
OT3bIB 
IhHoro OnnOHeHnl TIposlBHHa 

«YBeJIHqeHHe IlfPOTPOHHhIX KOMU< 

TeXHOJIOrHU» 

IcnnylO B !1.HCCepTau;noIlHhlu 24.1.238.01 HHCTHT)'Ta 4>H3HKH 

COHCKaHHe yqeHoil li:3R1H!1.aTa 4>H3Hli:O-Man'Ma'lll~H~Cli:nX HayK 

no cncu,l1.UbHOCTII 1.3.4. - Pa!1.Ho4>H3m~a 

PaLuwqHI31FleCKl1H rrp1160p (I'CHepaTop) C YHllKmlbHhIMl1 xapaKTepHCTl1KaMH H3JIyqeHl15I H 

06merrpHH5IThIM B HaCT05IIuee BpeM5I B MHpe Ha3BaHlleM «rl1p(HpOH» 6bIJI C03L(aH B HJ1Pct>J1 B 

CepeL(HHe XX BeKa. J1MrrYJIhCHhle rHpOTpOHhI 60.TJhlIlOH MOII(llOCTH OKa3aJIHCh rrO'ITH cpa'3y 

nOCTpeOOnafIM L(JI5I L(01l0J1HHTem,IIoro OMWleCKOMY) nna'3Mbl Ha 

rra6HhIX YCTaHOBKax 	 TepM05IL(epHoro 

mpOTpOHOB B HaYKH H Tex LLJOBeL(eHlle, 

H L(p.) HaqaJIl1Cb 'fTO CB5I3aHO C OC06Cl Hco6xoL(HMbIX 

reHepaTopOB L(JI51 OTJIHqHhIX OT YTC. TC'\II(LlOnIqeCKHX 

rrpHJIO)KeHHH qaCTO Tpe6YCTC5I He HMrrYJIbCHOe, a HerrpephIHHoe H3JIyqeHHe, Heo6xoL(l1Ma 

rrepeCTpOHKa qaCTOTbl H3nY'IeHH5I, pa60Ta rHpOTpOHa B MeHbIIIHX MarHHTHbIX rron5IX, He 

Tpe6YlOma51 CBepxrrpOBO/\5ImHX MarHHTOB H L(p. IlpH JTOM ITO xapaKTepHCTHKaM HeJIb35I CTporo 

pa3L(emITh TeXHOJlOrl1qeClme H YTC rHpOTpOHbI. HaUpl1MCp, Tpe60BaHH5I rro rrepeCTpOHKe 

OIGnaJIHCh Ba)KHhI L(n51 YCTaHOBOK 

llOJIyqeHH5I pe)KHMOn B ueHTpe rrJIa3MCIIIIOro npO<pHn5IMH 

"pump-out" rrpII 60nhWl1X 3neKTpOHHO-UHK'loq)OllllOlopeBa (3UP) 

ASDEX, T-10. YBemlqeHHel1POTPOHHhIX 

,1n51 MIIKpoBonHoBhlx (KaK H L(JI5I Te x I 51RTJ5IeTC5I 

COBpeMeHHOH 11 aKTY,LlhHoH HayqHOH 3aL(aqeH. PeweHIIe TaKOH 3aL(aqII TeCHO CB5I'3aHO C 

aHaJIII30M paL(l1()(jm3wlecKIIx 5IBJIeHIIH B rHpoTpoHe, rr03TOMY rrpOBeL(eHHhle L(IICCepTaHTOM 

HCCJIeL(OBaHH5I Ba)KHbI KaK L(H5I lIPHKJIaL(HhIX, TaK H L(n5I aKaL(eMIIqeCKHX 3aL(aq paL(Ho<pH3IIKII. 

nc{~.~e!1.0BaHHU. 

