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1. BBEAEHUE

JIByMepHas MOJIeb KOMIIO3UTa C JIBOSKOIIEPUOH-
YEeCKUM PACIIOIOKEHNEM BKJIIOUYEHUI KPYTOBOH (POPMBI
BIIEpBBIE paccMaTpuBagach B pabore Pames [1]. Hust
IPOBOAUMOCTH ITOM MOIENU B CJIydae MaJIOli KOHIICH-
Tpanuu (107 3aHNMAEMOMN IO/ ) BKIIOIEHUT Obl-
J10 HaiifieHo 1] HECKOJIBKO EPBBIX YWIEHOB COOTBETCTBY-
IOIEr0 BUPUAJILHOTO psijia. B nmaspHeiinem B paborax
[2,3] pasHbIMU MeTOZAMU OBLIO JAHO IIOJHOE PeIlleHue
3TOI 3aJa4M, MO3BOJISIIONIEe BBIYUCIATH JIFOOOH dWiieH
yrnoMsiHyTOro psija. [loaxon, ncnosib3oBaHHbI B pabo-
re [3], 6bu1 3aTeM 0GOBIEH Ha JIBOSKOIIEPUOINIECKHE
MOJIEJIA ¢ BKJIIOYEHUSIMA TPOU3BOJIBHON (bopmbI [4].

CorutacHo paboram [2, 3], onpenenenne sbderTns-
HOI IIPOBOJUMOCTHU O, PACCMATPUBACMOIl MOIEIN CBO-
JIATCS K PEeIIeHUI0 HEKOTOpPOit OECKOHETHOM CUCTEMBI
ajrebpanvieckux ypaBHenuii. [IpoBeneHHBIN duCIE€H-
HBIT anasns [3,4] mokasas, 9To JIsi HAXOXK/ICHUS BEJIN-
YUHBI 0 B IMIUPOKOM JIHANA30HE U3MEHEHUST BXOJSIIUX
B 3aJ1a9y apaMeTPOB JIOCTATOYHO OTPAHUYUTHCS Pe-
[MEHUEeM KOHEYHOU MMOJICUCTEMbI YPaBHEHUI HEOOIBIIO-
ro pasmepa. OaHAKO Mpy NPHUOJIUKEHNH K TOYKe (ha3o-
BOT'O MIEPEX0/Ia PpazMep COOTBETCTBYIOIIEH TT0ICHCTEMBI
HEOTPAHUYIEHHO PACTEeT, YTO CYIIECTBEHHO 3aTPYIHSIET
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uccJ/eioBanue IIpoBOJANMOCTH MOJIEJIN B KpI/ITI/I“IeCKOfI
00JIACTH YHCJIEHHBIME METOJaMMU.

B macrosieit pabore MpOBOAUMOCTH JIBYMEPHOI
mogtenin Pajiest BOIm3u TOUKM (ha30BOTO MEPEXO/Ia pac-
CMOTpEHA AHAJUTUIEeCKUM MeTojoM. [ljas sToro wc-
TIOJIb3yeTCst OMHAPHOE TTPUOIUKEHNE, B KOTOPOM NCXO]I-
Hasl 33/1a9a CBOJIUTCS K U3YIEHUIO TPOTEKAHUS TOKA, Te-
pe3 mapy CoCeHUX BKJOUEHUN C TOYETHBIMU UCTOYHU-
KOM H CTOKOM. B pe3sysibraTe OTEHIHAI 3a/Ia91 BbIPa-
JKaeTcsl depe3 3JIEKTPOCTATHIeCKyio (pyHKIuio ['puHa
JIJIsT TTAPhl KPYTOBBIX BKJIIOYEHUIA.

Cormacuo |5, 6], smexTpocrarmueckast QyHKIHs
T'puna mra MaxpoOCKOTHUYIECKOTO Teja 3aaaHHoil (hop-
MBI BBIPAXKAETCH UYEpPe3 CHUCTEMY €ro COOCTBEHHBIX
dyuknumit. B pabore naitmensr Bce cOOCTBEHHBIE (DYyHK-
[IUU ISl «TeJla» B BHJIE MApPbl JIABAEMBIX THUIIOTE30M
moiobust  BKJIFOUEHUl, YTO IO3BOJIMJIO BBIYUCIUTH
[IOTEHIUA W ONpene/iuTh >(POEKTUBHYIO TPOBOJIN-
MOCTB HCCIeayeMoit Momenn. s momenu ¢ pa3soBbIM
[IEPEXO/IOM THUIIA METAJI—IUIJIEKTPUK BhIPAYKEHUE JJIsI
COOTBETCTBYIOMIEH 3(M@PEKTUBHON ITPOBOIUMOCTH O
ciieryer u3 cooTHotenus B3anmMuoctu Kemnepa— JIbrx-
He [7,8] (cMm. Takke [4]). B mociemmem ciydae st
BEJINYUHBI 0, B PabOTe MOJIYIEHO PA3JIOKEHHUE MO CTe-
meHsiM h, CXOJIHOE C AHAJIOTUYIHBIM PSIJIOM, JIaBAEMBIM

runoTe3oit mogobus [9,10].

SHaHue CUCTEMBI COOCTBEHHBIX (DYHKITAIN JIJIsT HEKO-
TOPOTO MaKPOCKOIIMYECKOI'0 TeJIa MO3BOJISIET JIaTh pe-
[IIEHNe Psiia CBSI3AHHBIX C HUM 3JIEKTPOCTATUIECKUX 38~
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nad. Kpowme onpesenienns: dyuknuu ['puHa 910, HAIpu-
Mep, KpaeBble 3aja49n (BHyTpeHuue u Buemnnue) Jupu-
xyte u Hetimana gy ypasuennit Jlammaca u Ilyaccona
[5,6], a TakKe BBIYUCIIEHNE TOJIAPUIYEMOCTH ITOTO Te-
ga. B kagectBe mpumepa B IIpmtoxkennn waiizen TeH-
30D AUIIOJIBHOM TOJISIPU3YEMOCTH JIJIS TTapbl KPYTOBBIX
BKJIIOYEHUHT (J[BYX NapaulebHBIX IMIMHIPOB KPYro-
BOIT (POPMBI B TPEXMEPHOM ITOCTAHOBKE 3a;LaqH).

