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Henuneiinas

OUHAMHUKA U HEHpOHayKa

YIK 621.391.01

PEI'YVIISIPHBIE 1 XAOTHYECKHE KOJIEBAHUSA B MOJAEJIN ACTPOLIMTA
C PEIYJISINUENA TUHAMUKHA KAJBIHUEBOI'O BBIBPOCA

B. B. Mampocoel, H. B. Eom)bzpegal, B. b. KaeaHue61’2

'Hmxeroponcknii rocynapctennbiii yausepcuter M. H.U. JloGaueBckoro
*Uncruryr npuknagnoit gusukn PAH

B crarbe uccienyeTcs AMHaMUKa MOJIEIH aCTPOLMTa — TIMAIBHO KIETKU TOJIOBHOTO MO3-
ra, perylupyoliei koaeGaHnst OCHOBHBIX CHTHAJIbHBIX KJIETOK — HEHPOHOB. 3a CUYET CIIOKHBIX
MOJICKYJISIPHBIX NPE0Opa30BaHUN aCTPOLMTHI CIIOCOOHBI F€HEPUPOBATH KaJbLMEBHIE aBTOKO-
nebaHus, KOTOpbIe, B CBOK O4YEpellb, CBA3aHBI C BHIOPOCOM BO BHEKJIETOYHOE MPOCTPAHCTBO
HEHPOAKTUBHBIX BEIECTB. B TPEXKOMIIOHEHTHON MOZENM acTPOLUTA, YUYUTHIBAIOIIEH, B OTIIU-
4pe OT KJIACCHYECKUX MOZENIed XMMHYECKOH BO30YIHMMOCTH, PEryJsLHIO Ipouecca BbIOpoca
KaJIbLHsl 38 CYET HEIMHEHHOM AMHAMUKN MHO3HUTOI-TpHudocdara, npoBeneH 6upypKalMOHHBIH
QHAJIN3 YCTOWYMBOCTH COCTOSIHMH PaBHOBECHs, BOSHUKHOBEHMS PETYISPHBIX M XaOTHYECKHX
kosiebanuii. [Toka3aHo, B 4aCTHOCTH, YTO y4eT AMHAMHUKU MHO3MTOI-TpUdocdaTa MOXeT Mmpu-
BECTH K BO3HMKHOBEHHIO CIIOXKHBIX JMHAMHYCCKUX PEKHUMOB, BKIIIOYAs MYJIBTHCTAOUIIbHBIC
PEKUMBI TCHEPALIMHI U UMITYJIbCHBIE KOJICOAHUS CIOKHOH (OPMBI.

Kniouesvie cnosa: Actporur, Kanboui, reHepanus, oudypkamnus, xaoc.

BBenenue

HccnenoBanus npuHIHUIIOB paObOTHl MO3Ta U MOCTPOCHUE a/IEKBAaTHBIX MaTeMaTnye-
CKUX MOJIeJIeli ero CTPYKTYp U (DyHKIMH SBIAIOTCS B HACTOAIIEE BpeMs OJHON U3 TII00ab-
HBIX MEXIUCLUIUIMHAPHBIX Hay4dHBIX 3anad [1]. Hapany ¢ TpaaumuoHHO M3ydacMbIMHU B
HEJIMHEVMHON NMHAMHUKE MOJECISIMU HEMPOHOB U HEHPOHHBIX CETEH Ba)KHYIO pOJIb B CO-
BPEMEHHBIX HEHPOHAYYHBIX 3a/adaxX HaYWHAIOT UTPaTh IIHAJbHbBIE KIETKU (aCTPOLUTHI),
TaKkKe 00pa3yrolre CeTH U B3aMMOJCHCTBYIONINE C OCHOBHBIMU CUTHAJIBHBIMH KIETKaMU
— HelipoHaMu. Kak moka3pIBalOT MOCHEIHUE HCCIEAOBAHUS HEHpo(dU3HU0I0ros, HeHpoH-
[IHAJIBHBIE B3aUMOJEHUCTBUSL MOTYT UIPATh CYLIECTBEHHYIO POJIb HE TOJIBKO B IpoOLEccax
HOAJCPKAHUS KU3HEACATECIPHOCTH HEHPOHOB, HO M B CUI'HAJBbHBIX (DYHKLUSX, PEryIH-
pyst BO3OyAMMBIE CBOWCTBa HEHPOHOB M 3()(EKTHBHOCTh CHHANTHYECKON IMEepefay CHT-
HaoB [2]. Takas MOAYSAIMS OCYIISCTBIISIETCS 32 CUET XUMHUYECKHX B3aWMOJCHCTBUN U
MOXET OBITh ONMCAHA B paMKax CJICAYIOIIMX OCHOBHBIX (DYHKIIMOHAJIBHBIX CXEM.
e [lpu cpabaTsIBaHNM CHHAITHYECKOH CBS3M MEXIy HEMpOHAMHU MPOMCXOIUT BHIOPOC
BO BHEKJIETOYHOE IPOCTPAHCTBO HEHPOAKTUBHBIX XMMHYECKUX BELIECTB, HEUpOIIE-
pPEenaTYNKOB. DTH BEIIECTBA JAECTEKTUPYIOTCS COCEAHUM HEHPOHOM, YTO NPUBOJUT K

B.B. Mampocos, H.B. bonowipesa, B.b. Kazanyes
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BO3HMKHOBEHHUIO OTBETHOro curiaia. OgHako dacTb Helpomepenarduka nuddys-
JUPYET OT CHHANITHYECKOTO KOHTAKTa M MOXKET OBITh 3aXBadeHa COCEIHHMH acTpo-
mUTaMy. OTO IPUBOAUT K KacKaly MOJIEKYJSIPHBIX IPeoOpa3oBaHUM, Pe3ylbTaToM
KOTOPBIX SABJSIETCA T'€HEpallui KaJbIIMEBBIX UMITYJIbCOB. C TOUKU 3pEeHUS HETHHEH-
HOW AMHAMHKH, 3TOT MpPOIecC MOA00EH KIIAaCCHUECKOW CXeMe aBTOTeHEparuy KoJre-
Oanwmii [3].

e lI3MeHeHHE KOHIIEHTPAINH KaJIbIIUs IPUBOIUT K BEIOPOCY aCTPOIIMTOM APYTHX HEw-
POAKTHBHBIX BEILECTB (IIMOTPAHCMHUTTEPOB), KOTOphIe, AU (YHAUPYS BO BHEKIIE-
TOYHOM MPOCTPAHCTBE, AETEKTHPYIOTCA COCEAHHMH HEHpOHaMH. DTO MPHUBOAWUT K
HN3MEHEHHIO KaK BO30YyAMMBIX CBOMCTB CaMHUX HEHPOHOB, TaK W K M3MEHEHHIO 3(-
(PeKTUBHOCTH CHHANTHYECKON mepenadn (YCHJICHHIO MM OciIablIeHuIo CHHAITHYe-
CKOW cBsi3HM) [4,5].

e ACTpOUMTHI CBA3aHBI MEXIy COOOI MOCPEICTBOM TaK Ha3bIBAEMBIX IIEJIEBBIX KOH-
TaKTOB, AMHAMUKA KOTOPBIX ONHUCHIBAETCS NHHEHHON Muddy3rnoHHON CBA3BIO, 00-
pa3ys TakuM oOpa3oM B MO3TY CETH acTPOLUTApHBIX KIETOK. Uepe3 KOHTAKThHI, B
YaCTHOCTH, MOTYT MPOXOANTH MOJIEKYIBI HHO3UTON-Tpudochara ( UTD). Kak 65110
MOKa3aHO B HEJaBHUX MOJIEITBHBIX padorax, apdekt nuddy3noHHON CBI3M MOXKET
MIPUBECTH K CIOHTAaHHON T'€HEpalud KaJbIIMEBHIX KOJNICOAHWI B CETH acTPOIUTOB,
BO3HHKHOBEHHIO MYJIBTHCTAOMIIBHOCTH U CJIOKHBIM (Xa0THUECKUM) pexxumam [7-9].
B pacnipeneneHHBIX MOZIENAX KaJBIIMEBON CUTHAIN3AIIUH BHYTpUKIIeTOUHas Tuddy-
3us UT® mpuBoAMT K BOSHUKHOBEHHIO CIOXKHBIX KOJICOATEIbHBIX PEXHUMOB, BKIIIO-
Yasi peXHMBI CaMOOpTraHN30BaHHOM KputuaHOocTH [10].

e Pactymmii nHTEpec HccienoBarene K aCTpOLUTaM CBA3aH TaKKe U C TE€M, 4TO 3TH
KJIETKH KOHTaKTHPYIOT KaK C HEHpOHaMU, TaK U C KJIETKaMH KPOBEHOCHBIX COCY/IOB,
YTO JIeNaeT UX yNOOHOH «MHUILIEHBIO» AJISl JOCTABKH BEIIECTB, BO3ACHCTBYIONIMX Ha
MO3I, U JIEKapCTBEHHBIX CPEACTB [2].

DKCIepUMEHTANbHbBIE UCCIIEIOBAHUS aCTPOLIUTOB MOKA3bIBAOT, YTO AuHamuka U TO
BO MHOTOM SIBIISIETCSI OIPENEIAIONICH B MPOIECcCe BOSHUKHOBEHUS KallbIIMEBBIX KoJebOa-
HUH, ockonbky UT® (akTHueckn «3ammyckaeT» KaJbIIMEBBIA T'eHepaTop, oOecreunBas
BBIXOJ] MOHOB KaJNbIUS W3 BHYTPHUKICTOUHBIX XpaHmiuil. UT®D BoBIeueH B MHOXXECTBO
CIIOKHBIX MOJIEKYJISIPHBIX KaCKaJOB, YACTh U3 KOTOPBIX HE YUUTHIBAECTCS B TPAJUIIMOHHBIX
YIIPOILEHHBIX MOJENEN acTpOUUTOB. YueT JuHaMUKU TP npuBOgUT K TPEXKOMIIOHEHT-
HBIM MOJIEJISIM, TJI€ TUHAMUYECKHE PEKUMBI MOTYT BKJIIOYATh BOSHHKHOBEHHE CIIOXKHBIX
Xa0THYECKUX KoeOaHuil (cM., Harpumep, [6]). B onHo# M3 HegaBHUX MoJeNell acTpOIH-
TapHOW JMHAMHKH, TIpeIokeHHOH ne [IutTa ¢ coaBropamu [5], ObUTH yUTEHBI TPOIECCHI
HenmHeiHo# penakcanuu UTO 3a cuer aktuBHOCTH niporenHkuHa3bl C (ITKC). Takas mo-
Mu(UKAIAS TIO3BOJIIIIA TTOYYUTh KAIBIIMEBBIC CUTHANEI 00JIee CIOKHON U PeaTlCTHIHOM
(hopmbl. OTHAKO, TMHAMUYECKIE MEXaHU3Mbl BOSHUKHOBEHHS TaKHX KOJEOAHUI OMUCAHBI
HE OBLTH.

B nanno#i pabote MBI mcciexyeM Mozenb ne Ilurra [5] kamplmeBoro reHeparopa
C peryisiuell KajablIMeBOTO BBIOpOCa ¢ MOMOIIbI0 OM(YPKAIIMOHHOTO aHajiM3a U IMOKa-
3BIBAEM, YTO YUETOM TAKOH PETYISAIUH MPUBOANUT K YCIOKHEHUIO OM(ypKaIlMOHHBIX Me-
XaHU3MOB TeHepaluu KojeOaHui, BOSHUKHOBECHHIO MYJIBTUCTAOUIBHOCTH U XaOTHUECKHUX
KOJIcOaHW Nake B OMWHOYHOM KIIeTKe. MBI TakyKe HCCIEAyeM OCHOBHEIC TUHAMUYCCKUC
XapaKTePUCTHKH KoJeOaHU, n3MeHEeHUs UX (OPMBI C TIOMOIIBIO aHaMK3a (Pa3oBBIX MPO-
SKINI ¥ TTIOCTPOCHUS OMHOMEPHBIX OM(ypKaIMOHHBIX JHarpamM.

B.B. Mampocos, H.B. Fonovipesa, B.b. Kazanyes
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1. Mogean

PaccMoTpuM Mozens XMMHUYECKOM CUTHAIM3ALMHY ACTPOLUTA C YYETOM HEJIMHEHHON
penakcaruu UT®, npemnoxkeHHyro B padote [5]:

I
dt
c
dt

dh
dt

= Oﬁ_|_

Osks
ks + 1

= Qp(hoo — h),

pa(@nmih® +Qr)(Co — (1 - pa)C) — OpH(C?, K,),

H(C? Ky) — O3 H(C*, Kp)H(I, K3) — Q5,1

(1)

rae I — xonuentpauust UT®, C' — BHyTpUKIeTOYHAS KOHLEHTpAUMs KajabUusi, h — OIS
WHAKTUBUPOBAaHHBIX MTd-3aBHCHUMBIX KaHAJIOB 3HOIMIa3MaTHUecKoro peTukyinyma (OP),
(0<h<l), H(z,K,n) = 2" /(z"+K") — ¢pynkuns Xwuia (x — nepemeHHas, n u K —
MapameTpshl), Moo = H(I, dl)H(C, d5), Qp = OQ(QQ + C), Q2 = dQ(I + dl)/(I + dg),
heo = Q2/(Q2 + C). KoHCTaHTBI U MapaMeTpbl, BXOSIINE B BBIPAKCHUS JUIS TPABBIX
yacteit Mmoaen (1), onpenendrorcs KHHETHKOM OMOXMMHUYECKUX MTpeoOpa3oBaHuil, U ycTa-
HOBJIEHBI B COOTBETCTBHH C JKCIIEPHMEHTAIHFHBIMH JTaHHBIMH HCCIEJOBAHUS KYyIBTYPHI
acTPOLMTOB. 3HAYECHUSI KOHCTAHT M JHMala30Hbl M3MEHEHUsl napaMeTpoB g monenu (1)
TIpuBeIeHEI B Tabmuiie comtacHoO JaHHBIM CTaThH [S].

Tabmuma
[Tapametp Omnucanue 3HaueHus PasmepHOCTB
Op Cxopoctb npopyuuposanust UTD
npu akruBanmu Gocdonumnassl C 3, PLCH 0 wMs™*
Os Cxopoctb npopyuuposanus UTD npu
aktuBaun $oconumazsr C 8, PLCO >1 uMs=1
ks KoncranTa mopasnenus docdonunassr C & 1.0 uM
O3k MaxkcumanbHast ckopocTh Aerpagauuu UTO
3a c4eT 3-KMHA3bI >1 uMs™!
Qsp MaxkcumanbHast ckopocTh Aerpaganuu UTO
3a cuer aedochonuprupoOBaHUs 0.01 st
Ks Adduanocts Ca?t k PLCH 0.5 uM
Kp Adduanocts Ca’t k 3-kunaze 0.5 uM
Ksk Addunnocts UTD k 3-xunaze 1.0 uM
pa CooTHomeHne Mexay oosemMamu DP 1 1iuTo3011 0.5 -
Qn CkopocTs BeGpoca Ca®" uepes UTD 3aBucuMbie
peuenropsl OP 6.0 st
Qr Ckopocts yreukn Ca®" uepes MmemGpany DP 0.05 st
Co [TonHas kKOHUEHTpALMS Ca’T B xuerke 7.2 uM
Op MakcumanbHast CKOPOCTh 3aKauKH Kaibius B OP
AaKTHBHBIMH HacOCaMu 1 uM st
K, Addunrocts Ca®" k akTHBHBIM Hacocam 0.1 uM
d1 Koncranra nuccounanuu UTD 0.1 uM
da VHakTHBAIMOHHAs KOHCTaHTa Auccouamun Ca’t 1.05 uM
ds KoncranTa gucconmanun UTO 0.1 uM
ds AKTUBaIlMOHHAs KOHCTAHTa JUCCOLIMALINU Ca’t 0.08 uM
02 CKOpOCTh CBSI3BIBAHNS HHAKTHBAIIMOHHBIX TEHTOB
UT®d-3asucumbIx penentopos ¢ Ca’t 0.2 s71
B.B. Mampocos, H.B. bonowipesa, B.b. Kazanyes
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H(x,K,n) OTMeTHM, 4YTO TIpoIleccaMHu OOMe-
4 3 2 Ha KaJlbLIUsl C BHEIIHEW cpelod B Moje-

0.8 mu (1) mpeneOperaercst. Bunsl QyHKIMM

0.6 Xumna A MOAEIBHBIX 3HAYEHUN mapa-
T 1 METpPOB IpenacrapiaeHsl puc. 1. OcHOBHOE

0.4 ommmure monenu (1) oT mpeamecTBeHHHU-
KOB (Hampumep, TakKe TPEXKOMIIOHEHT-

0.2 HOH Momenu Yimmaxa [11]) 3axmrouaeTcs B

3 y4eTe MOJEKYISIPHBIX MEXaHU3MOB HEJU-

HeliHoU nerpajganuu UTO, onocpenoBan-
HOM aKTUBHOCTBIO Pa3INIHBIX ()EPMEHTOB.
Puc. 1. Bun ¢pyakunu Xunia Ipu 3HaUYCHUAX TapaMeT- HexoTopble pe3ysbTaTsl HCCIEIOBAHUSA MO-
poB:n =1, K =1 (muns /), n =2, K = 0.5 (m- penu (1) npuBenens! B [5]. DTH pesynbra-
mit 2); no=4, K = 0.5 (mung 3), n =2, K = 0.1 ) HOATBEPKIAOT aJ€KBATHOCTH MPEIIO-
(e ) JKEHHOM MaTreMaTW4eCcKOl MOJEIN U OIH-
CBHIBAIOT 0a30BBIC JMHAMHYECKHUE PEKUMEI B BUJIE OTHOMAPAMETPUIECKUX 3aBUCHUMOCTEH.
B nanHO# paboTe MBI IPOBOAMM paclIMpeHHbIN OU(ypKAIIIOHHBIN aHATN3 JUHAMUKH MO-
nmemn (1) B mIockocTd ABYX mapameTpoB. OH OCHOBaH Ha METOIAX TEOPHH KOJEOaHWMIA
U Teopun OMdypKanuii ¢ ucmonb3oBaHueM mnporpammaoro xomrekca JHC [12]. [damee
OCTAaHOBHMCSI HA aHAJHN3€ MONYYCHHBIX PE3YJIETaTOB.

0 0.5 1.0 1.5 x

1.1. Awnanu3 paBHoBecHBIX cocTosinnii. B (azoBom nmpoctpancTBe crcremsr (1)
B 3aBHCHUMOCTH OT 3HAYCHHUH IapaMeTPOB MOXET cymecTBoBaTh b0 ogHo — O (O3),
6o tpu — O1, Oz, O3 cocTosiHus paBHOBecHs (pHc. 2, a). KoopauHaTel ycTOWYHBEIX CO-
CTOSIHUI PaBHOBECHsI OIIPEAEIIIOT CTalMOHApHbIe KoHUEeHTpauu UT®, kanpuus u 1oio
OTKpBITHIX KaHanoB OP. Ha puc. 2, 6 mpeactaBineHo pa30HeHHE IIOCKOCTH NapaMeTpoB
(O3K,Os) mMomenu (1) Ha 00NACTH C PA3TUYHBIM YHUCIIOM M YCTOWYHMBOCTHEO COCTOSIHUH
paBHOBecHus. 31ech 00JacTh CYIIECTBOBAHUS TPEX COCTOSIHUN paBHOBECHS OTpaHUUYCHA
IITPUXITYHKTUPHBIME JUHUSAME [ 1 2. Ilpu BbIXozme M3 3TOH oOnacTé uyepe3 JUHUIO [
CIIMBAIOTCSl M MCYE3AIOT cOCTOSTHUS paBHOBecHs O3 u Oz, HA JIMHUK 2 — COCTOSIHUS PaB-
HoBecust O1 U Oy. IIyHKTHpHBIC TUHUU 3 COOTBETCTBYIOT CMEHE YCTOWYMBOCTH COCTO-
SHUM paBHOBECHSI, KOTOpasi MPOUCXOAUT B pe3yibTare Oudypkanuu AHapoHOBa—Xorda.
Toukamu Ny, Na, N3, Ny OTMeUeHBI 3HaU€HHs IapaMeTpoB, Ilie MepBasi JSIMyHOBCKas Be-
nnunHa L oOpamaercs B Honb. Ha yyacTkax JuHUM 3, paclONOKEHHBIX HIDKE TOUKH N3 U
BbIle N4, CMEHA YCTOHYUBOCTH COCTOSIHUN PaBHOBECHS POUCXOAUT KECTKO, TOCKOIBKY
3neck L>0. Ha ocTanpHBIX ydacTKax JIMHUM 3 CMEHAa YCTOWYMBOCTH COCTOSHHUM paBHOBE-
cust porcxoauT Msrko (L<0). B toukax N1 u Ny cocrosiHue paBHoBecusi ()] UMeeT JBa
HYJICBBIX COOCTBEHHBIX YHCJA, B 3THX TOUKaX JUHUS 2 U JHHUS 3 CONPHKACAIOTCA.

Ha puc. 2, 6 cBeTIO-CephbIM IIBETOM OTMEYEHBEI 00JIACTH BlA, B]LB7 BC, TIe MOZIEIb
(1) mmeeT omHO YCTOWYHMBOE COCTOSHHE PABHOBECHS, TEMHO-CEPHIM I[BETOM — 00acTh B3
C IIByMsl YCTOWYHMBEIM COCTOSHHSIMH paBHOBecHs. B oOmactu By yCTOMYHMBBIE COCTOSHH-
MU paBHOBecHs B ()a30BOM TpocTpancTBe Mozenw (1) oTcyTcTBytoT. B obmactax Bi' u
BlB cocrosinus paBHoBecusi O1 u O3 yctoiiuuBsl miobansHO. B obnactu Bz B dazoBom
npoCTpaHCTBe cUcTeMBbI (1) CyIIECTBYIOT JBa YCTOHUYMBBIX cOCTOsHHS paBHOBecus O,
O3, GacceiHbl MPUTSDKEHUST KOTOPBIX paslelisieT yCTOWYMBOe MHBAPHaHTHOE MHOTroo0pa-
3ue ceana Oz (puc. 2, a). Koopaunarer C*, I* ycTOHYMBBIX cocTOosHUM paBHOBecHs O] U
O3 TaKoOBBI, YTO OHH ONPENEISAIOT BBICOKYI0 M HU3KYIO KOHIEHTpanuio Kanpiust u UTO,
COOTBETCTBEHHO. TakuM 00pa3oM, paBHOBECHBIC 3HAYCHHUS] KOHIICHTpAIMH TPH 3HAYCHH-

B.B. Mampocos, H.B. bonovipesa, B.b. Kazanyes
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Puc. 2. K ananusy cocrosiHuii paBHOBecHst Moaenu (1): a — kaueCTBEHHBIH (a30BbIi MOPTPET MPH 3HAYCHHUIX
napameTpoB u3 obnactu B3, 6 — cTpykTypa miockocti napamerpos (Osx, Os) npu Qs, = 0.01

X HapaMeTpoB M3 obnacTu B3 ompenensioTcs HadaabHBIMM yCIOBUSMH. OTMETHM Tak-
K€, YTO IIPHU BapHalUsIX MapaMeTpoB KOHUEHTpauuu Kajnpius U MTO mMoryt n3MeHATbCA
mo pazHoMy. Ha puc. 3 mpuBeneHsl ogHONApaMeTPUIECKHE JUarpaMMbl, HIUTIOCTPHPYIO-
LIME€ HEKOTOPBbIE BO3MOYKHBIE CLICHAPUU 3BOJIIOLMM KOHLEHTpauuil kanpuust, UTD u no-
1 nHakTUBUpOBaHHBIX U Td-3aBucumbIx kaHaaoB OP mpu Bapuanusx mapameTpoB Osx
n Os. Ha nuarpammax ycTOWYMBBIC M HEYCTOWYHMBBIC BETBH OTMEUCHBI CIUIONIHBIMH W
ITyHKTHPHBIMH JIMHUSMH COOTBETCTBEHHO, TOUKH K1 M K9 OTpa)karoT CMEHY yCTOMYUBO-
CTH PEKMMOB CTAllHOHAPHOW KOHLIEHTPALUH, Cepble 00JIaCTH XapaKTEepU3yIOT AHana30Hbl
M3MEHEHHs KOHLeHTpauui kanbuus, UT® u nonu MHAKTUBUPOBAHHBIX KaHAJIOB B aBTO-
KosebarenbHbIX pexuMax. OcTaHOBUMCS Ha aHaIM3€ IIPEACTAaBICHHBIX Auarpamm Oosee
oPOOHO.

[Ipu mocTpoeHnn aAuarpaMm, NpeACTaBICHHBIX Ha pHC. 3, 0,2,e, HaYaJIbHbIC 3HAYC-
HUS T1apaMeTPOB pacIoyiaraliich B 00JacTu BlA (O3x = 0.08, Oy = 0.06). danee, He
menss O3k, 3HAYEHUS TAPAMETPOB TIIABHO MepeMelanich B obnacts B, npoxons mpu
oM obmactu Bs u BY. TTpu noctmkennu mapamerpom O 3Hauennit 0.0001, ocymecTs-
nsicst obpaTHbIiA X011, U3 obnactu BY B o6macts Bi'.

B obmactu Bf1 peanusyercs PekKUM BBICOKOM KOHIeHTpanuu Kaiabiusa 1 UT®, npu
HU3KOH JIONM WHAKTHBUPOBAaHHBIX KaHanoB OP. C ymeHblieHreM (g KOHIICHTpAIMU Ta-
JAIOT, MTOJIT MHAKTUBHPOBAHHBIX KAHAJIOB PacTET, B TOYKe K| YCTOWYMBBEIA PEKUM CTa-
LIMOHAPHOM KOHIICHTPAIIMK 3aMEIIaeTCsl aBTOKoyeOarebHbIM. B aBrokoneOaTenbHOM pe-
JKUMe KOHIeHTpauuu Kanpuusi, UT® u 1nons MHAKTUBUPOBAHHBIX KaHaioB OP mepuo-
JUYECKU MEHSIOTCS, AUANa30Hbl U3MEHEHMsI IEPEMEHHBIX Ha JUarpaMMax OTMEYEHBI ce-
pbIM 1B€TOM. BHUIHO, 4TO KOHUEHTpalusa KaJbLMs U JOJ WHAKTUBUPOBAHHBIX KaHAJIOB
HU3MEHAIOTCS B IIMPOKOM Juana3oHe, a kKoHueHtpauus MTO npakTuyecku HE OCLUIUIH-
pyert. Ilpu yobiBannu Oy aMruMTyna KojleOaHU KOHIICHTPAIUU KabIWs YMEHBIIACTCS,
npu Oy = 0.01298 aBTOKONEOATENBHBIA PEXHUM pa3pylIaeTcs, Bce (a3oBble TPACKTO-
PHUH YCTPEMIISIIOTCS K YCTOHUHUBOMY COCTOSTHHIO paBHOBecus: (O3, ONMPEACIIAIONIEMY PEXKUM
HU3KON PaBHOBECHOM KOHLEeHTpauuu Kanblusg 1 UTD u BBICOKON N0JIM MHAKTUBUPOBAH-
HBIX KaHaIOB. JlanpHeliee ymenbiieHue Oy BIEYET CHHXKEHHE KOHIICHTPALUU KaJbLIUs
u UT®D, HO 5TH m3MeHeHHs IUIaBHbIE U HeOoumpimme. Jlos HHAKTUBUPOBAHHBIX KaHAJIOB
MPaKTUYECKU He MeHseTcs. [Ipu u3aMeHeHuHu 3HaueHui mapamerpa Og B 00paTHYIO CTO-
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Puc. 3. OgHOomapamerpryecKkue JUarpaMMBbl, OTPaKaloIIne 3BOJIONNN KoHIeHTpauuii kansius, UTD u nepe-
menHo# h B 3aBucuMocTH 0T Os pu Oz = 0.08 (4,6,0) u Oz = 10 (6,2,¢€), 25, = 0.01

pony (mpu ysennuenun Oy) xoopaunatsl C'3 u I3 coctosnus paBHoBecust O3 pacTyT, 4To
XapakTEepU3yeT IUIABHOE YBEJIMYEHHE KOHLEHTpauuid kanbuusa, UT®. Ilpu goctmxeHun
O3 = 0.048273 npoucxXonut pe3koe yBeIMueHHe KOHLEHTPAIUii, KOTOpble pH albHeH-
mieM pocte Oy TOBBIMIAIOTCS, HO YK€ IUIaBHO. J{0J1s1 MHAKTUBHUPOBAHHBIX KAHAJIOB MPHU
npoxoxaenuu O pe3ko cHuxkaerca. B (a30BoM IpoCTpaHCTBE PE3KOE yBEIUYEHHE KOH-
LEHTpAIIMid CBA3aHO C MCYE3HOBEHUEM COCTOSHUS paBHOBecHs (J3, U epexooM (ha3oBbIx
COCTOSTHHH K YCTOWYMBOMY COCTOSIHUIO paBHOBecusi (1.

3aMeTHM, 4YTO B TOUKE K1 TEOPETHYECKU CMEHA YCTOMYUBOCTH IIPOMCXOIUT MSTKO!,
TO €CTh OHa JOJDKHA COIMPOBOXKIATHCS POKICHUEM aBTOKOJICOAHWN MajOW aMILTUTY/IBL.
B npeiicTBUTENBHOCTH XK€, U3 PUC. 3, @ CIIEAYET, YTO IIPU MPOXOKIEHUU TOUKU K| KOHIICH-

! Cmena ycroumMBOCTH COCTOSIHMS paBHOBecHs ()1 NMPOMCXOMUT B PE3yNETare GH(ypKAMH AHIPOHOBA
Xoma, npy 3TOM IHepBast JsinyHoBcKas Bennuuna L < 0.

B.B. Mampocos, H.B. bonovipesa, B.b. Kazanyes
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TpaLysl KAJIbLUS cpa3y HAuYMHACT U3MEHSTHCS B IIMPOKOM JHAIa30HE, YTO XapaKTePU3YeT
KECTKHI MEXaHN3M BO3HHKHOBEHHS KoieOaHWHA. DTOT 3(h(eKT Mbl OOBSICHUM HIXKE, IPU
paccMOTpPEHHH aBTOKOJIEOATENbHBIX PEKUMOB.

Teneps paccMOTpUM 3BOTIONHIO KOHIEHTpauui kaiapuus 1 UTD npu Bapuanusax Oy
B cirydae Osx=10 u Q5,=0.01, xorga B dazoBom npoctpancTse Mozaenu (1) cymecTyer
OJIHO COCTOSIHHE paBHOBECHS. DTH M3MEHEHHUS XapaKTepu3yloT TuarpaMMbl Ha puc. 3, 6,2.
3necy mapamerp Oy cHauana ymenbinaics oT 0.6 no 0.0001, moToM yBenUYMBAICS OT
0.0001 mo 0.6. B pesynbsrare HaOMONAIKCH cleAyIOMIUe sBAeHUA: Tpu yMeHbineHnH Og
1o Touku K koHnenTtpanuu Kanbius 1 U'TO npaktudecku He MEHAIOTCS, B Touke K| Ha-
OromaeTcs KECTKUH Iepexo]] Ha aBTOKOJIeOaTeNbHBIH PEXUM, aMIUIUTyAa KOTOPOTO IpU
yobsiBanuu Oy yMeHbIIaeTcs 10 Hyis (B Touke Ko), nanee B paiione Oy = 0.5 Habmromaet-
Csl pe3koe CHIKeHHue KoHleHTparuil. [Ipu oOpatHOM Xozne HaOmromaeMble paHee SIBICHUS
COXpaHsAI0TCA BIUIOTH 10 Touku K. Ilocne Ttoukm K cymecTByeT HeOONbLIONH MHTEp-
Ba, rae mozpenb (1) memoHcTpupyeT OuctabuibHoe noseneHue. IIpu paccmaTpuBaeMbIx
3HAYEHUSIX MMapaMeTpPOB MHTEPBaI OMCTAOMIHPHOCTH HACTOJBKO Mall, YTO Ha MPEACTaBICH-
HOM IuarpamMMe OH He BujeH. M3 aHanmu3a MmpecTaBiIeHHbIX JUarpaMM U CpaBHEHHS UX C
JuarpaMMaMH Ha pHc. 3, a,6 ciienyerT, 4yTo npu yBeandeHun Osx Cy>KaroTCsl TUana3oHbI
n3MEeHeHHs KoHIeHTpanui Kaibiust u UTD (kak B cTallMOHapHBIX, TAK U aBTOKOJIE0aTeNb-
HBIX pEeXHUMax), YMEHBIIAETCS 30Ha THCTepE3nca, P 3TOM MHTEPBaJIbl CKaYKOOOpPa3HOTO
BO3pACTaHUs COXPAHIIOTCS.

1.2. Anaau3 aBTOKOJIe0aTeJBHBIX peskuMoB. OO1acTh CyIIecTBOBaHHS aBTO-
KoJie0aTeIbHBIX PEXKIMOB MPHUBEICHa Ha pHC. 4, OHA BRIJENIEHA CEPhIM LIBETOM. | paHMIIaMu
obnacTu ciyaT OMQypKallMOHHBIE KPUBBIE MPEAENbHBIX LUKIOB Monend (1), B 4acTHO-
CTH, KacarenbHOU Omdypkaruu (MuHHS 4), OMpypKaIMH YIBOCHHUS mepuona (JTUHHUS 6),
nemmn cenaparpuc cemia Oy (IMHHUA 7), MHOTOOOXOIHBIX HeTenb cemaparpuc cemia O
Y yABOCHHUS TEPHOAA UKIOB OONbIIoN kpatHocTH (mHUA 9), OudypKrarmun AHIPOHOBA—
Xomnda (myHKTUpHBIE TUHUK 3). KpoMme nIHMHUM, orpaHMYMBAIOMUX 00NACTh CyIECTBOBA-
HUs aBTOKoNeOaHui, Ha puc. 4 MpUBeIeHb OM(YpPKALMOHHBIE KPUBbIE NPEAEIbHBIX HK-
n0B (JiuHMK 5, &), HE MPUBOISLINE K MCUE3HOBEHUIO aBTOKOJIEOAHUM, U COCTOSIHUN paB-
HoBecus (uuaun /-3). VI3 ommcanus rpaHuil 001acTH CyIIeCTBOBAHMUS aBTOKOIeOaTEIEHEBIX
PEKUMOB CIeqyeT, 4To B (Ha30BOM IMpo-
cTpaHcTBe Mozenu (1) ycroiluuBele mpe-
JeTIbHbIE [UKJIBI HOSBIIOTCA B PE3yNbTa-
Te Omdypkannu AnapoHoBa—Xomda, Ka-
carelnbHON Omdypkaluu, a Takxke H3 ro- 0.14
MOKIMHAYECKOH TpaekTopuu cemna Oa.
OcTtaHOBUMCS Ha aHaJIM3€ 3THX Ouypka-
uu Golree moapoOHO.

B pesynerare Oudypkxannn AHIpO-
HoBa—Xor(a TepsieT yCTOWIHBOCTh COCTO-
sHue paBHOBecusi (J1, COOTBETCTBYIOLIEE
BBICOKOM KOHIIEHTpanuu Kanbius u UTO.
Ha puc. 4 »roii O6udypkanum oTBEHArOT
MyHKTHpHBIE JuHUH 3. Ilpu nmepeceueHnu 3
YUACTKOB JTOH JHHHH, PACHOJOKEHHBIX Puc. 4. K anamusy C'OCTOS[HI/II/I aToKoJ1e0aTeIbHBIX

pexumoB Mozenu (1): nByxmapameTrpudeckas Ou-

BbILIE TOUKH No, M MEXKIY To4kamu N3 H (bypKalMOHHas aMarpaMMa B IUIOCKOCTH MapaMeTPOB
N4 B dazoBom npoctpancTBe Moaenn (1) B (Ozx, Os) mpu Q55 = 0.01

Os

0.014

B.B. Mampocos, H.B. bonowipesa, B.b. Kazanyes
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OKPECTHOCTHU COCTOSIHUS paBHOBecust (J1 MOSABIACTCS MpeneibHbId MUK Lo. ITockombky
TiepBast JISIMyHOBCKAasl BEWYMHA HA PAacCMAaTPUBAEMBIX ydacTKaxX JUHUM 3 OTPUIATEIbHA,
TO B MOMEHT POXKICHHUS UK Lo yCTOHYMB, a €ro aMIUIMTyaa Majia. HamoMHuM, 4to cMme-
Ha YCTOHYMBOCTH COCTOSIHUS paBHOBecusi (J1 mpH (UKCUPOBAaHHBIX 3HaueHWAX Osx Ha
y4acTKe JIMHUU 3, IPUMBIKAIOIIEM K Touke N2, mpoucxomut ¢ poctoM (O, a Ha ydacTKe
Mmexay Toukamu N3 U Ny nipu yobiBanuu Og. Ha yuacTke TUHHM 3 BbIIIEe TOYKH N4 U HU-
ke ToYKd N3 cMeHa ycToiunBocTH ()1 TIPOUCXOIUT 3a CUET CTATUBAHUS B TOUKY CEIUIOBO-
IO MPEACTBHOIO LUKJIA, KOTOPBIN MOSBIACTCS IPU NEpeceYeHnt IMHUK 4 ciieBa Halpaso,
B pe3ysbrare OudypKauy ABYKpaTHOrO HpenenbHoro mnukia. OdpatuM BHUMaHME HA TO,
YTO JIUHUS 4 MPOXOIMT JieBee JIMHUM 3, TO ecTh B Mojenu (1) ¢ pocrom mapamerpa Osx
aBTOKOJIEO0aHMS BCerna MOSIBISIOTCS XKeCcTKo. B cepoif obmact, pacmoioXeHHOW MEXIy
JUHUAMU 4 1 3, yCTOMUYUBBIN MpeAeNbHBIN MK L1 CYIIECTBYET COBMECTHO C YyCTOWYH-
BBIMHU COCTOSIHMSIMH PAaBHOBECHSI, aMIUTUTYy/Aa LUKIA L W3HAaYaIbHO HE Maja, IIPU YBEJIH-
gennn Osx oHa pacret. [losBienue B ¢azoBoM npocTtpancTse Monenu (1) ycroitumoro
NpeeNbHOTO NUKIa L1 10 CMEHBI YCTOHYMBOCTH COCTOSHHS paBHOBecus ()1 OOBSICHSET
HaOIroaeMyro KapTHHY JKECTKOTO TIepexo/ia Ha aBTOKOJIe0aTeNbHBIN PEeXUM IIPU yBEJINYe-
oM O3 (ymensinennn Og) Aaxe B clydae MSTKOH cMeHBl ycroiuuBoctd O .

