ZK9T®, 2023, Tom 163, BbI. 1, crp. 78-86

© 2023

OCOBEHHOCTUN ®OPMNPOBAHNA MNMJTIOCKUNX
HEOOHOPOAOHbLIX CTPYKTYP B HAHOPA3SMEPHbIX
MATHNTHbBLIX TIJIEHKAX

E. B. Mazadees”, P. M. Baxumos, P. P. Kanbexos

Bawkupcruti 2ocydapcmeeniviti YyHueepcumen,
450076, Ypa, Poccus

ITocrynuna B pegakiuio 21 wurossa 2022 r.,
nocjie nepepaborku 12 aBrycra 2022 r.
IIpunara k mybaukanuu 16 aBrycra 2022 r.

WNcenepytoTca ycnosusi ycToiiumBocTn BUXPEnofobHbIX HEOLHOPOAHOCTER B nepdoprpoBaHHbIX heppoMarHnT-

HbIX NJIEHKaX C CUJIbHOW O,D,HOOCHOI\/II aHI/I30TpOI'II/IeI7I TUNa «KNerkas nJaoCKoCTb». nOKaBaHO, HTO HETpPUBUNAJIbHbIE

MAarHUTHbI€ CTPYKTYPbl, XapaKTepusyrowmnecs OTCyTCTBUEM BbiXO4a BEKTOPA HAMAarHMY€HHOCTU M3 MNJIOCKOCTU

NAEeHKN, MOryT HabntofaTbCs npu abCoNIOTHLIX BENMYMHAX KOHCTaHTbl aHU3OTPOMUU, MPEBLILLIAIOLMX HEKO-
TOpoe MoporoBoe 3HadeHune. PasBuTbl BO3MOXHbIE CNOCObbI (aHANUTUHECKNIA, YNCAEHHBIN, SMNUPUYECKIN)
BbIYVC/IEHNSI [AHHOIO MOPOroBoro 3HaveHus. [lonyyeHbl yHUBepcasbHble OLEHKU MUHUMAJIbHO JOMYCTUMON

BENMNHYNHbBI KOHCTAHTblI aHU30TpOonnn B psae Ba>KHelLWnX CNy4aeB. VlCCJ'Iep,OBaHbI A0oNyCTUMblE CUEHapUn noTepun

YCTOWYMNBOCTI MarHUTHOI CTPYKTYpPbl NPV U3MEHEHUN MaTeprasibHbIX MapaMeTpPOB MJIEHKN.

Cmamwsa npedcmasaena 6 pamkar nybiukayuy mamepuaros VIII Eepoasuamckozo cumnoduyma
«Tendenyuu 6 maznemusmes (EASTMAG-2022), Kasanv, aseycm 2022 e.

DOI: 10.31857,/S0044451023010108
EDN: NNVVGV

BBEJIEHUE

B mocnenmee Bpemst B pe3ysibrate OypHOTO Pa3BU-
THs 3JIEMEHTHON 6a3bl N@POBBIX TEXHOJOTUI MOSIBU-
JINCH PEAJIbHBIE MPEIOCHLIIKI JIJIsi CO3/IAHUST BBIYUC-
JINTEJIbHBIX YCTPOUCTB HOBOTO TIOKOJIEHUsI, B KOTOPbIX
MarHUTHAs TaMATh U CUCTEMbl 00paboTKU mHMOpMa-
nuu OyyT OYHKIIMOHUPOBATE Ha eqnHOi ocHoBe. Cun-
TaeTCst, YTO OJHUM W3 IEPCHEKTUBHBIX THUIIOB HOCHUTE-
Jieit mHDOPMAINN B TAKUX YCTPOHCTBAX MOTYT SIBJISTh-
¢l BUXPEIOAO0OHBIE MAIHUTHBIE HEOIHOPOIHOCTH (Mar-
HUTHBIE BUXPY, CKUDMUOHBI, [IUJIMHIPUIECKIE MATHUT-
HBle JoMeHbl [1-3|; knaccuduranus TaKux CTPYKTYD
Jana B o63ope [4]), Bo3HEKAIONME B HEKOTOPBIX KJIAC-
cax MArHUTHBIX IIeHOK. OJIHAKO IPH 3TOM CYIIECTBY-
eT psijl OrpaHUYeHuil, HAKJIAIBIBAEMbBIX HA YCTOWYIH-
BOCTh YKA3aHHBIX MUKPOMATHUTHBIX CTPYKTYDP B pac-
CMaTpHBaeMbIX MaTepuajax [5—7|, 4To jesaer ux wc-
[0JIb30BaHue nMpobeMaTuIHbIM. B pesysibrare BOZHUK

* E-mail: magadeeveb@gmail.com
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CIIPOC HA aJbTePHATHUBHBIE CIOCOOBI 3amucu U o0pa-
6orku mabopmanun. Tax, B pabore [8] 6buT MpemIo-
JKEH HOBBIN BUJ] HAHOOO'BEKTOB BUXPEBOIO THUIIA, KOTO-
pbleé XapaKTepu3ylTCss OCOOEHHO MPOCTONW TEKCTYPOi
U TOHATHBIMUA MeXaHu3MaMu (bOPMUPOBAHUS, UTO Je-
JlaeT UX KpaiiHe IPUBJIEKATEIBHBIMUA JJIs UCIIOIb30Ba~
HUsl Ha TPAKTUKE. ITH BUXPEIOI00HBIE HEOTHOPOIHO-
CTH JIOKAJIM3YIOTCsT HA TTAPHBIX OTBEPCTUSIX IHJINH]IPHU-
1eckoit hbopmbl (arTumoTH [6,9]) B IepdopupoBaHHBIX
MAarHUTHBIX ILJIEHKAX [P YCJIOBUU, 9TO BEKTOD HAMAr-
HUYEHHOCTH HE MOXKET BBIXOIUTDH U3 IJIOCKOCTH ILIE€H-
K (MarHUTHBIE CTPYKTYDbI TAKOIO THUIA B JAJbHE-
nieM OyjieM HA3bIBATH ILJIOCKUMH). BbINOJIHEHUE JaH-
HOT'O yCJIOBUsI O0ECIIEYNBAETCsT HAJTUINEM CUJIBHON O/I-
HOOCHO aHU30TPONHH THIIA, «JIerKasl JIOCKOCTby, OJ1a-
rojiapst YeMy HelJIOCKHe CTPYKTYPbl HABEPHSIKA CTaHO-
BSITCSI SHEPIeTUYIECKH HEBBINOJHBIME. 1lOCKOJIBKY CO-
3JIaHNEe TAKOTO MATHUTHOTO MATEPUAJIa MOYKET Ipel-
CTABJIATH COOO HETPUBUAJIBHYIO TEXHUIECKYIO 3812y,
TpeOOBaHMs K €ro ImapaMeTpaM JIOJZKHBI OBbITh ITOJTHO-
CTBIO KOHKPETU3WPOBaHbI. B manHoit pabore Mbl pas-
BUBAEM WHCTPYMEHTAPUl JJIsI BBIYUCCHUS TIPEJICITh-
HBIX 3HAYEHUI KOHCTaHThI aHU30TPOIINH, IIPU KOTOPHIX



HKITD, Ttom 163, BoIm. 1, 2023

OcobeHHOCTU hOPMUPOBAHUS MAOCKUX HEOLHOPOAHbBIX CTPYKTYP . ..

[JIOCKUE CTPYKTYPbI CTAHOBSATCS YCTONIUBBIME, & TaK-
JKe TMPUMEHSIEM U3JIaraeMble TMOJXO/bI K Py TPaKTH-
9eCKM BaXKHBIX ciydaeB. Ciieyer OTMEeTHTD, 9TO JIaH-
Hasi TpoOJieMa B OTHOIEHUN BUXPENOIO00HBIX CTPYK-
TYD SABJISETCH aKTyaJbHON U PACCMATPUBAJIACH HA Ka-
YECTBEHHOM yPOBHE, HAIpUMep, B pabore [9].

