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KpaTko u3nosxeHbl OCHOBHBIC Pe3yNbTaThl UCCICOBAHUS M ONTUMHU3AIMHA MOUTHBIX AJIEKTPOHHBIX
puOOPOB CBEPXBBICOKKX YacTOT, nmosiydeHHbie B BI'YHP. [IpuBeneHsr NpUHIMIHATBHBIE aCTIEKTHI
OPUTHHANIBHBIX JOCTIKCHUN B 00JaCTH HEJIMHEHHON TCOPHH, METOIOB ONTUMH3AIIMU, TPAKTOBKU
(DU3MKK ONTHUMAJBHBIX MPOIIECCOB M MpEACKa3aHHBIX 3()(PEKTOB HETMHEHHOTO B3aUMOJCHCTBUS
MOIIIHBIX AJIEKTPOHHBIX MMOTOKOB C AJIEKTPOMATHUTHBIMU TIOJISIMHU.

Kniouesvie cnosa: >MeKTPOHHBIC MPHUOOPHI CBEPXBBICOKHUX YACTOT, KOA(GGHUIMEHT IOJIE3HOTO
JICUCTBHS, HEINWHEWHAss TEOpUs, ONTUMH3AIHS, HEPErYJsPHbIC BOJHOBO/BI, HOBbIC (H3HUCCKUE

3((eKTHI.

BBeaenue

Hayunoe HanpasieHue, Ha3BaHHE KOTOPOrO BBIHECEHO B 3aroJIOBOK CTAaThH, C(HOPMHUPOBAIOCH
B BI'YUP (torma — MPTH) B 1969 1. Ero cranoBienue cBs3aHo ¢ paboramu 1o co3aanuto B CCCP
HOBBIX J()(GEKTHUBHBIX CHCTEM MPOTHBOBO3AyHIHOH 00oponsl (IBO) u  mpoTHBOpakeTHON
o6opowus! (ITPO), a Takke co3TaHUEM MOIIHBIX MPUOOPOB MHJLIMMETPOBOIO JHAla30Ha s Harpesa
TEPMOSIIEPHON TUIA3MBI B TOKOMaKax M paJinoJIOKalMOHHBIX CUCTEMaxX B 3TOM Juana3oHe. PazpaboTka
MOIITHBIX ¥ CBEPXMOIIHBIX npubopoB CBY — BeckMa IOpOroCTOSIINE Mpoliecc, OH HEBO3MOXKEH 0e3
NPUBJICYEHUS] aJleKBaTHbIX METOJOB MOJETUPOBAHUS W ONTHMHU3ALMHM HEJUHEHHBIX MPOLECCOB
B3aMMOJICHCTBUSl MOIIHBIX 3JIEKTPOHHBIX NOTOKOB C 3JIEKTPOMArHUTHBIMH MOJISIMH HEPETyJSPHBIX
JNEKTPOAMHAMUYECKIX CHCTEM B JTHX mpubopax. B 1969 T. He cymecTBoBalO HH CTpPOrOH
TPEXMEPHOH = TEOPHM TAaKOTO B3aUMOACUCTBHA, HU OS(P(EKTUBHBIX METOJOB peIICHUS 3amad
ONTUMAJILHOTO YHPABICHUs TUHAMUYECKUM IIPOLECCOM HENMHEHHOro B3ammopeicTBus. Iloaromy
peleHne 3a1a4d Co3/AaHusl CTPOTOW TEOPUH MOIIHBIX AJIEKTPOHHBIX MPUOOPOB CBEPXBBICOKHX YaCTOT
(CBY) m MeTO#OB YHMCICHHOW ONTHMH3AlMM TAaKUX NPUOOPOB NPOBOAMIOCH B OOJbIIEH YacTH
BliepBbie. HamOonee HMHTEpecHblE pe3yNbTaThl STHX peIIeHHH nepeduciieHsl Huke. lloapoOHble
MaTepHrajbl O HUX MOKHO HAWTH B IUTUPYEMBIX 272 MyOIUKaIusX, BKIrodas 12 MoHorpaduii.

B uccienoBaHusX MO PA3IMUHBIM aCHEKTaM YKa3aHHOIO HaydHOro HanpasieHus BI'YHP
npuHUManu yuactue 20 IOKTOpoB Hayk, mnpogeccopos: Axcenunk A.B., baiitOypun B.b., batypa
M.IL, I'ynses FO.B. (akanemuk PAH), Kypaxosckuii B.A., Unsunckuit A.C., KoBanes U.C. (4m.-xop.
HAH), Komnocor C.B., Koponorckuii A.A., Kpapuenko B.®., Kypaes A.A., Hedemor E.U.,
Pynaunkmii A.C., Cununsin AK., Crnenssm 4., CrekonpaukoB A.®., Tpybeukos [.M. (wr.-
kop. PAH), [lycrosoiir B.W. (akanemuk PAH), Xpamo A.E., [lupkos I'.JI. u 47 coTrpyaHHKOB
pasznuuHbix opranusanuii: Asapsa H.C., barypunxmit M.A., bymaroB O.A., bypuer A.A.,
I'marones 10.A., T'ypeBuu A.B., I'ypunosuu A.b., Jdemunosuu E.M., Hemun [.JI., Hukyn T.D.,
Exos I'., Epemxa B.J., 3akamokun A.b., Uneun E.M., Kauunckas O.A., Kwxnait U.H.,
Kupunosuy N.®., Koosumuckuii H0.B., Kpacbko C.A., Kypkun C.A., Jlapenor A.A., Jlyk JLH.,
Jlykamesuua B.JI., Jlykamenok [[.B., Jlymmmkas W.B., Martseenko B.B., HaBpomkwmii A.A.,
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Hapanosuu O.U., Onenun B.J., IlapamonoB Bb.M., Ilnotkuna C.M., Ilomkosa T.JI., Pak A.O.,
PBaues B.A., PognonoBa B.H., Cenpko A.B., Caemssn A.S., Comoseit M.IL., CremyxoBmu B.A.,
TpybnukoB [I'.B., Xapcees A.Il., Upipenpuyxk W.H., [Hakupun A.M., Illepuenko @.T.,
ecrakosuu B.I1., Hlep6akoB A.B., AApomenok C.M. X Bkiag oTpakeH B CIIUCKE MyOIUKAIMK IO
Hay4yHOMY HamnpasieHuto bBI'YUP.

