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06maH xapaKTepHCTHKa pa60Tbl 

A1<111yaJ1bHOCmb meMbl 

Mo.n:mlmn:upoBaHHhlH 6emTpoH npe,n:cTaBJl.lleT co6oii ycKop1nenb c 

cj:>oKyCIIpOBKOll rrpO,z:t;0JlbHhlM (a3HMYTaJibHbIM) MarHIITHhlM II0JieM. TiepBOHaqaJibHO 

TaKIIe ycK0PIITeJIH 6bIJIII rrpe,n:JI0)KeHbl ,z:t;JI.11 rronyqeHII.11 3JieKTp0HHhlX IIyqK0B C T0K0M 

HeCK0JibK0 KHJI0aMrrep H 3HeprIIeii HeCK0JlhK0 ,n:eC.IITK0B M:3B. Brrocne,n:CTBIIII 

HaK0ilIITeJib 3JieKTp0H0B C aHanornqH0ll CTJ)YKTYPOH q>oKycupyiomen CHCTeMbl 6bm 

rrpe,n:JI0)KeH B Kaqecrne CHCTeMbl 3JieKTp0HH0ro 0XJia,K,z:t;eHH.11 C UHPKYJIHPYJOIUHM 

3JieKTJ)0HHhlM rryqK0M npu 3HeprnII 0XJia,K,z:t;aeMhlX H0H0B HeCK0JibK0 f:3B. Tio.n:o6Hhlll 

HaK0ilHTeJib, IICIIOJlh3yeMblll .ll,Jl.11 HaK0IIJieHH.11 II 3JieKTp0HH0ro 0XJia,K,z:t;eHH.11 

II03IITJ)0H0B C 3Heprneii HeCK0JibK0 K:3B, M0)KeT_ 6bITI, IICil0Jlb30BaH .ll,JI.11 reHepan;IIII 

IIHTeHCIIBHhlX II0T0K0B Il03HTJ)0HH.II " aHTIIB0,n:opo.n:a (B KOM6ttHan;uu C HaK0IIIITeJieM 

aHTHilp0TOH0B ). 

O,n:HOll m rrpo6rreM MO,z:t;IIcj:>IIn;IIpOBaHHOfO 6eTaTpOHa .IIBJl.lleTC.II CJI0)KH0CTh 

IIH)KeKUIIII H BhlB0,z:t;a 3aMarnuqeHHhlX rryqK0B. B a3HMYTaJihHO-CHMMeTpIIqHQll 

CTJ)YKTYPe 3TY rrpo6rreMy pemIITb He y,n:anoch. B crryqae ucrroJih30BaHII.II 

ceKn;IIOHIIpoBaHHOll CTJ)YKTYPhl B TaK0M HaK0IIIITerre, 6rraro,n:ap.11 HaJIH'IHIO 

rrp.lIMOJIHHellHhIX npoMe)KYTK0B, Il0.IIBJI.IIIOTC.II ,z:t;0II0JIHIITeJihHbie B03M0)KH0CTII .ll,JI.II 

pa3MemeHH.II YCTJ)OUCTB BrrycKa-BhmycKa, ,n:IIarH0CTIIKH, 3JieKTp0HH0fO 0XJia,K,z:t;eHII.II II 

T.II. 

B 1998 r. B OIUIH 6bmtt HatJam pa3pa6oTKa u coop~eHIIe HaKonIITeJI.11 

no3IITJ)0H0B HH3Koii 3HeprnH LEPTA, rrpe,n:HaJHatJeHHoro ,n:JI.11 reHepan;IItt 

IIHTeHCHBHhlX IIOT0K0B II03IITJ)0HII.II H 3KCIIepIIMeHT0B C HIIMH B rrpttHUHIIIIaJibH0 

HOBOll II0CTaH0BKe. Bmpoii B03M0)KHhlll BapIIaHT pa60Thl HaK0IIHTeJI.11 

HCII0Jlb30BaHHe ero B Kaqecrne CIICTeMhl 3JieKTp0HH0fO OXJia,K,z:t;eHII.II C 

n:upKyJIIIPYJOIUHM 3JieKTp0HHhlM rryqK0M c 3Heprneii 2-4 M:3B. B ceHT.116pe 2004 ro.n:a 

6bIJI ocymecrnrreH cj:>"3HtJeCKIIll rrycK 3T0fO HaK0IIIITeJI.11 C UIIPKYJIIIPYJOIUIIM 

3JieKTJ)0HHhIM rryqK0M rrpu 3Heprnu 1-10 K:3B. B 3T0M HaK0IIIITerre peaJIH30BaHa 

opurnHaJlbHaH cxeMa ttH)KeF~~~~:.:-:-_cx:e~a coBMefuej n;IIpKyrrIIpyiomero 
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2. <l>II31ItJecKHil: npoeKT cp0Kyc1Ipyiomeil: c1IcreM1,1 HaKOIIIITeJUI LEPTA, 

npe.n:mi:matJeHHOro ,n;JUI reHepau;IIII IIOTOKOB aTOMOB II03HTpOHIDI. 

3. Ilony-qeH1Ie ycmil:tJIIBoro U:IIPKYJIIIpyiomero :meKTpOHHoro ny-qKa B 

HaKOIIIITene LEPTA. 

4. Pe3yJibTaTbI 3KCIIep1IMeHTaJibHbIX IICCJie,n;oaaHIIH ,ll;IIHaMIIKH tJaCTIIU: B 

HaKonIITene LEPTA. 

Anpo6a~UR pa6ombt 

MaTep1Ianhl ,n;1Icceprnu;1I1I ,D;OKJia,D;blBaJIIICb Ha OTetJeCTBeHHblX II 

Me)K,!(YHapo,n;HhlX KOHq>epeHD;IIIDC IIO ycKOplITeJUIM 3ap.IDKeHHhlX -qacrnu;: pOCCIIHCKIIX 

KOHq>epeHD;IIIDC IIO ycKOplITeJUIM 3ap.IDKeHHhlX -qacrnu;: XVII (2000r., IlpOTBIIHO ), 

XVIII (2002 r., O6HIIHCK) II XIX (2004 r., JJ:y6Ha), eaponeil:CKIIX KOHq>epeHD;IIIDC IIO 

ycKopIITeIDIM EPAC'2000 (BeHa, ABCTplI.sI), EPAC'2002 (IlapmK), EPAC'~004 

(JI10u;epHa, lllaeil:u;ap1I.11), np1IrnarneHHhiil: ,n;oKJia,n; Ha Me)K,!(YHapo,n;Hoil: KOHq>epeHu;IIII 

no q>II31IKe aHrnnpoTOHOB HII3Koil: 3Heprn1I LEAP':2003 (HoKoraMa, JIIIOHH.si:), 

Me)K,!(yHapo,n;HhlX KOHq>epeHD;IIIDC IIO KOMIIbIOTepHhlM pactJeTaM B q>II31IKe ycKOplITeJieil: 

ICAP'2000 (Jl:apMIIITa,n;T, fepMaH1I.11), ICAP'2004 (CaHKT IleTep6ypr), 

Me)K,!(YHapo,n;HhlX coaemaHIIIDC IIO OXJia)K,!(eHIIIO IIYtJKOB 3ap.si:)KeHHbIX tJaCTIIU: 

ECOOL'l999 (Yncana, lllaeu;II.11), COOL'2001 (Ee.n: XoHHeq>, fepMaHII.sI), 

ECOOL'2003 (<l>y)];)KII, JlnoH1I.11), Me)K,!(YHapo,n;Hoil: KOHq>epeHU:IIII no aTOMHOil: q>II31IKe 

Ha ycKOpIITeJUIX APAC'2001 (Jl:aHII.11), 4-il:, 5-il: II 6-il: KOHq>epeHD;IIII MOJIO,D;hlX y-qeHhlX 

II cneu;IIaJIIICTOB (Jl:y6Ha, 2000, 2001, 2002 r.r.), Me)K,!(YHapo,n;HhlX HaYtJHhlX ceMIIHapax 

IIaM.IITII B.Il. CapaHu;eaa (Jl:y6Ha, 2001, 2003 r.r.), HeO,D;HOKpaTHO o6Cy)K,!(aJIIICI, Ha 

HaYtJHhlX ceMIIHapax a O61,e,n;1IHeHHOM 11HCTIITYTe JI,n;epHhlX Hccne,n;oBaHHH. 

