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I 

OBIIl;AH XAPAKTEPHCTMKA PABOTbl 

AKTYaJihHOCTh TeMhl. ATOMHOe Hµ;po - CIICTeMa B:JaIIMoµ;eiicTB)'IO~IIX HyxlI0H0B, 

6ecu;BeTHhIX Tpex1mapKOBhIX KJiaCTepoB. TaKIIM o6pa30M BO:JHIIKaeT rrpo6JieMa IIC

CJieµ;o~amlJI KBapKOBhIX CTeneueii CB060µ;hl Hµ;pa. 3µ;ecb BeCbMa cymecTBeHHhIM q>aK

TopoM JIBJIJieTCJI KOHq>ruIHMeHT KBRpKOB, IIOHIIMaHIIe rrpnpoµ;hl KOTOporo Morno 6bl 

o6ner'IIITb IIDY'J:eHIIe KBapKOBhIX B3aIIMoµ;eiicTBIIH B JIµ;pe. Oµ;HaKO ::!Ta q>yHµ;aMeH

TaJihHaJI rrpo6JieMa KBaHTOBOH xpo:1,,mµ;1rnaMIIKII 6oJiblllIIX paCCTOHHUii 0CTaeTCJI II0Ka 

OTKphITOII. IlMeHHO IIO::ITOMY BeCbMa Ba:lKHhIM JIBJIJieTCJI lICCJieµ;oBaHIIe rrpOHBJieHHii 

KBapKOBhIX CTerreHeii CB060µ;hl B Hµ;pe, KOTOpoe B µ;aHHOM ClIY'J:ae CJIY:lKIIT YHHKaJib

HhIM IIOJIIIrOHOM no IIDY'J:eHHIO MHOrOKBapKOBhIX CIICTeM. EcTeCTBeHHO rrpeµ;rrono

:lKIITh, 'ITO B ocHOBHOM II CJia6oBO:J6y:iKµ;eHHhIX cocTOJIHIIJIX Hµ;pa (E ~ MA ~ AM, 
rµ;e E - a11eprIIJ1 CIICTeMhl, M - Macca HyJClIOHa) OHII COCTRBJIJIIOT 11e60JihIUIIe rrpIIMeCII 

. K OCHOBHOMY, HyJClIOHHOMY KaHany B IIOJIHOH BOJIHOBOH <pyHKIJ;IIII Hµ;pa 

'1i = 'li(AN) + G'1i(3Aq), (1) 

T.e. I C(E ~ AM) 12~ 1. BepoHTHOCTb TaKHX rrpnMeceii MO:lKHO ou;eHHTh KaK 

BepOHTHOCTh k HYKlI0HaM (<pnyKTOHY) "HYKlIOHHoro ra:Ja" II3 'IRCTHIJ; co6paTbCJI B 

MaJIOM omeMe Ve 
Pt= cf(Ve/AVo)"-l = cf(rdro)3

"-
1 /A"-1

• (2) 

3µ;ecb To = 1.2 q>M - cpeµ;Hnii paµ;uyc HYKJIOH - HYKlIOHH0ro B:JaHMoµ;eiicTBIIJI B Hµ;pe, 

a rrapaMeTp re = 0. 75 q>M - rropHµ;Ka paµ;IIyca Kopa N N - cnn. Ilocneµ;HHH CBJI:JaH 

C paµ;IIycoM KOH<prurnMeHTa. Ilµ;eJI !pllyJCTOHOB KaK eµ;IIHOH CUCTeMbI Im CKoppenupo

BaHHhIX Ha MaJihIX paCCTOJIHIIJIX HYKJIOHOB, 6bIJia Bhlp;BnHyTa ,IJ;.II.BnoxnHu;eBhIM B 

1957 roµ;y µ;JIJI IIHTeprrpeTau;IIn Bhlxoµ;a 'IaCTUIJ; :Ja rrpeµ;eJihl µ;ByXHYKlIOHHOII KHHeMa

TUKH B aKcrrepnMeHTax rpyrrrrhl M.r.MemepHKOBa rrpn rrpoMe:lKyTO'IHhIX aHepnrnx B 

HecKon~:i,:o coTeH MaB. AB 1971 r. A.M.Banµ;nHhIM 6hlna Bhlµ;BnHyTa uµ;eJI o KBapKo

BOII rrpupoµ;e JIBJieHnii B o6naCTII q>II:JIIKU JIµ;epHhIX CTOJIKHOBeHUH rrpu BhICOKIIX aHep

ruJix, II B03MO:lKHOCTb rrpeµ;cKa:JaHIIJI nx xapaKTepncTIIK Ha OCHOBe IIµ;eu CKeHJIUHra. 

8To rrp1rneno K IIHTeHCIIBHOMJ aKcrrepIIMeHTaJibHOMY lICCJieµ;oBaHHIO ::!Toro JIBJieHIIJI 

B JIB8 OIUUi, KOTopoe IIOJIY'flllIO Ha:JBaHne KYMYJIJITIIBHoro a<p<peKTa. TeopeTn'Ie

CKIIe IICCJieµ;oBaHIIJI KYMYJIJITIIBHoro a<p<peKTa, Ha'laBIUIIe·cJI B JIT<I> OIIJIII rroKa:Janu, 

'ITO uµ;e11; <pnyKTOHOB II MacIUa6HhIX rrpeo6pa:JOBaHHH N N ce'IeHnii B o6nacTh :Ja

rrpemeHHoii KIIHeMaTIIKH MO:lKeT µ;aTb omJICHeHne ::!Toro a<p<peKTa. B TO :lKe BpeMJI 

6hlmI rrpoBeµ;e~ ucCJieµ;oBaHIIJI po:iKµ;eHIIJI rrpoTOHOB B :Jaµ;Hroro rronyc<pepy B IIT8<I>, 

KOTOphle TaK:lKe•IIOTpe60BaJIH p;lIH CBOero omJICHeHHJI BBep;eHIIJI He06hl'IHhIX, CHllhHO 

CKOppem1pOBaHHhIX omeKTOB Tuna !plIYKTOHOB. B µ;aJihHeiiIUeM II0JIBHlIIICh µ;aHHhle 

rm BepKlIII rrpu MeHhlllHX aHeprHHX, rroµ;TBepµ;1rnIUue KYMYJIJITHBHhlii a<p<peKT. ,IJ;nH 
IIOHIIMaHIIJI rrpupoµ;hl ::!Toro a<p<peKTa 6hIJIH rrpoBeµ;eHhl ::lKCIIepuMeHThI no IICCJieµ;o

BaHIIIO po:iKµ;emrn pa3lIH'IHoro cop Ta 'laCTiru; ( 1r±, K±, p, p) B pA - CTOJIKHOBeHHJIX 

rrpu pa3lIIl'IHhIX a~epr1rnx II µ;JIJI pa3HhIX JIµ;ep, OT µ;eiiTpOHa µ;o CBHHu;a. Ilpupoµ;y 

<pnyKTOHOB MO:lKHO II0HJITh, eCJIII BBeCTH K0Hu;erru;uro 0 MH0rOKBapK0BhIX CHCTeMax. 