Teopust BO30yxI1eHHS MPOU3BOJIbHO-HEPEryJ/IsipHbIX BOJTHOBOJA0B U PE30HATOPOB

Jnsi MOTHOM ONTHUMM3ALMKU BIIEKTPOHHBIX mpubopoB CBY BmecTe ¢ mapamerpaMu 3THX
npuboOpoB HEOOXOAMMAa TaKKe W ONTUMH3ALUUS MNPO(WIS WX 3IIEKTPOAWHAMUYECKHX CHUCTEM, B
Ka4eCcTBE KOTOPBIX MCIHOJB3YIOTCS OTPE3KH HEPEryJISPHBIX BOJIHOBOAOB — IIOJIBIX, KOAKCHAIBHBIX U
choupanbHbBIX. TakuMm o00pa3oM, BO3HUKAeT 3ajadya CO3JaHUs CTPOroil Teopuu BO30YKICHUS
HEPEryJISiPpHBIX BOJHOBOJOB JJICKTPOHHBIMH IOTOKaMH. JTa 3aJada Uil MOJBIX BOJHOBOAOB C
KPYTOBBIM CEUYEHHMEM Ha CHMMETPHYHBIX TUIAX BOJIH C HCIOJb30BAaHHEM OHJICKTPOIMHAMUYECKUX
MMOTCHITMAJIOB pemieHa B pabortax [13, 34, 35], mis cupalbHBIX B UMIIEAAHCTHOM TPHOMMKCHUA —
B [33, 46, 104, 105]. DaexTpoauHAMUYECKAs TEOPUS U PACUET CHUPATHHBIX 3aMEIUISIFOIINX CHUCTEM
pa3Butel B [185, 192, 266]. Ctporas Teopusi BO30YXACHHUS IMPOU3BOIBHO-HEPETYISPHBIX MOJIBIX
BOJIHOBOJIOB, OCHOBAaHHAsl HA OTOOPaXEHUH BHYTPEHHEH MOBEPXHOCTH HEPETyJIIPHOrO BOJIHOBOJA Ha
PEryJIApHBIN IWIMHAD, U3JI0KEHA B cTaThe [42]. DTa Teopus 3ateM pa3BuTa B padbotax [46, 86, 88, 90,
104, 105, 116, 132-134, 142, 144, 145, 147, 149, 153, 157, 159, 161, 166, 169, 170, 190, 200, 208,
215, 231, 232, 236, 238, 244]. OCHOBHI CTPOTOH TEOpHUH BO30OYKIEHUS IMPOU3BOIHHO HEPETYIISPHBIX
KOaKCHaJIbHBIX BOJHOBOIOB ChOopMyIUpOBaHkl B cTaThe [146] 1 3arem pa3Buthl B padbotax [165, 177,
190, 200, 208, 215]. Teopus Bo30YXKIEHHS HEPETYISPHBIX BOJTHOBOJOB C MPSIMOYT'OJIBHBIM CEUCHHEM
pazButa B pabotax [168, 175]. Teopusi B030YyXKICHHS HEPETYISAPHBIX I[IEMOYEK CBSI3aHHBIX
pe30HaTOpoB copMmyirpoBaHa B padbotax [162, 163, 171, 172, 174, 176, 178, 196]. O6mas Teopus
BO30YXKJCHUSI HEPETyJSPHBIX BOJHOBOJOB JOMOJHEHA B TIOCIEAHUE TOIbI YMCICHHBIMH METOAaMHU
pacuera 3aKpUTHYECKMX BOJH B TaKHX CHCTEMax, OCHOBAaHHBIMH Ha HWCIIOJNB30BAaHHUU CIICIHAIBHO
pa3paboTaHHBIX AUCKPETHO onpeneneHHbIX T-QyHKIusax. OObIYHbIC NOLIATOBBIE U CETOYHBIE METObI
B CJIy4ae 3aKpUTHUYECKHUX Ha OTACIBHBIX y4acTKax BOJHOBOJA BOJH PACXOMSATCS, HO yUET TaKHX BOJH
HEOOXOMM, TTOCKOJIbKY OHU CYIIECTBEHHO BIHMSIOT Ha XapaKTEPHUCTUKU HEPETYJSIPHOTO BOJIHOBOJA.
YcTolunBbie METOABI pacdeTa HEPEryJSIPHBIX BOTHOBOIOB Pa3BUTHI B [189, 199, 243,244,247, 265].

B paGore [138] crporo ‘pemreHa 3amaua BO30YKICHHS pPE30HATOPOB C KOHEYHOU
MPOBOJMMOCTBIO CTEHKH. 3/1eCh OKa3aHO, YTO B TPAJMIMOHHBIX PEHICHUsIX (BKIIOYas MPUBE/ICHHbIC
B y4eOHHMKax) MMEIOTCS CYILECTBEHHBbIE OIIMOKHM, HE MO3BOJIAIOLIME HCIIOJIB30BaTh MX B 3aJadax
pacdera u ontuMuzanuu npudopoB CBY. B paborax [17, 48, 56, 62, 64, 66, 68, 75, 77, 80, 81, 89,
100, 107, 188, 217, 229, 230, 233, 235] pa3BuUThl CTPOrHME METOABI pacyueTa JIOKAJIbHBIX
HEOJTHOPOTHOCTEHN U 3JIEMEHTOB CBSA3H B HEPETYJISPHBIX BOJIHOBOJIAX U PE30HATOPAX.