PaccmotpumM aBa ciieHapust Bo30ykaeHUS aBToKodeOanuii B moaenu (1) mpu BeIxome
u3 obmactu Bi' ¢ ymensmenuem Oy Tpu (pUKCHPOBAHHBIX 3HaYeHHAX O3f¢: KOTIa CMeHa
ycroitunBoctr O nponcxoaut xectko (pu Osx = 1) u msarko (mpu O3 = 0.1) (puc. 5).

Cnyuau O3 = 1, puc. 5, a. B obnacru B{‘ cucrema (1) To0anbHO aCHMIITOTH-
YECKH YCTOMUYMBA, EAMHCTBEHHBIM aTTPAKTOPOM MOJIEINH SIBISETCS COCTOSIHUE PaBHOBECUS
O1, B obnactu D1 eqUHCTBEHHBIM aTTPAKTOPOM MOJIENH siBsieTcst nuki L. J[Burasich ¢
yobiBanueM Og u3 obnactTu B{1 B 00macte D, mocinenoBarensHoO MepecekaeM JIMHUU 4,3
(puc. 5, a): Ha MUHKUUN 4 B pe3yabTaTe KacaTelbHON OM(ypKaluy BOSHUKAIOT YCTOWYHBBIN
Ly u cenynoBoii 1] — npenenbHble HUKIIBL, TIpH yMeHbineHnu Oy uukisl Ly u [ pacxonsT-
csl, IPU 3TOM aMILTUTYya nukia 7 yowsiBaet g0 Hynsa. [luki I craruBaercs B Touky Op
Ha JIMHUK 3, coCcTOsIHHE paBHOBecusi (J1 TepseT yCTOMUMBOCTE kecTko (L > 0), dpa3oBbie
TPaeKTOPUH U3 €r0 OKPECTHOCTH YCTPEMISIIOTCS K UKy L1 Gonbmioit ammmutynsl. [Ipu
nanpHelmeMm ymeHbieHnu Oy aMmrumTyaa nukia Ly yOweBaet. IIpu oOparHoMm xone (mpu
yBenmuennu Og) amrumaTya nukna Ly pacret, ipu Oy = 0.1784 1ukn L cTankuBaercs ¢
HEYCTOMUYMBBIM LUKIOM /1 U ncue3aeT. Pa3oBble TPACKTOPUM BO3BPAILAIOTCS K yCTONYH-

C C Lo
1.4 1.4
121 12
1.0 1 1.0
08 - R 0.8
0.6 j 8 = 0.6
-0 1 Ol —__J‘///é/// .
04 b=zz-"7"" : s : .

" —— 04 T T
0.10 012 014 016 018 O 6 020 021 022 023 Oy

a

Puc. 5. Jluarpamma 3BOJIONUHM MaKCMMYMOB KOHIEHTPAI[MH KallbIUs B aBTOKOJIEOATEILHOM PEKHME IPU
m3menennu Oy ipu O3 = 1 (a), Ozx = 0.1 (6), Qsp = 0.01
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BoMYy cocTosiHuIo paBHOBecust (1. Takum obpa3om, Mozens (1) nmeer 30Hy OMCTaOMIEHO-
ro MOBEACHHUsS, 00YCIIOBIMBAIOIIAs TUCTEPE3UCHBIC SIBIICHUS HA TPAHUIIC CYIICCTBOBAHUS
ABTOKOJICOATEIIBHBIX PEIKUMOB,

Cnyuaii Oz = 0.1, puc. 5, 6. JIpurasce ¢ yossanuem Oy u3 obnactu Bi' B 06-
nmacTh Do, TOCIENOBATENLHO TepecekaeM TUHUU [,4,3,5: Ha nuHuu [ B (a3oBoM mpo-
crpanctBe monenu (1) mosiBnsieTcst ycToHunMBoe coctosiHre paBHOoBecus: (J3, KOTOpoe He
BHOCHUT M3MEHECHHI B MOBEICHIE MOJICNIN; Ha JTUHUH 4 B pe3ylbTare KacarensHOu Oudyp-
Kallud BO3HUKAIOT YCTOMUYUBEIN L1 U ceUI0BOM /| IpeaeNbHbIe IIUKIIbL, TPU YMEHBIIICHUN
Os kbl L1 u I} pacxomarcs; Ha JIMHUM 3 COCTOsHUE paBHOBecus (J1 TepseT YCTOM-
YUBOCTH, B €T0 OKPECTHOCTH BO3HHMKACT YCTOHMYMBBIN MPENCNbHBIA UK Lo Manon am-
IATYABI, Tpu yObiBanuu Oy aMIuIuTyaa 1ukia Lo pacTeT, OHAKO 3TOT POCT OTPaHUYCH
BpEMEHEM >KU3HU IHKJIa, KOTOPOE MPOMOPIUOHAIBHO PACCTOSHUIO MEXAY JuHusmu 3 U
5; Ha muHUHM 5 1uKiIa Lo CTaNKuBaeTCs ¢ MHUKIOM /] M MCYE3aeT, B pe3yibTare (pa3oBbie
TPACKTOPUHU U3 OKPECTHOCTH IMUKIA Lo CPaBHUTEIHHO MAJIOH aMILTUTYIBI YCTPEMIISIOTCS
K UKy L1 00npmIoi aMmmuTyael. Tak Kak cMEHa YCTOMYUBOCTH COCTOSTHUSI PaBHOBECHS
01, pOXKICHUE ¥ UCUC3HOBEHUS MPENEIBHOTO KA | MPOUCXOAUT HA MAJIOM UHTEpBAJIe
M3MCHEHHS MapaMeTpPOB, TO KapTHHA BO3HUKHOBEHUS aBTOKOJCOAHMH MPH MITKOH CMEHe
ycroitunBoctr (1, aHAJIOTHYHA KapTHHE, HAOIIOIAeMOM MPH KECTKOW CMEHE YCTONYHBO-
ctu O;.

Teneps mpocieanM 3BOTIOIUIO aBTOKOIe0aTEIEHOTO PEeKMMa NP BBIXOJE U3 00Ia-
creit D1 u Dy cyliecTBOBaHUSI aBTOKOJIEOATEIbHHBIX PEKUMOB. B mporiecce YnCIeHHBIX
SKCIIEPUIMEHTOB HaMH BBISBICHO OOJIBIIIOE pa3HOOOpa3ue CIICHApUEB pa3pyIICHUS aBTOKO-
nebanuii. PaccMOTpuM HEKOTOpbIE U3 HUX.

[pu BeIXOHIE W3 oOnacTu DD Yepe3 y4acTOK JMHUM 3, MPUMBIKAIOIINI K Touke No,
aMILTUTY/Ia aBTOKOJIeOaHUI YMEHbIIaeTCs 10 HyIs — B pa30BOM mpocTpaHncTBe monenu (1)
YCTOWMUYUBBIN TIpeiebHbIN MK L1 cTsaruBaeTcs B Touky (J1, coctossHue paBHoBecus Op
CTaBUTCA YCTOWYHMBBIM, W CHCTEMa MEPEXOANT B PEKUM CTAIIMOHAPHBIA KOHIICHTPAIIHU.
[Ipu oOpaTHOM ABWKEHHH TI0 TIApaMeTpy depe3 kpugyio 3 cocTosiHue paBHoBecus O Te-
pSIET YCTOMYUBOCTH, B €70 OKPECTHOCTU MATKO POXKIIAETCS YCTONUMBHIN MpeAeIbHbIN UK
L. TakuM 00pa3oM, B OKPECTHOCTH Kpueoil 3, MPUMBIKAIOMEH K Touke [No, THCTEPE3UC
OTCYTCTBYET.

Puc. 6 OTpaXacT USMCHCHUA KOHICHTPALIMU KaJIbIUA U MEKCIIAaUNKOBOTO HWHTEpBaJa
B aBTOKOJIEOATEIHLHOM PEXKUME IIPpU BapUualusax 03 K- W3 anammza OpeaACTaBICHHBIX qUa-

At

C) 30 A
1.2 }
1.0 4 43
0.8 20
0.6 15
0.4
0.2 - 10 7

0 T T T T T T T T T 1 5 T T T T T T T T T 1
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Puc. 6. OBomonus MakCUMalbHBIX 3HAYEHUH KOHICHTPAINi KaJbIlHs (a) ¥ MEXCIIAaHKOBOTO HHTEpBaia (0) B
aBTOKoJebareapHOM pexxume npu Bapuaimsax Osx npu Qs,=0.01, O5=0.08
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rpaMM clieyeT, uTo ¢ poctoM O3k B aBTOKOJIEOATEIIEHOM PEXXHMe KOHIIEHTPAIHS KaTbIUs
MOHOTOHHO YOBIBAE€T 10 HEKOTOPOTO CTAI[HOHAPHOTO 3HAYEHUSI, MEKCITAHKOBBIN HHTEPBAJ
cHavana Bo3pacrtaeT, npu Oz =2.0975 npunumaet 3Hadenue At = 30.12, nanee yObiBaeT
o At = 9.12 npu O3 =9.5575.

B mmamazone O3x € [0.16; 1.95] HIKHEW TpaHULEN CYIIECTBOBAaHUS aBTOKOJE-
0aTeNbHBIX PEXHUMOB CIY)XUT OM(ypKalMOHHAs KpHUBas METAH cenaparpuc (JIMHHUA 7).
B stom mHTepBane mpu nepexone u3 obmactu D B obmacThb Blc ¢ yobiBanuem Oy cHa-
gaja nepecekaeM JuHuI0 / motoM JuHui /. [Ipn nepeceuenun auaum / B pa3oBOM Mpo-
CTpPAHCTBE MOSBIISETCS YCTOHUMBOE COCTOsTHHE paBHOBecHs (O3, I00aNbHAsS YCTOWYHBOCTh
npenensHoOro uKia Ly Hapymaetcs. [Ipu nmepeceuennn auHUM 7 TpeNeibHBIN UK L
Wcue3aeT, BIUMNas B METII0 cenaparpuc, Gpa3oBble TPACKTOPUU U3 OKPECTHOCTH IPENEib-
HOTO ITUKJIA YCTPEMIISIOTCS K YCTOMYMBOMY COCTOsHHIO paBHOBecus (3. [lockombKy UK
L ucye3aeT B METIIO cemaparpuc, TO mepuoj KoiaeOaHui mpu NpUOIKEHUN K JTUHUHA 7
CTPEMHTCSI K OSCKOHEUHOCTH, MPU 3TOM aMIUIMTyAa Kojebanuit no nepemeHHbiM C u [
OoCTaeTcsl MPAaKTUYECKH HEM3MEHHOU. MI3MeHeHre KOHUEHTpaluid KalbIUs U MEXKCIanKo-
BOTO UHTEpPBaJia B aBTOKOJICOATEIIbHOM pexiMe ¢ yobiBanneM (s WILTIOCTPUPYET puc. 7.

3neck nmka ucyesaer npu OF = 0.011316, rne cocrosnue paBHoBecus O3 UMeeT
cinenyromue koopauHarel [3 = 0.04491, C5 = 0.05207, h; = 0.95275. Eciu, Haxo#sch B
obmacTu Blc HayaTh oOpaTHOe JIBUWXeHHe B o0nacte Di, yBenmuuBas Oy, TO BOCCTAHOB-
JICHWE aBTOKOJIEOATEIBHOTO PEeXUMa TPOHM30HAET NpH nepecedeHuu iunuu /. Ha puc. 7
aBTOKoOJIeOaTeNIbHBIN pexrmMa BoccTaHaBnuBaeTcst pu Oy = 0.0384, rae cocTosiHUe paB-
HoBecus O3 umeer koopauHatsl I3 = 0.036, C'; = 0.050, hi = 0.954.

B unrepsane Osx € [1.95,4.345] nunamuka mozmenu (1) Gorara u pazHooOpasHa.
3nech B 3aBHCHMOCTH OT 3Ha4YeHHWH MapamMeTpoB MOXKHO HAOIONaTh peryisipHbIe Koyeba-
HUS C TIpocToit (puc. 8, a, 6) U CIOKHON CTPYKTypoi (puc. 8, 6, ¢) (Ma4edHyl0 aKTHB-
HOCTB C Pa3INYHBIM YHCIIOM KOJICOAHWH B Iauke), a TakKe pasHOOOpa3HbIe XaOTHYECKUE
koseOanust (puc. 8, o, e). [Ipu BbIXOJe M3 OONACTH CYIIECTBOBAaHUS aBTOKOJICOATEIBHBIX
PEKUMOB B paccMmarpuBaeMoM uHTepBasie O3 MOXKHO HaOIFOaTh XaOTH3AIMI0 KoyieOa-
HUH, MSITKUE U JKECTKHE MEePEXObl MEKAY XAaOTHYECKUMHU U PETYISIPHBIMHU JBIDKEHUSIMU
pa3TUYIHON CIOXKHOCTH, POPMHUPOBAHUE TAYCUHON aKTUBHOCTH U €€ pa3pyllieHue. YIoms-
HYTBIE TIEPECTPONKH TUHAMHUYECKUX PEKHMOB IPOUCXOIAT Kak mpu Bapuanusx (s, Tak
u nipu uamenennu Ospc. [pu 9TOM HabmIOaeMble KapTHHBI OU(YPKAIIMOHHBIX TIEPEX0I0B
npu yBenudenun O win O3 He COBNANAKOT C KAPTHHAMM, HOIYYEHHBIMU IPH 00OPaTHOM

¢ Af -
0.095 400 -
0.090 5056 -
0.085

] 200
0.080 -
0.075 - 100 7
0070 T T L) T T T L) T T T L) 1 0 T T L T T T L T T T L T 1
0.040  0.044  0.048 O ’ 0.040  0.044 00448 O

a

Puc. 7. OBomonus KOHICHTpanuK Kanbus (MaKCUMalbHBIX 3HaueHui mepeMenHoll C' B aBTOKOIE0aTEILHOM
pexume) (a) u MexcnaiikoBoro untepsaia (6), npu ymensiienun Oy 111 Ozx = 0.5, Q5,=0.01
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0.22 0.22
0.08 0.08
o 0.09 I 0.11 0 t 500
0.23 0.23
C : ‘ C WWV
0.07 0.07
6 0.09 1 0.10 0 t 500
0.24 0.24
C C MJ JWMMUA/
0071~ " | 007 /
e 0.097 I 0.101 0 t 1000
0.23 0.23
) ) WMV
0.08 0.08
> 0.094 I 0.101 0 t 500
0.25 0.25
¢ ¢ | i | | |
\ \
0.09 0.09
P 0 0 4 1500
0.18 0.18
ol ! ol | 1 i il
! ki L
0.09 ' 0.09
e 0.097 I 0.101 0 t 1500
Puc. 8. (I,C)-npoexunu u (t,C)-octmmuiorpammsl artpaktopoB momenu (1) mpu Oszx = 2.1, Os =

= 0.0375 (a), O3 = 4.4, Os = 0.059 (6), O3k = 2.15, Os = 0.037925 (8), O3k = 2.1, Os = 0.0373 (o),

Osxk = 2.14, Oy = 0.037895 (0), O3 = 3.85, O = 0.048 (¢)
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o

Puc. 9. DBomonums xapakrepucTuK (KoHIeHTpauii kaibius C' 1 MeXCIaikoBOro HHTepBaia At) aBrokoseba-
TEJIBHOrO pexkuMa npu ymeHblueHun Oy B cnydae Osx = 2.13 u yBenuuenun Oz B cnydae Oy = 0.03768,
Qs5, = 0.01

0.038 _ 2.114 2.13

uaMeHeHun mapamerpa (npu ymenbiieHud Oy i O3r), YTO CBHIETEIBCTBYET, O CYIIe-
CTBOBaHUH 30H MYJIBTHCTAaOWIBHOTO TMOBeNeHHs. Puc. 9 mumoctpupyeT Tpanc@opMaiuio
ABTOKOJIEOATEIBHBIX PEKUMOB NPU M3MeHeHHx napameTpoB Oy u O3 .

BriBoabI

B pabote nposenen 0udypKalMOHHBINM aHATU3 TPEXKOMIIOHEHTHONH MOJIEIH acTpo-
IIUTa C HETMHEWHOW KMHETHKON peryssiiiy BhIOpoca Kanblus. B mpocTpaHcTBe mapamer-
POB BBIJCIICHBI 00JACTH C Pa3TUYHBIM JUHAMAYECKUM ToBeneHneM. OHM BKITIOYAIOT: 00-
JACTh TIIOOATFHOW YCTOWIMBOCTH MOJEIH, TJIe €IUHCTBEHHBIM TUHAMHUYECKUM PEKAMOM
SIBIIICTCST PEKUM CTAIlMOHAPHON KOHIIeHTpamuu KainbItus u UTD; obmacts OHCTaOMIBEHO-
CTH ¥ COCYIIECTBOBAHMS JIBYX CTAIIMOHAPHBIX PEKUMOB C BRICOKMM M HM3KUM YPOBHSIMHU
PaBHOBECHBIX KOHLeHTpanuii kanpius 1 UT®D; obnacte no0anbHON yCTOWYMBOCTH aB-
TOKOJIE0aTeTLHOTO PEeKUMa, T KOHIEeHTpanuu Kajipluus U UTO u3mensrorcs mepuonu-
YeCKH;, 00JaCTh COBMECTHOTO CYIIECTBOBAHUS PEKUMOB CTAIMOHAPHOW U MEPUOAUYCCKH
M3MEHSIOIUMUCS KOHLUEHTpauusaMu Kaiblus u UTO.

[Ipoananu3upoBaHbl U3MEHEHUs] KOHIEHTpauuu Kanbiusd U UTO mpu Bapuanmsx
napaMeTpOB MOJETH. YCTaHOBIICHO, YTO B 00ONAacTH Maibix 3HaueHHsX (Osx CYIIECTBYET
nuarna3zoH o napamerpy Og, TA€ CUCTeMa JIEMOHCTPUPYET MYJIBTHCTA0WILHOE MOBEIC-
HUE, TIPU KOTOPOM PE3YJbTAT YCTAHOBJIEHHUS BBICOKOM WJIM HU3KOM KOHLIEHTPALIMHU KaJblUs
u UT® ompenensdeTcs Ha4adbHBIM COCTOSHHEM (HAYaTbHBIMH YCIOBHSAMH) WJIH, HAIPH-
Mep, BHEITHUM HMITYIbCOM, IepeOpachIBAIONINM CHCTEMY B OOJAacTh MPHUTSHKEHUS TOTO
WM MHOTO COCTOSHUA. J[nHaMuKa B 00JacTH Majblx 3HaueHUsIX Ogzx npu Bapuanuax O
XapaKTepU3yeTCsl TUCTEPE3UCHBIMU sIBIIeHUsIMH. B oOnactu Oonbinux 3HadeHuit O3 TH-
CTEepE3UCHbBIC sIBICHUS NMPH Bapualiusix Oy OTCYTCTBYIOT, HO IIPH 3TOM SIBJICHHE CKauK000-
pPa3HOTO M3MEHEHUS KOHIICHTpaIuii coxpansercs. OTMETHM, YTO BO3ZHUKHOBEHHE OHCTa-
OMJIBHOCTH SIBJISICTCS CIICACTBHEM ydeTa B Mojenu (1) HeMMHEWHOH KHHETHKN pellakcaruy

B.B. Mampocos, H.B. Fonowipesa, B.b. Kazanyes
14 UzB. By30B «ITH/I», T. 23, Ne 1, 2015



HUT®. CrannoHapHbBIC PEKHMBI, II0 CYTH, ONPEACIIOTCS OaJlaHCOM MEXIY TeHeparuen
HUT® 3a cuer PLC-0 u Henuuetino# penakcanuein UTO.

[Hanee, Obutn nccnenoBanbl Ou(ypKalMOHHBIE MEXaHU3Mbl BOSBHUKHOBEHHST aBTOKO-
nebaHuil. YCTaHOBIIEHO, YTO aBTOKOJIEOaHHSI MOTYT MOSIBISITHCS B pe3ynbTare OudypKaruii
AnnponoBa—Xonda, IByKpaTHOTO HpeNebHOTO IKKIIa (KacarenbHas OudypKamus) 1 met-
o cenaparpuc cema. [lokazano, uro poctom mapamerpa (Osx aBTOKOJIECOAaHUs Bceraa
MTOSABIISTIOTCS JKE€CTKO. BBIsIBIIEHa BO3MOXKHOCTB CYIIIECTBOBAHHS CIIOXKHBIX IMEPHOINIECKIX
7 Xa0THUYECKUX KOJeOaHU, KOTOPBIC OMPEAEIAIOT adeuHble (Craiik-6epcToBhIe) Koeha-
HUSl BHYTPHUKJIETOYHOTO KaJbIs. M3ydeHbl OMQypKalnOHHbIE MEXaHHU3MBI XaOTH3AIUU
PETYIASAPHBIX KOJIeOaHHIA.

OTMeTHM, 4TO B CpPaBHEHHM C APYTUMU MOJEISIMU aCTPOLUTOB, YYET KUHETHKHU
nerpanaru UT®, perynupyromeil KalbIUeBbli BBIOPOC IPUBOIAUT K BOSHUKHOBEHHUIO HO-
BBIX TUHAMHYECKUX PEKHMOB JaKe B CIydae aBTOHOMHOM JIMHAMHKH acTpPOLIUTA.

Paboma noooepocana epanmom PDPDU coenawenue Nel3-02-01223-14 om
12.03.2014.
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REGULAR AND CHAOTIC OSCILLATIONS IN ASTROCYTE MODEL
WITH REGULATION OF CALCIUM RELEASE KINETICS

V. V. Matrosov', N. V. Boldyreva', V. B. Kazantsev'>

Nizhny Novgorod State University
2IPF RAN, Nizhny Novgorod

The dynamics of an astrocyte model is investigated. The astrocytes represent a type
of glial cells regulating oscillations of major signaling cells, e.g. neurons. Subserved by
complex molecular mechanisms the astrocytes generate calcium auto-oscillations which,
in turn, are associated with the release of neuroactive chemicals into extracellular space.
At variance with classical astrocyte models the three-component model considered takes
into account a regulation of calcium release due to nonlinear dynamics of inositol-1,4,5
trisphosphate (IP3). Stability of steady states, generation of regular and chaotic oscillations
were analysed using bifurcation analysis. In particular, it was found that nonlinear IP3
relaxation dynamics can lead to appearance of complex modes in astrocyte dynamics
including multistability and pulse oscillations of complex shape.

Keywords: Astrocyte, calcium, generation, bifurcation, chaos.
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NONLINEAR RANDOM WAVES IN FLUID,
AND THE MAIN MECHANISM OF THEIR EXCITATION

P S. Landa

Lomonosov Moscow State University

To describe the problem of the random nonlinear waves in fluid, we must know, exactly
or approximately, how occurs the process of the vortex separation. For this it is conveniently
to use models based on physical considerations and (or) some experimental data. The main
attention in this review will be attended to random waves, emerging, for example, at stall
flutter. Such waves often appear in fluid, and they are the main cause of many disasters in seas
and oceans.

As a rule, stall flutter is connected with the pulling phenomenon, and observed in systems
with two and (or) more degrees of freedom. In principle, in such systems both approximately
one-frequency (synchronous) mode, and many-frequency (asynchronous) modes (when each
mode oscillates with its natural frequency) are possible. But in the case of the pulling phe-
nomenon only one-frequency mode, corresponding to its natural frequency (see [1]) is stable.
Unlike to usual turbulence stall flutter is a self-oscillatory process.

The feedback in this process appears due to interaction between the fluid and the streamline
body.

It should be noted that wave motions in fluid can be of very complex character. In last years
a great interest appears to waves of an anomalously high amplitude — so called freak-waves,
and rogue-waves.

We assume that the main cause of such waves is also vortex separation.

Keywords: Nonlinear waves in fluid, vortex separation, stall flutter, disasters in seas and oceans,
pulling phenomenon, degrees of freedom, freak-waves, rogue waves, using the mathematical
models for approximate solution of the problem.

1. Introduction

It is well known that systems with random forces having a strong effect on the
investigated system are difficult both for analytical and numerical solution. In some cases
such solutions are impossible. The very important example is the phenomenon of vortex
separation and connected with it phenomenon of stall flutter. In this case to find even
average motion, as a rule, is impossible. Just such problems are considered in this paper
in detail. The consideration with using models allows us to understand the causes of many
disasters possible in such systems.
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There is a very important type of models, called by us «models of a phenomenon»
(see [2]). As a rule, equations describing these models are not isomorphic to the equations
for the simulated system, but they are possessed of a very important property: they are
based on experimental data which are known to us. Just such models are considered in this
paper. The existence of such models is conditioned by the universality of oscillatory and
wave processes. An assumption, that this universality exists really, and some reasonings
showing that it can exist, were made by L. Mandelshtam, S. Strelkov, and me. Although
these assumptions are not proved, numerous experiments show that they are valid. We
do not know any experiments showing that it is absent. The universality allow us to
understand the causes of the considered phenomena and find the means for attenuation of
their undesirable influence.

Due to the universality of oscillatory and wave laws (the most of experiments and
a great number of argumentative considerations show that this universality exist really)
[2-4], these disasters are of a similar character in different systems of such a kind. That
is why the main purpose of this paper lies in the consideration of causes of such disasters
and methods of controlling by them.

Special attention to these problems is attended last time in connection with a great
number of disasters caused by the stall flow of the lengthy bodies: wires, suspension
bridges, steel factory pipes, helicopter propellers, periscopes of submarines, compressor
blades, turbines in turbo-jet engines, ropes drawn down from ships into ocean and so
on. The vortex separation occurs under streamline of the blunt notched bodies. At such
streamline vortices are reflected from the inequalities of the body surface. It is evident
that such reflection is of a random character, and hereupon the reflected wave is random.
Owing to multiple reflection we obtain the bunch of random waves. Since we do not
know this randomness, and its behavior depends on time, we cannot describe this wave
analytically, i.e. we cannot write equations describing our problem. Many examples of
similar phenomena we can indicate in hydrodynamics and biology. That is why we have
called the corresponding problems unsolvable [5]. It is very important that we have often
a possibility to observe different manifestations of these phenomena in real life. Below we
give several real examples of the stall flutter resulted in catastrophes.

1. Not far from Lancaster there is a sea, where very fast tides exist. In these tides the
flow velocity changes randomly. It is known that these tides cause sometimes the
loss of people and cars. We assume that due to large velocity of there stall flutter is
excited. It is evident that the same might be in Ocean when there is strong wind.

2. As another example of real stall flutter was described in [6], where it is shown that
stall flutter of electrical conductors is excited due to wind.

3. Stall flutter of the helicopter’ screw. Such stall flutter is very unsafe. There is an
assumption that a famous Russian oculist S.N. Fedorov was met with a helicopter
accident in 2000 and died.

It should be noted that in last several years a great interest appears to waves of a
high amplitude — freak waves and Rogue waves [7-9]. We assume that the main cause of
freak and Rogue waves is also vortex separation. Our assumption may be conditioned by
universality of wave processes and some pictures of these waves. Further we will consider
some of such waves.
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2. Aeolian tones, vortex separation and stall flutter

The phenomena of vortex separation when lengthy bodies are flowed around by
fluid and connected with this sound emission are known many years as Aecolian tones
[10,11]. They are described in many books and papers (see, for example, [1,5, 12-19]).
It was found that these sounds are resulted from the reaction to the vortex-shedding that
creates a Karman wake [20] downstream of the body, as sketched in Fig. 1.

This wake is precisely that reason which causes oscillations of the streamlined
body and the surrounding fluid. The phenomenon of the excitation of such oscillations
we will call stall flutter, in spite of the fact that the authors of some books (see, for
example, [18,21]) distinguish the stall flutter, when oscillations of aerodynamical forces
are induced by the body oscillations, and forced oscillations (wind resonance), when the
Karman wake exists also in the case of the immovable streamlined body.

It should be noted that vortices excite the sounds, and vice versa, sounds generate
the vortices, because, as shown in [22], acoustic and hydrodynamic waves represent two
wave solutions of the same equations of fluid dynamics in a moving medium.

More often the stall flutter excites when one of the natural frequencies of the body
oscillations is close or divisible to the frequency of vortex separation from this body
when it is immovable. Stall flutter was observed repeatedly for a diversity of technical
constructions, for example, many suspended bridges, steel factory pipes, helicopter’s
propellers, periscopes of submarines, compressor blades, turbines in turbo-jet engines,
ropes drawn down from ships into ocean and so on [1,14-19]. We believe that stall flutter
is one of the main reasons resulted in the sway of wires in the presence of wind. It may
be shown that the stall flutter may cause rotatory oscillations of wires which are similar in
its form to thermo-mechanical self-

oscillations considered in [2, 23]. It is 2% >
also known that stall flutter is the main
cause of many technical disasters. The @N

most known from them is the so called = @ (& | ____3&
Tacoma catastrophe that happened in 1940 %
[1,16]. That is why the study of stall flutter
is an important theoretical and practical pyc. 1. Schematic diagram of the Kérman wake for
problem. streamlined flow around a cylinder

Experimental studies of stall flutter
and photos of some disasters caused by
him, for example, the shot from the film
about the catastrophe of Tacoma bridge
demonstrating its state for half hour before
its failure [1, 16] show that for this flutter
torsional oscillations are predominated,
whereas bending constituent is small (see
fig. 2). By this stall flutter differs markedly
from more known bending-torsion flutter
that was the main cause of the airplane
catastrophes at the earliest stage of their Puc. 2. The shot from the film about the catastrophe

appearance. However, as shown in [24], of Tacoma bridge demonstrating its state for half hour
taking into account of even very small before its failure
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bending vibrations can change essentially critical velocity and character of the stall flutter.
This confirms once more that the stall flutter phenomenon is very complicated, far more
complicate than more known flexure-torsion flutter. It is also seen that near the right
bridge footing many vortices are stalled. We assume that just these vortex separations
(each vortex separation is an impact) excite the bridge self-oscillations.

It should be noted that there are many works devoted to the stall flutter phenomenon,
but all of them are of a partial character, whereas a sequential description is absent.
Apparently, this may be explained by a great complexity of the problem and by the fact
that in airplane flight this form of flutter was primarily rare in occurrence [18], and
therefore it was studied not very intensively.

In detail monograph [18] it is written: «Classical type of the flutter is associated
with a potential flow and usually, but not necessarily, involves the interaction between
two or more degrees of freedom. Nonclassical type of the flutter, which is theoretically
analyzed with difficulty, may take place at stalling flow: periodical separation of the flow
with its adjacency again.» It should be noted that here the term «potential flow» is lame
because in a potential boundless flow of perfect liquid any flutter is impossible owing to
the fact that the sum of all aerodynamical forces is equal to zero (d’ Alamber paradox) [25].
It is our opinion that the main difficulty of the stall flutter theory lies in the description of
the random backwash behind the streamlined body that appears at vortex separation.

3. Modeling of stall flutter

Any exact mathematical model of stall flutter is impossible. But we can use any
approximate model of some phenomenon attendant to stall flutter. It follows from experi-
mental data that such a phenomenon is the synchronization of the stall flutter frequency by
some periodic forcing. For an oscillator with additional circuit ours numerical calculations
have shown that such forcing can be caused by oscillations of the additional circuit.
Because the synchronization is possible only in self-oscillatory systems (see [26]), this
means that we will use a self-oscillatory model.

General principles of the construction of mathematical models for different
systems and their classification. General principles of the construction of mathematical
models for different systems are described in some Russian textbooks, mainly in [27,28].
There the following types of models are considered: geometrical, physical, analogous
mathematical and simulated. It is asserted that all these models must have a general
foundation — isomorphism. It is evident that the definition given above is based on that
our object can be described by dynamical equations, i.e. that it is a dynamical system.
But up-to-date oscillation theory and nonlinear dynamics research often not dynamical
systems, but stochastic ones. Many systems cannot be described sufficiently by dynamical
equations and therefore they cannot be solved exactly neither analytically nor numerically.

In book by Blekhman, Myshkis and Panovko [29] some principles of model const-
ruction are also considered. There the following definition of a model is given: «an
object a’ is a model of an object a with respect to some system S of characteristics
(properties), if @’ is constructed (or is selected) for the simulation of @ in according with
these characteristics.» In this book it is emphasized that «the modeling lies in the base
of all sciences.» This assertion is undoubtedly quite right, since any science cannot study
nature, as is written in school textbooks. It can study only models of natural phenomena.
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Another classification of models and their role in the nature study is given in [2].
There a very important type of models, called «models of a phenomenon» was introduced.
As a rule, equations describing these models are not isomorphic to the equations for
the simulated system, but they possess of a very important property: they are based on
experimental data.

4. «Unsolvable problems» as a special class

The impossibility to obtain equations for the process studied by us is precisely that
feature which separates the «unsolvable problems» from other complicated problems into
a special class. Such separation and the approach to the solution of these problems are
new. We do not know any similar works. Although models used by us and considered
systems are known in oscillation theory and engineering, the results obtained by us and
their explanation are new.

In this review we consider in detail an example of systems from this class: vortex
separation and connected with this the stall flutter phenomenon.

In the most of existing works the stall flutter is explained as the excitation of
resonant oscillations under the action of a periodic force caused by the vortex separation
and having a given frequency depending on the flow velocity, the size and shape of the
streamlined body. The force frequency is defined by the Strouhal number [30]. First of
all such an explanation comes into conflict with known experimental facts concerning
the stall flutter of sufficiently long ropes which are streamlined by flow with different
velocities in different sections of the rope. This conflict is connected with the fact that
stall flutter is not forced oscillations but self-oscillations.

Because of the similarity between stall flutter and self-oscillations, we can consider
a model of stall flutter as self-oscillations in a system containing both active and passive
oscillatory elements. A classic example of such a system is a van der Pol oscillator with
an additional oscillatory circuit [26,31-35].

We have a good reason to believe that all peculiar properties of this process:
frequency pulling and characteristic dependencies of the oscillation amplitudes in the
oscillator and additional circuit as the frequency mismatch varies [11,32,35] have to be
observed in the case of the stall flutter too. Unfortunately, experimental comparisons of
these phenomena are unknown to us.

To signs the analogy between self-oscillations and the vortex separation process
from a streamlined body we indicate the following.

1. Pulsations of the velocity and pressure in the Karman wake have rather narrow
spectrum with well-defined maximum.

2. The vortex separation process from a streamlined body may be synchronized on
the average if we excite oscillations of this body at a certain frequency that is
approximately divisible by the frequency of vortex separation from the immovable
body [12,36-38]. The dependence of the vortex separation from the surface of
oscillating body on the mismatch between the mean body oscillation frequency f
and the frequency of vortex separation from the rest body is of the same character
as well known dependence of the frequency of synchronized oscillations of van der
Pol oscillator on the mismatch between the free self-oscillation frequency and the
external force frequency [26] (see fig. 3 constructed from the experimental data of
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Puc. 3. The dependence of the Strouhal numbers ASt
(oscillating cylinder) on AStp (immovable cylinder).
(Solid line) For the mismatch between the frequency
of vortex separation from oscillated cylinder f
and frequency of cylinder oscillations fo, (ASt =
= (f—f0)D/Uo) on the mismatch between frequencies
of vortex separation from a rest cylinder fs; and
fo (ASto = (fst — fo)D/Up). (Dashed line) For
ASt = /(ASto)? — (ASto)2, where (AStg), is the
half-width of the synchronization region. (Dash-dot
line) For ASt = ASto.

[12]). In this figure ASt = (f — fo)D /Uy

and AStgy = (fs — fo)D/Uy are the
mismatches between the frequencies of
vortex separation from the oscillating f
and the immovable fy cylinders expressed
in terms of the Strouhal numbers, f is
the frequency of the cylinder oscillations,
D is the cylinder diameter and Ujp is
the flow velocity. For comparison the
dependence ASt = /(AStg)2 — (AStg)2,
where (AStg)s is the half-width of the
synchronization region, is shown in the
same figure by dashed line. Such a
dependence should be valid in the case
of synchronization of a van der Pol
oscillator by small harmonic external
force. However, judging by the fact that
the synchronization region is rather wide,
the amplitude of the cylinder oscillations
was significant, that resulted in the more
steep dependence of ASt on ASty.

It should be noted that, as in van der Pol oscillators, synchronization in average can
occur not only on the main frequency but on its harmonics and subharmonics [37]. We note
that the synchronization of a van der Pol oscillator on the harmonics and subharmonics of
an external force is considered in [26,39].

5. Synchronization of the vortex separation frequency by the cylinder oscillations

The stall flutter phenomena may be conveniently considered by using the simplest
model of oscillating body in the form of an elastic circular cylinder of length | with fixed
ends and placed transversely to the flow directed along x-axis. In fluid flow on such a
cylinder transversal forces act in the plane orthogonal to the flow [19,37,40]. We can set
that one of third forces is directed along axis z. In this case the cylinder will be displaced
along z-axis.

As was noted, behind a streamlined cylinder the Karman vortex wake is formed
[20], which for the Reynolds numbers 40 < Re < 150 is regular (the Reynolds number
is defined by the following formula: Re = V' D /v, where V is the flow velocity, D is the
cylinder diameter, v is the kinematic viscosity), and for 150 < Re < 300 — turbulent. For
300 < Re < 2-10° the Kdrméan wake becomes again close to regular but with turbulent
bursts. After this for Re > 5 - 10% in the wake spectrum a dominating frequency of vortex
separation is also observed [41].

It should be emphasized that such alternation of the regions of different behavior
as a parameter changes is typical for chaotic self-oscillatory systems (the definition of
chaotic self-oscillatory systems and their dissimilarity from stochastic ones is given in
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books [39, 42]). In particular, the region

300 < Re < 2-10° may be considered as St
the region of intermittency. The aforesaid
testifies once more that forming the
Karman wake may be modeled by a 0.16
weakly noisy self-oscillation process.