Ily611u«a~uu 

OcHOBHbie pe3yn1,TaThl IICCJie,n;oBaHHH, COCTaBHBIIIIIX OCHOBY ,n;HccepTau;IIH, 

ony6JIIIKOBaHhl a 12 netJaTHhlX pa6oTax. 

4 

CmpyKJnypa u ome.M ouccepma~uu 

Jl:1Icceprnu;~.11 COCTOIIT H3 BBe,n;eHII.11, -qen,1pex rnaa, 3aKJIIO'leHII.sI II CIIIICKa 

JIIITeparyphl II3 46 HalIMeHOBaHHH. O6m1Iil: 061>eM: 117 CTpaHIID;. 

Co~ep~aHHe ~HccepTaQH0HHOii pa60Tbl 

Co,n;ep)KaHIIe pa6oThl II3JIO)KeHo B tJeThlpex rnaaax. 

B rJiaBe 1 ,n;aH ofoop Il;IIKJIII'leCKIIX ycKOpHTeJieil: THIIa MO,D;IIq>HU:IIPOBaHHblH 

6eTaTpOH - YCKOplITeneil: c ,ll;OIIOJIHIITeJibHOH a3HMYTaJibHOH KOMIIOHeHTOH MarHIITHOro 

IIOJUI, II03BOIDIIOmeil: ocymecTBIITI, 3q>q>eKTIIBHyIO q>oKyCHpOBKY IIHTeHCIIBHOro ny-qKa 

IIplI MaJIOH 3Hepm1I ycKop.si:eMhlX tJaCTIIU:, a TaK)Ke pa3HOBII,n;HOCTeil: 

MO,D;IIq>IIU:IIPOBaHHhlX 6eTaTpOHOB - CTeJIJiaTpOHOB, a KOTOpbIX ycTOH'ilIBOCTb 'laCTIIU: 

06ecnetJ1IBaeTC.sI BBe,n;eHIIeM ,ll;OIIOJIHIITeJibHOro CIIIIpaJibHOro MYJibTIIIIOJibHOro IIOJI.11, 

aHaJIOrII'lHOro IIOJIIO CTeJIJiapampa. Qen1, pa3pa6oTKII TaKHX ycTaHOBOK - nony-qeHIIe 

IIHTeHCIIBHhlX 3JieKTpOHHhlX IIYtJKOB ( C TOKOM HeCKOJlbKO KIIJIOaMIIep) C 3Heprneil: 

HeCKOJibKO ,n;eC.sITKOB M3B. 

Y CKOp.sIIOma.si: CIICTeMa MO,D;IIq>IIU:IIpOBaHHOro 6eTaTpOHa OCHOBaHa Ha TOM )Ke 

IIpHHU:IIIIe, 'ITO II B KJiaCCII'leCKOM 6eTaTpOHe - BIIXpeaoe 3JieKTpH'leCKOe none 

C03,n;aeTC.sI nepeMeHHbIM BO BpeMeHII IIOTOKOM MarHIITHOro IIOJI.11, IIpOHII3hlBaIOmHM 

op6IITy. 

IlplI npoeKTIIpOBaHIIII cymeCTBOBaBIIIHX YCTaHOBOK )];JUI IICCJie,n;oBaHII.11 

YCTOH'llIBOCTII ,ll;BII)KeHII.11 'laCTHU:hl B a3HMYTaJibHO-CIIMMeTplI'lHOM 

MO,D;IIq>IIu;IIpOBaHHOM 6eTaTpOHe aHaJIH31IpOBaJIHCb ypaBHeHII.11 ,ll;BII)KeHII.11 'laCTIID;bl B 

IIplICYTCTBIIII TOpOII,n;aJibHOro Ba II Heo,n;Hopo,n;Horo IIOBOpOTHOro B z MarHIITHhlX 

IIOJieil: II co6CTBeHHhlX IIOJieil: IIHTeHCIIBHOro 3JieKTpOHHOro IIYtJKa. PerneHIIe 3TIIX 

ypaBHeHHH, C YtJeTOM IIpOCTpaHCTBeHHOro 3ap.si:,n;a, IIMeeT ,ll;OBOJlbHO rp0M03,ll;KHH BII,n;. 

B 0,D;HO'iaCTII'lHOM IIpH6JimKeHIIII aHaJIII3 3Ha'lHTeJibHO ynpomaeTc.si:, II IIPII MaJIOH 

3Heprn1I -qacrnu;, IIJIII 60JibIIIOH BeJIII'llIHe npo,n;OJibHOro IIOIDI, CIICTeMa ypaaHeHIIH 

,ll;BII)KeHIDI IIMeeT 'leTblpe co6cTBeHHhlX 3HatJeHIDI, II ace OHII 'llICTO MHIIMhle II 

IIp1I6JIII)KeHHO 
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paBHbI: 

i 
1 ~+-, 

"1,2 ~ - PL 
ipL~•n i=-f::i. 

A 4 ~ ± R2 ' 3, 0 

3'AeCb PL - napMopoBCKHfi pMttyc, R0 - pMHYC TOpa, n - rroKa:mTeJib crrMa 

IIOBOpOTHOro MarHIITHOro IIOJUI. Tiepmur rrapa co6crneHHblX q11ceJI COOTBeTcTByeT 

6bICTpOMY (napMOpOBCKOMY) BpameHHIO qacTIIIIbl BOKpyr CilJIOBOll JIIlHIIIl 

rrpO'AOJlbHOro rrom1, 'ABa 'APyrHX - Me'AJieHHOMY BpameHIIIO rryqKa KaK 11enoro. 11acTOTa 

napMOpOBCKOro Bpa111eHm1, KaK rrpaBIIJIO, HaMHOro rrpeBOCXO'AIIT qacTOTY Me'AJieHHOro 

Bpa111eHm1: 

O)L = £ >> OJ,low = {3c • 1,1,3 41 · 
2npL 2n · 

AHanomqHblll 3cpcpeKT cpoKyCIIpOBKil MO)KeT 6bITb 'AOCTilrHYT BBe'AeHIIeM 

MYJibTIIIIOJibHOro CIIIIpaJibHOro rrom,, rrpH 3TOM CIIIlpaJibHa.11 o6MOTKa 3aHHMaeT Beeb 

rrep11MeTp ycKop11Ten.11. 

Tipe11My111ecTBOM IICIIOJib30BaHH.II IIPO'AOJlbHOro MarHIITHOro IIOJI.11 .IIBJUIIOTC.11 

YBeJinqeH11e rrpe'AeJibHOro TOKa II BpeMeHII )1{113HH rryqKa, T.K. o6a 3TH rrapaMerpa 

CYIIIeCTBeHHO 3aBIIC.IIT OT )Kt::CTKOCTil cpoKyCIIpOBKil ycKopttTemr. 

HecKOJlbKO ycTaHOBOK TIIIIa MO'AilqJIIIIHPOBaHHblll 6eTaTpOH 6bIJIII C03'AaHhl II 

3KCrrepIIMeHTaJibHO IICCJie'AOBaHbl B CIIIA B cepe'AIIHe 80-x, Haqane 90-x ro'AOB 

rrpomnoro BeKa. H11 Ha O'AHOll 113 3TIIX ycTaHOBOK He 6bIJIIl IIOJiyqeHbl rrpoeKTHbie 

rrapaMeTpbl rryqKa, II 3KCIIepttMeHTaJibHbie IICCJie'AOBaHII.11 Ha 3THX ycTaHOBKax 6bIJIII 

rrpeKpameHbl B cepe'AHHe 90-x rQ'AOB. OcHOBHbIMil rrpnqnHaMII Hey'Aaq 6bIJIIl 

CJIO)KHOCTb cxeMhl IIH)KeKIIIIII rryqKa B IIPO'AOJlbHOe IIOJie II pe30HaHCbl, CB.113aHHbie C 

napMOpOBCKIIM BpameHHeM 3JieKTpOHOB, KOTOpbie rrpHBO'AilJIIl K r116eJIH rryqKa Ha 

BbICOKIIX 3HeprIIHX. 