2. BUHAPHOE ITPUBJIN>KEHUNE

JBymepnas mojenn Panea (puc. 1) npencrasiser
€000 N30TPOITHYIO MATPHILY IIPOBOJIUMOCTH 0] C BKJIIO-
YeHUSAMU KPYTroBoit ¢popMmbl pajuyca R u mMpoBOIUMO-
ctu o9. lleHTpBI BKJIIOYEHUIl PACIIOJIOXKEHBI B y3JIaX
KBaJIPATHOH pereTKH ¢ mepuogom 2a. Ha pucynke paz-
HOCTb HOTEHIINAJIOB IIPUJIOKEHA B HAIIPABJIEHUU OCH T,
TaK YTO IITPUXOBBIE JINHUN SBJISIOTCS YKBUTOTEHITHA~
JISIMU, & CILIOITHBbIE — JIMHUSMHU TOKa. B cujy mepuo-
JUYIHOCTU MOJIEJIN [IPU U3YYEeHUN KAPTUHBI IPOTEKAHUS
TOK& JIOCTATOYHO OTPAHIUIUTHCS PACCMOTPEHIEM OJTHOMN
TOPU30HTAJILHON IIEII0OYKU BKJIIOUYEHUN.

B curyanum, 6smskoit K da30BOMY MMEpPEXOIy Me-
TaJLJI — UAeAIbHBIN TPOBOJHUK, UMeeM h = o3 / o> 1
u (a — R)/R < 1. B 910M ciiy4ae TOK COCPEJOTOUEH
B OCHOBHOM BHYTPH BBICOKOIIPOBOJSINNX BKJIIOUEHUIA,

670

Puc. 2

a HU3KOIIPOBO/ISAIIYIO IIPOCJIOWKY OH IIPEOJIOJIEBAET IIO
KpaTJafiiiieMy IIyTH MEXKJIy HUMHU B BHJE TOHEHBKOMN
cTpyiiku. B maHHOM ciIydae TOK COCDEJOTOYEH B OC-
HOBHOM BHYTPH PaCCMaTPHBAEMOIl IIEIIOYKN U OTCYTCT-
ByeT BO BHEINHE(l 110 OTHOIIEHUIO K Heil 00jacTu. DTo
00CTOSTEILCTBO TO3BOJISIET YIIPOCTUTD 3379y, CBEIIs
€e K HU3y4YEeHUIO YCAUHCHHOHN [EIOYKHU, IIOMEIICHHON B
HEOTPAHUYEHHOI'O Pa3Mepa MaTPHUILY.

Takum obpaszom, BenmawHa 3HPEKTUBHON MTPOBO-
JUMOCTH OIPEJESIETCs IPEXK/Ie BCEro HAJIMINEM HI3-
KOIIPOBOJISIINX MTPOCJIOEK MKy BKJOueHustMu. Jlist
OIIEHKM BKJI&J1a TAKOI IIPOCJIONKH B BEJINIUHY O, BbIJIe-
JIUM TIapy coce X BKodeHuil. C 0CTaJbHBIMU 9aCTsi-
MU TEMOYKH 3Ty Tapy CBS3BIBAIOT BXOJSIIUI U UCXO-
gamuii Tok 1. CooTBeTCTBYIOIIUE IIJIOTHOCTH TOKa OYy-
JIEM aIlIPOKCUMHUPOBAThH JeabTa-OyHKIUAMEA. B momy-
YEeHHOM TaKAM 00pa3oM OMHAPHOM MPUOJINKEHUN WC-
XOJIHAS 3a/1a98 CBOJIUTCS K HAXOXKIEHUIO IMOTEHIINAJIA
B IIOIDY?KEHHOI B MaTPUILy yeINHEHHO ITapbl BKJIIOYe-
HUI C TOYEUHBIMH HCTOKOM U cTOKOM (puc. 2). Ha puc. 2
[TOKA3aHbI BbIJEJIEHHAS ITPUXITYHKTUPOM Ha puc. 1 00-
JIACTD, Te

c=+va?—-R?,

U — pa3HocTh MOTEHITHAJIOB U Iepe3 p 0003HAYTEH PaJIn-
YC-BEKTOD TOYKH, MPUHAJIEXKAINEI TTOBEPXHOCTH TEJIa
(rpanuIe pasniena).

a++va? — R?

n—o——
n R 5

&o (1)

B nannoM ciydae ypaBHEHHE COXPAHEHUS TOKA IIPH-
HUMaeT BU]T

divj=1{6(r—p2) —6(r —p1) }. (2)

31ech j — IJIOTHOCTDH TOKA,

J=—o(r)Ve(r), (3)

o(r) — mpoBoaUMOCTb Cpefibl, Y(r) — 3IEKTPUIECKUIT
norenimaJ. Ilosroxxum

o(r) =oi[l = (1 = h)u(r)], (4)

hz 0'2/0'1,
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rgae v(r) = 1 BHyTpu BKiodeHns u v(r) = 0 BHe ero.
B sroM ciryuae ypaBHeHUe JIst IOTEHIHAJA TPUHIMAET
BUL

V{[1—(1-h)v(r)] Ve()} =
Uil{ar —p1)—d(r—p2)}. (5)

Beeznewm, cienys [5, 6], dynkuuio Ipuna G(r,r’),
HOYUHAIONLYIOCS YPABHEHHIIO

Ve{ll = (1= h)o(r)] V. G(r,r') } =6(r—1'). (6)
C yuerom dopmyist (6) mist noternuana o(r) u3s ypas-
Henus (5) HosydaeM ciieiyroliee BbIpazKeHue:
I
o(r) = o {G(r.p1) = G(r,p2) } . (7)
Benmauna G(r,r'), HOIMMMHAIOMAICS YPABHEHUIO
(6), onpejenena B [5,6] ¢ moMoIIpIO METOIA COOCTBEH-
weix Gyuxiwi. g dyukuun 'puna G(r, p), rme p
IPUHAIJIEXKUT TOBEPXHOCTHU TEJIA, UMEET MECTO CJIEIy-
folee BeIpaxkeHue |5, 6]:
1+¢
G(I‘7 p) = - Z -
v

e, U, (p) by (r) —

3/1eCh BEKTOP ' MPOU3BOJIEH U MOYKET IIPUHAJIEKATD
KaK TeJIy, TaK U MIPOCTPAHCTBY BHE €rO.