Metoasl pacueTa W ONTUMH3ALMK HPOQHIS pyNopa pPEISITUBUCTCKUX UYEPEHKOBCKHX
reHepaTopoB/ Ha Eq BomHax kpyrioro BoiHOBOAa mpexactaBieHsl B [206, 212]. KoppekrtHoe
npejicTaBlIeHHe BO30YXKIaeMOro B BOJHOBoJax mnons JgaHo B [208,210]. Meroasl pacuera
TPYNIIMPOBKH 3JIEKTPOHOB B IPOM3BOJIBHO-HEPETyJSIpHOM TpyOKe npeiida C HCHONb30BaHHEM
ypaBHEHUH BO30YKIIEHHs HEPETyJIIPHBIX BOJIHOBOAOB onucansl B [208, 215, 227].

Henuneiinas TEOpUs TPEXMEPHOIO B3aNMOAeiiCTBUSI MOIIHBIX PCJIATHBUCTCKUX ITOTOKOB €
AJIEKTPOMArHUTHBLIMHU NMOJAMHA

Jnst co3paHusi afeKBaTHBIX MaTeMaTHYECKUX MOJEINEH 3JIEKTPOHHBIX MPHOOPOB Pa3InYHbIX
TUTIOB YpPaBHEHUsI BO30YXKIEHHS HEPETYISPHBIX BOJHOBOJIOB CIIEAYET JONOJHUTH YPaBHEHHSIMHU
JABWKCHUSA 3JICKTPOHOB B 3JICKTPOMAarHuTHOM I10JIC, B036Y)KllaeMOM HMH K€ B BOJIHOBOJIC, a TAK)XKC B
YIPaBISIONIMX CTAaTHYECKHUX TOJISAX U TIOJAX, CO3/IaBAEMBIX CAMHUM 3JIEKTPOHHBIM IMOTOKOM (TIOJISIX
NPOCTPAHCTBEHHOTO 3apsija). Ilpu monHoM ydere Bcex (akTOpPOB cHUCTEMa YpPaBHEHHH OKa3bIBAETCS
3aMKHYTOM M OTBEYaeT CaMOCOTJlacOBaHHOMY momro. Hambomee crmoxHoOW 3amadei, OCOOCHHO B
TEOPHUH THUPOPE3OHAHCHBIX NPHOOPOB, SBISETCS pPacyeT TMoJil MPOCTPAHCTBEHHOIO 3apsija.
JlocTaToyHO yHOMSHYTH, YTO CTPOrOM TEOPUM B3aUMOJENCTBHUA JJIEKTPOHOB, HEPABHOMEPHO
JABVKYHINXCA C PEIATUBUCTCKUMU CKOPOCTAMM, 10 CUX IOP HET.
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B BI'YUP nHa ocHOBe pa3feneHus KBa3UCTATUYECKUX U AUHAMHYECKUX COCTABIISIFOIINX IOJIS
MPOCTPAHCTBEHHOTO 3apsifa, a TakKe CHEeNHaJbHOro TMopsAaka oObeawHeHUs ¢a3 BpalleHHuS
AJIEKTPOHOB, BIIEPBHIE peIIeHa 3aJada CTPOrOro pacyera ToJed MPOCTPaHCTBEHHOTO 3apsia
MOJIMBUHTOBBIX 3JIEKTPOHHBIX ToTokoB [10, 13, 14, 16, 19, 27, 30-32, 36, 37, 46, 82, 104, 105] u
YHOPSIOYEHHBIX BHHTOBBIX MOTOKOB [43]. AHANOTMYHO pelIeHa 3a/1ada O PEeNITUBHCTCKUX CHIIaX
B3aMMOJEWCTBUS B mpubopax Tuma «O», mpuyeM, BIEPBBIE YKa3aHO Ha HEOOXOIWMOCTh ydeTa
«CaMOJEHUCTBUA» KPYITHBIX YacCTHILI, MOAEIUPYIOIIMNX MEKTPOHHBIN noTok [51, 58, 46, 104, 105, 109,
114, 120, 162, 163, 171, 172, 174, 176, 178]. Co3nanHble YHUBEpCAJIbHBIE CaAMOCOITIACOBAHHEIC
HEIMHEHHBIE PENATUBUCTCKUE YPaBHEHWS TO3BOJIIIM HE TOJBKO IPOBOAWUTH ONTHMHU3AIUIO
TPaIWIIMOHHBIX TPUOOPOB, HO ¥ OCYIIECTBUTh TIOUCK HOBBIX J((EKTHBHBIX MEXaHU3MOB
B3aMMOJICHCTBUS 3JICKTPOHHBIX IMOTOKOB C JJICKTPOMATHUTHBIMH TOJISIMH, KOTOPBIE MOTYT OBITH
TMIOJIO’KEHBI B OCHOBY HOBBIX THTIOB npubdopoB CBY [70].