0.20F

When stalling streamline occurs in 0.12¢
the direction of axis  with mean velocity 0.08|
V, identical for all cylinder sections (the
assumption that all sections of the cylinder 0.04 VS —

1 2 3 4 5
are streamlined with the same mean 10 10 10 10 10> Re

velocity is not principal). The problem
Puc. 4. The dependence of the Strouhal number on

may b? solved with }151ng, for exampl?’ the Reynolds number for transversal streamline of an
Galerkin method [43] in the case when this  jmmovable circular cylinder [19]

assumption does not valid. On this section

a periodic (or close to periodic) lift force F,(¢) directed along axis z acts. This force
represents a sum of two components: regular, independent of time, and random, slowly
changing with time.

In the case of immovable cylinder, for a wide range of the Reynolds numbers,
the frequency of the lift force is close to the vortex separation frequency wgtay, and the
frequency of drag force is close to 2w [37]. The difference between mean periods
of lift and drag forces is conditioned by the fact that the mean lift force frequency is
defined by the distance between vortices only along one of the sides of the Karman wake
(2)), whereas the mean drag force frequency is defined by the distance between vortices
irrespective of the side of the Karman wake (A) (see fig. 1).

The mean frequency g,y is connected with the Strouhal number St and the flow
velocity V' by formula

Wstall = 27[St/(DV)7 (51)

where D is the cylinder diameter.

Experiments [19] show that for 40 < Re < 150 the Strouhal number initially
increases, then becomes approximately constant and equal to 0.2, and further again begins
to increase. In the range 2 - 10° < Re < 5 - 10% vortex wake is strongly turbulent, so
that the Strouhal number cannot be determined. For Re > 5 - 109, the Strouhal number
St =~ 0.3. All of the said is illustrated by fig. 4, taken from [19].

As we know, any equations allowing us to describe rigorously the lift and drag
forces in the case of stalling streamline are absent in literature. Only the expressions
for peak-to-peak values of these forces are given [1,19,37,40]. In all known books on
aeroelasticity (see, for example, [14, 19]) the amplitudes of these forces are found from
dimensionality considerations. For example, the amplitudes of the drag and lift forces (A,
and A.) may be written as

2 2
Ay = cz(Re)Sy, % , A, =c;(Re)S,. % , (5.2)

where p is the density of medium where the body moves, c,(Re) are factors depending on
the extent of the body streamlining (the worse is streamlining, the greater values of c,),
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and on the Reynolds number. In 5.2 S, is the area of the body projection on the plane
yx, Sy is the area of the body projection on the plane yz. We suppose that S, and S,
are independent of .

6. Model equations for stall flutter without regard for random forces

In our work [11] we have considered the oscillating cylinder as a string and retained
only a single oscillation frequency. In so doing we can change the cylinder by a material
point of mass m and write the equations of its oscillations along axes x and z in the form:

Ux+2axUz+m§Ux:&, UZ+2aZUz+mZUZ=§, (6.1)
m m

where U, and U, are the cylinder displacements along axes = and z, F,(t) and F,(t) are
the forces acting on the cylinder at the expense of the vortex separation in the directions
of z and z axes; w, and w, are the natural frequencies of the cylinder in the directions
of x and w,, a, and o, are the damping factors in x and z directions. In the case of
difference of the oscillation frequencies in the directions x and z, resulting oscillations
of the cylinder may have rather complex form. It should be noted that force F, is a drag
force, whereas F, is a lift force.

It should be noted that because of the backwash behind the streamlined body that
always appears at vortex separation, on the cylinder always act random forces caused by
this backwash. We will denote these forces 1, (¢) and n.(t). These forces must be added
in the right side of Egs. (6.1). Subject to these forces, Egs. (6.1) becomes

Uy, + 20, Uy + 02U, = E’” +Me(t), U, +2a. U, +0?U, = — +1.(t).  (6.2)

Because any equations describing the vortex separation phenomenon and allowing
to find an expression for forces F,(t) and F,(t) are absent in the literature, we will
use for our calculations model equations for self-oscillations. Considering van der Pol
oscillator [39] as a self-oscillation system, taking account of the experimental fact that the
cylinder oscillations can synchronize the vortex separation, and neglecting the influence of
the backwash, we write the following model equations for forces F(t) and F.(t) acting
on the cylinder:

- u(l - alFf)Fx + 02 Fy = maUs,

stallx

(6.3)

i, - u(l - agpg)pz + 02, F = m.Us,

where 1 is a parameter responsible for the excitation of self-oscillations, a1 o are coefficients
determining the amplitudes of forces F,, and F., m, . are the coupling coefficient which
determines the influence of the cylinder oscillations on the vortex separation in x and z
directions, wgta11x and wg;a1, are frequencies of vortex separation in the directions of axes
x and z.

We note that members m,U, and m,U, are responsible for the synchronization of
vortex separation by cylinder oscillations in x and z directions. It follows from Egs. (6.3)
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that, in the case of the immovable cylinder and small p the stationary values of F;(¢) and
F.(t) are
F, (t) ~ Az coS Wgtallxt, I (t) ~ A, cos Wgtallzt, (6.4)

where A, and A, are the oscillatory amplitudes.

It should be noted that formulas (6.4), in view of (5.2), are in full accordance with
the expressions for drag and lift forces given in [37]. In the simplest case the forces F(t)
and F,(t) can be described by expressions (6.4).

Egs. (6.2) and (6.3) define two self-oscillatory systems, each with two degree of
freedom. In particular, such systems are considered in [35,39].

Further we will make examples of self-oscillatory systems with two degree of
freedom, which may be taken as models of stall flutter.

Versus the Reynolds number in z and z directions oscillations of systems described
by Egs. (6.2) and (6.3) can be periodical, quasi-periodical or random.

In the next section we consider self-oscillatory systems with two degree of freedom
without regard for random forces.

6.1. Self-oscillatory systems with the main and additional circuits and pulling
phenomenon without regard for random forces. It is known that oscillators with two
degree of freedom may be described either two differential equations of the second order
either a single equation of the fourth order. Mandelshtam in his lectures [3] considered
different systems of the second order, but without friction. In well known works [31-34]
authors considered systems described by two second order equations corresponding to their
experimental installations. Schematic image of the installation with inductive coupling
between circuits, studied in [32] and [26] is given in [32]. Another installation with
capacitive coupling between circuits, studied by Teodorchik [34], is shown in [34]. Both
these installations consist from two oscillatory circuits and an amplifier. It should be
noted that equations describing oscillations in both installations differ from one another.
This difference results in the fact that the dependencies of frequency and amplitude on the
frequency mismatch are essentially different (compare Figs. 7 and 10, and also 8 and 11).

In this section oscillators with capacitive and inductive couplings between the
circuits will be studied as applied to stall flutter.

We consider a system consisting from two oscillators, i.e. a system with two degrees
of freedom. A consideration of such systems without friction was first conducted in famous
lectures on oscillations delivered by Russian academician L. Mandelshtam in 20-30th
years of last century [3]. In these lectures he showed that the behavior of such systems
is conditioned by so called connectedness but not by coupling. The connectedness cd is
defined as

01002

cd (6.5)

ot - od]”
where w1 and wo are partial frequencies of the system considered. It is seen from here that
the closer partial frequencies the stronger is the connectedness. It should be noted that the
notion of the connectedness is also was given by Strelkov in textbook [4].
Simultaneously the problems of pulling phenomenon were investigated by Andronov
and Witt for oscillators with two inductively coupled circuits. For calculations authors
have used the Poincaré small parameter method [32]. Almost at the same time similar
investigations were conducted by Strelkov and Skibarko with using the qualitative methods
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[33]. Both in [32] and in [33] authors have considered only one-frequency mode. It was
found an area of pulling and discovered the phenomenon of quenching self-oscillations
in some region of the parameters. It should be noted that the term «pulling» was first
introduced in work [3] and until now it is used in all textbooks on oscillations (see, for
example, [34, 35]). Similar results, but by the averaging method, proposed by [44] and
developed by Mitropol’skii [45], were obtained later in [5,6,26].

6.2. The triode generator with additional circuit inductively coupled with
the main one. We consider the triode generator with an additional circuit studied by
Andronov and Witt [32] and described later in [35]. Its schematic image is shown in
Fig. 5. We see that in this generator the coupling between circuits is inductive.

Setting I, = SoU; — S1U3/3, we can write the equations for such a generator in
dimensionless coordinates. They may be easily transformed to the following:

d’x dx >y d%y dy d’x
i —wl-ar’) tolr=m—g, og +eua +oly=mr g, (6.6)
where

S 1Y . T
a MlSo—RlCl b y= MlsO_Rlcl 2

are dimensionless voltage drops across the triode grid and the capacitor Cs, respectively,

. M150 — R101 e — R2L101
RV L101 ’ Lg(Mlso — RlCl) ’
mi2 = MyC1/(L12C2) are the coupling coefficients, w; and wy are the natural

frequencies of the main and additional circuits, M o are the coefficients of mutual induction
between the coils L; and L and L; and Lo, respectively.

We will assume that the coupling coefficients m o are small, of order of a conditional
small parameter. In this case we can use for approximate solution of Egs. (6.6) the
averaging method proposed by Bogolyubov [44] and developed by Mitropol’skii [45,
46]. We apply this method in the form set forth in [26]. For using this method we
rewrite Egs. (6.6) introducing dimensionless time T = wt, where frequency o is unknown
frequency of self-oscillations and another conditional small parameter t; = p/w.

In this case Egs. (6.6) can be conveniently rewritten as

d’x dx d%y
o+ +x—pu(l—oax =m1 -,
/ de? o D dt Ldn?
<z (6.7)
Ry pp Ru d%y dy d*x
1 _
7y = ) +8u1df+Ey my o5
LT Lych G (U where i = p/o,
) )
M, w2
2
w71
Puc. 5. The schematic image of the triode generator
with two inductively coupled circuits is the mismatch frequency squared.
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6.2.1. Zero approximation. In ?

zero approximation with respect to small 20k
parameters u; Eqgs. (6.7) become 1.6 5
d? d? L
20 4y TH g 12
d'CQ d'C2 08 F
(6.9) ' ]
Py L e . 0.4t
e y() — Mo —— = U. I 1 I 1 I 1 L 1 L
dr? dr? 00 04 08 12 16 ¢

It should _be noted that SyStem (6.9) is a Puc. 6. The dependencies of two oscillation frequencies
conservative system. Its solution can be squared on the frequency mismatch & in zero
set as approximation for mimso = 0.1 (the Vien diagram)

zo(t) = Az cosot, yo(t) = Ayk cosor, (6.10)

where o is the unknown frequency of self-oscillations, & is the distribution coefficient.
System (6.9) allows us to calculate its determinant D and the distribution coefficient

k= A:
D = (1 —mimg)o* — (1 +E)o’ +E, (6.11)
Ay w?—1 Maw?
k;_A—x_ me? — o —E (6.12)

Systems of equations (6.7) and (6.9) describe the interaction between the self-
oscillatory system defined by function z(t) and passive oscillatory system defined by
function y(t). If oscillatory frequencies of these systems differ strongly from each other
then the systems will be weakly interacting, i.e. they will be sensibly independent. But
if the frequencies are sufficiently close, synchronization, i.e. one-frequency mode, can
appear.

Andronov and Witt [32] solved Egs. (6.7) in one-frequency mode by using the
Poincaré method of small parameter [47] at the assumption that parameter p; is sufficiently
small. However, here we will solve equations (6.7) by the Krylov—Bogolyubov method,
as more preferable.

In zero approximation a solution of Egs. (6.9) is

r=1x9=Acos(0t+ qz), y=1yo=kAcos(ot+ qy), (6.13)

where A is the amplitude of variable x, and ¢, and ¢, are phases of variables = and v,
and o is the frequency defined from the condition of vanishing determinant of system
(6.9) defined by Eq. (6.11). Equation for the frequency w has two real roots:

(m(1’2)>2 - 2§(1+% (1 + /1T~ 422(1 — myima) /(1 + 3)2) . (6.14)

1— mi mg)
The dependencies of these roots on & are shown in Fig. 6. Such a graph is often
called the Vien diagram.

To consider the pulling phenomenon we must take into account the nonlinear terms
at least in the first approximation.
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6.2.2. First approximation. We will assume that the coefficient of nonlinearity
a is small, so that the term (1 — ax?) d/dt can be linearized under the assumption that z
changes according to harmonic law. In addition we will suppose that frequencies w;, wo
and w are sufficiently close, so that their differences are of order of a conditional small
parameter €1. This can be possible only for & closed to 1.

In the first approximation we will seek a solution of Egs. (6.7) in the complex form:

r = Agexp (10T + @), y=Ayexp (iot+ ¢,). (6.15)

Substituting (6.15) into Egs. (6.9) we obtain the following equations:

A? 4
(1-— (DQ)AQD — iU (1 — a4x> A+ mlinAye“" =0,

(6.16)
ien Ay, + (E — oog)Ay + mow?Age ™™ = 0,

where ¢ = @, — @,.

The condition of the equality to zero for the determinant of linear system (6.16)
gives us an approximate complex characteristic equation in the first approximation. Real
and imaginary parts of this equation are

(1-0°)(E—0?) + epfo? (1 - “jf) — mymaEw* =0, (6.17)
e(1— 0?) — (€ — 0?) <1 - “f“) = 0. (6.18)

From Eq. (6.18) we can find a.A2:
aA§:4<1—sé_$z>. (6.19)

Substituting (6.19) into (6.17) we obtain the following bicubic equation for w:
- (1 + 28 —eu? + mlmz)w4 + ((2 + mymg)E + E* — m%)mQ —&2=0. (6.20)

Further, by using Egs. (6.19) and (6.20) we calculate examples of the dependencies of w?
and a.A2 on & for myms = 0.1, u; = 0.1 and four values of ¢ (see Figs. 7, 8).

We see from Eq. (6.20) that it can have either one or three real positive roots. Our
calculations showed that for ¢ < €4 and & < &;(e) Eq. (6.20) has a single such root, and
for € > E(e) it has three such roots (see Fig. 7 a, b, ¢). For € more some value and all &
Eq. (6.20) has a single root (see Fig. 7 d).

We can see from Fig. 8§ that for € > 1 there exist the domains of non-existence of
the solutions found. In these domains the equilibrium states are stable for & < myma/u?,
i.e. for sufficiently large coupling factors.

It can be seen that the amplitude dependencies are of the same character as calculated
by Andronov and Witt [26,32]. It should be noted that these dependencies are shown in
Fig. 8 were calculated nonmetering the stability.

PS. Landa
30 U3B. By30B «I[THM», T. 23, Ne 1, 2015



C02 T COZ
25 /,/ 25 %
2.0 // 2.0 //
1.5 1.5
/ /
/ /
1.0 ol 1.0 el
- s B »
0.5 0.5
a ° 04 08 12 16 & p 0 04 08 12 16 &
2 T T 2
/ 1.1
2.4 y \
2.0 r 1.0
1.6 / \
= 0.9 \d
1.2 —
. o]
0.8 0.8 — '
é 0 04 08 12 16 gd 0 04 08 12 16 &

Puc. 7. Examples of the dependencies of w? on the frequency mismatch & for u; = 0.1, myma = 0.1,
e=¢ =05 (),e=¢e =1(0b),e==¢t =2()and ¢ = g4 = 4 (d) in the case of an oscillator with
inductive coupling between circuits
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Puc. 8. Examples of the dependencies of oscillation amplitudes squared a.A2 on the frequency mismatch &
for wi = 0.1, mimao = 0.1 and the values of € the same as in Fig. 7 (¢ = &1 (a), € = €2 (b), € = €3 (¢) and
€ = &4 (d)) in the case of an oscillator with inductive coupling between circuits
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6.3. The triode generator with the capacitive coupling between circuits without
regard for random forces. A detailed consideration of the pulling phenomenon in
oscillators with capacitive coupling between circuits was first pursued by Teodorchik [34].
In Fig. 9 the same schema of an oscillator that was analyzed by Teodorchik in [34] is
shown. Setting dz/dt = (So — S122) dx/dt, where z is the anode current, we obtain the
following equations for the oscillations in this schema [34]:

& 9, dx P’z Cy
14+ — - M M —+ L — ==
< + C()) T + (R1Cl So+ MSix ) 7t + L4 p7e) o Y,
(6.21)
CQ dy d2y Cl
14+ = RyCy — 4+ LoCy — = — .
<+Co>y+ 22dt+ 202 COfU
Equations (6.21) may be conveniently transformed to the following:
d’x dx d?y dy
ﬁ — M(l — (XZL'Q) E + UJ%[E =miy, W + 28“ E + UJ%Ey = max, (622)
where

S T TR
N Mlso—Rlcl S MlsO_Rlcl ?

are dimensionless voltage drops across the triode grid and the capacitor Cs, respectively,

_MiSi—RCG_ MS oo L1 1
Wm0 YT S R TN\l 6

wr— L (L L S S R O 5 2
27N\, Ty ) T T LGy T LeCyCy 2Ly

mio = Mi2C21/(L12C12) are

ﬁ the coupling coefficients, Mo are the
Ny _| coefficients of mutual induction between
the coils L; and L and L; and

Moo, Rl L, RIY P .
E Lo, respectively; the dots mean the
h==C G Gi== Uy = differentiation with respect to dimensionless
Y T v | @ time T = t, where w is a supposed

—l frequency of self-oscillations, & = 3 /w?
is the frequency mismatch squared.

Puc. 9. Schematic image of an oscillator with Comparing Eqgs. (6.22) with Egs. (6.7)
capacitive coupling between circuits for oscillator with inductive coupling
between the circuits, we see that they differ from one another. The main difference consists
in that in Egs. (6.7) the coupling is realized via the second derivatives & and ¢, whereas
in Egs. (6.22) it is realized via the variables x and y. This distinction results in different
equations for self-oscillatory frequencies and amplitudes.

As before, for approximate solution of Eqs. (6.22) we use the averaging method
proposed by Bogolyubov [44] and developed by Mitropol’skii [45,46]. We apply this
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method in the form set forth in [26]. For using this method let us rewrite Eqgs. (6.22)
introducing dimensionless time T = wt, where  is a complex self-oscillation frequency,
and another conditional small parameter €; characterizing the difference between fre-
quencies ® and m:

2
. 2\ - - i w7
F—wm(l—ox?)t+x—my=¢ <1— wQ) T,

(6.23)

2
ij+suly+§y—mzx:81§( - )y,

where dots mean differentiation with respect to t, W = p/w, M2 = my 2/ 2. Tt should
be noted that parameters u; and 7 2 are dimensionless.

Further, as in the last section, we reject in these equations terms of order of €;. As
a result, we obtain the following equations:

i — w1 —oz?)i +x —my =0,
(6.24)
¥+ ewy + &y — moz = 0.
We will assume in Egs. (6.24) that the coefficient of nonlinearity a is small, so

that the term (1 — az?)d can be linearized subject to that  and y change according to
harmonic low with complex frequency w, i.e.

r = Azexp (i(wt+ @) +c.c.), y=Ayexp(i(wt+q¢,)+c.c.), (6.25)

where A;, A, are amplitudes of variables x and y, and ¢, ¢, are their phases.
Substituting (6.25) into (6.24) we obtain the following equations:

A2 :
(1 —w? — o) <1 — a4x> Ay —mAye " +c.c. =0,

(6.26)
(E—o? + iwepy) A, — MaAge'® 4+ c.c. =0,
where @ = @, — @y

The condition of the vanishing of the determinant of linear system (6.26) gives a
complex equation coupling w?, & and a A2 /4:

A2
[1—(1)2—1'(»“1 <1— a4$>

Real and imaginary parts of this equation are:

(g —w?+ ismm) — g = 0. (6.27)

aA2 o
(1-— 002)(5 — 002) + euﬂﬁ ( — 4"’) — myme = 0,

(6.28)

(1 - w*)eop — (E— 0?)ow <1 — Otf%) —0.
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Puc. 10. Examples of the dependencies of w? on & for p; = 0.1, mime = 0.1, 8 = 0.5 (a), e = 1 (b), e = 2
(c) and € = 4 (d) in the case of an oscillator with capacitive coupling between circuits
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Puc. 11. Examples of the dependencies of oscillation amplitudes on the frequency mismatch & for u; = 0.1,
mime = 0.1, e = 0.5 (a), e = 1 (b), e = 2 (¢) and € = 4 (d) in the case of an oscillator with capacitive
coupling between circuits
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From Egs. (6.28) we obtain equation for frequency w:
w® — (1 + 28 — 2ud) o’ + (28 + &% — 212 — myg)w? — E2 + mymeE = 0. (6.29)

We see that Fig. 10 differs significantly from Figs. 7 for oscillator with inductively
coupled circuits, whereas Figs. 11 and 8 are similar.

As for a generator with inductive coupling between the circuits, the dependencies
shown in Fig. 10 and 11 are constructed without taking into account the stability of the
solutions found. That is why they contain unstable pieces. Egs. (6.23), (6.24) allow us to
investigate the stability.

7. Model equations for stall flutter

As a model for stall flutter we have taken a generator with additional circuit coupled
with the main by capacitor. In so doing for the vortex separation we have used model
equations with a noise sources M (t), 1.(¢) in equations for F}, F, and model equations
with a noise sources T, (), C.(¢) in equations for U,, U,. These equations are

Um +2az Ux +wgch = Eﬂj +nw(t)a Fr - M(l - ang?)Fx +0‘)§talleﬂU =

=miU; + C:E(t)v
(7.30)

U.+20. U + 020, = = +n.(t), F. - u(l _ agFf)FZ + ol Fy =

where U, and U, are displacements of the additional circuit in « and z directions, F), and
F, are aerodynamical forces in x and z directions, w, and w, are the natural frequencies
of the additional circuit in x and z directions, Wgtaix and wsgan, are the vortex stall
frequencies in x and z directions, 1, (¢) and m,(¢) are white noises of intensity K, C;(t)
and C.(t) are white noises of intensity K.

Equations (7.30) and (7.31) describe two independent self-oscillatory systems each
of which possess two degree of freedom. In terms of oscillation theory these systems can
be considered as generators with additional oscillatory circuits connected with the main
ones by capacitors. It should be noted that terms m ;U (x) and myU, are responsible for
the synchronization of vortex separation frequency by the additional circuits oscillations
Ux(t) and U, (t).

For brevity we will consider a system described by Eqs. (7.30). This system describes
the interaction between the self-oscillatory system defined by F,(¢) and a passive oscillatory
system defined by U, (¢). If natural frequencies of each of this systems (w, and wgtayix)
differ essentially, then the system will be weakly interacting one, i.e. variables U, and
F, will be practically independent. But if the frequencies are sufficiently close then
synchronization may be appear. Similar equations we can obtain for the system described
by Egs. (7.31).

We will assume that w2U, < U, and w?U, < U,. In this case the first of
Egs. (7.30) can be rewritten approximately as

. F,
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where V,, = Ux is the velocity of the additional circuit in z-direction.

Equation for self-oscillations of force F); can be solved approximately for small p
in the absence of noise. In the case of immovable additional circuit, when U, = 0, its
approximate solution is:

F$ ~ Az’ COS (wstallxt + (px), (733)

where A, is an oscillatory amplitude of force F}., @, is its phase. It should be noted that
formula (7.33) is in the full accordance with the expression for lift force given in [37].

The first case was considered in two previous sections. Here we will consider the
case, when the frequencies differ essentially, i.e. the variables U, and F) are practically
independent. We will suppose that the oscillatory process in the additional circuit (Uy,) is
incomparably more rapid than the vortex separation process (F3), i.e. that w, > Wgalix-
A solution of Eq. (7.32) may be conveniently found as sums of two constituents: fast
constituent V,, and slow constituent defined by function F,.

The following Fokker—Planck equation corresponds to Eq. (7.32) (see [26]):

Ow(Vy, Fy, t) 9, F, K., 0*w(Vy, Fy,t)
— 20, V, — -2 )| e LT e Te ) g3y
ot oV, (O‘V m)“’(v A I ST (739
We will assume that solution Eq. (7.34) differs slightly from wg(V}), i.e.
’LU(VI, F,, t) = wO(V:Jc) + ewl(vw)Fm(t)a (7~35)
where wg (V) and wy (V) are described by equations
Ku 8’[1)0(‘/96)
200, Vy x o a1 Y% .
o Vowoe (V) + 5 oV, 0 (7.36)
OF,(t) 0 Ky, 0wy (Vz)
Ve — F.(t 20, Vour (V) + — ————=| =
wi(Ve) =5 ®) v, [2oaVeun(Va) + 5= =5
9 (Fu(t)
v ( wO(Vx)> : (7.37)
€ is a small parameter.
A solution of (Eq. 7.36) is
20, V2
wo(Va) = Cexp (— OE(VI ) , (7.38)

where C' is an arbitrary constant.

As followed from (7.33) and (7.37), functions F,(t) and w(V,) are periodic
functions of time with period 7' = 25t/ wgtank. Amplitude of function wi (V;) is defined by
the right-hand member of Eq. (7.37). The greater is the derivative of wq (V) over velocity
Ve, the greater is wy (V). It follows from here that the location of maximum of a wave
and its value are defined by not the maximal value of the wave amplitude, but mainly by
the derivative of wg(V;) over velocity V. It follows from here that the explanation of the
freak and rogue waves given in work [9] is not right for all waves.
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8. Conclusion

As followed from our results that for systems with two and more numbers od degree

of freedom the small parameter methods can give wrong results even for rather small
coupling between the degrees of freedom. However, Russian researcher Poznyak [48]
has shown that using the method of harmonic linearization gives results more close to
numerical and experimental.

Using of model equations for vortex separation from the surface of the oscillating

body allow us to calculate amplitudes and frequencies of self-oscillations excited due
to this vortex separation, i.e. to solve the problem on stalling flatter. In so doing the
effect of synchronization of the vortex separation frequency by natural oscillations of the
streamlined body was discovered. This effect requires experimental examination.
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HEJUHEWHBIE CTYYAMHBIE BOJIHBI B )KUJKOCTH
W OCHOBHOM MEXAHM3M UX BO3BYXKIEHUA

I1. C. Jlanoa

MockoBcuit rocyaapcTBeHHbIN yHuBepcuteT M. M.B. JlomoHOCOBa

YroOb!I OnmucaTh SBICHUE CIyYalHBIX HEJIMHEHHBIX BOJIH B KHUAKOCTH, MBI JTOJDKHBI
3HATh TOYHO WJIU NPHOIM3UTENIHHO, KaK MPOUCXOTUT TPOIECC CphIBa BUXpel. it sToro
yI00HO HMCTIOIB30BAaTh MOMICTH, OCHOBAHHBIC HAa (PH3NIECKUX COOOPAKECHHUSIX U HEKOTOPHIX
9KCIEPUMEHTAIBHBIX JaHHBIX. OCHOBHOEC BHMMaHHE B 3TOM 0030pe OyIeT YIeleHO CIy-
YaifHBIM BOJIHAM, BO3HUKAIOLTUM, HAIIPUMED, TIPH CPBIBHOM Quiartepe. Takue BOJHBI 4aCTO
BO30YXTAfOTCSI B )KUIKOCTH, U OHH SIBJIIOTCS OIHOM M3 OCHOBHBIX NMPHYMH KaTacTpod B
MOpsIX B okeaHax. Kak mpaBmiio, CpeIBHOU (hmarTep CBsI3aH C SBICHHUEM 3aTSITUBAHUS, U
HaOJIIoaeTCs B cUCTEMax ¢ JByMs W (win) Oosiee cTerneHsMu cBoOojbl. B mpuninume, B
TaKHX CUCTEMaX BO3MOXXHBI, KAK IIPUMEPHO OJHOYACTOTHBIA (CHHXPOHHBIN) PEKUM, TaK U
MYJBTHYACTOTHBIC (ACHHXPOHHBIC) PEKUMBI (Korma KaXkaas Moja KoJIeOIeTcsl ¢ COOCTBEH-
HO# dacrtoroif). Ho B ciydae sBICHHS 3aTSATUBAHUS TOJIBKO PEKMM C OIHOM YaCTOTOM,
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COOTBETCTBYIOIIEH coOCTBeHHOM YacTore (cM [1]) sBiseTcs yCTOWYUBBIM. B omimaue ot
00BIYHOH TypOyJICHTHOCTH CPBIBHOM (hiraTTep 3TO aBTOKOJIeOaTenbHbIH mporecc. ObparHas
CBSI3b B 9TOM MPOLIECCE BO3HUKACT M3-32 B3aMMOACHCTBUS MEXIy HIKOCTBIO U OOTEeKa-
eMbIM TenoM. CrefyeT OTMETUTh, YTO BOJIHOBBIE JBHMXKEHHS B KMIKOCTH MOTYT MMETh
OYeHb CIOKHBIH XapakTep. B mocnemnue romp! O0NbIION MHTEPEC MPENCTABIAIOT BOJIHBI
AHOMAJIBHO BBICOKOW aMIUIMTYAbl — TaK Ha3blBa€Mble AHOMAJIbHbIE BOJIHBI W BOJIHBI-
youiinbl. MbI onaraeM, 4To OCHOBHOW NMPUUYMHON TaKUX BOJH SBISETCS CPBIB BUXPEH.

Knrouesvie crosa: HenwHelHbIe BOMHBI B JKHIIKOCTH, CPBIB BUXPEH, CPHIBHOW Qrartep,
KaTacTpo(bl B MOPSX M OKeaHaX, SIBJICHUE 3aTsATMBaHUS, CTEIICHH CBOOOIBI, OIyX/aroIue
BOITHBI, KATACTPO(PUUECKUE BOJIHBI, UCIIOIB30BAHIUE MATEMATHYECKON MOJIEIH ISl TIPUOIH-
JKEHHOTO peIIeHUs 3aa4uM.

Jlanoa Ilonuna Conomomosna — oxoHumna ¢usudeckuii Qaxynsrer MIVY.
3amuTnna AWMCCEPTAllI0 HAa COMCKAHWE YYEHOH CTelneHM KaHauaaTra (usmko-
MareMaTHdecknx Hayk B MI'Y u moxropa (pm3mKo-MareMaTHYeCKHX HayK B [opb-
KOBCKOM YHHUBEPCHTETe B oOiacTH Teopuu Koiebanui n BoiH. IIpodeccop, Bemy-
muit HaygHbIH coTpyaHUK MI'Y. O6nacTs HayYHBIX HHTEPECOB — TEOPHUs KoiaeOaHuit
U BOJH, paanoH3nKa, IPUMEHEHHE METON0B HEINHEHHONW TUHAMUKH B Pa3INIHBIX
00JacTAX HAayKH. ABTOP M COABTOP AECSATH MOHOTpaduil Mo KOJIeOaHHUsAM M BOJIHAM,
B TOM unciie MoHorpapun «CTOXacTUUECKHE M XaOTHUYECKUE KoJIeOaHUs», IepeBe-
JICHHOM Ha aHIIMHCKHUHN s3BIK, a Takke MoHorpadun «HenuneitHple koneGaHust u
BOJIHBI B TMHAMHUYECKHX CHCTeMax», Bbiule/uiel B u3aarenscre «Kluwer», «Pery-
JSIpHBIE M XaOTHYeCKUe KoeOaHNs», BhIMIEeAIIeH B n3nareascTBe «Springer» B 2001
TOIly, © HECKOJIBKIX 0030poB, B ToM unciie B YOH u «Physics Reports», Unen Haru-
OHANBHOTO KomuTeTa o MexaHuke (Poccus). OmyOmukoBana MHOTO HAay4YHBIX CTa-
Tell 110 HampaBIeHHUAM, yKa3aHHBIM BbIIIe. UneH pefakMOHHOH KOJUIETHH Ky PHAJIOB
«Chaos, Solitons and Fractals» u «3B. By30B. [IpukiagHas HenmuHEHHAs THHAMH-
Kay.

119899 Mockaa, Jlennnckue ropsi, MI'Y
MockoBckuil rocyiapcTBeHHbIN yHUBepcUTeT uM. M.B. JlomoHocoBa
E-mail: planda@mail.ru
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I'EHEPAIIMA BbBICIHINX TAPMOHMUMK B PEJIATUBUCTCKOM
SJEKTPOHHOM MNOTOKE C BUPTYAJIBHBIM KATOAOM*
C.A. Kypxun'?, A.A. Baoapun'?, A.A. Koponosckuii*2,

A.0. Pax3, A.E. Xpa/l/l061’2
L CapaToBcknii roCyIapCTBEHHBIH YHHBEPCHTET
2CaparoBckuii rOCYapCTBEHHBIH TEXHHHECKHH YHHBEPCUTET

3Benopycckuii rocynapcTBeHHbI YHHBEPCUTET MHBOPMATHKH H PAJHONIEKTPOHHKH

N3yuensl pexumbl CBU-reHepanuy BBICIIMX TapMOHHK B BBICOKOMOIIHOM BHpPKaTOpe C
PEIATUBUCTCKUM IEKTPOHHBIM OTOKOM C BUPTYaJbHBIM KaToAOM. XapaKTepUCTHKH JaHHBIX
PEXKHUMOB, B JaCTHOCTH, XapaKTepHbIE CHEKTPHI M MX TPaHC(HOpMAIMs ¢ W3MEHEHHEM Mapa-
METPOB CHUCTEMBI (TOKA Iy4Ka, HHAYKI[MH BHEIIHETO MArHUTHOTO IOJIA), & TaKXKe (PU3HIECKUe
IIPOLIECCHI, MIPOUCXOAANINE B CHCTEME, IIPOAHAINU3UPOBAHBI C IIOMOILBIO TPEXMEPHOIO 3JIEK-
TPOMAarHUTHOTO MOAENMpoBaHus. Iloka3aHo, 4TO ¢ yBeIMYEHHEM TOKAa IydKa HCClenyeMast
CUCTEMA JAEMOHCTPHUPYET TEHICHLHUIO K CYLIECTBEHHOMY POCTY aMIUIUTY] BBICHIMX FapMOHMK
B CIIEKTpE TOKOBBIX OCLMUIALUN B 001acTU BUPTyalbHOTO Karoza. IloyueHHbIe pe3yibTaThbl
MO3BOJISIOT PaCCMATPHUBATh T€HEPATOPHI HA BUPTYaJIbHOM KaTOZE KaK NEPCHEKTUBHBIE BBICOKO-
MOIIHBIE HCTOYHHKH CyOTEeparepioBoro U TepareprioBOro W3IydeHHs.

Kniouesvie cnosa: CBU-anmeKTpoHNKa BBICOKAX MOIIHOCTEH, BUPKATOpP, BUPTYAJIbHBIN KaTo,
PENATUBUCTCKUM 3JIEKTPOHHBIN TMOTOK, BBICIHIME TapMOHMKH, TIIl W3IIydeHHe, 3IEKTPOHHBIE
CTPYKTYPbI, HEYCTOMUMBOCTH IEKTPOHHOIO MOTOKA, [UIA3MEHHAasl 4acToTa.

BBenenune

PenatuBuCcTCKHE ITyYKOBO-IUIAMEHHBIE CHCTEMBI, WCIONB3YIOIIHE JUIsl TeHEpaluu
3NIEKTPOMAarHUTHOTO M3JIy4eHHs KojeOGaHus BUpTyainbHOro karoga (BK) sBisrorcs mep-
CIEKTUBHBIMU YCTPOWCTBAMHU BaKyyMHOH W miasMeHHOH CBY-anekTpoHHMKH OONMBIIMX
motrHocTel [1-3]. ['eHepaTropsl Ha BUPTyadbHOM KaTojie (Takue Kak BUPKATOPHI, PEIHT-
POHBI, BUPTOABI M Ap.) MPEACTaBISAIOT 0co0bIii Kimacc CBU-reHeparopoB Ha TOPMO3HOM
U3JIy4eHHH, paboTa KOTOPHIX OCHOBaHa Ha ¢opMmupoBanuu BK B snekTpoHHOM mOTO-
Ke CO CBepXKpuTHuecKuM TokoM [1,3-5]. B Hacrosiee BpeMs Takue yCTpPOMCTBa ak-
TUBHO HCCJIEAYIOTCSI M PacCMaTPHUBAIOTCS B KaueCTBE MCTOYHHMKOB HMITYJIbCHOTO BBICO-

*Crarbsl HalKCcaHa MO MarepuagaM JOKJIaga, IPOYUTAHHOrO Ha 24-if MexayHaponHoit KpeIMCKo# KOH-
¢epenuun «CBY-TexHHKa U TeIeKOMMYHHKAIIMOHHBIE TexHOIOrun», CeBacrononb, Poccus, 7-13 ceHTa0ps
2014.
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koMmomHoro CBY-u3nmyueHus, a Takxke CUCTEM JUIsl YCKOPEHHUS MOHOB M HarpeBa ILia3-
™Mbl [1,3,6-10]. OCHOBHBIMH MPEUMYIIECTBAMUA BUPKATOPOB SIBISIFOTCS] BHICOKAsI BHIXOTHAS
MOIITHOCTh, IPOCTOTa KOHCTPYKIMHU (B YACTHOCTH, BUPKATOPBI MOTYT paboTaTh O3 BHEIII-
HEero (OKyCHPYIOILIEr0 MarHWTHOTO TOJs) W MPOCTOTa MEPECTPOHKN YacTOTHI M pEXHUMa
reHepanuu (rmepecTpanBaeMocTs) [3,6,11-14].

OcHOBHas 4acTOTa TeHEPAIUN (yCO M3BECTHBIX BUPKATOPHBIX CXeM 0e3 BHEIIHei
PE30HAHCHOU CTPYKTYpBHI OMpEAesIeTcs IMIa3MEHHOM 4acTOTOM HEBO3MYIICHHOTO AJIEK-
TPOHHOT'O MOTOKA u)g (HEBO3MYIIIEHHOH TIa3MEHHON 9acTOTON), Kak Wyco = kmg, rae
k — xoahduumeHT mponopIHHOHAIBHOCTH, JeKaluid B auanasone [0.5,2] u 3aBuCSIIni
OT KOH(UrypaIu BUpKAaTOpa U pexxuma ero pabotsl [3, 6, 15-17]. Ha mpakrtuke wvyco
HaXOIUTCSI, KaK MpaBmilo, B quanaszone [1,20] I'T. B To ke camoe Bpewmsi, co3nanue 3¢-
(beKTUBHBIX BBICOKOMOIIHBIX T€HEPATOPOB B II0X0 ocBoeHHOM cyO-TT /T 1 nuamna3one
SBJISIETCS aKTyallbHOW 3a/laueil COBPEMEHHOW (DM3WKH IDIa3Mbl U AJIEKTPOHUKH OOJBIITNX
MorHOCTeH [18]. Takue ycrpoiicTBa MOTYT OBITH MCIIONB30BAHBI IS MEJICH CIIEKTPOCKO-
UK, ToMorpaduu U peHTreHorpaduu, CyOMIUTUMETPOBON aCTPOHOMHUHU, KOMMYHHKAIIUU
u T.a. [18-22].