C 11eJiblO 113yqeHII.II B03MO)KH0CTefi rrpIIMeHeHIIH MO'AllqJIIIIIIPOBaHHOro 

6eTaTpOHa 'AIDI reHepa111111 II0311TpOHII.II Il aHTHBO'AOPO'Aa, a TaK)Ke 'AJl.11 3JieKTpOHHOro 

oxn~eH11.11 1111pKyn11pYIQIIIHM rryqKoM, B 0115111 6hlJI C03'AaH HaKorr11reJib LEPTA 

(Low Energy Particle Toroidal Accumulator), cpn311qecK11fi rrycK KoToporo c 

IIHPKYJIHPYIOIIIHM 3JieKTpOHHblM rryqKOM 6bIJI ocymecTBJieH B ceHTH6pe 2004 r. 
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3TOT HaKOIIHTeJib IIMeeT CeKIIHOHHpOBaHHYIO CTpYKTYPY n rrpe'ACTaBJUieT co6ofi 

KOJibIIeBYIO CHCTeMy COJieHO~OB, IIOMemeHHbIX B 06111nil: MarHIITHhlll 3KpaH, 

COCTO.IIIIIYIO H3 'AByx TOpO~aJibHbIX H 'AByx rrp.llMOJIIIHeil:HbIX ceK1111il:, C pa3MeIIIeHHOll 

BHyTpH BaKYYMHOll KaMepoil:. KopoTKaH CIIIlpaJibHaH o6MOTKa KBMpyrroJibHOro IIOJUI 

rrpncyrcrnyeT JIHillb Ha He6onbmoM yqacTKe op6HTbI H pacrronaraeTc.11 B O'AHOM H3 

rrp.llMOJIHHellHbIX COJieHO~OB. Tipo6JieMa HH)KeKIIHH rryqKa B HaKOIIHTeJib pemeHa 3a 

cqeT HCIIOJib30BaHHH ceIIryMHblX o6MOTOK CIIeIIHaJibHOll KOHCTpYKIIIIH H 

3JieKTpHqecKoro KHKepa. ,[(JUI COBMemeHHH H pa3Be'AeHH.11 3JieKTpOHHoro H 

II03HTpOHHOrO rryqKOB HCIIOJib3yeTC.II 11eHrpo6e)l{Hhlll 'Apeil:cp 3JieKTpOHOB Ha 

TOpO~aJibHhlX yqacTKax HaKOIIIITemr, qTO TaK)Ke .IIBJUieTC.11 opIIrIIHaJibHOll qepToil: 

'AaHHOro rrpoeKTa. MO'AHqJHIIHpOBaHHhlll 6eTaTpOH 01151I1 rrpe'AIIOJiaraeTC.11 

IICIIOJib30BaTb B 'AByx BapHaHTax. TiepBbill - Hff'AYKIIHOHHOe ycKopeHHe 3JieKTpOHOB 'AO 

3HepmII B HeCKOJibKO M3B 'AJU{ CHCTeMbl 3JieKTpOHHoro OXJI~eHH.11 C 

IIHPKYJIHPYIOIIIHM 3JieKTpOHHbIM rryqKoM. 3ToT rrpoeKT HOCIIT Ha3BaHHe MOBY 

(MOdified Betatron prototYpe). BTOpoii Bap11aHT - HaKorrneHne 6e3 ycKopeHn.11 

1111pKynnpYIQmero rryqKa rro3HTpOHOB c 3Heprneil: 'AO 10 K3B c 3JieKTpOHHbIM 

oxn~eHneM II03HTpOHOB - LEPTA. ,[(JUI reHepa11n11 II03HTpOHH.II BennqnHa 

rrpO'AOJibHOrO MarHHTHOro IIOJUI orrpe'AeJUieTC.11 113 rpe6oBaHHll COBMeIIIeHHH 

IIIIPKYJIHPyIOIIIero II03HTpOHHOro rryqKa H O'AHOIIponernoro 3JieKTpOHHoro H 

COCTaBJUieT 400 fc IIpH 3HepmH II03IlTpOHOB 10 K3B. 
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Ta6m1ua 1. IlpoeKTHbie napaMeTpbI ycTaH0BKII MOBY/LEPTA. 

IIapaJUCTPhl KOJlbU:a MOBY LEPTA 
IlepIIMeTp, M 17,17 
Ilpo,nom,Hoe MarHIITHoe norre, re 1000 400 
Pa,nIIyc T0P0II.n0B, M. 1,45 
Ilonepe,rnoe MarHIITHoe norre a TopoII,nax, re 2,4----+124 2,4 
,ll;JIIIHa CilllpaJibH0ro KBa,npyrrom1, M 1,6 
II qllCJI0 maroa ero CilllPaJill 2 
rpa,nIIeHT KBa,npyrr0JibH0ro MarHIITH0r0 Il0JUI, re/CM 10-20 
)];aarreHIIe ocTaTOqHoro ra:m, Topp 10-10 

IlapaMeTpbl :meKTp0HH0ro nyqKa 

3Heprm1, K3B 10--+ 4360 10 
ToK,A 0,1 0,5 
Pa.nIIYC3JieKTP0HHOronyqKa,CM I 

IlapaMeTPbI Il03IITp0HH0ro nyqKa 

3Heprm1, K3B - 10 
1-IIIcrro qacTIIU - 1-109 

Pa,nIIyc nyqKa, CM - 0,5 , 

PIIc. I. O6mIIil: BII.n HaKonIITem1 LEPTA a 3KCrrepIIMeHTaJibH0M 3arre. 
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rJ1asa 2 nocaxmeHa 0illlcamno MeTO,nmrn npoeKTIIpoaamra <pOKYCIIpyIOmIIX 

CHCTeM HaK0ilIITeJieil: C npo,n0JlbHhlM MarHIITHblM norreM. Tipe,nCTaBJieHa cxeMa pacqern 

K03<p<pnn;neHTOB MaTpIIU npeo6pa30BaHJUI. ,ll;aH o63op MaTpllqHhlX MeTO,n0B aHarrma 

ycroil:quaocm ,nBIDKeHJUI n pacqern CTpYKTYPHhlX <pyttKUnil:, 0illlCaHa MeT0,nHKa 

aHaJill3a ,nHllaMHKH qacmn; B HaK0illlTeJie C npo,n0JlbHhlM MarHIITHhlM norreM. 

B 3TOH rrraae paCCM0TpeHhl MaTpH[{hl npeo6pa30BaHJUI, Il0Jl}"IeHHhle ,nJUI acex 

3JieMeHTOB <pOKYCnpyromeil: CTpYKTYPhl HaK0ilIITeJlll C npo,n0JibHhlM MarHIITHhlM 

norreM: DpllMOJlllHeil:mu1 CeKn;JUI C npo,n0JlbHhlM MarHIITHhlM norreM, T0p0II,naJlbHaJI 

ceKD;JUI C npo,n0JlbHhlM H nonepeqtthlM (noaopOTHhlM) MarHIITHhlMH Il0JUIMII, 

rop0II,naJlbHaJI CeKn;JUI C ,nonomrnTeJibHhlM cnIIpaJibHhlM KBa,npyrroJibHhlM norreM, 

DpllMOJIHHeil:Hrur CCKD;JUI C npo,n0JlbHhlM MarHIITHhlM norreM H ,nonoJIHHTCJibHbIM 

CUIIpallbHhlM KBa.npyrr0JibHhlM norreM. 

B CCKn;llOHIIpOBaHHOH CTpYKTYPC BII,n ypaBHCHIIH ,nBH)KCHJUI pa3JlllqeH B 

pa3HhlX onmqecKIIX 3JieMeHTaX, II llCCJie)loBaHHe ,nIIHaMIIKH uerrecoo6pa3HO 

npoB0,nHTb C HCil0Jlb30BaHHeM MaTpHqHoro q>OpMaJIH3Ma. AuaJlll3 YCTOHqffBOCm 

,nBIDKCHJUI, a TaK)KC pacqeT ,nHcnepCII0HHhlX <pyuKUIIil: K0JlbU:a np0B0,nHTCH B 3TOM 

CJl}"Iae Il0JIH0CThIO aHaJI0I1I'IH0 aHaJill3y )KCCTKO<pOKYCIIPYJOIUHX HaKOilHTeJieil:. ,lJ;JUI 

MaTpIIn;hl npeo6pa30BaHJUI . HaK0illlTeJUI 0illlCaHhl MeT0,nhl aHaJill3a ycTOHqffBOCm 

,naIDKeHJUI qacmn: n pacqern ,nHcnepcII0HHhlX <pyuKUIIil:. 