1. IOCTAHOBKA 3AJTAYN

Pacemorpum  eppoMarHuTHYO IJIEHKY, Xapak-
TEPHU3YIONLYIOCA IIapaMeTPOM OOMEHHOI'O B3anMOJEel-
cTBUst A M TOCTOSTHHO MaJ1ofi TosmuHol h (B ocTab-
HOM reoMeTpusi 00pasia MOXKET ObITh ITPOM3BOJILHON
6ularozapsi, Haupumep, Hajauuuio nepdoparwmii). Torga
C YYeTOM OJIHOOCHO} aHM30TPOIUU THUIIA
[IJIOCKOCTDb» TIOJIHASI SHEPIUsi MArHETHKa MOXKET ObITh

3anmncaHa B cyeyoneM suje [10]:

«JIerKkagd

E = / {A[(Va)? + cos® a(V0)?] + K sin® o} hdS,
(1)

rJe MHTEIPUPOBAHUE BEIETCsI O BCeil miomaan 00-
pasma, K — abcosoTHas BeIUYINHA KOHCTAHTHI AHU-
30TPOIUU, (¢ — IIOJAPHBIA YIoJI, XapaKTepU3yIOIui
BBIXO/T BEKTOPA HAMATHUIEHHOCTHU U3 ILIOCKOCTHU ILIEH-
Kd, a 0 — a3suMyTaJbHBIA YTOJ, OMPEIeISIONNil Opu-
€HTAITNIO IIPOEKITNN BEKTOPa HAMAIHUYEHHOCTH Ha ITY
IUIOCKOCTD. BinsgHueM pa3MarHnauBaIONInX MOJEil MbI
371ech nperebperaeM [8].

dcuo, aro mpu K — 0o TpeboBaHme MUHIMAJIHLHO-
cru snepruu (1) npuBoxur K @ = 0, 9TO COOTBETCTBYET
00pa30BaHUIO IIOCKOH cTPYKTYPhI. [Ipr aTOM

(2)

MOZKeT

E=F)= /A(vo)thS,

a 3HAYWUT, PACIpE/EJeHNe HAMATHUICHHOCTH
OBbITH HaliJIeHO U3 ypaBHeHus Ditepa—/larparKa st
dyukmmonasna (2). Hecsioxkuo Bujiers, 4ro oHO mpe-
craBjisier coboit ypaBHeHue Jlamjgaca ¢ TpaHUIHBIM
YCJIOBHEM, 3aKJIIOYAIONUMCS B OTCYTCTBUA HOPMAJIb-
HOI1 cocraBJsifoleil TpajiuerTa 6 Ha BceX rpaHuIax o0b-
JIACTHU, 3aHUMAEMOI 00pa3IOM:

AO =0, (3)
B [8] mokazaHo, UTO NpU HAJUYAN TOMOJIOTHIECKUX
0COBEeHHOCTEI IIEHKN (aHTHI0TOB) ypaBHeHue (3) nmve-

€T HeTPUBUAJIBHBIE PEIIeHNs, KOTOPble OTBEYAIOT IIPH-

26
—lr=0.

BJICKATEILHBIM C TPAKTHYECKON TOYKH 3PEHUSA HEOHO-
POJIHBIM CTPYKTYpaM.

C mpyroit croponbt, nipu K = 0 suepruio (1), or-
BEYATIONIYIO KAKOMY-/TU00 HEOIHOPOAHOMY PACIIPEIEIe-
HUIO HaMarHUYeHHoCTH ¢ « = (0, MOXKHO MOHOTOHHO
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YMEHBIIUTH JI0 HYJIEBOI'O 3HAYEHUS, HEIPEPBIBHO M3~
Menstg « o1 0 10 7/2 OIHOBPEMEHHO BO BCEX TOYKAX
mwienkn. Konewanoe pacrpejiesienne HAMArHAIEHHOCTH
[IPU 9TOM OKAYKeTCsl OJHOPOJHBIM € o = 7/2, U jaJee
OHO MOKET OBITh ITEPEBEJIEHO B OJIHOPOJIHOE COCTOSTHUE
¢ a = 0 6e3 uzmenenus sHeprun. OUeBUIHO, ITO OJIN3-
KHUe K 3TOMY CIIEHAPUIO HEIIPEPBIBHBIE TPEOOPA30BAHNSI,
B XOJI¢ KOTOPbIX dHeprus (1) MOHOTOHHO yMEHBIIAET-
cst 10 cBoero abcoJiroTHOro MuHUMyMa F = 0, cytie-
CTBYIOT ¥ JIjIl MaJIbIX 3HaYeHuit K, OTJIMIHBIX OT HY-
ssi. CrieioBaTesIbHO, IpU HEOOJIBINX BeJIMINHAX KOH-
CTaHTBl AHU3O0TPOINH JIFOObIE IIJIOCKUE HEOIHOPOJIHbIE
CTPYKTYPBI OY/LyT CHOHTAHHO MEPECTPAUBATHCA B OJI-
HOPOJIHOE COCTOSIHUE ITyTEM BBIXOJIa BEKTOPA HAMATHU-
YEHHOCTHU W3 ILIOCKOCTU IIJIEHKH C €r0 IOCJIEILy FOIIM
BO3BPATOM OOPATHO B IJIOCKOCTD.

Takum obpasom, coorHomenus (3) u o = 0, dop-
MaJIbHO OTBEYAIOIINE YCIOBUAM IKCTpeMyMa (DYHKIU-
onaJia (1), He Bcerja 3a/1a10T €ro MUHUMYM: 11U GOJIb-
mux 3HaYeHnsX K MUHUMAJIbHOCTD JIeiCTBUTE/ILHO Ia-
PAHTHUPYETCsI, OJIHAKO MPU MAaJbIX 3HadeHusx K Mu-
HUMYMY COOTBETCTBYET TOJHLKO TPUBUAJIBLHOE PEIeHue
ypasuenust Jlammaca 6§ = const. ITostomy st Bcex
HETPUBUAJIBHBIX DEIeHuil § uMeeT CMBICII CJIe Iy oIast
3aJ1a49a: OTBICKATH TaKoe 3HAYCHUE K iy, ITO TIPU BCs-
koM K > K,,;, BeIOpanHoe pacupejesenune § MuHuU-
musupyer dyukiuonan (1). B Gosee mupokoii mocra-
HOBKE 9TO O3HAYAET OTBICKAHUE IIOPOrOBOTO 3HAYEHUSI
K = K,,in, BBIIIIe KOTOPOTO JTIAHHAS ILJIOCKAsT HEOIHO-
pPOJIHAST CTPYKTYPa ABJIAETCS YCTONIMBON OTHOCUTE b
HO MaJIbIX BHEIIHUX BO3/ICHCTBUI, a HUXKE TepsdeT CBOIO
YCTONYUBOCTD.

2. AHAJINTUYECKUI IIOIXO/I

Uccnenyem nosenenue dyukuuonasia (1) npu ma-
JILIX 3HAYEHUAX (DYHKIMA (v, KOTOPBIE PACCMATPUBAIOT-
ca kak Bo3Mytenne. Coxpansas He 6ojiee 4eM KBaJpa-
TUYHBIE YWICHBI TI0 «, uMeeM F = Fg + AhF, tiae

Floj = [ {(war+ |5 -

SIcHO, 9TO JOCTATOYHBIM YCJIOBHEM MUHUMYMA SHEP-
run (1) gBisiercd 1OJIOKUTEIbHAS OIPEIEJIEHHOCTh
kBagpaTuanoii dhopmbr (4). TTockosbKy yMHOXKEHHE (v

(ve)z} a2} ds.  (4)

HA TIOCTOSIHHYIO BEJIMIUHY HE MeHsIeT 3Hak (4), orpann-
qUMCd paccMOTpeHneM (OYHKIWI «, HOPMUPOBAHHBIX
yCJI0BUEM

(5)

BosmoxkaOCTh TaKkoit HOpMUPOBKM BBITEKAET U3 (HU3U-
YeCKOr0 CMBICTa «: (DYHKIMMs, COOTBETCTBYIOIIAS pe-

szfﬁw:L
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anusyeMoil (UIyKTyaruu, JO0J/2KHA ObITh OrpaHUYeH-
HOM W JIOKQJIM30BAHHOW B TpocTpaHcTBe. /lajee BBe-
JIeM HeolIpeJIe/IeHHbII MHOXKHUTEe b Jlarpamka A u pac-
CMOTPUM CJIeAyIonuil OyHKITMOHA, 3HAUEHUST KOTOPO-
ro cosnagaior ¢ (4) aa Beex GyHKIMi, HOPMUPOBAH-
ubix yesosuem (5): F = F — (K/A+ \)(Q — 1). Ypas-
Henne Ditsepa—J/larpamka JJist HErO UMeeT CJIeY IO
BUJT;:

—Aa+Ua = A\, (6)

ryie BBefeno obosmauenne U = — (V)2 Coormomre-
Hust (6) mpejcTaBisioT coboil 3a/ady Ha COOCTBEH-

06
ol = 0.

Hble 3HAYEHUS A TUIIA cTarronapuoro ypasaenus [1lpe-
JINHTEPa, KOTOpasi B OOIIeM cilydae MMeeT CMEIaH-
ubiil cuekTp. Torma, nojcTaB/isgs cOOCTBEHHYIO (DYHK-
IIUIO (v, COOTBETCTBYIOIIYIO A\, B BbIpazkenue (4), ¢ yue-
oM (5) nomyuaem Fla] = K/A + A. Orciona Bbitexa-
eT, UTO BCe FKCTpeMyMbl (DYHKIMOHANA [ MMeIoT Bu
K/A + )\, a 30a4uT, ycJOBUE MOJOKUTEJBLHON OIpe-
nesierHocTH GopMbl (4) BbIpazkaeTcsd COOTHOIIEHHEM
K > Kupin = —AXnin, TO€ Amin — HaUMeHbIIee COO-
cTBeHHOE 3HaueHue (6).