BapuannonHo-uTepalMOHHbIN MeTO/ pelIeHusi 321a4 ONTHMAJIBHOI0 YIPaBJIeHUs
HeJIHHEHHLIMY TNHAMUYECKHUMH CHCTEMAMH

YpaBHEHUsT CaMOCOIJIACOBAHHOIO IIOJII OTHOCSTCS K TUIly <YpPaBHEHUN HEJIMHEHHOU
MUHAMHYECKOW cucTeMbl. [lopsAaok 3To#l crcTeMbl HETMHEWHBIX AUQQEpeHITHAIFHBIX ypaBHEHHUHA
cocraBiageT oT 34 no 400. PemieHue ee BO3MOXKHO TOJBKO YHCICHHBIMH METOJAaMHM U BechbMa
Tpynoemko. [loaToMy mpu pemieHud 3a7adyd ONTUMAIBHOTO YMPAaBICHUS HETWHEHHBIM ITPOILIECCOM
B3aMMOJICHCTBHUS K METOY €€ PEIICHUs MPEABABISIOTCS BEChMa )KECTKHE TPeOOBaHUS B OTHOIICHUH
YCTOHYHBOCTH M CKOPOCTH CXOTUMOCTH. Hu OJTMH U3 CyIIECTBYIOMMX TEOPETUIESCKAX U MPHUKIIATHBIX
METOJIOB B 00JIACTH COBPEMEHHOM TE€OPUH ONTUMAILHOTO YIIPABICHUS JJIS 9TOH Ie/Iu He MOAX0oAuT. B
BI'YUP 6511 chopMynnpoBaH CrielMalbHBINA BapUAllMOHHO-UTEPALIMOHHBIA METO, 00eCreuynBaroILnil
1 YCTOWYUBOCTh, M CKOPOCTH CXOAMMOCTH K TOUHOMY petrenuto, AYC-meron [3, 9, 24, 28, 33-35, 40,
46, 104, 105, 137, 139, 141, 155, 173, 208, 209]. MeToa OCHOBaH Ha MHOTONAPAMETPHYCCKOM
anmpoKCUMAIIMKM YIPABJICHUA M Ha HCIOJb30BAHUM AHATUTHYECKUX (POPMYNT COCTABJISIOIIUX
rpagueHTa meneBoi GyHKINHU, OTpeAelIeHHBIX Ha PEIISHISIX CONPSHKEHHON 1Mo ['aMUIIbTOHY CHCTEMBI
ypaBHeHUI. DOpMYyNBl COCTABIAIONIMX TPAJAUCHTA MOMYyUYEHBI C HCIOJB30BAHMEM BapHAIlMOHHBIX
METOJIOB. /[BMKEHHE K MUHUMYMY II€JICBOM ()YHKIMH B IIPOCTPAHCTBE ONTHMH3UPYEMbIX [1apaMETPOB
(BKITIOYAsT TIapaMeTphl aNMpPOKCUMAIIMH YIIPABJICHUH) OCYIIECTBISIOTCS C IOMOIIBIO0 TPaueHTHBIX
METOJIOB MHHUMH3AIMM C TepeMeHHOW Mmerpukoir Tuna ™eromoB JDII wu  Tompadapba.
AHanutryeckue GopMyJibl TpajdeHTa IeJICBOM (YHKIIMU PEIIaloT JIBE 3a/Ja4M: YCKOPST PEIICHUEC B

n+3
—_— pa3a (n — 06H_[ee YHUCJIIO OHTI/IMI/I3I/IpyeMBIX HapaMeTpOB)' O6eCHe‘{I/IBaIOT TOYHOCTH OHpe,I[eJ'IeHI/IH
4 >

rpagueHTa 1eneBoil GYHKIUKM, PaBHYIO TOYHOCTH PEIIeHUs YPaBHEHUHN COCTOSHUS (T.€. HEIMHEHHBIX
ypaBHeHull wmojenu - npudopa). Ilocnennee oOecnednBaeT CXOAMMOCTh METOJa MHHHUMHU3AIUU.
BrruncnurensHas mporieAypa TakKe CYIIECTBEHHO YIIydIlleHa 3a CUYeT WCIOJIB30BaHHUS METO/aa
pauMoHalbHOrO Mcuucienus [ 156, 167].

Pe3ynbTaThl ONTHMHM3AIMM MOIIHBIX 3J1eKTPOHHBIX Npudopos CBY

PazpaGorannbie Matemaruueckue Monenu u AYC-meron MO3BOJIMIM CO3/1aTh KOMILIEKC
MPOrpaMM ONTHMHU3ALMHN Psiia THUIOB 3IEKTPOHHBIX MprOopoB CBY, koTOphie OBUIM HCIIOIB30BaHBI
Ha Benymux npeanpusatusix u HUU 6siBmero CCCP miast pa3zpaOboTku BEICOK03((EKTUBHBIX 00pa3LoB
MOIIHBIX TiprbopoB CBY pasznuunoro npumeHennsa. Hinke nmepedncieHsl OCHOBHBIE MyOIHMKAIMN 1O
pe3yapTaTaM ONTHMHU3ANNN M HUCCIIEeIOBAaHUIO YKa3aHHBIX prbopoB B BI'YP.

1. 'upoTpOHBI, TUPOKIMCTPOHBI, TUPOTBUCTPOHBI, rupo-JIBB [1, 2, 4-22, 25-32, 34-39, 41, 43—
46, 49, 55, 70, 78, 82, 85, 90, 93, 95, 104, 105, 116, 119, 135, 136, 144, 150, 166, 207, 208, 214, 215,
218, 236, 256, 258, 260]. Paspaborannsie B BI'YMP nmporpaMMbl OnTHMH3alMU THPOPE30HAHCHBIX
npudopoB ucnonb3oBansl B HUN «Mcrox» u UII® AH CCCP, uto cmocoOcTBOBaio pa3padoTke
TUPOPE30HAHCHBIX MPHOOPOB C PEKOPIHBIM JI0 HACTOSIILIETO BPEMEHH KOMIUIEKCOM ITOKa3aTeeH.
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Puc. 1. ['upoTpoHBI MEraBaTTHOIO YPOBHS TpexX nuana3zoHoB; crpasa HaneBo: 110 I'Tu, 95 I'T, 170 I'Tu
(IVEC - 2012. P.109)

Puc. 2. T'upo-JIBB Ha ucneitatensHoM cterae (IVEC — 2012, P. 218)

2. Muoropezonatopusie kmctponsl (MPK), Bxirouas penstuBuctckue [46, 51, 58, 60, 83,
96, 104, 105, 129, 176]. Ilporpammer ontumu3aiuu MPK, coznanusie B BI'YUP, ucnons3oBanucs B
HUU «Turtan» npu coznanuu npororuna MPK omxoro us kananos 3PK C-300 u 3arem mpu ero
moaepuuzaru. MPK ¢ KII[ 76 % m0 cux mop ocTaeTcsi peKOPIHBIM B CBOEM JUANIA30HE JUTUH BOJIH.