Takum 00pa3oM, yBelIHUYEHHE YacTOTH TeHEPAIWHd W MPOJBIKEHHE BUPKATOPOB B
cy0-TT' 11 AnanazoH Mpu COXPAHEHUH BBHICOKOH BBIXOMHON MOITHOCTH SBIISIETCS B HACTOS-
1iee BpeMs Ba)KHON M aKTyallbHOW 3ajladyeil Jyis mpakTudeckux neneit [2,3, 14]. Bo3mox-
HBIM HaIpaBICHUEM IS YIIYUIICHUS XapaKTEPUCTHK BUPKATOPOB MOXET OBITH pa3padoT-
Ka U CO3JIaHNE HOBBIX MOAM(DUKAIIUNI BUPKATOPOB, UCIIONIB3YIOIIUX HOBBIC OOHAPYKEHHBIC
3P PEKTHI, TPOUCXOAIINE B PEIATUBUCTCKOM H YIBTPAPEIATUBUCTCKOM 3JIEKTPOHHBIX T0-
TOKaX CO CBepXKpUTHUecKuMH Tokamu [10,16,23,24].

IlepcnieKTUBHBIM HAIIpaBIICHUEM MJIS YBEIWYCHUS YACTOTHI M3IIyYE€HUS BHUPKATOP-
HBIX CHCTEM W TpojaBmkeHHs ux B cy0-TI'm nuama3oH sBiseTcsS HCIOIb30BaHUE BHIC-
X TApPMOHUK OCHOBHOW YacTOTHI BHPKATOpa IPH €ro padoTe B CHIHLHO HEITUHEHHOM
pexxume. B Hacrosimiee Bpemsi BHICIIME TApMOHHKH IIMPOKO UCIOIB3YIOTCS B THPOTPO-
Hax [25-28]. Taxxe U3BECTHO, YTO MPH OMPENENCHHBIX YCIOBUIX IMyYKOBO-IIJIA3MEHHbBIE
CHUCTEMBI C MHTCHCUBHBIMH MTOTOKAMHU 3apsDKEHHBIX YaCTHI[ TEMOHCTPUPYIOT PEKUMBI C
pa3BUTBHIMHU BBICUIMMHU rapMoHukamu. Hanpumep, pabota [29] mocBsiieHa ucciae10BaHUI0
mporiecca paspsizia B CHCTeMe C TIOJIBIM KaToioM, a B pabdore [30] paccmarpuBarorcs ¢puzn-
YECKHE TPOIECCHI B TYPOOTPOHE, BEICOKOMOIITHOM UMITYJIbCHOM HCTOYHHUKE MIJUTHMETPO-
BOTO JIMana30Ha, COCTOSINEM M3 HHTEHCUBHO OCIWIUIMPYIONIETO TYPOYICHTHOTO 3JICKTPOH-
HOTO ITOTOKA, CO37aBaeMOT0 MEXy peajbHBIM M BUPTyaJbHBIM KaTonamu. Hammm npeasa-
pUTENbHBIE MCCICIOBAHUS TOKA3alId, 4TO CIEKTphl ocimuanuid BK B penstuBucTCKUX
anekTpoHHBIX ToToKax (POII) co cBEpXKpUTUYECKUMH TOKaMHU COIEp)KAT MHTEHCHBHBIS
BBICIITFIE TAPMOHUKH OCHOBHOM YaCTOTHl WyCco. 1akuM 00pa3oM, n3ydeHue u pa3padoTka
CXEM BHPKATOpPOB, pabOTAIONIMX HA BHICIIMX T'APMOHMKAX OCHOBHOM YacCTOTHI KOJIeOaHUI
BK, mpencraBisioT 3HaUYUTENbHBIN HHTEpeC. JlaHHbIE UCCIeIOBaHMs TIOMOTYT B PEIICHUU
3aJ1auy TPOJBIDKEHUS BUPKATOPOB B MIJLTUMETPOBEIN U CyOMMJLTUMETPOBEIN THATIa30HBI
JUTMH BOJH MPHU COXPAHEHUU MX TUIIUYHO BBICOKOW BBIXOJHOM MOIIHOCTH.

1. Hccaenyemasi Mmonenb

[Ipu aranmm3e penITHBUCTCKUX BUPKATOPOB HEOOXOIUMO YUUTHIBATE 3(h(hEKTHI, HEeCy-
IICCTBCHHBIC M1 CIAOOPENITUBUCTCKUX CHCTEM, B YaCTHOCTH, BIHUSHHE COOCTBEHHBIX
MarHuTHBIX nonei POII [10,24]. ITo aToi mpudnHe B paboTe I MPOBEACHHUS TOYHOTO
YUCJICHHOTO MOJEIMPOBAHUS IMPOIIECCOB TCHEPAINH B MOJIEIIHA PEISTUBHUCTCKOTO BUpPKA-
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TOpa WCHOJNB30BAICA TPEXMEPHBIH MOJHOCTHIO 3JIEKTPOMArHUTHBIM CaMOCOTIIaCOBaHHBIN
Kof, peanu3zoBaHHbId B cpene CST Particle Studio. B manHo#t pabote mpencTaBieHsl pe-
3yABTaThl TPEXMEPHOTO YUCIEHHOTO UCCIICAOBAHMS TIPOIIECCOB I'EHEPAIMH BBICIIIHX FapMO-
HUK B MOJEITH PEISTHBUCTCKOTO BUpKAaTOpa ¢ KonbleBbiM POII Bo BHEIIHEM OJHOPOIHOM
AKCHATHHOM MarHUTHOM IIOJIC.

Hccnenyemas cuctemMa COCTOUT M3 MICATHHO MPOBOASIIETO HMIHHAPUIECKOTO BOJI-
HoBoja (kamepsl apeiida) mmuubl L U pamuyca R ¢ CeTOUHBIM 3JEKTPOIOM Ha JIEBOM
CTOpOHE M KOAKCHAJIBLHBIM BOJITHOBOJIHBIM ITOPTOM Ha MPaBOi. AKCHAIIEHO CHMMETPUYHBIH
MOHOCKOPOCTHO# KonbiieBoit POII ¢ TokoM [y u HaganmsHOM sHeprueit W, (B nanHoi# pabo-
Te 850 k3B ), ¢ BHEMHUM paguycoM Ry, W TOMIMUHON d WHXEKTUPYETCS B CUCTEMY Yepe3
JIEBBIN BIEKTPON. DINEKTPOHBI MOTYT MOKHJATh MPOCTPAHCTBO Jpeiida, ocenas Ha OOKo-
BBIX CTEHKaX BOJIHOBOJIA WJIM Ha MPAaBOHM CTEHKe KaMephl Apeiida (komiekrope). B nanHoi
pabote reomeTpuuecKkre mapaMeTpbl CHCTEMBI OBUTH BEIOpAHbI clieAyromuMu: L = 45 MM,
R =10mMm, Ry, = 5MM, d = 1.5 MM. Pe3oHaHCHBIE CBOMICTBA CHCTEMEI CIIA00 TIPOSIBIISIOT-
CSl B CHJTY 3HAQUUTEIBHOTO TPEBBIICHUS (PU3NUECKUX PA3MEPOB CTPYKTYPHI JITUHBI BOIHEI,
COOTBETCTBYIOIICH OCHOBHOI 4acTOTE TeHepalui BUpKaTopa. BHenIHee oqHOpOHOE Mar-
HUTHOE TIoNe ¢ uHAyKuueir B, = By € [0, 2] Tn npukiaapBaeTcst BIOIb OCH BOJIHOBOIA.
[Ipennomaraercs, 9ro nHXeKTUpyeMbIid B cuctemy POII ¢opmupyeTcs ¢ moMompo Mar-
HUATOM30JIUpOBaHHOTO nuona [31].

2. OOcyxneHue MOJTy4YeHHBIX Pe3yJbTaTOB

2.1. AHaJM3 CHEKTPOB OCHWLIALMII TOka. bBIT mpoBeneH aHAaTN3 BOIIOINH
AMIUTMTYIHBIX CIEKTPOB OCHMIUIALUN TOKa, oTpaxkeHHoro oT BK o0parHo k miockoctu
WHXEKIUH, B 3aBUCUMOCTH OT TOKa My4ka [gp M BEIMYMHBI MHAYKLIHMHA BHEIIHErO Mar-
HUTHOTO TIONS Bj. Ilomo0HBIe TOKOBBIE peanm3aIiiil JeMOHCTPHUPYIOT MPOCTPAHCTBEHHO-
BpeMeHHoe moBeacHne BK u, cmemoBaTenbHO, UX aHANINU3 MO3BOJSET BBISIBUTH U U3YYHUTh
CIOXKHYIO JUHAMUKY SJEKTPOHHOIO MOTOKA M XapaKTEPUCTHKU BO3MOXKHOTO H3IYUYCHUS
PESITUBUCTCKOTO  BHUpPKAaTopa MpU PA3NUYHBIX Mapamerpax cuctembl. Croekrp,
COOTBETCTBYIOIIUH JTOKPUTHICCKOMY PEKUMY, KOTIIa TOK ITy9Ka MEHBIIE KPUTUIECKOTO TO-
Ka I.;(By) st 33IaHHOTO MATHUTHOTO TIOJISL, SIBJISIETCS. MAJIOMOIIHBIM U ITyMOTIOJOOHBIM.
3aMeTHM, YTO KPUTHYECKUUA TOK 3aBHCHT OT HHAYKUMU BHEIIHETO MAarHUTHOTO
nons By [24,32,33].

C pocToM TOKa IMydyKa PEISTHUBUCTCKAsh BUPKATOpPHAs CHUCTEMa MEpeKIovaeTcs B
CBEPXKPUTUYECKUN pPEXHUM, U B CHEKTPE TOKOBBIX OCLUJUIALIMNA MOSBISETCS SIPKO BbIpa-
JKEHHas CIIEKTpalibHas COCTaBjIsromas Ha yactore wyco (fvco = 21.7ITu s ciyyas,
M300paKeHHOTO Ha pHC. 1, @) C MOIYISIIMOHHBIMH CaTEIUTUTAMU, CAMH YK€ OCIHILISIINH TO-
Ka XapaKTepHU3yIOTCs TUHAMUKOM, OTM3KOM K XaoTHyecKoi. YacToTa 0CHOBHOM rapMOHUKH
ompeieNsieTcs 3HaYeHUEM IJIa3MEHHOM 4acTOThl Bo3MyIieHHoro POII, mg: wyco ~ wg.
3HavyeHue (ng (BO3MYIIEHHOH TUIa3MEHHOW YacTOTBI) MPOMOPLUUOHAIBHO KOI(DPHUIUEHTY
PEAYKIMH IIa3MeHHOW JacToThI [31,34] M IUIOTHOCTH MPOCTPAHCTBEHHOTO 3apsaa B 00-
nactu BK, xotopas onpenensiercss nmpoueccamu (hOKyCHPOBKU/IePOKYCHPOBKH AIEKTPOH-
HOTO TOTOKa TIPH €r0 paclpocTpaHeHUH B cucteme. llpemmonoxum, 9To KO3QPUIHCHT
MIPOMOPIMOHAILHOCTU K CBSI3BIBACT YACTOTY HEBO3MYIIEHHOTO U BO3MYIICHHOTO JJICK-
TPOHHBIX MOTOKOB: oog = k:o)g. Jannblii k03 duimeHT yunThiBaeT Kak mporecchl ¢o-
KyCHPOBKH/1e(DOKYyCHPOBKH JIEKTPOHHOTO TTOTOKA, TaK U 3(P(EKT peayKIun rmia3MeHHON
4gacToThl ¥ paBeH 0.8 s ciydasi, H300paXeHHOTO Ha puc. 1, a.
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Puc. 1. Cmextpsl M (parMeHTHl TOKOBBIX OCHHWJULILUHA, COOTBETCTBYIOIINME XapaKTEPHBIM PpEeXHMaM
paboThl HCCemyeMol MOJENH BUPKAToOpa: a — CBEPXKPHTHUECKHi pexuMm, korma BK komebnercs na ua-
CTOTE WVCO = wﬁ, U OCHO6HAs TAPMOHHKA TaHHOW 4YacToThl (opueHTHpoBouHO 21.7 ['Tm) makcmmanbHa
(Io = 16xA); 6 — pexxuMm Bupkaropa, npu koropoM BK konmebmercs Ha wactote wvco = ng, U OCHO6-
Has TApMOHMKA NaHHOH JacToThl (opueHTHpoBouHO 40.2 I'Tm) MakcumansHa ([ = 18KA); 6 — pexum, npu
KOTOPOM WyCO = 2u)g, U 6mopasi TApMOHHMKA JAHHOW 4acTOThl (OpUeHTUPOBOYHO 85.3 I'T'w) siBisieTcst Mak-
cumainibHoi (Ip = 28 kA). MarnutHoe none By = 1.2 Tn

CrexTp Ha puc. 1, a Taxke JEMOHCTPUPYET HaJMYUE BBICIIUX FapMOHMK nu)g BO3-
MYLIEHHOH IJIa3MEHHOH 4acToThl (o n = 7, Tae n — HoMep rapmoHuku). Kpome Toro,
KOJINYECTBO CATEJJIUTOB N-i FAPMOHUKU YBEIMYHMBACTCS C POCTOM 1. DTO COOTBETCTBY-
eT CIoXHBIM KoslebanusM BK pemakcalimoHHOTO THMa B CHCTEME C OCHOBHOW 4acTOTOM,
PaBHOI BO3MYILEHHON IJIa3MEHHON yacToTe. BBE1eM HOpMUPOBAHHBIM apaMeTp HAKpU-
traHocTH 10 Toky 01 (By) = I/l (By), onpenesseMblii OTHONICHHEM TOKa Iydka [y K
KpUTHYIECKOMY (TIpefeIbHOMY BakyyMHOMY) TOKY I, (By) [24,35]. [Tapamerp HaaqKpuTHY-
HoctH 01 (By) XapakTepHu3yeT CTeleHb pa3BuTHs ocimusiiuii BK B 21eKTpoHHOM HOTOKe
¥ 3aBHCHT (B cIy4ae GUKCHPOBAHHOTO TOKA ITy4Ka /o) OT BETMYMHBI HHIYKIUH MAaTHUTHO-
ro nonst By. B xoxe uccnenoBanus 0bu10 0OHapykeHo, 4To HaOmomaemast quHamuka BK
Ha 4acToTe wg XapakTepHa Il OTHOCUTENIbHO HU3KUX 3HAYCHHUH MapaMeTpa HaJKpHTHY-
Hoctu: ot 0 (By) < 1.1 mis cmabeix mMarauTHBIX noneit By < 0.1 Ta mo 81(By) < 2.5
npu By > 0.5 T

JanbHeliee yBenuyeHue napamerpa HaIKPUTHUYHOCTH NPHBOIUT K IIOCIIENOBa-
TEJILHOMY KaueCTBEHHOMY HM3MEHEHHIO CIIEKTPa TOKOBBIX OCHWJUISLMH B paccMaTpHBae-
MOH BHpKaTOpHOHU cucteme. [Ipexkae Bcero, NpOUCXOIUT MEPEKIIOUCHNE OCHOBHOM CIIeK-
TpalbHONU TapMOHUKHU C wg
CTaHOBATCS OMmke K mepuoamdeckuM (puc. 1, 6). Bpicmne rapMOHUKH W MOIYISIINOH-

Ha ng (fyvco =~ 40.2TTu), npu 3TOM OCIWUISAIUU TOKA

HBIC CATCJUIMTBI TAKXKC IMPUCYTCTBYIOT B CHEKTPC, NPUYUCM aMIUIMTYyAbl BCEX T'apMOHHUK
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BBIPACTAlOT IO CPAaBHEHHIO CO CIIy4aeM MEHBIIeH HaJKPUTUYHOCTH MO TOKY. J(namasoH
napaMeTpa HaJIKpUTHYHOCTH, B KOTOPOM HAaOIIOMAeTCs Takas AMHAMHKA CHCTEMBI, H3Me-
HSIETCS TS Pa3iIMYHBIX BEMYUH BHEIIHET0 MarHUTHOTO Toist oT [1.1,2.6] — st cnabbix
MarHuTHbIX noneid (By < 0.1 Tn) mo [2.5,2.7] — st Gosiee CHITBHBIX MAarHUTHBIX TOJEH
(Bo > 0.5 Tm). D10 moxkassiaeT, 4yto BK nepexirouaercs B pekuM pa3BUTHIX KOIEOaHWH,
koraa napametp 01 (By) mpeomoseBaeT OnpeIesieHHOe TOPOTOBOE 3HAYCHHE. 3aMETHM, UTO
ko3 durerT k pased 0.7 s cirydasi, MpeACTaBICHHOTO HAa puc. 1, 6, YTO CBHIETENb-
CTByeT 00 yMEHBIIIEHUH CTeleHH (POKYCHPOBKH AIIEKTPOHHOTO 1MOTOKa B obmactu BK mo
CpPaBHEHHIO CO CIy4YaeM MEHbIIero 3HaueHus Toka (cM. puc. 1, a). Koaddumuent penyk-
LMY TUTA3MEHHON YacTOTHI OCTAETCSI OCTOSHHBIM MPY U3MEHEHUH TOKa ITy4YKa, HauaJbHOU
SHEPTUU U BHEIIHETO MarHUTHOTO IOJISA, TaK KaK OH OMPEAETISETCS TOINBKO TeOMETPUCH CH-
CTEMBI.

C nanpHEHIIMM yBEJMYEHHEM TapaMeTpa HaakpuTHuHOCTH O/ HaOmromaercst TeH-
JeHIMS K POCTY aMIUTUTY/ BBICIINX TapMOHHK (0COOEHHO BTOPOW TapMOHHKH) B CHEKTpe
TOKOBBIX OCLIWIISILUI HCCIeNyeMON peIsITUBUCTCKOW BUPKAaTOpHOH Mozaenu. B yactHoCTH,
Ha puc. 1, 6 M300paxkeH CIIEKTP C MaKCHMAJIBbHOW BTOPOW TapMOHHMKOW (4acTOTa OCHOB-
HOW TFapMOHMKH B JAHHOM CJIy4dae WyCco = ng = 431 Tm). B nansom pexume dopma
TOKOBBIX OCIHWUISAIUI Takke U3MEHSIETCSl CYIIECTBEHHBIM 00pa3oM, U Ha BPEMEHHBIX pe-
IM3aIMAX XOPOILO MPOSBISIOTCA pe3kue MHUKH (Cp. pparMeHThl Ha puc. 1, 6 u 6). Takum
o0pa3om, uccieayemMast MOJIENb BUPKaTopa XapaKTepu3yeTcs pekuMOM padOTHl ¢ WHTEH-
CUBHBIMH BBICIITUMH TapMOHHKAMH OCHOBHOM 4acTOTHL. B mamHOM ciydae kodddummeHT
k pasen 0.6, To ecTb creneHb (OKYCHPOBKH JIEKTPOHHOTO T0TOKa B obmacti BK crano-
BUTCS €Ille MEHBIIIe MPH YBEJIHMUeHIE TOKa MyYKa, 4TO SBJSETCS CIeICTBHEM BO3paCcTaHUS
CHJI TIPOCTPAHCTBEHHOTO 3aps/ia.

2.2. Ocobennoctu nuHamuku POII ¢ BK. Ha puc. 2 u3o0pakeHbl 3aBHCHMO-
cti kod(dunmeHTa £ ¥ YaCTOTHI OCHOBHOM T'apMOHUKU ®yC(O OT TOKa IMydyka Iy mpu
¢bukcupoBaHHOM MarHutTHOM nosie By = 1.2 Ti. Xoporo BUaHO, 4TO 3aBUCUMOCTD k(1p)
JEMOHCTPUPYET MOHOTOHHOE TNaJICHUE C POCTOM TOKa, YTO CBSI3aHO C BO3pacTaHHEM
ne(hOKyCHPYIOIINX CHJI TIPOCTPAHCTBEHHOTO 3apsna [36]. YCIoBHO JaHHYIO 3aBUCHMOCTH

MOXKHO pa3iieiuTh Ha Tpu XapakrepHbix oomactu I, II u Il (cMm. puc. 2) ¢ kauecTBEeHHO
pPa3IUYHBIMU CIIEKTPAMU TOKOBBIX OCILIMII-

JISIUUH, KOTOpBIE XapaKTEepHU3YIOTCS pas-
0]

JUYHBIMA COOTHOIICHHSIMH MEXIY Mak- k HV“CL([)
CUMaJIbHOU cnechpam)Hoﬁ K(:MHOHCHTOP:I 0.9- - _/_\T— L 40.0
W BO3MYIICHHOH IUIa3MEHHOW YacTOTON e

oog. Korma Tok Tyuyka nexur B mep- 087 350
BoMm muamazone (I: 10 < Iy < 18kA, (7 ~ L 30.0
0.7 < k < 1), MakCHMaJIbHOW KOM- - \ 250
[IOHEHTOW B CHEKTpe SBISIETCS OCHOB- I I I 00

Has TapMOHHMKA C YacTOTOM (Dg. B tpe- 05 ' ' i
10.0 15.0 20.0 250 [

teeM guamazone (III: Iy > 20kA, o

k < 0.67) ocHOBHas IapMOHHKAa COOT- Puc.2. 3aBncumoctn kos(dummenTa k u 4acToTsl oc-

BeTcTByeT uactore 20?, mpuuem Bropas HOPHOI FAPMOHHKH WVCO B CMICKTPE TOKOBBIX OCLHII-
P JIAIHIL OT ToKa myuka I TIpH (GUKCHPOBAHHOM MATHHT-

rapMOHMKa NAaHHOU YacTOTBI OKAa3bIBACT- oy none By = 1.2 Tn. Pumckue nudps 0603Ha4aroT

Cs1 MAaKCHMAJIBHOM B CIIEKTPE BCJICICTBHE O6NACTH C KA4ECTBEHHO PA3IMYHON THHAMHUKON
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CWIBHOW HeJIMHEeHHOCTH B cucteme. Hakoner, Bropas yskas obmacte (II: 18 < Iy <
< 20kA, 0.67 < k < 0.7) — 910 NIepexonHast 00JacTh, B KOTOPOM YacToTa OCHOBHOM rap-
MOHUKH paBHSETCA ng, M OHA OKa3bIBaeTCs MaKCHUMaJbHOH B crekTpe. [lepekimtouenue
YacTOTHl OCHOBHOM TapMOHUKHU C mg Ha 2u)g JAEMOHCTPHUPYET 3aBHCHMOCTh Wyco (lp) Ha
puc. 2. Takke 3aMeTHM, YTO JI0 U TIOCIIE TAHHOTO MEPEKIIIOYEHUS Wy O U3MEHSIETCS HeCy-
IIECTBEHHO C pOCTOM [, HECMOTpPS Ha TO, YTO HEBO3MYIIICHHAS IJIa3MEHHAs 4acToTa u)g
MIPONOPIHMOHATBFHA TOKY ITy4Ka. DTO SIBJISETCS CIEICTBHEM yMEHBIIEHUS BO3MYIIEHHOMN
TUTa3MEHHON YaCTOTHI wg, OTIPEIENAIONIEH MMOI0KEHNE OCHOBHOW TapPMOHHUKH B CIIEKTpE,
¢ poctoM Toka Iy n3-3a 1e(hOKyCHPOBKH IEKTPOHHOTO MOTOKA.

Bb110 BBISIBJIEHO, YTO MEPEKIIOUEHUE YaCTOThl OCHOBHOM TapMOHHUKH C (ug Ha 2wg
COIIPOBOXKAAeTCs KaueCcTBeHHBIM m3MeHeHueM nuHamuku POII ¢ BK. JleiicTBuTensHo, Ko-
I7la OCHOBHAsl KOMIIOHEHTA UMEET YacTOTy (ng (o6macts I), BK xapakrepusyercss cuibHO
HEOJHOPOTHBIM pacIpe/ielIeHHeM B a3UMYTaJIbHOM HAIlPaBJICHHH C OJHUM COCPEIOTOUYCH-
HBIM, BPAIAIOLIMMCA C TeYEHHEM BPpEMEHH, MUHIMYMOM IOTEHIHala IPOCTPAaHCTBEHHOTO
3apsiaa (FaHHBI MUHIMYM COOTBETCTBYET OOJIACTH HanOoJiee MHTEHCHUBHOTO OTPa)XCHHUS
anektpoHoB ot BK). B ciyuae yaBoeHHOW 4acTOTBI OCHOBHOU rapmonuku (obnacts 1)
cTpykrypa BK nmemoHcTpupyer Apyryio xapakTepHyro (GopMy C ABYMs BpamlarolIAMHUCS
MUHUMYMaMH TIOTEHI[HANA B a3UMYTaJbHOM HampajieHuH. [losBIeHHEe BTOPOTO MUHUMY-
Ma IOTeHIHaNa O0bICHIET dPPEKT YIBOCHUS OCHOBHOM YacTOTH. DU3NYECKHE MEXaHU3-
MBI, OTBETCTBEHHBIC 32 M3MEHEHHUE CTPYKTypbl BK cBsizaHbI, mpexe Bcero, ¢ 0COOCHHO-
CTSIMH Pa3BHUTHS a3UMYTaIbHON HEYCTONYMBOCTH M BO30YXKIEHHS a3UMyTaIbHBIX Bpalla-
tenbHBIX Moa B POII [10,24].

Taxke ObUTO OOHAPYKEHO, YTO OMUCHIBAEMOE IEPEKIIOYCHNUE YaCTOThl OCHOBHOM
TapMOHUKH B CIIEKTpE MPOHMCXOIUT, KOTAA PAANyC IydKa MPEBOCXOAUT HEKOTOPOE Io-
poroBoe 3HaueHHe Ry}, pa3iMyHOE JJs pa3HbIX MarHUTHBIX MOJIeH. DTO O3HAa4aeT, uTo
MEPEKITIOUEHIE YaCTOThI IIPOUCXOJUT B MOMEHT, KOTJ[a TPAHUYHbIE 3JIEKTPOHBI, JOCTUTAI0-
e TOPOTOBOTO paanyca, Ooee He yIepKUBAIOTCS (POKYCHPYIOIMMH CUIaMU BHEIIHETO
MarHUTHOTO TIOJIsl. DTO COOTBETCTBYET CIy4alo, KOraa cyMMma Je(OKYCHPYIOIUX ChIl (Ky-
JIOHOBCKHMX W HEHTPOOEKHOW) HaYMHAET MPEBHIIaTh (HDOKYCHPYIOMIYIO CHITy MarHHTHOTO
nons Ha paguyce Ry. OLeHNM aHaJUTUYECKU IpH (PUKCUPOBAHHOM MarHUTHOM mojie By
3Ha4YEeHNE TOKa ITydYKa, IPA KOTOPOM IPOUCXOANT OMFCAHHOE M3MEHEHHE B OaaHCce CHIL

Bynem cumTarh BHeIIHee MAarHUTHOE IOJie JTOCTATOYHO CHJIBHBIM, YTO COOCTBEH-
HBIMH MarHWTHBIMHU MOJSMM ITy4ka MOXXKHO npeHeOpeus. Ilycts POII ¢ Tokom [y umeer
paguyc Ry, B obmactu wHxkeKnny, a B oomactu BK — pagnyc Ry, = bR),. IloporoBoe 3Ha-
4yeHue Ry ¥ COOTBETCTBYIONIMH b > 1 3aBUCAT OT BEJIMYUHBI BHEIITHETO MAarHUTHOTO OIS
W ONPEAETSAIOTCS B MPOIECCE YMUCIEHHOTO MOJIENUPOBAHMS. DINEKTPOHBI TPU JIBUKEHUH
B IIOCTOSIHHOM MAarHHTHOM IOJIe MEXIy TOYKaMu ¢ paguycamu Ry, u Ry, npuoOperaror
YTJIOBOH MOMEHT, KOTOPBIil MPOMOPIIMOHAIEH Pa3HOCTH MTOTOKOB HHAYKIINU Yepe3 CEUCHHUS
P3II B Toukax ¢ paguycamu Ry, Ry, [31], u onpeaensieTcss COOTHOILIEHUEM

do T]Bo
2 2 2
th% = 20 (Rth - Rb) ) (1)

rae dO/dt — a3umyTanbHasi CKOPOCTh JNIEKTPOHOB. J[BrKeHue anmektpoHoB POII ompene-
nseTCs IeiCTBHEM LeHTpoGexkHO# critbl F, = yomner (d6/dt)?, KyToHOBCKOH CHITbI OT-
tankuBanus Fy, = —eF, u cunsl Jlopernua F, = —er(d0/dt)By, tne e u m, — 3apsiq
¥ Macca 3JIeKTPOHA, COOTBETCTBEHHO; 1" — paJualibHasi KOOpAWHATA dJieKTpoHa; F,. — pa-
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IrabHas KOMIIOHEHTa HaNPSHKEHHOCTH TI0JISI TPOCTPAHCTBEHHOTO 3aps/a. Y YUTHIBas BbI-
1recKasaHHoe, cooTHomenue (1) ¥ ypaBHEHHE TPaeKTOPHH dIeKTPOHa B Tyuke d2r/dt? =
= (2nVo/v0)d?r /dz?, MoskHO 3amucaTh ypaBHEHHUE JBHKEHUS Il TPAHUYHOTO 3IEKTPOHA
my4Ka

d>r B? _ I
72 20 4Ry [1-b07%] - 0\/7?;/2 =0, @
dz 8Vovo dmegv2nVy ' “bRy,

rae Vp — yckopsirolee HanpspKeHHe.

W3 ypaBHeHus (2) ciemyer, 4To NpH (PUKCHPOBAHHOM BHENIHEM MAarHUTHOM IIO-
ne By cymecTByeT xapakTepHOe 3HaYeHue Toka mydka I, npu koropoMm POII coxpanser
B CHCTeMe MOCTOSIHHBIH paamyc Ry,. JIeHcTBUTENbHO, eclnu HONoxkuth d2r/dz? = 0 B
ypaBHEeHUH (2), 9TO O3HAYaeT OTCYTCTBHE YCKOPEHHUsS B PaJUaJbHOM HAIpPaBICHHH, TO
JIETKO MOKHO TIOJIyYUTh 3HAYEHUE XapaKTePHOTO ToKa I.; sl PUKCUPOBAHHOHN BETMYMHBI
BHEIIHETO MarHUTHOTO TIOJIS

1. = neo BInY 2V Vo R?
\/i"{()

Korma ok myuka Iy mpessrmaet I.p,, n1edoKyCHpyIONie CHIbl CTAHOBATCS OOJbINe, YeM
(dokycupyromue u, Kak cleacTBUe, OOJbIIas 4acTb 3JIEKTPOHOB BBIXOAHWT 3a Mpenesibl
moporoBoro paguyca IRi,. Takum o0Opasom, TOK I.;, COOTBETCTBYET TOKY, PH KOTOPOM
MIPOMCXOANUT MEPEKIIOYEHHE OCHOBHOH CIEKTPajbHOW TapMOHHKH C wg Ha 2(1)%. Heii-
CTBHUTEJBHO, U1 pacCMOTpeHHBIX HapameTpoB (By = 1.27Tm; b = 1.47) ypaBuenue (3)
naet I.p, ~ 18.8 KA, 4TO XOPOIIO COOTHOCUTCS C pe3yAbTaTaMU YUCICHHOTO MOJECIUPOBa-
Hus. B camoMm nene, 3HaYeHHE TOKA, COOTBETCTBYIOIIEE cepeinHe nepexoaHoit odnactu 11
d

(CM. puc. 2, € 9acTtoTa OCHOBHOM cneKTpaanoﬁ TapMOHUKH NCPCKIHOIACTCA C (1)p Ha

(»*—b7?). 3)

2(1)3), MpUOIN3UTENBHO paBHseTCs 19 KA.

2.3. XapaxkrepHble pe:KMMbI padoThl BUpKaTopa. [l neTanbHOTO aHaIu3a
PEKUMOB pa6OTI>I MOZCIN PEIATUBUCTCKOIO BUPKATOpa IMpHU U3MCHCHHU YIIPABIAIONIUX

mapaMeTpOB CUCTEMbI ObLIa IIOJIy4d€Ha Kap- B.Ti
0

Ta peKUMOB Ha 1iockoctH (1o, By). Puc. 3

JEMOHCTPUPYET TPH OCHOBHBIX peXHMa: L3

JNOKPUTHUYECKUH (00macTb ), CBEPXKPUTH- Loy b

YeCcKUil ¢ MaKCHUMaJbHON OCHOBHOW (Tep- 0.5

BOIl) TapMOHUKON B CIEKTPE TOKOBBIX OC-

A (06macTe 2) W CBEpXKpUTHYE- 00 50 100 150 200 250 I, XA

CKHMI ¢ MaKCHMaJbHOW BTOPOW TapMOHH-
. . Puc. 3. XapaxrepHsle pexxuMbl paboThl BUpKaTOpa Ha
KOM OCHOBHOM KOMIIOHEHTHI (001acTh 3). IJIOCKOCTH «TOK IIyuka lo—BHEIIHEE MaTHUTHOE II0JIE

OcHOBHast TEHIACHIHMS 3I€Ch CIEAyIOIas: Bo». O6macTs ! cOOTBETCTBYET TOKPHTHYECKOMY pe-

IIPY yBEIMYEHHH TOKA TydKa MPH JIFOOBIX KUMY, Koria B'K B cucTeMe He oOpasyercs (TOK Iydka
Iy < Ix(Bo)); 06macth 2 COOTBETCTBYET CBEPXKPHUTH-
YEeCKOMY PEeXHMY, KOIZla OCHOBHAs TapMOHHKA VCO

omomaercs MEPEKIIOYCHNUE C NOKPUTHUYEC- MakcHMalbHa B CIIEKTPE TOKOBBIX OCHWIIALHWI; 3 —
CKOrO Ha CBerKpI/ITHLIeCKHf;I pe)KI/IM; 3a- O6.HaCTI) MaKCUMAJIBHOTO 3HAYCHUSA BTOpOﬁ rapMOHH-

o . KM OCHOBHOM KOMITOHEHTHI 20vco. CUMBOMILI by _o U
TEM — POCT BTOPOU I'apMOHHUKHU OCHOBHOU

ba—3 0003HAYAIOT TPAHUIY MEXIy pexuMamu (I —2)
KOMIIOHCHTBI, YTO B HTOI'C HpI/IBOHI/IT K¢Ee y (2_>3)) COOTBETCTBECHHO

BHCIIHHUX MArdvTHBIX ITOJIX CHadYajla Ha-
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npeodsaganuio B criekTpe (cM. obiacts 3 Ha puc. 3). B To ke BpeMs aMIUTHTYBI BBICIITHX
TapMOHHUK C HOMEpaM# n > 2 TaKKe BO3PaCTaloT C POCTOM TOKa ITyJKa.

3aMeTuM, 4TO TPAHHIBI MEXIY pekuMaMu bi_o U ba_3 UMEOT CXO0XKyH (popmy
(cm. puc. 3). KpuBast b _o omnpezernsier Kputuueckuit Tok myuka I, (Bg) B 3aBUCHMOCTH OT
BEJIMYMHBI BHEUTHETO MarHUTHOTO Toist. dopMa MaHHON KpWUBOW M HaJIM4due 00JIacTH po-
CTa KPUTHUYECKOTO TOKa ONPENEISIOTCA Pa3BUTHEM a3UMyTaJIbHON HeycToitunBocTy B POIT
(moapo6HO 3TOT 3P PeKT 00cy)kmaeTcs B padbote [24]). PazBurne a3umMyTambHOM HEYCTOMN-
YHBOCTH MPUBOAUT K YMEHBIICHHUIO TNIOTHOCTH MPOCTPAHCTBEHHOTO 3apsiia B obnactu BK
1, KaK CJIC/ICTBUE, K YBEIMICHUIO KPUTHICCKOTO TOKA.

HWrak, cxoxue GpopMbl 00EHX TPaHUI] MMOKA3bIBAIOT, YTO a3UMYTalbHAsl HEYCTOWYH-
BOCTh TaK)K€ BIIMSACT M Ha YCIOBHUS IMEPEKIIOUCHUS ¢ peXuMa 2 Ha PEXUM 3, U JaHHOE
MEPEKITIOUECHUE MMPOUCXOIUT, KOTAa IUIOTHOCTh MPOCTPAHCTBEHHOIO 3apsiaa B obnactu BK
MPEBOCXOAUT HEKOTOPOE XapaKTepHOE 3HaueHWe. JleHCTBUTENHHO, KOT/a BHEITHEE Mar-
HUTHOE T0JIe OTHOCUTeNbHO Maio (Bg < 0.4 Tn), ero poct NPUBOAUT K YMEHBIIEHHIO
TUIOTHOCTH MPOCTPAHCTBEHHOTO 3apsifga B oomactu BK BciencTBre pa3BUTHS a3UMYyTallb-
HOW HeycroitunBocTH [10,24], mosToMy rpaHuna by_3 AEMOHCTPHPYET YBEIMUYCHUE KPH-
THYECKOrO TOKA B JAHHOM 00JAcTH 3HaueHuil Bj. Boiee cunbHbIC BHEIIHHE MarHUTHBIE
nonst (By > 0.4 Ti) mpuBOAST K TIOAABICHUIO a3UMYTalbHON HeycToitunBocth [10,24] u
(hOKYCHPOBKE IEKTPOHHOTO TIOTOKA, BHI3BIBAs YBEIIMYCHUE IUNIOTHOCTU IPOCTPAHCTBEHHO-
ro 3apsaa. Kak ciencteue, XxapakTepHOE 3HAYCHHE TOKA MTydYka MOHOTOHHO YMEHBIIIACTCS
BJOJIb TPaHULBI by_3 aist By > 0.4 To.