HeobxomumMo oTMeTuTH, 9TO HEKOTOPBIE OIEHKHU B
otHomeHun K, MOTYT OBITH CleJaHbl U 0e3 pe-
mennst 3ajgauan (6). B wacraoctm, m3 (4) caenyer,
aro dopma Fla] 3aBemoMo ABISETCS MOTOKUTENHHO
onpenesennoit mpu K > K; Amax(V0)2. Kpo-
Me Toro, 3Hadenne F|a] JOIKHO OBITH HEOTPHIIATEb-

HBIM IIpA (¢ = const, 4TO IPUBOAUT K COOTHOIIEHUIO
K > K, = A((V6)?), rne yrnoseivu ckoGkamu 060-
3HaYeHO yCpeaHenne mo Imiomaan obpasma. Orcioma
nmeeMm juarnaszon Kp < K, < K, 3HaHHS KOTO-
pPOro MOKeT ObITh BIIOJIHE JOCTATOYHO JIJIsl IIPUKJIA/I-
HBIX Teseil. BarkHoe MCKIIOYeHME COCTaBJIAET CiIydail
YEJIMHEHHBIX HEOTHOPOIHOCTER, Koryia sueprust Fg B (2)
nMeeT (BUKCUPOBAHHOE KOHEYHOE 3HAYEeHNEe, U BEJIUYU-
Ha K}, npu yBemdeHnn pasMepoB 06pasia CTaHOBUTCS
OJIM3KOM K HYJIIO, YITO JleJIaeT OIEHKY CHU3Y HenHDOP-
MaTHUBHOM.

3. YMCJIEHHBIN IIOJIXO/I

HecMmorpsa Ha TO, 9TO aHATUTUYCCKUI IOIXOI, N3-
JIOKEHHBII BBIIIE, JTOCTATOYHO OOOCHOBAH, €ro IMpUMe-
HEHUE Ha MPAKTUKE OTPAHMYMBACTCA CIYYAsIMU IIPO-
crefimux pacrpesenenuii f, Tpu KOTOPBIX MOTEHIHAJ
U B uepsom ypasaenuu (6) obiagaer BBICOKOH cuM-
meTpueit. /st Gosee CIOXKHBIX pacipeie/lennil pere-
HUE 3TOr0 YPABHEHHSA yrKe He MOYKET ObITh MOJIYUeHO B
SIBHOM BHJIE, 9TO MPUBOJNUT K HEOOXOIUMOCTH IIPUBJIE-
YEHHUS YUCICHHBIX METOIOB. TeM He MeHee, UNCICHHOEe
pelreHne 3a1a9u Ha COOCTBEHHBIC 3HAYEHUS B IIOCTA-
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HOBKe, cooTBercrBylonieil (6), Tpebyer 3HAYMTEIbHBIX
BBIUUCIUTEJIBHBIX PECYPCOB, & MPUMEHEHHUE BapHUalli-
OHHBIX MeTOJI0B [11]| jy1st HemocpenCcTBeHHO OnTUMHI-
saruu HyHKIMOHANA (4) IPUBOAUT K BechbMa PUGJII-
BUTEJILHBIM PE3YJIbTaTaM U3-38 OTCYTCTBUS HAJIEKHBIX
[IPEJITOCBLIOK K BBIOOPY MpobHBIX (yHKIMiA. OboitTtu
9THU 3aTPY/IHEHUS VIAETCS 33 CUET MEPEX0JIa OT KOHTHU-
HyaJbHOTO MPUOJINKEHUsI K PEIIeTOYHON MOJIe/U Mar-
Heruka [12]. IIpu 9T70M HEOOXOUMO IO [IEPKHY Th, UTO
TAKOH II€pexoJ1 He SKBUBAJEHTEH UCIIOJb30BAHUIO TDY-
Goit Pa3HOCTHON CXeMBbl Jyisd perienns 3agadu (6): Bo-
[EPBBIX, B PAMKaX PEIIETOYHON MO/ IPUHITAITAAb-
HO WHAYE OMHUCHIBAETCSI OOMEHHOE B3aNMO/IEHCTBIE, ITO
Mo3BOJITEeT n30eKaATh IPMHEKTOB, CBA3AHHBIX ¢ HEKOD-
PEKTHBIM PaCcYeTOM IIPOU3BOJIHBIX; BO-BTOPBIX, PE3Ylh-
TATBI, MOJyYEHHbIE Ha PEIeTOYHOH MOJIENN, BCEeTIa
UMEIOT HEIIOCPE/ICTBEHHBI (PU3NIECKUil CMBICT, B TO
BpeMsl KaK HCIOJb30BaHUEe I'PYyOBbIX PA3ZHOCTHBIX CXEM
MHOTJIA MOYKET IIPUBOJUTH K HAOJIOJICHUIO SIBJICHMUIA,
TIOJTHOCTBIO OO bACHAIOIUXCA HAKOIIJIEHHBIMA B TIPOTIEC-
Ce BBIYUCJICHUN OIIMOKAMHA.

Pacevorpum cucremy, cocrtosmyo m3 N CImHOB
S1,...,SN, PACIOJIOKEHHBIX B y3JIaX ILIOCKON KBaIpaT-
HOM PENeTKN ¢ IEePUOJIOM b, JACTh U3 KOTOPHIX BAKAHT-
ua. [IpeicraBuM 9HEPIUIO 9TOM CUCTEMBI B CJIELYIOIEM
suze [12]:

1 2
_gjzi,jGijSisj — JZiSipi + KLZi(Sin) ,
(7)
ryie J — obmennslit nnTerpan, G;; = 1, ecan cnuHbI ¢

HOMEpPAMHU ¢ U j PACIIOJIO?KEHBI B COCEJIHUX y3JIaxX pe-
metk#, 1 G;; = 0 B mpoTmBHOM ciydae, Kj — Ko-

E

3 durmenT, xapakTepusyomuii THTEHCUBHOCTD aHU-
30TPOIIMU B PEIICTOYHOI MOJIe/IA, 1 — €JIMHUYHDIN BeK-
TOp HOpMAaJIM K IJIOCKOCTH perteTku. Bropoe ciarae-
moe B (7) BBEJEHO Jjisd TOro, 4T00bl UMUTHPOBATD (ec-
JIM eCTh TaKas HeOOXOJUMOCTH) GECKOHEYHYIO MPOTs-
JKEHHOCTH obpaazna. st sroro OymeMm caurarh, 9TO 38
npejiesiamMu 00JIACTH, 3aHNMAEMO CIIUHAMHA S1, - . . , SN,
UMeIOTCH TaKzKe W JPYTUe CINHBI, HAIIPaBJIEHHe KOTO-
peix 3adurcuposano. Torma p; mpeacraBisgeT coboit
3apUKCUPOBAHHLIN CIUH, COCETHUI MO OTHOIIEHUIO K
s; (upm arom p; | n); ecim y crmHA S; HeT GUIMKAi-
MIX coceJielt BHe 00/1aCTH PacCMaTPUBAEMOM CHCTEMBI,
To Oysem ycioBHO nosarath p; = 0. Vcnosb3oBanne
TaKOW MMWUTAINN OKAa3bIBACTCHA KpaitHe 3(DeKTUBHBIM
PU WCCIIEOBAHNY YeIMHEHHBIX HEOMTHOPOHOCTE (8],
KOTJIa BCE P;, OTJIUIHBIE OT HYJIsI, PABHBI OJTHOMY U TO-
MY K€ BEKTODPY P, XapaKTePU3yIOIIEMy ITOCTOSTHHOE Ha-
MpaBJeHne HaMAarHUIeHHOCTH B 00pa3iie Ha OOJIBITIOM
y/laJeHIu OT HEOIHOPOIHOCTH.
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IIpu Kj; — oo mMarauTHas CTPyKTypa OymaeT ILioc-
" 0
KOi, TakK 49TO S; ) | n. Kounkpernbie Hampas-

(0)

JIEHud S,

o
MOTYT OBITH HAMJIEHBI MyTeM MUHUMHU3a-
1y Bbipaxkenus (7), IpU 9TOM TpeTbe CjlaracMoe B
HEM aBTOMATHYECKH OKA3BbIBAETCS PABHBIM HYJIO, TAK
9TO BUJL IUIOCKOHM CTPYKTYPBI HE 3aBUCUAT OT 3HAUCHUIT
J U TOJIHOCTBIO OIPEJIeNISIeTC TeOMeTPUeil CHCTEMBbI.
Takast MUHUMA3AINS JIETKO OCYIIECTBIISIETCS TUCICH-
HO BCJIEJICTBHE TOTO, UTO BCE WCKOMBIE HAIIPABJIEHUS
CIIMHOB OJTHO3HAYHO 3aJAI0TCs YIJIAMU WX OPUEHTAIUN
Ha IUIOCKOCTHU (HAIPUMED, YIVIAME OTKJIOHEHHs OT P).
Kak u B ciydae KOHTHHYaJbHON MOIE/N, IIPU KOHEU-
HbIX 3HaYeHusIX K HalileHHas mI0cKas CTPYKTypa mo-
peKHeMy OyJIeT COOTBETCTBOBATDH IKCTPeMyMy (byHK-
(7). YT06bI BBISICHUTD, SIBJISIETCH JIM 9TOT SKCTPE-
MyM MUHUMYMOM, IPEIOJIOKUM, 9TO KaXKJIbIH CIIUH S;
OTKJIOHUJICSI OT IJIOCKOCTH Ha MAJIBI YyTOJI (¢, TAK 9ITO
S; = sl(-0 cos a; + nsin «y;. Torga sueprus (7) ¢ TOUHO-
CTBIO JIO KBJIPATUIHBIX UJICHOB 110 (v; IPUMET BUJ
E=Fy+ Zi,j (%JBU + KLéij> ;o (8)
riae By — sneprug cucremst upu oy = 0,d;; — cHMBOII
Kponekepa,
Bij = 0y, (Pi + ZkGikséo)) -Gy (9)
st Toro 9Tobbl IJIOCKAsT CTPYKTypa SIBJISIACD
ycToitunBoil, KBajpaTudnas ¢GopMa B MOpaBoil dUa-

cru (8) m0/IzKHA OBITH HOJIOKUTEIHHO OLPEIEICHHOI,
a 3HAYNT, OTBEYAOIMe eli COOCTBEHHBIE 3HAUEHWs!