B npHCJTCTBHH npo,n0JlbH0ro MarHIITH0ro Il0JUI ,nBH)KCHHe qaCTHn;, B QTJlllqllC 

OT 06hlqffhlX )KCCTKO<pOKYCHPYJOIUIIX ycK0pIITerreil:, HBJUICTCH CBH3aHHhlM B 

ropII30HTaJlbH0H H aepmKallbHOH IlJI0CK0CTHX. B pa6oTe Il0Ka3aH0, KaK ,nJUI pacqern 

HHBapHaHTOB ,nBIDKCHIDI qacmn;hl H CTpYKTYPHhlX <pyuKD;IIH HaK0ilIITeJUI npII 

CBH3aHH0M ,nBIDKCHHll crre.nyeT npHMCIDITb 0,nHII H3 ,nayx ll3BCCTHhlX MeTO,n0B - MeT0,n 

3,naap,nca-Teura, Jlll60 MeTO~ Hax0)K,nCHIDI co6cTBeHHhlX BCKT0p0B MaTpll[{hl 

nepexo~a, 3ailllCaHHOH ,nJUI KaHQUHqCCKH CQDpjJ)KCUHhlX nepeMeHHhlX. IlpIIBe~eH 

o63op MeTO~0B pacqeTa CTpYJITYPHhlX <pyttKUnil: HaK0illlTeJlll c )KCCTK0H CBH3bl0 

rrorrepeqffhlX crerreueil: cao6o,nhl. 

BaII,ny crren;Hq>HKH 3JieMeHToB onmqecKoil: CTpYKTYPhl MO~H<pIIUIIPOBauuoro 

6eTaTpOHa HII 0,nHa m cymeCTByIOIUHX a uacroxmee BpeMH K0MllbIOTepHhlX nporpaMM, 
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T{}l!Jl:llIJ;HOHHO 11crrom,3yeMbIX ,D;IDI rrpoeKrnpoBaHH.11 YCKOpHTerreil:, He II03BOIDieT 

HCCJie,n;oBaTb BOIIpOChl, CB.113aHHbie C 3BOJIIOIJ;Heil: rrapaMeT{JOB rryqKa B TaKHX 

ycTaHOBKax. IIo:noMy ,D;IDI lJHCJieHHOro MO,n;err11poBaHH.ll ,D;HHaMHKll lJaCTHU B 

HaKOIIHTeJI.IIX co CB.113aHHbIM ,D;BIDKeHJieM B 0115111 6bma pa3pa6oTaHa CIICIJ;HaJibHa.11 

rrporpaMMa BETATRON. IlporpaMMa rrpomno.n;HT aHaJIH3 ycrnil:tJHBocrn .n;nmKeHll.11 

UHpKyrr11pyioIIJ;ero rryqKa H CT{}OHT .n;11arpaMMY ycTOil:lJHBOCTH ,D;BH)KeHH.11 lJacrnu 

(p11c.2), pacctJHThlBaeT CTPYKTYPHbie q>YHKUHH HaKOIIHTeIDI, KpHTIItJecKyio :rneprmo, 

II03BOIDieT 01.l;CHHTh KYJIOHOBCKHH C,D;BHr lJaCTOT KOJie6aHHil:, OCyIIJ;CCTBIDieT 

T{}aeKTOpHblli aHaJIH3 H paCClJHTbIBaeT rrapaMeT{}bl rrpoeKIJ;Hll T{}aeKTOpHH lJaCTHIJ;hl Ha 

rrorrepelJHhle q>a30Bble IIJIOCKOCTH. KpoMe Toro, rrporpaMMa II03BOIDieT OIJ;eHHTh 

MeTO,D;OM ycpe.n;HeHH.11 rrmpHHy II MOIIJ;HOCTb HeKOTOpbIX HeJIHHeil:HbIX (2-ro 11 3-ro 

rrop.11,D;KOB) pe30HaHCOB. 

ca 
!:! 

"' q 
0 -

t c­
a, 
:z: 
(') 

"' "l 
(l) 

Stability Diagram 
I I /i 111 >0.1 
! ! ,,,. I i I <0.1 

I I . l.,f" 11 I <0.01 

~--- - - -~ - -- - -t- -- - - -+,.,'f---f- - --i-+-f- :~:~~~1 
-,-,- - - .r ; i ' i <1 E-5 

,.,- 1 · <1E-6 

-- ! ~~ 
'""' .... i I <1E-B --~- ~ ~~ 

l'"I' 
~ I 

;., 

~..... :.·: :.::, ,~ ,:,::' .. 
I .. .., c-L---- ~ f

1p II■. 

.,,,.;"""'"--_J I I 1
:~ ' '' I • 

10 14 18 22 26 30 •. i TI 
rpaAHeHT, rc/cM 1Li I )~ H+ 

P11c. 2. IlpIIMep .n;11arpaMMhl ycTOil:'IIIBOCTII ,D;BII)KeHII.11 'IaCTHIJ;. Crrpana IIOKa3aH 

yKpyrrHeHHhlli q>parMCHT, II03BOIDIIOIIJ;IIH 01.l;CHIITb rrmpHHY II MOIIJ;HOCTb pe30HaHCOB. 

CxeMa pac'IeTa ,D;IIHaMIIKII lJacrnu, OCHOBaHHOro Ha MaT{JII'IHOM MeTO,n;e 

KaHOHHlJeCKH corrp.11)KeHHhlX rrepeMeHHhlX, BKJIIO'IaeT n ce6.11 IIOCT{}OeHIIe OIITII'IeCKOH 

CTPYKTYPhI 113 qioKycIIpYJOIUIIX ::meMeHTOB c rrpo.n;orrbHbIM MarHIITHhlM rrorreM. IlpII 

3TOM orrpe,n;eJI.IIIOTC.11 rrapaMeT{}hl Ka)K,D;Oro ::irreMeHTa (reoMeT{JIItJecKIIe pa3Mephl, 

IO 

MarHIITHOe rrorre II .n;p.). Ha IIX OCHOBe q>OpMnpyeTC.11 MaT{}HIJ;a rrpeo6pa30BaHII.ll BCeil: 

CTPYKTYPhl H npOH3B0,D;HTC.ll paClJeT co6CTBeHHblX 'IIICeJI 3TOil: MaT{}HIJ;hl, a TaK)Ke 

.n;ncrrepCIIOHHbIX 4>YHKUHil:, .z:t:am,Heil:rrmil: T{}aeKTOpHblil: aHaJIH3 rrpeo6pa30BaHHhlX 

co6CTBeHHhlX BeKTopoB II03BOIDleT paCClJllThlBaTh B mo6oii TO'IKC HaKOIIHTeIDI 

CT{}YKrypHbie q>YffKIJ;HH H rrapaMCT{}hl cornacoBaHHOro rryqKa B q>a30BOM 

npOCT{}aHCTBe. J1:HarpaMMa YCT0H'IIIBOCTII CT{}OHTC.11 n KOOp,D;HHaTax "3Heprn.11 -

rpa,n:IIeHT KBa,n:pyrrom,Hoii CnIIpaJibHOH JIHH3hl", IlOCKOJibKY HMeHHO 3TH rrapaMeT{Jbl 

.IIBJI.IIIOTC.11 onpe.n;eJI.IIIOIIJ;HMH ,D;IDI YCTOlilJHBOro ,D;BII)KCHII.11 lJaCTHIJ;. TaKa.11 ,D;HarpaMMa 

Il03B0IDleT IICCJie,D;0BaTh Il0JIO)KeHHe pa6o'Ieii TOlJKII npH ycKopeHHH H q>IIKCHpoBaHHOM 

3H.alJeHIIH IIpO,D;0JibH0ro MarHHTHoro IlOIDI. 

TpeTLB rnaea co.n;ep)KIIT q>H3II'IeCKOe o6oCHOBaHIIe 0CH0BHbIX rrapaMeT{}OB 

HaKOilllTeJI.11 LEPTA. IlpHBO,D;.IITC.11 oueHKH ::iqiqieKToB cornaconaHu.11 IIH)KeKIJ;IIH u 

,D;Hq>q>Y3HOHHblX npoueccoB, BJIH.llIOIIJ;IIX Ha ·npeM.11 )KH3HH rryqKa. IlpHBe,n;eHbl 

pe3yJThTaThl paClJeTOB ,D;HHaMHKll rryqKa H 0IITIIMll3aIJ;HII CT{}YKTypHbIX H 

.n;ncnepcnoHHhlX <l>YHKUllll HaK0nHTeIDI. 

