCTBYIO-
LLIMX HYKJIOHOB, 2 3TO MO3BOJISIET HEMOCPEICTBEHHO
n3ydyaThb 3(PpHeKThl HAUaTLHOTO COCTOSTHUS.

B manHoli paboTe mpencTaBieHbl Pe3yabTaThbl
M3MEepPEeHUsI ”HBAPUAHTHBIX CIIEKTPOB POXKIECHUS MO
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TTOTIEPEUHOMY UMITYJTBCY U (PaKTOPOB SIACPHON MO-
IUbUKALMY 17151 KOPOTKOXHMBYIIETO HEUTPAIbHOTO
KaoHa (K-Me30Ha) B CTOJIKHOBEHUSIX S1Iep NeiiTe-

pus U 30510Ta 1py 3Hepruu /Sy = 200 I5B. Uc-

CJIeJOBaHUE TPOBOAMUIOCH YEPE3 U3MEPEHUS ME30-
HOB B KaHaJie pacrazna K| 0 U5 06nactu GricTpOT
y<0,35.

:BKCHepHMEHTaJIBHaH YCTaHOBKA

Pesynbrathl, mpeacTaBieHHbIE B 9TOI CTaThe,
ObLTY TTOJTYYEHBI TPY aHAJTM3€ JAHHBIX, HAKOIJIEH-
HbIX dKkcnepuMeHToM PEHUKC [6] BO BpeMms
BOCBMOTO LIMKJIA (PU3NUIECKOM pabOTHl YCKOPUTE-
st RHIC. Jetektop PEHUMKC coctout u3 tpex
MArHUTOB, IBYX LIEHTPAJIbHBIX U JBYX MIOOHHBIX
CTIEKTPOMETPOB, CUCTEMBI BHYTPEHHUX JETEKTO-
poB. LleHTpanabHBIE CITEKTPOMETPHI OXBATHIBAIOT
90° mo azumyTtanbHoMmy yriay u 0,7 ef. 1Mo nceBmo-
ornicTpoTe. B ux cocTaB BXOASAT MHOTOIIPOBOJIOY-
Hble (pokycupytolue apeiidonbie kKamepsl (DC),
TPH CJI0SI MHOTOTTPOBOJIOUHBIX TIPOMTOPIIMOHATTBHBIX
Kamep ¢ KatogHbIM cbeMoM (PC1, PC2, PC3), Bpe-
msa-npoekionHas kamepa (TEC), uepeHKOBCKMiA
netekTop kpyroBoro aeiictBusi (RICH), Bpemsi-
nposetHas cuctema (TOF), uepeHKOBCKMI cueTuYnK
Ha ocHoBe asporens (AE) 1 a1eKTpoMarHuTHBIN
kanopumetp (EMCal). Ha puc. 1 npeacrasineHo
cXeMaTU4YecKoe N300pakeHne LIeHTPaTbHBIX CTITEeK-
TpomeTpoB netekTopa PEHUKC.

Hnig usmepeHus pacnana K MCTOJb30-
BalaCh CUCTEMA BHYTPEHHUX JIETEKTOPOB, a TAKXKE
2JIEKTPOMATHUTHBIN KasopuMeTp. CricTemMa BHYT-
PEHHUX JIETEKTOPOB COCTOUT U3 ITyYKOBBIX CUCTUH -
KoB (BBC) u n1Byx KaJJOpUMETPOB MaJIbIX YIJIOB (Ha

00
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BocTrounsnii cnektpomeTp

Puc. 1. LlenTpanbHbie crieKTpoMeTphbl netektopa PEHUKC:

EMCal — snekTpoMarHuTHbI Kamopumerp; PC1—3 — MHOTONpPOBOJOUYHBIE
TPOMOPIIMOHATBHBIE KaMephl ¢ KaTOMHBIM cheMoM; DC — MHOTOMpPOBOJIOUHbBIE
doxycupylomue npeiidobsie Kamepsl; TEC — BpeMsi-TIpoeKITMOHHAsT KaMepa;
RICH — uyepeHKoBCKUii neTeKTop Kpyroporo neiictBusi; TOF — BpeMmsi-
mposieTHast cucteMa; AE — 4epeHKOBCKUI CUeTYMK Ha OCHOBE adpOTelis;
nokasaH pacnag K; — 7o’

pucyHke orcyTcTByIoT). BBC pacnosioxeHbl Ha pac-
cTosiHUU * 1,44 M ¢ ABYX CTOPOH OTHOCUTEJIBHO HO-
MMWHAJIbHOM TOYKM ITePEeCeUeHMS ITyIKOB, YTO COOT-
BETCTBYET OXBATy 10 TiceBnoosIcTpoTe 3,0 <| < 3,9.
Kakaplii MydKOBBII CYETYMK COCTOUT U3 64 KBapLE-
BBIX YePEHKOBCKUX CYETUMKOB, paTUaIbHO OKpYKa-
IOLIKMX IIyYKOBYIO TpyOy. BpemeHHoe pa3perieHue
nyukoBbix cueTynkoB BBC cocrapaser 52 + 4 ric.
[TyykoBbIe CUETYMKHU OMIPELISIOT BPeMSsI B3aMMO-
JIEWCTBUSI U KOOPAUHATHI TOUKU B3aUMOAECHCTBUS
NBYX SIAEP BIOJIb OCH MydKa z. OHM TakKe (hOpMHU-
PYIOT TPUTTED MEPBOTO YPOBHS U UCTOJb3YOTCS ISt
omnpeneaeHus LIEHTPaJTbHOCTU CTOJIKHOBEeHUI. Bpe-
MSI B3aMOJIEHCTBUST OTIpeAeIsIeTCs KakK ToJlycyMMa
BpEMEH, U3MEPEHHBIX B KAXKIOM U3 ITyYKOBBIX CYET-
YKUKOB. A OJIypa3HOCTb BpeMEH OTIpeeisieT Z-KOo-
OPIMHATY TOYKM B3auMoaeicTBust. CUrHa Tpurre-
pa TiepBOTO YpOBHS (DOPMUPYETCS MPU YCIOBUH, UTO
B Kaxnom u3 BBC cpaborasno onpeaeaeHHOE Y1 CIO
KBapLIeBbIX CUETUMKOB (B CIyyae CTOJKHOBEHUI
siaep AeTepusl K 30J10Ta 3TO YMCI0 paBHO 1). Takke
TpedyeTcsi, YTOObl KOOPAMHATA BEPIIMHBI B3AUMO-
JIeCTBUS BAOJIb OCH IMy4YKa He npeBbiiana x 30 cM.

KanopumeTpbl MallbiX YIJIOB PaCMoOJOXEHbI
B TYHHEJI€ yCKOpUTEJIsl Ha paccTosiHuu £ 18,25 M oT

HOMUWHAJIbHOI TOUKU MepecevyeHusI MTyYKOB U B OC-
HOBHOM MpeaHa3HaueHbI IS U3MEPEHUS DHEPTUN
HENpOB3aMMOICHCTBOBABLINX HEUTPOHOB.

Peructpanmst -KBaHTOB M BOCCTAHOBJICHUE OC-
HOBHBIX [IAPAMETPOB -ME30HOB [POU3BOLUTCS
C MOMOIIBIO AJIEKTPOMArHUTHOTO KajiopumeTpa [7].
Kanopumerp coctout u3 aByx noacuctem, PbSc
(Pb — cBuHen, S¢ — cuunTusistop) u PbGl (Gl —
CTEKJI0), BHITIOJIHEHHBIX C UCTIOJIb30BAHUEM Pa3INy-
HBIX TexHosiorrii. [1epBasi momcucTeMa COCTOUT U3
LIECTU UACHTUYHBIX CEKTOPOB, a BTOpas — U3 IBYX.
Bocemb ceKTOpOB KajopuMeTpa UMEIOT MPUOJIU3U-
TEJbHO OJMHAKOBBIE aKCENTAHChl U MOKPHIBAIOT
BECh aKCErNTaHC LIEHTpaJbHbIX CMEKTPOMETPOB.
Kaxnbiit Tvm KaopumMeTpa 001a1aeT CBOMMU 10C-
touHcTBaMU. Tak, PbSc obnamaeT 3HaUUTENIbHO
JIYYILIM BPEMEHHBIM pa3pelleHreM, B TO BpeMsi Kak
PbGIl — sHepreTnueckum. Mcnonb3oBaHue ABYX
KaJOpUMETPOB, CO3TAHHBIX HA OCHOBE Pa3JIMYHBIX
TEXHOJOTUYECKUX PEIIEHUI, TIO3BOJISICT TOBBICUTH
HaIEXHOCTb TPOBOAMMBIX U3MEPEHMUIA.

CocraBHoii kanopumeTp PbSc coctontus 15552
OalleH, UMEIOIIMX CyMMapHYI0 aKTUBHYIO TUTOIIAIb,
paBHy10 48 M. ITonepeunslii pa3Mep Kaxkmoii Oari-
HM, 33a10111e1 CETMEHTALIMIO KAJIOPUMETPa, COCTaB-
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astet 5,535 5,535 cm. Kaxnast 6auiHs BKJIIOYaeT
B ce0s1 66 sTueeK, COCTOSILLIMX U3 IIOIMEPEMEHHO Uepe-
JIYIOLIMXCS IIMTOK CBUHLA (1,5 MM), SIBJISIIOIIUXCS
TTOTJIOTUTEIISIMU, Y CJTOEB IIPECCOBAHHOTO CLIMHTHII-
nsitopa (4 Mm). CUMHTUILISITOP COCTOUT U3 T0JIK-
ctuposa (98,49 %), 1,4-6uc(5-beHunokcason-
2-un)oensona (0,01 %) u p-repdpenuna (1,5 %). [y-
OuHa OalieH paBHa 37,5 ¢M, 4YTO COOTBETCTBYET 18,2
paAMALIMOHHBIM JUIMHAM. Sl4eliKu CBsI3aHbI APYyT
C IPYTOM C IIOMOILLBIO 36 ONTUYECKUX BOJIOKOH, CME-
LIAMOIIMX JTMHY BOJHbBI CLIMHTU/UISILIMOHHOTO U3-
nyderust. CBeT peTUCTPUPYETCS C TTOMOIIBIO (hOTO-
DJIEKTPOHHBIX YMHOXMTENEH. DHEPreTu4ecKoe
paspeiuenue (%) kanopumerpa PbSc cocrapisiet

BE_Blg)

E JE

rae £, I5B — sHeprus 4acTUlibl, 3apeTuCTPUPOBAH -
Hasl KaJIOpUMETPOM.

BpemeHHOe pa3peleHre KalopuMeTpa Jiydlie
100 u 300 rc o151 21eKTPOHHbBIX U aAPOHHBIX JTUB-
Heil, COOTBETCTBEHHO. J1JIs1 yacTU1I, MagarolIuX rnep-
TMEHAVKYISIPHO TTOBEPXHOCTH KaJlopuMeTpa, Ipo-
CTPaHCTBEHHOE pa3pelleHue (MM) paBHO
5,7
Nk

Yepenkonckuii kanopumetp PbGl coctout u3
9216 6awen. Kaxnas 6aiHs npeacrabisieT COO0M
napaJsulieienIuIie] U3 CBUMHIIOBOTO CTEKJIA C IPUCO-
eMHEHHbIM K HeMY (DOTORJIEKTPOHHbBIM YMHOXHU -
TeaeM. [paHyIsIpHOCTD KaJTOpUMETpa COCTaBIISIET
4 4 cm npu riyouHe 6aweH, paBHoii 40 cm (14,4
paaualuMOHHON JUTMHBI). DHEpPreTuuecKoe paspeliie-
Hue Kanopumerpa (%) paBHO

OF _59 4038,

E JE

aTIPOCTPAHCTBEHHOE pa3pelieHne (MM) COCTaBISIET
8,4
NGk

BpemeHHoOe pazpelieHre KatopumMeTpa — Jyd-
e 300 ric A1s JeKTPOMArHUTHBIX IMBHEN ¢ 9HEP-
TUeii, MpeBbIllIaloleii SHeproBblAeJIeHe MUHU-
MaJIbHO MOHU3UPYIOIINX YACTHII.

Hust yBesueHust 3pPeKTUBHON CTaTUCTUKU
TpK Habope IKCTIEPUMEHTATbHBIX TaHHBIX, TTOMU-
MO TpHUITepa, MOCTPOEHHOTO Ha cpadaTbIBAHUU
BBC, ncnonb30Bajicst AONOJIHUTENbHbBIN (DOTOHHBII
TpUTTep, pAabOTAIOIINHI B peXXMME PEAIbHOTO BpeMe-
HU 1 OTOMPAIOIINIA COOBITHS, B KOTOPBIX TIPUCYT-
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CTBYET XOTs1 Obl OMMH -KBAHT C BLICOKOM SHEpruei.
ITopor cpabaTbeIBaHUS TPUITEPA B CTOJKHOBEHUSIX
siAep AeUTepusl U 30J10Ta ObLT yCTAHOBJIEH HAa YPOBHE
1,4 I5B.

OT1060p JaHHBIX U METOJUKA U3MEPEHUIH

B Hamem umcciemoBaHMM pacCMaTPUBAIKUCH
TOJILKO COOBITUSI C Z-KOOPAMHATON BEPLIMHBI B3au -
MoneiicTBusl, nexanneil B mpeaenax 30 cM OT HOMM -
HaJIbHOW TOYKU TepeceyeHUs MyUYKOB.

Wsyuaemblii pacnan K O ymeernBa ’-me-
30Ha B KOHEYHOM COCTOSIHUU, KOTOPBIE B CBOIO OUe-
penb ¢ BEpOSITHOCTBIO ITouTu 99 % pacrnanaiorcs Ha
nBa -kBaHTa. [103TOMY BOCCTaHOBJEHNE OCHOB-
HBIX XapaKTePUCTUK K -ME30HOB OBbLIO BBIITOJHEHO
B ABa aTana. Ha nepBoM ObLIM BOCCTaHOBJIEHbI
HeoOXOnMMBbIe TTapaMeTPbl HEUTPaTbHBIX TTMOHOB
BIOMUWHUPYIOILIEM KaHaJle pacraiaa 2 1O MeTo-
JIHKE, ONMCAaHHOM B paboTax [8, 9], c Tem oT/inumneM,
YTO MOPOT HA 9HEPTUU -KBaHTOB cocTaBu 0,2 [5B,
a TIOPOT Ha MOMEPEeYHBI UMITYJIbC TTaphl -KBaH-
ToB — | [3B/c (¢ — ckopocTh cBeTa). 3aTeM ObLIN
BOCCTAHOBJIEHBI CTIEKTPbl MHBAPUAHTHON MAacCChl
JIBYX TTMOHOB, KOTOpbIE B 00JIACTU TTHKa, COOTBET-
CTByIOLLIETO pacnany K,-Me30HOB, ObLITY AlIPOKCH-
MUPOBaHbI (DyHKIIMEH, paBHOI cyMMe MOJUHOMA
BTOPOI1 CTENEHU, ONMChIBAOLIETO (DOH, U (PYHKLIMU
Taycca, onucsiBatonieil nuk. Beixon K-Me30HOB
(4K1C10 BOCCTAHOBJIEHHBIX B YCTAHOBKE) OIIPEIeIsLI-
csl Kak uHTerpai yHkuuu laycca. [pumep cnekT-
pa MHBApUAHTHOM MACChl ABYX HEMTPaJbHbIX TUO-
HOB IIOKa3aH Ha puc. 2.

17151 BHIYMCIIEHUSI MTHBAPUAHTHBIX BBIXOJIOB UC-
MoJIb30BaIaCh cleaytowas gpopmyna:

1 d°N N(py)

2npy dprdy  2mpp N s8(pr)BrApyAy ’

Tae pr— TOMNepeuHblil uMmnynse K-Me30Ha; y —
ovicTpoTa; N(p7) — BbIXOL K-ME30HOB; (p7) —
(byHKLIMSI KOPPEKLIMU, YUUTHIBAIOLLASI FEOMETPUUEC-
KMIi aKcenTaHC, pa3pelieHue, 3pGeKTUBHOCTb pa-
00TbI KamopuMeTpa U 3¢ (GEeKTUBHOCTb TPUTTEPOB;
N,,5 — UMCII0 aHATTM3UPYEMBIX COOBITHI CTOJIKHO-
BeHUM siaep aeitepus U 3010Ta; Br — BEpOSITHOCTD
pacriaga nmo kaHaiy K 0 0. pr— IMana3oH
TMOTIEPEUHBIX UMTTYJICOB, B TIpe/iejiax KOTOPOTO OTI-
penensercs Bbixon K -Me30Ha.

DyHKLMS KOppeKLUMK (P ) ObL1a BbIUMC/IEHA ITy-
TeM nosiHoro MoHTe-Kapio-MoneampoBaHUs 9KCIe-
puMeHTanbHOM yctaHoBKM MEHUKC ¢ ncnomnb3o-
BaHueMm nporpammuoro rmakera GEANT 3,21 [9, 10].




HeornpeneneHHOCTH, CBSI3aHHBIE C OTNIPEIeIeHU -
eM Bbixozia K.-Me30HOB, SHEPreTUeCcKoi KaTMOpoB-
KoIi KajopumeTpa U 3¢ (GEKTUBHOCTBIO TPUITEPA,
B OCHOBHOM OTIPEIC/ISIOT CUCTEMAaTUIECKYIO OO0~
Ky usMmepeHuit. CyMmapHasi cucTeMaTudecKas
olKOKa MIaBHO yBenuuuBaercs ot 11 1o 32% npu
BO3pacTaHMU MONEPEYHOro uMnyJibca K-Me30HOB
or2 1o 13,5 [5B/c.

J1151 KOJTMUYECTBEHHOTO M3y4YeHMsI KOJUIEKTUBHBIX
sepHbIX 3(PHEKTOB UCMOIb3YeTCs PaKTOP SACPHOMN
Moaubukaunu R,,, paBHbIil OTHOLLUEHUIO BbIXO1A
uccaenyeMoi yactuubl B (4 + A)-CTOJKHOBEHUSIX
(dN,,), neNneHHOMY Ha CpefHee YUCHO Ny, ap-
HBIX HEYTIPYTUX HYKJIOH-HYKJIOHHBIX CTOJIKHOBEHU I
¥ Ha BBIXOI d N, , 5TO¥ Xe YacTHLIbl B (p + p)-CTONK-
HOBEHUsIX. R, Bbruncisiercsi o hopmyie:

dN 44(pr)
R = AT
AA (pT) NCTOJIKHde[J(pT)

Boixon K,-M€30HOB B CTOJIKHOBEHMSIX Sep Nei-
Tepusl 1 30J10Ta ObLT M3MEPEH B IaHHOM paboTe, a nx
BBIXOJI B MPOTOHHBIX CTOJIKHOBEHUSIX ObLI U3MEPEH
panee B padore [11]. 3nauenust N, ObLI1 Bbl-

YKMCJIeHBI B paMKax Moaenu [nayoepa [12].

Pesyabrarsl u3mepeHuii

PesynbraTel U3MepeHUsI THBAPUAHTHBIX CITEKT-
POB poxaeHUsI K,-ME30HOB I10 TIOTIEPEYHOMY UM-
MyJIbCY B CTOJKHOBEHUSIX sIIEp AeUTEpUsI U 30J10Ta

npu sHepruu /Sy, = 200 [5B nokasanbl Ha puc. 3.