B soipazkenun (8) 1, (r) m ¢ (r) — peryasapnbre
u oOpaIlalomuecss B HyJIb OPU T — OO COOCTBEHHBIE
bynxmmr; U, (p) n ¥y (p) — UX 3HAUEHHA Ha TOBEpX-
Hoctu Teia npu r = p. lonspusanmonusie GyHK-
mn ¢, (r), 06JIaNaoNe MyJIbTUIIONBHON aCUMITOTH-
KOfi, yJIOBJIETBOPAIOT ypaBHeHuio Jlamiaca BuyTpu (7)
u BHe (€) Tesa:

V2(r) =0, V2y(r) =0. (9)

p) mia dyHKImu
1, (r) UMeeM cyieyroNue rPaHIIHbIE YCIIOBUSI:

Ha nosepxuocru S resa (upu r

; ayL) o)
(@) — ., v
v s v s’ on = Ton (10)

3aecs 9/0n — HOpMaJsibHAs IPOU3BOAHAL, £, > 0 —
COOCTBEHHOE 3HAYEHUE /I NOJISPH3AMTIOHHOTO COCTO-
staust. Cucrema {1, (r)} opToHOPMUPOBaHA O COOTHO-
MICHUIO

[0 V) d =6,
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rJie MHTEI'PUPOBAHUE PACIIPOCTPAHSETCA Ha BCE IIPO-
CTPAHCTBO, WU

Ev

= 12
1+€1/ ( )

[ (960 Vi@ - o) ar Sy
31eck nHTErpas bepercs mo 00JACTH BHE TeJIa.

OyHKIME 3apsjIoBLIX cocTosHuiT Py, (r) BHe Tesa
TakKe MOMUMHAIOTCH ypaBHeHuio Jlamraca u obsaga-
FOT MOHOIIOJTbHOM acUMITOTUKOM. VM oTBeuaeT ojHO 1
TO 2Ke COOCTBEHHOe 3HadeHue & = o0. [l MoHoIMT-
HOTO (HepasheMHOro) Tesa 3apsajoBas dyHkius )(r)
onna. Ha moBepxHOCTH TejIa OHA MPUHUMAET MOCTOSTH-
HOE 3HAYEHUE:

@ (r)‘S: U = const . (13)

B 1o xe Bpems () (r) = U B moGoit TouKke BHyTpH
Tesa.

PaszbeMHOMY «Te/ly», COCTOAIIEMY U3 7 9acTelt, OT-
BewaloT n 3apanoBerx dymkumit Y (r) (toe k = 1,
2,...,n). Kaxkmas u3 HuX npuHAMaeT IOCTOsTHHBIE (BO-
00111e TOBODST, Pa3Hble) 3HAYEHNST HA OBEPXHOCTSX Ua-
cTeil 3Toro TeJia.

Oynkmma 1y (r) OPTOHOPMIPOBAHEI COTJIACHO COOT-
HOIIEHUIO

/(Vzﬂk(r) . Vi/;k/ (I‘)) [1 — ’U(I‘)] dr = 5kk/ . (14)

Toncucrembl MOIAPU3ANUOHHBIX {1, (r)} U 3apsiIoBBIX
{41 (r)} dbyHKIMIT B3AHMHO OPTOrOHAJIBHBL:
[0 Vi) - vl =0, (15
Taxum o6pazoM, coBokymHOCTh {1, (r), ¥ (r)} mpes-
CTABJSIOT COOOI OPTOHOPMUPOBAHHYIO CUCTEMY (DYHK-
nuii. 3aMeTuM, OJTHAKO, 9TO 3Ta COBOKYITHOCTH MTOJTHOMN
cucreMoii He sBisgercs [5,6]. OTMernM TakXkKe, 4TO B
paccMaTpuBaeMoil B paboTe JIByMepHOi 3aja4de pyHK-
UM ¢ MOHOIOJBHONW aCHMITOTHKON JIOrapnpMUIeCKn
PacCXoAATCS P T — 00. B 3TOM ciydae Ha 3apsjio-
Bble bYHKIMU HaKjabBaeTcs ycuosue Uy (r) = 0 Ha
OKPYZKHOCTHU JIOCTATOYHO GOJIBIIIOTO PaJInycCa.

3. BUITIOJIAPHAA CUCTEMA KOOPAMHAT

B paccmarpuBaemoit reomerpun (cM. puc. 2) 3aja-
49y BBIYUCICHHSA COOCTBEHHBIX (DYHKIHUI eCTECTBEHHO
peraTh B CUCTeMe OUIOIAPHBIX KoopauHatr [11]. e~
KapTOBBI KOOPUHATEI (T, Y) CBA3AHBI C OGUITOISAPHBIME
(&,0) ¢ momompio coorHomeHust [11]

€+i6
2 b)

x +iy =cth (16)
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OTKYyJa CJIe/lyeT

sh¢& sin 0 (17)
r=c—r—— =c—
ché+cosf’ Y ch§ + cosf
u
1. (c+x2)2 49?2 2cy
=21 tgl = . (18
3 B n(c—:c)2+y2’ g 232 42 (18)

Koopaunara £ mensiercsa B upezenax (—oo, +00), a
yroy 8 — B unTepBajie or 0 g0 27. IlosoxKuTEIBHBIM
& COOTBETCTBYET MOJIYILIOCKOCTh & > (), a OTpUIaTeh-
ubiM ¢ — nostymiockocTh & < 0. B roukax (¢, 0) Be-
quauHa £ obparnaercs B 6eCKOHETHOCTD: & = +o00. [lpn
r =224+ 9y%2 — oo umeem £ — 0 u 6 — 7. Ilono-
)kuB 0 = m — «, u3 (17) u (18) npu r — oo Haiigem
ACUMIITOTUKY

P —9e_Y (19)
T~ c§2+a2’ Yy~ c§2+a2,
2cx 2cy
~—=——- ~ . 20
5 $2+y2’ « x2+y2 ( )