OCHOBHOe Ha3HalJeHIIe YCTaH0BKll - :meKT{}OHHOe OXJIIDK.tieHIIe II03HT{JOHOB II 

reHepauH.11 HHTeHCHBHbIX Il0T0KOB aTOMOB II03HT{}OHH.ll. B 3TOM pe)KHMe 3Hepr11.11 

UHPKYJIHPYJOIIJ;ero Il03HT{}0HHOro IIyqKa IlOCTO.IIHHa H C0CTaBJI.lleT rrpHMepHo 10 K3B, a 

ero HHTeHCHBHOCTI,, onpe.n;eJI.11eMa.11 B03M0)KH0CT.IIMH HH)KeKTopa Ha 6a3e 

pa,n:H0aKTIIBH0ro HCTOlJHHKa, He npeBhlmaeT 50 MKA. IlpoeKTHa.11 BeJIHlJHHa 

npo,D;0JThH0ro MarHHTHoro Il0JI.11 B 3T0M pe)KHMe pa6oTbl C0CTaBIDICT 400 re, 'ITO 

COOTBeTCTBye-r 6onee lJeM 300 maroB JiapM0pOBCKOH CIIHparrn II03HT{}OH0B Ha 

nepHMCT{}e HaK0ilHTeJI.11. MO)KHO 0)KH,D;aTh, lJTO pe30HaHChl CTOJib BhlCOKOro nop.11.n;Ka He 

6y.n;yT CyIIJ;CCTBeHH0 BJIH.llTh Ha Ka'ICCTBO nyqKa. J1:IDI 3q>q>CKTHBHOro 3JieKT{JOHHOro 

OXJia)K,D;eHH.11 yrJIOB0H pa36poc cornacoBaHHOro Il03HT{JOHHOro nyqKa He ,D;OJI)KCH 

npeBLIIUaTh HeCK0JThK0 MHJIJIHpa,n:HaH. Ha116onee cepbC3HbIM T{}C6oBaHHeM K 

HaK0ilHTeJIIO B 3TOM pe)KHMe .IIBIDleTC.11 o6ecne'IeHHe 60JibillOro BpeMeHH )Kll3HH 

UHPKYJIHPYIOIIJ;IIX Il03HT{}0H0B, lJTO npH HH3K0H 3HCprHH .IIBIDICTC.11 cepbC3HOil: 

npo6JieMOH. OcHOBHbIMH IJ;CJI.IIMH IIpH pa3pa6oTKe <l>H3HlJCCKOro npoeKTa .IIBIDIJIHCb: 
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OITTllMU3aQUH rrapaMe-rpoB IT03llTJ)OHHOro II)"IKa B ceKQllll OXJI~eHHH ~llil 

o6ecrreqeHUH 3<p<peKTllBHOro 3JieK-rpOHHOro OXJialK,D;eHUH ll llHTeHCllBHOll 

peKOM6UHaQllll 3JieKTJ)OHOB ll IT03llTJ)OHOB ll orrpe~eJieHue -rpe6oBaHllll K rrapaMe-rpaM 

ycTaHOBKll, orpaHuqUBaIOJUllM BpeMH )Kll3Hll II)"IKa. C 3TOll )Ke uem,IO -rpe6yIDTCH 

MaJihlll rrorrepeqHhlll pa3Mep rryqKa ll MllHllMaJibHhlll 3KCUeH-rpllCHTeT rrorrepeqHoro 

ceqeHHH, qro ~OCTuraeTCH MllHllMll3auueii 3HaqeHllll ~ucrrepCHOHHhlX <pYHKUllll ll 

6em- 11 aJib<pa•<pYHKUHii. 

CrrupanbHM KBMpyrroJibHM o6MOTKa C MHa6aT11qecKUM ll3MeHeHueM 

rpMHeHTa ITOIDI Ha BXO~e ll BbIXO~e pa3MemaeTCH BHY'fPll COJieHOH~a ceKQllll 

OXJI~eHUH. O6MOTKa, COCTaBIDIIOIUM ~Ba ruara crrupan11, llMeeT ~JillHY 1.6 M. Ilpu 

rrpoeKTHhlX rrapaMe-rpax HaKorr11TeJIH LEPTA ( m6n. 1) ycTOiiq11Boe ~BU)KeHue 

uupKynupYIQmero rryqKa o6ecrrequBaeTcH rrp11 rp~eHTe KBMpyrroIDI crrupanbHoro 

ITOIDI 10-15 fc/cM. Ilpu 3TOM 6em-rpOHHOe qucno, COOTBeTCTByIDIUee Me~JieHHOll MO~e 

KOJie6aHllll, HMeeT 3HaqeHue 0.3-0.4. EeTa-rpoHHOe qucno, COOTBeTCTByIDmee 

napMOpOBCKOll MO~e KOJie6aHllll, Jie)KHT B llHTepBane Me)KJ];y 343-M u 344-M uenhlMll 

pe30HaHCaMll ll cna6o 3aBHCllT OT BenuquHbI rpMUeHTa CITllpaJibHOro ITOIDI. CaMll 

pe30HaHChl napMOpOBCKOll MO~bl UMeIOT oqeHb BhlCOKllll rropMOK ll rroqr11 He3aMeTHbI 

Ha ~11arpaMMe ycTOiiqHBOCTll (puc. 2). I13MeHeHHeM TOKa CITllpaJibHOll KBMpyrroJibHOll 

o6MOTKll MO)KHO ~OCTaTQqHo rrpocTO perynupoBaTb ITOJIO)KeHue pa6oqeii TQqKH 

HaKOITHTeIDI. 

B cnyqae, Kor~a q11cno ruaroB crrupanbHOH HaMOTKH KBMpyrroIDI Heuenoe, H3 

aHaJIU3a Ma-rpHUhl rrpeo6pa30BaHUH HaKOITUTeIDI Ha ycTOiiqllBOCTb cne~yeT, qTQ B 

paiioHe MaJihlX 3HaqeHllll rpMHeHTa ~Bll)KeHue qaCTUUbI 6y~eT HeycToiiquBo, ll 

o6nacTb ycToiiquBOCTll COKpamaeTCH. Tpe6oBaHUH K rrorpeIIIHOCTHM reoMe-rpllll 

KBMPYITOJibHOll o6MOTKll orrpe~eJIHIOTCH Heo6xo~MhlM pa3MepoM o6naCTll 

ycToiiqllBOCTll. 

C rroMOJUbIO rrporpaMMhl BET A TRON 6hlJill paccqHTaHhl C'fPYKTYPHhle 

<pYHKUllll ~ o6eHX MO~ KOJie6aHUll. 3HaqeHHH C'fPYKTYPHhlX 6em-qiyHKUllll, 

rronyqeHHhle B pe3yJibTaTe OITTllMll3auuu: 6em-<pyHKUllll B BepTUKaJibHOll ll 

ropll30HTaJibHOll ITJIOCKOCTHX COCTaBJIHIOT ITOPMKa 0.5 CM, ~11crrepCHOHHhle qJYHKUllll 
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UMeIOT 3HaqeHUH OKOJIO 6 CM ropU30HTaJibHM ll -2 CM BepTHKaJibHM, qTo IT03B0JlllT 

o6ecrrequTb Heo6xo~HMbie rrapaMe-rphl rryqKa B ceKuuu oxnalK,D;eHUH. 

YrnoBoii ·pa36poc u pMuyc cornacoBaHHoro uupKynupyIDmero rryqKa 

orrpe~eIDIIOTCH B OCHOBHOM rpMUeHTOM crrupaJibHOll KBMpyrroJibHOll o6MOTKll. 

qllCJieHHOe MO~enupoBaHue rrpOBO~llJIOCb ~llil ~Byx BapuaHTOB KBMPYITOJibHOll 

o6MOTKU: co CKaqKoo6pa3HbIM ll3MeHeHueM rpMHeHTa Ha BXO~e ll Ha BhlXO~e ll C 

MHa6aT11qeCKllM ll3MeHeHHeM. Pe3yJibTaThl pacqeTOB ~aIOT BepXHIOIO oueHKY ~llil 

yrnoBoro pa36poca B uupKynupyIDmeM rryqKe. Q)K~aeMhlii yrnoBoii pa36poc B rryqKe 

B cnyqae pe3KOro ll3MeHeHUH rpMUeHTa He rrpeBbIIIIaeT 50 MllJIJillPMllaH. .ll:IDI 

KBMPYITOJibHOll o6MOTKll c MHa6aTuqecKll MeHHIOIUllMCH rpMUeHTOM rrpoucxo~UT 

YMeHbIIIeHHe pacqeTHOro yrnoBoro pa36poca rryqKa ~o HeCKOJibKllX MllJIJillPMllaH. 