McCJieµ;OBaHIIJI, ::!TUX CHCTeM B paMKax Moµ;eneii MeIUK0B IIOKa:JaJIII, 'ITO HX MaCChI 

3HR'IHTeJibH0 rrpeBhllllaIOT MaCCbl CO0TBeTCTByromux JIµ;ep, TO eCTb E:,,, =MA+~),,. 
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rAe ~,. ~ 0.2 raB. TaxHM o6paooM, 0TII cocTOJIHIIJI JIB1111IOTCJI cneQ1I4>11'IeCKHMll 

II AOJUKHhl IlpOJIB1lllTbCJI Ka.K peooHaHChl B COOTBCTCTBYIO~HX a.MilJIHTYAax pacceJI

HHJI. KYMYMTHBHhlll aq><l>eKT CTHMYJIHPOBaJI 0xcnep1IMeHTaJibHhle n TeopeT1I'Iecxne 

IICCJICAOBaHHJI B paolIH'IHhlX o6JiaCTJIX cl>ImHKH 0JICMCHTapHhIX 'IaCTH 11 aTOMHOro 

JIApa. 0AeCb CJICAYCT OTMCTllTb rny6oxoHeynpyroe pacceJ1H11e MIOOHOB II 0JICKTp0-

HOB (EMC - aq><l>exT), ynpyroe pacceJIHIIe aJieKTpOHOB np11 6oJibWllx nepeAaHHhIX 

UMilYJibCax, llCCJICAOBaHHe A116apHOHOB. Bonee Toro IlJiaHHPYIOTCJI 0KcnepHMeHTbl B 

CEBAF no ImY'JCHHIO KYMY1111THBHoro aq><l>eKTa B eA - pacceJIHIIII, BeCbMa HHTeHCH

BHO BCAYTCJI pa6oThl no pe1111T1IBHCTCKOH JIAepHoii: cJ>mmKe B Bpyxxaii:BeHe, D;EPHe, 

ORHH, rAe oaBepwaIOTCJI pa6oThl no COOAaHHIO HYKJIOTpoHa. EcTeCTBCHHo, 'ITO 

nplI 0TOM 11cCJieAOBaHHJ1 no pe1111THBIICTCKOH JIAepHoii: cJ>ImlIKe YACJIJieTcJI BeCbMa oHa

"illTeJibHoe MCCTO Ha KpynHhIX MC:lKAYffapOAHbIX KOHcJ>epeHQll.llX II COBe~aHHJIX, Ha

npHMep, ICOHEPANS-PANIC, MC:lKAYHapOAHbIX TpaAllQllOHHhIX ceM11Hapax B 

~6He (VI - X). llTax, npo6neMa OaKJIIO'IaeTCJI B IICCJICAOBaHHH cBoncTB MHoro

KBapKOBbIX CIICTeM II HX npoHBJieHHii: B paoJIH'IHhIX JIAepHbix peaxQIIJIX. B AWiHOH 

pa6oTe ImY'JaeTCJI ynpyroe paCCeJIHIIe 0JICKTpOHOB JierKIIMll JIAPaMH C Y'ICTOM HeHy

KJIOHHbIX CTeneHeH CB060AbI. IlplI 0TOM COBepweHHO ecTeCTBCHHO BOOHIIKaeT Bonpoc 

0 HaH60Jiee nOJIHOM 11 nocJICAOBaTeJibHOM IIX y'IeTe. 
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Omnowenue C'J,9. 6 3a6ucuMocmu om 

q2 • Jlunuu npo6edenb1 no mo1t?CaM. 

B ynpyroM pacceJIHIIII aJieKTpOHOB J1Apa.M11, 

B nepByIO O'IepeAb, Heo6XOA11MO y'IeCTb Me

OOHHble CTeneHII CB060Ahl, pe11!1TIIBIICTCK1Ie 

acJ>cJ>eKThl, a TaK:lKe aq><l>eKThl npoJIBJICHIIJI 

MaJibIX MHOrOKBapKOBbIX IlplIMeceii: K BOJI

HOBOH cJ>YHKQlllI HApa. B HaCTOJI~ee BpeMJI 

aHaJIImY ynpyroro pacceJIHHJI 0JICKTpOHOB 

JIAPaMH IlOCBJl~CHO OHa'IIITeJibHOe 'IHCJIO 

TeopeTII'ICCKHX pa6oT, B KOTOpbIX IICCJICAO

BaJIIICb, Tax Ha:JhIBaeMhle, BapllaQIIII nJIOT

HOCTII JIAepHoro oapJIAa. B AaJibHeii:weM, 

nplI paoBHTHH axcnepHMeHTaJibHhIX HCCJie

AOBaHHH 4>opM4>axTopoB JIAep, noJIBIIJIHcb 

yxaoaHHJI Ha npoJIBJieHHJI KBapKOBhIX CTene

HeH coo6oAhl B HApe. HoMepeHHJI cJ>opMcJ>ax

TopoB ner'Iaii:wnx JIACP 2 D, 3 H, 3
•
4 He npo

BCACHbI npn 6oJibWHX nepeAaHHhIX HMilYJib

cax q2 ~ 1 (raB/c)2• 3To OOHa'IaeT, 'ITO 

0JICKTpOH npOHHKaeT B O'ICHb MaJibIH o6'beM 

npocTpaHCTBa c paoMepoM nopJIAKa r ~ 
q-1 ~ 0.2 1>M, rAe no COBpeMeHHhl~ npeA

CTaBJICHHJIM AOJI:lKHa npOJIB1111TbCJI KBapKo

BaJI cTpyxTypa JIAepHoii: MaTeplIH'. 

CorJiaCHO 0THM npeACTaBJICHHJIM npn acHMilTOTH'ICCKH 60JibWHX nepeAa'Iax llM

nyJibca 4>opM4>axTophl HMCIOT cmenennoe no6edenue (npaBIIJia KBapxoBOro C'IeTa 
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ij 

I 

MaTBeeBa - MypaAJIHa - TaBxeJIHA:Je, BpoACKoro - <l>appapa). Ha p11c. 1 noKaoaHo, 

Ka.K BbIXOAIIT Ha nJiaTo COOTHOWeHne 

(q2t-1 FN(q2) = ciq (3) 

npn q
2 > 1 (raB/c)

2 
AJIJI aApOHOB n ner'Iaii:wn:x JIAep. BnAHo, 'ITO AM Aeii:TpoHa MhI 

TOJibKo IlOAXOAHM K acnMnTOTII'Iecxoii: o6nacTn, a AM JIAep 3·4H e aTa o6nacTb e~e 

He AOCTnraeTcJI. Bonee Toro BKJiaA N - ximpxoooii: npnMecn C'J,9. OaBHCHT OT annpox

CHMaQIIII cJ>opMcJ>axTopoB B npeAaCHMilTOTH'ICCKOH o6JiaCTII n COCTaB1llleT HeCKOJibKO 

npOQCHTOB. 3To OHa'IHT, 'ITO HYKJIOHHhIH KaHaJI Heo6XOAHMO npIIHIIMaTb BO BHHMa

HIIe KaK rnaBHYIO 'IaCTb JIAepHo:ii BOJIHOBoii: cl>YHKQHH. BnAHO, 'ITO HMeIOTCJI axcnepn

MCHTaJibHble yxaoaHIIJI Ha BOOMO:lKHOe npoJIBJICHHe KBapKOBhIX CTeneHe:ii CB060Ahl B 

aTnx HApax. 