I Ia5I pa60Ta M')l IOCB5ImeHa IICC.TJeL(O nkl I 'III (HI) II3HqeCKIIX 

OT1l,enbHbIX Y3JIOB KOMrrneKCOB. KpIITepHH JapaMeTpa L(n51 

I pC.llen5InC5I B03MO)KHOCTbIO IO.lh30BaHII5I L(n51 Y)I ](I)(I)c KTIIBHOCTII 

ICKCOB L(n51 MIIKPOB(UHOHhIX reXHOJIOrIIH. 

paCWIIpeHIIe rrOJIOCbl llepeeTpOHKH qaCTOTbI llpOTpOHax C 

hiM pe30HaTopoM. I pe'lyJIhTaThI MoryT 6bllh B CJIyqae 

IOJIOCHOH cTyrreHqaToll 'IaCTOTbI rIIpoTpOJ na 6.TJII3KIIX 

• 	 TmaTeJIbHO II3yqeHO 51BneHIIe 60M6apL(IIpOBKII KaTOL(a mpoTpoHa OTpa)KeHHhI\U! or 

MarHIITHOH Ilpo6Kl1 :meKTpOHaMl1. TeOpeTlIqeCKl1 11 ')KCrrepl1MeHTaJIbHO rrOKa3aIIO, 'ITO 

3JIeKTpOHHa51 60M6ap1l,IIpOBKa KaTOL(a rrpHBOL(HT K 1l,OrrO.TJIU1TeJIbIIOMY pa30rpeBy KaTOL(a, 'ITO 

MO)KeT 6hITh IICrrOJIh30BaHO )ln51 YBeJIIIQeHII5I BpeNleHII )KH3HH KaTO)lHOrO y3JIa. 
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• 	 TeOperl1qeCKH '}KCrrepHMeHTaJlhHO HCCJIl'iWHaHbI rHpOTpOHhl C 3KpaHllpOBaHHbIMH 

MarHHTHbIMH CHCTeMaMH. 3JIeKTpOHHO-OrrTHqeCKa51 CHCTeMa TaKHX rHpOTpOHOB ycrreuIHo 

a,n:arrTHpOBaHa K crre~Hq)HqeCKOMY pacrrpe):(eJIeHHIO rrpoqmJI5I MarHHTHoro rrOJI5I. KOppeK~H5I 

XlarIHITHOrO mU51 06JIaCTII (tJOpMHpOBaHI151 OCa)K):(emI51 'UeKTpOHHOIO 1l0TOKa 

CHCTeMhI OOeCrreQHJIa ')(pCI)eKTHBH)'lO reHCpa~HIO B qaCTOT 

28-95 rr~ B O):(HOM rrpH60pe. 

• 	 I1poBe):(eHHa51 orrTHMH3a~H51 pacrrpe):(eJIeHH5I rrpocpHJI5I MarHHTHoro rrO]I51 B pe30HaTope 

no:momwa 	B TeXHO,IOflfl-leCKOM fHpOTpOHe C QaCTOTOM rr~ YBC1WIHTb Kl1,IJ, 

(c 27% rro C O):(I-WPO;lHhIM pacrrpl'}ICJICI-lHeM MafllHTlloro rrom!. 

• 	 )..I,JI5I pe)KHMa rHpOTpOIIa c QaCTOTOH reHepa~HH 28 rr~ Ha OCHOBHOM ~HKJIOTpOHHOM 

pe30HaHce 6hwa rroJIyqella CTa6HJIbHa51 reHepa~H5I H:mYIleHH5I Ha ypOBHC MOIUHOCTH 60JIce 

20 KRT lIpH KI1JJ: Bccro KOMrrnCKca B ueJIOM OIC0:TO 30 % (peKOp}lm,le rrapaMcTpM ,1JI5I TaKHX 

TeXH(tlOrHQeCKHX rHpoTpoHOB). 

lJ,ocToBepHOCTh nO.TIyqeHHhIX pe3YJIhTaTOB " HayqHhIX nOJlOmeH"". 