K OCHOBHbIM rrapaMe-rpaM HaKOITHTeJIH, BJIUHIOIUUM Ha BpeMH )Kll3Hll, 

OTHOCHTCH: arrepTypa BaKyyMHOll KaMephl, BemfquHa HeO~HOpO~HOCTll MarHUTHOro 

ITOIDI, xapaKTepHM ~JIHHa B03MymeHUH ITOIDI B MeCTaX CTbIKOBKll OITTuqecKHX 

3JieMeHTOB, BaKYYMHbie ycJIOBllH. A TaK)Ke KOHC'fPYKTllBHbie oco6eHHOCTll 

CITllpaJibHOrO KBMpyrrOJIH, KaK KJIIOqeBoro 3JieMeHTa, o6ecrrequBaIOIUero ycToiiquBoe 

~Bll)KeHHe qacTUU - ~JlllHhl o6nacTeii HapaCTaHllH u CITMa rpMHeHTa ITOIDI, ITOJIHOe 

q11cno ruaroB crrupanu, Ben11quHa rpMHeHTa rroIDI. 

AHaJill3 ~Bll)KeHUH qacTHU B HaKOITHTeJie ITOKa3bIBaeT, qTo 3KCQeH-rpllCUTeT ll 

yron rroBopoTa 3JIJiurrca rrorrepeqHoro ceqeHUH cornacoBaHHOro rryqKa B ToqKe 

llH)KeKQllll 3aBUCHT OT BeJIUqllHbI rpMHeHTa MarHUTHOro ITOIDI B KBMPYITOJibHOll JlllH3e 

ll OT HarrpaBJieHHH TOKa B o6MOTKe KBMPYITOJibHOll JlllH3bI. B pacqemx 6hlJIO 

ITOKa3aHO, qro rrpll O~HOll ITOIDipHOCTll TOKa B KBMpyrrone (6y~eM cquTaTb 3TO 

HarrpaBJieHHe "rroJIO)KllTeJibHbIM") ll ~OCTaTOqHo 60JibIIIOM rpMUeHTe, BepTHKaJibHblll 

pa3Mep rrorrepeqHoro ceqeHuH rryqKa 6onbrue ropu3oHTaJibHOro. Ilpu 

rrpOTllBOITOJIO)KHOll IlOIDipHOCTll (HarrpasneHue "o-rpuuaTeJibHOe") COOTHOIIIeHHe 

pa3MepoB o6paTHOe, T.e B O~HOM H3 3TllX cnyqaeB qacTb rryqKa MO)KeT BhlXO~HTb 3a 

arrepTYPY, H BpeMH )Kll3HH rrp11 3TOM 6y~eT OrpaHuqeHO rrapaMe-rpaMll cornacOBaHHH B 

TOqKe llH)KeKUHH. AHanornqHo, IlOBOpOT KBMpyrroIDI BOKpyr ero OCH corrpOBOlK,D;aeTCH 

ITOBOpOTOM oceii 3JIJIHITCa nonepeqHoro cetJeHHH II)"IKa, qTO TaK)Ke MO)KeT rrpHBO~HTh 

K CHll)KeHHIO BpeMeHH )KlJ3Hll H3-3a arrepTYPHhlX orpaH11qeHllll. Il03TOMY ~ 
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OIITIIMH3filUIH IIOJIOJKeHJUI KBa,LlpyrroruI, B KOHClp)'lmHH HaKOIIHTeruI Heo6XO.l{HMO 

rrpe.zzyCMOlpeTb BO3MOJKHOCTI, ero MeXaHH'leCKOro rrpoBopoTa Ha yron ± ,r / 2 C 

TO'IHOCThIO ~ 150. 

fJiaBHbIMil 
11
O.l{HO1Iacm1IHI,IMH

11 
3<p<peKTaMH, orrpe,l{eruIIOmHMH ,l{JIHTeJILHOCTh 

BpeMeHH JKH3HH qacml{bl B creJIJialpOHe, HBruIIOTCH ee pacceHHHe Ha aTOMax 

OCTaTO"IHOro ra3a H B3aHMO.l{eii:CTBHe C HeH.l{eaJibHOH MarHHTHOii: CHCTeMoii:. 

IlpH oueHKe 3<p<peKTa pacce»HHH qacmu Ha aroMax ocmrotJHoro raJa 

Heo6xo.l{HMO )"IHThlBaTh O.l{HOKpamoe yrrpyroe pacce»:HHe - "ITO B cnyqae HaKoIIHreruI 

LEPTA .l{aeT 3HatJeHHe BpeMeHH JKH3HH Ha HeCKOJibKO rropH.l{KOB 6onLmee ( OT 102 
.l{O 

104 
pa3), tJeM B o6bltJHbIX JKeCTKO-!pOK)'CHpyiomnx HaKOIIHTeJIHX H3-3a 60JibWOro 

"arreprypHoro yrna" - .l{O 1t/2. A TaKJKe .l{H<p<pYJHOHHblii: yxo.l{ qacmu Ha arreprypy H3-

3a HX MHOroKpamoro paccemHH Ha OCTaTO"IHOM ra3e. BpeMH JKH3HH qacml{bl B 

IIOCJie,l{HeM cnyqae yqeTa pacce»:HHH rrporropUHOHaJibHO: 

✓Eb2 
• w,cuum ex; -p--Bt' (1) 

r.l{e E - 3HeprHH, b - MHHHMaJibHblii: pa.z:1Hyc arrepTYPbI, P - .l{aBJieHHe ocTaTOtJHoro 

raJa, Bo - MarnHmoe none. 

ECJIH 3a O,l{HH o6opoT B HaKOIIHTeJie qacmua rrpOXO.l{HT No B03MfmeHHii: 

MarnHmoro ITO.JUI rrpOTHJKeHHOCThIO t<J} C MaKCHMaJILHbIM BO3MfmeHHeM M; K~Oe 

Il3 HHX, TO BpeMH JKH3HH •O BO3paCTaeT C pOCTOM ITO.JUI Il .l{JIHHbl BO3MfmeHHH Lo H 

IIa,LlaeT C pOCTOM 3HeprnH qacmu £ KaK 

•n ex: exp{ ~-eBL8 } b: _!'__-Ji ·(M)-2 

'J~ L8 Nb B0 

(2) 

3.l{eCb T- rrepHO.l{ o6pameHHH qacml{bl. TaKHM o6pa30M, 3aBHCHMOCTb BpeMeHH JKH3HH 

OT 3HeprnH 3JieKlpOHOB HMeeT pe3KO HeJIHHeii:Hblli xapaKTep: T 8 pe3KO CIIa,LlaeT, KOr,l{a 

BeJIH'IHHa napMopoBcKoro pa.z:1eyca cpaBHHMa c .l{JIHHoii: BO3MymeHHH: PL (E) ➔ L8 • 

14 

3aBHCHMOCTh BpeMeHH JKH3HH OT .l{H!p<pY3HOHHbIX 3<p<peKTOB MOJKeT 6b1Tb 

oueHeHa CJie.l{yIO~HM Bbipa:m:eHHeM: 

( )

-1 
1 1 

•tifi = -+---
' e t B tvacuum 

Ha pnc.3 IIOClpOeHbl COOTBeTCTB)'IOII(IIe pactJeTHble 3aBIICIIMOCTII .l{ruI 

HaKOIIHTeruI co CJie.l{yIOIIt:HMII rrapaMelpaMH: 6 OIITH"IeCKIIX 3JieMeHTOB, T.e 6 

«CTblKOB», OJKH,l{aeMaH rrpOTHJKeHHOCTh o6JiaCTII BO3Mym:eHHH (CTbIKa) ~ 6 CM, 

aMIIJIHTY.Lla HeO.l{Hopo,LlHOCTeii: MarnHTHoro no.JUI ~BIB = 0.2, 3Hepm»: rryqKa 10 K3B, 

arrepTYPa - 1.35 CM. 
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Pnc.3. Pacqemue 3HatJeHHH BpeMeHH )1(113HH rryqKa rrpH pa3JIH"IHbIX peJKHMax. 