[TyHKTUPHBIE TUHUU — pe3yJIbTaT armpoKCUMaliu
MHBAPUAHTHOTO CMEKTPa POXKIEHMUS MO MOMEPEYHO-
My UMIYJIbCy K,-ME30HOB B IMPOTOH-IIPOTOHHBIX
B3aUMOJIEVCTBUSIX, YMHOKEHHBI HA COOTBETCTBY-
fo11Iee YMCIIO MAPHBIX HYKJIOH-HYKJIOHHBIX CTOJIK-
HOBeHMI. /lnana3zoH u3amMepeHuit B 00J1aCTu MaJibIX
MOTMepeUHbIX UMITYJIbCOB OTPaHUYEH OBICTPO YMEHb-
LIAIOIIMMCS aKCEeNTaHCOM BKCIepUMEHTATbHOM
YCTaHOBKH, a B 00J1aCTH OOJIBIINX MOTIEPEUHBIX UM-
MyJbCOB — JOCTYMHOM cTaTUCTUKOW. IIpencras-
JIEHHbIE Pe3YJIbTaThl SIBISIOTCS CAMBIMU TOUHBIMU
B MUPE U3MEPEHUAMU POXKIEHUS K -ME30HOB B IIPO-
SIIEPHBIX CTOJJKHOBEHUSIX B 00J1aCTH OOJIBIIIUX TTO-
MepeyHbIX UMIYJIbCOB.

BepTukanbHBIE «YCBI» U IPSIMOYTOJTbHUKH BOK-
pyr CMMBOJIOB COOTBETCTBYIOT CTaTUCTUUYECKUM
U CUCTEMaTUUYEeCKUM OLIMOKAaM U3MEPEHU I

Ha puc. 4 npencrapiieH pe3yabTaT U3MEPEHUS
(baxkTOpOB s1nepHOI MonuduKauuu 111 K-Me30Ha
B LEHTPaJbHBIX (@) 1 nepudepuitHbIX (6) CTOIKHO-

ApepHa 3mnKa
ApHﬂchMK>

OTeuerhl, 10° e/,

0,45 0,55 0,65
Miono, 9B/

Puc. 2. CrieKTp MHBapUaHTHON MacChl TTapbl
n’-Me30HOB. CnekTp BOCCTAaHOBJIEH B 00JaCcTu
roTiepeyHbIX UMIyabcoB 6 < p, < 7 [5B/c

BEHMSIX SAep OEeUTepus W 30J0Ta TPU DHEPTUU

\JSynv= 200 I5B. B IeHTpaIbHBIX CTOJIKHOBEHUSIX
B 00JIaCTH TIPOMEKYTOUHBIX TTOTTEPEUHBIX UMITYJTh-
COB HA0JTIOAETCS N30BITOUHBIN BbIXOA K -ME30HOB,
a B 00J1aCTH OOJIBIINX MOTIEPEYHBIX UMITYJILCOB UX
BBIXOZ IToaaBieH. B To xxe BpeMs B iepudepuiiHbIX
CTOJTKHOBEHUSX (DaKTOp SAepHON MOAMGBUKALINYT

=
-
E ‘-'l
IL02F 5™,
) E “ “a
) L3 R
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= L wd s -
- = s ] s A%
% = ll‘ ", ha, e,
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S L 121 W T, m-"‘m DR [
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Puc. 3. UnBapuaHTHBIE CTIEKTPBI
poxneHust K-Me30HOB 1O MOMNEPEUHOMY MMITYJIbCY
B CTOJIKHOBEHMUSIX sIIep ACUTEpUsT

" 30J10Ta Mpu sHepruu /Sy, = 200 I5B;

Kiaccel cobpiTHil 10 LEHTpanIbHOCTH, %:
0—88 (1), 0—20 (2), 20—40 (3), 40—60 (4), 60—88 (5);
TIYHKTUPBI — alMpPOKCUMAIIUK CIIEKTPOB
(0 + D)X Neroman; ObiCTpOTA Jy] < 0,35.
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Puc. 4. 3aBucumoctu (HakTOpoB
anepHoit mogudukauuu g K-, -, n’-Me30HOB
1 MPOTOHOB OT IOIMEPEYHOro MMITYJIbCa
B LICHTPaJbHbIX (g) U nepudepuitHbix (0)
CTOJIKHOBEHHUSIX SIIEP NeUTepusi U 30J10Ta
IpU SHEPTUU \/m = 200 I5B.

BeprukaibHble «yCbl»
U TPSIMOYTOJTBHUKU BOKPYT CHMBOJIOB COOTBETCTBYIOT
CTATUCTUYECKUM M CUCTEMATUYECKUM OLIMOKAM M3MEPEHMUIA;
BEPTUKAIbHBII MPSIMOYTOJIbHUK BOJIU3HM OCH OPAMHAT —
BEJMUYUHE HEOMpeaeaeHHOCTH N,

CTOJIKH

corjlacyeTcsl ¢ eIMHULIe BO BCceil 00J1acTu n3Me-
peHmii, 1 Takux 3¢ GeKToB He HabmomaeTcs. Tak-
K€ Ha pUC. 4 MoKa3aHbl (paKTOPHI SIAEPHON MO -
(uxkauuu oaa  -me3oHoB [13], 0_Me30HOB [14]
1 IIPOTOHOB [15]. B 001acT! mpoMeKyTOUHBIX 1O~
MEePeYHbIX UMITYJICOB B LIEHTPAJIbHbBIX CTOJKHOBE -
HUSIX HAOII01a€TCsl U30BITOYHBIN BHIXOI aAPOHOB.
st 6apuoHoB 3dPeKT Oojiee BhIpaXKeH, yeM I
Me30HOB. B TO e BpeMsi cTeneHb M30bITOYHOCTHU
BBIXOJOB ME30HOB OJMHAKOBA, YTO CBUACTEILCTBY -
€T 0 3aBUCMMOCTH CTeTIEH! U30BITOYHOCTH BBIXO-

JIOB aIPOHOB OT TUIIA POXKAAIOLIMXCS YACTULL, a HE
OT UX Macchl. B nmepudepuitHbIX CTOJKHOBEHUSIX
(bakTophl siAEpHOM MoaU(UKALNY OJIU3KU K €IU-
HULIE U151 BCEX aIPOHOB.

HabGaronaeMblii aHOManbHbIN N30BITOUHBIN Bbl-
X0/ 0APMOHOB CJI0XKHO OMKCATh B paMKax TeOPETH -
YeCKUX MOjieJieil, OCHOBAHHBIX HA MPEAIIOI0XEHU U
0 MHOTOKPATHOM MSITKOM MePepacCessHUM ITapTOHOB
B HayajibHOM coctosiHuu [4]. Takue monaenu npe-
MoJaraloT, 4YTO aIpOHU3ALMS XKECTKO PACCETHHBIX
MapTOHOB SIBJSIETCS €AMHCTBEHHBIM MPOLIECCOM,
MPOUCXOISIIMM B KOHEYHOM cocTosiHUM. bosnee yc-
MEeLHbIMU OKA3aJUCh MO/, IIPeaoJaratoliue,
YTO IMIPOUCXOAUT PEKOMOMHALMS TETIJIOBBIX U JIUB-
HEBBIX TAPTOHOB B KOHEYHOM COCTOSIHUU [ 16].

Takum 00pa3oM, B cTaTbe IPEACTABIEHBI pe-
3yJbTAThl U3MEPEHUS MHBAPUAHTHBIX CIIEKTPOB
POXIEHMS 110 MOTIEPEeUHOMY UMITYJIbCY U (haKTOPOB
SaepHOM MoaU(pUKALNU 1T KOPOTKOXHUBYILIETO
HEUTpaJIbHOIO KAOHA B CTOJIKHOBEHMUSIX SIAep AeUTe-

pUS U 30510Ta Ipy 3Heprun /S yy = 200 I5B. U3me-

PEeHUs BBITTOJHEHBI J1s1 pa3IMYHbBIX KJIACCOB COObI-
TUI 110 LEHTPAJIbHOCTU B AMAIA30HE MONEPEUHbIX
UMITYJIbCOB OT 2 110 13,5 I5B/c B 06macTt OICTPOT OT
—0,35100,35. B IeHTpaIbHBIX CTOMKHOBEHUSIX SIIEP
JedTepusi 1 30J10Ta B 00J1aCTH MTPOMEXKYTOUHBIX IMO-
MepeyHbIX UMITYJIbCOB HAOJII0IAETCs U30bITOYHbII
BbIXOZ K -M€30HOB, a B 00JIACTH OOJIBILIMX MOTEpPeY-
HBIX IMITYJIbCOB BBIXOJ K,-M€30HOB roJasiieH. B To
2Ke BpeMsI B Itepru(epUIHBIX CTOJTKHOBEHUSIX (DAKTOP
siIEpHOI MoaM(UKALIMU COIIACYETCs C €AMHMLIEN BO
BCEii 00/1aCTH U3MEPEHMIA. AHAJIN3 ITOJTyYEHHBIX Pe-
3yJBTATOB MOKA3aJl, UTO /11 O0BSICHEHUST U30BITOY -
HOCTH BBIXOJIOB aIPOHOB, TIOMUMO MSITKOTO MHOTO-
KpaTHOIO IepepaccesiHus MapTOHOB B HAYaJlbHOM
COCTOSIHUU, TpeOYeTCsl BBEACHWE JOTTOJIHUTEIbHbBIX
MEXaHU3MOB POXKIEHMSI alpOHOB, HATTPUMED PEKOM-
OMHALIMY TAPTOHOB B KOHEYHOM COCTOSTHU M.

Pabora noauepxaHa B pamkax (eaepasibHOIl Liesie-
BO TIporpamMMBbl «HayuHble ¥ HaydHO-TIeAarOTHIecKre
Kaapbl MHHOBaLMOHHON Poccun» Ha 2009 — 2013 rr,
I ouepens (ot 24.12.2009), not Ne5, mmdp 2010-1.1-
125-015.

CNMUCOK JIUTEPATYPbI

1. Adcox, K. Formation of dense partonic matter in
relativistic nucleus-nucleus collisions at RHIC: Expe-
rimental evaluation by the PHENIX Collaboration
[Text] / K. Adcox, Y. Berdnikov, V. Riabov [et al.] //

138

Nuclear Physics A.— 2005.— Vol. 757. — Iss. 1-2.—
P. 184-283.

2. Banmmes, /I.A. V3yueHue yabTpapesiTUBHC-
TCKMX SIIPO-s1IEPHBIX CTOJKHOBEHUU B DKCIIEPUMEH-



te ®EHUKC [Tekct] / A.A. UBanuiues, B.I. Psa60B,
FO.T. Psa6oB // Anepnast dusuka.— 2009.— Ne 11(72).—
C. 2005-2012.

3. Guzey, V. Observations on dA scattering at for-
ward rapidities |[Text] / V. Guzey, M. Strikman,
W. Vogelsang // Phys. Lett. B.— 2004.—Vol. 603. —
P. 173—183.

4. Cronin, J.W. Production of hadrons at large
transverse momentum at 200, 300, and 400 GeV [Text]
/ J.W. Cronin, H.J. Frisch, M.J. Shochet [et al.] //
Phys. Rev. D.— 1975.— Vol. 11.— P. 3105—3123.

5. Baier, R. Energy loss in perturbative QCD [Text]
/ R. Baier, D. Schiff, B. Zakharov // Ann. Rev. Nucl.
Part. Sci.— 2000.— Vol. 50.— P. 37—69.

6. Adcox, K. PHENIX detector overview [Text] /
K. Adcox, Y. Berdnikov, V. Riabov [et al.] // Nucl.
Instrum. Meth. A.— 2003.— Vol. 499.— P. 469—479.

7. Aphecetche, L. The PHENIX calorimeter [Text]
/ L. Aphecetche, T.C. Awes, J. Banning [et al.] // Nucl.
Instrum. Meth. A.— 2003.— Vol. 499.— P. 521-536.

8. bepauukos, A.Sl. [TonaBieHue BbIXoaa KOPOT-
KOXUBYIIMX HEWTPaTbHBIX KAOHOB B ILIEHTPAJTbHBIX
CTOJIKHOBEHUSIX smep 3oJjiota nipu sHepruu 200 [5B
[Texcr] / A.S. bepnnukos, J[I.A. WBaHuiues,
B.M. CamconoB [u np.] // HayuHo-TexHUUECKUE Be-
nmomoctu CIIOI'TTY. ®dusuko-mareMaTUYeCcKUe Ha-
ykn.— 2011.— Ne 2(122).— C. 111-116.

9. bepanukos, f.A. PoxneHue KOPOTKOXUBYIIIUX
HEUTpaNbHBIX KAOHOB B CTOJIKHOBEHUSX sIIep Meau
npu sHepruu 200 [BB [Texkcr] / f.A. bepaHukos,
I.A. UBanuiues, B.M. CamcoHoB [u np.] // HayuHo-
texundeckue Begomoctu CIIOTTTY. dusnko-Matema-
tnueckne Hayku.— 2011.— Ne 2(122).— C. 116—121.

YOK 539.125.17;539.126.17

ApepHa 3mnKa
ApHﬂchMK>

10. Brun, R. GEANT: Simulation program for par-
ticle physics experiments [Text] / R. Brun, R. Hagel-
berg, M. Hansroul [et al.] // Preprint CERN.—
1978.— V.CERN-DD-78-2-REV.— P. 1-76.

11. Bepauukos, fA.A. IuddepeHnaaibHbIe ceue-
HUs poxneHus mt, K, n, o, n‘, (-ME30HOB B p + p B3au-
MogeiicTeusix npu sHeprun /S = 200 5B [Tekct] /
A.A. Bepauukos, [I.A. UBanumies, /1.0. KoTtoB |1 ap. |
// HayuHo-texHuueckue Bemomoctu CIIGITIY. ®@u-
3UKO-MaTeMaTnueckue Hayku.— 2008.— Ne 6(67).—
C. 65-170.

12. Glauber, R.J. High-energy scattering of protons
by nuclei [Text] / R.J. Glauber, G. Matthiae // Nucl.
Phys. B.— 1970.— Vol. 21.— P. 135—157.

13. bepanukos, f1.A. PoxaeHue ¢p-Me30HOB B CTOJI-
KHOBEHUAX sep NeUTepust W 30J10Ta TIPU DHEPTUU
200 5B [Tekct] / A.A. bepnuukos, I.A. UBaHuies,
[.0. KoroB [u np.]| // HayuHO-TexHUUYECKHNE BEIOMO-
cru CIIGITTY. ®dusuko-mMareMaruuyecKue HayKh.—
2010.— Ne 2(98).— C. 135—140.

14. Adler, S.S. Centrality dependence of n° and |
production at large transverse momentum in /Sy
=200 GeV d + Au collisions [Text] / S.S. Adler,
Y. Berdnikov, V. Riabov [et al.] // Phys. Rev. Lett.—
2007.—Vol. 98.—P. 172302—172309.

15. Adler, S.S. Nuclear effects on hadron
production in d + Au collisions at /Sy, = 200 GeV
revealed by comparison with p + p data [Text] /
S.S. Adler, Y. Berdnikov, V. Riabov [et al.] // Phys.
Rev. C.—2006.—Vol. 74.—P. 024904—024917.

16. Hwa, R.C. Final state interaction as the origin
of the Cronin effect [Text] / R.C. Hwa, C.B. Yang //
Phys. Rev. Lett.—2004.—Vol. 93.—P. 082302—082306.

A.A. bepdHukod, [].A. NBaHuwed, [1.0. Komog,

B.l. Ps6086, 10.I. Pa6o8, B.M. CamcoHoB

MU3IMEPEHUE OCHOBHbIX XAPAKTEPUCTUK NMUOHOB, KAOHOB
U NMPOTOHOB, POXXAEHHDbIX B CTOJIKHOBEHUAX TAXKEJ1bIX AAEP
nPU SHEPTUUN 62,4 TDB

TTpouecchl poXaeHUs YaCTULL B 2JIEMEHTAPHbBIX
MPOTOH-TPOTOHHBIX (p + p)-B3aMMOILENCTBUAX HA
MPOTSKEHUU HECKOIbKUX IECATUIETU I TPUBJIEKa-
0T BHUMaHMe UCCclenoBaTesieil BBUay yHIaMeH-
TaJIbHOCTU MOJyYaeMbIX pe3yJbTaToB. JlaHHbIE
MPOLIECCHI MOTYT OBITh YCJIOBHO pa3neieHbl Ha 1B
TPYTIIBI TTO TIPU3HAKY BETMUWHBI TIOTIEPEUHBIX M-

mynbcoB. [TepBasi Tpyrima — MSITKUX IPOLIECCOB —
TOMMHMPYET B 00JIACTU MAJTBIX TIOTIEPEYHBIX M-
myJbcoB (p, < 2 [53B/c). B o6mactu Oonbmmnx nore-
peuHbIX UMITYJIbCOB (p, > 2 [5B/c, Bropas rpymnmna)
MEXaHU3Mbl POXIEHUST YACTULL OTIPEAEIISIIOTCS TO-
YEUYHBIMU XECTKUMU MIPOLIECCAMU, HAIIPUMED B3a-
UMOJICUCTBUSIMU TOKOBBIX KBAPKOB Pa3MepPOM TO-
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psinka 0,1 ¢dm [1]. Bkiag )kecTKUX [IPOLIECCOB B Ce-
YeHUe pOXICHUS OONBITMHCTBA YacTHIL B (p+p)-

B3aMMOIENCTBUSX NIPU SHEPTUU /Syy = 200 [5B

He MPEeBbIIIAET HECKOAbKUX npoueHToB. Ha ceroa-
HSILIHWNA JEeHb HE CYLIECTBYET MCUYECPIILIBAIOILIETO
TEOPETUYECKOTO OIMcaHus 00JlacTh Iepexona
MEXIy MSITKUMU U 3KeCTKUMU Tipoueccamu. Kpo-
M€ BTOro, BaXKHOM 3aJa4eil sIBASIETCS UCCIIEJ0Ba-
HUE 3aBUCUMOCTH JAHHOIO Mepexoaa OT SHEPTUun
B3aMMOIEMICTBHUS HAJETAIOIIUX SIAEeP U TUIIA POXK-
TMAIOIIUXCST YACTHIL.

Hauwunas ¢ 70-X rogoB npoLLioro Beka, ucciie-
JOBAHUS B JaHHOI 00J1aCTU 3HAYUTEJIbHO MTPOABU-
HYJIKUCH OJTarofaps IMOJy4eHUIO JTaHHBIX [0 POXKIIE-
HUIO YacTull B (p + p)-B3aMMOIEUCTBUSIX MpPU

SHEPIrUsIX m < 31 I5B; 3T mJaHHBIE TOCTYNAINA
un3 akcnepumenTos B HEPH [2, 3]. JaHHble u3Me-
peHus ToKa3asnu [2, 3], 4To XKeCTKKE ITPOLECChI ITPO-
UCXOIST MEXIY KBapKaMU U TIIF0OOHAMU (Ha MapTOH -
HOM YpOBHE) BHYTPH SIApa ¥ MOTYT OBITh OTTHUCAHBI
B paMKax NepTypOaTUBHOU KBAHTOBOI XpPOMOIMHA-
MUKHU, TTOCKOJIbKY KOHCTAHTA CUJIBHOTO B3aUMO-
IeiCTBUAS | CTAHOBUTCS Majla B cIydae OOJIbIION
BEJIMYMHBI TTepeJaHHOTO UMITYJIbca 0. Uccreno-

BaHUS IPU DHEPTUH 4/S vy = 62,4 [5B, noctynHoii

Ha cerogHsIIIHUN AeHb Ha kosaiiaepe RHIC [4],
SIBJISTFOTCS JIOTMYECKUM MTPOJOJIKEHUEM U3MEPEHU I
nposeneHHbix B LEPH [2, 3].