I.J;eJib paOOTbl COCTOIIT B paopa60TKe TeOpIIII MeOOHHhIX o6MeHHhIX TOKOB II 

npoJIBJieHn:ii MHoroxBapKOBhIX npnMece:ii B BOJIHOBo:ii 1>YHKQIIII HApa AJIJI 06'b11cHeHnJ1 

· c eAHHhIX no:JnQnii: cJ>opMcJ>axTopoB JIAep B wnpoxo:ii o6nacTn nepeAaHHhIX IIMnYJibCax 

II noJiy'IeHIIII npeACKa:JaHIIH A1111 IlOCTaHOBKII HOBhIX axcnepnMeHTOB B ynpyroM eA 
- pacceJIHIIII, no Imy'IeHIIIO CBOIICTB MHOrOKBapKOBhIX CIICTeM, KBapx - KBapKOBhIX 

B:JaHMOAeiicTBIIH, KBapxoBo:ii cTpyxTyphl JIAep. 

Hay'IHaJI HOBHOHa H npaKTH'leCKaJI ueHHOCTb 

B HaCTOJI~e:ii pa6oTe HOBbIM JIBJIJICTCJI COOAaHIIe MOAeJIII HApa C Y'JeTOM MeDOH

HhIX II KBapKOBhIX CTeneHe:ii CB060Ahl- Ha OCHOBe AaHHOH MOAeJIII BnepBhle paCC'IH

TaHbl cJ>opMcJ>axTophl AeiiTpoHa II nerKIIX JIAep B w1Ipoxo:ii o6JiaCTII nepeAaHHbIX HM

nynbcoB. 

BnepBbie npoBeAeHo IlOCJieAOBaTeJibHOe IICCJieAOBaHHe MeDOHHbIX CTeneHe:ii CB0-

60Ahl · c y'IeTOM 1r N N - TOKOB, p1r7 - npoQeccoB II aq><l>exToB oanaoAhIBaHHJI. Bhl

JIBJieHa pOJib CIIJibHbIX BepwlIHHbIX cJ>opM<f>aKTOpOB. HcCJieAOBaHIIJI npoBeAeHbI AJIJI 

peaJIIICTII'Iecxoro naplI:lKCKOro HYKJIOH - HYKJIOHHoro IlOTeHQIIaJia II AJIJI BoHHCKoro 

MeOOHO - o6MeHHoro IlOTeHQIIaJia cornacoBaHHoro c Me:JOHHbIMII o6MeHHbIMII TO

Ka.MII. BnepBbie cncTeMaT1I'Iecx1I II:JY'JeHbI CTPYKTYPHhle 1>YHKQHH A(q2 ), B(q2 ) II 

TeH:Jop no1111p1I:JaQ1III T20 AeiiTpoHa B WIIpoxo:ii 06nacT1I nepeAaHHbIX IIMnynbCOB HM

nyJibCOB Ha O~HOBe eAIIHoro IlOAXOAa. IlpoAeMOHCTpHpOBaHa Ba:lKHOCTb corJiaCOBaHIIJI 

IlOTeHQIIaJia H'Me:JOHHbIX o6MeHHbIX TOKOB. 

BnepBbie paccMoTpeHbI cJ>opMcJ>axTopbI AeiiTpoHa c Y'JeTOM MeDOHHbIX n KBapxo

BbIX cTeneHe:ii cBoJI6oAbI. Ilp1I 0TOM npoBeAeHbI nccJieAOBaHHH cJ>opMcJ>axTopoB MHo

roxBapxoBbIX CHCTeM B paMKax peJIJITHBIICTCKOro rapMOHII'Iecxoro OCQIIJI1111TOpa C 

Y'JeTOM CillIHa KBapKOB. PaoBHTa MOACJib pe11!1THBIICTCKOro rapMOHII'IeCKOro OCQIIJI-

1111TOpa C y'IeTOM CillIHa KBapKOB. 

IlpoaHaJIIIOHpOBaHbl cJ>opMcJ>axTOpbI TpexxBapKOBbIX CHCTeM (HYKJIOHOB) C QeJibIO 

4>1IKCaQIIH napa.MeTpOB MOAeJIH IlplI nepeXOAe, K HCCJICAOBaHHIO cJ>opMcJ>axTopoB we

CTHKBapKOBbIX CHCTeM. IlpeACKaoaHa CIIJibHaJI 'IYBCTBIITeJibHOCTb Il01111pimaQIIOHHbIX 
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xapaxTepIICTlIK K MaJILIM WCCTlIKBapKOBblM npnMeCJIM B BOJIH0BOH lf>yHKQllll µ;eii:

TpoHa, 'ITO CTlIMYllllpOBaJIO axcneplIMCHTaJibHble nccrreµ;oBaHJI.II TCHtlOpa norr.11p1ma

Qllll µ;eii:TpoHa T20 B HoBocn6npcxe, MIIT (KaM6pnµ;:lK, CIIIA) u 6blrro Y'J:TeHo npn 

nrraHJipoBaHlllI axcneplIMeHTOB B CEBAF (CIIIA). 

' BnepBble IlOKOOaHO BlllI.IIHlle <J>rryKTOHOB Ha <J>opM<f>aKTOpbI .11µ;ep npn 60JibWHX ne

peµ;aHHblX nMnyrr:&cax. BnepBble paccMoTpeHbl <J>opM<f>axTophl rrerxnx .11µ;ep 3 H, 3•4 He 
C Y'J:CTOM MHOrOKBapKOBblX npuMeceii: lI lIHTeplf>epeHQHll HYKJIOHHoro lI KBapKOBoro 

KaHaJIOB. Ha ocHoBe aHaJiuna <J>opM<f>axTopa .11µ;pa 3 He npeµ;cxooatto noBeµ;eHne <J>op

M<f>axTopa TplITlI.II npu 60JibllillX nepeµ;aHHbIX lIMnyJI:&Cax, KOTOpoe 6blJIO noµ;TBep

:lK;Jl;CHO axcnepnMeHTaJibHO. IlpoBeµ;eH aHaJill3 BJllI.IIHlI.II a<f><l>eKTOB opTOrOHaJilltlaQUll 

BOJIHOBblX <l>YHKQIIH .11µ;ep Ha tlHa'ICHlI.II BepO.IITHOCTeH ,CYll\CCTBOBaHJI.II MHOrOKBapxo

BblX npnMeceii: B .11µ;pax. Bhl.lIBJieHa onpeµ;eJI.IIIOll\M pOJib a<J><f>eKTOB lIHTep<f>epeHQlllI 

HYKJIOHHOro II KBapKOBOro xaHaJIOB B o6'b.lICHCHHII axcnepnMCHTaJibHblX ;Jl;aHHblX. Ilo

KOOaHO tlHa'IIITCJibHOC CHlI:lKCHlIC a<J><J>eKTIIBHoro BKJiaµ;a MHOrOKBapKOBblX KOH<f>ury

paQIIH B <J>opM<f>axTopbI .11µ;ep Bcneµ;cTBne B:JalIMHOH 'IacTII'IHOH KoMneHcaQnu "np.11-

MblX" II IIHTep<J>epeHQIIOHHhIX 'IJICHOB • 

BnepBble npoBeµ;eH aHaJill3 Tpex lI WCCTlIKBapKOBblX ClICTCM C Y'ICTOM KOJICKTJI

BHblX a<J><f>eKTOB B paMKax MO;Jl;CJilI rnnepclf>epll'ICCKIIX rapMOHlIK. Bhl.lICHCHO BJilI.II

HIIC CillIH - QBCTOBOro BtlalIMOµ;eii:cTBlI.II Ha <J>opM<f>aKTOpbl MHOrOKBapKOBblX ClICTCM. 