JIOJ’KHBI  OBITH TIOJIO?KUTEILHBIMHI. DTO HMeeT Me-
CTO TpU BBIIOJHEHUH CJIEIYIOMEro HEPaBeHCTBA:
K1, > Kpmin = —JALmin/2, 1A ALmin — HAaUMeHbIIEE

cOOCTBEHHOE 3HAYUEHNE MATPHUIILI 3, 3/1eMEeHTHI KOTOPOit
3a/1a10TCst cooTHOIeHneM (9).

W13 cpasuenust Beipaxkenuit (1) u (7) coemyer, aro
J ~ 2Ah,K; ~ Khb?. Biarojaps 5TOMy CTaHOBHT-
€51 BO3MOYKHO HCIIOJIB30BATDH PE3YILTATHI, MOJIyYeHHbIE
YUCJIEHHO B PaAMKaX PEIIeTOYHON MOJIEJIH, JIJIsl Olpe-
JIeJICHNsT TPAHUIHOTO 3HAYEHUS KOHCTAHTBI aHM30TPO-
i Koin = —AXLmin/b?. Pazymeercs, Taxoe coro-
cTaBjieHue Oy/eT TeM TOYHEEe, YeM MEHbINEe BeJIMYUHA
b, moITOMY B TeX CJIydasiX, KOTJIa M3HAYAIbHAS [TOCTa~
HOBKA 33J1a91 sIBJIsIeTCsl (DEHOMEHOJIOTNIECKON, 3Ha e~
HUe TIePUoJia PEnreTKn b, Ka3aJaoch ObI, TeJaeco0bpa3Ho
HUCKYCCTBEHHO YMEHBINATh, OJHOBPEMEHHO MAacIiTabu-
pys u apyrue napamerpbl mojesm. Cremyer, OJHAKO,
UMETH B BUJLY, YTO [PU ITOM YHUCJIO CIIUHOB B CHUCTEME
Gymer pactu 10 3axoHy N ~ b 2, a 3HAYHT, THCIO 3e-
MeHTOB MaTpuilbl B — 1o 3akony N2 ~ b 4. Io aroit
pUYuHe BBIOOP HEONPAaBIAHHO MAJOrO b MOXKET Cy-
ECTBEHHO CHU3UTH MPOU3BOUTEILHOCTD YUCTIEHHBIX
pPACUYEeTOB, UTO ITepevIepPKHET OCHOBHBIE JJOCTOMHCTBA U3~
JIAraeMOTO TIOJXO/IA.

6 2KIT®, o 1
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4. DMIINPUYECKUI IIOJIXO/I,

PazBuTble BBIIE METOBI CYNMIECTBEHHO OMUPAJINCH
Ha TpebOBaHME YCTONYINBOCTH IJIOCKONH CTPYKTYPBI OT-
HOCUTEJBHO MAJIbIX BO3MYIIEHHUI MPOU3BOILHON (hop-
MBI. DTO TpebOBaHUE, OJIHAKO, MOXKHO CMSATYIUTD, OI'Da-
HUYUBIIACH YCTONYUBOCTHIO OTHOCUTEJIBHO BO3MYIIE-
HOU, IPUHAJIEXKAIINX OlIpeJIe]IeHHOMY KJiaccy. B gqact-
HOCTH, BOIIPOC YCTOHYUBOCTH MOXKET PaccMaTpPUBaTh-
Cd B OTHOIICHNM BIIOJIHE KOHKPETHOI'O U3MEHEHUd, 3a-
KJIIOYAIOIIerocs, HallpUMep, B BBIXOJIe HaMarHUIeHHO-
CTH M3 IIJIOCKOCTH IIJIEHKH Ha OJIMH U TOT 2Ke MaJiblii
yroJi Jinbo BO BCEX TOYKAX oOpasia, b0 B Mpeesiax
Kakoii-To ero obsiactu. [Ipu 3T70M, KOHEUHO, yKe HeJI0-
CTATOYHO TPOBEPATDH BBINONHeHNe yeaosus FE > Fy (B
9aCTHOM CJIlydae @ = const, Kak ObLIO IMOKA3aHO pa-
Hee, TaKasd IIPOBePKa MO3BOJIAET MOJYYUTh JIAMIL I'PY-
Oyto oueHky cHu3y K, > Kj). Bmecro sroro neobxo-
JUMO pacCMaTpuBaTh HEKUIl JUHAMUYECKUN IIPOLIECC, B
pe3yJbrare KOTOPOTO CHCTEMa, MOYXKET JINDO BEPHYTHCsT
B MCXOJ[HOE HEOTHOPO/IHOE COCTOSHIE, ITO 03HAYAIIO ObI
€ro yCTOMYINBOCTH, JUOO MEPEUTH B COCTOSIHUE C OJTHO-
POIHBIM pacupejeseHneM HamMaramdennoctu. Ha mep-
BBIIl B3MJIsIJI, TAKOM MOIXOJ TaKKe He M30aBIeH OT Me-
TOJ/IMYECKON IIOIPEITHOCTHY, IPUBOAAIICH K 3aHUKEHUIO
oreHKH Ky, U3-3a BBIOOPA KOHKPETHOI'O BUJIA HATA b~
Horo Bo3MmyImenud. llokaxkem, Tem He MeHee, 9TO Ha
IIPaKTUKE 3HAYUTEIbHOE 3aHNKEHIE MaJIOBEPOATHO.

15t TpOCTOTHI U3JI0KEHUS Oy /IeM TT0JIH30BATHCS Pe-
MIETOYHON MOJIEJIbIO, XOTs BCE IOCJEYIONINe Paccy K-
JICHUA JIETKO IIEPEHOCATCd M Ha KOHTHUHYAJbHYIO MO-
Jesb. Torma BO3MyIIEHHOE COCTOSIHUE CHCTEMBI B IIPO-
U3BOJIBHBI MOMEHT yCJIOBHOI'O BpeMeHHU { OIuCbIBaeT-
¢t N-MepHBIM BEKTOPOM (t), COCTABJICHHBIM U3 YIJIOB
a;. IlycTh qunamMudecKkmil Iporiecce 3a/aH CJIe Ty IONTIM
ypaBHEHHEM:

OF
da’
Toxncrasnsis croga (8) m passarast «(t) O OPTOHOD-

MHUPOBAHHOMY 0a3uCy, TMOPOXKJIEHHOMY COOCTBEHHBIMUI
BEKTOpaMU U; MATPUILI B, mmeeM

o =

(10)

Ci = —25,C;, (11)

1

Bi = §J Ai + K,
riae C;(t) = a(t)u;, a \; — cobCTBEHHOE 3HAYEHME, KO-
TOpoMy cooTBeTcTBYeT U;. Perras ypasuenus (11) u
[OJICTABJIsIs PE3ysIbTar B (8), mosrydaem

E=Ey+ ) Ci(0)*8; exp(—48;t). (12)
Hecnoxno Bumers, uro npu Ky > K i, BCE BeTUIN-
HbI 3; SIBJISIIOTCS TIOJIOYKUTEJbHBIMU, BCJIEJICTBUE YEro
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sueprust (12) ¢ TeueHneM BpeMeHH t MOCTENEHHO MpPU-
O/M¥KaeTCs K 3HAYeHUI0 [y, KOTOpoe OTBedaeT Heo/l-
HOPOJTHOMY cOCTOsiHMIO. Takoe ke ToBejieHne, BOOOIIe
roBOps, MOKeT HabmonaTbest u upu K1 < Kpmpin. s
sToro Heobxoaumo, urobnl Bee C;(0), coorBercTByONITE
OTPUIATEIBHBIM [3;, OKA3AJIUCH HYJIEBBIMU, T. €. Hada Ib-
Hoe Bo3MyIeHne a(0) T0KHO GBITH OPTONOHAJILHO OJI-
HOMY U3 BEKTOPOB ;. $ICHO, 9TO XOTs Takas CUTya-
[IUsT TEOPETUIECKH W MOYKET BOBHUKHYTH, HA MTPAKTUKE
ona OyjieT Hab/rogaThes Kpaiiine peaxo. [pu aTtom nan-
0oJiee BEPOSTHON MPUIUHON peau3aIluu TaKOTO CIie-
Hapus OKAXKETCs HAMEPEHHBI BBIOOD CHMMETPUIHO-
o B IPOCTPAHCTBE HAYATIHLHOTO BO3MYIIEHWS, BCJIEI-
CTBHE 4Yero Kakne-1o n3 coorrorennii a(0) L u; Oymyr
BBIMOJIHSTHCST aBTOMATHYECKH. ITOOBI rapaHTUPOBAH-
HO m30exKaTh 3TOr0, JOCTATOYHO Bcerja JA00aBJsITh K
a(0) HeGosbINe CITyuaifHbIE COCTABIISIIONINTE.