L(OCTOBCPHOCTb rrOJIYQeHHbIX 3KcrrepHMeHTaJIbHhTX xapaKTepHCTHK He Bh13hIBaeT 

COM 3KcrrepHMellTaJIbHble pCTynhTaTbI rrOJIY'ICI C rrpHBITC'lellHeM pa3HhiX 1Il'I:1BHCHMhIX 

):(HaIIlOCTlHeCKHX Ml'TO;lOB. L(OCTOBCfHIOCTb IbTaTOB QHCTlCI loro MO)lemlp(maHH5I H 

BbITeKaIOIUHX H3 HHX BbIBO):(OB 06YCITOBITCIIa IfpHMeHeHHeM COBpeMeHHbIX MaTeMaTWTeCKHX 

MCTO):(OB, XOPOIIICH: COrITaCOBalIHOCTbIO 3MrrHpWleCKHX ):(aHHblX H qHCJIeHlIOrO Mo):(eJIHpOSaHH5I. 

MO;ll'JllIpOBaHHe IlpOBe):(eHO paWHqHbIX I:1KeTaX rrporpaf\!:v! II C yqeTO'V1 pa3JIHqHbIX 

CPH3WIl'CKHX cpaKTOpou. Pa3pa60TallIlbiC II a):(arrTHpOB<lIlHble IIble KO):(bI paCqeTa II 

orrTHMH3a~HH :neKTpOHHO-OrrTl1qeCKOH II 3JIeKTpO):(IIHaMWleCKOH: rrO):(CllCTeM rHpOTpOH3 6blJIH 

TII~aTeJIbHO rrpOTeCTHpOBaHhl. 

pamen"l J(HCCepTa~Hll OCBemaJIHCh pOCCH~kKIIX H MC)IC'lYllapO):(HbIX 

pa):(Hotl)HmqecKHX KOl/{I)l'peH~H5IX, 1I0Cl~51meHHhIX B<IKYYMHOH: "UCKlpOHHKe, HarpeBY 

rrna3MbI rHpOTpOHaMH, pa):(HocpH3HKe MIIJIJIHMeTpOBbIX H cy6MHITITHMCTPOBbIX BOITH H ):(p. 

OCHOBHble pe3FlhTaTbI Bcex pa3,L1eITOB 6bIJIH orry6ITIIKOBaHbl B pe~eH3HpyeMbIx )l(ypHaJIax. 

3Ha'unlOCTh rrOJIY'leIIUhIX pe3YJlbTl:lTOB. 

llorryqeHHble M.)..I,. llp05lBI1HhIM Opl1rHHa1bHhH.~ pe3yrrbTaThi 5H:lj15HOTC5I HOBhIMl1 Ii I1MeIOl 

60JlbIIIOe HayqnOe 3HaQeHl1e. Pe3YITbTaThT ):(HccepTa~HH I1MeJOT He TOIThKO aKa):(eMIIqeCKYI-O 

Ba)l(110CTL, HO H 06;Ia~aIOT Bblpa)l(elIllOlI llpaKTHqeCIWii lIarrpaBJIelHlOCTLIO. 

O):(IIH 113 cpYH):(aMeHTaJIhllbIX 3HRYW\1bIX pe3YJIbTaTOB 6bIJI 06HapY)KCH aBTopOM rrpII 

H3YQeHHH H aHaJIH3e KaTo):(HhIX 51BJIeHHM B rIIpOTpOHe. I1oKa3allO, 'ITO 3ITeK'rpOIIHa51 

60M6apc'tllpOBKa KalO, OTpa)KeHl OT MarHHTI np06KH ICKlpOHaMH, f1plmO,'~51ma51 K 

):(orrOJ IneJIhHoMypeBY KaTO) 1(\, 'vIO)l(eT 61111> roITb30B<IIIa YBeITWICIIlI51 npeMeHH 

)K113HH KaTo):(a. PaHee TaKoH ')q)<peKT CQllTaJIC5I YXY):(IIIaIOW:I1M pe)l(HM pa60TbI KaTo):(a. 3TCH 

PC3YJIbTaT llMeeT He TOJIbKO aKa)(eMHqeCKOC, HO H 60ITbIIIOC rrpaKTHqeCKOe 3HaqeHIIe, nOTOMY 