BnepBble IlOlIY'J:CHO Ha eµ;JIHOH OCHOBC onIIcaHIIe OCHOBHoro lI MOHOilOJibHOro COCTO

.IIHIIH TpeXKBapxoBoii cncTeMbl • 

B QCJIOM penyJI:&TaTbl pa60Tbl pOOBJIBaIOT HOBOe HanpaBJICHlIC B .11µ;epHOII lf>lltlJIKC -

TeoplIIO MCtlOHHblX n KBapKOBblX CTen~HCH CBo6oµ;hl aTOMHhIX .11µ;ep. Ilorry'IeHHblC TC

opeTII'ICCKIIC proyJI:&TaTbl pacwIIplIJIH npeµ;cTaBJICHlI.II C CTPYKType MHOrOKBapKOBblX 

ClICTCM, ;Jl;IIHaMlIKe BtlaJIMoµ;eiicTBII.II MC:JOHHblX II KBapKOBblX ClICTCM B .11µ;pax, npu

poµ;e ynpyrnx 0JICKTpoMarHHTHblX BtlanMoµ;eii:cTBlIH B .11µ;epHhIX npOQCCCax npn 60Jib

WlIX nepeµ;aHHblX HMnyJibcax. PooBHTblC TCOpCTlI'ICCKlIC noµ;xoµ;hI JI MCTO;Jl;bl lICilOJib

tlYIOTCJI B pac'IeTax µ;pyrIIx aBTopoB, a BblllOJIHCHHblC npeµ;cxooaTCJibHblC paC'ICThl -

B nrraHIIpOBaHlllI lI npOBC;Jl;CHlllI axcnepHMCHTOB no ynpyroMy pacce.lIHIIIO 0JICKTpOHOB 

.11µ;paMn. 

,Il;JI.H O~HThl Bbl;Jl;BHralOTC.H CJieµ;yJO~He OCHOBHhle _peoyJibTaTbl, 

IIOJIY'ICHHblC B µ;HccepTaQHH 

1. Bhlµ;BnHyTo lI poopa6oTaHO HanpaBJICHIIC TeOpCTJI'ICCKlIX lICClICll;OBaHJIH, rµ;e 

o6oCHOBhIBaeTCJI Heo6xoµ;JIMOCTb COBMCCTHOro Y'J:CTa BKJiaµ;a HYKJIOHHhIX, MC

tlOHHblX lI KBapKOBblX CTeneHeii CB06oµ;bl B npoQeccax 0JICKTpoMarHUTHOrO Btla

IIMO;Jl;CHCTBlI.II C .11µ;paMlI, IIX cneQlllf>II'ICCKOH polilI B pOOHhIX KlIHCMaTJI'ICCKlIX 

o6JiaCT.IIX II MCXaHlIDMax 0JICKTpOH - .11µ;epHoro paccCHHJI.II. 

2. B paMKax MOll;eJilI peJIHTlIBlICTCKOro rapMOHlI'ICCKoro OCQlIJIJI.IITOpa c Y'J:CTOM 

cnnHa KBapKOB IlOlIY'J:CHbl <J>apM<f>aKTOpbI MHOrOKBapKOBbIX ClICTCM, npoaHaJilI

tlllpOBaHbl <J>opM<f>aKTOpbI HYKJIOHa. 
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3. IIcCJieµ;oBaHhl CBOHCTBa KBapx - KBapKOBblX B:JaHMoµ;eiicTBHH B paMKax Moµ;emI 

runepc<J>epH'ICCKUX <l>YHKQUH, TaK:lKC npoaHaJilltlHpoBaHbI CilCKTpbI u <J>opM<f>ax

TOpbI TpCXKBapKOBblX CUCTCM. 

4. PooBUTa Teop1rn MCtlOHHblX o6MCHHbIX TOKOB Ha OCHOBe YHIITapHoro npeo6-

poooBamrn Oxy6o, nocTpoeH.a µ;narpaMMHM TCXHUKa Bhl"IUClICHH.II MC:JOHHbIX 

o6MCHHblX TOKOB, Y'ITCHbl a<f><l>eKTbl nanooµ;bIBaHU.II. 

5. IlocTpoeHbl <J>opM<paKTOpbl lI nom1p1ma1:1u.11 µ;eiiTpoHa C Y"ICTOM MC:lOHHbIX u 

KBapKOBblX CTCilCHCH CB06oµ;bl. 

6. IlpoBeµ;eH aHaJIUtl axcnepnMCHTaJibHblX ll;aHHblX no ynpyroMy pacce.lIHlIIO 0JieK

TpOHOB ll;CHTpOHaMU U norry"leHa UH<f>opMaQU.II O WCCTUKBapKOBOH npn:Mecn B 

ll;CHTpOHC. 

7. Ilpeµ;cKOOaHO IlOBCµ;CHlIC qiopM<paKTopoB u IlOJI.1Ipuna1:1nu µ;eii:TpOHa npn 6oJib

WHX nepeµ;aHHblX UMnyrrhca. B TOM "IHCJIC Ka"!eCTBCHHble a<J><f>eKTbl: 

(a) Harrn"IH.II MHHnMyMa B cTpyxTypHmi lf>YHKQlllI µ;eii:TpOHa B(q2 ). Ilpeµ;cxa

namie noµ;TBepµ;unocb. 

(b) Ka"!CCTBCHHoro 1mMCHCHU.II IlOBeµ;eHH.II TCHtlopa IlOJI.!IpUtlaQlIU npu 60Jib

WlIX nepeµ;aHHblX JIMnyJibcax. Ilpeµ;cKOOaHJIC npoBep.lICTC.II. 

8. IlocTpoeHa MOµ;errb <J>opM<f>aKTOpOB nerxux .11µ;ep c Y"ICT0M MH0r0KBapKOBbIX 

KoH<f>nrypaQIIH. 

9. OQeHCHbl BKJiaµ;hl WCCTJI-, µ;eB.IITJIKBapK0BbIX- u µ;BeHaµ;QaTJIKBapK0BbIX npnMe

ceii B JICrKUX Hµ;pax. 

10. Ilpeµ;cxooaHO Il0BCll;CHJIC lf>opM<paKTopa TplITJI.II npu 60JibWJIX nepeµ;aHHblX JIM

nyn:&cax. Ilpeµ;CKOOaHHC noµ;TBepµ;HJI0Cb. 

11. Bhl.lIBJICHa Ba:lKHM p0Jib lIHTCplf>epeHQHU HYKJIOHHblX n KBapK0BbIX KaHaJI0B B 

JICrKJIX .11µ;pax. 