Hanee 6ymem mosarats, uro C;(0) # 0, a 3uauwnr,
upu Kj, < Kpmin B UpaBoii gactu Bbipaxkenus (12)
00s13aTeIbHO TIPUCYTCTBYIOT OTPHUIATETbHBIE CJlarae-
Mble, OBICTPO PACTYIHE CO BPEMEHEM IO abCOJIIOTHOMN
Besmmanae. Hanbo b mmM TeMIoM pocra pu 3ToM OyaeT
006J/1a/1aTh cjaaraeMoe, OTBeYalonee HanMeHbIeMy co0-
CTBEHHOMY 3HAYEHUIO A[min (COOTBETCTBYIOIIUN eMy
COOCTBEHHBI BEKTOP OBO3HAYUM Uy, ). Dojee Toro,
npu upudamxkennn Kp K Kp,, 9TO cilaraemoe cra-
HET €JUHCTBEHHBIM, JIJI KOTOPOIO [3; = Bmin < 0, a
3HA4NT, cornacHo (11), Bece koaddurmenter C; () 3a uc-
kiodenueM Chin(t) = a(t)uyi, ObicTpo 3aTyXHYyT, 1
Oy/IeT UMEeTh MECTO CJIe/IyIolee MpUO/INKEHHOe PaBeH-
CTBO:

a(t) = Cmin(0)exp(2 |Bmin| t)Wmin- (13)

[Toyuentoe COOTHOIIEHNE OMUCHIBACT HAYAIHLHBIM
9TAIl [POIECCa MEPECTPOCHIsT HEOTHOPOIHON CTPYKTY-
pBI, KOTOpasl yTpaTujaa yCTONYIMBOCTD MPU yMeHbIIe-
wun K7, Hanpumep, BCJIEJICTBUE U3MEHEHUs TeMIepa-
Typol [13]. IIpu 9TOM HPOCTPAHCTBEHHOE pACIIPEIeIe-
HUE yIJIa BBIXOJIa BEKTOPA HAMATHUYEHHOCTU U3 ILJIOC-
KOCTH IJIEHKU HOCUT YHUBEPCAJbHBIN XapakTep (Ipak-
Tnaecku He 3aBucutT HU OT o (0), Hu or K1) u 3aaer-
Cs KOMIIOHEHTaMU BEKTOPA Uyyip, KOTOPBI TEM CaMbIM
npuobperaet pusmdeckuit cmpica. TyT cieyer oroBo-
PUTHCsI, 9TO B JIEHCTBUTEITBHOCTH JIUHAMUKA MATHETHU-
Ka, KOHETHO, He ONUChIBaeTcs ypasaenneM (10); Tem He
MeHee, ypasaenue (10) sBisiercst npeJiesIbHBIM CIIyaeM
ypasuenus Jlangay—JIudmmna—uasbepra B yriaoBbix
nepemennbix [10] mpu GoJbIINX 3HAYEHUSX [TapaMeTpa
JIUCCHIIATAN, YTO OIPABJIBIBAET €0 IIPUMEHEHNE B PaM-
KaX JAHHOTO aHAJIM3a.

Wrak, sHagyenns saeprun F npu 60I6IIHX BpeMeHax
t TTO3BOJISIIOT JIOBOJILHO HAJIE?KHO CYINTDH 00 yCTONINBO-
CTH HEOTHOPOIHOMN CTPYKTYPhL: ecsin E < Ejy, TO cTpyK-
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Typa paspylnmiIack B COOTBETCTBAM ¢ 3akoHOM (13), a
suavnT, K < Kpmin; eciima ke E =~ Ey, TO CTPYKTypa
yeroituuBa u Kp > Kipmin. IpoBensa cepuro ducieH-
HBIX 9KCIIEDUMEHTOB IIPHU PA3IUIHBIX K, MOXKHO TeM
CaMbIM yCTAHOBUTH IPAHUYIHOE 3HaUEHUE K[ pnin, ITO U
pemmaer 3agady. Ciraboe MECTO TAKOTO IMITUPUIECKOTO
II0/IX0/1a 3aKJIIOYAETCs B CJIOKHOCTH BBIOOPA BPEMEHU
nabsogenus t. Jleno B Tom, uro xora dhopmymna (13)
U TIPEIOJIAraeT IKCIOHEHIINAIBHBII POCT aMILIATYIBI
BoaMyteHnst, BeMUIUHbL Chyin (0) U |Bimin| MOryT OKa-
3aThCsl CTOJIb MAJIBIME, YTO IIPU JAHHOM ¢ 9TOT POCT He
ycIieeT IposIBUThCS 1 otyinyane F ot Ejy Oymer nezamer-
weiM. Ha puc. 1 noxkazano, KaKk B TUIINYHOI CHUTyaIun
MEeHsEeTCs 3aBUCUMOCTb I OT ¢ IIpU Pa3NyIHbIX 3HAYe-
uugax K (B yC/IOBHBIX equHUIAX) U PUKCUPOBAHHBIX
suavennsx C;(0) B coorBeTcTBUN ¢ cooTHOIMEHNnEM (12).
Hecmotpst na o, uro B manaom caydae Kr i, = 1.0,
naxxe ipu Ky = 0.8 criag sHeprun F Bce ele ocTaeTcst
HE3aMETHBIM Ha IIPOTSKEHUU BCErO IKCIEPUMEHTA, U K
€ro OKOHYaHHUIO MOYKHO CUNTaTh, 9T0 F =~ FEy. Takum
00pa30M, UCIOJIL30BAHNE IMITUPUIECKOTO MOIXOIA BCe-
TaKU IPUBOIUT K HE3HAUUTEIHbHOMY 3aHUZKEHUIO TOJIY-
qaeMbIX 3HadeHuit K ,,in, OTHAKO JIyUIIeil TOTHOCTH
BCer/la MOXKHO JIOOUTBCS IIyTeM Y/JINHEHUS WHTePBaJa
HaOTIOICHUSI.

E
183

— 1.5 14 13 -12 1110

—09 —08 —07 —06 —0.5

Puc. 1. XapakTep 3aBUCMMOCTU 3HEprum cuctemsl F oT Bpe-
MeHU t Npy pas3an4HbIX 3Ha4yeHusIx napameTpa K,

BameTum, UTO IIPOLECC, 3aJaBaeMblil ypaBHEHH-
M (10), dakTrvaeckn npejgcrapiasier coboit MUHIMU3A-
UIO 9HEPruu F METONOM IPaJIMEeHTHOrO CIyCKa. DTO
HO3BOJISIET UCIOJIL30BATD JIsl IOCTAHOBKU YHCJICHHOIO
9KCIEPUMEHTA OITUMU3ATOD [aKeTa MUKPOMATHUTHOIO
mozeauposanung OOMME [14], aBromaTuzupys noabop
K Lmin ¢ NCHOJB30BAHUEM HHCTPYMEHTOB, IIPEIOCTAB-
astleMbix obosoukoit Ubermag [15].

5. CJIVUAN TOHKOUW MATHUTHOM HUTN

[Tepexojisi K TPUMEHEHUIO PA3PADOTAHHBIX I0JIXO0-
JIOB Ha TPAKTHUKE, JIs HAYAJIA PACCMOTPUM IIPOCTeli-
muit caydait oopasta, MpeJICTaBIIIONIEro co0oi BbI-
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OcobeHHOCTU hOPMUPOBAHUS MAOCKUX HEOLHOPOAHbBIX CTPYKTYP . ..

PE3aHHYI0 U3 IJIEHKM TOHKYIO 3aMKHYTYIO HUTH JIJIH-
ol L. Taxoit 06bEKT MOXKHO CUYATATH OIHOMEPHDLIM
B TOM CMBICJIE, UTO HAIpaBJeHNe HAMATHUYEHHOCTH
Oy/IeT 3aBUCETh TOJBKO OT OJHON KOODJMHATHI X,
KOTOpast OTCYUTBIBAECTCS BJOJbL HUTH. llpm sTOM 13
ypasuenus Jlamaca (3) cieiyer, 9ro 3aBUCUMOCTD
0 or x pomkHa ObITh JuHelHONH. C Apyroit cro-
POHBI, JJIg 3aMKHYTOH HUTH HMEeT MECTO YCJIOBHUEe
O(x+ L) = 6(x) + 27k, re UpOU3BOJIBHOE 1IEJI0€ YUCIIO
k urpaer poss Tomosormaeckoro 3apsana [16]. Cinenosa-
resbho, 0(x) = 2mkx /L + const. Jannoe coorHomienue
3a/1aeT CeMeNCTBO IJIOCKUX MAHUTHBIX CTPYKTYD, KO-
TOPBIE SIBJISIOTCS HEOJHOPOIHBIMI TipH & 7 0.