OTpesky ocu x 0T —c 110 ¢ (Ha puc. 2 BLIJEIeH KUp-
HOIL JmHI/Ieﬁ) cooTBeTCTByIOT —00 < £ < ocoum =0
npu y — +0 win 6§ = 27 npu y — —0. Koopaunara
0 na unrepsaje (—c, ) OCU T OKA3BIBACTCS PA3PLIBHOMN
€O CKa4KoM B 27. BeckonedHbIM orpeskam (—oo, —¢) u
(¢, 00) aT0it ocu oTBevatoT § = 7 u 3HaYeHus & B Auala-
zonax coorBercrBento (—0, —o0) u (0o, +0). Hakomner,
ocu y orBedaer £ = (), IPUYIEM MOJOKUTENHHAS TTOITY-
ocb y > 0 npoxogurcs upu u3Mmenenun yria 6 or 0 (rae
y=+0) mo 7 (y = +00), a OTpUIATETbHAS MOJYOCh —
npu usmerenuu 6 or 7w (y = —o0) jo 2w (y = —0).

KoopuHaTHBIME  THHASIME ~ GUTIOJIAPHON — CHCTe-
MBI SIBJISIFOTCSI JiBa Ha0Opa B3aUMHO OPTOTOHAJIBHBIX
OKDY’KHOCTEHl ¢ TEeHTpaMH Ha OcaX T U y. Tak,
uckiodast u3 paseHcers (17) yroa 6, upuxomuM K
YDABHEHHIO

2

2
(x—ccthﬁ) + 32 Ze’

(21)

TaK YTO TOCTOSHHBIM 3HadeHusiM £ = +£; OTBEUYAIOT
OKpy»KHOCTH pajuyca R = ¢/|sh&y| ¢ menrpamu B cum-
MeTpruuHBIX Toukax tccthéy na ocu x. [loatomy s
KOHCTAHT ¢ 1 &y moJrydaeM BoipaxkeHust (1).

B 6umossipabIx KOOpAMHATAX JJIs TPA/IMEHTa IIOTEH-
IIaJIa ¢ UMeeM

eg%

e Op e Op
He 08

(22)
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31ech e¢ U €9 — OPTHI HOpMaJiell K KOOPAUHATHBIM JIU-
HUSIM COOTBETCTBEHHO £ = const u 6 = const,

c

He =Hy = H(&9) = Ge 050

(23)

— koaddunmentsr Jlame. Ina opTos ec u ey nmMeeM
CJIEJIYIONINE BBIPAYKEHUST:

1+ ché&cosf sh&siné
= 1z - ) 24
e =1 ché& + cosd 'y ché& + cosd (24)
e sh&sind 14 ché&cosé (25)

Tl ché + cosf t ché+cosf ’

rae iy n i, — OPTHI JEKAPTOBBIX OCeit COOTBETCTBEHHO T
u y. OTMeTHM, 9TO €¢ ABJIACTCHA €JUHIYHBIM BEKTOPOM
BHyTPEHHeH HOpMaJn K mpaBoit (§ = +&)) u BHemHei
HOPMaJIA K JIeBOii (£ = —&)) OKPYKHOCTSIM.
Ypasuenne Jlammaca B OUIOJIAPHBIX KOOPIUHATAX
UMeeT BUJ
D¢  9?p

_+_

ez T V-

(26)
Ilepuognyeckumu 1o yriry 6 pemeHusiMu 3TOrO ypaB-
HEHUd ABJIAIOTCA

€, et cosnb, et sinnd, shnécosnd,

chngsinnd, ... (27)
IIpu sTom, Hampumep, e~ "¢ cosnf u e~ "¢ sinnf pery-
JISIPHBL B TOYKE € OCH T, &

&, shn& cosn, shnf sinnf, chné sinnd,

(28)
chné& cosnf — (—1)"

HUCYE3aI0T Ha OECKOHEYHOCTH.

4. CUCTEMA COBCTBEHHBIX ®YHKIIUN

C paccmarpuBaeMoil IapoOil KPYroOBBIX BKJIFOUEHUN
CBsI3aHBI YETHIPDE THUIIA IOJISPU3AIUOHHBIX OYHKITHIT
1/))\77«(1‘) = 1/»\71(530) (/\ =1,2,3,4n=12.. ')7 KOTO-
PBIM OTBEYAIOT JBAayKJbl BBIPOXKJICHHBIE COOCTBEHHBIE
SHAYCHUA €1y = E3n U €2, = E4n.-

Hopmuposanubie byHKIUK I€pBOro tuma, ¥y, (r), ¢
COOCTBEHHBIMY 3HAYEHUSIMU

Ein = th né.O (29)

NMEIOT BU/JL

(r) = A, chné sinnd, [¢] <&,  (30)
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BHE BKJIIOYCHUN 1

Sl) (r) = A, chnéye ™ %) sinnh, € >¢&, (31)

(2) (r) = A, chn&, e %) sinng

In

£< =% (32)

BHYTPH COOTBETCTBEHHO HEPBOTO (IIPABOr0) U BTOPOTO
(;1eBoro) Kpyros. 31ech

1—¢ 1 e "%
A’ﬂ = 71” = — . 33
2mn 2mn chng, (33)

QOyHKIUKM TEPBOrO THUIA OOJAJAIOT CJIEIYIOIIMU
CBOMCTBAMM CHMMETDPUML:

wln(_aja y) = 1/}111 (‘Iv y)a

(34)
1/11n(337 _y) = _U)ln(‘rv y)

AHTHCHMMETPUYHBIE 1I0 & W CHMMETPUIHBIE 110 Y
cobcTBeHHble (DYHKIME BTOPOTO THHA 1y, (r) ¢ cob-
CTBEHHBIMU 3HAYCHUSAME

Eon = cth ngO (35)

NMEIOT BU/JI

éi) (r) = B, shn cosnd, [£| <&, (36)

giz) (I‘) = B, sh né'o e—n(f—fo) cos nf s f P 605 (37)

éi) (r) = —B, shng, e™(E+€0) cosnf, £< =&, (38)
rie

€9p — 1 1 e ™o
B,=/2——=,/— . (39)

2mn 2mn shn§,
Jlsist oOpaImaronuxcss B HyJib IPA ' — 00 CHMMET-
PUYHBIX U 110 T, U 1O Y COOCTBEHHBIX (DYHKITUI TpeThe-

ro Tumna, s, (r), ¢ cCOGCTBEHHBIMU 3HAUEHUSIMU £3, =
= €1, = thn&y nmeem ciemyromniue BeIpakeHMs:

gf? (r) = A, [chnf cosnf — (—1)"} , 1€l < o, (40)

é}z) (r) = A, {ch néy e ™) cosnf — (—1)"} ,

(41)
5 2 507

§7 ) = An [ahingy " cosnd — (-1 |
£ < =&

¢ Ay, u3 dopmyast (33).