Ha puc. 4 u300paxeHbl 3aBHCHMO-
CTH aMmmiauTyn 1-—6-i rapMOHMK OCHOB-
HOM COCTaBIIAIOLIEH B CIIEKTPE OCLUIUIS-
uuMi Toka, orpaxkenHoro ot BK, B 3a-
BHCHUMOCTH OT TOKa Iryuka Iy. AHamu3
JAHHBIX 3aBUCUMOCTEH IMO3BOJISIET OIpe-
JICJIATh yCIIOBHA (TOKH ITy4YKa), IPU KOTO-
pBIX OoJbIas YacTh PHEPTHU 3alaceHa B
BBICIIIMX FaPMOHUKaX. [IeICTBUTENBHO, KO-
rma Iy >~ 24xA wm Iy ~ 28KA, Bce
IIECTh TApPMOHUK (32 HUCKJIIOUCHHEM IIle-
croii rapmoHuku mpu Iy =~ 24xA) ne-
MOHCTPHUPYIOT SIPKO BBIPAKCHHBIE JIOKATb-
HbIE MAaKCHUMYMBI TIPH JaHHOM MarHATHOM
mojie, MpPUYEM BTOpas T'apMOHUKA CHUIIb-
HO TIPEBOCXOAWT OCTANBHBIE KOMIIOHEHTHI
MpU 3TUX 3HAYCHHUSIX TOKA IydKa. 3ame-
THAM, 9TO TIPAKTUICCKU MIPH BCEX 3HAYCHUS
TOKa IMy4Ka, COOTBETCTBYIOLINX PA3BUTOMY
pexxumy pabotel Bupkaropa (Iop > 20 kA),
Puc. 4. 3aBucuMOCTB OT TOKa ITy4Ka /o aMIDIATYR Hep- BTOpas TapMOHHMKA OKAa3hIBACTCS MAKCH-
BoW (xpuBas /), Bropoil (kpuBas 2), TpeTbeil (kpu- .
pas 3), uetmeproil (Kpusas 4), miTodl (kpusas 5) u MATPHOH (MCKITIOUEHUE COCTaBIISIET C1abo-
mecToi (KpuBast 6) TapMOHUK OCHOBHOH KOMIIOHEHTHI Hagkputuueckuil pexum (Ip < 20kA),

B CIIEKTPE TOKOBBIX OCLlI/IJ'IJ'IﬂLU/II\/'I npu (bI/IKCI/IpOBaHHOM rae MaKCI/IMaHBHOﬁ SABJISIETCSI OCHOBHAaS
MargutHoM nosie Bo = 1.2 Tn
TapMOHUKA).

C.A. Kypxun, A.A. baoapun, A.A. Koponoeckuii, A.O. Pax, A.E. Xpamos
48 W3B. By30B «I[THI», T. 23, Ne 1, 2015



3akjIoueHue

Takum 00pa3zoM, ¢ OMOIIBIO TPEXMEPHOTO YHCICHHOTO MOJAECIUPOBAHUS OBLIO I10-
Ka3aHO, YTO C POCTOM TOKa ITy4Ka UCCIELyeMas MOJENb BUPKATOpa AEMOHCTPUPYET TEH-
JEHIIMIO K CYIIECTBEHHOMY POCTY aMIUTUTY]I BBICIINX TapMOHUK B criekTpe CBY-koneOaHmii.
ITony4eHHbIE pe3ynbTaThl MO3BOJISIOT PACCMATPUBATE T€HEPATOPHI HA BUPTYaJIILHOM KaTo-
Jie, KaK IIEPCIIEKTUBHbBIE BBICOKOMOIIHBIE UCTOUHUKH TT'I| H3i1ydyeHus.

Paboma evinonnena npu noddepocxe epanma Ilpezudenma PD ons monoovix poc-
cutickux yyeHuvix-kanouoamos nayk (MK-5426.2015.2) u epanma PODU (Ne 15-52-04018).
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HIGHER HARMONICS GENERATION
IN A RELATIVISTIC ELECTRON BEAM WITH VIRTUAL CATHODE

Semen A. Kurkin®?2, Artem A. Badarin'2, Alexey A. Koronovskii*2,
Aleksey O. Rak3, Alexander E. Hramov'»?

!Saratov State University
2Saratov State Technical University

3Belarusian State University of Informatics and Radioelectronics

The study of the microwave generation regimes with intense higher harmonics

taking place in a high-power vircator consisting of a relativistic electron beam with a
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virtual cathode has been made. The characteristics of these regimes, in particular, the
typical spectra and their variations with the change of the system parameters (beam
current, the induction of external magnetic field) as well as physical processes occurring
in the system have been analyzed by means of 3D electromagnetic simulation. It has been
shown that the system under study demonstrates the tendency to the sufficient growth
of the amplitudes of higher harmonics in the spectrum of current oscillations in the VC
region with the increase of beam current. The obtained results allow us to consider virtual
cathode oscillators as promising high power mmw-to-THz sources.

Keywords: High-power microwave electronics, vircator, virtual cathode, relativistic electron
beam, higher harmonics, THz radiation, electron structures, instabilities of electron beam,
plasma frequency.
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CYBMUWLJIMMETPOBBIII MATHETPOH C YIJIMHEHHBIM AHOJIOM:
ONTUMAJIBHBIE ITAPAMETPBI KOJIEBATEJIbHOM CUCTEMBI*

B.JI. Epéuxa®, O.II. Kynaeun', FO. U. Kum?

"YrcturyT pamuodusuky u snexTpornkn uM. A.Sl. Yenkosa HAH Vipawssr

2Korea Electrotechnology Research Institute

C nmpuMeHeHHeM aHAIUTHYEeCKOH MOZIEN!, YIUTHIBAIONIeH HeMHEIHYI0 THHAMHUKY JIBIKE-
HHS 3JIEKTPOHOB, TIPOBEIEHA OLIEHKA ONTUMANIbHBIX MTapaMeTPOB CyOMHITIMETPOBOTO TeHEpa-
Topa M-Tuna Jjis TeHepupOBaHUs 3JIEKTPOMAarHUTHOTO U3iIyueHus Ha yactoTe okoino 0.33 Tl
mpu aHomHOM HampspkeHHH 13 kB u marautHOM mone 0.7 Ti. Onpenenena reoMeTpust mpo-
CTpaHCTBa KOJICOATEIbHOW CHCTEMBbI MAarHETPOHA, B KOTOpoM obecrneunBaercs 3(dexruBHOe
B3aUMOJIENCTBHE DIEKTPOHOB C BHICOKOYACTOTHBIM TIosieM (+1)-if mpOCTPaHCTBEHHOM rapMo-
HHKH 3JIEKTPOMAarHUTHBIX KoJeOaHUH TT-BUa B peKUMe Ipeii(oBo-opOHTATBHOTO pe30HAHCA.

C MOMOIIBIO BEIYHCIUTENIBHOTO SKCIEPUMEHTA Ha OCHOBE TPEXMEPHOH MOJIENH, OCYIIECTB-
JIEHO TECTHPOBAHUE FE€OMETPUH KOJIeOaTeNbHOr0 KOHTYpa MarHeTpoHa U MOATBEpXkeHa pabo-
TOCIIOCOOHOCTh ITIPEUIOKEHHOH CHUCTeMBl Ha 3aJJaHHOM 4YacTOTe, a TaKKe yKa3aHbl Halpas-
nenus e€ ontumusanyu. ITokazaHa BO3MOXXHOCTB CO3[JaHHUSI MaTHETPOHA CyOMHIITUIMETPOBOTO
JIarna3oHa C XOJOAHBIM KaTOJOM, CO CPaBHHUTEIBHO HEBBHICOKMMH PabOYMMHU HAIpSHKCHUEM,
MarHUTHBIM I10JIEM IIPH YBEINYEHHOM CPOKE CITyXKOBI.

Kniouesvie cnosa: CyOMUIUITIMETPOBBIM AWANa30H BOJH, KOJIeOATEIbHBIA KOHTYP MarHeTpo-
Ha C yAIMHEHHBIM aHOIOM, Apeii(oBo-OpOHTANBHBIN PEe30HAHC, HEMMHEHHas aHaTUTHIECKas
MozieNb, TpEXMEpHast YUCICHHAsE MOJICIb.

BBenenune

Cpenu MCTOYHHUKOB 3JIEKTPOMArHUTHOTO M3IIYYEHHUS TepareproBoro Auana3oHa Te-
HepaTopbl M-THIIa BBIJCISIOTCS BEJIMYUHOW OTHOIICHUS YPOBHS MOIIHOCTU BBIXOIHOTO
curana u KIIJ[ k equnnne Maccel. [Ipu 3ToM peanu3anus KOHCTPYKIUUI TPaaULIMOHHBIX
(«ximaccuaecknx») M-mpuoopoB, GYHKITHOHUPYIOIINX B CYIIIECTBEHHO 3aKPUTHICCKON 00-
nmactu (BOamu oT XaJUIOBCKOHM MapaOolibl), JOCTUINA CBOETO TEXHOJIOTHYECKOTO Mpeaera

*Crarbs HalucaHa [0 MarepuanaM JOKiIajga, IPOYHTaHHOro Ha 24-if MexayHaponHo# KpbeIMckoil KoH-
¢depennnn «CBY-TexHHKa U TEIeKOMMYHHKAIIMOHHBIE TexHOMOrHW», CeBactomnoib, Poccus, 7-13 ceHTsOps
2014.
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Ha yactore 0.1 TTu. B cpeaune 1950-x rogos B PO um. A.S. YcukoBa HAH Vkpa-
unsl (MPO HAHY, XapbkoB) npeyiokeHbl, HCCIE0BaHbl U pa3paboTaHbl MarHETPOHBI
C «XapbKOBCKMUM PEKHMOM pabOTHD» Ha MPOCTPAHCTBEHHBIX T'APMOHHUKAX, KOHCTPYKLIUU
KOTOPBIX CO3MaHBI U 0e3 O0COOBIX TEXHOJOTHYECKHX 3aTpPYIHEHHH pealn30BaHbl B CyO-
TeparepuoBoM (cy6-TI'n) auamaszone [1]. Paboune TOUkM TaKMX MarHETPOHHBIX I'eHepa-
TOPOB HAXOAATCS BONMM3M mMapaboJbl OTCEYKH, TO €CTh B 30HE CPAaBHUTEIHHO HEBBICOKHX
3HAYCHUH pabOYMX HANpPsHKCHHS M MarHuTHoro mons [1,2]. MImyasCHBIE MarHETPOHBI ¢
«XapbKOBCKHM PEXHMOM PabOThD» HMEIOT KOMIIAKTHY MarHUTHYIO cucteMy. KoHcTpyk-
WS TAKETUPOBAHHBIX C MAarHUTHON CHCTEMOW MareTpoHoB cyO-TI'm amamasona mMeer
CPaBHHUTENFHO HEOOJBIITYI0 Maccy. TPyIHOCTH YKOpPOYEHHUS pabodell MIMHBI BOJHBEI CyO-
TI' UMITYTECHBIX MarHETPOHOB OOYCIIOBIICHBI HECOOTBETCTBUEM TIPE/ICTABICHUH O pu3u-
K€ TIPOIIECCOB B MPOCTPAHCTBE B3aWMOIECHCTBHUS 3JIEKTPOHOB M JIEKTPOMArHUTHBIX BOJH
TaKUX F€HepaTOpPOB METOaM pelleHUs 3afa4u. IIpoekT, B KOTOPOM pelleHue 3a1auu O Co-
3laHUH MHOTOPE30HATOPHOTO UMIYJILCHOTO MarHeTpoHa CyOMUJNTMMETPOBOTO JHAaIa30Ha
0a3upoBasoch Ha MPUMEHEHHH COBPEMEHHBIX HaHOTEXHOJOTHI MPH M3TOTOBJICHUH OIpe-
JEJSIFOIIMX 3JIEMEHTOB U y3J0B I'€HEpaTropa, a TAKKe Ha YCTOSBIIMXCS MPEACTABICHUSIX
0 (U3MKEe MPOIECCOB B «KIACCHYECKUX» MHOTOPE30HATOPHBIX MarHETPOHAX, 3aBEPIIMICS
CO3/IaHHEM MHHHATIOPHOTO MarHETPOHA, HO TEHEPUPYIOIIETo MEKTPOMArHUTHOE U3ITyde-
HUE B TPEXMUUIMMETPOBOM Juana3oHe [3].

OceBy10 UIMHY aHOOHOTO OJOKa KJIACCHYECKUX MAarHeTPOHOB Pa3paOOTUMKHU BbI-
OMpaIoT, KaK MPaBUJIO, HE3HAYUTENILHO MPEBIMIAIONIEH TOJIOBUHY AJIHHBI BOJIHBI T€HEPH-
pyembix konebanmii: [, < (0.6 = 0,8) A [4]. Co3marenn MarHeTPOHOB MUJUTUMETPOBOTO
JMana3oHa «C XapbKOBCKUM PEXHMMOM padoTh» (cmenuanuctsl U3 caparoBckux HUU u
OKBb, TBOpYecku crmocoOcTBOBaBIIME BHeApeHHIO paspadborok PO HAHY B cepuiinoe
MIPOM3BOJICTBO, HA3hIBAIOT UX «MAarHETPOHAMH MOBEPXHOCTHOW BOJHBI») OTAAIH TPEJIIO-
YTEHHE OCEBOM JJIMHE aHOAHOIo OJI0Ka He MeHbIeH paboueil JIMHBI BOIHBI [, =~ . DTO
00yCIIOBJIEHO TEM, YTO KaToJ MarHeTpOHAa C KOPOTKHM 3MHUTTEPOM HE 00eCIeYHBaeT I0-
mydenue TpeOyeMoil BeawmunHbBI padodero Toka. B pabdorax [1,2,5] ommcaHsl pe3yabTaThl
paspabotku B PO HAHY skcnepuMeHTaNBHBIX 00pa3oB 3P ¢GEKTUBHBIX UMITYJIbCHBIX
MarHeTpOHOB € Y/UIMHEHHBIM aHOAOM JJIs CO3[aHMs MCTOYHMKOB MHJIIMMETPOBBIX BOJH
C BBICOKOW UMITYJBCHOM M CpeIHEeW MOIIHOCTHIO. VICIBITaHHBIE B J1aOOpPaTOPHBIX yCIIO-
BUSIX SKCIIEPUMEHTAJIbHBIE 00pa3lbl MArHETPOHHBIX IT'€HEPATOPOB UMEIH AJIHHY aHOTHBIX
OJIOKOB PaBHYIO CyMME JUIMH aHOJHBIX OJOKOB TpeX €AWHHYHBIX MarHETPOHOB C «Xapb-
KOBCKMM PEXHMOM paboThl». IIpu 3TOM KaXablii M3 Tpex aHOJHBIX OJIOKOB MMEJ CBOIO
LIEJIb CBSI3U C BOJIHOBOZIOM BBIBOJIA SHEPIUH, IOCTYNAIOIIEH B HArpy3Ky. Pasmep mupokoit
CTEHKH IPSAMOYTOJIBHOTO BBIXOJHOTO BOJHOBOAA, CBA3BIBAIOIIETO C HArpy3KOM yIJIMHEH-
HBII aHOJ MarHeTpoHa, paBeH CyMMe JJIMH TPeX aHoloB [, ~ 3\. Pe3ynbrarsl maboparop-
HBIX WCCIIEIOBAaHUN SKCIEPUMEHTAIBHBIX 00pas3lloB MarHETPOHOB C YIUTMHEHHBIM aHOIOM
CBUJETENBCTBYIOT O TOM, YTO NPH NMPOYMX PaBHBIX YCIOBHAX MMITYJIbCHAs MOIIHOCTh MX
BBIXO/IHOTO CHTHaJjIa OblIIa MPUMEPHO B TPH pa3a Oo0JIbIIe MOIIHOCTH 3KCIIEPUMEHTAIBHO-
ro oOpasiia MarHeTpoHa ¢ JUIMHOW aHona l, ~ A. 30HIOBBIC M3MEPEHHS PacIpeIeIeHHs
HanpspkeHHocTH BU-1onsl B BEIXOAHOM BOJTHOBOJE BBIBOZIA SHEPIHH IOKA3alH, YTO B HEM
B030y>kaaeTcs BoiaHa Tuna Hig, obecneunBaromas KaHaJIM3alUIO0 B HArpy3Ky MOITHOCTH
(hazupoBaHHBIX Koebanwmii [1,2]. O4eBHIHO, YTO OCBOCHHE CYOMIIIIIIMETPOBOTO AHAIIa30-
Ha C IIOMOUIBIO UMITYJIbCHBIX MarHETPOHOB «C XapbKOBCKUM PEXXHUMOM paboTh» MOTpedyeT
CYIIECTBEHHO YBEIUYEHHON OCEBOU MPOTSKEHHOCTU IIPOCTPAHCTBA B3aUMOJCIHCTBUS, 110
CpPaBHEHHIO ¢ pabodeHl JITMHOM BOJHEI.
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Psin maHHBIX, TMOMyYEeHHBIX C TIOMOIIBI0 METOIOB MAaTeMaTU4ecKOTO W (H3MUECKO-
TO MOJETUPOBAHUS, CBUICTEIECTBYET O MPABOMEPHOCTH OINHWCAHUS (PU3UKH MPOIECCOB
3IEKTPOHHO-BOJIHOBOIO B3aUMOJIEHCTBUS B UMITYJIbCHBIX MAarHETPOHAX TEPArepLiOBOro Aua-
Ma30HA C YJIMHEHHBIM aHOJOM C IOMOIIBIO JpelidoBo-opOuTansHol Moaenu [6,7]. Ymo-
MSHYyTasi MOZEIb, YIYUTHIBAIOIIASl HEMMHEHHYIO TUHAMUKY SJIEKTPOHHOTO ABMXKEHUS, MO3-
BOJISIET OTKa3aTbCAd OT MPUMEHSIOLIMXCS 10 HACTOSIIETO BPEMEHHM 3MIMPUUYECKUX COOT-
HOIICHUU TPHU OMPEICICHUN MapaMeTpoB pa3padaThbIBAeMBbIX MAarHETPOHOB KOPOTKOBOJ-
HOBBIX JMAITa30HOB U 00Jie€ KOPPEKTHO OMPEACIATh MCXOMHBIC NAaHHBIC NI YHCICHHOTO
MonenupoBaHus. Vcronp30BaHue aHATUTHIECKON Moenu ApeihoBO-OpOUTATBHBIX Pe30-
HAHCOB ISl pa3pabOTKN HOBBIX MarHETPOHHBIX UCTOYHHUKOB JIEKTPOMATHUTHOTO H3IIyde-
HUS TEParepioBOro Juara3oHa cliocoOCTBYeT CO3JaHUIO0 YCTPOUCTB C TPeOyeMBIMHU Xapak-
TEPUCTUKAMU MPU CYLIECTBEHHOM COKpAIllEHUH 3aTpaT BPEMEHU U PECYPCOB.

Iens maHHOMN CTAaThW — OMHCATH AJITOPUTM HAIIETO IMOIXO0Na K BRIOOPY ONTHMAITh-
HBIX ITapaMeTPOB KoJeOaTeIbHOI CHCTEMBI MHOTOPE30HATOPHOTO UMITYJIbCHOTO MarHeTpo-
Ha CyOMMJUTMMETPOBOTO JTHalla30Ha Ha OCHOBE aHAIUTHUYECKOTO yuéTa HeJTMHEHHOW THA-
MHUKH DJIEKTPOHHOTO MOTOKAa B CKPELICHHBIX TOJSX B YCIOBUAX NperihoBO-0pOUTAITBHBIX
PE30HaHCOB Ha paboueil YacToTe U TECTUPOBAHKE €r0 NEPCIEKTHBHOCTH C IIOMOIIBIO TPEX-
MEPHOTO YUCJIEHHOTO MOJIEIUPOBaHUA. MBI CTpeMUMCS CO3[aTh NPEANOCHUIKH AJIA MPO-
JIBUKCHUS TeHEpaTopoB M-Tumna B HOBBIH, paHee HEOCTYIHBIM A HUX JUANa3oH.

1. AHaauTHYecKasi MoaeIb

Hmeewm crnepyromye TpeGOBaHHA K IIapaMeTpaM MarHETPOHA: TeHEPUPOBAHHE DJIEK-
TPOMAarHUTHBIX Kosiebanuii Ha yactote okosto 0.33 TI'u nmpu pabouem nHanpsbxkenuu U, 1o
13 kB u paboyem marautaHoM nosie B okono 0.7 Tn. JlaHHas BeTMYMHA MAaTHUTHOTO TIOJIS B
3a30pe MarHuTa AOCTHXMMA IPH UCIIOIb30BaHUH COBPEMEHHBIX MarHUTHBIX MaTepUaloB,
[IPU 3TOM 00ECIICUUBAIOTCS MPHEMIIEMbIE BEC U Ta0apHUThl TeHepaTopa MakeTUPOBAHHOTO C
MOCTOSTHHBIM MarHUTOM.

[pu pazpaboTKe UMITYIBCHOIO MarHeTpoHa CyOMHJUTMMETPOBOTO JHana3oHa B Ka-
YeCcTBE MCXOIHBIX YCIIOBHHU 3aJ1aeTCsi YPOBEHb MOIIHOCTH BBIXOJHOTO CUTHANIA W IOBHI-
IIEHHBIA CPOK cITy)O0bI reHeparopa. OTcrona ciemyerT HeoOX0IUMOCTh HCTIOIh30BAHUS XO-
JIOJIHOTO KaToJa, YBEIMYEHHE pa3MepoB MPOCTPAHCTBA B3aUMOJEHCTBUS U yMEHBIICHUE
Yyciia pe30HaTOpPOB aHOMHOTO Onoka. [[ma ompenmenenus pabodeil TOUKM M MapaMeTpoOB
YCTpOMCTBa IIeJecoo0pa3eH BHIOOP pEXUMa IIEKTPOHHO-BOJIHOBOIO B3aUMOJICHCTBUS B
YCIIOBUAX apetioBo-opOuTamsHOrO pe3oHanca [6]:

w:le—i—n(Qg—Ql), n=12... (1)

3meck w = 2me/\ — yrioBasi yacTota KojiebaHuit B pe3oHarope; p — 4ucio Bapuanmii BU-
HOJIA 110 HEePUMETPy HPOCTPAHCTBA B3aUMOAEHCTBUS; Qo = Q/2 (1 FV1-4C/ 92)

(rme Q = eB/m — WUKIOTPOHHAs YaCTOTa; €, M — 3apsil U Macca dIEKTPoHa; B — MarHuT-
Hast uaaykuus;, C' = 2eU, /m (T% — r%), 71 ¥ 79 — paJInyChl, COOTBETCTBEHHO, BHYTPEHHEN
U BHEITHEW TpaHull IPOCTPAHCTBA B3aUMOACHUCTBUA).

B o6mem Buae uncno Bapuanuii BU-monst onuckiBaeTcs: BRIpaXKeHUEM

p=|y+uN|, ()

rae N — YHCIIo pe30HATOPOB, L — HOMED TPOCTPAHCTBEHHOM TaApPMOHUKH, Y — MOZa KOJTe-
OaHu.
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J11 UMIyIIBCHBIX MarHeTPOHOB MUJUIMMETPOBOTO JUaNa3oHa ¢ «XapbKOBCKHM pe-
JKUMOM paboThI» XapaKTEePHBIM SIBISIETCA PEXHUM padOThl, 00ECTIEUNBAIOLINI B3aUMOeH-
CTBHE JJICKTPOHHOT'O TTOTOKA C BHICOKOYACTOTHBIM MOJIEM BOJHBI (—1)-if mpocTpaHCTBEH-
HOM TrapMOHHKH KojeOanuit 7t/2-Buma. B stom ciydae u3 ¢opmynsl (2) moiydaem
p = 3/4 N. B mocnennue rofpl HOSBIINCH SKCIIEPHMEHTAIIBHBIE JaHHbIE, OATBEPIKIA-
fomye 3()(HEeKTUBHOCT MArHETPOHOB MUJUTUMETPOBOTO JHania3oHa Ha MPOCTPAHCTBEHHBIX
rapMOHHKaX, pabOTAIOMINX B PEKHUME B3aHMOJICHCTBHUSI 3IEKTPOHOB C BOJHO# (+1)-if mpo-
CTPaHCTBEHHOW T'apMOHHUKH 3JIEKTPOMarHUTHBIX KojeOaHuil m-Buaa [8]. B mpocrpancTse
B3aMMOJIEHCTBUS TAKMX MAarHETPOHOB YHCIIO BapHaIMi TOJS ONPEAEIIeTCs] BRIpaKEHUEM
p = 3/2 N, 10 ectb Bapuauuii B JBa pasa OoJblie, YeM MMPU B3aUMOJICUCTBHHU C Koyeba-
HUSMU 7T/2-BH/a C aHAJIIOTUYHBIM YHCIIOM PE30HATOpOB. B TakoM ciydyae obecrieunBact-
Cs1 BO3MOKHOCTh IPUMEHEHHs Oosiee HM3KHMX pabounx HanpsbkeHui. Co3laHue YCIOBHH
TSl B3aMOJICHCTBHSI SJICKTPOHOB C BOJHO# (+1)-if MPOCTPaHCTBEHHOM MAPMOHUKH SIICK-
TPOMAarHUTHBIX KOJeOaHWH TT-BUJAa B pexuMe IpeidoBO-OpOUTAIBHBIX PE30HAHCOB, IO
HaleMy MHEHHIO, OylIeT TepCIeKTHBHBIM MOJX0I0M IIPH OCBOCHUH MAarHETPOHAMH Tepa-
TEpPIIOBOM 00JIACTH CIIEKTpa KOJICOAHMIA.

IIpenyoxkeHHass aHanUTUYECKass MOAEIb AEKTPOHHO-BOJIHOBOIO B3aUMOJIEICTBHSA B
CIITy CBOEW HETMHEWHOCTH YYHMTHIBAET (PAKTOp OpPOUTAIBHOTO JIBM)KEHHUS JIEKTPOHOB U
HI03BOJISIET ONPEICTIUTh ONTHMANIbHBIC paboyre CTaTHUECKUE HEKTPUUECKOe U MarHUTHOE
TOJIs IPH TIPOYKX 33/IaHHBIX ycinoBusix [2, 5-8]. 3aBucumocts U, (B) B pemraemoii 3a/aue
OIIpENIENAETCS BEIPAKEHUEM

2 2
U, = U, <B> _ <1—B/Bl> 7 3)

By 1—2n/p
m o oy MT20?
e By =2——; Uy = (1-0%) — 5,7 0= Te/Ta> TeM Tq — PAIMYCHI KATOA ¥ aHOJA,
eED € zp

COOTBETCTBEHHO. 3aBUCcUMOCTh U, (B) nMeer BHJ, NPEICTaBICHHBINH Ha puc. 1.
Bripaxxenus (1)—(3) mo3BonsitoT omnpe-
JIEJTUTh YWCJIO JIOMATOYHBIX PE30HATOPOB

U, xB , : —
Mapabona P n=0 KoJIeOaTeIbHOTO KOHTYpa W T€OMETpH-
Kp"'T"'”eCK"'X\ / |  4eckme pasmepbl MPOCTPaHCTBA B3aMMO-

16 0 L pexnmos

JIEHCTBHA TeparepLoBOro MarHeTpoHa Ha
npei(oBo-OpOUTANBHBIX PE30HAHCAX.
14.0 W3BecTHBIE SMIMPUYECKUE COOTHO-
LIEHUsI, KOTOpBIEe Pa3pabOTYNKU MarHeTpo-
HOB JUIMHHOBOJIHOBBIX JUAIla30HOB IIPH-
) MEHSIOT I OIpENeieHUs OCEBOM M-
- HBl WX AaHOMHBIX OJIOKOB, HE TNPHMEHH-
060 065 070 075 080 BTx Mbl B TEXHOJOTMH NPOEKTHPOBAHMA KOH-
CTPYKIMI MarHeTpoHOB CyOMMJIJIHMMETpPO-
Puc. 1. PesyibrarTsl aHaIMTHYECKOrO MOJeIMpoBanns BOTO AuamnasoHa. Ilpm pas3paboTke KOH-
ONTUMAJIBHBIX IIapaMETpPOB pa60q1/1x PEKUMOB HM- CprKHI/IH KOHe6aTeJILHOFO KOHTypa UM-
IIYJIbCHBIX MarH€TpoHOB CyGMHHJ'II/IMeTpoBOFO Jauaria- 6
30HA! MYHKTHUPHAsA JUHUA IOKA3bIBACT IIOPOroBOC Ha- HYHBCHOFO MaFHeTpOHa Cy MHHHHMeTpO'
npsbKeHHe 11 nepBoif rapmonuku (n = 1) apeiiposo- BOTO JIHAIlla30HA IJId paboTel B pexHME
opOuTanbHOro pesonanca [6,10], npu p = 54 IpeiioBO-OpOUTATIBHBIX PE30HAHCOB, MBI
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BOCIIOJIB30BAJINCh PE3YNBTATaMU AKCIIEPHMEHTANBHBIX HCCIENOBAaHUNA M PEKOMEHJAlHs-
MU CO3JaTejsl MarHETPOHOB C «XapPHKOBCKUM PEXHMOM pabOTHD» Ha MPOCTPAHCTBEHHBIX
rapmoHukax — M.JI. TpyTHs, HAKOIJICHHBIMYA UM IPH CO3JaHUHM MArHETPOHOB MUJLTUMET-
pPOBOrO AMana3oHa ¢ yAJIMHEHHBIM aHOZOM. MBI BBIOpAIM OCEBYIO JJIHMHY MPOCTPAHCTBA
B3aMMOJIEHICTBHS MarHeTpOHa CyOMMJUTMMETPOBOTO THAra3oHa PaBHON HECKOJIBKUM JUTH-
HaM paboueil BonHbL. [laHHBIH BEIOOp OOYCIIOBIEH CTPEMIICHHEM MOIYYUTh IPHEMIIEMYIO
IUTA TIPAKTUYECKUX MPUMEHEHUI UMITYIbCHYIO MOIIHOCTH BBIXOIHOTO CHTHAJIa CO3/aBae-
MOT0 MarHeTpoHa.

2. YuciaeHnoe MoaeJIMpoBaHUue

MonenupoBaHie TeparepioBoro reeparopa M-Tura ¢ BEIOpaHHBIMHU TTapaMeTpamMu
MIPOBEJICHO ¢ Hcmonb3oBanueM nporpammbl CST Microwave Studio — goctarogHo Mor-
HOU MPOrpaMMbl TPEXMEPHOTO MOJICITUPOBAHNS AIEKTPOMArHUTHBIX moneil. Ha HavampHOM
JTarle pelIeHus 3a/1adll PacCMaTpUBANIaCh «XOJIOAHAsS» KoyiebaTenbpHas cucreMa. Mcmonb-
30BaHHE CTAHAAPTHOTO JJIs BBIOPAHHOTO MUara3oHa 4acToT BonHOBoma WR-2 o0ycros-
JIeHO, B MEPBYIO O4epenb, YIOOCTBOM IpH aHAIU3€ CHCTEMBl. Pe3ynbTaTsl IPOBEAEHHOTO
YHCIEHHOTO MOJICTTMPOBAHUS KOJIeOATEeIbHOW CHCTEMbl MAarHETPOHA CYyOMUILTHMETPOBOTO
Juara3oHa MpeJCTaBlIeHbI Ha puUcC. 2-3.

Ha puc. 3 BuIHO, 4TO BIOJL OCH MPOCTPAHCTBA B3aUMOICHCTBHUS KoJIeOaTeIbHOM
CHUCTEMBl MarHETPOHA CYOMIITUMETPOBOTO JHMAMAa30Ha YKIIAIbIBACTCA TPH MOJHBIX Bapu-
ary 1oy, [Ipu 5ToM KOA(QQUIMEHT OTpakeHUst S1; Ha pabodell YacTOTe MPEBBIIIACT
—20 nb, BenuurHa TOOPOTHOCTH KOJIEOATENBHOM crCcTeMBbI npeBbiiiaeT 3HaueHue 700.

[TonydeHHble B pe3yasTare aHAJIUTHYECKOTO M YHUCICHHOIO MOJAEIUPOBAHUS Mapa-
METPBI UMITYJILCHOTO MarHeTpoHa CyOMUIUIMMETPOBOTO JTUAIa30Ha, 1711 pabOThl B pEKUME
IpeioBO-OpOUTAIEHBIX PE30HAHCOB, MIPEICTABICHBI B TaOIHIIE.

Takum 00pazom, pe3yisTaTbl MoJe-

JMPOBAaHMS HOATBEPKIAIOT BO3MOXHOCTb Ta6nuua
BO30YXICHUS AJIEKTPOMAarHUTHBIX KoyieOa-

HUM B CKOHCTPYHPOBAaHHOH CHCTEME Ha OcHOBHBIE TTapaMeTpbl MarHeTpoHa
paboueii wacrore 0.3259 TIu. Opnako CyOMMJUIUMETPOBOTO JHara3oHa

KaHalu3alksg B Harpys3Ky BbBICOKOYacCTOT-
HOW DHEPruu U3 MPOCTPAHCTBA B3aUMO-
JEUCTBUS DJIEKTPOHOB M 3IEKTPOMATHUT-
HBIX BOJIH KojebaTenpbHOM cucteMbl Mmar- | Juamerp aHoxa, d,, MM 2.6
HETPOHA C YUIMHEHHBIM aHOAOM C IIO-
MOILBIO CTaHAApTHOro BonHOBoza WR-2
MOXeT OBITh HeZAOCTAaTOYHO 3((HEeKTUBHOM.
B c¢Bs3m ¢ 3TUM, 11 DOCTHOKCHHS OITH- PaGou. marn. no- ne, B, Tn | 0.7
MasibHbIX KIIJI M MOIIHOCTH BBIXOZHOTO | UYycno pe3oHatopos, N 36
CHTHajla CyOMHJUIMMETPOBOTO T'€HEpaTopa
M-tumna nenecoodpa3HO MPOBECTH pas3pa-
6OTKy ONTHMU3HPOBAHHOIO BOJIHOBOZHOrO | LHIT BOTHOBOJA WR-2
BBIBOJIa 9HEPTUHM HA OCHOBE CBepxpasmep- | Pasmepsl Tpanchopmaropa | 0.508x0.15
HOT'O BOJIHOBOZA.

Juametp xarona d., MM 1.0

JmuHa kartona, [, MM 3.6

Pa6ouee manpsok., Uy, kB | 13

Yucno Bapuanuii mois, p 54 (36+18)
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a o
Puc. 2. Pacnipenienenre B IONEPETHOM CEICHHU MPOCTPAHCTBA B3aWMOACHCTBHS CyOMUIUTMMETPOBOTO MarHe-
TPOHA BBICOKOYACTOTHBIX AJIEKTPUYECKOro (a) ¥ MarHuTHOro nojei (6) npu padoueit yacrore 0.3259 TI'y n
HEHarpy»xeHHOH 100poTHOCTH Qo = 782

a

Puc. 3. a — pacnpezelicHHe BBICOKOYACTOTHOTO 3JIEKTPUYECKOTO MOJSL B CUCTeME (PEe3ysIbTaTbl YMCICHHOTO
MOJIETIMPOBaHHs); 6 — KOODOUIMEHT OTpaXkeHUst S11 (PE3yJIbTaThl YUCICHHOTO MOJCITHPOBAHUS)

3akiaroueHne

IlpumeHeHne aHaTUTUYECKOH MOJENN 3JIEKTPOHHO-BOJIHOBOTO B3aMMOJIEUCTBUS B
pexxume nper(hoBO-OpOUTANBHBIX PE30HAHCOB, YUYHUTHIBAIOIIEH HEIMHEHHYIO JIUHAMHKY
JIBHOKEHUS JIEKTPOHOB, TTO3BOJIET BHIOPATh TEOMETPHUIO KOJICOATEILHOIO KOHTYpa U MPO-
CTPaHCTBa B3aUMOJICHCTBUS TEHEPATOPHOTO MarHETPOHA CyOMHIIITMMETPOBOTO JHaNa3oHa
IIPY 3aJaHHBIX MPHEMJIEMbIX MapameTpax pabodero MarHWTHOTO OIS W aHOJHOTO Ha-
npsokerns. Yncnernnoe 3D MonenupoBaHHe MO3BOJSET IMPOTECTHPOBATH Pa3pabOTaHHYIO
AHAJIMTUYECKYIO MOJISNIb M MOJTBEPAUTH CIIOCOOHOCTh KOJIeOATeIbHON CUCTEMBI pHOopa
3 dexTrBHO BO30YKIaThCsl HA 3aJaHHOHN JTHHE BOJHBL. J[71s1 0OecrieueHusT ONTHMAaTBHBIX
3navyeHuil KI1J] 1 MOIIHOCTH BBIXOJJHOTO CHT'HAJIa MMITYJIbCHOTO MarHeTpoHa CyOMUILIH-
METPOBOTO JIMana30Ha C YUIMHEHHBIM ITPOCTPAHCTBOM B3aUMOZICHCTBHUS HEOOXOIMMO TIPO-
BECTH ONTHUMH3AIHI0 KOHCTPYKIIUKM CBEPXPa3MEPHOT0 BOJHOBOJA BHIBOJIA BHICOKOUACTOT-
HOW 3HEpruM U3 KojeOaTeTbHOro KOHTYpa B Harpys3Ky.
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SUBMILLIMETER-WAVE MAGNETRON WITH THE ELONGATED ANODE:
OPTIMAL PARAMETERS OF OSCILLATORY CIRCUIT

V. D. Yeryomka', O. P. Kulagin', Jung-1l Kim?

L A.Ya. Usikov Institute for Radiophysics and Electronics of the National Academy of Sciences of Ukraine
2Korea Electrotechnology Research Institute

The estimation of optimal parameters with the analytical model regarding nonlinear
electron motion dynamics is fulfilled for the submillimeter-wave M-type oscillator tor
operating on frequency about 0.33 THz with anode voltage 13 xV and magnetic field
0.7 T. Revealing from this model, the magnetron interaction space geometry providing
the effective electron interaction with a high-frequency field on (+1) spatial harmonic of
r-mode oscillations is proposed for the drift-orbital resonance regime.

Using three-dimensional numerical simulation, the selected oscillation circuit geo-
metry is verified and the system suitableness is confirmed on the operation frequency. Also
directions of the system optimization are specified. The possibility to design magnetrons
with rather low operating anode voltages, magnetic fields and with the increased service
life is shown in the terahertz band.