ITono6Hoe ckaHMpPOBaHME 10 SHEPTUU B3aMO-
JeWCTBUS TaKKe HEOOXOAMMO MPOBOIWTD U JIJISI TSI~
xenbix siaep. CoynapeHue peIsITUBUCTCKUX TSKEbIX
MOHOB IpeAcTaBsieTcs HauboJsiee NePCreKTUBHbIM
METOAOM TOJyUYeHUs KBAPK-TJIIOOHHOU Ma3Mbl
(KT'TT) — cocrosiHus BellecTBa, B KOTOPOM LIBET-
Hble KBAPKU 1 [JTIOOHbI 0OJIbl1IE HE MJIEHEHbI B a1pO-
Hbl — BJ1abopaTopHbIX ycjaoBusix. O0pasyroliuecs
B 00JJaCTU CTOJIKHOBEHHUS S1Iep CXKaThe U Harpes
MaTepuu MOTYT 0Ka3aThCsl JOCTATOUHBIMU LIS (pa-
30Boro nepexoaa anponHoi matepuu B KI'TI. Cur-
Hatypoii oopazoBaHust KI'TI moxeT siBasITbCST TaK
HaszbIBaeMblii 3(peKT raiieHus CTpyit, KOTOpbIii ObL1
TeOpEeTUUECKU TIpeacKa3aH [S] u BriepBble OOHApY-
xeH Ha komnaiaepe RHIC [6]. DddekT 3akimroua-
€TCsl B [I0IABJIEHUU BbIXOJI0B YaCTULL B 00J1aCTU 00J1b-
LLIMX MOTMEPEYHBIX UMMYJIbCOB MPU CTOJKHOBEHUSIX
TSIKEJIBIX SIIEP U OTIMCHIBAETCS B TIPEATIONOKEHUN
9HEPreTUYeCcKux IOoTepb KECTKO pacCesHHbIX
MapTOHOB, MPOXOASLIUX CKBO3b IIJIOTHYIO U FOpsi-
ugyio saepHyto mateputo unu KI'TI. ITogaBnenue
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BBIXOZ0B OBbIJI0 OOHAPYKEHO ITPU SHEPTHUSIX B3aMMO-

neiictBud anep +/Syy = 130 1 200 5B, B TO Bpems

Kak npu sHeprusix MmeHblie 31 [5B BMecTo nonas-
JIeHUs1 HaOJ1ro1aJ1Cs1 U30bITOYHbIN BbIXO YacTuL [2,

71. U3mepeHus Mpu SHEPTUn m = 62,4 5B He-
00XOIUMBI IIJIST TOTO, YTOOBI U3YYUTh SHEPreTUUEC-
KYIO 3aBUCUMOCTb 3(PdeKTa raiieHust CTpyi.

B HacTosi11e# cTaThe MpeacTaBieHbl MYHBApUAH -
THBIE CIIEKTPbI POXKIEHHS 10 TIOTIEPEYHOMY UMITYJTb-
cy 1 bakTopsl smepHON MomudUKALNK LIS -,
K-Me30HOB ¥ MPOTOHOB, MOJIyYEHHbIE B SIAPO-SIAeP-

HBIX (A+A)-B3aUMONEICTBUAX ITPU SHEPTUM /Sy =

= 62,4 I5B Ha ocHOBe maHHBIX 9KcTiepuMeHTa D E-
HUKC [8] na koutaiinepe RHIC 3a 2004—2006 rr.

OkcnepumenT PEHUKC u MmeToanKa u3MepeHHii

OkcnepumeHT DEHUKC Ha komutaiinepe RHIC
CO3MaBasICs TS IIMPOKOTO KPyra M3MepPEeHM I B HyK-
JIOH-HYKJIOHHBIX 1 B SIIPO-SIIEPHBIX B3aMMOICCTBU-
sgX. B cocTaB ycTaHOBKM BXOMST IBa LIEHTPATbHBIX
rieya (3amagHoe U BOCTOYHOE), PaCoJIOXEHHbIE
B 00JIaCTU MaJIbIX OBICTPOT, 1 ABa MIOOHHBIX I1JIe4a,
KOTOpPBIE HAXOASTCS B 00aCTH MEPeIHUX OBICTPOT.
LleHTpanbHbIe IUIEYH MTPeTHA3ZHAYEHBI TSI PETHUCT-
palyu 2J1eKTPOHOB, (POTOHOB U 3apSIKEHHBIX Yac-
T B 001acTH OBICTPOT )] < 0,35. OCHOBHBIMU TPE-
KOBBIMU JETeKTOpaMU CIIeKTpOMeTpa SIBISIOTCS
npelicoBbie U MagoBbie KaMmepsl [9, 10]. [Tonepeu-
HBI UMITYJIBC 3apSIKEHHBIX YaCTUIl U3MepsIeTCs
IyTeM BOCCTAHOBJICHUS UX TPeKa B a3UMYTaJIbHOM
M10CcKOCTU. [TOJIHBIT UMTTYJIBC YACTULIBI BBIYUCIIS -
€TCSI M3 BEJIMUMH TTOTIEPEYHOTO UMITYJIbCA U TTOJISIP-
HOTO yIJla, KOTOPbIi u3MepsieTcsl Mal0BbIMU Kame-
pamu [10].

BpewmsrposneTHas cucteMma skcnepuMmenTa OE-
HUKC [11] ssBisieTCss OCHOBHOM 1€ TEKTOPHOM CrC-
TeMOW TS MACHTU(UKALINN 3aPSKEHHBIX YaCTHILL
U TIPEACTABISET cO00i Habop n3 9600 opranuyec-
KNX CUMHTUJUISIIIMOHHBIX TeTeKTOpOB. YyBCTBU-
TEbHBIE 2JIEMEHTHI IETEKTOPA HAXOMSTCS HA Py -
aJIbHOM PacCTOSIHUM OKOJIO MSITU METPOB OT TOYKU
B3aMMOIEHCTBUS ABYX SIAEP B ITy4KOBOM TpyOe. Bpe-
MEHHOE pa3pellleHUe CHUCTEMBI . COCTaBJSIET
115 1ic, 4TO MO3BOJISIET MPOBOAUTHL YBEPEHHOE pa3-
nejaeHue K-Me30HOB U IMTPOTOHOB BILJIOTh 10 3HaUe-
HUs nIorepeyHoro umiyJibca 4,5 [5B/c.

B HacTos1eM aHaan3e UCMOJIb30BAIUCH TOJIb-
KO TpeKM 4YacTHIl, BBbI3BABIIMX CpabaTbIBAaHME
B Ipeii(hOBBIX 1 TTATOBBIX KaMepax. {7151 Toro 4ToObI
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OCYILIECTBUTD ITPUBSI3KY JAHHOT'O TPEKA K CpaboTaB-
1IeMY CLUMHTULISITOPY BO BPEMSITIPOJIETHOM CUCTE-
Me, OH 9KCTPAIOJIMPYeTCs 0 IepecedeHusI C TI0C-
KOCTbIO BpeMSITIPOJIETHON cucTeMbl. B aHanuse
KUCIOJB3YIOTCSI TPEKHU, MEPecedyeHusi KOTOPhIX C
MJIOCKOCTbIO BPEMSITIPOJETHOM CUCTEMbI HAXOSIT-
Csl BMHTEpBaJie =2 110 a3UMYTaJIbHOMY yIJ1y U KO-
OpIAMHATE Z C peaJbHO CPA0OTABLIMM KAHAJIOM Je-
TEKTOpA.

BpeMH JieTta { 4acCTULIbI OTIPEaeasI€TCS C TOMO-

LLIBbIO BPEMSITIPOJIETHOM CUCTEMBI U TyYKOBBIX CUET-
yuKOB. [1py M3BECTHOM MMITYJIbCE YACTULIbI p U PaC-
CTOSTHUU L OT BepLIMHBI B3aMMOIEHCTBUS IO
MPOEKLIMU TPEKA Ha IJIOCKOCTb BPEMSITTPOJIETHOM CH-
CTEMBI MOXKHO OLIEHUTh KBAIPAT MAaCChl YACTULIBL:

2
m

» Pt

c2 L / c

WnenTudukanns 3apsoKeHHBIX YACTHIL TIPOM3-
BOIMTCS ITyTEM BBEIECHUS KPUTEPHUEB OTOOPA IO BbI-
YKCJIEHHOMY KBA/IPATy Macchl m> U MOMNEPedHOMY
MMITYJIBCY p, UIEHTU(ULMPYEMOrO aipOHa.

MHBapHaHTHBIﬁ BbIXOJ YaCTUII B Ka>XIOM ITPO-
MEKYTKE 10 IIONEPEYHOMY MUMITYJILCY TSl 3aIaHHOMN
HEHTPAJIbHOCTHU CTOJIKHOBEHU I OIMPpEALTIACTCA KaK

1 d’N _ N
2np, dpdy  2mp,Nose ApAY’

rae N — U3MepeHHbIH BbIXOA YacTull, €, — 3¢-
(beKTUBHOCTB BOCCTAaHOBJICHUS TAHHOTO TUTIA YacC-
TUILI B BKcniepuMeHTaabHOM yctaHoBKe DEHUKC,
N,y — unci10 06pabOTaHHBIX COOBITHIA.

BennuuHa 3¢ (GeKTUBHOCTA BOCCTAHOBJICHMUSI

axe OLIGHMBAETCSI MYTEM MOJIHOTO MOAETUPOBAHUS

MomnTte-Kapiio 3kcrnepuMeHTaabHON yCTaHOBKU
®EHUKC.

KonnektuBHbie 3¢ dexTrl B (4+A4)-B3aumomneii-
CTBUSIX M3y4alOTCSI IPU IIOMOIIHN (paKTopa sIepHOM
monudbukauuu R, , ornpenessieMoro Kak

aN [ (N ) aN

rae dN 4,4, pp — BBIXOIBI YacTULl B (A+A)- u
(p + p)-CTONKHOBEHUSIX B 3aJAHHOM UHTEPBAJIE MO
nonepeyHoMy UMIyIbey; (N, ) — UMCIo nap-
HBIX HEYTPYTUX HYKJIOH-HYKJIOHHBIX CTOJKHOBE-
HUil B (A+A)-B3auMOneiCTBUM.

B yci0BUsIX OTCYTCTBUS KOJLJIEKTUBHbIX 3P PeK-
TOB (A+A)-B3auMOIENCTBUS B 00JaCTH OONbILINX

MOMEePEeYHbIX UMITYJIbCOB SIBJISIIOTCS CYNEPIIO3ULI -
eit (p + p)-ctonkHoBeHnii (R,, 1). BnpotnBHOM
ciyyae (hakTopbl siAEPHOI MOAU(DUKALUU MOTYT
MPUHUMATD 3HAYCHUS, OTJIMUHBIC OT AMHUIIBI, YTO
TOBOPMUT O MOAABJICHUHN WU U30bITKE BbIXOA Yac-
TULI TT0 OTHOUICHUIO K (p + p)-B3aUMOICHCTBUSIM.

Pesyabrarsl u3mepeHui

Ha puc. 1 npencraBieHbl MTHBapUMAHTHbBIE CITEK-
TPbI POXIEHUS MO MOTePEYHOMY UMITYJIbCY, U3ME-
pEHHBbIE IS i—, K*-Me30HOB U (aHTU)IIPOTOHOB
B (p + p)-B3auMoaeHCTBUSIX TIpU sHepruu 62,4 [5B.
W3mepenus nposeneHsl B auanaszoHe ot 0,3 mo
4,0 [5B/c 1o nonepeyHOMY UMIIYJIECY P, .

Ha puc. 2, a npencrasieHbl (DaKTOPbI sIAEPHOM
MoauduKalu, U3MEpEeHHbIe IS HEUTpalbHbBIX
1 3apsDKEHHBIX TMOHOB BO B3aMMOIECTBUSIX TSKE-
JIBIX siAep Tpu aHeprusax 22,4 n 62,4 [5B.

B 1eHTpasbHBIX CTOTKHOBEHMSIX sIep MEIu
W S11ep 30JI0Ta 3HaYeHUs (GaKTOPOB R, , 11 "_me-
30HOB CYIIIECTBEHHO MEHBIIIE € TMHULIBI BO BCEM 1 -
ariazoHe U3MepeHuii 1o MornepeyHOMY UMITYJIbCY, UTO
CBUIETETbCTBYET O HATMYMU CUJIBHOTO TTOIABICHUS
BBIXOJA °-ME30HOB B SIIPO-SIIEPHbIX CTOTKHOBEHH-
sax npu sHeprun 62,4 [5B. JlanHoe HaGmoneHME pa-
3UTEJbHO OTJIMYAETCS OT MOBEACHUSI HEHTPaTbHbBIX
IMMOHOB BO B3aMMOEHCTBUSX TSXKEBIX siIep MpU
aHepruu 22,4 T5B, rie ux BbIXOIbI HAXOASITCS B U3-
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Puc. 1. UuBapuaHTHBIE CIIEKTPHI POXKICHUS
10 TIOTIEPEYHOMY UMITYJIBCY p,, U3BMEPEHHbBIE
TUTSE ni—, K*-Me30HOB 1 (aHTH)IIPOTOHOB
B (p + p)-B3amMoneiicTBusIX mpu sHepruu 62,4 [5B
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Puc. 2. 3aBucumoctu (hakTopoB sAePHON MOAMMDUKALMN, U3MEPEHHbIX UIsl 7T -ME30HOB ()
¥ MPOTOHOB (0) B SIIPO-SIIEPHBIX B3aMMOACUCTBUAX Mpu dHeprusx 22,4 (1) u 62,4 (2, 3) 5B,
OT IOINEPEYHOr0 UMIYJIbCA p, AAPOHA.

TlpeacraBiaeHbl CTOAKHOBeHUs simep meau (1, 2) u simep 3og0ta (3); kiace cobpituii mo ueHrpaabHoctu 0—10 %.

YcnoBHBIE 0003HAUEHUS Ha TOUKax B BUIE BEPTUKAJIbHBIX «yCOB» U «IIPAMOYTOJBbHUKOB» COOTBETCTBYIOT
CTAaTUCTUYECKUM M CUCTEMATUUYECKUM OIIMOKaM nsMepeHuﬁ COOTBETCTBCHHO. BCpTMKaJIbeIC NPAMOYTOJIbHUKH

BOJIM3U OCH OpAruHAT COOTBETCTBYIOT BCIIMYMHE HEOIPECACICHHOCTH <N

ObiTKe. I3MepeHust, BbIMOJHEHHbIE 1S 0_me30HOB
BO B3aMMOIEHCTBUSX TSKEIIBIX SIAEP TTPU DHEPTUN
62,4 T5B, omHO3HAYHO YKa3bIBAIOT HA TO, YTO Ipe-
BaJlMpoBaHue adekTa raieHust cTpyi Hafd adhek-
tom KpoHrHa mpoucxoauT B 00JaCTU DHEPruit
B3auMogeiicTBus Mexmy 22,4 1 62,4 [3B.

Ha puc. 2, 6 npencrasieHbl (haKTOPHI siIEPHOI
MoanbUKaALINK, U3MepPEeHHBIE TSI TPOTOHOB BO B3a-
MMOJEMCTBUSIX TSKEJbIX siaep Ipu dHeprusix 22,4
n 62,4 [5B.

B otnmume ot noBeneHust (hakKTOPOB SIAEPHOM
MOAN(MUKALINT, U3MEPEHHBIX TS 3apSKeHHBIX TTH -
OHOB, OBeeHUE (PAKTOPOB sIAEPHOI MOAM(UKALIIN
MIPOTOHOB B obaactu p, > 1,5 [5B/c yka3biBaeT Ha
Hajimuue M30bITKA BbIXOAA YACTUIL MPU IHEPTUU
B3amMozeicTBus saep 62.4 [3B. lanHoe Habmrome-
HHE MOXET ObITh OOBSICHEHO, IPUBJICYb PEKOMOM -
HalMOHHbIE MOJE/IU, OTTMCHIBAIOIIINE POXKIECHUE Ya-
CTHII Yepe3 peKOMOMHALIMIO TETUIOBBIX M TUBHEBBIX
mapToHOB [ 12]. B TakoM citydae MpoTOH, COCTOSIITU
13 TpeX BaJICHTHBIX KBAPKOB, ITPU PeKOMOMHAIIUY
noJryyaeT 00JIbIIYI0 TPHUOABKY K MOTIEPEUHOMY UM-
IyJIbCY, YeM IMMOH, MUMEIOILIMIT B COCTAaBe TOJBKO ABa
KBapka.

WTak, B paboTe npeacTaBieHbl MHBApUAHTHbIE
MHKJTIO3UBHbIE CIIEKTPbI POXAEHUST -, K™ -Me30-
HOB ¥ (aHTH ) TTPOTOHOB TIO TTOTIEPEYHOMY UMITYJIbCY
D,, U3MEPEHHbIE B (p + p)-B3auMoOIeicTBUsIX NPU
sHeprum 62,4 [5B, a Takke (pakTOPHI TACPHON MO-
audukauuu R, st *_ME30HOB 1 IPOTOHOB B LICH-
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CTOJIKH >

TpajibHbIX (Cu+Cu)- u (Au+Au)-CTOTKHOBEHUSIX
mpu 3Heprun 62,4 [5B.

3Ha+1qum1 axTopos sinepHoii Monrdukanun R,
st -Me30HOB B LeHTpaibHbiX (Cu+Cu)- u
(Au+Au)-CTOIKHOBEHHUSIX CYIIECTBEHHO MEHbIIIE
€IMHULIBI, YTO yKa3bIBAET HA HAJTMYME CUTBHOTO MO~
JABJIEHUSI BBIXOJA ITMOHOB BO B3aMMOIEHCTBHUSX TSI
SKeJTBIX siep Tipy Heprun 62,4 [5B. [Momo6Hoe TToBe-
JeHue (PaKTopoB sIepHOI MOIU(PUKALIMK PABUTEIIEHO
OTJINYAETCS OT MOBeAeHUsI (DAKTOPOB, UBMEPEHHbBIX
IUIST  ~-ME30HOB ITPY SHEPTUU B3aUMOACCTBUS SIAEP
22,4 [5B. Pe3yasraThl U3MEpeHiA, MPeaCTaBIEHHBIC
BJIaHHOM CTaTbe, OMHO3HAYHO YKA3bIBAIOT HA TO, YTO
npeBainpoBaHue 3¢deKTa raieHust CTpyii Ham 3¢ -
(bexTOoM KpoHMHA TPOMCXOAUT B 00J1ACTH SHEPrUid
CTAJIKWBAIOIINXCS saep Mexmy 22,4 1 62,4 [5B.

Brixon npoToHOB B 00J1aCTU MPOMEKYTOYHBIX
TIONEPEYHBIX UMITYJIbCOB p, > 1,5 [5B/c HaxonuTcs
B M30BITKE MPU SHEPTUU B3aMMOIEHCTBYIOIINX
anep 62,4 [5B. /lanHoe HabII0IeHUE MOXKET OBITh
0OBSICHEHO B IPETOJ0XKEHUN PEKOMOMHALIMHY TEIT-
JIOBBIX M JIMBHEBBIX KBapKoOB [12] KaK ogHOTO U3
OCHOBHBIX MEXaHU3MOB POXKIEHMS YACTUILL B TaH-
HOI1 00J1aCTH TIOTIEPEUHBIX UMMYJIbCOB. [TpOTOHBI,
COCTOSIINE U3 TPEX BAJIECHTHBIX KBAPKOB, ITPU pPe-
KOMOMHALIMK TTOIyYaroT 00JIbIIYI0 TPUOaBKY K TO-
MepevYHOMY UMITYJIbCY, YeM ME30HBI, YTO TPUBOIUT
K UX UB0BITOUHOMY BBIXO/LY.

PaGoTa noanepxana B paMkax (enepanbHoii 1ese-
BOI1 mporpaMmbl «HayuHble 1 HAyYHO-TI€AarOrn4eCcKue
Kanpbl MHHOBaMOHHOI Poccum» Ha 2009—2013 rompbr.
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D.P. NaBnob

OLLEHKA PEJIAITUBUCTCKOWM MOMPABKU
K CPEOHEN CMUPAJIbHOCTU MPOTOHA B EUTPOHE

PaccMoTpeHme eiiTpoHa B IPUBBIYHOM HEPEJIsI-
TUBUCTCKOM MPUOIVKEHUU HE IPUMEHMMO K dPdek-
TaM, CBSA3aHHBIM C HAJIMUKEM OOJILIINX BHYTPUSIAEP-
HbIX MMIIYJIbCOB B IEUTpPOHE, U HE MOXET JATh
OTIMCAHMS BCEl COBOKYITHOCTH SKCITEPUMEHTATbHBIX
naHHbIX. [ToaToMy yuer pesisiTuBUCTCKUX 2(PPeKTOB,
CBSI3aHHBIX C BHICOKOMMITYJILCHBIM KOMITOHEHTOM
BJEHTPOHE, SIBJIIETCS BECbMA aKTYaJIbHbIM U TPeOy-
€T alIeKBaTHOTO TEOPETUIECKOTO OTTMCAHUSI.