Anpo6aQH.H µ;uccepTaQHH u ny6JIHKaQHH. OcHOBHbIC penyJibTaTbI µ;uccep

TaQUU Heoµ;HoxpaTHO µ;oxnaµ;blBaJIJICb Ha ceMnHapax Jia6opaTopnu TeopeTH"!ecxoii 

lf>nnnxn, Jia6_op'aT~~n <J>nnnxn Bblcoxnx :meprnii B OIIHII, IIHcTnTyTa .11µ;epHbIX nc

cneµ;oBaHJIH AH CCCP, liHcTnTyTa TeopeTlI"!ecxoii: n axcnepnMCHTaJibHOH lf>1I3HKn, 

HayqHo - IIccneµ;oBaTeJihCKoro nHcTnTyTa .11µ;epHoii <f>unuxn MrY, XaphKOBCKoro 

lf>JI3uKo - TCXHH"!ecxoro n~_CTHTyTa, <l>nnn'Iecxoro lIHCTnTyTa AH CCCP HM. Jie-

6eµ;eBa, IIHcTuTyTa aToMHOH aHepruu nM.Kyp'IaToBa, ,Il;aJI:&HeBocTo"!Horo rocyHu

BepcnTeTa, IIHcTnTyTa TeopeTn'Iecxoii <J>umixn AH YCCP, IIHcTnTyTa .11µ;epHo:ii: 

<J>unnxu n aTOMHOII aHepreTUKU BAH HPB, ll;eHTpaJibHoro HHCTHTyTa .11µ;epHbIX nc

cneµ;oBaHIIii PocceHµ;op<J> (r,IJ;P), IIHcTnTyTa TeopeTn"!ecxoii <J>um1x11 <l>pattx<J>ypT Ha 

Maii:He (<l>Pr), YHuBepcnTeTa B reccCHC (<t>Pr), YHnBepclITCTa B Maii:HQC (<l>Pr), 
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rcM ,It;apMWTaµ;T (<t>Pr), YmrnepClITeTa B PnMe (MTamrn), YHnBepcnTeTa B Ty
pnHe (MTanm1), Macca'IyceTcKoro TexHonorll'!ecxoro nHcTnTyTa (CIDA), MHµ;tmH

cxoro yHnBepcnTeTa (CIDA). OHn TaKJKe 6bIJIH npeµ;cTaBJieHbI Ha MeJKµ;yHapoµ;HbIX 

ceMnHapax no npo6neMRM <f>w.mxn Bblcoxnx aHeprnu (,It;y6Ha - 1978, 1981, 1984, 1986, 

1988, 1990), MeJKµ;yHapoµ;HOlI KoH<f>epeHIJ;Illl no MaJIO'IaCTil'IHbIM n KBapK - aµ;pOHHbIM 

npori;eccaM (,It;y6Ha - 1987), MeJKµ;yHapoµ;Hoii KOH<f>epeHIJ;llll no <f>n:JHKe MaJIOHJKJIOH

HbIX cncTeM {T6nnncn - 1976; Toxno - 1986), MeJKµ;yHapoµ;Hmi wxone no .11µ;epHon 

<f>n:Jnxe (BapHa, HPB - 1982), MeJKµ;yHapoµ;Hon BeceHHeM wxone no .11µ;epHon <f>m:mxe 

(Xonhri;xay, r,rt;P - 1987), MeJKµ;yHapoµ;Hoii wxone no cTpyxType .11µ;pa (AnywTa -

1985), MeJKµ;yHapoµ;Hoii KoH<f>epeHri;nn no .11µ;epHOlI <f>n3HKe (,It;y6poBHHK - 1986), Bce

cOI03HbIX coBeUJ;aHll.llX no aJieKTpOMarHHTHbIM B3anMoµ;eiicTBIIJIM (XapbKOB - 1981, 

1982, 1983, 1986, 1987), Bceco103Hoii KOH<f>epeHri;nn no <f>nmIKe MaJIOHJKJIOHHbIX cn

cTeM (KneB - 1985), BcecoI03Hoii wxone no <f>n3HKe MaJIOHJKJIOHHbIX cncTeM (Bonoroe 

- 1982, IIanaHra - 1985). "9:acTb pa6oT µ;nccepTari;nn BOWJia B IJ;IIKJI pa6oT "MHoro

KBapKOBbie COCTOJIHH.11 B .11µ;pax II .11µ;epHbIX npori;eccax"' yµ;ocToeHHbIX nepBoii npeMHII 

OM.HM 3a 1983 roµ;. Ilo TeMe µ;nccepTrui;un ony6nnxoBaHo 26 pa6oT B coBeTcxoii n 
3apy6eJKHoii ne'IaTn. 

CTpyKTypa µ;HccepTaIJ;HH. ,It;nccepTari;n.11 cocTonT 113 BBeµ;eHn.11, wecTn rnaB, 

3aKJIIO'IeHnll n '!eTbipex npnnoJKeHH1i; coµ;epJKHT 180 cTpaHnri; Ha6opHoro TeKcTa, 

BKJIIO'IRJI 10 Ta6JIHIJ;, 86 pncyHKOB, 6n6mmrpa<f>n'IeCKllli CllllCOK mITepaTypbI 113 250 

Ha3BaHnii. 

CO.Ii:EP)KAHME P ABOTbl 

B nepeou: rnaee - Beeµ;enHH xpaTKO H3JIOJKeHa nocTaHOBKa <f>n3H'!ecxou 3a

µ;a'In n o'6ocHOBaHa aKTJaJibHOCTb n BaJKHOCTb nccneµ;yeMbIX npo6JieM. 

B. BTOpOH rnaee n:JJiaraeTCll Moµ;eJib y'IeTa WeCTIIKBapKOBbIX npnMeceii B µ;eu

TpOHe npnMeHHTeJibHO K onncaHHIO ynpyroro pacce.llHIIJI aneKTpOHOB µ;eiiTpOHaMII. 

B pa3Je11,e 2.1 nocTaBJieHa 3aµ;a'Ia BKJIIO'IeHH.11 B µ;eiiTpoH KBapKOBbIX CTeneHeii 

CB060µ;bI. K HaCTOJIUJ;eMy BpeMeHH n:JBeCTHO, 'ITO OCHOBY Te.opnn CIIJibHbIX B:JanMO

µ;eiicTBIIH COCTaBJI.lleT KBaHTOBRJI xpoMoµ;nHaMHKa. Bee CHJibHOB3aHMOµ;eiicTBYIOUJ;He 

'IaCTHIJ;bI COCTOJIT Im IJ;,BeTHbIX KBapKOB, o6MeHnBaIOUJ;IIXCJI rJIIOOH_aMH, npn'IeM B CB0-

6oµ;HOM COCTOJIHIIH KBapKH He Ha6n10µ;a10TCJI. ,It;eiiTpOH B aTOM CJiy'Iae COCTOIIT Ha 

paccTOJIHIIJIX r > 2q>M 113 HJKJIOHOB KaK TpexxBapKOBblX KJiaCTepoB, a Ha paCCT0.11-

HHJIX nop.11µ;xa Kopa HJKJIOH - HJKJIOHHHOro B3aHMoµ;eiicTBHll µ;eiiTpOH npeµ;cTaBJI.lleT 

co6oii WeCTHKBapKOBblll KJiaCTep .. 