'ITO IOK:rlIJIBaeT BO",\IOlKHOCTb YBe, 1H5I cpOKa KaTO):(<I I CHH)I(eHHll lcpaTypbl 

rrO):(OlpCmrreJI5I. 
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OTMenIM, qTO aBTOpOM nOJIyqeH BmKHbrH npaKHIqeCKMH pe'3YJIbTaT IlO C(B,J:(aHMK) 

(paCqeTY pa3paOOTKC MCIlI,ITaHMlO HOBorn TM ManIHTHO-JKpaHMpOB<lHHOH CMCTCMbI, 

n03BomUOW:MH B 4 pa3a CHII'3MTb 3HepronOTpe6JIeHMe COJIeHOM,J:(a J[pM TOH )l(e MHTeHCMBHOCTll M 

HOCT!1 MarHlHuoro OJI5I B OOJIaCT!1 3JIeKlpOHHO-BOJIHOBOrO B3;uIMo,J:(eficl BM5I 

rnpOTpoHa). 

MCC)IC,1J;OBmUHI B.iHUlHll5I j IPO<pl'Fl}1 MalHilTHOrO noml Ila PC)h:HMbI rCHepaUllM 

rllpoTpoHa 6bIJI rIOJIyqeH 3HaI UIMbIH <pYH,J:(aMeHTaJIbHbIH II npaKTMqeCKMH pe'3YJIbTaT, 

CBI1.,J:(eTC)l bCTB)I:OIl(llH 0 B(nMO)KHOCTll OrITll\UnaUllll 3JICh:TPOHlIO-onTwlccKOH M 

3JIeKTpo,J:(MHaMMqeCKOH CllCTeM ,J:(JI5I 3<p<peKTMBHoH reHepaUHM B IllIlPOKOH rIOJIoce qaCTOT. 

311(1IIHMbIM pa,J:(lwc!HI3WICCKMM PC3YJIhTClTOM 5IfUHeTCJI pa3paOOTKa <tBTOPOM HpoTpolla 

HOBoro 1l0KOneHM5I, clloc06HOI·0 ocyw:ecTBJl5ITb 3<p<peKTllBHYJO (~35% OC'3 pCKynepaUllll 

lneprmf) feHepaTl,llJO H11yqemUI MOITl,HOCTbJO 1.(0 25 KRr Ha qaCTOTax 28. 35, 45 ITu na 

OCIIOBHOM UllKnoTpoHHOM pe30HuHce H 95 rILl, Ha BTOPOM rapl'vlOHllKe lUpOtmcTOTbT. 

Ol.l,eHI~U cO)J,epJKaHHH ;J,lIccepTal.l,HH, JaBeprneHHoCTh. 

)111ccepTaUM5I COCTOllT M3 BBe,J:(eHH5I, Tpex fJIaB OPMfMHaJIhHOrO cO;wp)l(aHI15I, 3aKJIJOtJeHM5I 

I1pMJlOlKeHM}I 06be\1 )~MCCepTaUMll - COClaBJI5ICT 103 cTpaHMUbL BKJ1IO'la5I pMcymca, 

cnllCKa JIllTepaTypbI M3 58 HallMeHOBaHllH M 13 CTUTeH B ,J:(onOJIHMTeJIblIOM cnllCKe C Y'IaCTMeM 

<lBTopa. 

B l.I,eJIOM ,J:(llccepTaUMOHHa5I pa60Ta IIpe,J:(CTaBJI5IeT C060H 3aKOHqeHIIbIH TPY,J:(, B KOTOPOM 

IIlJIyqeH p5I,J:( m.l'KHbIX pe3ym,Ta roB <PYWUIMeHTalhHOfo, TaK pllKJlaClHOfO xapaKTcpa. 