—

Puc. 3. UmnynbcHsi kauctpoH 9,3 I'T ¢ mukoBoit MomHocTEO 5,4 MBT 11 KI1/] 43 %
(IVEC - 2012. P.168)

3. Jlamnbl Gerymieti Bonnsl (JIBB) u o6patHoi#t BonHbl (JIOB), Brirouas pensituBuctckue [33,
46, 53, 61, 70, 71, 91, 97, 104, 105, 109, 112, 118, 120, 121, 125, 128, 131-134, 142, 143, 145, 147,
149, 153, 154, 157, 159-163, 165, 166, 168-174, 176, 178, 193, 196, 197, 201, 202, 204, 208, 211,
213, 215, 219, 223-226, 236, 244-246, 249, 263, 264, 266]. C ucnonp3oBaHreM pa3pabOTaHHBIX B
BI'YUP mnporpamm ontumusanuu penstuBuctckux JIBB-JIOB B Mockosckom PTU  (OKb
«"opu30HTY») ycrenrHo pa3paboTaHbl CBEPXMOIITHBIE IPUOOPHI THIA «O» TUTaBaTTHOTO YPOBHSI.
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Puc. 4. ITakerupoannas JIBB muamaszona 1,9-2,7 I'Tu mourocteio 1kBT (IVEC — 2012. P.128)

4. Op6UKTPOHBI, OpoTpoHH [S0, 56, 59, 62, 64, 68, 79, 158,179, 180, 221, 242, 268].

OMEKTPOTHHAM
1 PACTIPOCTPARER

PATIER O/

Puc. 5. dororpadus pazobpannoro madoparopHoro makera 0,1 TT'n opOukTpoHa—TeHepaTopa

5. ITennotpownst [102, 105,117, 122-124, 140, 152, 158, 194, 203, 208].
6. JIeBATHCEKIIMOHHBIN CBEPXIPOBO/IAIIMI HUOOWUEBBIH PE30HATOP JUHEHHOTO YCKOPHTES
3JIEKTPOHOB U MO3UTPOHOB [259, 261,262, 267].

(e LT P S FERRR, | ERER e AR - SR |

-

Puc. 6. dororpadus AeBATHCEKIIMOHHOTO CBEPXIIPOBOIsIIero pe3onatopa Ha 1,3 I'T
U y4aCTOK KPUOTEHHOM CEeKIUU KoJaiaepa

7. Penstuuctckue JIBB u JIOB Ha HeperyisipHbIX BOJHOBOAAX C KAaTOJHBIM (PHIBTPOM-
MoysiTopoM [228-233, 263, 264].
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Puc. 7. UepeHKOBCKHUIT reHepaTOp THTaBaTTHOTO YPOBHS MIKOBOM MomHOcTH Ha 10 I'T1x
(1C5 CO PAH, UD® YpO PAH)

HoBble TUNIBI MONLIHBIX 3J1eKTPOHHBIX pudopos CBU

[Tonck HOBBIX MEXaHU3MOB TEHEpallMd M YCWJIEHHUS D3JIEKTPOMAarHUTHBIX BOJH Ha OCHOBE
KOMIUJIEKCa TporpamM, OOpasyoLIMX IHUKJI BBIYACIUTENBHOrO 3KcnepumeHnTa [70], mpusen k
000CHOBAaHHUIO BO3MOKHOCTH CO3IaHUS CIEAYIOMHUX 3P PeKTUBHBIX TUIIOB npudopos CBY.

8. 'mporon. [Ilpubop <c KpyroBoil pa3BepTKOW INPEABAPUTEIHLHO  MPSAMOJIHMHEHHOTO
PeISTUBUCTCKOTO 3JeKTpoHHOro motoka (POIl) Bo BpamjaromeMcs HECHHXPOHHOM TIoje U
NOCEOYIOUIMM THPOPE30HaHCHBIM oTOOpoM sHepruu POIl. Mexanusm aeiictBusi 3TOro mnpubopa
MPUHIUIHAIBHO nomnyckaeT noctmwkenue KI1J[ 100 % mist ToHkoro (1o OTHOIICHUIO K pabouel auHe
BonHbl) POII [54, 57, 63, 65, 69, 74, 84, 87, 94, 95, 99, 101, 104-106, 108, 110, 111, 113, 123, 127,
148, 151, 220, 255]. I'mpoToH npocTeiimiei (IByXKackaIHOW) KOHCTPYKIuu peannzoBad B OUAN CO
AH CCCP B 1986 . ¢ KII[I 75 %.

9.upoTpoH C HAKIOHHBIM OTHOCHUTENBFHO OCH JABYX3€PKAIBHOTO pPE30HATOpa HIMPOKUM
CHHUPAIM3UPOBAHHBIM 3JEKTPOHHBIM HMOTOKOM [1] M THPOTPOH C YeTBIPEX3EPKATbHBIM PE30HATOPOM
oeryme#t T-Bomnsr [103, 105, 126, 182, 186, 187, 198, 205, 269, 270, 272]. B Takux rupoTpoHax
OTCYTCTBYET 3PPEKT TUHAMHUYECKOTO PACCIOCHUS ANEKTPOHHOTO MOTOKA M TMO3TOMY WX BBIXOJHAS
MOIIIHOCTh MPUHLMITHAIEHO HE OrpaHUYEHa.