Tpe60BaHHH K TO"IHOCTH OCHOBHbIX rrapaMelpOB HaKOIIIITeruI ,LI.JUI rronyqeHIIH 

ycroii:tJHBOH UHPKY.JUIUHH rryqKa B TetJeHIIe BpeMeHII, ,[lOCTaTO"IHOro ,LI.JUI 3JieKlpOHHOro 

OXJiaJK,[leHHH IIO3IllpOHOB Il reHepal{HII IIO3IllpOHIIH rrpe,LlCTaBJieHbl B Ta6JIHl{e 2. 
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Ta6m1ua 2. Tpe6oBaHIHI K TOqHocm OCHOBHbIX napa.MeTpOB HaKOmITeIDI 

Pa,1u1yc anepryphl ( orpam1qeH yqacTKoM BaKYYMHOii: Ka.Mephl B 2.5 

cenTYMe C MIIHIIMaJII,HbIM ~IIa.MeTpOM), CM 

Heo~Hopo~HOCTb MarnIITHoro noru1, (AB I B), % <s-10·2 

XapaKTepHrui .lOIIIHa B03MYIUemrn noru1 -20 

(cpaBHIIMa C ~IIaMelJ)OM COJieHO~OB) 

,[(aBJieHIIe ocTaTOqHoro raJa, Topp 10·IU 

,[(JIIIHa pocTa II CilMa rpMIIeHTa B KBMpynone, CM 80 (0.5 nepno~a) 

HeuenocTb qncna maroB cnnpann KBMpynOJII,HOii: o6MOTKII, % 10 

fpMHeHT CilIIpaJibHOro KBMpynoru1, fc/cM 15-20 

B 'leTBepTOH rJiaBe npHBO,wITCX pe3yJII,TaThl 3KCnepnMe~HhlX 

IICCJie~oBaHHii: ~IIHaMIIKII UHPKyJIIIpyioiuero 3JieK1J)OHHOro nyqxa B HaKOilIITeJie 

LEPTA. <l>H3nqecKIIii: nycx Haxonnreru1 6hlJI ocyiuecTBJieH B ceHTx6pe 2004 r. 

,[(IIarnocmxa unpxynnpyioiuero nyqxa ocyiuecTBIDleTcx c noMoJ:UI,10 cerMeHTHhlX 

~IIaqiparMaM II ~Byx IlIIKan-CTaHUHii: (BepmKafilHOH II ropH30HTafilHOii). Ilocne 

3aMbIKaHHX op6HThl Ha6JIIO~aeTCx CHrHaJI C IlIIKan-CTaHUHii: OT HeCKOJII,KIIX o6opoTOB 

UIIpxynnpyioiuero nyqxa. Cnrnafill c nnxan-cTaHUHii, cooTBeTCTBYJ:OIUIIe OT~eJII,HhlM 

o6opoTa.M nyqxa, Ha6nro~aroTcx cpa3y nocne BhlKJIIOqeHHH KIIKepa. BKJIIOqeHIIe 

KBMpynoru1 Il03BOIDleT nonyqIITI, ycToiiqnBoe ~BII)KeHHe Ha paBHOBeCHOii op6IITe. 

IlpII COOTBeTCTBYJ:OIUIIX HaClJ)OHKax HH)KeKUHH nyqxa MO)KHO Ha6JIIO~aTb CIIrHaJI 

MeHbmeii a.MilJIHTY~hl n MeHbmeii qacTOThl (pIIc. 4). 3-ra Me,nneHHruI qacTOTa 

COOTBeTCTByeT BpaiueHIIIO nyqxa KaK uenoro OTHOCHTeJII,HO paBHOBeCHOH op6HThl, n 

ee 3HaqeHHe onpe~eIDleTCX rp~eHTOM IlOIDI B KB~ynone. CIIrnafill Me,nneHHOH 

qacTOThl C ~Byx IlJiaCmH IlHKall-CTaHUHII HMeIOT IlpOTIIBOilOJIO)KHYJ:O q>a3y, qro H 

no~TBep~aeT BpaiueHne nyqxa KaK uenoro. 
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t. MKC 

PIIC. 4. Me~JieHHOe BpaiueHIIe nyqxa. QeHa ~eJieHirn ITO ropII30HTaJibHOH OCH 5 MKC, ITO 

BepTIIKaJibHOH - 5 MB. 

3KcITep11MeHTaJibHhle IICCJie~oBaHIIJI ~IIHaMIIKII u11pxyn11pyiomero 

3JieK1J)OHHOrO nyqxa IlOKa3aJIII, qTo ITOJiyneJibIH pe30HaHC Me~JieHHOH MO~bl, 

COOTBeTCTBYJ:OIUIIH BeJIIIq11He rpMIIeHTa CITIIpaJibHOro IIOJIJI 22 fc/cM, rrpIIBO~IIT K 

m6err11 rryqxa. BJIIIJIHIIe pe30HaHCOB 6bIC1J)Oll MO~bl Ha rrapaMeTpbI ITyqxa o6Hap~IITb 

He y~anoci,. 

3KcrrepIIMeHTaJII,HI,Ie II3MepeHIIJI 3aBIICIIMOCTII Qhet OT TOKa KBMPYIIOJIJI 

IIOKa3aJIII, qTO o6rraCTI, ycToiiqIIBOH UIIPKYIDIUIIII rryqxa Jie)KIIT B ITpe~eJiax II3MeHeHIIJI 

TOKa KBMpynorrJI OT 35 ~o 60 A, a 6eTa1J)OHHOe q11crro MeHJieTCJI OT 0.1 ~o 0.47 

(p11c. Sa). 3m II3MepeHIIJI ~aIOT xopomee cornac11e c pacqeTHbIMII KpIIBbIMII, 

rrorryqeHHbIMII npII MO~errIIpOBaHIIII ~IIHaMIIKII qacTIIU B HaKOIIIITerre LEPTA ITPII TeX 

)Ke 3HaqeHIIJIX rrapaMelJ)OB HaKOIIIITeIDI, qTo II B 3KCrrep11MeHTe (p11c. 56). 
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Pnc. 5. 3KcnepnMeHTaJihHhie (a) II pacqeTHbie (6) 3aBIICIIMOCTll 6eTaTPOHHOro qncrra 

OT rpa.nneHTa KBa,npyrromi: (B=310 re, qncrro rnaroB cnnpa.rrn KBa,npyrromi: k=l,8). 

l13MepeHne BpeMeHn )Kll3Hll nyqKa npOII3BO,!l;llJIOCh MeTO,n;OM c6poca nyqKa B 

3a,IJ;aHHhlll MOMeHT BpeMeHn. _nmi 3TOro Ha O.D:HY ll3 nrraCTIIH KIIKepa no.n;aeTC»: IIMnyJihC 

Hanp»:)KeHII»: aMnrrmy.n;oii 500 B II C 3a,nep)KKOH, peryrrnpyeMoii no BpeMeHII. 3TO 

nMnyJihcHoe nonepeqHoe norre cMemaeT nyqoK no BepmKa.rrn n npnBo.n;nT K ero 

rn6errn. Ilpn 3TOM C nnKan-CTaHI~llll Ha6mo.n;aeTC»: cnrna.rr, nponopunoHaJihHhlll TOKY 

nyqKa, unpKynnpoBaBrnero .n;o "y.n;apa". 