B pa3Jeu 2.2 Bbl'IHCJIJIIOTCJI 3ap.11µ;0BblH II KBaµ;pynOJibHblX q>opMq>aKTOpbI B o6bI'I

HOll Moµ;enn µ;eiiTpotta, KOTOpble Heo6xoµ;nMbI npn aHaJIH3e ce'IeHn.11 eD - pacce.11mrn, 

KOMnOHeHTbI TeH3opa non.11pn:Jall;Hll T20 11 OTHOWeHH.11 R. BoJIHOBRJI q>JHKil;ll.11 µ;eii

TpoHa KaK CB.113aHHOro COCTO.IIHil.11 HeHTpoHa H npoTOHa MOJKeT 6bITb npeµ;cTaBJieHa 

B BHµ;e CJMMbI S II fl COCTOJIHHH: 

wf = wr + w:J (4) 
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<l>yHKIJ;llll wf n '11:f onHCblBaIOT COCTOJIHirn C npoexri;neii noJIHoro MOMeHTa M II 

JIBJIJIIOTC.11 npOI13Beµ;eml.llMII paµ;HaJibHbIX BOJIHOBblX q>JHKil;llll II q>yHKIJ;Hii, 3aBIIC.lllll;HX 

OT cnnH-yrJIOBblX nepeMeHHbIX: 

wr = u( r) [Yo( !lr) ® x1hM 
r 

(5) 

w:J = w(r) [~(Or)® x1hM 
r • 

(6) 

Torµ;a 3apJ1µ;0BbIH Fe n KBaµ;pynoJibHbIH FQ <f>opMq>aKTopbl c J'IeTOM HeTo'Ie'I

HOCTH HJKJIOHOB HMeIOT Bnµ;: 

00 

Fe= GHq2) j(u2(r) + w2(r))j(qr/2)dr (7) 
0 

00 

FQ = GHq2) j(2u(r)w(r) - w2(r)/V2)j(qr/2)dr (8) 
0 

3µ;ecb G~( q2 ) - aneKTpn'Iecxnii <f>opMq>aKTop npoToHa. 

B pa3Jeu 2.9 o6cyJKµ;aeTCJI rn6pnµ;HM MOl];eJib µ;eiiTpOHa, BbIBOl];.IITC.11 q>opMJJibI 

µ;JI.II 3ap.11µ;0Boro H KBaµ;pynoJibHOro q>opMq>aKTOpoB. BbI'IIICJIJIIOTC.11 noJIJ1pll3RIJ;HOH

Hbie xapaxTepHCTIIKII µ;eiiTpOHa B paMKax q>opMaJIIl3Ma MaTpllil;bI nJIOTHOCTH. Bon
HOBJIO q>JHKIJ;HIO µ;eiiTpOHa C y'IeTOM ero KBapKOBOH CTPYKTypbI ecTeCTBeHHO npeµ;-

CTaBHTb B Bnµ;e: 
M • M ~ '11 d = C1A( 'Pn'Pp '11 ) + L., C,. '11 ,.. (9) ,. 

3µ;ecb q>JHKIJ;H.11 OTHOCHTeJibHOro l];BHJKeHH.11 q,M (M - npoeKIJ;H.11 cnnHa µ;eiiTpOHa) 

TpeXKBapKOBblX KJiaCTepOB (HJKJIOHOB) 'Pn H <pp onpeµ;eJIJleTC.11 HJKJIOH~HYKJIOHHblMH 

(N N) CHJiaMH, TaK 'ITO KBapKH pacnpeµ;eJieHbI B o6JiaCTH JIOKaJin:JRIJ;llII HJKJIOHOB 

(r ~ O, 8<f>M), Haxoµ;.11ui;nxc.11 Ha paccTo.11Hnn r ~ rd ~ 2q>M. BTopoII 'IJieH onpeµ;eJI.11-

eTC.11 wecTHKBapKOBbIMH KOHq>nrypall;llJIMH c KBaHTOBbIMII 'IHCJIRMH µ;eiiTpOHa. OHH 

JIOKaJin:JOBRHbI B ri;eHTpaJibHoii o6nacTn µ;eiiTpoHa c panMepaMn nop.11µ;xa xopa N N 
- cnn r ~ re ~ lq>M. A - onepaTop aHTHCHMMeTpn:Jrui;nn no KBapxRM, npnHaµ;neJKa

UJ;HM pa3HblM HJKJIOHRM. Ilpn aTOM 6hIJIO noxanaHo, 'ITO B cny'Iae ncnOJib30BaHHJI 

peaJIHCTH'IeCKHX N N - noTeHIJ;HaJIOB a<f>q>eKTbI aHTHCHMMeTpn:Jall;HH BeCbMa MaJibl 

H µ;aIOT BKJiaµ; B <f>opMq>aKTOp µ;eiiTpOHa nop.11µ;xa HeCKOJibKHX npori;eHTOB, B TO JKe 

BpeM.11 BKJiaµ;•)iHTepq>epeHIJ;HH wecTHKBapKOBoro H N N - KaHaJIOB B <f>opMq>aKTOp 

cocTaBJI.lleT. yJKe HeCKOJibKO µ;eCJITKOB npori;eHTOB. IIooTOMY HUJKe Mbl 6yµ;eM aHaJIH-

3HpOBaTb BJIHJIHHe Ha non.11pn:Ja1J;HIO TOJibKO HHTep<f>epe~ri;nn 6q - H N N - KaHaJIOB. 

3a6erRJI Bnepeµ;, OTMeTHM, 'ITO BJIIIJIHHe ee Ha noJIJ1pn:Jall;HIO MaJIO. TeM 6onee 'MO,KHO 

npeHe6pe'Ib BKJiaµ;oM B noJIJ1pH3all;HIO a<f>q>eKTOB aHTHCHMMeTpn:Jrui;nn. 8To µ;aeT 

HaM OCHOBaHne He ycnoJKHJITb BbIKJiaµ;xn H C CaMoro Ha'IaJia HCKJIIO'IHTb B <f>opMyJie 

(9) onepaTop aHTHCIIMMeTpH3RIJ;Hll no KBapKRM, npHHaµ;neJKaUJ;HM panHbIM HJKJIO

HaM. B TO JKe BpeM.11 aHTHCIIMMeTpn:Jall;H.11 npn nepeCTaHOBKe CaMHX HJKJIOHOB, ec

TeCTBeHHO, 6yµ;eT J'ITeHa npn nocTpoeHHH q>yHKIJ;HH HX OTHOCHTeJibHoro l];BHJKeHH.11. 