Kak u3BecTHO, B PeNISITUBUCTCKON siAepHOM
(busuke BosHOBAst PYHKILIMS AU TpOHA NMPEACTaBIIs-
eTcsl B Buae (POKOBCKOTo CTOJIOLA:

D) [NN) |[NN ) [NN ) [an) ... ()

Y TIOJIHOE OTTUCaHUe COCTABHOM CUCTEMBI TpeOyeT
y4eTa BCeX KOMIIOHEHTOB.

B mannoii paboTte BomHOBast GyHKLMS IEHUTPO-
Ha OylIeT annpoKCMMUPOBATHCS MPOTOH-HEUTPOH -
HbIM (POKOBCKMM cocTosiHMueM. He uckitoueHa
BO3MOXHOCTb, YTO HA OUEHb MaJIbIX MEXHYKJIOH-
HBIX PACCTOSIHUSIX BMECTO IBYX HYKJIOHOB CJIEIyeT
paccMaTpuBaTh LIECTUKBAPKOBOE COCTOSIHUE, XOTS
OIHO3HAYHBIX OKCTIEPUMEHTAIbHbBIX YKA3aHUI Ha
TaKOW LIECTUKBApPKOBLIN KijacTtep HeT. [loaTomy
TaKXe MPeAcTaB/sIeTCss BO3MOXHBIM OMUMCAHUE ei -
TPOHA C y4e€TOM KBAapKOBbIX CTE€I€HE cBOOO/bI,
yeMy MOCBSILLIEHO OOIIMPHOE KOJMYECTBO My0IrKa-
uuii [1 —4]. Tem He MeHee, caenyeT ucuepnaThb BO3-
MOXHOCTHU IBYXHYKJIOHHOTO MPUOJIUXKEHUSI, OCO-
OEHHO C PEISITUBUCTCKIM PACCMOTPEHMUEM 00J1aCTH
0O0JIbIIIMX OTHOCUTEIbHBIX UMITYJIbCOB B IEUTPOHE.
B paGoTte ncnoab3yoTcst pa3BUThIe paHee METOIbI
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PEJISITUBUCTCKOM TEOPUM M0J151 B IEPEMEHHbIX CBETO-
BOTO KOHYCa, YCIELIHO MPUMEHSIEMbIE B KBAHTOBOM
xpomonuHamuke (KXJI). [eiitpoH Oyner paccmar-
pUBaThCS HEe Kak ToUeuHas JyacTulia, a OyieT npe-
CTaBJISITbCSl KaK PEJSITUBUCTCKAs ABYXYacTUUHasl
cuctema (MPOTOH-HEUTPOHHOE COCTABHOE COCTOSI-
HH€) C ”THBAPMAHTHOM MacCoii, 3aBUCSIILIEN OT OTHO-
CUTEJIbHOTO UMITYJIbCA KOHCTUTYEHTOB, U KPOME TOTO,
BEKTOP MOJISIPU3ALIUU [POI0JbHOIO COCTOSIHUS 1€ -
TpoHa OyAeT HEU30EXKHO 3aBUCETh OT MACChl CUCTE-
Mbl. ByyT ncnosib30BaThCsi UHBAPUAHTHbIE BEPLLIMH-
Hble (DYHKLMU IEeUTpOHA [UIs1 Tepexoaa AeilTpoHa
B COCTaBHYIO CUCTEMY ITIPOTOH-HEUTPOH.

Takoit hopmanusm pesiITUBUCTCKOTO ONUCAHUST
JeUTpoHa paHee MPUMEHSIIC B SiAepHOM (pU3MKe 1St
yuyeTa pas3IMYHBbIX PEJSITUBUCTCKUX 3(PPeKTOB.
B uactHOCTH, pa®OTHI |35, 6] TOCBAIIEHBI HAXOXIIE-
HUIO PEJIITUBUCTCKUX TTOMPABOK K BOJIHOBOM (hyH-
KLWM JEHUTPOHA, K 9JIEKTPOMAarHUTHBIM (hopM-dak-
Topam neiTpoHa. OMHAKO «OeTYILIN» TTPOIOIbHBI
BEKTOD MOJISIpU3ALMHY IEHTPOHA B TAKOM (hOpMaTn3-
M€ paHee He UCTOJIb30BaJICS.

B naHHO#i paboTe pacCMOTPEHO BIUSIHUE PEJIs-
TUBU3Ma Ha CPEOHIOI CIUPAIBHOCTb MPOTOHA
B ACUTPOHE.

®opmMaau3M CBETOBOTO KOHYCA

CoBpeMeHHasl TeXHUKa CBETOBOTO KOHYca, 0e-
pyliiasi Hayasio B pabotax [7, 8], moagpoOHO paccMoT-
peHa B cTaTbax [9 — 11]. g HammX 1iejieit HeT He-
00XomMMOCTH B (popmannM3Me KBAHTOBAHMSI HaA
CBETOBOM KOHYCe BO Bceit ero nosHote. B hopma-
JIN3ME€ CBETOBOI'O KOHYCA JIF00O0I 4-BEKTOP MOXET
OBITh TTPEICTABJICH B BUIE

B H H ]
a* =an" +an" +a (2)
1 NMEECT KOMITIOHEHTHI
all = (a+’ af’ aJ_)a
rae

a, =a,-nt =—=(ay tay); (3)

+ Tk ND
all =(a, a); 4)

37€Ch IBA CBETOMOMNOOHBIX 4-BeKTOpa

ngziz(l, 0,0, +1)

N

YAOBJICTBOPAIOT CJACAYIOLINUM COOTHOLICHUAM:

2_,2_q¢
ni=n"=0;nn 1,
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aTOINepPevYHbIi KOMIIOHEHT  JIEXKUT B IJIOCKOCTHU
(X,Y). B nanpHelimeM OyaeM oIyckKaTb 4-TeH30p-
HBII MHAEKC Han 4-BekTopoM. CKansipHOE PO 3-
BelleHUe ABYX 4-BEKTOPOB UMEET BUL

©)
KBa}IpaT BCJIMYMNHDBI 4—B€KTOpa €CTb

2_ 2
a“=2a.a -aj.

B yacrHoCTH, 151 YacTULIBI HA MAacCCOBOM I10-
BEPXHOCTHU KBaIpaT 4-BeKTOpa UMITYJIbCa BhIpaXKa-
eTCs KaK

2 2

p- m 2pp

B HpeﬂCTaBﬂeHl/H/I CBETOBOTI'O KOHyca HaMu UC-
MOJB3YIOTCS ¥ -MaTpuubl Jupaka:
Lo W
0 3/
2

i0123- (7)

PaccMoTpuM IBYX4acTUYHOE COCTOSIHUE B Te-
PEMEHHbIX CBETOBOIO KOHYCAa C BHYTPEHHUMU
4-VMNYJIBCAMU P U Ps:

(6)

pi (b, pis D). (8)
IToaHblii 4-BeKTOP MMITYJ/IbCA CUCTEMbI paBEH
P p - )

BBenem BMeCTO 4-BEKTOPOB p; 11T BHEMACCO-
BbIX HYKJIOHOB 4-BEKTOPbI

2

2
k‘ 'sk' i—piap[ s

i (10)

i
2_ .2 ,2_ 2 .
Takue, YTo ki =my, ky =m;. Torna nojaHwlit 4-nMm-

MyJIbC AByXYACTUYHOTO COCTOSTHUS ¢ HYKJIOHAMU Ha
MAacCCOBOI TOBEPXHOCTHU COCTABIISIET CYMMY

K k k (11
Y UMEET KOMTTOHEHTBI
K (0 psk k,p p). (12)

Ecou K P p p,, TO ynoOHO BBeCTU
z p /P ul—z p, /P —[10auuMIyIbCacu-
CTeMbl, KOTOpble HecyT yacTulibl 1 u 2. Torna

P
2zP

P

221 z)P



KBagpat nHBapMaHTHON MacChl CUCTEMBbI pa-
BEH

M?= 2=(k +k)* =
2 2 2 2
MBB pop 13)
z 1
TTonepeuHblit UMITYJIbC p;, P, ONHKCHIBACT

JBUXKEHME CUCTEeMbI Kak 1iejoro. OnpenearMm OTHO-
CUTEJIbHBII MTONepeYHbIi UMITY/IbC K COOTHOLLIEHMEM

P Z
y=— +(1-2) (14)
u3 cootHoteHui (13) u (14) cienyet, uto
2, .2
2 _Korm (15)
z(1 2)

BorunciieHue 0HONETIIEBOM AUATPAMMBI
¥ HOPMHUPOBKA BOJIHOBBIX (QyHKIIMIA AeHTPOHA

PaccmoTpuM  (helifHMaHOBCKYIO AuarpamMmy
(puc. 1). Ona BkJTt04aeT B ce0sl BEPIINHY B3aMO-
JNIEMICTBUS -KBAHTA C HYKJIOHOM B IEUTPOHE, BEP-
LIMHHYIO0 GYHKIIUIO pacrana 1eMTpoHa Ha MPOTOH
W HEUTPOH B HAYAJTbHOM COCTOSTHUU, BEPITUHHYIO
(byHK1IMIO IeUTPOHA B KOHEYHOM COCTOSTHUM.

PV

D D
®  p,a @

Puc. 1. ®eitnmaHoOBCKas auarpaMma
JUI1 A€UTpOHa

[Mpu McMoONMB30BaHUM CTAHZAPTHBIX TTPABUI
deitHMaHa BepIIMHHAS YaCTh AMIUTUTYIBI IIPOLIEC-
ca, COOTBETCTBYIOLIEro puc. 1, mpeacTaBisieTcs
B BUIE

ﬁVB(p))

mzi)

4, (1

d4P3 Sp{i(
@) (p

ApepHa 3mnKa
ApHﬂchMK>

xi( 5 +m)-i0y -i( | +m)}

b
24

(16)

2
X |{—m

Tae py, P, — 4-UMITyJbCBI IPOTOHOB; UHTETPUPO-
BaHUE BeETCS MO 4-UMITyJIbCy HEMTPOHA ps, T
KOHTYp WHTETPUPOBAHUS OyIeT 3aMKHYT BOKPYT
MoJiroca HEMTPOHHOTO TpornaraTopa (Macchl Bcex
HYKJIOHOB paBHBI M); — TIOJIHAS BepIIMHHAS
(byHKUMA pacmama nedTpoHAa Ha KOHCTUTYCHTBI

B Ha4yaJiIbHOM COCTOsSIHUM, a — I10J1HasdA BEPLIMUH-

Hast GYHKIMS IeMTpOHA B KOHEYHOM COCTOSIHUU;
Vv .,V
B HaYaJIbHOM U KOHEYHOM COCTOSIHUSIX B CTUMpPasib-
HOM mnpencraBieHuu; p==+l, 0 — cnupajibHOCTb
JIEATpOHA.

Bepiunna B3aumonencTsus HyKJI0HOB ¢ (hoTo-
HOM O, MeeT BUJ

— 4-BeKTOpHI MOJSIpU3ALUIA TeHTpOHA

£ Q).
——i 0,

2m
rae Q — 4-BeKTOp UMITyJIbCa BUPTYaIbHOTO (hOTO-

0 F%% (17)

Ha; FIS (Q2 ), FzS (Qz) — M30CKAJIIPHBIC JIEKTPOMAr-
HUTHBIE (hopM-(pakTopbl HyKI0HA Jlupaka u [lay-
JI1, COOTBETCTBEHHO, NIPUYEM ls 0)=1,a 25 0)=
—0,1212];

i
" K-
2
MaTpuuHbIi 3JIEMEHT 3JIEKTPOMArHUTHOI BEp-

LIMHBI IEATPOHHOIO TOKA CBA3aH C  ;, COOTHOLIE-
HMEM
F =(D'|j |D)y=—iA . (18)

Kaxk 6bIJ10 TOKa3aHo B padboTax |6, 13], ucrnojib-
30BaHME ITIOCOBOTO KOMITOHEHTA IEMTPOHHOTO TOKa
J (F,=(D|j.|D)) B cucteme GeCKOHEUHOro MM-
mynbca B crienmanbHoii JJopeHuesoit cucteme bpeii-
Ta (Qy = 0) maeT MpaBUJIbHOE MPOCTPAHCTBEHHO-
BpPEMEHHOE OIMMCaHUE PESIITUBUCTCKUX 3 PEKTOB
(HEeBO3MOXHOCTb POXK/IEHMSI I1ap U3 BaKyyMa).

I110coBbBIIT KOMIOHEHT aMILTUTYAbI (16) orpe-
JeNISeT YCIOBUEe HOPMUPOBKHU 3apsiIOBOTO (DOPM-
(bakTOpa nerTpOHa MPU HYJIEBOI IIepeaaue UMITYTb-
ca ¢oroHa:

F 2P 2P E5(0)(wg wp)

d4p3 Sp( BVB(p))
@)'i(p m i)
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>
. 0 DTO NPUBOIUT K BHIPAXKEHUIO
(m ps) ( 4 )
7 2 - = _ﬂ (28)
(Pz m° ) T -oMy
_ _ U cnonb3ys 570 3HaYEHKe v, TIOC/Ie TIPOCTBIX IPe-
Pyt m)-y, - (py+m)] , (19)  06pa3oBaHUii MOTYUUM:
><(P12 -m’ +i8) 2 2 2 2
pi—m =z(Mp-M~); (29)
TJIe TUTIOCOBBIiT KOMITOHEHT MMITYJTbCA AeHTPOHA .,
P p p 2 _kKm (30)
;e 2(1 2)

, p— BEPOSATHOCTU S- U D-BOJHOBBIX COCTOS -
HUI B IEUTPOHE, COOTBETCTBEHHO, NPUYEM +
+ p=1

Boruncienue mmypa B amruiutyne (19) monpo0-
HO paccMaTpuBaeTcs B padore [14], B KOTOpOii LieH-
TPaJbHbIM OOBEKTOM UCCJIEIOBAHUS COCTABHOM CU-
CTEMbI SIBJISIETCSl BEKTOPHbI Me30H. TeM He MeHee,
TOBTOPUM OCHOBHBIE 3TAlbl pacueTa ONHOIETIEeBO-
ro MHTerpasa, o00011as TEXHUKY, Pa3BUTYIO B My0-
Jvkauuu [ 14], Ha IeUTpoH.

JI1s1 BBIYMCIEHUSI 1IITypa y100HO UCIIOJIb30BaTh
cienyloliiee MpeAcTaBIeHUue CBETOBOTO KOHYCA IS
4-yMIIy/IbCa IEUTPOHA:

P Pn Pn; (20)
2

p-Mp. 1)
2P,

P =Mj, (22)

roe M, =1875,6 MsB/c? — macca neiiTpoHa.
I 4-UMIyJIbCOB HYKJIOHOB Py, Py, P3 B JEUT-
POHE UCIOJb3yeM MapaMeTpU3aLuIo;

V4R %) yPn 5 (23)

py (1 22Pn (1 y)Pn s (24)

rae k — oTHOCUTENbHBINM MONePeYHbIN UMITYJIbC Ya-
ctur, 1 u 3.

IepeiineM K MHTETPUPOBAHUIO 11O TIEPEMEHHBIM
CBETOBOTO KOHYCA:

zPn

d dddlézddzd;(%)
TOrza

2om=(l-z)(0-y)M} -K>—m*;  (26)

L-m’=zyM} kK> —m’. 27)

Vno6HO MpOBECTH UHTETPUPOBAHMUE T10 Y, 3aMbl-
Kasi KOHTYp MHTEIPUPOBAHUSI BOKPYT [10J1H0Ca HEil-

TPOHHOTO Mpornaratopa p? = m?.
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3nech M2 ecTb He 4TO MHOE, KAK KBAPAT HHBAPH-
AHTHOM MacChbl MPOTOH-HEMTPOHHOM Mapbl C UM-
IIyJbCAMU k| U k3 HA MaCCOBOI MMOBEPXHOCTHU (CM.

bopmyay (15)):
M*= 2=(k +ks)*. (31)

Janee nj1st HERTPOHA Ha MACCOBOIA ITOBEPXHOC-
TH MO3KHO BOCITOJTb30BaThCS YCIOBUEM TTOJTHOTHI:

p s s, ()

rae ky =K —k;;
crnuHoM 1/2, ¢ uMInyabCcOM — ks U ciupaibHOC-

k3,\) — CIIMHOP LTSt YaCTHLIBI CO

Tblo — s[14]; s=A/2==%1/2,n cnenath B eitH-
MaHoBcKoM ciese (19) 3ameny.

3anuiuem p, m BBUIE
1 1 1 1
2 2
m
o om L (33)
2

e kP =m’ .

Bropoii unen B BeipaxkeHuu (33) oTBeyaert, oue-
BUIHO, paCIIPOCTPAHEH MO TPOTOHA BHE MaCCOBOI
MOBEPXHOCTHU. JIErKo 1okasarb, 4To

(py+m)y, (py+m)=(k+m)y, (k;+m), (34)
U TOTAAa MOXKHO CHOBA BOCTIO/Ib30BAThCS YCIOBUEM
MOJIHOTBI:
1 m 1s N 1 s (35)
1

— CIUHOP /151 YaCTHULIbI CO CITUHOM 1/2 ¢

/ ,v==xIl[14].

[Tocie Bcero, pacCMOTPEHHOTO BhITIIE, IJIsST aM-
muTyabl (19) moayurm BbipaxkeHUe B

roeu ki,

HUMITYJIbCOM kn CITMPAJIbHOCTBIO

1 dzd’k
= 32 x
202n) ‘22 (1-2)

+



ApepHa 3mnKa
ApHﬂchMK>

Viks, WO T uk,, )

» [V(ka)“/JrU(ka)] o
(M2 - M} )2

y [ﬁ(kl,v)vg")rﬁv(k3,x)] _

1 dzd’k
= 3 )2 X
202n) Y 22 (1-2)

XZ (D;Zv [L_l(kl ’V)Y+u(k1 7V)] (ka’ (36)
Y
e
u(ky, )V2 2(k, )‘ 37)
M? M}

TTonnas BepuMHHas GyHKUMS Mepexona AeiT-
POHA B ITPOTOH-HENUTPOHHYIO Iapy MUMEET BUIL
2
(M~)

Doy, (38)

D

rae u — BepIIMHHBIC GYHKIINK OIEeUTPOHA

1151 S- 1 D-BOJIHOBBIX cOCTOSTHMIA [ 14—16]:

ky —k
rs= ——B; 39
7p M +2m (39)
M? 4m? M
b 4’" 2’” L5 (40)

2
a  p(M?")— ckansipHble BepLINHHBIC byHKIUM

17151 S- 1 D-BOJTHOBBIX COCTOSIHUIA €M TPOHA, KOTO-
pble CBSI3aHbl C paalaibHBIMU BOJTHOBBIMU (DyHK-

uusamu aeiitpona © (M 2) [14] cooTHOLIEHHEM

(M?) ﬂ .
, M2 M2
Hanomnum, yto neiTpoH ¢ Maccoii M ,paccmar-
pUBaeTCs Kak TPOTOH-HENTPOHHAS Tlapa c MHBapu-
AHTHOM Maccoil M, ¢ HyKJIoHaM1 Ha MaCCOBO I10-
BEPXHOCTH, T. €. OCYLIECTBJIeHa 3amMeHa P =p; + p;
Ha K=k, +ky; K*=M>
B cucteme nokost mapei 4-BeKTOP MOJSIpU3ALAN
V' (0, ).Ecnunapa ABUXETCSI CTPOTO 10 OcU Z,
r.e.p 0,70

(41)

2
CoL00 LM g0
2

1 B KA4eCTBE TPEX HE3aBUCHUMBIX BEKTOPOB IOJISIPH -
3allM¥ MOTYT ObITb BEIOPAHbI ABE YMCTO MOIEPeY-

HBI€ IMHEMHBIE MONIIPU3ALUN | €, , €, WU
CIUPAaJIbHbIE COCTOSIHUS:
1
0, 0, ; (42)
e
1 )
e N e e, ; (43)

e;, &, — €IMHUYHbIE OPThI BIOJIb OCceil Xu ¥, cooT-
BETCTBEHHO.
J17141 TIPOJIOTIbHOTO COCTOSTHUS UMEEM

2
o 1 , ﬁ,o,o_

i 5 (44)

[TomuepkHem, uto B popmyne (44) M M .
B pensiTuBM3Me BEeKTOP MOJSpU3aLU MPOAOJBHOTO
COCTOSTHMST HEM30€3KHO 3aBUCUT OT MHBAPUAHTHOM
MacChl TPOTOH-HENTPOHHOI CUCTEMBI.