OTMetlaIO 60JIbIlIOH BKJIa,J:( aBTopa B npOBe,J:(eHIIe TeOpeTllqeCKllX 11 3KcrrepMMeHTaJlbHblX 

HCCJIe,J:(OlJUHllH ·)(jl<peKTa 60Moap,J:(MpOBKM KUTO)J:a fHpOTpona OTpmKCHHbl\! OT MarHI1.·1 !loti 

np06Kll 3JIeKTpOHaMM, nepeCTpOHKM qaCTOTbI reHcpaU11II TeXHOJIOrWJ.eCKllX fMPOTPOHOB Ha 

BTOPOH UllIClOTPOHlIOll qaCTOTbI, CI(CHapflCB OrrTH\llnaUHH ')JIeKI [XlHHO-OllTMqeCKOH 

II 3JIeKTpO,J:(MHaMWleCKOH JIO)(CllCTCM rnpOTpOHa ,J:(.151 YBeJIMqeHll5I KI1)1 np1l60pa, Pe3YJIhTaTbI, 

nonyqelJlIMe aBlopOM, mpOKO IBBeCTI hI Cnel(llaJIMCTaM nomKe ony6.JI KOBal! B 

13 CTaTb5lX B pecpepllpyeMblx )l(ypHanax II3 crrllCKa BAK, HeO,J:(HOKpaTHO 6bIJIll ,J:(OJIO)l(eHbI Ha 

II MC)!(,J:(YHapo,J:(HbIX CCMllIIapax II KOH<pePCIlI (M5IX. 

110 pa60Tc lIMCIOTCH cJIe)1.YlOmlie BonpocbI II JaMeqaHIiH. 

1. 	 ABTOPOM HeOllHOKpaTHO pa3HMX pa1J\eJIax) HCIIO.'1h1yeTcH TepMHH (onpe,'l,eJIeHHe) 

<mapu:mTHbltb,o 3T01 repMHH 51BJI5ICrC5I 06ll.1,CnpMHRIbIM 13 pa,J:(llocpH311KC (pa,J:(MoTcxHllKC) B 

KOHTCKCTe: «Ha lapMOHHKax rIlpOqaCTOThI HaH60JIbillYJO 011<lCHOCTb npe;J,CTaBJHICT 

B036Y)J{)lCHlle napa3I1.THbIX MOll». OllHaKO onpe,J:(eJIeHI1.C «napa3MTHhTH» K 51RJICHMK). KOTopoe 

06HappKeHO klwropOM rrpHHOiJ:MT YHyqII II1JO pe,KHMOB pa60n,] rnpOTpOlIa «<PC·'YJIbT,nbI 

TeopeTMtICCKOfO M 3KcncpMMeHTaJIbHOfO MCCJIe,J:(OBaHM5I B03MO)l(HOCTll :maQMTeJlbHOrO 

YBeJIIP!CHll5I cpOKa C.UY)l(6hl 1I0,J:(OlpCBaTcml Kanua fnpOTpOH<l 'Hi CYCI Mcn h30B<1II11H 

napa:mTIIOlO 3<p<peKTa 60M6ap,J:(MpOBKM KaTO,J:(a OTpa->KeHHbIMM OT ManmnroH np06Kll 

')J1eKTpOHaMII 5IBJHlerC5I HCKoppeKTII bIM. 

2. 	 )1.151 KaKMX TeXHOJIOrWIeCKMX npMJIo)KeHMH aBTOp c06l1paeTC5I MCnOJIb30BaTb fMpOTpOH C 

'IaCnlTIH1 M'lJlyqeHlUI 95 I( (,J:()I fMpO rpOHOB 28, 45 fTu TUKHe npHMeHemlH 

M3BecTHbT)? 



3. 	 B pa60Te ,UOCTaTOqHO MHOfO HeKOppeKTHbIX Bblpa)KemIH. HarrpHMep, «B pa3bI (?) YBeJIWUITb 

CpOK CJIY)K6bI», «rrpHMepHO», «,UaHHbIH COCPT» H ,Up. 

4. 	B pa3,UeJIe HayqHa51 HOBH3Ha He rrpHH5ITO IIPHBO,UHTb CCbIJIKH He Ha pa60TbI aBTopa. 

5. 	 B ,UHccepTaIIHoHHoH pa60Te 60JIbiliOe KOJIHQeCTBO rrpaKTHQeCKHX pe3YJIbTaToB. PeKoMeH,UYlO 

aBTopy O<pOPMHTb rraTeHTbI Ha OT,UeJIbHble pe3YJIhTaTbI pa60ThI. 