7 KIT®, o 4

Haxkonern, anTucuMMeTpHIHBIE U TI0 T, U 110 Y (PyHK-
[[UM 9eTBEPTOro THila, ¢, (r), ¢ COBCTBEHHBIMU 3HAUE-
HUSIMU E4,, = €2, = cthnéy numeror BU

1(51) (r) = B, shn sinnd, [§| < &, (43)

4(11) (r) = B, shn&ye ™% sinng

n

5 2 507 (44)

() = —B,shng ") sinng, €< —& (45)

¢ By, u3z dopmyasr (39).

Tax Kak B JJAHHOM CJIydae BK/IIOYEHHE COCTOUT U3
JBYX YacTeil, eMy OTBEUaloT JIBe 3apsI0oBble (DYHKIUN.
IlepBast U3 HUX, AHTUCUMMETPUYHAL 110 T (T. €. M0 KO-
opaunate £), IMeeT TPOCTON BUJI:

—(e _ _ 1
W =Ae A= (10)
= g =y )

47

Ora Gyrkuus, corsacuo (20), uMeeT He MOHOIIOJIBLHYIO,
a JIUIOJIbHYIO aCUMIITOTHKY. Jle0 B ToM, 9TO B (bHU3H-
YECKOI ITOCTAHOBKE 3aJIa9U JAHHOMY IIOTEHIAAIY OT-
BEYAIOT OJMHAKOBBIE TI0 MOJIYJIIO, HO Pa3HbIE O 3HAKY
3apsIbl Ha OTJEJBHBIX 9aCTAX Tesa. 1103ToMy B 3TOM
CJTydae BKJIIOYEHHUE, COCTOAINEE U3 Haphl KPYyTOB, MPE/I-
cTaBjigeT COOOM JIMIIOJIb.

Bropast, cummerpuuHast 1o z, 3apsioBas (QpyHK-
st 1) (r) MMeeT MOHONOJIBbHYIO (J10TapudMuYecKyio)
ACUMIOTOTUKY, U MO3TOMY Ha Hee HeoOXOJUMO HaJIo-
&KuTh yenosue Yo(r) = 0 mpu r = L (tme L > a).
Kpome Toro, dbyHKIms s (T) I0/KHA IPUHEMATD T10-
CTOSIHHOE W OJIMHaKOBOe 3HaudeHnue mnpu & = +£y. YaoB-
JIETBOPSIONIAS 3TUM TPeOOBAHUSM 3aPAI0Bas (DyHKIUST
o (r) Tipm € > 0 mveet Buj

="

n

e~ cosnl +

—(e _ L >
$39 (r) = A2{21n%+g—27;

+2i (=1" # [chn& cosnf — (—1)"}} (48)

C yueroM pasjiozKeHusI

In[2(ch& + cosf)] = £—2 i (_le)n e ™ cosnf (49)
n=1

OTCIOJIA CJIE/IyeT

,ée) (r) = Ay {211(12£ + In[2(ch € + cos6)] +
c

[chn&cosnd — (—1)"] } . (50)
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3mech

1 e "

Z_

Ay = e
= n chng,

]_1/2. (51)

Ipu £ = +&) u3 Boipazkenus (48) ciexyer

1
\/E |:21I1 +€0

Pa(F&0,0) =

— . 2
47TA2 (5 )

B npeneste r > a umeeMm cienyonyio acUMITOTHKY:

1/_156) (r) ~2451n L ,

- (53)

OTKY/Ia

_ 1

q = _A2 . (54)
2

S,LLer q — 3ap4dn, HpHXO,H,HHLHfICH Ha OJHO KpPYIroBoe

BKJIIOYEHHE.

5. IOBEPXHOCTHBIE COBCTBEHHBIE
POYHKIINN

Coruacuo [5, 6], cobersennble dbyuxiuu ¥, (r) u
Yr(r) o6pasyioT TOTHYIO CHCTeMY Ha MOBEPXHOCTH S
coorBercrBylomero resia (mpu r = p). Ilpu sTom coor-
HOIIIEHUE TOJHOTEI (DOPMYIMPYETCS I HApPbI COIPS-
JKEHHBIX ITOBEPXHOCTHBIX byHKIunit — 310 ¥, (p) (3Ha-
venve 1, (r) npu r = p) u P,(p), BBOIUMAST CIEIYIO-

UM 00pa3oM:

(n : V@/’z(/e) (r)) lr=p -

rJie N — OPT BHEIIHEH K MOBEPXHOCTHU TeJIa HOPMAJIH.
AHayIornaHBIM 00pPa30M BBOJISITCS 3apsIIOBbIE TIOBEPX-
nocruele bynkmm Vi (p) u Px(p) .

st paccmaTpuBaemMoit B padboTe 33,1241 UMeeM

D,(p) = (55)

V0 (0) = Yan(+60.0). T (0) = Yan(—£0.6), (56)
(e)
1 1 0y,
W) = —— Zm
)\n( ) HO 65 B ’
“ E=+¢&o (57)
@ L oYy,
(I))\ (9) )
" Hy O
0 ¢ E=—%o
rue Hy = H (&, 0) — koaddunuent Jlame. Boibop 3ua-