[ockosbky (V)2 = (21k/L)?, onenku K, u K pist
IPAHMIHOTO 3HAYMEHNsT KOHCTAHTHI AaHU30TPOIIMN COBIIA-
JIAIOT MeXKJy cODOif, 94TO cpasy NPUBOIAT K BbIpayKe-
a0 K = A(2rk/L)?. Kak BuauM, crabuinsams
CTPYKTYP, XapaKTePU3yIOMUXCs OOJIBITIME 3HATCHUSI-
MU TOIOJIOTUIECKOTro 3apsja k, Tpedyer 6ojee CUIb-
Hoit anmzoTponun. JlamHoe 0O6CTOATETHCTBO SBISIETCS
Ba’KHBIM apryMEHTOM MPOTUB TPUMEHEHUS Ha MTPAKTH-
Ke BUXPEIOI00HBIX HeOJIHOPOIHOCTEl ¢ k # +1.

TOHKOII HHUTH  dABJIAETCH
R L/(27). Torma
Kopin = A(k/R)?. VI3 1aHHOTO BBIDAYKeHHs MOYKHO
3aKJIIOUUTh, YTO OCHOBHBIM (DaKTOPOM, HaKJIaIbl-
BAIOIIUM OTPAHWYCHUS Ha 3HadYeHud K, dBIdeTCA
reoMerpuyeckasi KpPUBU3HA 3JIEMEHTOB IUICHKH. B
YaCTHOCTH, HE CJe/lyeT CTPEeMHUTbCS K YMEHBIICHHIO
pa3sMepOB HCIHOJIb3YyEeMbIX AHTUIOTOB (XOTA COOTBET-
CTBYIOIAs MOJIETh BEChbMa YI00HA JIJIs aHAJTUTHIECKUX

YacTHbIM — clIydaeM

TOHKO€ KOJIBIIO paJnyCoOM

pacueros [8,16]): UMEHHO B OKPECTHOCTH AHTHIOTOB
HAMMEHBIIIErO PaIyca GyIeT HAIMHATHCS TIPOLIECC TIe-
PECTPOEHUS CTPYKTYPhl MArHETUKA DU H3MeHeHnn K
HPUBOJAAIINN K PAa3pyLICHUIO BCEIl HEOJHOPOJHOCTH.

6. CJIYUAU ITPOKOJIOTOI'O JAUCKA

IIycte Temeppr MaTepmaj IJICHKH — 3aIOJIHSAET
00J1aCTh, OTPAHUYEHHYIO JIByMsI KOHIIEHTPUIECKU-
MM OKpYKHOCTAMH pajnycamu R u Re;, Tak d9TO
R <r < Ry, TJie BBeJIeHA TOJIAPHAS CUCTEMa KOOP/IH-
HaT (7, ¢). B orsmdme or TOHKO# HUTH, TAKON TIPOKOJIO-
TBIN JIUCK SIBJISIETCSI Y2Ke IPUHITUITNATIBHO JIBYXMEPHBIM
00HEKTOM, OJIHAKO pelleHue ypapHeHus (3) BbINISIUT
cxoxkuMm obpazom: 0 = k¢ + const. CraemoBaTesnnbHo,
(V02 = (k/r)?, orkyma K A(k/R)?, a rakxe
Ky/K; = 2Ilnp/(p* — 1), te p = Rer/R. Hecnoxmo

BHUJETh, 9YTO IPHU pPOCTE p OleHKa K} OBICTPO CTaHO-

BUTCS HEMH(MOPMATUBHOI, IIO9TOMY JIJIsI OIIPEJIeIEHISsT
Konin € TIpueMJIeMON TOYHOCTBHIO HEOOXOINMO PENIUTD
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3a/1a1y Ha cOOCTBEeHHBbIE 3HaUeHUs! (6), IPUHIMAIOIITY O
CJICAYIOIUA BU:
—Aa — (k/r)*a = Ao,

e
foJe
E(T = Rem) =0.

[TockosIbKY HAC MHTEPECYET He BECH CIIEKTP, & TOJIb-
KO HauMeHbIIlee COOCTBEHHON 3HAYEHUE N, 3aJa-
u (14), 6ynem cuurarh, 9To v He 3aBucuT oT ¢. Torma
obiee perienne epBoro ypasienus u3 (14) upegcras-
JiteT co0ofl TMHEHHYI0 KOMOMHAITUIO MOIUMDHUITNPOBAH-
uerx dyuximit Beccens Lip(vV = r) u K. (vV=Mr) (i —
MHUMAsI €IUHHTA; TOJ k 3/eCh U Jajee TOHUMAETCS
abCOJIIOTHAST BEJIMIMHA TOMOJOIMIECKOrO 3apsijia, I10-
CKOJIBKY $ICHO, UTO PACCY’KJEHUS HE 3aBUCAT OT €ro
3HAKA), HOJICTABJIAS KOTOPYIO B IOCJICIHUE JBA YCJIO-
Bug (14), noxygaem

Wi(kpv/ex(p)) = Wi(kv/cx(p)),

K- K; 15

Wi (x) = Lt 1(2) + K1 (2) (15)
Lig—1(2) + Lig1 ()

Bech BBeieHo oboznadenue i (p) = ~A(R/k)?, Tax uto

Koin/ K = cx(p). Haubonbimue kopuu ci(p) ypasme-
uug (15) npu pasaudHbiX 3HAYEHUAX k U p MOTYT OBIThH
HaiiJIeHbl C TIOMOIIBIO UUCJIEHHBIX METOJO0B, UTO IIPHU-
BOJUT K 3aBUCUMOCTH K, /Ky OT p, nokazanuoii na
puc. 2.

K | k
—1—2-3_-4_5
10

6 -7 -8 -9

0.6

0.4

0.2

1 2 3 4 5 6 7 8 9

Puc. 2. 3aBucrmMocTb MUHWMANbHO LOMYCTUMOWA BENHUHbI
KOHCTaHTbl aHusoTponun K,,in, HOPMMPOBAHHOW Ha K¢, oT
OTHOLLEHMNS BHewWwHero R., n BHyTpeHHero R pagunycoB npo-
KOJIOTOrO AMCKA MPU PasfiNnyHbIX 3HAYEHUSIX TOMOJIOMMHECKOrO
3apsiga k. KpacHoii LuTpuxoBoii NMHUeR nokasaHa oLeHKa CHI-
3y K/ Ky

HecioxxHo BusieTh, 9TO HE3aBUCHUMO OT BEJIUIUHBI
k nmeer mecto coorHomenue cx(1) = 1, kotopoe 06b-
ACHSIETCH BBIPOXKJIEHUEM IIPOKOJIOTOT'O JINCKA B TOHKYIO
uuTh npu R, ~ R. Kpome Toro, mpu 60MbIIX 3HAE-
HUSIX p Bee QYHKIWMN ¢ (p) BBIXOASAT Ha MOPU30HTAJIb-
HBIE aCUMITOTHI ¢k (00). DTO CBA3AHO € TeM, 9TO IIPH

6*
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R, — 0o obpaser mpejicTaBisieT coboit HeorpaHuIeH-
HyIO IUIEHKY € OJHHUM aHTHA0TOM pagmyca R. JIxsa sto-
ro ciaydast ypasHenue (15) MOXKHO IIPUBECTH K CIIEITY-
oreMy 0oJiee IIPOCTOMY BULY:

Kik—1(kv/cx(00)) + Kirq1(ky/cx(00)) =

Brioupas

(16)

KopHH ypasHenust (16)
It Kakgoro u3 k, moaydaem ci(oo) = 0.102,
o (00) 0.284, c3(00) 0.402 u 1.0, Takum o6pa-
30M, B pacCMaTpUBaeMOM ciydae oleHka K; jaer
Hauxyjnee MpuomKenne st K, Tpu HEeOOb-
UX 3HAYCHUSAX TOMOJOIMIECKOTO 3apsijia, MpUIeM
upu k 1 mmeer mecTo omubKa Ha MOPsAAOK. B TO