YKa3aHHhle 3aMeQaHH5I He CHH)KalOT Hayt.IHoH 3HaQHMOCTH H 06111eH rrOJIO)KHTeJIbHOH OIIeHKI1 

,UHCCepTaIII10HHOH pa60Tbl. 

Pa60Ta BbIllO.TlHeHa aBTopOM Ha BbICOKOM HaYIfHOM ypOBHe C HCnOJIb30BaHHeM 

COBpeMeHHbIX JKCnepHMeHTa.rlbHbIX cpe)J,CTB H nOJIHOCTbIO COOTBeTcTByeT Tpe60BaHHHM, 

npe)J,'hHBJIHeMblM K jJ.HccepTalJ,HHM Ha COHCKaHHe YIfeHOH CTeneHH KaH)J,H)J,aTa «I>H3HKO­

MaTeMaTHIfeCKHX HaYK. 

B 	 aBTopecpepaTe ,UI1CCepTaIIHH a,UeKBaTHO OTpa)KeHO co,Uep)KaHl1e ,UHccepTaIIl1l1 H 

rry6JIHKaIIHH aBTopa. OCHOBHble pe3YJIbTaTbI OTpa)KeHbI B rry6JII1KaIII151X, ,UOKJIa,Uax Ha HayqHbIX 

KOHcpepeHIIH5IX H H3BeCTHbI CneIIHaJIHCTaM. 

)J,HccepTaIII10HHa51 pa60Ta I1p05lBHHa M.,lJ,. «Y BeJII1QeHHe 3<pcpeKTHBHOCTI1 rHpOTpOHHbIX 

KOMIIJIeKCOB ,UJI5I MHKPOBOJIHOBblX TeXHOJIOfHH», COOTBeTcTByeT Tpe6oBaHH5IM II. 9 

«I1onO)KeHI151 0 nOp5l,UKe rrpHcY)l{,UeHH5I YQeHbIX cTerreHeH», YTBep)l{,UeHHOfO nOCTaHOBJIeHHeM 

fIpaBI1TenbCTBa POCCHHCKOH <1>e,UepaIIlUI N!:' 842 OT 24.09.20l3 f., npe,Ub5lBn5leMbIM K 

,UI1CCepTaIII151M Ha COHCKaHIle YQeHOH CTerreHH KaH,UI1,UaTa HayK, a ee aBTOp 3acnY)KHBaeT 

rrpI1CY)K,UeHH5I YQeHOH CTerreHH KaH,UH,UaTa <pH3HKO-MaTeMaTHIfeCKHX HayK no CneIIHaJIbHOCTH 

1.3.4. - Pa,UH0<pH3I1Ka. 

OCPHIIHaJIbHbIH orrrrOHeHT: ­

C::!/;; . ~~ HHHa HI1KOJIaeBHa CKBopIIoBa 

,UOKTOP CPH3HKo-MaTeM THQeCK~CrreIIHaJIbHOCTb 1.3.9. - <1>113HKa nJIa3Mbl, 

IIpocpeccop, CrreIIHaJIbHOCTb 1.3.4. - Pa,Ul1ocpI13I1Ka, 

Be,UYlllHH HaYQHbIH COTPY,UHHK omena <pH3I1KI1 rrJIa3MbI <1>e,UepaJIbHoro focy,UapCTBeHHoro 

61O,U)l{eTHoro YQpe)K,UeHH5I HayKH <1>e,UepaJIbHOfO HCCJIe,UOBaTeJIbCKOfO IIeHTpa "l1HcTHTYT 

o6111eH CPH3l1KH HM. A.M. HpoxopoBa POCCI1HCKOH aKa,UeMI1H HaYK" 

fIOIfTOBbIH a,Upec: 119991, MocKBa, yJI. BaBl1nOBa 38, 110<1> PAH 

e-mail: nina@fpl.gpi.ru 

TenecpoH: +74995038777*582 
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