KOB B BhIpazkeHUsIX (57) 00yCIOBIIEH T€M, ITO COTIIACHO
dopmyie (24) eAUHUYHDIN BEKTOP €¢ SIBJAETCH OPTOM
BHYTpeHHel HopMmaJu Jyist npasoiit (§ = +&y) OKpyxK-
HOCTH U BHEIHe# HopMaJ Jyist Jieoit (& = —&p). Ta-
KHIM 2Ke 00pa30M BBOJSATCS 3aPsII0OBbIE IIOBEPXHOCTHBIE

byHKIIINT \I/,(Cl), \I/,(f), 'i),(cl) u 'i),(f).
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Ncrnonb3yst mpuBe/icHHbIE B Hpe,zgm,zgymeM pasjiene
BLIPAXKEHUs JJIs1 (DY HKITHI 1/))\73( )u 1/)k ( ), Haiijem

\IJ%) 0) = \11(2 (0) = A, chn&ysinnd, (58)
oM 0) = —02(9) = B, shn& cosnb , (59)
v (0) = W) (0) = A, [chny cosnf — (~1)"], (60)
v((0) = —02(0) = B,shnéysinnd,  (61)
1
aV(9) =¥ (9) = g Anshngosinnd (62)
1
a1 (g) =~ (9) = — 4 "Bachngocosnf, (63)
@éil) (9) = @éi) (9) = _HLO n A, shnycosnf, (64)
gy = -0 () = —— n B, chn&osinn, (65)
v (0) = —0(0) = A1 &, (66)
v () = U5(0) =
N1 e

=A | In=+&-2y =
2{11 +& ;nchn@]’ (67)
0= -0 =~ A, (69)

0

5 (0) = 95 (0) =
1 — (=1)"
=—— A 142 0

o 2{ + ;Chngocosn ] (69)

Cucrema dbynxuuit (58)—(69) oproropMupoBaHa co-
IJIACHO COOTHOIIEHUSIM

2

>

o

27
U7 (0) @57, (6) H (&, 0) d =
0

£,
1—}—5)\”

5}\)\/ 5nn/ 5 (70)
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2
E:/WQWW?WMﬂmmwzo, -
U:lo
k=1,2,
2 2
> [wesongomn-o.
o=1 0
k=1,2,
2 2
> [#00a aE0w0= 5w,
o=1 0 ( )
k kK =1,2.

C mOMOIIBIO 3TUX COOTHOIIEHNH HANIECHBI HOPMAPOBOY-
Hble KO3 dunuentsol A,, By, A u A, MIpUBE/IEHHbBIE
BBIITIC.

JIJ1st COOTHOIIIEHUSI TIOJIHOTBI CUCTEMBI IIOBEPXHOCT-
HBIX COOCTBEHHBIX (DYHKITHIT MMEEeM CJIe/IYIOIIee BhIpa-
JKEeHHe:

1
=————05(0—0)650 . (74
EE AR
Herpynuo y6emuThest, 9TO MOACTAHOBKA BBIPASKEHUIT
(58)—(69) B paBencrso (74) obpaimiaer ero B TOXKIECTBO.

6. IIOTEHIINAJI

Nckomblii noTeHnuan 3amadu ¢(r) HAXOIUM MOJI-
CTAHOBKOH OOIIEro BhIpazkeHus i (GyHKIuE [ prHa
G(p,r), uMeromieil B TAHHOM CJIydYae BUJL

B dopmyny (7). B pesyabrare nosydaem

wmzdé{%mnww+

= 1+eg,
+ ; Fg; Wan(p1) 2n(r) } . (76)

3aecs v — s060i, a BekTop p1 paser (a + R,0) B je-
KapTOBLIX Koopauuarax u (£, m) B 6Gunomspasrx. s
noTeHnuasoB BHe BKioueHnit (|| < &) u BHyTpHU npa-
BOro Kpyra (£ = §)) uMeeM COOTBETCTBEHHO

I = (=) 1
©(p) = — 92
v (I‘) 27‘1’01 {§+ 7; n h+Cth’rL§0 %
shn& cosnf
_— 7
. mwo} )
u
1
W () =
pr(r) = —g o X

© (1) emnlE—0)
2
X{§O+ ngl n  h+cthn&

Ha rpanuue pasgena (mpu £ = &) morenmnuast @) (r)
1 oM (r), Kak U JO/IKHO GBITH, COBIIAIAIOT.

cosnb } . (78)

Ucnonb3ys Beipakenus (77), (78), Halizem

dple)
23

)
§=%o 9¢ £=%o

I = n
= ool {1—}—2;(—1) cosn@} =

I )
— E in(0—m)
2moy c - (19)

n=—oo

OTCIO,IL& moJryva€eM paBEHCTBO

dple) D)
23 23

=——20(0-m), (80)

£§=¢o £§=¢o o1

KOTOpPO€ COBIAJIAET C TPAHUIHBIM yCJIOBHEM JIJIsI TIPa-

BOro Kpyra, cieayiomee u3 ypasuenus (5). Takoe ke

IPAHMYHOE YCJIOBUE CIIPABEJJIMBO U JIJIsl JIEBOTO KPYTa.
Jloist MOsIenn ¢ WJIealIbHO TPOBOAAIAMEA (03 = 00)

BKJIIOYEHUSIMU [TOTEHIAJ BHE KPYTOB MPUHUMAET BHT

I
@ (p) — _
0 (r) o,

h=o00:

€. (81)

Ucnonbays dbopmysty (81), s IWIOTHOCTH TOKA

o 1 09 (r)
j(r) = —o1 m T{ (82)
Ha ocu y (mpm & = 0) nosyuaem
. 1 I
30.y) = 5~ H0.0) (83)
Coruacao dopmyie (23),
1 1 2 1

7*
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C apyroii cropoubt, u3 dbopmysbl (17) npu & = 0 cie-
ayer

sin ¢ 0
=c—— =ctg - 85
YT T s~ 82 (85)
TaK 4YTO
I ¢
i(0,y) = = ——— 86
3(0,y) AT E (86)
e ¢ = va? — R?.
CorsmacHo  coorHomeHuo  (86), B  ciaydvae