Keywords: Submillimeter-wave range, oscillating circuit with an elongated anode magne-
tron, drift-orbital resonance, non-linear analytical model, three-dimensional numerical
model.
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SJIEKTPOJUHAMMWYECKHUE XAPAKTEPUCTUKH MHOT OPSIJTHOM
BCTPEUHO-IITHIPEBOM 3AME/IJIAIOIIENA CUCTEMBI*

U. A. Haxpan, A. H. Casun

CapaToBCKH TOCYJapCTBEHHbBIH YHHUBEPCUTET

[IpencraBneHbl pe3ynbTaThl SKCIEPUMEHTAIBHOTO HUCCIEAOBAHUS JUCIEPCHOHHBIX Xapak-
TEPUCTUK U paclpeIeICHHUs M0JIed OCHOBHOT'O U BBICUIMX THUIIOB BOJIH MHOTOPSIHBIX BCTPEUHO-
MITHIPEBBIX 3aMEIUIAIONIAX CHCTEM MPU U3MEHEHHU UX pa3MepoB. [IpemtoxeHsl criocoObl yBe-
JIMYEHHS YaCTOTHOTO pa3/ieNIeHHsi OCHOBHOTO U BBICIIHMX THUIIOB, a TAaKXe pabouei MojIock BO3-
Oy KJIeHHs OCHOBHOTO THIA. MccieoBaHne BIHYKICHHBIX KOJICOAHH MHOTOPSTHOM BCTPEYHO-
IITHIPEBO CHCTEMBI C AKCIIOHCHIUAIBHBIMH [ -BOJHOBOTHBIMH BBIBOJIAMH JHEPTHHU ITOKa3a-
JI0O BO3MOXXHOCTH OJIHOMOIOBOTO BO30Y)XIEHHS B LIMPOKOIl mojoce yactoT. [IpuBenens! pe-
3yJBTaThl YKCIIEPUMEHTAIBHBIX UCCIIEIOBAHUN CONPOTUBIIEHUS CBSA3U MHOTOPSTHBIX BCTPEYHO-
MITHIPEBBIX 3aMEISIOIINX CHCTEM C HCIOJNB30BAHUEM DPEANBHOTO pacIpeieiIeHus MPOaoib-
HOW COCTaBISIOIICH HANPsDKEHHOCTH 3JIEKTPUYECKOTO IMOJIsl MONEPeYHbIX (OCHOBHOTO M BBIC-
[IMX) TANOB BOJH. [IpoBe/ieHa OlleHKa KOHKYPEHTOCIIOCOOHOCTH paboyuero M mapa3uTHBIX TH-
IOB BOJIH MHOTOPSIHBIX CHCTEM IIPH H3MEHECHUH IIOJIOKEHHS TOTIEPEYHOTO BOJIHOBOIHOTO
JKpaHa.

Kniouesvie cnosa: MHoropsiiHasi BCTpEYHO-IITHIPEBAst 3aMeJISAIONIAsl CHCTEMA, IUCTIEPCHOHHAS
XapaKTEePUCTUKA, HHTETPaIbHOE COMPOTHBIICHHE CBSI3H, PACIpele/ICHIe IEKTPHYECKOTO OIS,

BBenenue

IIpocTpaHCTBEHHO-pa3BUTHIE BOIIHOBEAYIIINE CHCTEMBI, B YACTHOCTH JIByMEpHO-IIe-
pronnueckue (Tak Ha3blBaeMble (POTOHHbBIE KPHCTAJUIbI), UCHONB3YIOTCS VIS TIOBBILICHUS
monrHoctH CBU-miprbopoB 3a cuét yBenndenns 3QpPeKTHBHOCTH EKTPOHHO-BOIHOBOTO
B3aumozeiicTBus. K TakuM cucTeMam OTHOCSTCS MHOTODSIHBIE IEPUOAUYECKUE CTPYKTY-
pBI, IUPOKO IpHUMeEHsieMble B 31ekTpoBakyyMHBIX CBY nmpubopax O-tuma. IlepBoe mpu-
MEHEHHE CTPYKTYPBl HOZOOHOTO THUIIA: MHOTOPSJHOM BCTPEYHO-IITHIPEBON 3aMeIIONIeH
CHCTEMBI OBIJIO OCYIIECTBIEHO NpH pa3paborke JIOB MWIIMMETpPOBOro AuanazoHa JJINH

*Crarbs HalkcaHa [0 MaTepHaiaM JOKJIaIoB, IPOYUTAHHBIX Ha 24-if MexayHaponuoit KpbIMcKkoii KoH-
(epennnn «CBY-TexHHKa U TeIeKOMMYHHKAIIHOHHBIE TexHONMorum», CeBacromnoib, Poccust, 7-13 ceHTaOps
2014.
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BoNH [1]. B HacTosmmee BpeMs MHOTOpsIIHBIE MEPUOJUYECKHE CTPYKTYpPhl HCIOIB3YIOTCS
B Mpubopax TeparepuoBoro auanazona JuimH BosH: B JIOB [2] u oporponax [3].

3aKOHOMEPHOCTH PAaCIPOCTPAHEHUS BOJIH B JIBYMEPHO-TIEPHOIUIECKHUX CTPYKTYPax
U UX IEKTPOANHAMHUYECKHE XapaKTEPUCTHKH, B TOM YHUCIIE, CBOMCTBA MOBEPXHOCTH IMC-
nepcuu OECKOHEYHBIX JIBYMEPHO-TIEPUOJUUYECKUX CHCTEM, OOYCIIOBIEHHBIE MEPUOIIMYHO-
CTBIO CTPYKTYpPBHl M CBSI3aHHBIC C HQJIMYMEM 3JIEMEHTOB CHMMETPHUM, HaubOojee IOJTHO
MIpeJCTaBIeHBI B MOHOTpaduu [4].

CyIecTBeHHBIM HEAOCTaTKOM IPHUOOPOB C JBYMEPHO-TIEPHONNIECKIMH CHUCTEMa-
MH (C TOYKH 3pEHHUS] yCTOWYMBOCTU pabOTHI JIaMIT) SIBISIETCS BO3MOXKHOCTBH BO30YKACHUS
Ha Tapa3uTHHIX (MOMEPeYHbIX) BUAaX KojeOaHMii, Ha KOTOPHIX CIBUT (a3 B MOMEpEUHOM
HaIpaBJICHUU OTIMYAETCS OT 3aJaHHOro. IIpy BBEIMONHEHWH ONpENeNnEéHHBIX TPAaHUYHBIX
yCIOBHH (3aMKHYTOCTb CHCTEMBI WJIM OTpaHUYCHHE €€ MPOBOSAIINMH TIOCKOCTIMM) YHC-
JI0 TOOOYHBIX CIIEKTPAIBHBIX YaCTOT CTAHOBHUTCS KOHEUYHBIM M PAaBHBIM YHCIY BHIIOB KO-
neGaHui, OTIMYAIOIIUXCS BapHALUAMU TIOJIS1 BAOJb MOTIEPEYHOrO HAMPABICHUS CUCTEMBI.
Kak npaBuiio, B kadecTBe pabouero BHIOMpPAIOT OCHOBHOHM THIT — C HAUMEHBIINM (ha30BBIM
CIBUTOM, UMEIOIINH HanOOJIBIIYI0O OHOMOAOBYIO YaCTOTHYIO OONacCTb.

OnHOM M3 OCHOBHBIX 3a/ad NMPH HCIOJIB30BaHUH NMPOCTPAHCTBEHHO-PA3BUTHIX CH-
CTeM SIBIISIETCS pa3/iesieHHe TOIEePEYHbIX TUIIOB KojeOaHui 10 yacToTe (pa3pexeHue CIeK-
Tpa KoyiebaHui), a TaKKe MOBBIIICHUE CENEKIIUM OCHOBHOTO (paboyero) Tuma [5].

B crarpe mpencrtaBieHBl pe3ylbTaThl MCCIEAOBAaHUS JHUCIEPCHOHHBIX XapaKTepH-
ctuk ([IX) ¥ cOnpOTHBICHHUS CBS3UM MHOTOPSAHBIX BCTPEYHO-IUTHIPEBBIX 3aMEMJISIOIIUX
cucteM (3C), a Takke pacrpeesieHusl MoJied Ha COOTBETCTBYIOIIUX BHJAX KOJICOAHUN B
IIPONOJILHOM M NONEPEYHOM HAIMPABICHHUAX cHCTeM. IloneBble XapaKTEpHCTHKU HCCIEN0-
BAJIMCh KaK B PEKUME COOCTBEHHBIX KOJIeOaHMIi, TaK W BBIHYXKAEHHBIX. [locnenHue Bo3-
oyxnanich B 3C KOHEUHOW JUTHHBI C BOJTHOBOIHBIMH BBIBOJAMHU DHEPTHH. 3HAYUTEILHOE
BHUMaHHE OBUIO YIENCHO 3KCIIEPUMEHTAIbHOMY HCCIECAOBAHUIO AUCIIEPCHOHHBIX Xapak-
TEPUCTHK, a TAK)Ke TOMEPEYHBIX pacHpeAeTIeHUN EKTPUIECKIX TI0JIeH OCHOBHOTO U BBIC-
LIMX THIIOB BOJH MHOTOPSAHON BCTpeuHO-MIThIpeBol 3C ¢ MpOU3BOIBHBIM MOJIOKEHUEM
MTOTIEPEYHBIX OTPAaHIMYUBAIOMINX IIOCKOCTEH.

1. ITocraHoBKa IKCIICPUMEHTA. OnucaHue MaKkeToB

Pacuét noneit MHoropsiHbIX 3C €O CIOKHBIMU I'PAHUUYHBIMH YCIOBHUSMH NPEACTAB-
JIeT AOBOJBHO TPYAOEMKYIO 3afady. [loaToMy mpu mccrienoBaHMM TMOJEBBIX XapaKTepH-
CTHUK MOIOOHBIX CHCTEM, B YACTHOCTH, COITPOTUBICHHUS CBSI3U (R p), ICTIONB3YIOT B OCHOB-
HOM 3KCIEPUMEHTAIBHBIE METO/IBI.

B CBY npubopax HCIONB3YIOTCSA OTPE3KH ABYMEPHO-TIEPHOANYECKUX CHCTEM C KO-
HEYHBIM YHCIIOM TepnofoB. lIpum 3ToM B Takux cucreMax (B OTIMYHE OT OECKOHEYHBIX
CHCTEM) HEOOXOOUM Yy4eT YCJIOBHH Ha MX I'paHHLaX B 0oOOMX HampaBieHusX. B peais-
HOW CTpyKType (TeM Oojee, MHOTOMOJOBOH W MHOTOCTYIIEHYAaTOW) MOTEpH, HAPYIICHUS
CUMMETPHUM M HEOIHOPOAHOCTH MPUBOJAT K YCHJICHHIO BIMSHUS BBICIIMX TUIIOB Ha OC-
HOBHOE KoJiebanwme (pacrpeneieHue moiel, 3hHeKTHBHOCTh BO30OYKIEHUS). DTH 0COOCH-
HOCTH JOJDKHBI OBITH YUITEHBI IIPU BBHIOOPE METOIOB MCCIICIOBAHUS.

OkcnepumentaneHble X u pacnpenenenue noneit moaenei 3C gecsTucaHTUMET-
POBOTO JHaa3oHa U3MEPsUINCh METOJIOM MaJIbIX PE30HAHCHBIX BO3MYIICHMI [4, 6] ¢ ompe-
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o) JISJICHUeM HOMepa BHUAa KoyieOaHWi TI0
MIPOIOJIFHOMY pacIpeesIeHHIO IeKTpHye-
- ckoro noisi. Usmepenune Rz TpOBOIUIOCH

IJ H L A MOIU(PHUIHPOBAHHBIM METOJIOM «OHCEpHO-
H ” ” ” ] vh ro 3oHzIa» [7] ¢ y4eToM pacmpeneneHus
MoJisl B 3a30pe SUEeHKHM W BIMSHUS BBIC-

LIMX TMPOCTPAaHCTBEHHBIX rapMoHHK. Ilo-
rpemHocTh onpexaeneHus X He mpeBbl-

A

=2 b

f / mama 0.02%, R — 10%. Ilpum ugem B
“

HCCIEeyeMbIX MHOTOMOJIOBBIX TIEpUOIUYC-
CKMX CHCTE€Max IIPH BO3MOXHOCTH BO3-
Oy)KIIEeHUS Ha OJHOM YacTOTe HECKOIb-
% KHX TUIIOB KOJ€OAHUH TPOMONBHEIE (a3o-
BbIC CJBHUIU ONPEACISIINCH TAKXKE METO-
6 S < JIOM CIIEKTPaJIbHOTO aHAJIU3a paclpeneie-

dy & 2 s HUS KBaJlpaTa HANPsKEHHOCTH 3JIEKTpUYE-
CKOTO T0JIS1 HA OCH CUCTEMBL.

\
1
\

Y
}
[
1

A Hccnenyemble Mopenun MHOTOpsig-
HBIX BCTpeuHo-mThIpeBbIx 3C, mpenio-
KCHHBIE B pa3lIM4YHBIX IIaT€HTaX aBToO-
% poB [1] mns ucnonszoBanus B JIOB mui-
JIMMETPOBOTO AMAIa30HA IIMH BOJIH, IIPE-
cTaByieHbl Ha puc. 1. [IpogonbHeIi 1 nomne-
PEUHBI pa3pe3bl MHOTOPSIIHOM BCTPEYHO-
mrteipeBoil 3C, 3aMKHYTOM MO IUIOCKO-
CTSIM TIPOAOJIGHOW CHMMETpPHH, TaHBl Ha

6

Puc. 1. IpononeHelil () U monepeyHslid (6) paspe-
351 MHOTOPSIHOH BeTpeuro-mThIpesoii 3C, samxuyToii  PHC. 1, a, 6. BoiHyxaeHHble KoneOaHus
110 IUIOCKOCTSIM TIPOJOIBHO CHMMETPHUH; IPOJOIbHBIH  MHOTOPSIAHONW CHCTEMBI 1 HCCIIEOBAIUCH

paspes (6) 3C ¢ BlBOZIAMH SHEPrAN C Ppa3IUYHBIMH BOJHOBOIHBIMH yCTPOM-
CTBAMHM: IUIABHBIMH TMiepexofiaMu (HarpuMep, SKCIIOHCHIMANBHBIH MHOrOrpeOeHYaThIi
H-BoNHOBO) HA CTaHIAPTHBIA MPSIMOYTONBHBINA BOIHOBOL (pucC. 1, 6).

B peanbHBIX mpubOpax C MENbI0 YAYUIICHHS COTIACOBAHMS C BBIBOJIAMHU SHEPTUU
MHOTOpsIHYI0 3C pacronaraioT B BOJTHOBOAE COOTBETCTBYIONIETO MUANa30Ha JUTHH BOJIH.
B nanHOM ciyuyae BONHOBOJ MMeEJ CIEAYIOIIHME TOIMEpedHbie pasMepsl: 86.7 X 16.7 MM.
IIpu >TOM OrpaHUYHMBAIOIINE CTCHKH CMEIIAOTCS 3HAYMTEIHHO OT INIOCKOCTEH CHMMET-
pUH, YTO MPUBOIUT K CYIIECTBEHHOMY HM3MEHEHHUIO pacIpelneieHHs MoJeii OCHOBHOTO U
BBICIIIAX THUIIOB HOPMaJIHHBIX BOJIH.

2. JlucnepcuoHHble xapakrepuctuku 3C.
BoiHy:K1eHHBIE U COOCTBEHHBIE KOJIeOAHUS

JucnepcroHHbIe XapaKTEPUCTHUKHA OCHOBHOIO U BBICHINX THUIIOB BOJH HCCIEAYECMOM
3C, oTIMYAIMUXCs paCIpeeICHHEM IO B MIONIEPEIHOM HAIIPABJICHUH, U3MEPSUIACH pe-
30HAHCHBIM METOJIOM C ONpEACICHHEM IPOJOIBHOTO W MONEPEYHOro (ha30BBIX CIABHIOB
M3 COOTBETCTBYIOUINX PACHpeAeTIeHUN dIEKTPUIECKOTO MOoJs. XapaKTepPUCTHUKU HCCIeI0-
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BaJIMICh TPU BapbUPOBAHUH PACCTOSHHS MEXKAY psSaaMu — 2, TONIIMHBI IUIACTHH — b U
pacCTOSIHUSA OT IUIOCKOCTH IITHIPEH 10 MOMEPEYHON CTCHKU — d.

YcTaHOBNIEHO, YTO IPU YMEHBIIEHUH TOIILKHEI Iu1acTUH JIX BCeX TUIIOB BOJIH CMe-
LIAl0TCA B KOPOTKOBOJIHOBYIO CTOPOHY TP MEHBILIEM CMEIIEHNH OCHOBHOTO THMA. K 601b-
meMy cMenieHuo JIX npuBoAUT U3MEHEHUE pacCTOSHUSA Mexay paaamu. C yMEHbIICHHEM
2m nucnepcust OCHOBHOTO THIIA CIBUTACTCSl HE3HAYUTEIBHO B JUIMHHOBOJIHOBYIO CTOPOHY,
a JUCIepcHsl BBICIIMX THUIIOB CABUIAeTCs B KOPOTKOBOJHOBYHO CTOPOHY U B 3HAYUTEIb-
HO Oonpmieit crermeHu. [Ipu 3TOM YacTOTHOE pa3/elieHHe THIIOB BOJH yBEIUYHUBACTCS C
POCTOM TIPOAOIBHOTO (Pa30BOTO CIBUTA.

Haubonbinee BiusiHMEe Ha YacTOTHOE IMOJIOKEHHE TOMEPEYHBIX THIIOB OKa3bIBaeT
paccTosiHue 10 3KpaHa d, 1 0COOCHHO CMELICHUE TTOTIEPEYHON CTEHKH B INIOCKOCTH IOTIe-
PEYHOI CUMMETpPHH.

JX TUIOB BOJH AJi COCTaBIIAIOIIEN C KOCUHYCHBIM paclpenesieHneM MOTeHIrana
o e mTeipei 3C ¢ urcmoM psimoB N, = 3 ¥ pa3sIUIHBIM PACCTOSHUEM IO TTOTIeped-
HOTO SKpaHa NPUBEIEHBI HA PUC. 2 B KOOPIAMHATAX (¢/vg, ).

[Ipu ymensmennn BennduHbl d, JIX OCHOBHOTO M BBICHIMX THIIOB CMELIAIOTCA B
KOPOTKOBOJIHOBYIO CTOpOHY. BennuuHa cMerienus Aucrnepcuy BhICIINX THUIIOB 3HAUUTENb-
HO TIPEBBIIIAET CMEIIEHHE OCHOBHOTO ISl CUCTEM C HEUETHBIM 4HcioM paaoB N, = 3, 5.
[Ipu uéTHOM UnCIE PAIOB YACTOTHOE CMEIIEHUE OCHOBHOTO U BBICIIMX THUIIOB MPU YMEHb-
LIeHNH d, IPAKTUYECKH OJMHAKOBO.

BreiHyxneHHple KoneOaHUsI MHOTOPSITHOW CHCTEMBI | HCCIe0BaiCh IPU YCIOBUH
BO30Y)KICHHUS Yepe3 BXOAHOE COTIACYIOIIEEe YCTPOMCTBO 2 (SKCIIOHEHIMANBHBIA MHOTO-
rpedeHYaThi H -BOTHOBOM) M KOPOTKO3aMBIKAIOIIEH HArpy3Ke BBIXOAHOTO (pucC. 1, 6).

c/v(b
18.0 -
1 y=2m/3
16.0 > $=9m/127
14.0 - =8m/12~]
12.0 - 0=Tm/12
] ~6m/12
10.0 - v
8.0
6.0 -
4.0 | | | | | |
1.0 5.0 6.0 7.0 8.0 9.0 100 Ao

Puc. 2. [lncriepcroHHbBIE XapaKTePUCTUKH TPEXPSIIHON BCTpedHO-mThIpeBoit 3C: h = 8.4 MM, 20 = 2.6 MM,
b=13mm, 4 -d, =13 mm, B - d, = 2.6 MM, -X- — d, = 12.5 MM
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ITpu BO3MOXXHOCTH BO3OY>KAEHHS HA OIHOW 4acTOTE HECKOJBKHX IONEPEYHBIX TH-
NIOB KOJICOaHM, TPOAOJIbHBIE ()a30BbIe CABUTH ONPEACIIIINCEH C IOMOLIBIO CIIEKTPAJIBLHOTO
aHaJnM3a KBaJpara HampsHKEHHOCTH 3JIEKTPHUECKOro MOJs Ha ocH cucTeMbl. CIeKkTp TH-
TIOB KOJIeOaHUH B MATHUPSTHONW BCTPeUHO-IITHIpeBOi 3C ¢ BBIBOAMU YHEPTUN W 3HAYCHUS
IPOI0JILHOTO (Pa30BOro CABUIa, ONPEIECIEHHBIE METOOM CIIEKTPAILHOTO aHANIU3a — Qeexrp
U PE30HAHCHBIM METOIOM B KOPOTKO3aMKHYTOM MAKETE C TAKHM XK€ YHCIOM IEPHONOB —
Ppes TpuBeneHsl B Tabnuue. Pacnpenenenus noneil Ha HEKOTOPHIX 9acTOTaX IPHUBEICHEI
Ha puc. 3.

Tabnuna

CrexTp THUITOB KOJIeOaHMIA
B ISITUPSIHON BeTpeyHO-ITHIpeBoi 3C ¢ BHIBOIAMU SHEPTUU

Yactora BosGyaenus fo, MTi U [pononeHbIil da3oseiii casur Ha nepuoxa 3C @, paxa
Penerrp /0 Ppes /70
2052 Hyo 0.9307 (fusmymn = fooder) 0.923n
2158 Hio 08715 (fasmyna 7 feoser)
2617 Hio 0.8337 (fasnyxn 7 feoder)
2902 Hio 0.8137 (fusmymn = fooder) 0.8087
2967 Hso 0.9507C (famuyma = Jfeoder) 0.960m
3162 Hio 0.7957 (fasmynn 7 feoder)
3162 Hyo 0.8345 (fesmymn = feoder) 0.840x
3459 Hyo 0.7777 (fostuysn = feoder) 0.770m
3680 Hjo 0.8537 (fosimyma = feoder) 0.846m
0 ZZOTH 0 ZZOTH
05 | 05 (] n o f
T NI ] T A OO
a 7 0 4 8§ 12 16 20 24N , 7 0 4 8 12 16 20 24N
| Ozon{ 1.Ozom
0.5 Tt 0.5 1 n‘, ALy
NENTMLY A AW AVA L

0 0

0.5 T J‘M A 0.5+ .," "'uf- aInEi
NGV A U N I N OB L O L LN A AN

g 0 4 8 12 16 20 24N, 0 4 8 12 16 20 24N

Puc. 3. IlpogonsHOE pacmpeneneHre KBaapaTa MEKTPUIECKOTo MO B MATHPSAHON BCTpedHO-IITHIpeBoi 3C
¢ BBIBOJaMu Hepruu pu L = 2.6 mm, h = 9.3 MM, 20 = 3 MM, b = 1 MM U1 pa3nuuHbIx dactoT fo, MI'm:
a—2052,6-2158,6—-2617, 2—3162, 0 — 3460, e — =3680
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Anamu3 JIX momepedHBIX THIIOB KojeOaHWH KOpOTKO3aMKHyToro Makera 3C
(N = 26) m gaHHBIX CHEKTpaJbHOTO aHanu3a pacnpenenenus noned 3C ¢ BeIBomaMu
SHEPTHH MO3BOJISIOT C/AETATh CIEAYIONINE BBIBOIBI:

e IIpH PaBEHCTBE YAaCTOTHI BO30YXAEHHUS YacToTe cobcTBeHHOTO Konebanus 3C Bcerna
B030y)XJaeTcsl BUI, XapaKTEePU3YIOLIUHCS (a30BbIM CIBUTOM U (opmoii coOcTBEH-
HOTO KojieGaHus' cooTseTcTByromero Thna BoaHbl 3C ¢ COMIACYIONMME YCTpOii-
CTBaMHU B BUJI€ JKCIIOHEHIMAIBHBIX [1-BOJIHOBOIOB; NMPONOJIBHOE paclpereieHue
NOJA MMEET MEePUOANYECKUN XapaKTep B COOTBETCTBHE C paclpeAeiIeHHEM MO
coOCTBEHHBIX KoyeOanuit (puc. 3, a,0,¢e);

e BBHIHYXKIICHHBIE KONEOAaHUS HA 4acTOTe, HE PaBHOM COOCTBEHHOH, MMEIOT, KaK Ipa-
BWJIO, AWCIIEPCHIO, COOTBETCTBYIOIIYI0O OCHOBHOMY THILY; IIPH 3TOM, €CITH 4acTOTa
BO30Y)XIEHHUSI COBIAIAECT C YaCTOTOH COOCTBEHHOIO KOJIeOaHHs BBICHIETO THIIA, TO
BBIHY)KJICHHbIE KOJle0aHus IpruoOpeTaioT (hopMy MPOCTPAaHCTBEHHBIX OMEHUIT OpTO-
roHajbHBIX THIIOB 3C (OCHOBHOTO M COOTBETCTBYIOIIETO BBICIIETO) (CM. puc. 3, 2);

e TpooibHBIE pactpeaenenus moist 3C ¢ BRIBOJAMHU HEPTHU Ha YacTOTax BO30yXKIie-
HUSI, PaBHBIX COOCTBEHHBIM 4acTOTaM KojeOaHuil, ¢ JOCTaTOYHOW TOYHOCTBIO COOT-
BETCTBYIOT paclpeeICHUsIM TOJIsl COOCTBEHHBIX KOJICOaHUH pa30MKHYTON CHCTEMBI
(cM. puc. 3, a,0,e), a BUIBI C 9aCTOTOH, HE paBHOW COOCTBEHHOM, MMEIOT pacIpere-
JICHUS! TIOJISA, COOTBETCTBYIOIINE KOPOTKO3aMKHYTOH cucteme (puc. 3, 0).

Takum 00pazoM, B UCCIICAYEMOM CHCTEME Tak ke, Kak B padote [10], ycTaHOBICHO
CYIIIECTBOBaHMNE BHIHYKICHHBIX U COOCTBEHHBIX BOJH B OCHOBHOM ITOJIOCE IPOITYCKAHUS
MpY BHEITHEM BO3JCHCTBUU B HaYalIbHOU suelike MHOTOpsaHOM 3C.

3. ConportuBjieHHe CBA3M MHOTOPSIAHOM 3aMeNJisiioleiil cucTeMbl.
IlonepeuHoe pacnpeneaeHue moJsi

B cnyuae onHoMepHo-niepuoandeckux 3C AOCTAaTOYHO ONpenenuTh Kz B HEKOTO-
PO TOUKE MONEPEYHOI0 CEUEHUS TPOCTPAHCTBA B3aUMOAEHCTBUA. B ByMepHO-Iieproau-
yeckux 3C HeOOXOIMMO HCMOJIB30BaTh HHTErPAIbHOE CONPOTHBIEHUE CBA3H (Rcp), KOTO-
po€ MOXeT OBITh OTpeJIeNIeHO 0 U3BECTHOMY B TOUKE 3HA4YCHHIO [ C MCIONB30BaHUEM
3aKOHA paclpeeIeHUs MO B MONEPEUYHON MIOCKOCTH.

[Tomepeunoe pacnpeaeneHne NoiIe MHOTOPATHBIX BCTpeIHO-IITHIpEeBHIX 3C ¢ orpa-
HUYHBAIOUIVMH CTEHKaMH B INIOCKOCTSX MONEPEYHON CUMMETPUHU PACCUUTBIBAETCS TI0 U3-
BecTHBIM (opmynam [4]. OgHako CMeIIeHHEe OTPaHMYUBAIOIINX CTEHOK M3 IJIOCKOCTEH
CHMMETPHH 3HAYUTEIBHO YCIOXKHAET pacdy€T mnonei B naHHbIX 3C.

Paccmorpum mMHOTOpsiAHYIO mTHIpeByI0 3C (puc. 4) ¢ IpSAMOYTOIBHBIME JIEMEH-
TapHBIMH SIYCHKaMHU, OTPAaHUYEHHYIO B MIONIEPEYHOM HalpaBJieHUU (0Ch &) UACAIBHO IIPO-
BOJSAIIAMHU CTEHKAMHU, CMEMIEHHBIMU OT 3EPKAIBHON TIOCKOCTH CUMMETPHUH O€CKOHEUHOM
MHOTOPSITHOW CTPYKTYPHI (dy > ).

"HopmansHas (coBCcTBeHHAs) BONHA XapaKTEPH3yeTCsl OCTOSHHOM (ha30BOif CKOPOCTHIO M HEH3MEHHOCTHIO
(bopMbI pacrpeneneHust aMILIUTYAbl BonHbI (110 e€ ¢ponTy) B sueiike [8]. IIpu BeIHYXAEHHOM Ipolecce,
TIOPOX/ICHHOM BHEITHUM BO3JEHCTBHEM Ha yJacTKe BOJTHOBEIYIIEH CHCTEMBI, HOpMalbHasl BOJHA BO3HUKHET
TOJIBKO IIPH COBMAICHUH (HOPMBI BHEIIHEH CHIIBI C OHOM M3 (OPM COOCTBEHHBIX KOJICOaHHUN STYEHKH, TO €CTh
Ha COOCTBEHHBIX YacTOTaX CHCTEMBI [9].
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R AT IS T Beeném B uentpe kamioro mpo-

d, CTPAHCTBA B3aMMOJICHCTBUS CBOIO CUCTEMY
koopawHaT. OrpaHUYUMCS ClTydaeM, Koraa
[ | 9| [ | 9% MHOTOPSITHYIO CTPYKTYPY MOXKHO paccMar-
L pHUBaTh KaK MHOTOIIPOBOAHYIO JUHHIO (TO
| | V. /) v €CTh TI0JIC OJJHOPOIHO B HAMPABICHUH OCH
q=2 ~a y). Torma mpomonbHas COCTaBIAIOMAS I10-
[p=2] 1 I | "] na E., xaxpoli npocTpaHCTBEHHOM rap-
g=1 20 MOHUKH B ¢-OM IMPOCTPAHCTBE B3aUMOJICH-
[=1] 7 | | [777] crBus moxer OBITh 3amucaHa B Buae [4]:
X
g=0 V=L IZ v 1 P E.q(z) = Agshyx + Bychyz, (1)
g=1 ¥ _ . dy rie Y = —jPr (B KOMIIOHEHTa BOJIHO-

BOTO BEKTOpa IO OCH ) SIBJISIETCS B JIaH-
HOM CJIy4ya€ MHMUMOW BEIMYMHOW; UHJEKC,
Puc. 4. Tlonepeunoe ceueHHe ISTUPSAHON BCTPEYHO-  YKA3BIBAIOIIMA HOMEP TapMOHUKH BCIOAY
mreipeBoit 3C OILyILIEH.

Amnmutynsl A, v B, onpenensiorcs M3 IPaHUYHBIX YCIOBHHA Ha mThIpax. Ilo-
JaraeM, 4To pacmpeseseHre NOTeHIuana Ha WTepsax U, Takxe IMOAYMHACTCS CHHYCOM-
JTATPHOMY 3aKOHY (Kak M B CJIy4ae OTPaHHYCHHS CHCTEMBI IO IUIOCKOCTSIM CHMMETPHH),
HO C HEKOTOPBIM (pa30BBIM CIBUTOM ) OTJIMYHBIM Ha BeNMWYMHY O OT Yy = (7wm)/N,,
1 <m < N, (Yo — nonepednsiid (a3oBBIi CABUT JJIS OXHOCTYIIEHYATOW CHCTEMBI, OTrpa-
HUYCHHOH M0 MJIOCKOCTSIM CUMMETPHH).

Torna nns pacnpeneseHus NOTEHIMANIA Ha IITHIPAX MOydaeM

Uy () = Upsin (p + 0), @)
e p = 0,1,..., (N, — 1) — HOMep mIThIpsi; [N, — YHCIO PSZOB B CHCTEME; ) = o —
d; 0 = (wm — Y(N, — 1))/2; m — HOMEp HOPMAIBHOIO MOMEPEYHOTO THIA BOJHBI B

MHOTOPSIIHOH CHCTEME.
C yuéroMm (2) rpaHUYHBIE YCIOBHUS IS TOJIS1 HA IITHIPSAX 3alUIIYTCS B BUJAE:

N, -1
E.q(—o) = —A;shyo + B;chyn = Eysin [n;n + (q— 2)},

N, —
E.(0) = Agshyo + B,chyo = Eysin [n;n—l—lp(q—Q?))]. (3)

Hcnonszys (3) u (1), momyuum BbIpakeHUE Ul MPOJOIBHON COCTaBISIOIIENH Ha-
TIPSDKEHHOCTH HIIEKTPUYIECKOTO TOJISI B HEKOTOPOM ¢-OM TPOCTPAHCTBE B3aUMOAEHUCTBUS
q=0,1,...,(N,—2) Mexay psaamMu IITHIpEil ¢ HOMEpaMu p = q U p= q + 1:

B R e
chyx | . Tm N,—3 . |mm N,—1 4
+ chyo sin > + | g— 5 +sin 2 + | g— 5 .4
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AHanornyHpIM 00pa3oM MOXHO IIOJIyYUTh BBIPaKCHUE UL TOJSI B IPOMEXKYTKE
MEXIY KPaHHUM PsJIOM IITBIPEH U IKPAHOM:

Ez(fl) (.CU) = Ey

shy (z+d,/2) . [mn Nr—l]. 5)

shyd, 2 2

Hcnonb3ys BeipakeHue i mois (4), MOXKHO IO JBYM 3HAYEHHUAM KBajpara IO,
HU3MEPEHHBIM B TOUKaX X1 U T2, B KOTOPHIX 3HAKH IOJISI U3BECTHBI, ONMPEJEITUTh BETUYUHBI
Y u 0.

W3 oTtHOIIEHMS MOJIEH B TOUKaX 1 U T2:

Ezq (xl)/Ezq (372) = f (90171P)/f (.%'2, ‘P)

[OJIyYUM YPaBHEHUE JUIs ONIPENEIICHUS ) B BUJIE:

N, —1 . N, -3
A;qsin [?ﬂp(q— 5 )] + Assin [75;71+w (q— 5 )] =0, (6)

E.q (z1)

E.q (72)
B psne ciydaeB ypaBHeHHE (6) MOXHO YIIPOCTHTE. I HEYETHOTO YKCIA PAIOB —

N, v Heu€THBIX TUTIOB BOJH — m npu ¢ = (N, — 1)/2 ypaBuenue (6) npruoGpeTaet BHI:

e Ao = sh y (o Fxz2) — shy(owF ).

cosyp = —A;/Ag;

anpu ¢ = (N, + 1)/2 ha3oBslit caBur | onpenensieTcss U3 ypaBHEHHS:

cosy = A1 /(442) £ \/Af/(lesAg) +1/2;

JUTT HOPMAJIFHOTO THIIA BOJNHBI C YETHBIM HOMEPOM m B mpomexytke ¢ = (N, +1)/2
uMeeM:

cosp = —A1/(2A9).

B cityuae MHOTOPSIAHOM CHCTEMBI ¢ YETHBIM YHMCIIOM PAIOB — N, U HEYETHOM THIIE
BOJIHBI — M, ipi ¢ = N, /2:

COS% = +1/(345 — A1)/ (44y);

a Juisl 4€THOTO TUIIa BOJHBI — 1M, B IPOMEXYTKe ¢ = N, /2:

sing = +/(3745 + A1)/ (443).

IMosy4eHHOEe TaKKM 00pa30M 3HAYCHUE TOMIEPEUHOTO (PA30BOTO CABUTA ) IS JaH-
HOTO HOPMAJILHOTO THUIIA BOJHBI MHOTOPSIHON CHCTEMBI MOJKHO MCIIOJIB30BATh JJIs1 pacué-
Ta MOIMEPEYHOro pacupeaeieHus nojis mo hopmynam (4) u (5).

[pu onpenencHuy BETUUUHBI HHTETPATHHOTO COMPOTUBICHHSI CBS3H:

Res = Rep (z) 02/ [E. (m)/EO]Q (7)
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II0 3HAYCHHUIO COTMPOTHUBICHHUS CBSI3U Ry (), I3BMEPEHHOMY B HEKOTOPO#t TOYKE ITPOCTPaH-
CTBa B3aUMOJICHCTBH, HEOOXOAUMO 3HaTh KO3((UIIMEHT yCpeIHEHHS 110 & KBagpaTa Ipo-
JIOITBHOM COCTABIISIONICH IO — Oy.

OH ompenensercs Kak OTHOIIEHHE YCPEOTHEHHOTO 110 OCH X KBajpara Mo K KBaJl-
paTty aMIUIUTYIHOTO 3HAYCHUS OIS

o, = E2(z)/E2.

YcpenHeHue KBazpara 1ol IPOBOAMUTCS MO BHYTPEHHUM IPOCTPAHCTBaM B3aWMO-
neiictBust (¢ = 0,1,..., (N, —2)) 14 B IpOCTPaHCTBE, MPUICTAIONIEM K KPaiHUM psiiaMm
mrteipeit (¢ = —1,q = N, — 1). Ilomaraem Takke, 9TO CIUIONTHOHN AIIEKTPOHHBIN ITydOK
3aHMMAET BHYTPEHHHE IPOMEXKYTKH U KpalfHUe IIUPUHON . YCpEeAHEHHBIN KBaJpaT Mo
ompenengercs hopmymnoit

_2 ® dy/2
E2(z) = sz /E z)dz + 2 / F%(z
—w+d,/2

OKoHYAaTeNIbHOE BBIpaXKeHUE 111 Ko (PUIIMeHTa yepenHeHUs O, ¢ yuétoM (4) u (5)
HMeeT BU/I;

o1y sin [y (N, — 1)] cosecy [ ch2ym —cosy  cosych2yw — 1
sh 22vyw 2yw sh 2yw

sin? [“—m

] sh 2vd, — sh2v (d, — — , 8
4NTY(DSh22Yd3 [sh2yd, — sh2y(d, — ®) — Yo )

e

o (w)_l[ch2ym—cosw cosmpch2yoo—1]. )

2vw sh 2ym sh?2yw

B dopmyne (8) s onpenenenus kodphUIMeHTa YCPESAHECHUS O, B HepBOM ciarae-
MOM mpaBoit yactu 62 () (9) coBMasaeT ¢ COOTBETCTBYIOMMM BBIpAKEHHEM 00 (Pg) st
CHUCTEMBI C OTPAHMYUBAIONUMH SKPaHAMHU B TUIOCKOCTSIX cUMMETpuu (d = ) [4].