10. I'mpoTpoH ¢ cocTaBHEIMHE (pa3HOTO JIUaMeTpa) pe3oHaropamu [6, 12, 20, 21, 25, 29, 38, 39].
B Takux THpOTpOHaxX pemaercs IMpoOIeMa YCTOMYMBOCTH 10 OTHONIEHHWIO K Mapa3UTHBIM
kosiebaHusiM. Ot rupoTponsl u3rotosisitorcst B UTIO AH CCCP ¢ 1984 r.

11. I'upoKIUCTPOH ¢ pE30HATOPOM Ha BTOPOI rapMOHHUKE IUKIOTPOHHOM yacToThl [135, 183]. B
takoM rupoksuctpone KIIJ mossimaercs Ha 10 % 3a cueT KOMIEHCaluu NEPErpynIupOBKY B LIEHTPE
(hazoBoro crycrtka, 00yCIoBIEHHOH JIEHCTBUEM CHIT IPOCTPAHCTBEHHOTO 3apsiya.

12. KoakcranbHBIH TUPOKIUCTPOH C paJvaibHBIM 3JEKTpocTaTndeckum monem [115, 119]. B
TAaKOM TMPOKJIMCTPOHE CHIDKaeTcsl 3h(eKT yrioBoro pasdpoca cKOpOCTEl 3J1EKTPOHOB, MOBBIIIAETCS
KII/I u mosiBiisieTcst BO3MOXKHOCTD (pa30BOi MOJYJISIIIMK BBIXOJHOTO CUTHAJIA AIEKTPUISCKUM TIOJIEM.

13. l'upotpoH ¢ MarHuTHbIM 3epkasiom [136, 184]. B TakoM THpOTpPOHE PE3KO CHUKACTCS
ITyCKOBOMH TOK.

14. KnuctpoH-y1BOUTENH c MOIIEPEYHOU MOAyJIsIUen 3JIEKTPOHHOI'O
moroka [92, 108, 111, 181]. Kak yaBourens s3tor mnpubop wumeer Bboicokuii KIIJ. Cmoco6
(opmupoBanus AnekTpoHHOTO cryctka B KIIM wucmonb3oBan B MockoBckom PTU mpu cozmanum
YCKOPUTEIS C TOBOPOTHBIM MarHUTHBIM ITOJIEM.

15. KoakcuanpHbii opotpoH [50, 59, 62, 64, 179, 180, 268]. Takoii OpOoTpOH HMEET
MIOBBIIICHHYIO MOIIIHOCTh, B HEM MOTYT OBITh PealM30BaHbl ONTHMabHbIEC pachpeaencHus BY momus u
OH UMeEeT YA0OHYIO CUCTEMY IIEpECTPOHKHU pPe30HATOPA.

16. JIEB ¢ BHHTOBBIM 3JICKTPOHHBIM IMOTOKOM ¥ MPO(QUIMPOBAHHBIM MarHUTHBIM T1osieM [118].
B rtakoit JIBB ycnoBus ONTHMAambHOTO B3aMMOJICHCTBHS 00€CIIEUYMBAIOTCS HEOTHOPOIHBIM
MarHUTHBIM TIOJIEM, YTIPABJISIOIIMM OCEBOM CKOPOCTBIO JJIEKTPOHOB, M IO3TOMY HEperyJsipHas
3aMeJUISIIoIas CUCTEMa B HEM HE HyXKHa.

17. JIbB c aBToperynupoBkoii 3amennenus [143]. B takoit JIBB ontumansHOE 3aMesyieHne 1Mo
JUIMHE O0JIACTH B3aMMOJEHCTBUSL PETyJIHpPYETCsl CaMHUM YCHJIMBAaEMbIM CHUTHAJIOM 3a CUeT
UCIIONb30BaHMsl HENMHEWHBIX JUAJIEKTPUUECKUX W MArHUTHBIX OJIEMEHTOB B KOHCTPYKIIMH
3aMeUISIIOIIEN CUCTEMBI.
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18. Inotpon [130] — KoakcualbHBI AMONHBIA T'eHEpaTop, HE TPeOYIOUMA (OKYCHPYIOMIHX
MarHmToB.

19. MumuumerpoBeie u cyomMwninMetpoBble JIBB m JIOB Ha BOMHOOOpa3HO W3OTHYTHIX
BOJIHOBOJaxX [240, 241, 271].

20. Cioco®d wu3MepeHHs YIbTPABBICOKOW COOCTBEHHOH JOOPOTHOCTH CBEPXIPOBOJIAIICTO
pe30HaTOpa HA OCHOBE BO30YKICHHUS €T0 3JIEKTPOHHBIM IIOTOKOM [267].

21. PanuanbHbIN KIMHOOPOTPOH [257].

22. JIByXBOJIHOBOI THPOTOH Ha MOJIaX IIemuyiiei ranepeu [254, 260].

23. T'upoTOH — YMHOXKHTEINb YacTOThI [253].

24. Tupotpon Ha Eg Mmoae roppupoBanHoro BosHOBoAa [251].

25. KoakcuanbHblii rHpOKIMHOTPOH [250, 270].

Puc. 8. Cxema KOaKCHAIIFHOTO THPOKIMHOTPOHA: @ — OOIIHIA BU, 6 — KOHIMUYECKUI pe30HATOD:

1 — KonbIIeBON KaTOM; 2 — IMUPOKUH TPYOUATHI CITUPaTH30BAHHBIIN IOTOK YJICKTPOHOB; 3 — OTKPBITHIH
KOaKCHAJIbHO-KOHYCHBIH Pe30HaTOp; 4 — aHOAHBIN OJIOK; 5 — KOJUIEKTOP 3JIEKTPOHOB; 6 — BHYTPEHHUH
MPOBOJHUK KOaKCcHaa; 7 — H30JIATOP KOJUIEKTOpa; 8 — BAKyyMHOIIJIOTHAS TU3JIEKTpUIecKas quadparma,
9, 10 — BHyTpeHHEE U BHEIIHEE KOHMUECKHE 3epkana; 11 — mosicok s BBIBOIa SHEPTUH U3 PE30HATOpa