BripaxkeHus 111 HyKJTOHHBIX MATPUIHBIX 3J1€-
MEHTOB UMeloTcsl B pabdoTax [14, 17], B KOTOpBIX
HUCTIONB3YIOTCS CITUMHOPHI B (hOpMaT3Me CBETOBOTO
KOHYyca, B YaCTHOCTH

ulky, ) ulk, ) 2k 2zP . (45)

W3 ycnoBus HOpMupOBKU (pOPM-(PaKTOPOB IO~

JIydaeM yCJIOBH€ HOPMUPOBKU paaraJIbHBIX BOJIHO-

BBIX (DYHKUMI AelTpoHA Aist S- U D-BOJH 10 OT-
IeJTbHOCTU:

2
(2::)3 J%ZW‘ 0 -
o e o) e
L, |« 2)‘2

2) @)

1 2
-y Mt| [, @)
(2)
rnep= k,p — oTHOCHUTENbHbII BHYTPUAEHATPOH-
HBI1 3-UMIYJbC, BBEOECHHBIII B pabore [18];

p % 1 2z M, p2 %M 2 mz,I/II/IHTerI/IpOBa—

HUE MOXHO ITPOBOAUTD I10 3-UMIIYJIbCY P:
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>
dzd’k 4 5 (o mevy (4 m
= —d 48
T (48) T w (52)
B HepensTuBrCcTCKOM (hopManu3Me OObIYHO UC- CrenyeT MooYepKHYTh, YTO
TTOJIb3YETCS HOPMUPOBKA (py m) (p, m)
| 1

0 ) 2
Idppz[(%@» +(¥p(p)) }=ws+w,)=1. (49) = (ky +myy,ys(k, +m); (53)
0 ulky, ) ulky, ) 2k 2zP. (54

i) JAacT MPaBUJIO COOTBETCTBUA MEXAY paan-
aJIbHBIMH BOJTHOBBIMH (I)YHKL[I/ISIMI/I (O} s.p AWHEPECJISI-

TUBUCTCKHWMMU BOJTHOBbBIMU (1)YHK]_[I/I$IMI/I Y S.D-

2
|®SP=§%ﬂq%F§

| |2_ TEz
ol =

2
NN
4Mp4| ol

(30)
B xauecTBe HEPEIATUBUCTCKNX BOJTHOBBIX (I)YHK—
uun ¥ 5. p MOXHO UCITOJIb30BATD DAL COBPEMCHHBIX

peaMCTUYECKUX BOJHOBBIX (DYHKIMIA, HAIIPUMED
O0oHHCKy0 [19] 1 mapuxckyto [20].

O1neHKa peIsATHBUCTCKO¥ MOMPABKH
K Cpe/iHeii CIUPaJbHOCTH MPOTOHA

[Tpu mocaenoBaTeTbHOM PEISITUBMCTCKOM OTTHU-
CaHUM OEWTPOHA MPEACTABISIETCS aKTyaJlbHOW
OLIEHKA PA3JMYHbIX PEJISITUBUCTCKUX MOIMPABOK.
B nanHoi1 paboTe olileHMBaeTCs MOIpaBKa K CpeaHei

CMUPATBLHOCTU TPOTOHA B IEUTPOHE <v » > Kak uszge-

CTHO, B HEPEJIITUBUCTCKOM TTPUOTVKEHUH CPETHSIST
CTIUPATILHOCTD OTIPENESIETCS BRIPAXKEHUEM

<v > el=<S >=2<s >=

1

2 2

B pesITUBICTCKOM PaCCMOTPEHWH 3TO BhIpaXKe-
HUE KapAWHaJIbHO M3MEHUTCS. BhipaxeHue mist
CpemHei CTUPpaTbHOCTH UMEET CIIEAYIOIINIA BUI:

< > 1 d'ps Sp( ﬁyﬁ(p))
@) o)

(1)

m p, V
p22 m? i
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Ecnu ncnonb30BaTh OJTHY IO BOJTHOBYIO (DYHK-
umto aeitpona (37)

O, = |,V [ oV, ®g(M )+

v My, (55)

Tae 1, 0 — cnupaJbHOCTHL ACUTPOHA; vV =*lI,

A +1 — yIBOeHHBIE CITUPATLHOCTH ITPOTOHA U HEA-
TPOHA, COOTBETCTBEHHO, TO BEIpaXKEHUE TSI CPETHEH
crnupajibHOCTU (52) NpuoOpeTeT NPUBLIUHYIO KBAH-
TOBOMEXaHNYECKYO (POpMYITy /ISl BRIMMCITIEHUSI CPEI-
HEro 3HA4€HUs C IMTPaBUIbHOY HOPMUPOBKOIA:

dzd’k 1 1
21 z)
dzd’k 1 1
(1 z)

(56)

(»)

[Monubie BomHOBBIE GyHKUMU Mist p==1, 0
UMEIOT BUL

| 1
(M 2m)J2z(1 2)

x{[_m M+2m (1+pv)+
+2k (p) k(1) ]8,; +
+[(2z=1+pv)(M +2m)+

+2m(1 22)]k(p)d | @5(M?)+

m(l+pv)—

1 2 2
s L)
—4(M +m)k (p)k(-1)]8,, +
+[(22—1+pv)<M2 _4m2)_

4M mm(l 2z) k() p(M?); (57)
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0 1
(M 2m)z(1 z)

x [=1-2z Mk -1 |5, +

+[-2z(1-z) M (M +2m)-
1 2z Mm} L DM )+

1

2Jz(1 z)

|__Z l—z M M?*—4m?

1 2z M(M m)

P12 Mm(M+m)} La Op(M ), (58)

roe s ymoOCTBa BBeNeHBI 0003HAaUeHUs k p =

nenbra-cuMmBoi KpoHekepa.
HopMuUpoBOYHBII MHOKUTENH B (56) paBeH

dzd*k 1 1
z(1 2)
OKOHYATETHHOE BBIPAXKEHNE 1JIsT PENISITUBUCTC-

KOW cpeaHel CMUpPaJIbHOCTU MPOTOHA B IEUTPOHE
MMEET CJICAYIOIUIA BUI:

202 ).

(39)

1 z
< >= 2(27‘5)3 '[Z(I—Z)X

x ;{ [-1-2 M+
(M+2 ) (1- )

m m m 2 ( 2)
2
ME am’ M 2m (1 22)M
8z(1 z)
2m  4mM (1 z)
m* M? 4m*  (M?)
1 2
k 2 1 2
T ) ( )
2m  2mM(1 z)
m 4m C ) ). (60

151 HAXOXAEHUS PEISITUBUCTCKOM MOIMpPaBKu
., HEOOXOMMMO BbIpaxkenue (60) pasnenutb Ha
MPUBBIYHYIO HEPEISITUBUCTCKYIO YacThb (51) u pe-

JIITUBUCTCKYIO MOMNPABKY /.

< ﬂ> % el

3
L o
l'[epexozm K MHTETPpUPOBAHUIO 1O 3-I/IMHYHBCY

p, cornacHo (48) moayunm:

(61)

4M *Q2p m)

2 2
(M*)
M 2m 2 m

p 2

5 > 2 4
m2 2 2 m 2( 2)
2M )
3 3 M 2 2

am’pl} (M%) p(MOf. (62

Pesyabrarsi u 00cyKaeHe

ITpuBeneHHOE BbIpaXXeHUE ISl CPEAHEH CIK-
PajbHOCTH MMOKA3bIBAET, UYTO B PEISTUBU3ME MOSIB-
JISIIOTCS MHTEephepeHIMOHHBIE BKJIAAbI OT S- 1 D-
BOJTHOBBIX COCTOsIHU. ClleyeT OTMETUTh, UTO MPU

p? << m? BeIpakeHue (60) MEPEXOINUT B HEPEIATH-
BUCTCKY10 popmyny (S1)u ;0.1 uucneHHo-
TO pacyeTa UCIIOb3YIOTCS IBE BOJTHOBBIE (DYHKIIUM
JeiTpoHa: OOHHCKAs U ITapyXKCKasl.

Pe3yabpTaThl pacueTa cpenHeil CnupaibHOCTU
MNpPUBEICHBI B TA0IUILIE.

W3 naHHbIX TAOIULIBI BUTHO, UTO PEJISTUBUCTC-
Kasl OoMpaBKa CoCTaBjsieT MeHee 1% OT IoJIHOro
3HaueHUs1. UHTepdhepeHLIMOHHbIE BKJIAbl B PEJIsi-
TUBUCTCKYIO ITIONPABKY OT S- ¥ D-BOJHOBBIX COCTO-
SIHUIA MaJIbl, HO TEM HE MEHEE CJIEAYEeT MOAYEPKHYTh,
YTO B PEISTUBUCTCKOM CJIy4yae OHU OTIIMYHBI OT
HyJss1. BugHo, 4TO BKIaa peasITUBUCTCKOM MOMpaB-
KU B CPEIHIO0 CIIMPaTbHOCTL TPOTOHA B IEHTPOHE
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Pe3yJIbTaTI)I pacuera cpem{eﬁ CIMUPAJIbHOCTH I IBYX HpI/lﬁJ'[l/I)KeHl/Iﬁ
YacTb BOJITHOBOTO COCTOSIHUS [ToxHOE
PacuetHas hopmyna Bonrosas SD 3HAYCHUE
GbyHkumsa Ky D
(uHTEpbepeHLIs) BbIPAXECHUS
HepensatuBucrckuii cydaii
b 0,93625
<v,,>=ws—1w,) 1,0 —0,5 0 e
2 1 0,91345
C yueToM peSITUBUCTCKOM TTOMPaBKU
1 b 0,99507 —0,48690 1,1252-107 0,93223
<vp>:w5——wD + A, =

2 I1 0,99485 —0,48337 4,0319-10 0,90957

[Ipumeuanue. BHuepensitusucrckom cayyae wy =0,0425 (b), wy =0,0577 (I1); b, I1 — 6oHHCKast 1 napuxcKas
BOJIHOBBIE (DYHKIIUU.

MaJl. DTO CBSI3aHO C TeM, UTO SHEPTUS CBSI3U AEWT-  HUSI, KOTIa KOPBI HYKJIOHOB MOTYT IMePEKPBIBATHCS,
pOHa Majia ¥ AEATPOH NPEACTaBIsIeT U3 ce0si 10CTa-  3TOT BKJIad OyaeT He TaK MaJl.

TOYHO PBIXJIYIO CUCTEMY, T MPOTOH U HEUTPOH Ecnu cpennioro cnimpanbHocTh (60) mpeacTa-
4acTb CBOETO BPEMEHU IIPOBOISIT BHE 00J1aCTU eii-  BUTh B BUIE
CTBUS IICPHBIX CUJT; HO MOKHO TTPEATTOJIOXHUTh, UTO

MPU PACCMOTPEHUY BOJTHOBOM (DYHKIIUU IEUTPOHA, <v » > = Iv » ( z) dz, (62)
OIMUCHIBAIOLIEH Majible MEXHYKJIOHHBIE PACCTOS - 0
a) 0)
VP(Z) r— 11T T 11" T T — T VP(Z) [
L6 ] 08
1,2 [
0.6
0,8
04l 0.4
0 0.2}
-0.4 L L L L L L L A A N N T N N N R R R
0 0.2 04 0.6 0,8 Z 0 0,2 04 0,6 0.8 Z
2)
\"p{: 1 T ™ T T ™ T
8
ik b
2 3
2 ]
2 3
04 ! Pl 1
il
-2k Vg d ]
o Lt i g E
L v _ ol 1
i 1 | 1 i [ :q; 1 1 1 1 b 1 1
0 a2 04 .6 na z T Nz nd 0.6 0.8 Z

Puc. 2. 3aBUCMMOCTD OT BEJIMUMHBI JOJM UMITYJIbCA CUCTEMBI Z TMOJHOM (g) CTUPaJbHOCTH TTPOTOHA
B JICUTpOHE U ee cocTaBisitomux: S- (0), D- (8) BOJIHOBBIX COCTOSIHUI; SD-uHTEphEPEHIIMOHHOTrO BKana (2);
1, 2 — HepeNATUBUCTCKUN U PEIITUBUCTCKUI CIydand, COOTBETCTBEHHO
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TO MOXHO OLEHWUTb 3aBUCUMOCTb MOIBIHTErPaslb-
HOTO BBIPAXEHNSI V , (Z) OT 10/IM NIepelaHHOTO UM-
myjbca Z.

Ha puc. 2 npe/icTaB/ieHbl 3aBUCUMOCTH V , ( Z) Kak
JUTSI TIOJTHOM CIIUpaNbHOCTH, TaK U OTAEIbHBIX €€ CO-
CTOSIHUIA: TOJIBKO 151 S-BOJTHOBOI'O COCTOSIHUS (HOP-
MMpOBaHa Ha S-BOJIHY), TOJILKO AJ1s1 D-BOJTHOBOTO CO-
CTOsIHMS (HOpMUpPOBaHA HAa D-BOJIHY), TOJbKO IS
SD-nHTepdepeHLIOHHOTO BOJIHOBOT'O COCTOSTHUSI.

Kak HeTpynHO 3aMeTUTbh, B PEJIITUBUCTCKOM
cilyuae TosIBJISIETCS TF0OOTBITHAS aCUMMETPHST, YeTO
He Ha0JIIo1aeTCsl B HEPEISITUBUCTCKOM. BuaHO, 4TO
B MIEPBOM U3 YKa3aHHBIX CJIydyaeB HYKJIOH, YHOCS -
LI OONBIIYIO OO UMITYJIbCA CUCTEMBI Z, TaeT
OOJIBIIMI BKJIAA B pacripefeieHue CpelaHel Cru-
PaJIbHOCTU IEHATPOHA.

ITonBonst uTor, OTMETUM, YTO B IAHHOM padoTe
paccMaTpuBajach JUIIb OLIEHKA PEISITUBUCTCKOM
MOMpPaBKKU K CpelHedl CIUpPaJbHOCTU MPOTOHA
B neiiTpoHe. OmHAaKO JAaHHBIN METOI IBYXHYKJIOH-
HOTO NPUOIVKEHUSI MOXET MPUMEHSIThCSI 17151 BbI-
YUCJIEHUS PEJIITUBUCTCKUX IMOIMPABOK K JPYTUM

BbIpaXXeHusiM. B uacTHOCTH, JaHHBII [10AX01 MOXKHO
TPUMEHUTD 11 BEIUUCICHUS PEISITUBUCTCKUX TT0-
MpaBoK K (popm-pakTopam AeUTpOHA (MATHUTHBII,
KBaIpYTIOJIbHBIN), TSI BEIMUCIICHUS CITMH-3aBUCH -

MO CTPYKTYPHOI (DyHKLIMU AEHTpOHA ng (Qz, X D)
[21], KoTOpast BeIpaxkaeTcs 4epe3 CPEeIHIOI0 CIIU-
PaabHOCTb:

1
g’ (@ xp )= | %vpu)gfv ["7”) (63)

Xp

JlaHHOMY BOIpoCy OyaeT MocBsiilieHa 6osiee Mo-
poOHasi IyOIMKaLsl.

B 3axioueHue aBTOp BbIpaxkaeT IIyOOKylo 0Jiaro-
NApHOCTb JTOKTOPY (DU3MKO-MATeMAaTUUYECKUX HayK
H.H. HukonaeBy, corpynnuky MHcTUTyTa TeopeTnue-
ckoii pusuku um. JI.1. Jlanmay PAH u UacturyTa sioep-
Hoit dusuku 1. FOnuxa (IepmaHust), 3a LEHHbIE UIEU
1 00CYXIEeHNSI, CTUMYJIMPOBABIIIUE TIOSBICHUE JAaHHOM
paboThl, a TaKXKe KaHAUIATY (PU3MKO-MaTeMATUIECKUX
Hayk T.A. Xpymesoii, corpynuuiie CII6I'TIY, 3a MmHO-
TOUYMCJIEHHBIE, YPE3BbIYAHO TMOJIE3HBbIE OOCYXKICHUS.
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A.A. bepdHukoB, M.b. XKanoB, B.A. PebskoBa

)XECTKMHU NOMEPOH AAOHHAYU — JIAHALLO® DA
B KOTEPEHTHOM ®OTOPOXAEHUU p-ME3OHOB
NMPU MAJIbIX MNEPEAAHHbIX UMITYJIbCAX

W3yuyeHue CBOMCTB M AMHAMUYECKOM IPUPOIbI
MOMEPOHA SBJISIETCS aKTyaJIbHOM 3amaueil (PU3nKu
CUJIbHbIX B3aMMO/IEACTBUI ITPU BbICOKMX SHEPIUSIX
[1]. TunoTesa o cyllleCTBOBAaHUM PEAXEOHa, 001a-
JTAIOLIETO KBAHTOBBIMU YMCJIAMU BAKYYyMa U TPACK-
TOpUEN

n o

¢ mHTepcenToM (= 1, Obl1a chopMynnpoBaHa
B.H. IpubossiM okosio 50 net Hazan [2], XOTs1 HU-
KAaKUX OKCIIEPUMEHTAJIbHBIX YKAa3aHUI Ha PE30HAH -
ChbI C TaKOM TpaekTopueit He ObL10. [IpennonoxeHue
0 JTOMUHUPYIOLIEM MEXaHU3Me B3aUMOACHCTBUS
aJIPOHOB B AU(PPAKLMOHHbIX IPOLIECCAX ITPU BbICO-
KHUX DHEPTUSIX MyTeM OOMeHa TAKUM PEIKEOHOM,
MOJIyYMBILMM HAa3BaHUE [IOMEPOH, IPUBEJIO HE TOJIb-
KO K 3HAYUTEJBbHOMY MPOrPECCY B PA3BUTUU TEO-
PUM CUIbHBIX B3AUMOJEUCTBUM, HO OKA3a710Ch TaK-
K€ UCKJIIOUUTEIbHO TMIOJOTBOPHBIM B OMMUCAHUN
1 MHTEPNpPEeTalUU SKCIEPUMEHTAIbHbIX JAHHbIX.
Eme B 60-¢e ronp! [prGOB OTMETHII, YTO B paMKax
teopun Pemxe nonuoe ceuenne s O ! npu
0.(0) =1 He 3aBUCUT OT SHEPTUU (S — KBAAPAT IHEP-
MU B CUCTEMe LIEHTpa Macc), TO €CTh TAKOe 3Haue-
HUE MHTEpPCENTa rapaHTUPYET YHUTAPHOCTh U HE

152

NpUBOIUT K KOH(DIIUKTY ¢ TeopeMoii Dpyaccapa, co-
IJ1aCHO KOTOPOH

T .2
Oun <—21n N
T

IIPpU ACUMIITOTUYECKHM BbICOKNX OHEPIUiX. Bennuu-

fot tot
Y Opp>

B MHTEPBaJIe SHEPrUil HajeTalomuX YacTull oT 10
10 50 I5B, Bpenesiax oKCIiepUMEHTAIbHbIX OLLIK -
0OOK ObLJTM MPAaKTUYECKU MOCTOSIHHBI, OMHAKO ITOCTIe
HKCIIEPUMEHTOB IpU 00Jiee BICOKUX SHEPrUsiX Ha
yckoputeaax Y-70, ISR u SPS cran oueBuaeH nx
MeIJIEHHbII POCT ¢ yBeJMueHueM s. J1Jist onucaHust
Takoro noseneHusa Jonnaun u Jlangmodd npen-
JIOXKWIY (PEHOMEHOJIOTMYECKYIO MOJIE/Ib, OCHOBAH-
Hyto Ha Teopuu Pemxe, (IJI-monenb) [3, 4], koTo-
pasi 10 HACTOSILLErO0 BPEMEHU SIBJISIETCS. OAHUM U3
caMbIX 3(P(DEKTUBHBIX CIIOCOOOB OIMMUCAHUS MSITKO-
ro agpoOH-aJAPOHHOI0 PacCEesIHUSL B LLIMPOKOM JIMa-
Ma30HE SHEPTUIA.