3KcnepnMeHTaJihHO llCCJie,n;oBaHO BJIII»:Hne norr»:pHOCTll nIITaHII»: KBa,npyrrong, 

TiorryqeHO pa3JIIIqne 3HaqeHnii BpeMeHII )Kll3Hll nyqKa npnMepHO B,!l;BOe (pnc.6). KaK 

J)Ke CKa3aHO Bhlrne, 3TO nponcxo.n;nT 3TO II3-3a Toro, ~o opneHTaun»: 3JIJinnca 

nonepeqHoro ceqeHn»: corrracoBaHHOro nyqKa 3aBncnT OT HanpaBrreHn»: ToKa B 

o6MOTKax KBa,npyrrorr»:, II 3JIJIIInc npn onpe.n;erreHHOH nongpHOCTll OKa3hIBaeTC»: 

BhIT»:HYThIM no ropII3OHTaJill, TaK ~o ero ropII3OHTaJihHhlll pa3Mep npeBbllllaeT 

paccTO»:Hne Me)K,!l;y nnacmHaMII KIIKepa (27 MM). B pe3yJihTaTe qacTb nyqKa BhIXO,!l;llT 

3a arreprypy. 
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Pnc. 6. 3aBIICIIMOCTh BpeMeHII )Kll3Hll qacTIIU OT norr»:pHOCTll HanpaBrreHII»: TOKa 

KBa,npynoJihHOH o6MOTKII. Tpn Hll)I(Hlle ToqKn COOTBeTCTBYJ:OT «OTPIIUaTeJibHOH» 

non»:pHOCTll, TPII BepxHne ToqKn - «nOJIO)KllTeJihHOH». 

B 3KcnepnMeHTax 6hm nccrre.n;oBaH TaK)Ke 3<p<peKT BJIII»:Hn»: yrrra npoBopoTa 

cnnpa.rrhHOH KBa,npyrrOJihHOH JIIIH3hl BOKpyr OCH Ha ~peM»: )Kll3Hll nyqKa. 8 xo.n;e 

ll3MepeHIIH 6blJIO no.n;o6paHO noJIO)KeHne CTerrrrapaTOpHOH o6MOTKII BHYTPII 

np»:MOJIIIHeHHOro COJieHon.n;a, o6ecneqnBaIOmee OnTIIMaJlhHOe 3HaqeHne BpeMeHII 

)Kll3HII nyqKa (pnc. 7). 
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Pnc. 7. 3aBIICIIMOCTh BpeMeHII )Kll3Hll nyqKa OT yrrra npoBopoTa KBa,npynoJI»:. 

Marnnrnoe norre B=430 re, 3Heprn»: E=4.07 K:JB, rpa,nneHT non»: G=20 rcleM. 
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3Kcnep1IMeHTaJlbHble 3aBIICIIMOCTII BpeMeHII )KII3HII OT :mepnm (plIC. 8 a,6) 

xopomo no,n;TBep)K,L{alOT oueHKII, OnlICaHHhie Bbiille, II nOKa3bIBaIOT, 'ITO cymecTBYJOT 

,n;ae o6nacTII 3HatJeHIIii :mepnm: 

0 S E1 S EKpum, EKpum < E11, 

r,n;e EKfJum = E(B,P) - 3HatJeH1Ie :meprnlI, cooTBeTcTByromee MaKCIIMyMa KpHBhIX Ha 

(plIC. 3) o6nacm E1 BpeMH )KII3HII xopomo annpOKCIIMIIpyeTCH 3aBIICHMOCTblO (1). B 

o6naCTH E11 Ha6JIIO,n;aeTCH 6bICTPhlll cna,n; BpeMeHH )KII3HII C :meprneii, 'ITO MO)KHO 

ofo,HCHIITb HapymeHIIeM a.n;Ha6aTHtJHOCTII ,ll;BH)KeHIIH tJaCTIIU n Heo,n;Hopo,n;HOM 

MarHIITHOM none (2), II 3TOT MexaHII3M npeo6na,n;aeT Ha,n; pacceHHIIeM Ha OCTaTOtJHOM 

raJe. TaKoe HeO,n;Hopo,n;Hoe MarHIITHOe none npHCYTCTByeT n o6naCTII CTblKOB 

3neMeHTOB Kon1,ua. HatJIIHaH C 3HeprnH, nplIMepHO 5 K3B, KplIBble (plIC. Sa) 

cnlIBaIOTCH - 'life (E)-~e He 3aBIICHT OT ,n;annemrn. CMemeHIIe MaKCIIMyMa BpeMeHH 

)KII3HII II3-3a H3MeHeHHH MarHIITHOro noJIH no,n;TBep)K,L{aeT BnlIHHIIe yqac~KOB 

BO3Mym;eHIIH noJIH (plIC. 86). 
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PHC. 8. 3aBIICIIMOCTII BpeMeHII )KH3HH OT 3Hepr1IH nplI pa3nlitJHI,IX 3HatJeHIIHX 

,n;anneHIIH OCTaTOtJHoro raJa (a) H OCHOBHOro noJIH (6). TOtJKaMII nOKa3aHbl 

3KCnep1IMeHTaJlbHbie 3HatJeHIIH, nlIHIIHMII aHaJIIITIItJeCKIIe 3aBHCIIMOCTII, 

qmmpoBaHHble K03q>q>IIUIIeHTaMII, COOTBeTCTBYJOID;IIMII pa6otJIIM napaMeTPaM 

ycTaHOBKII. 
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B 33KJIIO'ICHHH H3llO)KeHhl OCHOBHbie pe1yn1,TaThl .l(JICcepTaUJIOHHOii: pa60Thl. 

BblBO)lbl 

I. BrrepBbie pa1pa60TaHa MeTO.l(JIKa rrpoeKTJipOBaHJIH qJOKYCJIPYIOIUJIX CJICTeM 

CeKUJIOHJipOBaHHbIX HaKOIIHTeneii: C rrpO.l(OllbHhIM MarHJITHhIM JI CTennapaTOpHbIM 

IIOAAMJI. 

1.1. B1,16paH JI OIITJIMJI3JipOBaH crroco6 pacqern .l(JIHaMJIKJI qacTJIU B 

CeKUJIOHJipoBaHHbIX CTpYKTypax, COCTOHIUJIX JI3 OIITJiqecKJIX :meMeHTOB C 

rrpo.l(OllbHhIM MarHJITHhIM JI CTennapaTOpHhlM IIOAAMJI, Ha OCHOBe MeTO.l(a 

KaHOHJiqecKJI COIIpjl)KeHHbIX rrepeMeHHhIX. 

1.2. TipoaHanJI3JipOBaHO BllJIHHJie rrorpemHOCTeii: OIITJiqecKJIX :meMeHTOB 

Ha rrapaMeTphl rryqKa. 

1.3. Tipe.l(llO)KeH crroco6 pacqern BpeMeHJI )KJIJHJI rryqKa B TaKOM HaKOIIJITene. 

2. BrrepBbie pa1pa60TaH <pJI3JiqecKJiii: rrpoeKT HaKOIIHTeAA C <pOKYCJipOBKOii: 

rrpo.l(on1,u1,1M MarHJITHhIM rroneM JI cTennapaTOpHbIM rroneM LEPTA .!(AA reuepauJIJI 

II03HTpOHJIH. 

2.1. B1,16paHbl OCHOBHbie rrapaMeTpbl OIITJiqecKJIX :meMeHTOB. 

2.2. CqiopMynJipOBaHhl Tpe6oBaHJIH K CTerreHJI 0.l(HOpO.l(HOCTJI MarHJITHbIX rroneii:. 

3. Tionyqeu UJipKynJipyiomJiii: 3neKTpOHHhlii: rryqoK B HaKOIIJITene LEPTA, 

coop~eHHOM B COOTBeTCTBJIJI C pa1pa60TaHHhIM rrpoeKTOM. 

4. Pe1ynoTaThI, rronyqeHHbie rrpJI pacqernx .l(JIHaMJIKH qaCTJIU B HaKOIIJITene C 

rrpO.l(OllbHhIM MarHJITHhIM rroneM JI CTennapaTOpHbIM rroneM IIOllyqJillJI 

3KcrrepJIMeHTanoHyio arrpo6aumo Ha HaKOIIJITene LEPTA JI Haxo.l(HTCH B xopomeM 

cornaCJIJI C 3KCIIepJIMeHTMbHhIMJI JI3MepeHJIHMJI. 

4.1. BrrepBhle 3KCrrepJIMeHTanbHO Jiccne.l(OBaHhl ycnOBJIH ycTOii:qJIBOCTJI B 3TOM 

HaKOIIJITene. 

4.2. l13MepeHO JI OIITJIMJI3JipoBaHO IIOllO)KeHJie pa6oqeii: TOqKJI HaKOIIHTeAA. 

4.3. l13MepeHa JaBJICJIMOCTb BpeMeHJI )KJIJHJI UJipKynJipyiomero 3lleKTpOHHOrO 

rryqKa OT ero 3HepmJI B HaKOIIJITene LEPTA. 
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