(e — R)/JR < 1 (¢ < a) B pacupejieJIeHU¥ ILIOT-
HOCTH TOKa IIpn 4y = 0 nMeeTcsT OCTPBIil UK IINPUHON
nopsizika ¢. CiieoBaTesIbHO, HU3KOIPOBOJILAIILYIO [IPO-
CJIOWKY MEXKJy BKJIIOYEHUAMEU TOK IIPEOJIOJIEBAET IO
KpaTJaiilemMy Iy TH B BHJE y3KOro KaHasa. TeM caMbiM
HOATBEPXKIAAeTCsl 00CYKIABINAsCS B pas3i. 2 KapTHHA
IPOTEKaHUsT TOKA B MOjen ¢ (Ha30BbIM [EPEXOI0M
MeTaJlJl — UJEeAJbHBIA [IPOBOJHUK. 3aMeruM,
upeneste ¢ — R (¢ — 0) pacupenenenne Toka (86)
npuauMaer Buj gesbra-byaxiun: (0, y) 16(y).
ITosToMy TOYHOCTB HUCIOJIB30BAHHOTO B paboTe OmHAD-

9TO B

HOro HpI/I6.TII/I)KeHI/IH TE€M BbIIIE,9eM OJIrKe MOJEJIb K
TOYKE (1)33OBOFO nepexo/a.

7. 9P PEKTVBHAA ITPOBOINMOCTD

Db derTuBHASI IPOBOIUMOCTD T, MOJEJH B IEJIOM
COBIIQIa€T C IIPOBOJMMOCTBIO OTJE/AbHON A4eliKu, TakK
970

I

O = —.

i (87)

3meck I — HOJIHBIIA TOK, TeKyIIuil yepe3 stueiiky, U —
[IpUJIOKEeHHAasI K Heil pa3HOCTh MIOTEHIMAJIOB. B coor-
BETCTBUU ¢ puc. 2 Beamunna U BbIpaKaeTcs depes IMo-
TeHIMAI p(T) CIIeAyIOmuM 06pasoM:

U=¢®(rs) —pW(r) = —200() (89

¢ oW (r) u3 dbopmysmsr (78) mpu r =r; = (a,0). Touke
x = a, y = 0 COOTBETCTBYIOT GUIOJISPHBIE KOODANHATH

(&1,7), rue

&1 = £(a,0) = 2 (89)

¢ & u3 dbopmyasr (1). BeIYucaus ¢ HOMOIIBIO BBIpazKe-
st (78) must 1) (r) pasmocTs norertmasios U, naiiiem
BEJINYUHY O, KOTOPYIO MPEJCTABUM B BUJIE

§0+22 s

+ cthné&y

e—nfo

1

Oe

1

o1

(90)

676

Bripaxkenuem (90) st 0., cupaBejjiuBbIM 1pu h =
=o09/01 > 1u (a— R)/R < 1, naerca a¢pdexrusHas
IPOBOJIMMOCTD MCCJIELyeMOI MOJIES N ¢ (ha30BbIM IIepe-
XOJIOM METAJLI — UCATbHBIA TPOBOJHUK.

Bennunny o, Kax (yHKIHIO €e apryMeHTOB 3allH-
nIeM B BHJIE

Oe = Ue(p; 01, 02) s (91)
rie
2
T (R
=1-—- (- 92
p=1-7 (1) (92)

— GespasMepHas KOHIEHTpaIus (0 3aHEMaeMoii
IUIOIIA, (1) HEPBOl KOMIIOHEHTBI — MATPHUIIBL, 0 U 03 —
[IPOBOJIIMOCTH COOTBETCTBEHHO MATDUIBI U BKJIOYE-
muit. IIpu (@ — R)/R < 1 gna &y u3 (1)

7V

nMeeM

&o =~ = ﬂp\/_ B=

3mech

D — DPc
Pc

T (94)
— mapaMerp GJHM30CTH K TIOPOTY MPOTEKAHUs (TOUKe
dazosBoro nepexona)

T

pczl__

1 (95)

no koHnerrparuu. llpu oo = 0o (h =00) u a — R u3
(90) cremyer

01

~ —

7

oe(p;o1,00) (96)
Dopmynoit (96) maercs 3akoH Bo3pacTaHust 3hdek-
TUBHONH TPOBOJAUMOCTH MpU HPUOIUKEHUU K TOUYKE
daz30oBoro mepexosa MeTasll— JIeAJTbHBIA TPOBOIHUK
U OlpeJiesigeTCd COOTBETCTBYIOIUNA KPUTUYCCKUNA WH-
JIEKC.

DddexTuBHAT TPOBOINMOCTD AJTHTEPHATUBHON MO-
Jiesu ¢ (ha30BBIM IIEPEXOJIOM METAJLT — JUIJIEKTPUK MO-
»KeT ObITh Hall/leHa U3 MOy YeHHBIX BBIIIE Pe3yJIbTATOB
C MOMOIIBIO TAK HA3BIBAEMOT'O COOTHOIIEHUST B3aUMHOC-
tn Kesepa—dpixue [7,8]. Kak ormeueno B paborax
[7,8] (cM. Takxe [4]), B AByMEPHOM Cilydae HMeET Me-
CTO COOTHOIIIEHNE, CBsI3bIBatoniee 3PQPEKTUBHBIE MPO-
BOJUMOCTHU B3aUMHBIX, OTJIMYAIOIIUXCS JAPYT OT JIpyTra

3aMEHOI 01 & 02, CUCTEM:

oe(p;01,02) 0c(p; 02,01) = 0102 . (97)

Bsens 6e3pasmepHyio 3 (HEKTUBHYO IPOBOAUMOCTD [
COTJIACHO COOTHOIIEHIIO
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o
oupion,on) = orf(p.h), h=2(98)
npuBeseM paBeHcTBO (97) K CJle/lyoIeMy BHILY:
f.h) f(p,1/h) =1. (99)

U3 3T0r0 COOTHOIIEHNUSI, UCTIOb3ysl Bhipaxkerue (90),
nocsie 3amenbl b — 1/h maxomum GespasMepHyo -
dEeKTUBHYIO IIPOBOIUMOCTDL MOJENX ¢ (DA30BBIM Iepe-
XOJIOM MeTaJlI — IN3JIEKTPUK:

f(p,h) =

X

{go +2hz

Bripaxenue (100) cupasesjino B KpUTHIECKOit o6rac-
mh=o09/c1 < 1u& ~/7T<K1.