AMILIUTYA MSITKOTO apOH-aAPOHHOTO B3au-
MOJEHCTBUS MPU BHICOKMX SHEPTUSIX U MaJIbIX T1¢-
penaHHbIX umnyiabcax B IJI-momenun 3ammucaHa
B Bue mpousBeneHus Tpex paktopos (Pemxe-dak-

HbI G N3MEPEHHLIC K TOMY BPpEMECHU



TOpU3allKsl), 1Ba U3 KOTOPbIX XapaKTEPU3YIOT CBOI1-
CTBA aIPOHOB U BEPLIUH B3aUMOICHCTBUS, a TPE-
TUI OMpenessieT dHePreTUYECKy 3aBUCUMOCTD
npouecca. Tpetuit pakTop 00YyCIOBIICH f-KaHAIb-
HBIM 0OMEHOM JABYMSI IPOCTIMU Pemke-Tonocamu
C JIMHEMHBIMU TPACKTOPUSIMU . PEIXKEOHOM C

U MSITKUM TIOMEPOHOMC  p1 = p; 0 + 'pif.

[Ipu onycaHum agpPOHOB MOIEBIO AU TUBHbBIX
KBapKOB MEXaHU3M 0OMeHa ITOMEPOHOM B aIPOH-
aIPOHHOM B3aMMOJIEICTBIY CBEIEH K 00JIee DjIeMeH-
TapHOMY TIpOLIeCCy — OOMEHY TTIOMEPOHOM MEKIY
BaJIECHTHBIMM KBapKaMu B3aMMOJIEHCTBYIOLIMX Ya-
ctuw. [1pu 3TOM TIpennonaraercs, 4To KBapK-Io-
MEPOHHOE B3aMMOJEICTBIE HE 3aBUCUT OT apoMarTa
KBapkKa, T. €. TpPAeKTOPUS MSITKOTO TIOMEPOHA YHU-
BepCcasibHA.

B pamkax 3Toro momxoma O0IIMPHYIO COBOKYTI-
HOCTb DKCIEPUMEHTAIBHBIX JAHHBIX IO MOJHBIM
aIpOH-aIPOHHBIM CEUEHUSIM YIAJIOCh OMTUCATH ITPO-
croii popmyJioii [3]:

o (0)—1 otpl(O)—l
+Af1-i (D)

o (s)=AR
1 1 SO SO

PeIkeoH maeT BKJIAJ B ceUeHUE, CBA3AHHBII
¢ 0OMEHOM BEKTOPHBIMU U TEH30PHBIMU ME30HAMMU:
p,®, , .OO0MeH onHuM noJsocom Pemxe — aTo
00OMeH BCEMM YACTULIAMU W PE30HAHCAMU, PACITO-
JIOXXEHHBIMY Ha TPAEKTOPUN

t) 0,45 0,93t

[TocKOIbKY BKJIAI PEAXKEOHA CAgaeT IPUMEpP-

HO KaK § _1/2, TO P N3YUYECHUU MATKUX ITPOLECCOB

MPY BICOKMX SHEPTUSIX (\f > 30 I5B) moxHo orpa-
HUYUTHCS YYETOM TOJBKO TOMEPOHHOM TPAEGKTOPUH.
Curtyauusi ¢ onpeaeeHUeM napaMeTpoB TOM Tpa-
€KTOPUU, PABHO KaK U C OTBETOM Ha BOIPOC, UTO
MpeacTaBIsIeT cO00M MITKHUIA TOMEPOH, TOPa3Io
ciaoxHee. C TOYKU 3peHUST COBPEMEHHOI Teopun
CUJIbHbIX B3aMMOAEMCTBUIA, KBAHTOBOM XPOMOIMHA-
muku (KX]II), ecTrecTBeHHBIM KaHIMIATOM Ha 3Ty
POJIb SIBJISTIOTCS KBA3UCBI3aHHBIEC IIBETOCUHIJIETHBIE
COCTOSIHUSI IBYX HeMEepTypOATUBHBIX TJIIOOHOB, T. €.
r00071b1, 00agaoIe BAKYYMHBIMUA KBAHTOBBIMU
YUCAAMU U CPABHUTEIBbHO 0OJIbILION IMHAMUYECKOM
maccoii. PacuyeTsl Ha pellleTKax IMpeacKa3bIBaloT Ta-
KI€ COCTOSTHUSI, HO HAEXKHBIX SKCITEPUMEHTATbHBIX
YKa3aHUM Ha UX CyLIECTBOBAHME OO HACTOSILETO
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BpeMeHU HeT [5]. [ToaToMy eAMHCTBEHHBIM CITOCO-
OOM oMpeaeJuTb UHTEPCENT U MapaMeTp HakKJIoHa
TPAEKTOPUM MSITKOTO ITIOMEPOHA SIBJISIETCS aHAIU3
9KCMEePUMEHTATbHBIX JTAHHBIX MO0 U3YYEHU IO MSITKUX
npotieccoB. B uacTHOCTH, U3 aHAIM3a TPOTOH-IIPO-
TOHHBIX M TPOTOH-AHTUITPOTOHHBIX MOJHBIX CEUEH U
B JIJI-Momenu misi MSITKOro IIOMEPOHHOTO OOMeHa

OBLIO TTOJTyYeHO 3HaYeHNe HTepcenTa ,; 0 =1,0

[3], a c yueTom OoJiee TOYHBIX JaHHBIX, 4 TAKXKE ITMOH-
MPOTOHHBIX ¥ KAOH-TTPOTOHHBIX TTOJTHBIX CEUEHUI, —
sHayeHne  (0) =1,093—1,096. 3necs HeoOxomM-
MO OTMETUTh, UTO CTEMIEHHOM POCT IMOJTHOTO CEUEHUS
kaK s”% [Ipy acCMMITOTMYECKH BHICOKMX SHEPIHsIX
C HEN30EXXHOCThIO TTPUBOIUT K KOHMIUKTY C TEOpE-
moii @pyaccapa. OueBUIHO, UTO, HAYMHAS C KAKUX-
TO JOCTATOUHO BLICOKUX SHEPTUIA, CYILIECTBEHHBIMU
CTAHOBSITCSI He yuuThiBaeMble B [IJI-Monenu MyJibTu-
TTOMEPOHHBIE OOMEHBI, KOTOPbIE TOJIKHBI 3aMEITUTh
POCT IOJIHOTO CEUYEHMUSI.

s onipeneseHus mapaMeTpa HakJIOHa nmome-

POHHOI TPAeKTOPUU B 1JI-Moaenu ucromnb-

30BaJIMCh DKCIIEPUMEHTAIbHbIE JAHHbIE [10 YIIPY-
rOMY MPOTOH-ITPOTOHHOMY PACCESTHUIO ITPU OUEHb
MaJibIX epesanHbix ummysiseax (|4 < 0,05 (I3B)?),
nosiyueHHbIe Ha yckopuTese ISR (Intersecting Sto-

rage Rings) [6]. Ucnonb3yst ONTUYECKYIO TEOPEMY

s}y = 3mA,, (¢ =0) 1 yIUTBIBAS, YTO TIPU BEICOKHMX

9HEPrusX B aMILIUTYIE yIPYroro aipoH-aaIpoOHHO-

ro paccestHus JTOMMHUPYET MHUMasI 4aCTh
ReAd =0
+ ~0,1-0,2 |,
JmApp t=0

nuddepeHIaTbHOE ceYeHUE YITPYTOro pacCesTHUS
MOXHO BBIPA3UTh Yepe3 MOTHOE AIPOH-aaPOHHOE Ce-
yeHue u3 popmyisl (1) u pynkunio (1), pukcnupy-
IOILYIO CBSI3b MTOMEPOHA C aApPOHAMU MTPU MaJIbIX

d pp

tot . 2
” (2)

~

—3L|nmm rof ?
S

Hnst onpenenenus M(7) B 1J1-Moneav BEIIBUHY-
Tarurore3a [4], 94To mpu 0OMeHe ITIOMEPOHOM B MSIT-
KHUX ITpoLieccax IOMEPOH B3aMMOICICTBYET C BaJIEHT-
HbIM KBapKOM B alpOH€ aHAJIOTMYHO (POTOHY, HO
C 3apsiIOBOI YETHOCTHIO + 1. DTO MO3BOJIMIIO BhIpa-
3UTh AU GepeHINATIBHOE CEYEHUE YITPYTOTO pacce-
SIHMSI IIPOTOHOB ITPU MAJIbIX IIEPEAAHHbBIX UMITYJIbCAX
yepes AMPaKoBCKUii yrnpyruii hopm-daktop Ff):
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4 2 5 1) 2
3 Ft P

dt 4 So
IJ1s yKazaHHoro ¢opm-dakropa Oblia BeIOpaHa
IUTIOJTbHAS TTapaMeTpu3allvs Buaa

4m® =2,79¢ 1
4m* —1 (1-1/0,71)"

F(t)= 4)

JIBa CBOOOIHBIX ITapaMeTpa — KOHCTAHTa KBApK-
[IOMEPOHHOIO B3aUMOAEHCTBust 3, ~ 2 (I5B) ! mHa-
KJIOH TIOMEPOHHOI TPAaeKTOPUM o) = +
(l"aB)f2 ObLIU OMpeneseHbl U3 PUTUPOBAHUS IKCIIE-
PUMEHTAJIbHBIX TaAHHBIX [6], MOCJIE Yero ¢ yIOBIET-
BOPUTEIBLHOM TOYHOCTBIO MTOCTUTHYTO OIMCAHUE
0OJIbI1I0M COBOKYITHOCTH JAHHBIX ITO TIOJHBIM Ceue-
HUM U auddepeHIranbHbIM CEYEHUSIM YIIPYTOro
paccestHMsI aTpOHOB.

DTOT pe3yabTaT MO3BOJUI MPEeTeHIOBATh Ha
OTTMCAaHUS B paMKaX TOM Xe MOJIETN IKCTTepuMeH-
TaJbHBIX JAHHBIX IO CEUEHUSM KOTePEHTHOTO (hO-
TOPOXIEHUS JIETKUX BEKTOPHBIX Me30HOB. [1p1 BBI-
COKMX DHEprusx BoJHOBasi (YHKUUsS (PHOTOHA
B TepMUHAX agpOHHBIX CTeTIeHEel CBOOOIBI TIpeI-
CTaBJISIET COOOI CYTIEPTIO3ULINIO COCTOSTHUIA:

) Zl)

2wy, 6)
. fVI )

LRI

rae e =+/4no =+/4n /137 ( — nocTosTHHASI TOHKOM

CTPYKTYpbl), f;; — KOHCTAHTa CBA3U BEKTOPHOTO
Me30Ha ¢ POTOHOM.

B crangapTHOi1 MOaE M BEKTOPHOM JOMUHAHT-
HocTtu (MB/1) [7] ceueHure (hOTOPOXKIACHUS JICTKOTO
BEKTOPHOTO ME30HA BbIPAXKaeTCsl UEPE3 CEUEHUE YTI-
pYroro paccesiHusi 3Toro BEKTOPHOIro Me30Ha Ha
MPOTOHE:

do yp—>Vp 2no do Vp—Vp

dt 12 dt ’

(6)

KOTOpPOE€ B CBOIO OUEpPEIb YK€ MOXHO PAaCCUUTATh
Ha ocHoBe [JI-monenu.

B okoHuaTeIbHOE BEIpaXKEHUE 11T CEYEHUS TTPO-
Liecca KOrepeHTHOro (hoTOpOXIEHUSI BEKTOPHBIX
Me30HOB B JIJI-Momenu, KkpoMe 0OOMEHOB MSITKUM
TMOMEPOHOM U PEIXKEOHOM, ObLT BKJIFOUEH TAKXKe 00-
MEH XKE€CTKUM IIOMEPOHOM C TPAaeKTOpUEi

o) o o 144 0,011
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MNPEeNCTaBJACHHBINA B CJICAYIOLIEM BbIPAXKEHUU TPE-
TbUM CJIaTA€MBbIM:

d 2
LG CY)|
OO0 !
« ) !
o) )
) o o9 . (7)
3aech s -Me30HA UCMOJIb30BaH (opM-(akTop
G@ 110 1",
e -ME30Ha
G 1 t/1, "

BBeneHue xkecTKOro moMepoHa IMmpuBeIo K Mo-
SIBJICHUIO HOBBIX MapaMeTpOB — KOHCTaHThI Apy
1 ITapaMeTPOB TPACKTOPUM,, KOTOPBIE OBLITH TTOJTyde-
HbI M3 aHanu3a JaHHbIX ¢ aeTeKTopoB 3EBC (ZEUS)
u H1 st ceyenus ynpyroro potopoxaeHus J /
Bpeakuuu p J/ p .Crneayer OTMETUTb, YTO
3Ta peaklus Jaxe MPU MalbiX TepeaJaHHbIX UM-
MyJbcax OTHOCUTCS K TIpolieccaM, XapaKTepHbIM
711 (PU3UKU MaIbIX paccTosiHUM. 2KecTKkuit Mac-
1ITad onpeneasieTcs B KOrepeHTHOM (poTopokie-
HUUW YapMOHMUs CPaBHUTEJIbHO OOJIBIIION Maccoi

yapmoHus (r M, } ), UTO IMO3BOJISIET UCMOJIb30-

BaTh Teoputo Bo3myineHuss KX]I. C Touku 3peHust
KX]JI BKJ1a1 3KeCTKOTO ITOMepoHa OyIeT TeM 00JIb-
11Ie, YeM CyILIEeCTBEHEee POJIb KOH(PUTYpaLii Maioro
pa3Mepa Wiu TOUeUHO-TOA00HBIX KOH(MUTYpaLnii
B BOJTHOBOM (DYHKIIMM BEKTOPHOTrO Me30Ha. MIMeH-
HO TaKoe TOBeIeHNEe XapaKTepHO IJisg Ipolecca
yp —J /wp Npu MaJbIX NepeIaHHbIX UMITYIbCax

(|t| << sz Iy ), KOTOPbI B JIUIAUPYIOLLEM TOPSIIAKE

teopuu Bo3myieHuss KXJI 00ycioBieH LIBETOCUH -
TJIETHBIM JBYXTJIIOOHHBIM OOMEHOM MEXIY MPOTO-
HOM U KBapK-aHTUKBAapKOBOI KOMITIOHEHTOM B BOJI-
HOBOI (pyHKIIMU (DOTOHA.

OTO MO3BOJSIET BbIPA3UTh CEUYCHUE uepes
pacnipeaeneHue MIOTHOCTU g(X) III0OHOB ¢ A0JIei

UMITyJIbCa X MJ2 / /s BTIpoTOHE [8]:
r M3
d_G: J/y—>ee J /)y T

dt 48

X




2
o, (1)
| o g | exp(-BO[),  ®)
0

I1e ,— KOHCTAaHTa CUJIBbHOTO B3aMMOIEICTBUS;
B(s) — mapameTp HakJIOHA aMTUIUTYAbl yIIpPyro-

ro ( / )-TIpOTOHHOTO paccesTHUS; sz / /4

2,4 (IBB)2.

[I0THOCTH TFOOHOB B o6macTu 1074 < x < 10’2,
M3YYEHHOM Ha MPOTOH-3JEKTPOHHOM KoJulaiaepe
T'EPA (HERA), B ipu0/IvKeHU U TUAUPYIOLIMX JIOTa-
prMOB XOPOLLO OIMCHIBACTCS CTelIeHHOM (DyHKLMEN

( S /

W3 ananu3a coOBpeMeHHBIX JaHHBIX 10 3aBUCH-
MOCTH TMOJTHOTO CeUeHMsI (DOTOPOKIAEHUST /  OT3HEP-

My +/s B MpokoM nuanasoHe (ot 20 no 250 I5B)
B pamkax meprypoatuBHoit KX]I cieayer, 4TO
( =2,4) 0,2]9], T.e. UHTEepCENT XECTKOTO

KX/1-momepona B peakuuu yp —J /yp 061130K

K 3HaueHu1o 1,2.

AHaJIN3 3TUX K€ JaHHbIX, a TaKKe 1uddepeH-
LMAIbHBIX CeueHUit, n3meperHbix pu |4 < 1 (I5B)?,
B JIJI-Momenu ¢ TpaeKTopHreit MITKOTO TToMepoHa

. L,08 0,25¢ maeT 3HaUeHME MHTEPCEITA XKe-
CTKOTO MOMEpOHa =1,43—1,44, HO B TO K€ Bpe-
M$I OTPAHUYEHHBIN TUAMA30H [ U CPABHUTEILHO
0OJIBILINE IKCIIEPUMEHTAJIBHBIE OILIMOKY HE TTO3BO-
JISIIOT OJTHO3HAYHO OMPeaeUTh MapaMeTp HaKJIOHa

, IOMyCKasl ero U3MeHeHNe B LIMPOKOM Ararna-
3oHe 0,01 < <0,1. 3mech caeayeT OTMETUTD,
YTO MPU ONUCAHUU KOTE€PEHTHOIO POXICHUS Yap-
MOHHUS ¢ moMolblo JIJI-Moaenu BO3HUKAET Psif
BOIIpOoCcOB. B yacTHOCTH, 3TO IPUMEHUMOCTh MO~
Je 1 BEeKTOPHOM TOMUHAHTHOCTHY B TEPMUHAX aJl-
POHHBIX CTETIEHENH CBOOOABI M BO3MOXHOCTH
WCITOJIb30BaHUS 3JIEKTPOMATHUTHOTO (hopM-(pak-
TOpa MPOTOHA MPU OMTUCAHUN OOMEHA XKECTKUM TT0-
MmepoHoM. HakoHell, BecbMa UMHTEPECEH BOTIPOC
0 poJIK OOMEHA MSITKUM TTOMEPOHOM B 3KECTKHUX ITPO-
Leccax, a MMEHHO, SIBJISIETCS JIU DTOT OOMEH OTpa-
JKEHMEM CYIIECTBEHHOTO BKJaaa KOH(pUIypaLuii
0O0JILIIOTO pa3Mepa B BOJTHOBYIO (DYHKILIMIO YapMO-
Hus. be3 nposicHeHUs 3TUX BOIIPOCOB MOXHO CHe-
JlaTh, MO-BUAMMOMY, €AMHCTBEHHBIM BBIBOJ U3
CpPaBHEHMSI C JAHHBIMU 110 (DOTOPOXKAECHUIO YAPMO-
HUS, 4YTO UX BMOJHE Pa3yMHOE OMUCAHUE C TTOMO-
mblo J1JI-Momenu B IpeATToI0Xe HU OOMEHOB MSIT-

ApepHa 3mnKa
ApHﬂchMK>

KHMM U XKECTKUM ITOMEePOHAMM €CTb MPOCTO (heHO-
MEHOJIOTMYECK Ui CI10CO0 OIKrcaHusi OOMeHa OIHUM
addexTrBHbIM KX]I-110MEpOHOM.