26. Crimpanbnas JIBB-O ¢ onTiuManbHBIM TpoduiieM AUdIIEKTpUIecKuX omop [248, 266, 272].
27. KnuHOOPOTPOH Ha KOaKCHaIbHOM pe3oHarope [242, 268].
A
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Puc. 9. Cxema xoakcHaJIBHOTO TUPOKIIMHOOPOTPOHA! 1- HUJIMHAPUYICCKUE 3€PKaJld, HA BHCIIHEM 3€pKaJIC
HUMECTCA LNJIMHAPpUYCCKas rpe6eHKa; 2 — KOJIBIIEBBIE 3JICKTPOHHBIC ITYIIKH, 3- OCECUMMETPUYHBIC DJICKTPOHHBIC
pr6LIaTBIe ITYYKH; 4 — cocTaBHOM COJICHOHM I, 5- asuMyTaJIbHas HICJIb CBA3U; 6— III/I.]'H/IH,HpI/I‘lCCKI/Iﬁ PE30HATODP;,
7— HpHMoyFOHBHBIﬁ BOJIHOBO/J BbIBO/JIa SHEPI'Un

28. 'MpOKIMHOTPOH Ha EPBOM U TPEThEH TapPMOHMKAX TUPOYACTOTHI [239].

29. PenATUBUCTCKUN KIUCTPOH — TEHEPATOp C MPOCTPAHCTBEHHO Pa3BUTHIM CHIIBHOTOYHBIM
myakom [237].

30. [MupamunaneHo-IipsiMOyronbHasg kKamepa it CBU-o0paboTKM JIHMCTOBBIX M CBHITYYHX
Marepuaios [222].

31. CBepXMOIIHBIN THPOTPOH C MbE303ICKTPUIECKON EPECTPOHKOM 3epKaIbHOIO Pe30HaTOpa
oerymeit 7T-Bonubl [191].

32. 'mpoToH Ha roppupoBaHHOM pe3oHaTope [220].

33. T'upoToH Oerymei BOIHBI Ha CIIHPaIbLHOM BOJTHOBOIE [ 148].
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HnTerpans! npu:kenns. HoBble pusnyeckne 3¢ pexThI

Wnrterpanpl  OBWKEHUS ONEKTpOoHAa (WM 3aKOHbl COXPaHEHMs) MMEIT MECTO B
JNEKTPOMArHUTHBIX IOJSX, OOJaJarolMX MPOCTPAHCTBEHHOW MM IPOCTPAHCTBEHHO-BPEMEHHOM
cummetpueil. 12 3akoHOB coxpaHeHus: c(hopMyITHpOBaHbl B padortax [15, 35, 46, 52, 67, 104, 105]. Onu
MO3BOJISIIOT IOIYYUTh LIEHHYI0 MH(GOPMALHUIO O clienr(UKe MPOLECCOB B3aUMOICHCTBUS IEKTPOHA C
JNEKTPOMArHUTHBIMU TIOJISIMM, HE TpuOeras K YHCICHHOMY peuieHHio 3amad. C apyrod CTOpOHBI,
ABJISASCH TOYHBIMH COOTHOILICHUSIMU, OHHU IO3BOJIIIOT KOHTPOJIMPOBATh KaK TOYHOCTh MAaTEMaTHUECKHX
Mojesiel, TaK U TOYHOCTh YUCIEHHBIX PacYeTOB.

IIpyu wuccnenoBaHuM NPOLECCOB B3aUMOAEHCTBUSL MOIIHBIX 3JCKTPOHHBIX IIOTOKOB C
anekTpoMarHuTHEIME TosiMd B BI'YUP Opumm mpenckazanel cremytomme (hU3NYecKue SBICHUS |
3¢ EKTHI.

1. Isnyyenne B mpOJOIHHOM MAarHWTHOM IIOJIE TIPEABAPHUTENbHO MpsiMonuHerHbIX POIT mpu
B3aHMOJICHCTBHUHU C BPAILAIOIIUMUCS HHTEP(EPUPYIOLIMMH IEKTPOMArHUTHBIMU BOJIHAMU B YCJIOBHSAX
HopMaibHOTO 3 dekta Horutepa [23, 35, 47, 70, 76, 84, 94, 95, 104, 105, 110, 148, 151].

2. Oddexr yckopeHus (azoBoil TPYNIUPOBKH TOA JICHCTBHEM KBA3HCTATHYCCKUX CHII
MpOCTpaHCTBEHHOTO 3apsina [14, 16, 27, 30-32, 35]. YcraHoBneHa npotuBodasHOCTh BIUsHUS E- 11 H-
JUHAMHUYECKHMX COCTABIISIONINX CHJT TPOCTPAHCTBEHHOTO 3apsiaa [37, 41, 44,44-46, 49, 78, 90, 104, 105].

3. bucrabunpHOCTH M3TyueHus BaBunoBa-UepeHkoBa B HETMHEUHBIX cpenax. [72, 73].

4. «ledpexr» KIIJl B MOIIHBIX PeNSTHBUCTCKUX mpuOopax Ttuma «O»: dacth »HEepruu POII
3amacaercsi B CHJIOBOM Ioyie (Pa3oBOTO CrycTka, OOpa3OBaHHOIO HEPaBHOMEPHO IBHKYILIUMUCS
PEeNATUBUCTCKUMH dieKkTpoHamiu [109].

5. CMeleHne pe30HaHCHOW YacTOTHl PE30HATOPa ¢ KOHEYHOM MPOBOJUMOCTBIO CTEHKH 3a CUET
PEeaKTUBHOW COCTABIISIOIIEH nMIienanca cTeHku [ 138].