HaMOOJILIITIE

YK€ BpEMs BayKHO OTMETUTH, YTO K., HUKOI/A HE
cocrasyisier Menee 10% Besmumbbl K, a IIOCKOJbKY
Ha IIPaKTHUKE KMEeT CMBLICJI BbIOMpaTh MaTepHaJibl,
KOTOpPBIE YJIOBJIETBOPAIOT cooTHOmeHuio K > Koin
C HEKOTOPBIM 3aIlacOM, TO HCIIOJb30BAHME BEJIMINHBI
K; BmecTo TOUHOTO 3HaUCHUA K )i ABIISETCS BIOJIHE
YMECTHBIM.
Ot/e/bHBIT  UHTEPEC MPEJCTABJSCT CUTYAIHs
Rer — oo, R — 0, cooTBeTcTByIOmas IJeHKEe 0e3
AHTUJOTOB, B KOTOPOI, TEM He MeHee, MMEETCs Heo/l-
HOPOJHAS CTPYKTYpa. DTa CUTYalWsd, Pa3yMeeTcs, He
MOXKeT OBITh OIHMCAaHA B paMKax KOHTHUHYAJIbHOI MO-
JIeJIA, TIOCKOJIBKY TIJIOTHOCTH SHEPIUd B (2) OKa3aiach
6b1 cunrysisipuoit. [loo0HbBIE perieHnst, OTHAKO, MOTYT
MOSIBJIATHCA B PEIIETOYHON MOJIEJN M OIMUCHLIBAIOT, Ha-
[puMep, HEOAHOPOIHOCTU TUIIA, KBA3UIACTULL, KOTOPhIE
BO3HHUKAIOT B MPOIECCAX MepeMarHnInBaHus 0bpasIia,
CBSI3QHHBIX C M3MEHEHHEM TOIOJOIUN PaCIpeIe/IeHNs
namaraugennocru [17]. Ilpumenss B 9roit curyanun
YUCJIEHHBIA [TOAX0/ JjIsl CILIOIIHBIX KBaJIPATHBIX pe-
metok ¢ N or 162 mo 202, 9T0 mo3BogeT yoe uThLCd B
OTCYTCTBUU 3aBUCHUMOCTH pe3y/ibrara OT BbIOPAHHOI'O
pasmepa pemrerkn, umeeM K, ~ 0.938A/b% 1pn
k +1 u Kpin ~ 3.0564/b% mpu k +2. Kak
BUJINM, B 000UX CaydasX K,,;, OKa3bIBAETCS MEHDIIE
A(k/b)?> w npuEEMaer 3HaueHHs, OJU3KHE K ITOM
Beqmmamae. CpaBHUBasi Ke IOJIyYeHHBIE PE3YJIbTaThI
¢ BbIpaxKeHusiMu it K, TIOJy9IEHHBIMA B paMKax

KOHTHHYAJIBHONW MOJIEJIH, HAXOUM, 9TO 3D heKTUBHbIE
3HadeHnsi R, OTBeUYAIONINE eCTECTBEHHBIM IIyCTOTaM
BHyTpu perterku, paBubl 0.330 u 0.61b myisax k = +£1 u
k = £2 coOTBETCTBEHHO.

7. CJIVUAM IIJIEHKU C ABYMSI
AHTNOOTAMMI

Pacemorpum najiee HeOrpaHUYIEHHYTO IJICHKY C JIBY-
Msl OJIMHAKOBBIMU AHTUJOTAMU pajmyca R, paccros-
Hue Mexay neHtpamu Op m Os KOTOPBIX pPaBHO a
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(puc. 3). B srom ciyvae pemenue ypasrenust (3), or-
BeYAoIee YEIUHEHHON HEOJIHOPOJIHOCTH, UMEET BH/I
0 = k(¢1 — ¢2), /1€ BBEJIEHBI B HE3ABUCHMBIE CUCTE-
MBI TIOJISIPHBIX KOOPJAUHAT (11, 1) u (r2, ¢2), HATIpAB-
setust 1 = 0 u 2 = 0 KOTOPBIX COBIAJAIOT C JIyIOM
0501, a earpsl cBazanbt ¢ Toukamu Cy u Cy, mpuHa/I-
aexarmumu otpesky 0102, mpuaem |O1Cq| = [02Cs| u
|C1C3| = va? — 4R?. Ha puc. 3 0Ka3aHO pacipejesie-
HUE HAMArHHYEHHOCTH, COOTBETCTBYIOIIEE TAHHOMY pe-
nreHnio npu k = 1; JIpyrue 3HAYEHUS TOIIOJOIHIECKOTO
3apsja Jajee He pacCMaTpPUBAIOTCH.
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Puc. 3. BuxpenogobHasi cTpykTypa, JIoKann3oBaHHas Ha ABYX

aHTngoTtax ¢ ueHtpamu B Todkax O1 n Oz. KpacHbiMu okpy»x-

HOCTSIMU 0BO3HaueHbl rpaHuubl aHTUaoToB. CuHue cTpesnku

MOKa3bIBAlOT HanpaefieHne HamarHuy4eHHocTn B obpasue, ce-

pble CTpenku — MoBefeHMe COOTBETCTBYOWNX (hOpMasbHbIX
peweHunii B 0bnacT aHTMAOTOB

Hecnoxno ybemuThbest, 9TO B U3y9IaeMOi CUTYAITTN
(V0)? = (]C1C2| /(r172))%. B obaactu o6pasiia 3T0 BbI-
pazkeHune JIOCTUTaeT MaKCUMyMma B Toukax Fy1 n Fao Ha
Kpasix aHTHJIO0TOB. BBIMUCISAS 9TOT MAKCHUMYM, HAXO-
JIUM

A a+2R

Kt:ﬁa—ﬂ%'

(17)
HecmoTpst HA TO, UTO TIO/TyUeHHAsT OIEHKA, KaK Oy/IeT
SICHO B JIAJIbHEIIEM, JaeT CUJILHO 3aBBIIIEHHbIE 3HATEe-
uus i Ky, (ipu aroMm onenka K Boobuie nenndop-
MAaTHBHA), BbIpakenue (17) Mo3BOJISIET BBIIBATH BasK-
HYIO OCOOEHHOCTD M3ydaeMOil CHCTEeMBI. 3aMeTHM, {TO,
coriacuo (17), K; HEOIDAHUYEHHO PACTET HE TOJBKO
upu R — 0 (310 cOOTBETCTBYET CJIy4ai0 aHTHIOTOB
MAJIOro pasmepa, KOTODbIi yxKe 00CYZKJaJCcs BbIIIE),
HO u npu R — a/2, KOrja CTAaHOBUTCH MAJIBIM 330D
|F1F2| mexay anTugoramu. [IpuauHa 3akiodaeTcs B
roMm, uto 1pu |[F1F3| — 0 roukn C; u Cay Takke cme-
MAIOTCS K KpasiM aHTU0TOB, B IIpejiesie coBajiast ¢ Fq
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OcobeHHOCTU hOPMUPOBAHUS MAOCKUX HEOLHOPOAHbBIX CTPYKTYP . ..

u Fo. Bnarogaps asToMmy Best HEOTHOPOTHOCTD COCPEJIO-
TAYUBACTCA B MAJIOW 0OJIACTH MEXKIy AHTUIOTAMHI, U
KPUBHU3HA, XapPaKTEPU3YIONAs MarHUTHYIO CTPYKTYDY,
CTaHOBUTCS OOJIBITION, HECMOTPs Ha KOHEYHYIO KPUBU3-
HYy BCEX 3JIEMEHTOB CAMOIl ILIEHKU. TeM caMmbIM OIEH-
ka ceepxy A(k/R)? nist Kpin, riae nog R nonumaercs
HaMMEHBIIUN PaJNnyc KPUBU3HBI CPesi BeeX nepdopa-
Ui, BCe YK€ HOCUT HE YHUBEPCAJbHBIN XapaKTep: dTo-
6b1 m36exkaTh pocra K,in, HEOOXOINMO BBHIOMpATH HE
CJIMIIIKOM MaJible 3HAYEHUs Kak JJjIs pa3MepoB repdo-
parnumit, Tak U JjI paccTOAHUi Mexk 1y HuMu. Konkper-
Hast KOJTMIECTBEHHAS PEKOMEHIAINS CJIEIyeT IIPU STOM
u3 Belpakenus (17), koropoe npu GUKCHPOBAHHOM @
nmeeT Touky MuEEMYMa R, = a(v/5 —1)/4 ~ 0.31a.
Orcroma cireyer, daro isi (bopMupoBaHusi HamboJiee
YCTOIYHMBOI HEOIHOPOIHON CTPYKTYPHI CJIe/lyeT BhIOU-
paTh 3a30pbl MEXKy AHTUIOTAMU, IPUMEDPHO DaBHbBIE
UX PaInycCy.