TaxnM o6panoM, BOJIHOBJIO q>yHKIJ;HIO µ;eiiTpOHa 6yµ;eM 3anHCbIBaTb B Bnµ;e 
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wf = C1(<l>n</>p'1!M) + C2'1!6q. (10) 

rµ;e «pyHKQHll <l>n u </>p CHMMeTpll'IHbI no npocTpaHCTBeHHbIM nepeMeHHbIM 3q - xrra

CTepoB II aHTIICIIMMeTpll'IHbI no QBeTOBbIM 

q>p = </>(6,e2)<1>;, <l>n = </>(111,112)</>~ (11) 

<PYffKQII.II wM OTHOCIITeJibHOro µ;BII:lKeHll.lI HYKJIOHOB (3q - KJiacTepoB) onpeµ;err.lieTC.II 

«popMYJiaMII (5), (6). 
BoJIHOBYI<> «pyHKQHIO W 69 oannweM B Bnµ;e, KOTOpbiii: µ;aeT Moµ;errb peJI.1ITIIBIICT

cKoro rapMOHII'IecKoro OCQIIJIJI.IITOpa (MPrO) ( cM. Ilpnrro:iKeHne B) µ;n.11 N - KBapKoB, 

a nMeHHO: 

N-l 

WNq(6,e2, ... eN-l, P) = (a.N/1rN)N-l exp{a.N/2N :E [el - 2(Pei)2 /M}q]}. (12) 
i=l 

3µ;ecb 6,6, ... eN-l - 4-Koopµ;nHaTbI .ffxo6n N - KBapKOBOH CIICTeMhI, p - noJIHbIH 

4-IIMnyJibC. 
8neKTpII'IeCKIIII «popM«paxTop µ;eii:TpoHa c y'IeToM KBapK0Boi'1 cTpyKTYPhI onpe-

µ;errHM cneµ;yI<>ll.lHM o6paooM: 

FM,M' =< wf I :Ee;exp(-iqr;) I '!if'> (13) 
,; 

rµ;e e; n r; - COOTBeTCTBeHHO oap.11µ; n KOopµ;uHaTa j - Toro KBapKa. 0KOH'IaTellbHOe 

Bbipa:iKeHne µ;JI.II <J>opM<f>axTopa µ;eii:TpoHa nocne p.11µ;a npeo6paooBaHIIII Ha ocHoBe 

Bbipa:iKeI!HH (9)-(13) npno6peTaeT cneµ;yI<>ll.lHH Buµ;: 

FM,M1 = cc: Fe+ 2C1C2Ff;;,_0 + c:F6q)SM,M' + (C:FQ + 2C1C2Ff;;,_
2
)SM,M' = 

- GeSM,M' + GqSM,M', (14) 

rµ;e 

sM,M• = J121r/5(-1)Mc:~;1M•Y'-iM,,(nq)• (15) 

<l>opM<f>aKTOp :lKe N - KBapKOBOH CHCTeMhI B MPrO MO:lKeT 6hITb oanncaH ( CM. 

IIpnno:iKeHue B) B cne;a;YI0111eM Bnµ;e: 

FNq = (l + q2 /2M}
9
tN+i exp{-(N - l)q2 /[4o.N(l + q2 /2M}9 )]}. (16) 

3µ;ecb napaMeTpaMn oaµ;a'IH .IIBJI.IIIOTC.II a.N = N ./NJC (JC - ocQHJIJI.IITopHhIH napa

MeTp) n Macca MNq• 0TMeTnM, 'ITO B npeµ;ene q2 ~ MJ,9 <J>opM<f>aKTop N - KBap

KOBOH CHCTeMhI Ha'IHHaeT OaBHCeTb OT nepeµ;aHHOro HMnyrrbca q2 cTeneHHbIM o6pa

OoM: FNq(q2 ~ (q2 )-N+1, TaK, KaK npeµ;nHCbIBaeTC.II npaBHllaMH KBapKOBOrO C'IeTa 

(3). B ypaBHeHHH (16) Fe n Fq ecTb o6hI'IHhie oap.11µ;0BhIH (7) n KBaµ;pynorrbHhIH (8) 
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«popM<paKTOpbI ;a;ex'i:TpoHa. 8rreKTpH'IeCKHH <f>opM<f>aKTOp HeHTpOHa MbI nolIO:lKHlIH pa

BHbIM HYJIIO. IfHTep<J>epemi;uoHHbIM <J>opM<f>aKTOpOM MO:lKHO npeHe6pe'Ib n B HTore: 

A(q2) = G~(q2) + G~(q2
). (17) 

Bee 3
6 

- KoH<f>11rypaQ1111 C? 6yµ;eM orrpeµ;err.11Tb 110 ycrroBn.11 coBnaµ;eHn.11 A( q2 ) c aKcne

pnMeHTOM npn 6oJibilIHX q2, Cf - no ycJIOBH.II HOpMHpOBKII A(q2 = 0) = 1. 
B aKcnepnMeHTax no nccrreµ;oBaHHIO norr.11p1maQHH µ;eii:TpOHOB oTµ;a'IH nrraHnpy

eTC.II n0Mepem1e KOMnoHeHThI TeHoopa norr.11pnoaQ1m T20 = Pzz / ,/2, OTHOIUeHH.II R 

BeKTOpHox'i: norr.11pmJaQHH Pz K TeHoopHoii: Pzz• Oco6eHHOCTb aTnx xapaKTepHCTHK 

COCTOHT B TOM, 'ITO OHH He BKJIIO'IaIOT OaBHCIIMOCTb OT <f>opM<f>aKTOpOB HYKlIOHOB, 

COCTaBJI.IIIOII.IHX µ;ei'ITpoH, II B paMKax o6bI'IHbIX npeµ;cTaBlICHIIH O µ;eii:TpOHe nx no

Beµ;em1e orrpe;a;err.11eTc.11 TOllbKO BOJIHOBOH <f>YHKQHex'i: oTHOCHTeJibHoro µ;BH:lKeHH.II HY

KJIOHOB. B crry'Iae :lKe npeµ;noJIO:lKCHH.II O 6q - npnMeCH B µ;eii:TpOHe ee Bllll.lIHHe Ha 

T20 n R oKa:JbIBaeTC.II HeTpIIBIIaJibHhIM II Tpe6yeT cneQHaJibHoro aHaJIIma. IIpnBeµ;eM 

<f>opMyrrhI, CB.IIObIBaIOII.IIIe BeKTO~HYIO II TeHOOpHyIO norr.11p1maQHU µ;eii:TpoHa C ero oa

p.11µ;0BhIM, KBaµ;pynoJibHhIM II MarHHTHhIM <f>opM<f>aKTOpaMU. Tax, 'IT06bI norry'IHTb 

Bbipa:lKeHIIe µ;JI.II TeHoopa norr.11pnoaQIIU, ncxoµ;nM no MaTpHQbI nrroTHOCTII 

PM,M' = :E < wf I :Ee;exp(-iqr;) I wf" >< wf' I :Ee;exp(-iqr;) I wf" >* 
M" ; ; 

(18) 
Torµ;a, cpaBHIIBa.lI (13) u (18), Bbipa:JHM MaTpncy nrroTHOCTII 'Iepeo <f>opM<f>aKTOpbI 

µ;eii:TpOHa: 

PM,M' = :EFM,M"FM',M"" 
M" 

(19) 

Paorrara.11 MaTpncy nJIOTHOCTH PM,M' no c<f>epH'IeCKIIM TeHOOpaM TJc,q, norry'IHM TeH

oop norr.11pUOaQHH µ;eii:TpOHa: 

Ti.,q = Sp(pTi.,q)/ Sp(p ), (20) 

.IIBJI.IIIOII.IHHC.II c<f>epn'IecKHM TeHOopoM BToporo pa.Hra. Torµ;a µ;rr.11 '!aCTHoro crry'Ia.11 

1(10 0) 
T20 = tn 0 -2 0 

V 2 O O 1 
(21) 

noµ;cTaBJI.II.II (21) n (20) n ncnorrwy.11 (14) n (19), norry'InM 

,,.: 1 l+X 
T20 = v21 +x2/8 (22) 

rµ;e 

X = 2v2Ge = Cf Fe+ 2C1C2Ff::'t0 + C1F6q 
Gq C?Fq + 2C1C2Ff::'t2 (23) 

AHarrorn'IHO MO:lKHo norry'IIITb Bbipa:iKeHne µ;rr.11 OTHoweHn.11 R BeKTopHoii: norr.11p1ma

QIIH Pz K TeHOOpHOH Pzz: 

R = Pz = (1 + X) 2.Jf+r,sin(8/2) 
Pzz 9J1+77sin2(8/2) 

(24) 
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3;a;ecb TJ = q2 
/ 4Mj, 8 ~ yrorr pacceJIHIUI arreKTpoHa. 

liTaK, T20 u R :Ja.BHCJIT oi Bn;a;a q>opMq>aKTopoB Fe, Fq u F6q. IIoaToMy uHTepe

cHo npocrre;a;HTb, KaK BJIHJIK>T oco6eHHOCTH IlOBe;a;eHHJI q>opMq>aKTOpOB u BeJIH'IHHa 

C? Ha T20 u R, B KaKOH o6rracTn nepe;a;aq q2 crre;a;yeT m1m;a;aTb npoirnrremrn wecTn

KBapKOBhIX npnMeceu. 