Ha ocHoBanuu npeanoKeHHOW METOAMKH ¢ UCTHoib30BanueM (4) u (5) O6bu1 mpoBe-
IE€H pacdy€T mornepeyHoro (Ha3oBOro CABUTA 1), PACIPEAeNICHHS MO W BEIUYUHBI Oy IS
HOPMAJIBHBIX THIIOB MHOTOPsIHOM 3C ¢ pa3mUYHBIM YKCIOM PSIOB IThIped. V3Mepenue
KBaJIpara MEKTPUIECKOTO OIS U COTIPOTUBIICHUS CBSI3U MTPOBOAMINCH METOIOM OHCEepHO-
ro 30H7a [7] 11 HYJIeBOW TapMOHHKH KOCHHYCHOW COCTABIISIONIEH 3JIEKTPUIECKOTO OIS
cuctemsl. [1ons m3MepsuTich B TOUKaX BOIH3M psia MTHIPEH ¢ MAaKCUMAIIbHBIM 3HAaYCHUEM
TIOJIS TSl TAHHOTO TIONIEPEYHOTO THIIA.

B 3C ¢ ynaneHuem 3KpaHOB OT MONEPEYHOM MIOCKOCTH CUMMETPUHU TOJISi OCHOBHO-
TO THITA U3MEHSIOTCS HE3HAYUTEIBHO, a PACPE/ICICHUE TI0JICH BBICIINX THUIIOB BHUIOM3ME-
HSIOTCA CymiecTBeHHO [11].
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Puc. 5. 3aBucuMocTh K03 QHUIIEHTa YCPETHEHHS OT TIONIEPEYHOro (ha30BOro CIBHIa MHOTOPAHBIX 3C

Ha puc. 5 gna muoropsaueix 3C ¢ pa3nuyHbIM ducioMm psaoB (N, = 2,...,5)
NPHUBEICHBI 3aBHCUMOCTH KOA(Q(UIHEHTa yCpeaHeHus: 0, OT Beauaunsl (1 — /1), rie
/o OTHOCUTEIbHBII MONEepeyuHbIi (Hha30BbIi CIBUL.

Jig ocHoBHOrO THma (M = 1) XapakTepeH pocT O, C YBEIMYEHHEM CMEILEHUS
9KpaHOB. XapaKkTep U3MEHEHHS ¥ BEJIMUUHA O, BBICIIMX TUIIOB 3aBUCUT OT HOMEpA TUIIA 1M
Y 9HUcla PAIoB. bimkaimii K OCHOBHOMY BBICIIHH THII (1M = 2) UMEeT XapaKTePUCTHKY
0, MAaKCHMAJIbHO CTIAJAIOIYyI0 10 HyJS C ylaJeHneM 3KpaHoB. Crlenyromuil BEICIIMNA THIT
(m = 3) uMeeT MUHUMYM O, IpPU HEKOTOPOM CIBUTE 1 C MOCJIEAYIOUIMM yBEINYEHUEM
MPAKTUYECKHU A0 3HAYEHUS O, MO OCHOBHOIO THIIA.

COOTBETCTBEHHO, B 3aBUCUMOCTH OT 3a/IaHHOTO YaCTOTHOTO AMAIa30Ha U YUCIa
psanoB N, 10 TONEPEYHOMY pacIpeeseHUo moiisi MHOTopsiiHOM 3C MOKHO BEIOpATh OTI-
TUMAJIFHOE TTOJIOKEHUE SKPAHOB C IIENBI0 TIOAABICHHS OMMKaHIIINX K OCHOBHOMY BBICIITHIX
THUIIOB.

HeobOxopnmocTh yuéTa MonepedHoro pacupenesieHus Mol Ipu pacyére CONpOTUB-
nerns cBsasu (Re, — IV TEHTOYHOTO TTyYKa M HHTETPATBHOTO Rep — IS CTIIONIHOTO MydKa)
POMJUTIOCTPHPOBAHA 3aBUCUMOCTSIMU Ry () HyJIEBOM TApMOHUKH SIEKTPUIECKOTO OIS
IonepeyHbIX TUIIOB BosH MHoropsiaHoi 3C (N,= 3) ¢ ynanéHHbIMHU 3KpaHaMH U 3KpaHa-
MH B IUIOCKOCTSIX ITONEPEYHOM cummerpuu (puc. 6). Tak, yaajaeHue 3KkpaHa OT IJIOCKOCTH
CUMMETPHH TPUBOINT K 3HAYUTEIHHOMY YMEHBIIICHUIO CONPOTHUBICHUS CBSI3H OCHOBHOTO
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Puc. 6. 3aBHCHMOCTD MHTErpajbHOTIO CONPOTHBIEHHS CBS3H Rey (a) M Rey (6) HyneBol FapMOHHKH 3JIEK-
Tpuyueckoro nojis MuoropsaHoit 3C (N, = 3) OT IPOJOJIIBHOTO — () U TONEPeYHOro — | (Ga30BBIX CABUTOB
(cromHbIe TUHUA — d, = 12.5 MM, IIyHKTUPHBIE TUHUA — d, = 1.3 MM)

u Omkaiiiiero k Hemy (m= 2) TunoB. Ho Tak kak mpu yaneHuu 3KpaHoB KO3(GGUIIUEHT
YCpEIHEHUs O, OCHOBHOI'O THIIA YBEIMUYUBAETCA, TO 3HAUCHHE MHTErPaJbHOIO COMPOTHB-
JIeHUs! CBA3U R B MEHBIIEH CTEICHU OTIMYAETCs OT Rz CHCTEMBI C 9KPaHAMHU B IIOCKO-
CTSIX cuMMeTpuu (cM. puc. 6, a). [Ipu 3ToM 0, BTOPOTO THIIA YMEHBIIAETCS C yIaJICHUEM
5KpaHa, 4TO JOJKHO TIPMBOIMTh K YMEHBIIEHHIO €10 Rep.

Takum 00pa3zoM, Ha OCHOBE NPEATIOKCHHOH METOMUKH pacyeTa paclpeaeieHus I1o-
neit MHoropsiaHbIX 3C U MPOBEIEHHBIX YKCIIEPUMEHTAIbHBIX UCCIEI0BAHUM MOITYYEHO BbI-
paxeHue i KodppHUIMEHTa yCpeaHEeHUs KBaapaTa Mmojisl HopMaJbHBIX TUTIOB BoiH 3C ¢
pa3NIUYHBIM YHMCIIOM PSIIOB U MIPOU3BOJIBHBIM PACIIONOXKEHNEM MONEPEYHbIX cTeHOK. [Ipo-
BE/ICH aHaJIN3 COOTHOLICHWH, MO3BOJSIOIINX ONPEACIIUTh MOJI0KEHUE OTPaHUYMBAIOIINX
TIOTIEPEYHBIX CTEHOK, MPH KOTOPHIX aMIUIMTYZAA IOJISl BBICIINX THUIIOB BOJH 3HAYUTEIHHO
YMEHBIIIAETCS IO CPAaBHEHHIO C TIOJIEM OCHOBHOTO.

3akiroueHnne

B pesynbrare skcnepuMEHTaNbHBIX HCCIEIOBAaHUI MHOTIOPSIHBIX BCTPEUHO-IUTHI-
PEBBIX CHCTEM (IBYXCTYNEHUYATHIX B NPOAOJGHOM HANPABICHUH M OJHOCTYIECHYATHIX B
MIOTIEPEYHOM) OT Pa3MEpOB, BIUAIOIIMX HA YaCTOTHOE Pa3/ieIeHHE OCHOBHOIO U BBICHIMX
THUIIOB, IIPEIUIOKEHBI CIIOCOOBI MOJABIICHNUS BRICIINX U YBEJIUUEHHS pabodeil MoIock BO3-
Oy>XZIeHHs OCHOBHOT'O THIIA.

HccnenoBanne BBIHYXKIEHHBIX KOJI€OaHWH MHOTOPSIIHOW BCTPEYHO-IITHIPEBON CH-
CTEMBI C JKCIOHEHIMAJIbHBIMH BOJHOBOJHBIMH BBIBOJAMHU DHEPIUU IIOKA3aJ0 BO3MOX-
HOCTh OZJHOMOZIOBOTO BO30Y)KICHUS B IIMPOKOH IOJIOCE YacTOT.

YcTaHOBIIEHO, YTO pacrpesiesieHne mojei B MHOTopsiiHeIXx 3C IITBIPEBOrO THIIA
C TIPOU3BOJIBHBIM PACIONI0KEHHEM IONEPEUHBIX OrpaHUYUBAIOIIUX CTEHOK MOXET OBITh
OIIPENIENIEHO M0 U3MEPEHHBIM B Pa3HBIX TOYKAX MPOCTPAHCTBA B3aMMOJCHCTBHS 3HAUCHHU-
AM KBajpaTa nond. Ha ocHoBe mpeayiokeHHOM MeToguku ObUl MpoBenéH pacdéT Iore-
pedHoro (azoBoro cisura , paclpeenaeHus nois U koddduiuenta ycpeaHeHus o, A
HOPMAaJIBHBIX TUIIOB MHOTOPsAHON 3C ¢ pa3iIMyHBIM YHCIIOM PSIOB IITHIpEH.

BriepBble ¢ HCIIONB30BaHMEM IMIPOBEAECHHBIX PACUETOB PACHpeleNIeHHs MOl B IO-
MEPEYHON INIOCKOCTH U AKCIEPHUMEHTAIBHOTO UCCIIEAOBAHNS CONPOTUBIEHUS CBSI3U MHO-
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TOPSIAHBIX BCTPEUHO-IITHIPEBBIX 3aMEAJISIOIINX CUCTEM MONTYUYEHbl XapaKTEPUCTUKN UHTE-
CPAJILHOTO CONPOTHBIICHUS CBA3H C YUETOM PEANBHOIO PacHpelesIeHUus MPOJIOJIbHOM co-
CTaBJISIIOIICH HAMPSHKEHHOCTH DIIEKTPUIECKOTO TIOJIS TIOMIEPEYHBIX (OCHOBHOTO M BBICIITHX)
TUIIOB BOJIH.

[ToBbIIeHHE COMPOTUBIECHUS CBSI3U OCHOBHOTO THUIIA MHOTOPSIHONW BCTPEUHO-ILITHI-
peBOIl 3aMeUISIIOIIEH CUCTEMBI 3a CUET CMELIEHUS SKpaHa B MJIOCKOCTh MOMEPEUHON CUM-
METPUHU C OJHOBPEMEHHBIM YBEIMYEHHEM YaCTOTHOW OOJIACTH OJHOMOZOBOTO BO30YyXKae-
HUS MOTYT UCIIONB30BAThCS TIPU ONTUMU3AINHN BEIXOAHBIX XapakTepuctuk CBY mpubdopos
C MHOTOPAJIHBIMU BOJIHOBEAYIIUMH CUCTEMAMHM.

Paboma evinonnena npu nodoepoicke Munucmepemsa obpazosanus u Hayku Poc-
cutickoti @edepayuu 6 pamkax NPOEKMHOU YACMU 20CYOAPCMBEHHO20 3A0aHUs 8 chepe
Hayunou desmenvrnocmu Ne 3.1155.2014/K.
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THE ELECTRODYNAMIC CHARACTERISTICS
OF MULTIROW INTERDIGITAL SLOW WAVE STRUCTURE

1. A. Nakrap, A. N. Savin

Saratov State University

The results of an experimental study the dispersion characteristics and field dist-

ribution of main and higher order modes of multirow interdigital slow wave structures
with their resized are presented. The ways of increasing the frequency separation of main
and higher order modes and the working excitation band of the main mode are offered.

74

U A. Hakpan, A.H. Casun
U3B. By30B «I[TH», T. 23, Ne 1, 2015



Investigation the forced oscillations of the multirow interdigital slow wave structure
with exponential H-waveguide power ports has shown the possibility of a single-mode
excitation in a wide bandwidth. The results of an experimental study of the coupling
impedance multirow interdigital slow wave structures with the use of the actual distribution
of the longitudinal component of the electric field transverse (basic and higher) types of
waves are presented. The estimation of the competitiveness of the worker and the parasitic
waves types of multirow systems carried out by changing the position of the transverse
waveguide screen.

Keywords: Multirow interdigital slow wave structures, dispersion characteristic, integral
coupling impedance, distribution of the electric field.
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MOAEJNPOBAHUE AHTEHH JIUISA PAIIMOYACTOTHBIX
NAEHTUOUKAIIMOHHBIX METOK*

M. B. Jasuoosuy', C.I. Cyuxos', H. A. Byuyes®
! Caparoscknii rocynapcrsenubiii yausepcuteT um. H.I. YepHBIIIeBCKOro
20A0 «HIIIT “Amvas”™»

[IpennoxeHsl METOABI MHTErPalbHBIX YPaBHEHHUH IS MOAEIUPOBAHUS PaJnOYacTOTHOM
UACHTU(PUKAIIMOHHONH METKH U MOCTPOEHA MPUOIMKEHHAS MOJECIb JJIsl pacyeTa BXOAHOTO UM-
MeJanca U JuarpaMMbl HaIlpaBiICHHOCTH €€ aHTEHHBI. PacCMOTpeHBI pa3iuyHble IUIaHapHbIE U
HEIUIaHapHbIE KOHCTPYKIMU U MOJIYYEHBl UX MapaMeTphl.

Kuroueswie cnosa: HHTeraJ'ILHLIe YpaBHEHUS, IOJIOCKOBO-AUIJICKTPUIECKAas aHTCHHA, pauo-
YacTOTHaA I/IZ[eHTI/I(i)I/IKaHI/IOHHaﬂ MCETKa, 1uarpaMma HalpaBJI€HHOCTH, BXOITHOM UMIICaaHC, CO-
TIPOTUBJIEHUE UBITYYECHUS, DIIEKTPOAUHAMUYECCKOEC MOACIUPOBAHUE.

BBenenne

Pagmodactorasie naentudukanuonasie Metku (PMIM), mo3Bomnsioniie nueHTH(H-
LUPOBaTh OOBEKTHI 10 OTKIUKY OT MOXIYIHPOBAHHOIO KBAa3UMOHOXPOMATHYECKOIO HM-
MyNbca, UMEIOT OOJBIIYIO MEPCTIEKTUBY B Pa3NuYHbIX mpuMeHeHusx [1]. Mcxomubril uM-
MYJIBC T€HEPUPYeT OTKIMK OT METKHM B BUJAE ONPENEICHHOTO KOIa, 4TO OOYCIIOBIEHO
BO30Yy’KJI€HNEM MOBEPXHOCTHBIX aKkycTuieckux BoiH (IIAB) B auanexkTpuyeckom mbe3o-
kpuctaie PUM ¢ momockoBoii cTpykTypoi. UMmynbc Bo30yXkmaeT Ioje BO BCTPEUHO-
mTeIpeBoM npeobpaszonarene (BIIIT) ¢ monockoBoil CTpyKTypoil M, COOTBETCTBEHHO, JIBa
umnyisca ITAB, pacnpocTpasstomyecss B pa3HbIX HaIPaBICHUSX. 3aJEpKaHHbIE OTpa-
JKEHHBIE OT IITPUX-KOAOBBIX OTpakaTeledl MMITYJIbChl MPHUXONIT B MpeoOpa3oBaTelb H
M3IY4aroTCsa B MPOCTPAHCTBO aHTEHHOW. OOBIYHO METKY BBIMOJHSIOT B BHIE KPHUCTA-
na ¢ BIIII n niaHapHOro pa3oMKHYTOrO MOJTYBOJHOBOTO KOJIbIA Ha MOAJIOKKE C Ma-
JIOW JUAIEKTPUUIECKOi mponumaeMocThio. Takas PMIM umeeT cyliecTBeHHBIE ra0apUThI

*Crarbsl HaIMCaHa Mo MarephanaM Joknana Ha 24-it Mexynapoasoit Kpeimckoit kondepenimn «CBU-
TEXHUKA U TEJICKOMMYHHKAIIMOHHBIE TexHOoiIorum», Cesacrononb, Poccust, 7-13 centsaops 2014.

M.B. Jlasuoosuu, C.I. Cyuxos, H.A. bywyes
76 U3B. By30B «I[THM», T. 23, Ne 1, 2015



1 HEBBICOKYIO HAallpaBIEHHOCTH. Llenb paboThl — MpeanoXuTh MajorabapuTHbie KOH(U-
rypanuu PYIM c¢ xopouieil paBHOMEPHOCTBIO HAIPaBICHHOCTH U METOA UX pacdera. s
3TOTO IIPEATIONAraeTCcsl UCIOIb30BaTh AUIIEKTPUK C OOJBINONW NUIIEKTPUYECKON IPOHU-
LaEMOCTBIO M PACIIOJIOKEHUEM METAJUIN3ALMH B PA3HBIX ILUIOCKOCTAX.

[TonockoBo-AM3IEKTpUYECKAs AHTCHHA MOXKET UMETh IUIAaHAPHYIO U HEIUIaHAPHYIO
CTPYKTYpy. B CBSI3M C 3THM BCTAOT CIEAYIOIMNE 3a7a9l MONCITUPOBAHUS aHTEHHBI: HE00-
XOIUMO PACCUUTATh BXOAHON HMIIENAHC 3a30pa, OMPENEISIONINA COMPOTUBICHUE U3ITY-
YeHUS U coriacoBaHHBIN ¢ nmMireqancoMm BIIIIT;, HeoO6XonrMo MOTYIUTH TOCTATOYHO H30-
TPOIHYIO JMarpaMMy HampaBJICHHOCTH. MI3B€CTHO, UTO MHTErpajbHOE OIpEAeNIeHUE Co-
MPOTUBJICHUS U3IIYUEHHUS YEPE3 U3ITYUEHHYIO MOILIHOCTh PABHO PE€ajibHOM YacTH BXOAHOTO
AMITeZIaHca BUOpaTOpHOH aHTeHHBI. COOTBETCTBEHHO, UMIIEIAHC ONPEICIIICT H3TyIaTeIb-
HYyH criocoOHocTh. MMnienanc nomkeH ObITh cortacoBaH ¢ umrenaancoM BIIII, a umen-
HO KOMIUIEKCHO COMpPsDKEH ¢ HHUM. JKenmarenbHO YMEHBIINUTH Ta0apHTHl METKH, MTO3TOMY
MEPCIIEKTUBHBI MMbE30KPUCTAIIIBI HI00ATa JTUTHS C OOJBIION JAUAIEKTPUYCCKON MPOHUIIA-
eMoCThIo — Topsiaka 40. OcoOeHHO BaKHBIM ITapaMeTPOM SIBJSICTCS AviarpaMma Harpas-
nennoctu (JH). [ns MeTku oHa JOKHA OBITH, IO BO3MOXKHOCTH, 00J€e CUMMETPUYHOM.
[TosTOMY MOJIOCKOBO-IUAIEKTPHUECKYIO aHTCHHY IIeJIecO00pa3HO BBIMOIHATE C ITepexoa-
MU TIOJIOCKOBOU CTPYKTYpPBI aHTEHHBI Ha IpyTHe TpaHU KPUCTAIIa, BBIIOJIHEHHOTO B BUIE
NpSMOYTOJILHOTO Napajuienenunena. PazmMepsl Takoro Kpucrajia nopsjaka MULIUMETPOB,
IIPH 3TOM rabapUThI AHTCHHBI YMEHBIIAIOTCS MPUMEPHO HA TOPSIAOK.

TpynHOCTH pacueTa 3aKIIFOYaOTCs B TOM, YTO IIOJIOCKOBasi CTPYKTypa UMEET CIIOXK-
HYI0 KOHQUTypaunuio U JISKUT Ha MOMAJIOXKKE C OONBILOW IMAIEKTPUYECKON MpOoHHIAe-
MOCTBIO, CHHKAIOIIEH HMIIENaHC. BeIcokas qUaneKTpudecKas MIPOHUIAEMOCTh MOIOKKA
IIPUBOJUT K TOMY, YTO BO3HHMKAIOT JUIIOJIbHBIE MOMEHTHI MOJSAPU3ALMH, OPUEHTUPOBAHHBIE
10 TpeM HarpasieHUIM. OTYaCTH 3TO YIydIaeT PaBHOMEPHOCTh TUAarpaMMbl HallpaBjeH-
HOCTH, HO IIPUBOJUT K YCIIO)KHEHUIO MOJEIUPOBAHUS: BMECTO UHTETPAIIBHOTO YPaBHEHUS
tuna ["ayutena wm [loknuHTTOHA HEOOXOAMMO HCIIONB30BATh 0OBEMHO-TIOBEPXHOCTHBIE
HHTErpalibHble ypaBHEHMA. JlOCTaTOUYHO cTporuil pacuer TpeOyeT pemeHus 3agad 0oib-
moi pazMepHocTd. Huke MCTIONB30BaH Pl OTPaHUYCHUHA M MPUOIMKEHUH, TTO3BOJISTIO-
IIUHA MOHU3UTH Pa3MEPHOCTH AJITOPUTMA 3aJa4H.

1. AnmpoxkcumManus TOKa M MOJIA
B IJIAHAPHOM MOJI0CKOBO-IUJIEKTPUYECKOI aHTEHHe

[loBepxHOCTHBIE HHTETpajbHbIE YypaBHEHHS IJIsi MHUKpononockoBbix (MIL)
BHOpPAaTOpPOB M METOIBI MX PEIICHHS pPacCMOTpPEHBI, HampuMmep, B paborax [2-7]. Tam
e NPUBEICHBl NPUMEPHl pacdeTa IUarpaMM HalpaBiIeHHOCTH. B HamieMm ciydae 3ana-
Ya YCIOXHSETCS HAJMYUEM IUAIEKTPHKAa KOHEYHBIX pPa3MepoB. PaccMOTpUM AMANEKTpH-
YecKMi MapajuieNienunen ¢ pasMepaMu a, b, ¢ BHOIb ocel Z, Yy, Z, COOTBETCTBEHHO,
1 OONbIION AMANEKTPUUYECKON MmpoHHMIaeMocTeio €. CumraeMm, uto a > b > c. bynem
TaKKe paccMarpuBaTh ciydaidl a > b >> c. Ha rpanm napamnenenunena B MIOCKOCTH
z = 0 naxomurcsa nonockopas yuuus (I1JI) cnoxHoli koHpurypanuu (puc. 1) ¢ 3a3o-
pOM, B KOTOPOM 3a/IaHO KacarenbHoe anektpuueckoe none E = yoU/d. 3nece U — Ha-
NpsDKEHUE, CO31aBacMOe aKyCTHYECKOW BOJHOW Ha BCTPEYHO-LITHIPEBBIX MpeoOpasoBare-
X, d — pa3Mep 3a30pa, MPUMEPHO paBHEIN auHE peodpasoBarencii. [lomockoBas TuHAS
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a

o

Puc. 1. Cxemarnueckas KOH(UTypanusi IDTaHAPHOTO IodocKoBoro BuOparopa PUM (a) m aHTeHHa coO

BCTPEYHO-LITHIPEBBIM ITpeobpasoBarenieM (6)

VAR N
/ 7/
/ / —— -
a a
[[RN /\\
|
A / \
I I__\ Y A
1/ A \
7
l, \ \
6 a

Puc. 2. Kordurypauus PUM ¢ pasomkHyTOMH TIeTieH ¢
JIBYMsI IUICYaMH Ha YETBIPEX IPaHsAX JUIICKTPUIECKO-
ro mapajuienenunena (a) ¥ B BUAe KOCO HAMOTAHHOM

cnipaii (6)

INIMPUHON W COCTOUT U3 JIBYX IUICY, OpH-
CSHTUPOBAHHBIX BJIOJIb OCH T, U JIBYX CO-
CTHIKOBaHHBIX W TIOBEPHYTHIX IUICY, OpH-
E€HTHPOBAaHHBIX BAOJIb OCH Y, C pa3Mmepa-
MU Ly1, Lyo, Ly, ipu 510M Lyo = 2Ly €
TOYHOCTBIO 10 LIMPHHBI 3a30pa. B nemnom
BCS CTPYKTypa cuMMeTpuyHa (puc. 1, 2),
4TO0 00YCJIOBIMBAET CUMMETPHIO JHarpaM-
MBI HarpaBjieHHOCTH. CTpOTHil y4er BIiH-
SHUSI TIOBEPXHOCTHOTO TOKa IIOJIOCKOBOM
JUHUU BEeChbMa CIIOKEH M TpedyeT perre-
HUS WHTETPaJbHOTO YpPaBHEHUS C CHHTY-
JApHBIM A1poM. CIIOKHOCTh COCTOUT B arl-
MIPOKCUMAIINU JBYMEPHOW MMOBEPXHOCTHOMN
TUIOTHOCTH TOKa, KOTOpas MOJDKHA OBITh
HENPEPHIBHON M YHIOBJIETBOPATH YCIIOBHIO
Ha pebpe. IlosTomy B maHHOH pabore
MIPEJUIAratoTCsl CIEAYIOINEe TPHOIMKESHUS.

e [IoBepXHOCTHBIN TOK 3aMeHsIeTCs JIMHEHHBIM I (), TEKYIIMM IO IEHTPaIbHON OCH
MOJIOCKOBOM JIMHUM.

e CuuTaem, 4TO YKa3aHHBIH TOK HENPEPHIBEH U SABIAETCS (YHKINEH [UIMHBI S IOMaHOH
OCEBO JIMHUU, OTCUUTHIBAEMON OT LIEHTPA 3a30pa.

e [’paHm4HOE yciIOBHE HajaraeTcs Ha JBYX JIOMAaHBIX JIMHUIX, CMEIICHHBIX Ha PaccTo-
SHUSL £w /2 OT OCH MOJOCKOBOMW JIMHUH, H YCPETHSICTC.

[apajienenume] y4uTbiBacM MOCPEICTBOM IUIOTHOCTH TOKA MOJsIpu3aimu J, =
= jweg (¢ — 1) E. Taxkoii moaxox (6e3 ydyera AUDIEKTPUKA) XapaKTEPEeH sl HHTErPaib-
HOTO ypaBHeHHs [IOKIMHITOHA. DTH TIPUOIMKEHHS HE BHOCST CIIMIIKOM OOJBIINX OTKIIO-
HEHUIA OT TOYHOTO, HO OYEHb JUIMTEIBHOTO PACYeTa, TaK KaK JuarpamMMa HalpaBlIeHHOCTH
¥ BXOIHOM WMIIENAHC SBISIOTCS MHTErPAJbHBIMH XapakTepucTukamu. Tak, nuarpamma
HAIPABJICHHOCTH OMPEEISETCS], B OCHOBHOM, PACIIOIOKEHHUEM MPOBOIHHUKOB, IPEICTAB-
JIAFOMIUX COOON JUIOIBHBIE 3JIEMEHTHI AHTEHHBI, U HHTErPAIBLHBIM TOKOM 4€pe3 HUX.
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B HpI/I6J'II/I)KeHI/II/I OCEBOTI'0 TOKA Ha ITOJIOCKE 3J'IeKTpPI‘IeCKPIfI BCKTOP-IIOTCHIIUAJI UMC-
€T NpEACTaBJICHUC

= /G (r—r)I(s') ds' + joeo (e — 1) /G r—1)E() &' (1)
L \4

3nech UCToNb30BaHa 00bIUHas ckatspHas dyrkims [puna G(r)=(4s|r|)~! exp (—jkol|r|);
TIePBEII HHTETpaNl OepeTcs Mo OCeBON JIMHUH, a BTOPOH — M0 00beMy MapaieNenuiesa.
MpbI cunTaeMm, 4TO TOK B 3a30pe€ SIBJISCTCS HENPEPHIBHBIM, TO €CTh COBMAJACT C TOKOM
mo monocke. Tem camMpIM TOK CMEIIEHHS 3a30pa 3aMEHEH TOKOM IpoBoguMmocTH. Ha ca-
MOM JIelie CTPOTOe pelleHue 3a/adu TpeOyeT ydeTra CTOPOHHETrO 3JIEKTPUYECKOTO OIS,
XapaKTepU3YIOIIer0 TOK CMEIIEHHS, TP 3TOM HOpMalibHas MOBEPXHOCTHAS IUIOTHOCTD
TOKa HMcYe3aeT Ha peOpe. YKa3aHHBIA TOK CMEIIEHHS SIBIISETCS, BOOOIIEe roBops, 00beM-
HbeIM. Takoll aHaIM3 BecbMa CIOXKEH. 3ajaBasi KacareJIbHOE AIICKTPUUECKOE TIoNE B 3a30pe
KaK IMIOBEPXHOCTHYIO IDIOTHOCTh MAarHUTHOTO TOKA, MOYKHO TaKXKe OMpPEAeIATh CyMMapHOe
BO30YKIEHHE OT TOKOB 00OHX THIIOB, HAXO MOBEPXHOCTHYIO TUIOTHOCTH AIIEKTPUUECKOTO
TOKa Ha MHUKporonockoBor muauu (MILJI) u3 permenns wHTErpadbHOTO ypaBHEeHHUSA. Bee
TPHY TIOIXO0AA IPH Y3KOM 3a30pe€ MPHUBOIAT K OJIM3KUM pe3yJbTaraM. YIPOIIeHHe COCTOUT B
Iepexo/ie OT MOBEPXHOCTHOM IUIOTHOCTH TOKa K IMHEHHOMY TOKY. [/laiee Ham moTpedyercs
TOJIBKO AJIEKTPUUYECKOE T0JIe, KOTOpoe Yepe3 moteHua (1) onpeaensercs kaxk

grad (div) + k?
jweg

E(r) = CA(r)=LA(r), 2

TO €CTh ITyTeM Bo3eicTBus nuddepeHnmansHoro onepatopa L. HamoxeHne rpaHU4HBIX
ycnoBuit Ha pedpax MILI HemocTarouno ans onpenenenus nois (2). s 3Toro dneKTpu-

YecKoe I10JIe TAKXKe JOJDKHO OBITh HEIPEpHIBHBIM B 00beMe andiekTpuka. Oba ycnoBus
MOYKHO TIOJIyYHTb U3 YCIOBUS KCTpeMyMa (yHKIHOHAA

A= [T(:)B(E)ds + joco (1) [ B (x) B (1) d'r—
_“1 GFE-)I (s))ds’ds—
—joco (e = 1) [ [1(s) L (G — ') E(r')) d*r'ds~ (3)
LV

—jweg (e — 1) ffE (G(r—f")I(s’))ds’d3r+

+ [weg (e — 1) 2ffE G(r—1)E () dr'd®r
3neck L' — oceBast qMHUS MOJOCKOBOU CTPYKTYpHI, L — peGepHas ee juHuUs (Hanpumep,
neBasi). B obmem ciydae perieHue 3a1a4u cileayeT UCKaTh AJIs IPEICTaBICHHUs TOKa Mpo-

BOJMMOCTH W TOKAa CMEIIEHUS B BHIE Pa3iIOXKEHHS (CTPOrO TOBOpS, OSCKOHEYHOTO) IO
OTpeIeIeHHbIM 0a3UCHBIM (DYHKIHSIM

= Z Inso (s) n (s), Jp(r) =joeo (e —1) Z enen (T). 4)
IockonbKy pasMepsl CTPYKTYPBI Majibl IO CPaBHEHHUIO C AJMHOW BOJHBI B BaKyyMeE, MBI

BO3BMEM TOJBKO ONHY (YHKIHMIO JUlsl MpeAcTaBiIeHust Toka g (s) = cos(ms/L) u mo
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OHHOﬁ q)YHKI_II/II/I IJI1 IpEACTaBIICHHUA Ka)I(,Z[Of/'I KOMITIOHCHTBI 3JICKTPHYCCKOT'O I10JIA:

e (r) = xg cos (kzx) cos (kyy) sin (, [k3e — k2 — kgz) =x0f1(z,y,2),
ex (£) = yo cos (ky) cos (k) sin (/K — 12— 32) = o (2..7)
es3 (r) = zg cos (kyx) cos (kyy) cos (1 [kEe — k2 — k§z> =zof3(z,y,2).

BryTpu nuanektpuka 3TH (QYHKIMH YIOBICTBOPSIOT BOJHOBOMY ypaBHeHHIO. Ham Hamo
3aJ1aTh JIB€ KOMIIOHEHTBI BOJTHOBOTO BEKTOPA B IUDIEKTPHUKE K, Ky M ONPENEIUTE YETBIPE
ko3¢ ¢unmenra. [IpocTeiimas anmpokCUMaIus — CYUTATh TOJIE B JAUAIIEKTPUKE MOCTOSH-
HBIM. TorJja KOMITOHEHTHI MOJII MOXXHO HAMTH, HAIpHUMep, METOZOM KOJJIOKAIWH, TmoJaras,
YTO OHH COBIAJAIOT CO 3HAYCHUSMU B IIEHTpE Mapasuenenumnena. s npuBeneHHbIX CO-
OTHOIIEHHH yI0OHO MONOKUTE ky = T/a, ky = 7/b, 4TO COOTBETCTBYET NPUOIIKEHHOMY
OTIFICAHMIO TIOJS IEPBOM MOMOH JTHANEKTPUUICCKOTO pe3oHaropa [8] I oYeHb OOJBIIIOro
3HAUCHUS £ U HAJIIMYUIO JIEKTPUUECKOU CTEHKH mpu z = (. BeicmiuMu MogamMu JudJIeK-
TPUUYECKOTO PE30HATOPa MOXKHO NPeHeOpedb, MOCKOIbKY pabodas JacToTa JEKUT HUKE
4acTOThl HU3IIEH Monpl [8,9]. B mroboM cinywae momydaercsl cucTeMa 4eThIpeX JIHHEH-
HBIX anreOpanyecKuX YpaBHEHWH U HEU3BECTHHIX TOKOB. OIHAKO BBHIYMCIHTH 3HAYECHUE
¢ynkuronana (3) nmpobIeMaTHyHO, MOCKOIBKY NP I' = r’ UMEeT MECTO OCOOEHHOCTh B
aape (4To ykasbiBaeT Ha 1e(heKTHOCTh B3ATOTO MpHOMmKeHus). OmnepaTop, COOTBETCTBYIO-
MK ypaBHEHHIO (2) TpU MPEICTaBICHUN AIEKTPHUYESCKOTO OISl Yepe3 TOKU (B TOM 4YHCIie
U TOKH TIOJISIPU3AIIAN), 9aCTO HA3BIBAIOT rcepnoauddepeHuansapiM. O0palieHre Takoro
oreparopa TpeOyeT BBeICHHUS Pa3InYHBIX IPOCTPAHCTB PElIeHNH (ITPo0Opa30B) U BECOBBIX
(yskunii (06pa3oB). Beraucnuts uHTerpan B (3) MOXXHO HCHONB3YS CIIEKTPAIBHOE TPe-
crapieane Gpyaknuu ['prHa [8,9] 1 mpoBens onpeneeHHBIM 00pa3oM 00pe3aHue HHTErpa-
na (yCpelHEeHHe B OKPECTHOCTH 0coOeHHOCTH). [lepeHoc quddepeHImanbHoro oneparopa
L na nogsiaTerpansasie Gyskimy I (s') u E(r’) ¢ mOMOIIbI0 BEKTOPHBIX UHTETPAIBHBIX
TEOpeM MPHUBOIUT K MOBEPXHOCTHO-00BbEMHBIM HHTErpoAn(GepeHINATBEHBIM YPaBHEHUAM
¢ TIOHMXKEHHOH 0coO0eHHOCTRIO. [Ipu 3ToM (yHKIHMOHAN (3) yemoxHseTcss. MBI OymeM uc-
MIOJIh30BaTh CTAHIAPTHBIN IIPUEM BBIUMCIICHUS HHTETPAJIOB C CHIBHOHN (HEMHTErPUPYEMOii)
0COOEHHOCTBIO, OCHOBAHHBIN Ha BBIJICICHHU MAPOBOH O-OKPECTHOCTH TOYKH I' U HAXOXK-
JICHUH BTOPBIX MPOM3BOAHBIX 00BEMHOTO MOTEHIIMANA, TIPU 3TOM WHTErpal Mo mapy s
HenpepbIBHO AuddepeHnnpyeMbIX pelieHnii BeIaucseTcs ananutuaecku [8,9]. B pesynb-
TaTe BO BHYTPEHHHUX TOYKAX TUAIEKTPUYECKOTO Tela NMEEeM WHTETpajbHOe YpaBHEHHE

B(r)=; i L@ )T () +
(5)
- jweog(;J:;)p.v. f/f L(G(r—)E () d*".

3nech 00beMHBIN HHTErPall IOHUMACTCS B CMBICIIE TJIaBHOTO 3HaueHus 1o Komm, a paauyc-
Bektop T B (5) u (3) — kak r = (z,y,0), TO ecTh JNeXKaIMil Ha MOBEPXHOCTH OIJIOKKH
z = 0 ¥ mpUHAANEKANIMN COOTBETCTBYIOLICH THHUU. J{1s M30ekKaHUs BHIYUCIUTEIBHBIX
mpo6iaeM ynoOHO CMECTHTDH HOJIOCKOBYIO JITHHIO BBEPX OT JUAJIEKTPHKA HA MATyIO BEJH-
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YUHY. Ha ee pe6pe ¥ BHC IUDJICKTPHKA I10JIC MOXXHO BBIYHUCIIUTDH OOBIYHBIM 06pa30M:

E@) = [L(GE-r)I())ds +joso (e~ 1) [L(GE-¥)BE) . ©
L \%

Hcronbays (5) u (6), mogudunupyem ¢ynkiuonan (3). EctecTBeHHo, BTOpoi HHTErpai B
(6) COOTBETCTBYET 0OBEMHOMY HHTETpasly B IpaBoi yactu cooTHomeHus (5). B (5) Bxo-
IUT TU3JIEKTPUYECKas MPOHUIIAEMOCTh, KOTOpas MOXET ObITh (DyHKIMEH KBajpara MOIYIs
ANIEKTPHYECKOTO OIS ‘EQ} (manpumep, Beaencteue 3¢ ¢exra Keppa). Torna cooreTcTBy-
IOIIUIA MHOXHUTENb B (5) CleayeT BHECTHM NOA 3HAK MHTEerpana u nud¢epeHnanIbHOro
omepatopa L, ypaBHEHHE CTAHOBHTCS HEIMHEIHBIM M MOKET TAK)KE OIHCHIBATH OTKIHK
Ha BTOPOI FapMOHMKE IIPYU BO3AEUCTBUH MOILIHOTO MMITYJIbCA.