B ciyuae pmssiekrpudeckux (o
nmeeM |2, 3]

3=

th n&)

—né&o 1
n h+thné } (100)

0) BKIIIOUEHHIT

1
f(p,0) = ;fo’—“AoTt (101)
cTus3 (94) n
1 1 4
t==, Ag=—1/=—1=0.166... (102)
2 V7

OTmMernM, 4TO HUHC/IEHHOE UCCIEL0BAHKE IPOBOJIMOC-
TH JBYMEPHOI Mojiesin Pajtest naeT cieryionue 3Hade-
Hust [3]:

t~051, Ag~0.18, (103)
coracytonuecs ¢ (102). Ilpu h # 0 (HO mo-pexkHEMY
h <« 1u& < 1) u3 obugero seipazkenus (100) moxyua-

€M CJIeJIyIoNee pa3JjIoKeHne 10 CTeleHsaM h:

flp,h) =
1 h 1 2 [ h\?
= dl42—In— - (Z) +...%. (104
e { o & 3 <§0> } 1oy
3J1eCh yaTEHO, ITO
- _—n&o _ ~ _
n;l ~e °=1In T In & (105)
ilcthnfe"E"Niii_w—2 (106)
n=1 n ’ 50 n=1 7’L2 660

IMapamerpom pasmnoxenus: B (104) sisasercs h/&y ~
~ h/\/T < 1. ®opmyna (100) u pazmoxenne (104)
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JAI0T UCKOMbIE BBIDAYKEHUsI It Oe3pa3MepHoit ader-
TUBHO IPOBOIMMOCTH By MePHOU Mojteu Pajes ¢ da-
30BBIM IIEPEXOIOM METAJLI — JUIJIEKTPHUK B IIPEJIIOPOro-
BO 00JIaCTH KOHIIEHTPAIINH — B €€ «MeTAJIIUTIEeCKON»
daze.

Pasznoxenne (104) mo dopme cosuagaer (3a uc-
KJIIOYEHHEM JIOrapuMUIeCKOro MHOXKHUTEJIsI) C COOT-
BETCTBYIOIUM pazjioxkenueM f(p,h) B paMkax rumore-
36l mozobus [4,9]:

f(p,h) =

h
:Tt{AO—FAlW—FAQ <
T

31ech MaJjbIM  [APAMETPOM  SIBJISIETCsI  OTHOIIEHUE
h/’?’t/ S, THe S — BTOPOH KPUTUYIECKHI WHIEKC, Xa-

7

hs)2+...}. (107)

pakTepusyromuit moporosoe 3HaveHue IHPEKTUBHOMN
uposBogumoctu: f(pe, h) ~ h®. IlockoibKy B pasio-
sxernn (104) ¢ 1/2, MOXKHO OXWJATH, YTO JIJIst
JaByMepHON mogesm Pajies ungeke s = 1. OTmernm,
YTO YHMCJIEHHOE WCCJIe0BaHue 5Toi Momenn [3] maer

s~ 0.95.

Buaaromapuoctu. B 3aksiouenne Bbipazkaio 6Ja-
rogapuocts JI. A. Tonosuesoit u H. A. XyonoryHoBoit
32 TIOMOIIb B TOJIPOTOBKE PYKOMUCH CTATHU K TIEUATH.

ITPMNJIO2KEHUE

SHaHue MOJIHOW CHUCTEMBI COOCTBEHHBIX (DyHKIMN
[I03BOJISIET PEINaTh U HEKOTOPBIEe JPYIHe 3a/adH, CBs-
3aHHbBIE C JAHHBIM BKJIIOUEHHEM — MAKPOCKOINIECKUM
TEJIOM, HAIIpUMED, O ero JUIOJbHON HOJISIPU3yEMOCTH.

B ciaydae Tesa, MOMEIIEHHOTO B OJHOPOJHOE 3JIEK-
TpUYeCKoe Iojie HalpskeHHOCTH Eg, coorBeTCTBYyIO-
MM IOTEHIMAI MMEET CJIELYIONIYI0 aCUMITOTUKY (B
JIByMEPHOM CJIydae):

(p-r)

r2

o(r) ~ —(Eg-1) +2 (A1)

T — 0

3mech

p=AE (A.2)

— JIAMOJIbHBI MOMEHT Tejia, A — TEeH30p JUIOJILHO
nogpusyeMocT. Jljis cocTaBIIAONNX 9TOr0 TEH30DPa
corytacto [5, 6] nmeem

dl/a duB

Aop=—4n(1—h
P m( h+e,

)2

rie d, — aHaJIor JUIOJIHLHOTO MOMEHTA, B ACHMIITOTUKE
MTOJITPU3AIMOHHON COOCTBEHHON (DY HKITIN:

, (A.3)
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5 (r-dl,)

r2

~

r—o0o:  h,(r) +... (A4)
B dopmyne (A.3) h

YeCKUX ITPOHUIAEMOCTEl Tejla U OKPY2KaIoIeld cpelibl.
Lt paccMaTpruBaeMoil Tapbl KPYroB JUMOJIBLHBIM IO~

= £9/€1 — OTHOILIEHUE [[IIJIEKTPH-

(e)
BeJICHHeM IpH 7 — 00 00aagaT GyHKnun ¥y, (r) n
SL) (r). JI1st cCOOTBETCTBYONUX JUIIOIBHBIX MOMEHTOR
uMeeM

dy, = n(—1)"cBpi,, d;, =n(-1)"cA,i,. (A.5)

n

JL71s1 cOCTaBISIONTUX TEH30pa MOJIIpu3yeMocT A moJty-
qaeM

—néo
= Znh+cthn§0 shné (4.6)
22 e AT
y = T Z"h+thn§0 chnéy’ (A7)

Ormerum, uro Boipazkenusi (A.6), (A.7) ymosieTBopsi-
IOT PABEHCTBAM

wy(1/h) s Ayy(h) = =Asu(1/h),

ABJIAIOIMUMCA CJICJICTBUEM COOTHOIIIEHUA B3aMMHOCTHU

(em. [4)).
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10.

11.
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