B doTtopoxaeHun -mMe30Ha c MaJabIMU MoTepey-
HBIMU UMITYJIbCAMMU, SIBJISTIOLIEMCS] MSITKHIM TTPOLIeC-
COM, HATTPOTUB, BPSIIL JIN MOXKHO OKMAATh, UTO TOUEU-
HO-TIOAOOHBIE KOH(UTYPALIMU B BOJTHOBOM (DYHKIIMU

-ME30Ha CTOJb Xe CYLIECTBEHHBI, KaK B cilydyae
yapMoHusi. [py0o Ha 3TO yKa3bIiBaeT CpaBHEHME 3Ha -
YEHUI BOJTHOBBIX (hyHKLIMI R () ipu 7= (), KOTOpbIe
B HEPEJSITUBUCTCKOM KBAPKOBOU MOJIEJIN CBSI3aHbI
C COOTBETCTBYIOLIMMU TUPUHAMHU PACTIaIOB BEKTOP-
HOTO ME€30HA B IUJIENITOHBI, BBIPAKEHUEM

22
T +7_40c_e|

2
—etem T 2 ’

©)

TIe e — KBAPKOBBIi 3apsi; [UIs -Me30Ha e, =1/ J2,
amst /ey =2/3.

W cronb3ya 3HaUeHUS IUPWH U Macc U3 CBelle-
nuit PDG (Partical Data Group) [10], monyuum

R(0)  22m,
RJ/\V (O) 3m.//\u

~0,25.

PacueT ceueHnst KOrepeHTHOTO (DOTOPOXKACHUS
-Me30Ha B oomactu sHepruii 10 [5B < Js <70 5B
B pamKax [1JI-Moaenu ¢ TeMu ke mapaMeTpaMu Tpa-
€KTOpPUI1 TOMEPOHHOTO OOMEHA, KaK 1 B CTydyae Jap-
MOHWUSI, TOKa3bIBAeT (pUC. 1), YTO IMPU COBCEM MaJIbIX
nepenanHbx nmyibeax (|1 < 0,01 (IHB)?) ero Brian
He TIPeBBITIIAeT HECKOIBKUX TIPOLIEHTOB, XOTS CTa-
HOBUTCS y>ke 6otee cytectseubiMpu || 0,3 (I5B).
W3 pacueToB TakxXe BUIHO, YTO €CJM BapbUPOBAaTh
amruTyny Ap, B npeznenax 20 % (Takoe u3MeHeHMe
BIOJIHE IOMYCTUMO B paMKax J1JI-Monenu u3-3a or-
PAaHUYEHHOW TOYHOCTU aAJAUTUBHON KBAapKOBOM
MOJIEJIN), TO MOXHO MOJYUYUTh 00Jiee ObICTPbIN pOCT
ceueHus B nHTepBaje 10 5B < Js <70 [5B, yem
TOT, KOTOPHI 00eCTIeYnBaETCS TOJIBKO MATKUM IT0-
MEPOHOM CO CTAHIAPTHBIMY 3HAUEHUSIMU TTapaMeT-
POB €ro TPaeKTOPUH (ToUeUHAs JIMHUSA ); TIPA STOM
CIemyeT MpeHeoperaTb BKIaI0M KECTKOTO TTOMEPO-
Ha, HO YMEHbBIIIaTh HAKJIIOH TPAeKTOPUU MSTKOTO
(TIyHKTUPHASI IUHMUST).

Takum 00pazom, U3 MPOBEIEHHOT0 aHAIN3a CJie-
JIYET, YTO B AMATIa30HE SHEPTUil, NU3YUeHHOM Ha KOJI-
narinepe 'EPA, npu onvcaHWM DTaHHbBIX 110 KOT€peH-
THOMY (POTOPOKAECHUIO JIETKMX BEKTOPHbBIX ME3OHOB
B pamkax J1JI-Momenm umeeTcst MpOCTON BBIXOM —
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a)
do/dt, Mx6/(T5B)?
400 : T

00
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8) 40 .
30 r
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L L RN AR |

Puc. 1. 3aBucumoctsb auddepeHnaaIbHOr0 CeUeHHUsI
KOTEPEHTHOTO (hOTOPOXKIeHNS p’-ME30Ha OT SHEPTUH
(hOTOH-TIPOTOHHOM CHCTEMBI TSI PA3JIMYHBIX 3HAYEHUI KBaapaTa

1], (1B)% 0,01 (a); 0,12 (6); 0,26 ().

CuMBOJIBI — JaHHBIe 9KcrmepuMeHTa H1 (¢ ykazaHueM MOTpenrHOCTH).
Pesynbratel pacueros no JAJI-monenu: I — crporasi AJI-mo/eib;
2, 3— 06e3 yueta oOMeHa XEeCTKMM IMOMEPOHOM; C HEM3MEHHBIM (2)

MnepeJaHHOro MMITYJibca

M ¢ M3MEHEHHBIM (3) HAKJIOHAMH TPAEKTOPUH MSTKOTO TomepoHa op; = 0,19 (lB)2

0TKA3aThCsl OT TUMOTE3bI XKECTKOTO MOMEPOHA U 9TUM
00eCTIeUNTh POCT CEYSHUS C SHEPTHEH ITyTeM YMEHb-
LIEHMST HAKJIOHA TPAEKTOPUH MSITKOTO (MMEHHO 3TOT
BapMaHT ucroyb3oBaH B [11, 12]), 1ubo BBecTu
JKECTKUI TTOMEPOH C I0BOJILHO OOJIBIIIMM MHTEPCETI-
TOM, TIperoJaras yHuBepcaaibHOCTb MSITKOTO I10-
MepoHa. [1pu 3ToM ciieayeT yYuThiBaTh, YTO OOJb-
IO MHTEPCENT MPearoaaraeT JOBOJbHO ObICTPbI
POCT BKJIa[ia )KECTKOTO MOMEPOHA C YBEJUUECHUEM § ,
mpuyeM, Kak BUAHO W3 pUC. |, TIpU DHEPTUSIX
W,, >200I5B otor BKIan OymeT MpOSIBASTHCS
¥ 1ipu coBceM Maibix |4 < 0,01 (IbB)>.

Takum o6pa3om, HAa OCHOBE U3YYEHMSI KOTEPEH-
THOTO POXKIEHUS JIETKUX BEKTOPHBIX ME3OHOB MPHU
9TUX SHEPTUSIX ITOSBUTCSI BOBMOXKHOCTD IPOSICHUTD
POJIb XKECTKOTO MOMEPOHA MPU OTTMCAHUN MSITKHX
npoueccos B IJI-moaenu.

Ha Hacrosiinit MOMEHT € IMHCTBEHHBIM 9KCTIe-
PYMEHTAIbHBIM CITOCOOOM TTPOIOIKEHUSI TAKUX M C-
CJIeIOBAaHUI SIBJISIETCS M3y4YeHUe (POTOPOXKAECHNUS BEK-
TOPHBIX ME30HOB Ha IIPOTOHHBIX U SIIEPHBIX MULLIEHSIX
TPY BBICOKUX SHEPTUSAX B YIbTparneprudepudecKnx

156

MOH-UOHHbBIX CTOJIKHOBEHUSIX Ha BoJb11IOM aipOH -
HoM kosutaiiaepe (BAK). PacueT ceueHust KorepeHT-
HOro (hOTOPOXKAECHUS JIETKMX BEKTOPHBIX ME30HOB
B paMKax ctaHgapTHoi /1JI-Monenu B yasTpanepu-
(bepruecKuX MPOTOH-TTPOTOHHBIX B3aUMOICHCTBUSIX
Ha BAK, BeIoJTHEHHBII B padoTte [ 13], mokasai, 4To
TaK1e SKCIEPUMEHTbI MO3BOJIIOT C 00JIbLION TOUHO-
CTBIO UCCIIEA0BATh MPOLIECCH (POTOPOXKIACHUS B K-
HEMaTU4YeCKOoM 001acTu, NU3y4EeHHOM Ha KoJutaiiaepe
'EPA. CummeTpusi IpOTOH-TTPOTOHHbIX YJIBTparnepy-
(beprueckrx CTOJKHOBEHUII HE MO3BOJISIET CYIIe-
CTBEHHO TMPOJIBUHYTHCSI B CTOPOHY 00Jiee BHICOKUX
SHEPIrUuil B TAKMX U3MEPEHMUSIX, HO TaKasi BO3ZMOX-
HOCTbh BO3HUKAET MPU U3YUYEHUHN MPOTOH-UOHHBIX
CTOJIKHOBEHUI. B oTinume ot ynsrpanepudepuye-
CKHX CTOJIKHOBEHU TTPOTOHOB, B TPOTOH-SIIEPHBIX
CTOJIKHOBEHMSIX CUMMETpUST OTCyTCTBYET. dudde-
PEHUMATIbHOE CEYEHUE PACCMATPUBAEMOTO MPOLIeC-
Ca MOXET ObITb PEJACTABIECHO B BUJIE

d pA  pVA dNy/Z(y)
dy dy

Yp pV(y)+



.\ dn,,,(=y)
dy

31ech mepBoe ciaaraeMoe OMMChIBAET BKJIAM OT
KOTepeHTHOTO (POTOPOKAEHUSI ME30HA HA TPOTOHE
(boroHOM, MCTYIIIEHHBIM YJIBTPAPETITUBUCTCKUM
VOHOM C 3apsIIoM Z.,

[Tpu BBIYMCIEHNM TTIOTOKA TAKUX KBa3Upeab-
HBIX (DOTOHOB C 3HEpTHe k

Opamsay (<)) )

dN,, 4(k)
dk
Z gyl g L k2
Tk b_zx i (x) - 0(x)

b

min
rae
x=kb/vh,

93¢ deKTUBHO YUTEHO TOJABIEHUE MPOLIECCOB CUJTb-
HBIX B3AUMOJICAICTBUI B IPOTOH-SIIEPHOM YJbTpa-
nepudepruueckoM CTOJIKHOBEHUU BBEACHUEM 00pe-
3aHUS NIPU WHTErPUPOBAHUM MO MMPULIETbHBIM
napaMmeTpam b — ynbrpanepudepruyeckKoe B3auMo-
IEeUCTBUE TPOUCXOAUT TOMbKO pU b > b, = R+
+R, 8dm.

AMIunTyaa GOTOPOXACHUST -Me30Ha Ha IPo-

tore TV )(0) ObL7a paccuMTaHa C UCIOJIb30BAHM -

eMm [JI-monenu. UuterpupoBanue nuddepeHm-
aJIbHOT'O CEYEHMsI IIPOBEICHO B TMATa30He 3HAUCHU
ot 010 0,1 (I5B)?. JlaHHbII [UATa30H HEGOTBLINX
¢ BBIOpaH 111 aHAJIM3a TTIOBEIEHMS CeUeHUsT (hOTO-
poxaeHus B pamKax J1J1-Momenu ¢ yueToM KecTKO-
ro nomepoHa u 6e3 Hero (puc. 2).

Bropoe ciaraemoe B ypaBHeHUU (9) — 3TO BKJIA
OT KOT€PEHTHOTO (DOTOPOKIECHMS ME30HOB Ha SIIpe
(c 3apsimoM Z v 4ucaoM HyKJIOHOB A) (DOTOHOM, HC-
IyILLIEHHBIM ITPOTOHOM. Ha 0CHOBE IPOCTHIX OLIEHOK
MOXHO OXWIaTh, YTO BKJIAJ 3TOTO CJIaraeMoro
BYJIBTpaneprdepruuecKrx CTOMKHOBEHUSIX TTIPOTOHOB
¢ sanpamu cBuHUA (A = 208, Z = 82) OyneT nogan-
JIEH — MOTOK (h)OTOHOB, TEHEPUPYEMBIX IPOTOHOM,
rozasieH hakTopoM Z2, a ceueHne KOTePeHTHOTO
(boropoxneHust Ha simpe YyCUIIEHO, TI0 CPaBHEHUIO
C TIPOTOHHOI MUILIEHBIO, HE (haKTOPOM Az, a A u3-
32 3HAYUTEJILHOTO MOTJIOLICHNSI -ME30HOB B LIEHT-
paJibHOI 00JIACTH S1pa; T. €. oJIyJaeM IJis yabTpa-
repudepruIecKNX CTOTKHOBEHUM POTOH — CBUHEI]
AB17% 0,2,

Jns1 60o1ee akKKypaTHOM OLIEHKM IMOTOK KBa3upe-
AJTbHBIX (DOTOHOB, MCITYCKAEMBIX TIPOTOHOM, OBLT BBI-

ApepHa 3mnKa
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do/dy, MG
25 LI B T — T T T 1

201

1.0+

05+

0.0

Puc. 2. 3aBUcuUMOCTb ceueHUs
KOIE€PEHTHOro (POTOPOXKICHUSI p-ME30HA
OT OBICTPOTHI 0OPA30BABIIETOCS ME30HA

B IIPOTOH—SIIEPHOM CTOJKHOBEHUU
¢ sHeprueii s = 8,8 ToB.

PesynbTaThl pacueToB
¢ ucnosib3oBanuem mojenu [ayoepa (/) u JJoHHauu —
Jlannmoda (2,3) ¢ yuetom (2) u 6e3 yueta (3) BKiIama
JKECTKOTO IMOMEepPOHa

YUCJIEH C TIOMOILLIO BBIPAXKEH WS, TIOJTy4EHHOTO B CTa-
Tbe [14] ¢ AunoabHbIM GOpM-PaKTOPOM IIPOTOHA:

lnAEi3 L

6 A 24> 347
rac X — O0JId MMITyJIbCa IMPOTOHA, MEPECHOCUMANA

2
dorornom; A 1 0, 1—2.

CeueHue KOTepeHTHOTO (hOTOPOXKICHUST -ME30-
Ha Ha siIpe PaCCUMTHIBAIOCH C MCIIOJIb30BaHUEM
mogenu [ayoepa [15], B KOTOpoO#i aMIUIMTYIa 3TOTO
Ipoiiecca UMeeT BUIT

7@ T™(0)

d* dze p(i igz) ( ,z)
€p —2 1 i (b,Z )dZ )s
roe (r) 0 — MJIOTHOCTb HYKJIO-

I e pl(r R)/d]
HOB Ha pacCTOSIHUMU ¥ OT LieHTpa siapa (R =1, 2473
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(bm) — paguyc simpa, d — TOILIMHA TOBEPXHOCTHOIO
CJI04 iApa, TapaMeTp OTIPEAEIISIETCS U3 HOPMUPOB-
KM Id bdzp(b,z) = A); Ty(pN )(0) — aMIUIMTYOa pacce-
SIHWS BIIEpe, Ha HYKJIOHE, BerurcieHHast B IJI-mome-

;= —(qi + q||2) — KBapaT IepeJaHHOIrO MMITYJIbca
(q, q m* / 2vk — moriepevHast ¥ ipoIoIbHAst KOM-

TIOHEHTHI IEPENAHHOTIO SIPY UMITYJIbCA);  p —IOJ-

HOE CeueHMe paccesiHusl -Me30Ha Ha HyKJIOHE, Bbl-
yuciaeHHoe B [JI-Momenu ¢ UCMOAb30BaHUEM
BEKTOPHOM AOMMHAHTHOCTU U ONITUYECKOM TEOPEMBI.

Bkiag aToro ciaraeMoro B BeipaxkeHue (9), mo-
Ka3aHHBIN Ha puc. 2 (KpuBas ), Maja 10 CPaBHEHUIO
¢ (hoTopoKIEHNEM HA MPOTOHE BO BCEM AUATA30HE
OBICTPOT, CJIEA0BATEILHO, UM MOXHO ITPEeHEOpeYb ITpU

PACCMOTPEHUU POJIU XKEeCTKOro romMepoHa. Bkitoue-
HUE TTOC/IEAHETO YBETMUIMBACT CEUeHME Ha TIPOTOH -
HOI MULLIEHU pUMeEPHO Ha 25% nipu y = 0 1 1104TH Ha
40% nipu y = 2. Takoe n3MeHEeHNE CeYeHUST BITOTHE
MOXKET ObITh OOHAPYKEHO ITPU SKCIIEPUMEHTATbHBIX
M3MEPEHUSIX ¢ OIIMOKOM, He npesbiatoiieii 10%.
Boigenenue takoro agdekra, 00yCciI0BIEHHOT0 00-
MEHOM KeCTKMM IToMepoHoM JlonHaun — Jlanmmod-
(a B 0b1acTU MSITKOM (DU3UKHU, TTO3BOJIUT IIPOSICHUTD
POJIb KOMITOHEHT MaJIOTO pa3Mepa B BOTHOBOM (hyH-
KIIM JIETKOTO BEKTOPHOTO ME30HA.

Pabota noanepkaHa B paMKax ¢enepanabHOI 1ielie-
BOU miporpammbl «HaydHble 1 HAy9HO-TIEJATOTMYECKIIE
KaIpbl MHHOBAaMoOHHO#I Poccum» Ha 2009—2013 romsr
u [Iporpammbl PAH 1o ¢pyHaaMeHTalbHbIM KCCIEI0-
BaHMSIM Ha BoJblIOM agpoOHHOM KoJulaiiaepe.
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MATEMATUKA

YOK 519.677

E.[. LlapezopodueBa

NMOCTPOEHUE HEMPOCETEBOIO DMYJ/ISITOPA OBbEKTA YMPABJIEHUA

J71s1 yripaBiieH1s 0ObEKTOM HE0OXOIMMO 3HATh O
€ro IMHAMUYECKOM MOBEICHNN. 3a1ada MOCTPOCHUS
MaTeMaTU4eCKOil MOJEN YIIPaBIsieMOro 00beKTa Ha
OCHOBE DKCITIEPUMEHTAITBbHO IMOTYUYEHHbBIX BXOIHbBIX 1
BBIXOIHBIX CUTHAJIOB SIBJISIETCS OMHOM M3 BaXKHEUIIINX
3a/1a4 CO3AaHUS CUCTEM YIPaBICHUSI.

ITocTranoBka 3agauu

ITpocreiiiiasi cucTemMa yrpasieHUsI IPEACTAB-
JieHa Ha puc. 1. YopaBisiolee BO31eiiCTBUE BbIpa-
0aTbhIBAETCsl YCTPOMCTBOM YIIPABJIEHUS Y OKA3bIBa-
€TCsI Ha OOBEKT YIIPaBJIECHUST, KOTOPbI MOXKET OBITh
TEXHUYECKUM YCTPOICTBOM MU ITpoLieccoM [3].

O0ReKT
YUPaBICHNA

YerpolcTro
YIIPARIEITAN

ulf) yt+1)

l

Puc. 1. IIpocTeiimas cucteMa ynpaBiIeHUS:
u(f) — yrpasJsioliee BO3aeiiCTBUE,
¥(t + 1) — BbIXOI 00BEKTA YIPABICHUS;
BBIPAOATHIBAIOTCSI B MOMEHTBHI BPEMEHU ¢
u (¢t + 1) COOTBETCTBEHHO

Monenb 00beKTa ynpaBieHUs y(f+1) MOXET
3aJaBaThCsl B AHAJIMTUYECKOM BUIIE!

y(t+1):\V [y(t)ay(t_l)’ tee J’(t_67+1)a”(f),
u(t=1),..., u(t—p)l, (1)

e p, g — BPEMEHHbIE 3aAE€PKKU YIIPABIISIOLIErO
BO3JEMCTBUSA u(f) Y BbIXOAA 00bEKTA y(¢ +1) COOT-
BETCTBEHHO.

OnHako B OOJIBIIMHCTBE CIyvyaeB JJisi 00beKTa
yIIpaBJIeHUSI OTCYTCTBYET AaHATMTUUECKOE OIMCAHUE
Buaa (1), u pyHKUMOHMPOBAaHUE OOBEKTA 3a1a€TCs
BbIOOPKOIA

S ={(u(r), p(t+1)),1=0,N -1}, )

rae N — 4KCI0 37IEMEHTOB BEIOOPKMU.