2. IIpubaunkeHHOe pellieHUEe UHTETPAJbLHOI0 YPaBHEHUs

VYpaBuenus (5), (6) SIBIAIOTCS HHTETPATbHBIMH, MPH 3TOM KacarelbHoe mose (6)
pPaBHO HYJIO Ha TIOJIOCKOBOM JINHUM M OTJIMYHO OT HyJA B 3a30pe. IlogcTtaBum B 3TH ypas-
HEHHs pa3iIoKeHUs TOKOB. 3aT€M YMHOXXHMM BBIpaXXeHHE A1 Mol Ha pedpe (6) Ha BEKTOp
so (8) @1 (8) = sp (s) cos (ts/ L) u npounterpupyem. B pesynsrare momydnm

U:I1/ / cos (nus/L) cos (ws'/ (L)) so (s) L (so ()G (¥ —1'))ds'ds+
LI

+jweg (e — 1) //COS (mts/L) so (s) L (G (f'—r’) X
L

X [e1xq cos(kov/Ex)+eayo cos(koy/2y' ) +eszg cos (koy/22")]) d3r'ds.
VKa3aHHOE YPaBHEHHE MOYKHO IIEPETHCATH TaK:
Al + Arzer + Aiges + Ajges = U, (7)

YMHOXHM Teriepb none (5) BHyTpH OUIJIEKTpUKa Ha GyHKIHIO €;, ¢ = 1,2, 3 U nmpouHTe-
rpupyem 1o oobsemy. [lomydaem cucremy ypaBHeHHI

A(i+1)111 + A(’i+1)261 + A(i+1)362 + A(i+1)463 = O, 1= 1, 2, 3. (8)

B (7) u (8) uaTerpans 0003HaYCHBI KaK COOTBETCTBYIOIINE MaTPHYHBIC JIIEMEHTHI:

An = //cos (ms/ (2L)) cos (ns'/ (2L)) so (s) L (G (F — /) so (s')) ds'ds,
L L

Ay(i41) = Jjoeo (e = 1) / / cos (ms/ (2L)) cos (kov/ea') so () L (G (F —1') x;) d®r'ds,

Align e ( L r —r ) S0 ( )) ds'd>r, ©)

VL’

. 3(e—1)
A1) 41) / dr — josg—= /pv /ez G(r—r")ey (r'))d®r' d*r,

v

a X1 = X0, X2 = Y0, X3 = Zg — OPThI OCEH.
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Ypaaenus (7), (8) MOXKHO KOMITAKTHO 3aITMCaTh B MaTPHYHOM (opMe: Al = u, e
I = (11,15, 13,1;) — 4-Bextop 0606IEeHHOTO TOKA, [; = jweg (6 — 1) e;—1, @ = 2,3,4,
u = (U,0,0,0), a MaTpu4HBIC JIEMEHTHl HOBOW MaTpPHIIBl YETBEPTOIO MOPSIKA A ommu-
YAKOTCS OT HIEMEHTOB B (8) MHOXHTeNeM [jweg (€ — 1)] ' y kommonent moms. Crcrema
JTMHEWHBIX anreOpandecknx ypaBHEeHHH (7), (8) MO3BONISET OMpPENenTuTh TOKH U COOTBET-

cTByromue mosst u3nydenus. B wactaoctu, Iy = UA11 /A, tae A = det (/1) , A11 — cooT-

BETCTBYyIOIIEe anredpandeckoe gononHenue. [lo cBoemy cmpiciy I; paBeH TOKy B 3a30pe
npu s = 0. [Tostomy BXxoqHO#M uMITenaHc 3a3opa ectb Ziy, = U/I; = A/Aq;. Ero peanbHast
9acTh CYTh CONPOTHBIEHHUE U3TyUeHHsI aHTEHHBI, KOTOPOE TaK)Ke€ MOYKHO MOIYYHUTb, HHTE-
rpupys Bektop [loifHTHHTA 1O cdepe OOMBIIOTo paanyca, TO €CTh BEIUUCIA H3TydYeHHYIO
MOIITHOCTh. Onpenenss TakKe Jpyrue KOMIOHEHTHI ToKa [; 11, HaliIeM IuarpaMMmy H3Iy-
yeHns aHTeHHBL. KoMmoHeHTs! ;4 1, ¢ = 1,2, 3 ompenemnsior AuarpaMMBbl IEKTPUIECKIX
JUIIONEHN, PaclOI0KEHHBIX, COOTBETCTBEHHO, BAONb T, ¥ U 2. KomnoHeHTa I1 onpenenser
EKTPUUECKUI TOK, HANpaBIeHHBIN BIONb & U Y, TOATOMY JUIS BEIYUCICHUS AMArpaMMbl
HaIpaBJIEHHOCTH CIIEAYET IPOU3BECTH Pl UHTETPUPOBAHUH.

3. IlpexncrasijieHHEe TOKAa U siAPa B INIAHAPHBIX
U HeIUIAHAPHBIX KOH(QUTYypamusax

B KkauecTBe IUIaHAPHBIX CTPYKTYP PACCMATPUBAINCH aHTEHHBI B BUE MeaHpa (CM.
puc. 1) ¥ pa3oOMKHYTOTO MOJIOCKOBOTO KOJIbIla. HernanapHbie KOHCTPYKITHH, 00JIa 1afo1me
0oJsiee OJHOPOAHBIMU JHArpaMMaMK HalpaBIEHHOCTH, TpUBeAeHbl Ha puc. 2. [TocTpoum
BBIp@KEHHE JUIS TOKa B KoH(urypauuu puc. 1. B kadecTBe ero HampapieHHS BO3bMEM
JIBUJKEHHE CIIEBA HAIPABO, €CIIM CMOTPETH CO CTOPOHBI OCH 2. JIBHrasch OT LEHTpa 3a-
30pa B MOJIOKUTEIBHOM HAIPABICHUH S, BHadajle MMeeM: Sg = —yo, 0 < s < d/2,
—d/2 <y <0,u—-d/2-L;y <y< —d/2upn z = 0, z = 0. Janee npmxe-
HHUE MJET BIONb OCH i Sg = Xg, d/2 + Ly1 < s < d/24+ Ly + Ly, 0 < x < Ly,
y = d/2+ Ly, z = 0. [locie 5Toro TOK IOBOPAYMBACT B HAIPABICHUH OCH Y: S = Y0,
d/2+ Ly + Ly <s<d/24 Ly + Ly + Ly, —d/2 <y < —d/2+ Ly, x = Ly, 2 =0.
[Ipu orpunarenpHbIX § hopMa MOIOCKOBOI JIMHIUH CHMMETpHIHA: S (—S) = s (). [on-
Hast kHA oceBoi muHun L = d + 2L, + 2Ly + 2L,». Pebepuyto munuio L' ompere-
UM cnexyronmm obpaszom. 3Hadenne s = 0 coorBerctByer Touke (—w/2,0,0). Hamee
ABrKeMCst Ha paccrostaue d/2 + L1 + w B OTPHIATEILHOM HAINPABICHHUH Y, 3aTEM B Ha-
NpaBlIeHUN * Ha paccrostue L, + w/2, a 3atem BRomb Yy Ha paccrosHue L, + w/2.
Takum o6pasom, s’y (s’) HemHOro ormmuaercs ot sg (s), mpu stom —L' < ¢ < L/,
L' =d+4w+2L,+ 2Ly1 +2Ly2 = L+4w. [lpu oTpHIATENEHBIX S IMHUS IPOXOAUT de-
pe3 Touky (w/2,0,0), T0O €CTh CHMMETPHYHO OTHOCHTENBHO Havala KOOPAMHAT, i UMEeT
paspbi. Ananornyno s’y (—s’) = s’( (s). Berpeuno-miteipeBast CTpyKTypa B 3a30pe, B KO-
TOPOM BO3HHUKAET HAPSDKEHUE, JOCTATOYHO CIIOKHA IS aHau3a. [ToJIHOe HaNpsKeHHE Ha
CTPYKTYpe B HEKOTOPOM POJI€ SKBHBAJICHTHO OOBIYHOMY 3a30py IOJOCKOBOTO BUOpATOpa,
passepHyToMy Ha 90 rpaaycoB. Takyro CTPYKTYpy aHaJIM3MPOBATH 3HAYMTEIHHO TPOIIE.
Ha puc. 1, 6 mpencrasieH B CBEpXy METAJUIM3AIUM aHTCHHBI, & B €€ DJIEKTPOJANHAMH-
YECKOM aHaJIOre BCTPEYHBIE IITHIPH OTCYTCTBYIOT.

PaccMoTpuM mpecTaBieHue sAaep B MATPHYHBIX dlieMeHTax. Bekrop s (s) coBma-
nmaet Jubo ¢ Xg, 100 (C TOYHOCTHIO 0 3HAKA) C y(. YUUTHIBAS MPEACTABICHUS BEKTO-
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POB €;, CIICAYCT pacCMaTpuBaTh TCH30PHBIC KOHCTPYKINH

0*G (I‘ - I'/) 2 /
aIial’i/ + 6“‘/ kJOG (I‘ —T )

(10)

Ky = x;L (G(r—r1")xy) = (joeo (e — I [

O6o3naunB R = |r — 1’|, Haxomum

%G (r—r') _exp (—jkoR) , A3 3iko K2 I
Dy = AnE® {(xz‘%) (2 —27) [m*m‘}z] i <R+‘7k0> }
(1)

AHaNUTUYECKH WHTErpalibl B MaTPUYHBIX 3JIEMEHTaX HE OepyTcCs, ITO3TOMY CIEAYET HC-
[OJIb30BaTh KBaaparypHbie (Gopmysibl. [ COBNAJAIONIMX Y3I0B CETKH, Korna r = 1/,
JOCTaTOYHO IOJOXKUTH BennuuHy (11) paBHOM Hymo. B 3ToMm ciydae ynoOHO Taxke Io-
noxuth G (r —r’) = 0, 4TO U3MEHSET MATPUYHBIE IEMEHTHl HA My BEIMYUHY —
HOPsIIKA IOTPEIHOCTH WHTETPUPOBAHMS, HO MO3BOJIICT HE PAcCMaTpUBaTh cialdble OCO-
OEHHOCTH.

C nenbr0 MUHUMU3ALMK pa3MepoB U ynydmenus [IH meTku paccMoTpum apyrue
KOH(Urypauuu (cM. puc. 2), B KOTOPBIX aHTEHHA BBIOJHEHA Ha YETHIPEX I'PaHAX AUDIICK-
TPUUECKOI0o KpHCTA/lIA B BUJIE apajuienenunena. s Hee XapakTepHO TO, YTO UMEIOT Me-
CTO TUMOJIbHBIE MOMEHTHI BCEX HAINpaBIeHUH. Pa3oMKHyTOE MpsAMOYTONbHOE MOTYKOJIBIIO
(puc. 2, a) npuOIMKEHHO ONMMCHIBAET MAarHUTHBIM AUIIOJb, XOPOIIO W3TyYaroInil B MJI0C-
KOCTH ¥z, TOIAa Kak JBa IJIeya SIBIISIOTCS 3JIEKTPUYECKUMHU JUIONAMU, HAIPABICHHBIMU
II0 OCU X U Y. PeaJlbHO aHTEHHA COCTOUT U3 OTPE3KOB NIEKTPUUECKUX JUIOJEH, HAIpaB-
JICHHBIX 110 BCEM HaIlPaBICHUSIM, IIPH 3TOM TOKH B OTpPe3Kax pas3HbIe, YTO U 00eCHednBacT
XOPOULIYI0 PaBHOMEPHOCTh AMArPAMMBl HAIPABIEHHOCTH. Emie OAHO JOCTOMHCTBO KOH-
¢durypanuu puc. 2, a B TOM, 4TO TOK ITOJIOCKOBOM CTPYKTYpHl 3G ¢EKTUBHO BO30yXIaeT
BCE TPH KOMIIOHEHTHI 3JIEKTPHUUECKOTO MOJIS B JUAJIEKTPUKE, TO €CTh TOKU MOJPU3ALIUH B
JalbHEHN 30HE CYTh TPU B3aUMHO NEPIEHAUKYISIPHBIX AUIIOISL.

VYno6HO B3ATh ClIeNyOLIHE COOTHOLICHUS Al pa3MepoB Kpuctauia: a = 2b, b = c.
Hnst vacrorsl 2.45 T'T niuHa BonHBI coctaBisieT 12.24 cM, a AJiMHA MOJYBOJIHOBOIO JH-
MOJIBHOTO BUOpaTopa B BakyyMme paBHa 6.12 cM. D(D(PEKTHBHYIO TUAIEKTPUUECKYIO MPO-
HHUIIAEMOCTbH JJIS TTOJIOCKOBOM JIMHUU MOXKHO OIIEHHUTH 10 (opmysie

1—|—5+ e—1
2 2¢/1+ 10h/w’

[IpuBenennas hopmyna SBIsIETCA XOPOIINM HPUOIIKEHIEM, TOCKOJIBKY HAIllPaBICHUS TO-
KOB Ha IIPOTHBOIOJIOKHBIX I'PaHIX MPOTUBOIIOIOXKHEI, YTO SKBUBAJIEHTHO HAIHYHUIO JJIEK-
Tpryeckoii creHku npu y = 0 u (mpubnmkeHHo) npu z = —c/2. B popmyne s sddek-
THBHOM HAJICKTPHICCKON MPOHHUI[AEMOCTH MOXXHO TOJIOKHUTh h = b/2. B moboM ciydae
BTOPOM 4JIEH B €.f NAET HECKOIBKO 3aBBIMICHHBIN, HO Majbli BKIaz. IIpuOmmKkeHHo Ha-
xomuM €/, ;R (14¢€)/2 = 20.5, 9TO COOTBETCTBYET JUITMHE IMOJIYBOJIHOBOTO BHOpaTopa
1.35 cm. Ecnu BRIOMHUTE BUOpaTOp MpeAeiabHOTO pasMepa BIOJIb IpaHeil, TO ero JuiMHa
oynet a + 3b + 2c¢, otkyna HaxomuM b = ¢ = 0.193 cMm, a = 0.386 cMm. YmoOHO B35Th
a = 0.4, b= c = 0.2. Paamep a 1e1ecoodpa3sHO yBEIUYNTh, €CIH HY)KHA BBICOKAasl WH-
(hopMaTUBHOCTH KOZla. B paccMOTpeHHOW CTPYKType MOBEPXHOCTHAS aKyCTHYECKas BOJIHA

Eef =
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pacrpocTpaHseTcsl BIOJIb OXHOW IPaHu, TOINA KaK TOK aHTEHHBI Te4YeT 10 APYTHM IPAHAM
kpuctayuia. Llenecoobpa3Ho BBITOMHUTE AJIMHY BuOparopa [ = 1.2 ¢ menbio obecreuuThb
€ro €eMKOCTHBII BXOJHOM mMmnenanc. [lanpHeimas KOppeKTUPOBKA PEAKTUBHON YaCTH HM-
neJaHca BO3MOXKHA ITyTeM U3MEHEHHMs [UIMHBI IOCIESAHUX IIJIed BHOpaTopa.

PaccMoTpuM anmpokcuManuio Toka s koHurypauuu puc. 2, a. Ee, xak u pa-
Hee, BO3bMEM B BHJE OJIHOW MOTyBONHOBOW rapmouku I(s) = Isg(s)cos (sm/l), tme
JUIMHA JYTM OTCUUTHIBAE€TCA OT CEPENMHBI 3a30pa, Sg — CAUHUYHBINA BEKTOp, HAIIPaBIIECH-
HBII BJOJb TOKA, TO €CTh 10 BCEM TPEM OCSIM KOOPAMHAT. 371€Ch Mbl HE IPUBOAUM SIBHBIE
BBIpa)KEHUS ISl JUIMHBI TYyTH B IE€KapTOBBIX KoopAuHaTaxX. COOTBETCTBEHHO, IUArpaMMy
HAIpaBJIEHHOCTH BBIYHCISIEM IS Ka)KIOTO OTpEe3Ka TOKAa, KOTOPHIN, COMIACHO BBEICHHOM
anmpoKCUMAallH, 3aBUCHT OT AJIMHBI Ayru. [1ockoibpKy 3aBHCHUMOCTH crabasi M OTpe3KH
TOKa JIMHEHHBIE, XOPOIIUM MPUOIMKEHUEM SBIISCTCSA AUNONBHBIA OTPE30K C TOKOM B €r0
HEHTpe.

Hpyras Bo3amoxHas koH¢urypaunusi PUM, mo3Bossromasi HOMyYUTh YIy4IICHHYTO
JyarpaMMy HalpaBICHHOCTH, HPEICTABIsIET cOO0M KOCO HAMOTaHHYIO CIHpallb Ha Mps-
MOyTOJIbHOM Tapasutenenunene (puc. 2, 6). Ee JIH onmm3ka k JIH cnimpanbHON aHTEHHBI,
paccmotrperHoit B pabote [10]. [Tockompky mar 60IbIION, UMEETCS 1B HETIONHBIX BUTKA
W JIBa Iieya BAOJb JMaroHajield rpasei napasuienenunena, JH taxoit PUM nocratouno
paBHOMepHa. JlJIs1 aHTEHH B BUJE CIMpajeld OblIM IPOBEACHBI M3MEPEHHs B 0€33X0BOM
KaMmepe, MOKa3aBIINe UX XOPOIINEe MMapaMeTphl.

Jnst ymeHbleHus: rabapuTOB MOXKHO TaKKe HMCIONB30BaTh IUIOCKUE CIUPAId Ha
IpaHsx, HO X pacyeT OBOJBHO CIOXKEH, MOCKOJIBbKY TpeOyeT ydeTa B3aMMHOTO BIMSHUS
YYacTKOB BUTKOB (0OJBIIOTO YMcia rapMoHuK), a JIH misa cimpaneit Ha oqHO# 13 Tpaneit
HE U30TPOITHBI.

4. IlpeacrapjieHue NoJie B JajbHEH 30He H JUATPAMMBI HAIIPABJICHHOCTH

Paccmorpum orennman (1) B manpHe# 30He mpu 6onbmmx r. UaTerpan (1) ymoouo
NpEe/CTaBUTh B BUJE
exp (—jkov/er)
A(r)y=——"—""""a(0,9). 12
(r) 43‘57" a ( Y cp) ( )
3nech BBEZIEHA BEKTOP-(QYHKITHS
L2
a(0,9) =11 [ s(s)cos(ns'/L)exp (jkor’ cos(¢))ds'+
—L/23 (13)
+ 37 Lixi [ exp (jkor' cos () fi (v') d*r,
' 1%

=1

B KOTOPOIA cos () = cos (0) cos (0") +sin (0) sin (6') cos (¢ — ¢’) 1 Bce KoOpAHHATHI TOY-

KM MCTOKa IIOMEYEHBI TpuxoM. B mepBom unterpane B (13) 6/ = m/2, Tak Kak momaocko-

Bast JIMHUsI HAXOIUTCS B ockocTh z = 0. CoOTBETCTBEHHO, cos () = sin (0) cos (¢ — ¢').

OcHOBHasl 3ajjada 37eCh COCTOUT B mocTpoenmH OyHkumit cos(¢') = 2’ (s) /1! =
() 2 (), sin(@) =y (s) /7.
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Jns m00bIX aHTEHH B CBOOOJHOM IIPOCTpaHCTBE O€3 MarHUTHBIX TOKOB IIOJIS B
JabHEl 30He onmpeaensaioTcs yepe3 moreHnwan (1) B Bume

_jZOkOa(P (cp,e) _jZOkOGfO (CP, 6)

B =
¢ 4mr 4mr

exp (—jkor), Eo= exp (—jkor), (14)

Hy, = Ey/Zo, Ho=—Ey/Z. (15)

®ukcupyst GOJIBIIOE T W BBIYHCISS CPEAHION 33 IEPHUOJ MOIIHOCTD U3IydeHust Py depes
COOTBETCTBYIOILYIO C(epy, OIpenensieM, Kak OOBIYHO, AMArpaMMy HaIPaBICHHOCTH I10
morsocTd P (¢, 0)

Ps :/Cb(cp,e)dQ.
B namem ciyuae

Zok3 (Jag (9, 0)F + lao (1. 0) )
3272 '

@ (,0) = (16)
OdeBHIIHO, CONPOTHBICHHE W3ITYUEHHs TEIeph MOXHO 3amucath Tak: Ry = 2Ps / [1(0)°.
B mamem ciyuae |I(0)]> = |I1|*. Mcnonssys BXOZHOH MMIIEIAHC 3a30pa, MONYdHM
Rs = 2Ps ]Zmp\Q / |UJ*. Mpencrasnser Takke MHTEpec BEKTOPHAS JMArpPaMMa HAIPAB-
neHHocTH 1o snekrpuueckomy nomo F (¢, 0) = (Re (Ey (¢,0)),Re (Eq (¢, 0))), onpe-
nensemas cormacto (12). Eciu qg u 09 — yrasl Mmakcumyma F2 (¢, 0), To MokHO BBeCTH
HopMupoBaHHyto Benmuuny f (¢, 0) = F (¢, 0) / |F (¢o, 00)|-

5. YmciieHHBIEe pe3yJbTaThI

Ha ocHoBe M37M0XEHHOrO anropuTMa CHayajla MOJY4YEHbl YHCIIEHHBIE pPe3yIbTaThbl
st TOIOKKH € = 40, a = 1.2, b = 0.4, ¢ = 0.2 u pa3MepaMu TUIeY aHTCHHBI, COCTaBIISI-
foumMu 80% OT COOTBETCTBYIOIINX pa3MepoB a/2 u b/2 (Bce pa3mepsl B CAaHTUMETpax).
CootserctBeHHo, w = d = (.01. Pe3ynsrarsl mopenupoBanus PUM puc. 1 nanbl Ha
puc. 3, 4 1 OKa3bIBAIOT JOCTATOUYHO XOPOILIYI0 PaBHOMEPHOCTh AMArpaMMbl HalpaBicH-
Hoctu. HampaBneHHOCTH c1ab0 3aBUCHUT OT IIMPUHBI MOJOCKU. ONHAKO OT W U d CHUJIBHO
3aBHCUT BXOAHOM nMnenanc i, (puc. 5). Ilockonpky nmmnenanc BIUIT Z mpumepHo paBeH
5045150 Om, cexyeT mOOUBATHCS TOTO, YTOOBI BXOAHON UMIIENAHC OBLT €My KOMILUIEKCHO
conpsbkeH. B atom cinywyae BIIII oTtnaer B aHTEHHY U MOJy4aeT U3 HEE MAKCHMAIBHYIO
MomHOoCTh. [IpeacraBieHHbIe HA pUC. 5 UMIIEAAHCHI TOCTPOCHBI AJs cityvast w = d. [Ipu
3TOM umIneaaHc Ha yactore 2.45 ' uHIyKTUBHBINA. [[71s1 yBeIM4eHUsT MOJIyJid UMIIeIaHca
3a30pa Ciie/lyeT YBeIMYUBaTh OTHOIICHUE d/w, a IUIsl CABUra BHHU3 PE30HAHCHOM 4acTo-
ThI (4acTOTHI, [UIst KOTOopoil Im (Zi,) = 0) creayer yMeHbIIaTh pa3Mephl MOTOKKA HITH
obmyro anuHy Budparopa. [locne npoBeneHus: BHIOOPOUYHON ONTHMHU3ALUH [TOTYUEHBI Clie-
nyrormme pasMepsl: a = 0.55, b = 0.357, ¢ = 0.2, d = 0.0833, w = 0.01, mpu 3TOM HIMTIC-
JTAaHC COCTaBWJI 3HaYCHHE Zi, = 48.86 — 7145.84. Jlns npeAcTaBIEHHBIX HA PHC. 5 Pe3yib-
TaToB OBLIO Zi, = 29.49+ 7204.07. Ynydmenne paBHOMEPHOCTH AWArpaMMbl HallpaBiIieH-
HOCTH JOCTUTAETCs yBeIMUeHHeM pa3mepa c. OH co3JaeT JUIONIBHBIH MOMEHT TOKa MOJIA-
pHU3aIMH BIOIb OCH 2, 9TO YJIy4lIaeT a3uMyTalbHbIE XapakTepucTUKU. [lonydena Hopmu-
pOBaHHas JuarpaMMa HalpaBIEHHOCTH IO MOITHOCTH B 3aBHCHMOCTH OT JIByX YIJIOB IS
cKoppekTHpoBaHHOW KoH¢uryparun PUM. Ee munumansable 3HaueHus (mopsiaxa 0.35)
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Puc. 3. HopmupoBanHas nuarpamMma HanpaBiI€HHOCTH
o MoutHocTu F' uig cTpykTyphl puc. 1 B 3aBUCUMO-
CTH OT MEpHIHOHAIBHOTO yria 0 (B pagwaHax) mpu
a3uMyTaNbHBIX yriiax ¢ = 0 (kpusas /) u ¢ = 45° (2),
¢ =60° (3), d =90° (4) u ¢ = 180° (3Be310uKH ),
f=245TTn

Re(Z,),
KOM
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Puc. 4. HopmupoBaHHast quarpamMMa HarpaBIeHHOCTH
[0 MOIIHOCTH F' JUIs CTPYKTYphI pHC. | B 3aBUCHMO-
CTH OT a3UMYTAJIFHOTO yria ¢ (B paagnaHax) MpH 3Ha-
YeHUsX MepuauoHansHoro yrma 0 = 0 (kpuBasg /) u
0 = 45° (2), 6 = 60° (3) u 6 = 90° (4) Ha uyacroTe

f=245TTu

Im(Z;),

KOM

1.0

-1.0

<
TR EREN] FEE TR E NI FE AR TR TS AR RN TR T
NS}

-2.0 g e R o R A SRR AR SR RS R AR R BN PRRERARAT)

6 1.0 20 30 40 50 f.ITq

Puc. 5. PeanpHas 9acTh (a) 1 MHEMas 9acTh (6) BXOZHOTO HMIIEAaHca 3a30pa CTPYKTyphI puc. 1 mist w = 0.01

(xpuBas 1) u w = 0.05 cMm (xpuBas 2)

F

0.75

0.50

0 1.0 2.0 3.0 0
Puc. 6. 3aBuCMMOCTH HOPMHUPOBAHHOM JHarpaMMBbl Ha-
TIPaBJICHHOCTH II0 MOIIHOCTH OT ymia 0 mpu ¢ = 0
(xpuBas 1), ¢ = m/4 (xpusas 2), u ¢ — 7t/2 (kpu-
Bast 3)

86

UMEIOT MeCTO npu 0 = 7/2 st yrios,
omm3kux kK ¢ = n/4 u ¢ = 3m/4, no-
CKOJIBKY TIPH YKa3aHHOM MEPHANOHAIEHOM
yIJIe 4acTh MOJIOCKU He n3nyyaet. [Ipeomo-
JIETh TaKyl0 HEPaBHOMEPHOCTH Ha TUTaHap-
HOW CTPYKTYpe BeChMa CJIOXKHO.

Hns ctpykrypet PUM, mnpuBeneH-
HOW Ha puc. 2, Takxke Oblla paccuuTaHa
JIlarpaMMa HaIrpaBJIeHHOCTH II0 MOIIHO-
cti (puc. 6) mpu mnonHoil anmuHe 1.2 cMm
U ObUI OIlEHCH BXOMHON mmmenaHc. s
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w = 0.025 cM mmeem Zy, = 48 — j143. Jnsa mmeel [ = 1.1 Oymer Zy, = 41 — 5162
(mapameTpsl 3a30pa Te xe). JluarpaMMa HampaBIeHHOCTH 3/1eCh Oojee paBHOMEpHasI.
Haubonee wacto PUM umeeT koH(QUrypanuio pa3oMKHYTOrO KoibLa (paMKH) Ha
nomoxke [1]. 3agagum Tok B Buae pacnpesencHus no kocunycy I (s) = ¢g cos (sw/L).
3/1ech TOK HammpaBieH 0 a3UMyTalbHOM KoopauHate. JmiHa gyru pasHa L = (2 — @) R,
rae R — paauyc konblia MeTKH. PacnosiokuM MCTOYHUK HANpsKEHUs B LeHTpe nipu s = (.
Konbio umeer paguyc R = 0.115 cm, u ipu g = 7t/4 umeem L = 5.5 cm. C yuerom 3a-
MeIUIeHHS N = | /E.f ~ 1.11 aHTeHHa HAcCTpOCHa MpuMepHoO Ha vactory 2.45 I'T'u. Pacuer
Pa30MKHYTOH KOJBLIEBOW aHTEHHBI BEChMa CIIOXkKeH. B o01iem cirydae TOK almpoKCUMUpY-

€M TaK:
N

J=od(p—R)d(2) ) Incos((2n —1)ms/L), (17)
n=1
rae s = Ro. B unnmuaapudeckoii cicTeMe B COOTBETCTBUH ¢ popmyroii (2.64) pabotsr [11]
HUMEEeTCs TONBKO JIBE KOMIIOHEHTBI AJIEKTPUYECKOTO BEKTOP-TMOTEHITUATA, HMEIOIIUE BH/T

N
G(r,R 0) -G (r,R,—ng,0
Ap — ZInR (I', ’n(p7 ) 2] (r7 Y ncp? )’ (18)
n=1
N
A(P — ZInRG(r7R7ncp7 0) +2G (r7 R7 _ncp70) (19)
n=1

3nech G (r, R, ng,0) — ckansipHast GpyHkuust [puHa B HIUITHHAPUYECKOI cHCTEME.
JJid momydeHusl HHTeTpaibHOTO YpaBHEHH HaM MOTpeOyeTcs TOIBKO OHA KOMIIO-
HEHTa JIeKTPUIECKOTO TIOJIS:

. 1| 9 [0(pA,) 0A 0 (0(pAy 0A
E, (p, @, z) = (jwege 1[( Pl cp>+ < P =) 4k2eA, .
o (P, @, 2) = (jweoe) 9p 0dp 09 09 0dp 09 0 <P(20)

MuTerpanbHOe ypaBHEHHE MOJTYYAETCs HAIOKEHUEM YCIOBHs Fiy (R+w/2,¢,0) =
= Upd (s), rae Uy — nHanpspkenue B 3a3ope. CONPOTHUBICHHE M3IYyYeHUs. aHTCHHBI MPHU-
MEpHO Takoe, Kak W mojyBojiHOBoro numnoss. [lomyuum JIH B oTCyTCTBHE MOMIONKKH.
B cdeprueckoii cucteMe KOOpAMHAT UMEEM BCE TPU KOMIIOHEHTHI BEKTOP-TIOTEHITHAIA,
ompezaenseMbie hopmynamu (2.94) u3 [11]:

ap(ea (P):Cle(e, (P):
(t—%0)
=11 Rsin(0) / cos(mRq' /L) exp(jkoRsin(0) cos(p—¢')) sin(qp—q't)dg’, (21)
—(=9o)
(m—%0)
ap(0,@) =I1Rcos(0) / cos(nRq’ /L) exp(jkoRsin(0) cos(p—¢)) sin(p—¢)de’, (22)
—(m—¢o)
(m—9o0)
ae(0,9) =1 Rsin(0) / cos(tRq’ /L) exp(jkoR sin(0) cos(p—q’)) cos(p—q’)dg’.(23)
—(7—%0)
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Pesynprarel pacuera mo 3TuM cooTHoueHusM JIH 1mo MOIIHOCTH )i yIvia pa3pblBa aH-
TeHHB! 45 rpaa. mpuBeneHb! Ha puc. 7. OHM mokasbBaroT nposai B JIH npu ¢ = nm u
0 = nm, a Take npu @ = /2, @ = 31/2 u 0 = /2. OuU3KHUECKH 3TO OOBICHSIETCS TEM,
YTO TOKM B IUIEYaX AHTEHHBI MPU €€ U3ruOe B Pa3OMKHYTOE KOJBLO MPOTHUBOIOIOKHO
HAIIPaBJICHBI, U B JaJbHEH 30HE B MEPICHIUKYISIPHOM HANPaBICHUH TPH ¢ = £51/2, TO
€CTh BJIOJIb OCH OCHOBHOTO JIUIIONSA, U3NTy4eHUs HeT. JluarpaMma HarpaBlIeHHOCTH AJIS yT-
na pa3pbiBa aHTeHHbI 90 rpajl. MpUMEpHO Takas ke, Kak JJisl yriia pa3psiBa 45 rpaa. MoxHO
MPUOIMKEHHO YKa3aHHYIO aHTEHHY 3aMEHHUTD Ha MPSMOYTOIBHOE «Pa30MKHYTOE KOJIBIION.
Y Hero ocHOBHas BETBb PACIOIOKEHA BAOJb OCH ¥, ABE OAWHAKOBBIE — BIOJIb OCH . DTH
JIB€ OJMHAKOBbIE BETBU UMEIOT OAMHAKOBBIE U MPOTHBOIOJIOKHO HAIIPABIEHHBIE TOKH, TO
€CTh NPEACTaBISIOT COO0M AEeMEeHTapHbIe AUIIONH, KOTOPhIe HE M3JIy4aloT B MEpIeHIH-
KYJSIPHBIX HANpaBJICHHsX, TO €CTh IpH ¢ ~ 11/2. OTpe30K, HAlpaBJICHHBII BIOJIb OCH
1, TAKXKE HE U3IydaeT B 3TOM HampasieHuu. IIpu 3tom Takas PMIM nmouru He u3iydaer
B NEPNEHIUKYIIPHOM HampasineHud npu ¢ = 0, m. 3aBucumocts [IH oT yrmia pa3psiBa
BechMa cliabas. 3aMetum, yTo cooTHomeHus (21)—(23) mo3BONSIFOT paccYuTaTh BCE KOM-
MOHEHTHI MoJieil B naibHel 30He. B aTom cMbicie PUM B Bujie pa30MKHYTOro KOJiblla Ha
METAIUTH3UPOBAHHON TIOJIOKKE sBNIAETCs Oonee mepcnekTuBHOM. Ynpasuars JJH MoxkHO,
WU3MEHSS YTOJi pa3pbiBa Konbla. llemecoobpa3Ho yBenmauth ero mpumMepHo mpo 90-100°.

Juarpammel  HanpasineHHocTw PUM ¢
MHUKpPOIOJIOCKOBBIMU  CTPYKTYpaMH IIpH-
OMMDKEHHO OIPENEIIAIOTC KaK COBOKYII-
HOCTh JMarpamMMm HalpaBJIC€HHOCTH 3Je-

\“v ll \
\\ ';lf" "ﬁ}\

L MEHTapHbIX JMHEWHBbIX u3nydareneil. JIH
05 40  TPIMOIMHEHHBIX H3Iy4aTelNei IPUBEICHbI

B [5, c.45] xak Qynkuuu 0 st ¢ = 0
gO (Bmosb qumonst) U @ = 7t/2 (TepreHIuKy-

JIIPHO JTUTIONIO0). Pe3ymbTarhl 11 OI0CKH
g L0 Takxe UMeroTcs B paborax [6,7]. JJH mpo-

00 CTPaHCTBCHHBIX BOJIH c1a00 3aBUCHUT OT g,

Puc. 7. lmarpamMa HampaBIeHHOCTH H3IY4YEHHs IO M PAaCKpEIB 1O yPOBHIO (.5 IpUMEpPHO pa-

momtHoctd ayis PUM B Buze pasomknyToro xonsiia ¢ BeH 90° B mpomonsHOM 1 110° B momeped-
R = 0.115 u ymiom paspbia 45° HOM HAIIPaBJICHHUSX.

3akirouenne

Ha ocHoBe »nekTpoauHaMHYEeCKOTO MOoAX0oAa COPMYIHPOBAHBI 00HEMHO-TTOBEPX-
HOCTHBIE HHTETPaJIbHbIC YPaBHEHUS VISl TIOJIOCKOBOH CTPYKTYpPBI CIOKHON KOH(pUTYyparn
Ha JVAIEKTPUUYECKON MOUIOKKE (Tapansenenurese) U MolydeHbl MPHOIMKEHHBIE YPaB-
HeHus i Mogenu PUIM, Ha OCHOBe 4ero ompezeneHsl ee MPUOIMKEHHBIE IeKTPOANHA-
MHYECKHE XapaKTepUCTUKU. B34T0 nmpubimmkeHne JINHEHHOTo EHTPaNIbHOTO TOKA B BHJE
HIOJTyBOJIHOBOM TapMOHMKH, & TAK)K€ HCIIOJIb30BaHbl NPUOIMKEHHbIE paclpeeieHus Tpex
KOMIIOHEHT 3JIEKTPUYECKOTO OIS B KPUCTAILIE, YTO IO3BOJIMWIO OLICHUTh OCHOBHBIE IIapa-
MeTpbl MeTkH. [Tokazano, uyto TpanuuuonHas PUM B Bujie pa30MKHYTOTO MOJYBOJTHOBOTO
KOIIbLla MMeeT u3pe3aHHyro JIH, a ymydilleHue paBHOMEPHOCTU JOCTUIAeTCs Ha HEIUIa-
HapHbIX KOHCTpyKIMsX. IIpu sToM Meramumueckue miedd aHTeHHbl PUM sxenarenbHO
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BBIIIOJIHATH HAa BCCX I'PAHAX IMapaJlICICIUIICaa. HOHy‘{eHHLIe YPaBHCHUA MPUMCHUMBI JJIA
CIIOKHBIX MOJIOCKOBBIX aHTCHH Ha HEIMHCHHOM AUDBJICKTPUKE. Vuer 00JbIIEr0 KOJIUYSCTBA
TapMOHHUK B pacdCTax NpUBCACT K U3PC3aHHOCTH I[H, MOSBJICHUIO OOKOBBIX JICTICCTKOB, HO
HE CUJIbHO CKaXCTCs Ha mapaMeTpax.

Paboma evinonnena npu noddepoicke Munucmepcmea obpasosanus u Hayku Poc-

cutickoti @edepayuu 6 pamkax NPOEKMHOU YACMU 20CYOAPCMBEHHO20 3A0aHUs 6 cpepe
Hayunou desmenvrnocmu Ne 3.1155.2014/K.
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The method of combined volume and surface integral equations has been proposed
for simulation of radio frequency identification tags. Their approximate models have
been built to calculate the input impedance and the radiation pattern. Various planar and
nonplanar tag’s structures have been considered and their parameters have been obtained.
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