6. PazperieHsl MHHMBIE TIPOTHBOPEYHS B pacdeTaX KBaJPaTHYHBIX CHJ AJIEKTPOMArHUTHOTO
TOJIs B cHcTeMax KoopAuHaT «t» u «@» [131, 216].

7. Oddext rpynnupoBku O-THna U yABOCHHUS YaCTOThI CUTHAA TPH MPOXO0KICHUH TTONIEPEUHO-
MoysupoBaHHoro POIT yepe3 HeoHOPOAHOCTH HOKYCHPYIOIIEr0 MarHUTHOTO 1oJist [92].

8. O0paTUMOCTh JIMHEHHBIX U30TPOIHBIX MEKTPOAUHAMHUYCCKHUX CTPYKTYD [195, 252].

9. I'enepanyst HAHOCEKYHIHBIX UMILYJILCOB B PEXKHMME IIPOCTPAHCTBEHHOT'O HAKOIUICHHS 3HEPTUHU
MIPU YEPEHKOBCKOM CBEPXU3ITyueHUU [234].

Puc. 10. HeogHopoaHas 3ameasisionas CUCTeMa YepPEHKOBCKOIO reHepaTopa UMIYJIbCcoB MOIIHOCThIO 1,8 I'TBT
JumATeNEHOCTRIO 0,7 HC, paboTaIoMIero B pexXuMe CBEPXU3ITYUCHHUS
(MC3 CO PAH, D YpO PAH)

POWERFUL UHF DEVICES. NONLINEAR THEORY
AND NUMERICAL OPTIMIZATION

A.A. KURAYEV, T.L. POPKOVA, A.K. SINITSYN

Abstract

The basic results of research and optimization of powerful UHF electronic devices are
presented in brief. Their complete description is contained in quoted six monographs and 172 papers,
which where published in international and state journals by authors of researches. Only principal
aspects of original achievements in area nonlinear theory, the methods of optimization, interpretation
of physics of optimal processes and predicted effects of nonlinear interaction of powerful electron
beams with electromagnetic waves are quoted from our published papers.
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CBEJEHMUS Ob ABTOPAX
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t.

Kypaes Anekcanap Anekcauaposud (1937 r.p.), A.1.H., mpodeccop. B 1960 r.
okoHYMI ¢ oTinuuueM CapaToBCKuil rocyaapctBeHHbIN yHuUBepcuteT (CI'Y). B
1965 r. 3amuTun kanauaatckyro quccepranuio B CI'Y, B 1980 r. — mokTopckyro
nuccepranuio B UPD AH CCCP. C 1992 r. 3aHUMaeT JODKHOCTh 3aBEIYIOILETO
kagenpoit «AHTeHHbI 1 ycrpoiictBa CBU». Ilox pykoBonctBom Kypaesa A.A.
3aIUIICHO 5 TOKTOPCKUX U 14 KaHIUIATCKUX AuccepTanuid. M omyOmmKoBaHO
12 moHorpadmi, OGomee 300 crareit, 12 matentoB. OONACTh HAyIHBIX
HHTEPECOB — TEOPETHUECKOE HMCCICIOBaHNE, MAaTEeMaTHUECKOEe MOICITUPOBAHIE
1 ONITHUMHU3ALNS TNHEHHBIX W HEIMHEHBIX 3JICKTPOMATHUTHBIX ITPOIECCOB.

IMomkoBa Tatestna JleonwmosHa (1961 r.p.), k.¢.-m.H, moment. B 1984 r.
oxonumna BI'Y. B 1993 r. 3amuTtuna KaHAMIATCKYIO Auccepranuioo. B
HACTOsIIee BpeMs — JOIEHT Kadeapsl anTeHH u ycrpoiicts CBY BI'YUP.
Vuensiit cexperapp CoBeta BI'YUP u coBeta mo 3amuTe auccepTanuid o
cnenuanbHOCTH - «Pammodmsmukay. ABTop m coaBTop Oomee 80 HaydHBIX
myOnukanuii. OONacTh HAYYHBIX HHTEPECOB — paanodu3uKa, (U3NIecKas
JIEKTPOHHKA, MAaTEMaTHYeCKOE MOJIEIMPOBAHNE U NPOCKTHPOBAHUE aHTCHH U
ycrpoticts CBY.

Cunnipid Anatonuit  KoncranrtuHosuu (1948 r.p.), m.¢b.-M.H., mpodeccop.
B 1970 r. oxonumn BI'Y. B 1979r. 3ammurun kxammmmarckyro, B 1995r1. —
JnokTopckyto auccepramuto. C 1993 r. mo 2009 r. sBisuics 3aBeAyOLIUM
kadenpoit BMull BI'VUP. C 2001 r. — anen crerncoBeta bI'YUP mo 3amure
JMOKTOPCKUX nuccepTanuii. [1o ero pyKoBOACTBOM 3alUIEHO 3 KaHIUAATCKUE
IUccepTanun. SIBiseTcss aBTOpOM W coaBTOpoM 345 Hay4dHBIX paboT, u3
KOTOpbIX 4 MoHOTpaduu, 1 ydueOHOoe mocobme ¢ TpupoMm MwuHHCTEpCTBA
obpazoBanus Pecnyomuku benmapych, 150 crateii, 8 aBTOPCKUX CBUAETEIILCTB
Ha u300pereHus. OOIacTh Hay4HBIX MHTEPECOB — HCCIIEIOBAaHUE MHPOLECCOB
B3aUMOJICHCTBUS JIEKTPOHHBIX TIOTOKOB C 3JIEKTPOMAarHUTHBIMH TMOJSIMH B
BaKyyMHBIX nprOopax CBY Ha ocHOBe MaTeMaTHYeCKOTO MOJCIHPOBAHUS.