B aTom ciyuae aist HOCTpOSHUsI MaTeMaTU4eC-
Kol Monenu oobekTa (1) ucnosib3yercst Bbioopka (2).
Ipu 5TOM 3HAUEHWST BpDEMEHHBIX 33/1epXKeK p ,
SIBJISIIOTCSI HEM3BECTHBIMU, U BMECTO p , ¢ WCIOJb-
3YI0TCS MX OLIEHKH P, ¢, KOTOPBIE MPEAITOIaraloTcst
3aTaHHBIMH.

ITocTpoenue HelipoamyasTopa

B pa6orax[1, 2, 4] wist mocTpoeHMsl MaTeMaTH~
yeckoi momenu Buaa (1) mpenaaraetcst T(pUMeHsITh
MHOTOCJOMHBIN NEPCENTPOH C OMHUM BbIXOJIOM, KO-
TOPBIN HA3BIBAETCSI HEWPOCETEBBIM 3MYJISITOPOM
(HEHPOIMYJISITOPOM).

Ha puc. 2 nmpencraBiieHa CTpyKTypHasi cxema
MHOTOCJIOMHOIO MePCEeNTPOHA, KOTOPBI SIBJISIETCS
TOJTHOCBSI3HOM HEMPOHHOI CETBIO TTPSIMOTO paCIIpoO-
CTpaHEHMUS, T. €. KaXKIblii HEMPOH B JIIOOOM CJI0€ CBSI-
3aH CO BCEMU HEWpPOHAMU MPEIbIAYILIETO CJIO0S,
a CUTHaJl MEPeNaeTcs Mo CETU B IPSIMOM Harpasiie-
HUU OT CJIOS K CJIOIO.

Bemonimoi
Clo

Bxoanoi
CHOH

CKPEITLIH
I

Puc. 2. MHorocoiiHbIii TIepCEeNTPOH:

O, — BXOIL M OTHOBPEMEHHO COCTOSTHUE
i-TO BXOJHOTO HEHpOHA; Oj — COCTOSIHUE j-TO HelipoHa
CKPBITOTO CJIOAI; ) — BBIXOI ¥ OTHOBPEMEHHO COCTOSTHUE
BBIXOLHOTO HelipoHa; Oy, ® j — Beca;
0

ID 6 — moporoBbie 3HAUEHUSI
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HeiipoHbl BXOAHOTO €101 NEPENAOT BXOAHbIE
3HaueHus O; Ha CKPbIThIi CJ10i. BxoaHoii curnan
X; j-TO HEMPOHA CKPLITOI'O CJI0s1 ONPENEAETCS KaK

X; :Zm,jO,- +6). (3)

Kaxnpiii j-ii CKPBITBIM HEHPOH MpeoOpas3yioT
BXOJHOIi CHTHAJI X; C OMOLIBIO CHTMONIATBHOM
(byHKIIUM aKTUBALIUN:

1

S5 I exp( xj)'

TaxuMm 06pa3om, BbIXOI j-TO HEIPOHA CKPBITOrO
CJ1051 OTIPENENSIETCS BhIpakeHUEM

0, f(x)). @)
BxonHoit curnan
IeaseTcs Kak

BBIXOAHOT'O HEMPOHA OIpe-

o o . 5)
J
HeiipoH BbIXOAHOTO €105 TPe00pa3yOT BXOIHOM
CUTHAJ y Ha OCHOBE JIMHEHHON (PYyHKIIMYU aKTUBa-
umu f(x) X ,4BBIXOJHOE 3HAYEHUE CETU PABHO

y f) y- (6)

Beca ., ; Mmoporoseie 3HaUCHNS ;2 6 B~

JISTIOTCSI HEU3BECTHBIMU U OTIPENESTIOTCS B PE3yJIb-
TaTe 00y4YeHMsI IEPCENTPOHA.

s peleHusT 3aaa9u TIOCTPOCHUS HEMPOoaMy-

JIATOpa TIpeiaraeTcsl NCMoab30BaTh MEPCENTPOH

¢ p+qg+1 BXxomamu, COOTBETCTBYIOIIMMM KOMIIO-

HEHTaM BEKTOpa
x (1) @O,y D,y q D,u@),
ut-1),...,u(t - p)), (7

Ofeexr | ¥itl}

NYHPARISHOH

YeTpoiteTho | ek
YIPARICIIFS

Ae+1) vt
N /_()_
El uir 1

. nitgd |Mlefiponsan) -
CeTh ey P
El Rt

. Wi g-1y
z

¥

Puc. 3. Cxema oOyueHUs HeipoaMyJisiTOpA:

e(f+1) — omunbKa npeacKazaHus;
P, ¢ — BPEMEHHBIE 3aI€PXKH; Z = — OINeparop;
CM. TakXe 0OO3HaueHHs Ha puc. 1, 2
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U OJHUM BbIXOJOM, COOTBETCTBYIOILIMM BBIXOIY
obbekTa y(r+1).

Ha puc. 3 npeacrasneHa cxema oOydyeHusl HEli-
pOBMYJISITOPA, MPU KOTOPOM MUHUMU3UPYETCSI
olInOKa IpeacKa3aHus

e(t+)=y+1)—y(+1)
rae y(t+1) — BBIXOTHOV CUTHAJ HEMPOIMYJIATOPA,

COOTBETCTBYIOLLUI BeKTOPY (7).
IIpumenenue oneparopa z 0003HAYAET MOJY-
YEHME COCTOSTHUSI HEKOTOPOTO BXOMHOTO CHMTHAJa
(f) BMOMEHT BpEMEHU 1 — F

z 0 @ ).

DdekTHBHOE ONIEPATUBHOE 00yUeHHE

B pabGote [4] nig oOyueHUST HEHPOIMYISITOpa
npeaaraeTcsi UCMoJib30BaTh 3¢ PeKTUBHOE OTepa-
TUBHOE 00y4yeHure. B MOMEHT BpeMeHHU 7 13 BLIOOPKU
(2) BoIOUpaeTCs 1 3IEMEHTOB, KOTOPbIe 00pa3yIoT
HOBYIO BEIOOPKY:

S= xp(t—-k), yi+1-k) , k=0, =1 , (8)

rnen N,t 0, N L

OOyueHMne HEMPOAIMYIATOPA OCYIIECTBISIETCS
Ha OCHOBE aJITOPUTMA OOPATHOTO PACIIPOCTPAHEHUS
OIIMOKM 110 BEIOOPKE (8) [6]. st KaKa0ro sjemMeH-

Ta BbIOOPKU (8) Beca ® j» ; VTIOPOrOBbIE 3HAYCHUSI

» O HEMPOOMYJIATOPA OTIPEAEISIOTCS U3 YCIIOBHSI

MUHUMU3ALAN QYHKLMT SHEPTHH:
1 2
E®) 5 et 10

LY 1k e 1 k),

N | —

rie 4, k=0,n-1(1=ky2%; 2...2A, | 20) — He-
BO3pacTaloias MoJ0XUTeIbHas TTOCTen0BaTe b~
HOCTb, TIpeAHa3HAUYeHHAs 1JIs1 YMEHbIIICHUS B -
HUSI BJIEMEHTOB BIOOPKM, COOTBETCTBYIOLLIMX 0OJIee
PaHHUM MOMEHTAM BPEMEHU.

Beca o j» ; WTIOPOTOBbIC 3HAUCHUSI 6,6 pac-
CUYMTBIBAIOTCS 1O (popMyIaM

ok 1) ok 0
k1)

0 k)

o, (k)

J )



Marematmka

+BAw, (k- 1);
(k 1) (k) (k) (k 1),
0,(k+1)=0,(k)—3,; + A8, (k) +BA6,(k~1), (9)

rme N — CKOpPOCTh OOy4eHUs; o — KOa(pPpUuImreHT
MOMEHTA; 3 — KOa(pOULKMEHT yCKOPEeHUSI;

e(t 1 k)
;00,0 0y k) k) (k)
jk ke D)k 2);
gk k) k1)
gk Dk )k 2);

() ) €D
(k D (kD (k 2);

A8 (k) =0 (k)0 ,(k ~1);
A8 (k—1)=0;(k-1)-0,(k -2).

CornacHo meTony 3((heKTUBHOTO ONepPaTUBHO-
ro o0yueHuUsI Mpouecc 00yYeHUs HeHPOIMYISITOpa
OCTaHABJIMBAETCS MPY TOCTVKEHUM 3aJaHHOTO YKC-
Jla maroB (31mox) o0yueHus M Uiy Mpy BHITTOJTHEHUU

yenosus B, rae E; Beruncasgercs rno popmyJie
! 2
E; yae ) y@ -, (10)
0
rome — 3agaHHasi TOYHOCTb.

Anroputm 1. Jlist oOyueHMs] HEHpOaIMY IsiTOpa
MpeaaaraeTcs CeayUMi alropyuT™, o01Ias uaest
KOTOpPOTO MpeJIoKeHa B padore [4].

1. 3amaloTcst CXOOHBIE JaHHBIC: YMCJIO HEHpPO-
HOB B CKPBITOM CJIO€ /; 3HAUEHUSI BDEMEHU 3a1ePK-
KU p; BpEMEHU 3aJIepKKHU ¢; BbIOOpKa S (cM. ¢dop-
myiy (2)); MUHAMAaJTbHOE M MAKCUMAJTbHOE 3HAUEHMS

min®  max BECOB 1 TIOPOTOBBIX 3HAYEHUI; 3HAYE-
HUSI CKOPOCTU O0yueHus: ; Kod(h(GULMUEHTOB , ;
TOYHOCTHM ; YMCJIA IIaroB o0y4deHus M, uncna aJie-
MEHTOB # BbIOOPKU S (opmyna (8)); Koadbduiiu-
eHToB , .lIlonaraerca m=0.

2. Boluncasiorest  Koa(p@ULUMEHThI K

o »k 1,n 1. HavyanpHble 3HAYEHUS BECOB
j» jVITIOPOTOBBIX 3HAUEHU O I 0 HelPOIMYJISITO-
pa BBIOWpPAIOTCS CIyJaiiHBIM 00pa3oM U3 OTpe3Ka

[ min? max]'

3. INonaraercst t = 0.
4. @opmupyeTcs BeIOOpKa S (8).

5. Heiipoamynsitop oOydyaeTcsi 1o BbIOOpKe S
CJIeaYIOIIUM 00Pa3oM:

5.1. Cuetuuk k monaraercst paBHbIM (.

5.2. 3 BbIOOpPKKM S BBIOMpaAETCsl BEKTOP

x (t k).
5.3. IMo ¢popmynam (3)—(6) BLIUUCIISIETCS] BbI-
XOIHOE 3HAYE€HME HelposMyaTopa y(f+1— ).
5.4. I3 BbIOOPKU S BbIOMpAETCS 3HAUEHUE BbI-
xozma o0beKkTa yp(r+1— ), BBIYUCIAETCA OLIMOKa

e(t+1- )=y(t+1- )-y({+1- ), CcTOMOUIBIO
(bopmy (9) paccunThIBAKOTCS HOBBIE 3HAUEHUST BE-

COB ®;, ;W TOPOTOBBIX 3HauUeHUi O j» 0.

i

5.5. Monaraercst k k1.

5.6. Ecin k' n—1, To OCYLLIECTBIISETCS TTEPEXOT
KTI. 6, "Have K 11. 5.2.

6. [Ilomaraerca t ¢ 1.

7. Ecamt N n, TO OCYILIECTBISIETCS IIEpe-
XOm4 K I1. 8, MHaUe K 1. 4.

8. ITo popmyne (10) BeIuMCHsIETCS CyMMapHast

GbyHkUMA 3HEpruu £,.

9. Eciu E; <€, TO OCyIIeCTBSIETCS TIEPEXO K

n. 12, unave k m. 10.

10. ITonaraerca m m 1.

11. Ecnu m M, TO OCyLIECTBIISIETCS MEPEXOI
K 1. 12, nHave K 1. 3.

12. OcTaHoBKa aJirOpUTMa 1 BEIBOJ, pE3Y/ILTATOB.

Jna mpoBepku oOoOIIarolIeil cmocoOHOCTH
HEMPOAMYJISITOPA UCTIONb3YeTCS TECTUPYIOLLIAS BbI-
Oopka

S ={(xp0),y+D),0=0,N, =1}, (1)

I BbIPAXEHUE [T BEKTOPA X (f) aHAJIOIMYHO

BbIpaXXeHMUIO (7), HO Bce KOMITOHEHThI BEKTOpa 000-
3HAYEHBI CO LITPUXOM.

J171s1 HepOAMYISITOPA BEIUUCTSIETCSI CyMMapHast
omrbkKa 00001IeH s 110 hopMyJie

N,-1

E;= Y (Y+D)-y'(r+1))

=0

?, (12)

rae y'(t +1) — BBIXOJHOM CUTHA HeIpoaMyaaTopa,

COOTBETCTBYIOIINI BEKTOPY X (f) .
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IIpumMeHeHHe reHeTHYECKOTO AJrOPUTMA
IS TIOI0OPA CTPYKTYPHI HEPOIMyaaTopa

[TockoabKy ONITUMAaIbHBIE 3HAYEHWST BDEMEHU
3aJ€PKKHU p YIIpaBJIeHUS u(t) , BpEMEHU 3a0€PXKKN
¢ BbIXOZA O0BEKTA y(f+1) M UMCIAa CKPHITBIX HEi-
POHOB /1 HEAPOIMYJISITOPA HEU3BECTHBI, TO IJIS1 UX
OTpeeTIeHUs TTPEITAraeTCsl UCMOJb30BATh TEHETH-
YECKUI aIrOPUTM, KOTOPBIA UCITOJb3YET CIEIyI0-
IIMe TIOHSTUS: XPOMOCOMAa — BEKTOP W3 HYyJIEH
U IMHULL, TEH — ATOMAPHBIA JIEMEHT XPOMOCOMBI,
FeHOTUI — HAOOP XPOMOCOM, IOIYJISILIUSI — COBO-
KyNHOCTb reHOTUIOB. Kax/10My re HOTUIly CTaBUT-
Cs1 B COOTBETCTBUE 3HAUEHUE HEKOTOPOIi (hyHKITUH,
onpenessollee MPUCnocodIeHHOCTh JAHHOTO TeHO-
tuna [ 5].

B paccmaTtpuBaemoii 3agaue posib XpOMOCOM
UTPAIOT JBOUYHbBIE TPEACTABIEHUS ITAPAMETPOB P,
q, h, TeHOTUMNAMU SIBJISIIOTCSI HA0OPBI U3 TPEX XpO-
MOCOM, COOTBETCTBYIOIIUX ITapaMeTpam p, ¢, h.

B xauecTBe DyHKUIMY IPUCTIOCOOJEHHOCTH F
BBICTYIaeT QYHKIMS B

E ,ectu £,
F N p q S (13)
E, 2 p g ,ecmm E; |
raue BbluKcCsieTcs no ¢popmyse (12), ¢ — Tou-
HOCTb.

Anroput™m . I[Ipeanaraercs cieayroluii aaro-
PUTM OmpeaeeHNs 3HAUeHU I BpeMEHHBIX 3aIepKEK
P, q Vi YACJIA CKPBIThIX HEUPOHOB A.

1. ajmaHMe MCXOIHBIX JAHHBIX. 3aAlOTCS BbI-
oopku S, (cM. popmynsl (2), (11)); pasmep morry-
Jsunn N; MaKCMMalbHOE YMCIIO OKOJIeHUid K,
TOYHOCTD € ; BEPOATHOCTU CKPEIUMBAHUSA , U MY-
TalMu p ; YUCJIO TEHOTUIIOB M, y4aCTBYIOIIUX
B TYPHUPE; YNCJIO UTEPALIVIA 1, TTIOCTOSHHOTO 3Ha-
YEHUS IPUCITOCOOJIEHHOCTY HAWTYUILIETrO TeHOTHIIA;
MaKCUMAJIbHbIE 3HAYEHUS p -, G, A COOT-
BeTCcTByIOIIMX mnapamerpoB. Ilonaraercs k£ O,

1, F, 0.
2. Mammamu3amus. CrydaiiHBIM 00pa30oM reHe -
pupyetcst N TeHOTUITOB, 00pa3ylolIrX Ha4aJbHYIO
MOMyJIALNI0 ().

. OneHnBanue NPUCOCOOTEHHOCTH.

3.1. lns kaxnporo reHotuna § ; TeKyIleii mo-
Myasunn () IEKOAUPYIOTCS 3HAYEHUS apaMeT-
POB p, g, h, KOTOpbIE 3a1a10T CTPYKTYPY HEHPOIMY-
JaTopa.

3.2. HelipoamynsaTop o0ydaeTcst Ha BBIOOpKE S
0 aJropuT™My 1.

I
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3.3. HeiipoamyisiTOp TeCTUPYETCsI Ha BbIOOpKE
. 3HayeHne QYHKLUMU NPUCTIOCOOIeHHOCTH F,
ISl KaXKI0ro reHoTuna .S '/ PACCUNTBIBACTCS MO (op-
myae (13).
4. Bo10oop Hanbo1ee MPUCTTOCOOIEHHOTO T€HOTH -
na. Beioupaercs HanboJiee mprucrnocoOJIeHHBINM Te-

Horun S (S (S; .Ecnu F,(S")=F,,

)

.
1, , .8).
5. IIpoBepka ycioBuii ocTaHoBKH. Eciiu BbIIOJI-

TO MOJIaraeTcs i, |

. 1,uHaue i,

HSIETCST OTHO U3 YCIIOBUIA: , o M, ,TOOCY-

IIECTBIIAETCS TTepeXon K 1. 6, mHave K 11. 10.

6. OTo0p. B pogurenbckyto monyasauuio ()
BKJTIoUaeTcss N TeHOTHUITOB, KaXIbIi M3 KOTOPBIX
BBIOMpAeTCs HA OCHOBE TYPHUPHOTO METO/IA CENIeK-
LIMU, CYTh KOTOPOTO MPUBOAUTCS HUXE.

6.1. 3 texymieit nonymsaunu () CIy4ailHbIM
00pa3oM BbIOMpAETCs m FeHOTUTIOB, KOTOpbIE 00pa-

gytor moarpynny G- S G, d 1,m.

6.2. B ponurennckyro nomyasiuuio () BKITIO-

4aeTcs HanboJ1ee MPUCIIOCOOEHHBII TEHOTUIT |, U3

noarpynmsl G :

() (S ).
7. CkpemuBanue. K oToOpaHHBIM reHOTUIIAM

POIOUTENBCKON TOMyIauun () TMPUMEHSIETCS

OMnepaTop CKpelIMBAHUS CJIEAYIOLIUM 00pa3oM.

7.1. llonaraetcsa | 1.

7.2. 13 poouTtenbeKoii monyasiunu - () Ciy-
yaiiHbIM 00pa30M BbIOMPAIOTCSI TEHOTUIIbI-POAUTE -
m S, S, .

7.3. IeHepupyeTcs caydailHOE YMCJIO Z, paBHO-
MepHo pacripeneneHHoe Borpeske [0,1]. Eciiz - p,,
TO OCYILIECTRIISIETCS TIepexon K . 7.4, uHaue K 1. 7.5.

7.4. B monynauuio  ( +1) BKIIOYAKOTCA PO-
JOMTENILCKUE TEHOTUIIBI |, 5 W OCYLUECTBIISETCH
nepexon K 1. 7.6.

7.5. K 0TOOpaHHbIM reHoTUunam S, u S, npu-
MEHSIETCSI ONIEPATOP OAHOTOUEUHOTO CKPELLIMBAHUSI,
cocTosuii B caenytoineM. CiaydaitHbIM o6pa3omM
BbIOMpaAeTCs 3HaUeHUE TOUKU CKpelluBaHus [ U3
orpe3ka |1, L], rne L — pauHa reHotuna. Popmu-
pytotcs notoMku Chy u Ch, B pe3ynibTaTe CKpeLiy-
BAaHUS;

notoMoK Ch; , TeHOTUTI KOTOPOTO Ha TIO3ULIUAX
OT 1 10 / COCTOUT 13 TEHOB IIEPBOTO POIUTENA |, HA





















































































