B caydae pacrpejiesienns, IOKa3aHHOIO Ha PHUC. 3,
[IPUMEHEHNE AHAJUTUIECCKOTO IIOXO0/a OKA3BIBACTCS
3aTPY/IHATENIBHBIM, [TO3TOMY s onpejesneHus K,ip
BOCIIOJIB3YEMCSI YHCJIEHHBIM U SMINPUYECKIM I10/IX0/[a~
wmu. [TepBorit okasbiBaeTcs 3HEKTUBHBIM IIPU CPABHU-
TEJIHbHO OOJIBINX 3HAYEHUSIX (, KOLJA AHTUIOT MOXK-
HO MMHUTHUPOBATH BCET'O YETHIPbMs BAaKAHTHBIMHU y3Jla-
MU PEIIeTKH, 00pa3yomyMu KBaIPAT; IPU STOM IIPU-
6mkenno nmojiaraeM b = R. B cBoro ouepeb, smmupu-
9EeCKUI TTOJIXOJT XOPOIIO TPOBIIIeT cebst Tpu HEOOJIb-
X 3a30Pax MKy aHTHUIOTaAMH, HO C POCTOM @ Ha-
YUHAIOT CKA3bIBATHCS OrDAHUYEHUS, KOTOPbIE CBs3a-
HBI C KOHEYHOCTHIO Pa3MEPOB 00Pa3Iia, MUCIOJIb3YeMO-
IO TpH YUCJEHHOM MOJIEJIMPOBAHUU. SHAYCHUST K ppin,
paccanTaHHbIE HA OCHOBE 0DOUX TOJXO0B, TPUBE/IEHBI
na puc. 4. IIpu 3ToMm ¢ 11e/1b10 yCTpaHeHns OTUCAHHBIX
BBIIIIE HEJIOCTATKOB SMIUPUYECKOTO II0JXO0/1a JTMHAMU-
qeckuii mporece, orpanndennbiit 1000 urepariuit onru-
MHU3aTOPa, OBLT MOBTOPEH pu orpanndennn B 2000 ure-
paruii; oIy YeHHble Pe3yJIbTaThl HAXOIUIUCH B IIPE/Ie-
JlaX He3HAYUTEIbHO rorpentHocT. Kak u 02Kuaa/10ch,
[IpU OJIHUX U TE€X YKE PACCTOSHUAX ¢ JIBA MOIXO0J1a IIPU-
BeJIN K HEMHOT'O PA3HBIM 3HAYCHUAM K7, ITO 00bsIC-
HeAETCs KaK CBOMCTBOM SMIINPUYECKOIO HOJIX0/a, KOTO-
pBIli HEMHOT'O 3aHUXKAET PE3YJIbTAT, TAK W B OOJIbIIEi
CTEIIeHU TeM, UTO IIOJIXO/IbI ONNPAIOTCH Ha PA3INIHbIE
busngeckue mojenn. Tem He MeHee, B 000UX CIIyUasIx
suaveHust K, ;, IPU YBEJIMICHUN G CTPEMATCH K HEKO-
TOpoil mocrostHHON Besmunae. OUEBUIHO, TOJIOXKEHUE
TaKOH rOPU30HTAJILHON aCUMIITOTHI JIOJIZKHO COBIIQ/IaTh
¢ ¢1(00) = 0.102: upu yuajJeHuu aHTUAOTOB JAPYr OT
Jpyra KaKJbIil M3 HUX CTAHOBUTCS yKe HU30JIMPOBAH-
HBIM aHTHIOTOM, YCJIOBUS YCTONYINBOCTH JIJIsI KOTOPBIX
OBLIN U3yYeHBI B IPEJBIIYIIEM Pa3/iee.
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Puc. 4. 3aBucMmocTb MUHUMaNbHO LOMYCTUMOI BENUYUHbI
KOHCTaHTbl aHu3oTponun K, OT PacCTOSIHUS MEXAY LeH-
Tpamu aHTUAOTOB. 3eNeHON JIHMER MokasaHbl pesy/ibTaTsl,
MOJIyYEHHbIE C MOMOLLbLI 3MMUPUYHECKOrO MOAX0AA, JINI0-
BOI — C MOMOLLbIO YNCNEHHOTrO. KpacHO WTPrXOBOA NnHMeNR
0003HaYEHO MONOXKEHNE MPEANOosiaraeMoil acuMNTOTbl 0bonx
rpachukos. Mo ocn opguHaT MacwTab norapudpmuyeckuii

Puc. 5. AmnanTyga yrna Bbixofa BeKTOpa HaMarHWYeHHO-

CTV W3 MJIOCKOCTM MJEHKN BO BCEX €e TO4YKaxX B MpoLecce

pa3pyLUeHUs NIOCKON HEOLHOPOAHON CTPYKTYpbI, YTPaTUBLUENA

ycToliuneocTb. JInnoBbiMn KBagpaTamu 0b03HaYEHbI MOOXKe-
HUS aHTUAOTOB

ITomumo Besmmunubn K, YUCJIEHHBINA 1I0XO0J I103-
BOJIFET TaKyKe HAWTH COOCTBEHHBIN BEKTOP Ugnip MaT-
puriel B. Ha puc. 5 npuBe/ieHO COOTBETCTBYIOIIEE €My
TUIUYHOE IIPOCTPAHCTBEHHOE DPACIIPE/IesIeHIe aMILIU-
TYJBI YIJIA (v, KOTOPBIl OIIPEJIE/IsIET BBIXO BEKTOPa Ha-
MarHU9YeHHOCTU U3 IJIOCKOCTH IIJICHKY B IIPOIIECCE Pas-
pyIIennst IIOCKOH CTPpYKTypbl. Kak BuanM, HanOOJIb-
mast aMIUTATYIa HAO/IIOMaeTcs Ha KpasX aHTUIOTOB B
obyracTu MeXIy HuMH, T.e. B Toukax F; m Fg, mo-
KA3aHHBIX HA PHUC. 3. DTO BIOJHE COTJIACYEeTCs C TOi
JIOTUKOM, 4TO pa3pylleHue HEOJHOPOHON CTPYKTYPBHI,
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YTPATUBIIEH yCTONINBOCTD, JOT?KHO HATHHATHLCS ¢ 00-
JracTeil, XapaKTepu3y oI cst HAanOOIbINeil KPUBU3HOIA,
OJIHAKO pedYb 3JIeCh UJET OUATDH Ke He O KPUBU3HE dJ1e-
MEHTOB CaMoll TJIeHKHU, a O KPUBU3HE HAOJII01aeMOil B
Hell MATHUTHOM CTPYKTYPBI. 37eCh HEIKBUBAJICHTHOCTH
9TUX HNOHATUI CHOBA OKa3bIBACTCHA CYIIECTBCHHOM.

8. SAKJIFOYEHUNE

Takum o6pa3om, Ha TPAKTUKE BEJIUINHA KOHCTAH-
ThI aHKH30TpONNU K, IPH KOTOPOil TJI0CKAsT MAaTHUTHAST
CTPYKTYPa sABJISIETCS YCTONUUBOI, MOUTH BCETIA MOYKET
OBITH onpeiesiena 13 cootHontenus suga K > A(k/R)?,
rje 1o R moHMMaeTcs HAMMEHBIUI PaJInyC KPUBU3-
HbI 9JIEMEHTOB IUICHKH (B CIy4ae HEKPYIJIBIX 3JIeMEH-
TOB CJIeJLyeT TOBOPUTD O CPEeJIHEH KPUBU3HE JJICMEHTA).
3adacTyio 3T0 TPeOOBAHIE MOYKET OKA3AThCS CIUITKOM
JKECTKHM, OJIHAKO OIEHKA P ITOM OKa3bIBAETCS 3a-
BBIIIEHHOI He Oosiee yem B 10 pas. B psme ciyuaes,
OJIHAKO, OIEHKA MOXKET OKA3aThCs W CUJIHLHO 3aHUKEH-
HOIf, 9TO XapaKTEepHO JIJIsl IJIEHOK, B KOTOPBIX 3a30PbI
MEXKJy AHTHJIOTAMHU CYIIECTBEHHO MEHBIIE Pa3MepOB
caMux aHTHA0TOB. OUeBUIHO, MOXKHO TOCTPOUTH U OO~
Jlee 9K30TUIECKHUe IIPUMEPBI, OIMPOBEPIraloIie MpUBe-
JIGHHOE COOTHOINIEHHUE: HAIpUMED, B 00pa3snax, coiep-
JKAIIX MHOYKECTBO AHTHJIOTOB PAa3JIMIHOTO pa3Mepa,
¢ KOTOPBIMU CBSI3aHBI PA3JIMIHBIE TOMOJOTUIECKHE 3a-
pasbl, embica Beipazkenus A(k/R)? neobxomumo cooT-
BETCTBYIOIUM 00pPa30M KOHKPETH3UpOBaTh. TeM He Me-
Hee, OHO JIAeT XOPOIILYIO OTIPABHYIO TOYKY JIJIs BBIOO-
pa MArHUTHBIX MaTEPHAJIOB, ITOJXOJSIUX JIJIsI PEasIn-
3alMM Te€X WJIM HHBIX [JIOCKUX MArHUTHBIX CTPYKTYD
B IUTEHKAX C HETPUBHUAJLHOI Tomojorueit. Kpome To-
r'0, €CJIN TPOCTHIX OIEHOK OKA3bIBAETCSI HEJIOCTATOTHO,
TO OTPAHUYEHUS HA BEJUYIUHY KOHCTAHTBI aHM30TPO-
[IUU BCETJIa MOXKHO YTOUHUTH, UCIIOJIb3YS OJINH U3 TPEX
[10/IX0JI0B, PA3BUTBIX B JIAHHOM padore.

B kaugecTBe mpumepa mMarepuasia, KOTOPBIi B COOT-
BETCTBUU C TPUBEICHHBIME PACTETAMH ITPEJICTABIISIETCST
MEPCIIEKTUBHBIM B CMBICJIE €70 TPAKTUIECKOTO UCTIOb-
sosanust, Mmoxkuo npusectu NdCos. Coracuo [18], sTo
COoeIMHEeHTe XapaKTepusyeTcs 3HadenmeM K = 4 - 107
Ix/m3, crnenosatenbho, gaxe mpu A = 1071 JTx /M
HEOJIHOPO/THBIE CTPYKTYPbI U3y9YaeMOro TUIIA yCTOHIN-
BBl IIPU TPOU3BOJILHBIX 3Hadenusax R > 0.5 M, 91O
MOKPBIBAET BCE BOSMOXKHBIE CJIyUal UX PEAbHOTO MIPH-
MEHEHUS.

dunancupoBaHue. Pabora nmpoBejieHa B paMKax
FOCYJIAPCTBEHHOTO 3aJIaHUs IO BBIMOJHEHUIO HAYyTHBIX

uccseoBanuii jaboparopusmu (npukas MN-8/1356 or
20.09.2021).
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