B pa3ae11,e 2.4 o6cy)K;a;aK>TCJI 'IHCJieHHhle proyJibTaThl H npHBOµ;JITCJI OCHOBHhle 

BhIBOµ;hl: 

1. Ilpe;a;noJIO)KeHHe O cym;eCTBOBaHHH B ;a;eHTpOHe C BepOJITHOCTbK> C? = 7 - 81 5% 

weCTHKBapKOBOH s6 - KOHq>nryp~HH C pa;a;uycoM req = o, 77q>M Il03BOJIJieT onu

caTb ceqeHne ynpyroro eD-pacce11mrn npu 6oJibWHX nepe;a;aHHhIX HMIIYJibcax 

q2 • Ilpu :)TOM. Ka'!eCTBeHHO H:JMeHJieTCJI IlOBe;a;emie TeHnopa IlOJIJIPH:JaQHH T20 H 

OTHOWeHHJI R BeKTOpHOH norr11punaQHH p., K TeHnopHoH Pu B o6rracTH nepe;a;aq 

HMilYJibCa 25q>M-% < q2 < 120q>M-%. 

2. BKJIK>'leHne B pacqeT peJIJITHBHCTCKHX aqiq>eKTOB B paMKax Mo;a;erru rpocca c 

o;a;HoBpeMeHHhIM yqeToM 6q - npnMeceii, a TaK)Ke HHTepq>epeHQHJI 6q - u N N 
- KaHaJIOB nnMeHJIK>T A(q2 ), T20 , R B npe;a;errax 10 - 20%, npu aToM npe;a;no

'ITHTeJibHhIM OKa:JhIBaeTCJI crryqau, Kor;a;a aMilJIHTy;a;a npnMecu HMeeT OTpHQa

TeJibHhIH :JHaK. 

3. HnMepeHHJI IlOJIJIPH:JaQHH ;a;enTpOHa MOrJIH 6bl CJIY)KHTb xopOWHM TCCTOM ;a;rrJI 

npoBepKH Mo;a;erreii ;a;euTpoHa, BKJIK>'laK>lll;HX TaKue TOHKHe aq>q>eKThl, KaK pe

JIJITHBH:JaQHJI, Bn;a; "xopa" N N_ - curr, nap11;a; HeHTpoHa, 6q - npnMecb H T.;a;. 

B TpeTbCH rJJaBe uccrre;a;yeTCJI BJIIIJIHHe BKrra;a;oB B napJI;a;OBhIH, KBa;a;pynoJibHhIH 

u MarHHTHhIH q>opMq>aKTOphl ;a;enTpOHhl Me:JOHHhIX o6MeHHbIX TOKOB. PacCMOTpeHbI 

;a;uarpaMMhI, COOTBCTCTBYK>lll;He napHOMY TOKY, P1r"f - npoQeccy H nanan;a;bIBaHHK>. 

B pa:1ae11,e 3. J CTaBHTCJI na;a;aqa yqeTa Me30HHbIX 06MeHHbIX TOKOB IIpH OIIHCaHHH 

ynpyroro pacceJIHHJI arreKTpOHOB ;a;eHTpOHaMH. 8q>q>eKTHBHhle HYKJIOH - HYKJIOHHbie 

IIOTCHQHaJihI, Ha KOTOpbIX OCHOBaHO HepeJI!ITHBHCTCKOe OIIHCaHne 11;a;epHbIX curr, o6y

CJIOBJieHhl 06MeHOM MC30HaMH. IlpucyTCTBHe MC:JOHOB B ;a;eHTpOHC IIO:JBOJIJICT OIIH

caTb IIOJIHOe ceqeHue TCIIJIOBoro :JaxBaTa HCHTpOHOB npoTOHaMH. IlpuqeM, ;a;pyrux 

cepbe:JHhIX npH'IHH ;a;rrJI o6'bJICHCHHJI BeJIH'IHHbI axcnepnMeHTaJibHOro ceqeHHJI yxa

naTb HCJib:JJI. B arreKTp0pa3BaJie ;a;enTpOHa ceqe11ue H:JMepeHO B o6JiaCTH He6oJibWHX 

nepe;a;aq HMIIYJibca, u n;a;ecb panMopa)KHBaHHe Me:JOHHbIX u 6apHOHHbIX CTeneHeH 

CBo6o;a;hI OKa:JaJIOCb TaK)Ke pewaK>lll;HM. H q>OTO:JaxBaT HCHTP?Ha, u arreKTpopa:JBaJI 

;a;eHTpOHa 06'beµ;HHJieT TO o6cTOJITCJibCTB01 'ITO B :3TH IIpOQCCCbI ;a;aK>T BKJia;a; H:30-

BCKTOpHbIC Me:JOHHhie o6MeHHbie TOKH. Cyw;ecTBOBaHne )KC H:JOCKaJIJipHbIX TOKOB, 

IIpOJIBJIJIK>lll;HXCJI TOJibKO B ynpyroM eD - pacceJIHHH, ycTaHOBJICHO MeHee Ha;a;e)KHO. 

Ha puc. 2-3 uno6pa)KeHhI ;a;uarpaMMhI MenoHHhIX o6MeHHbIX TOKOB1 BKrra;a;hI KO

TopbIX B q>opMq>aKTOpbI ;a;enTpOHa uccrre;a;yK>TCJI B :3TOH rrra.Be. 3aMeTHM, 'ITO BKJia;a; 

HYKJIOH - aHTHHYKJIOHHOH napbI (napHhIH TOK, puc. 1) JIBJIJieTcJI perrJITHBHCTCKOH no

npaBKOH K BOJIHOBOH q>yHKQHH ;a;enTpoHa. B ;a;uarpaMMe napHoro TOKa yqHThIBaeTCJI 

o6MeH TOJibKO 7r - Me30HaMH, TaK KaK BKrra;a;oM OT o6MeHa 6orree TJI)KCJlbIMH Me-

30HaMH MO)KHO npeHe6pe'Ib. BnanMo;a;euCTBHe 'Y - KBaHTa C Me:JOHaMH, KOTOpbIMH 
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o6MeHnBaK>TCJI HYKJIOHhI, onpe;a;errJieT BKrra;a; p7r"f - npoQecca (puc. 1) . .I{pyrue gu

arpaMMhI, r;a;e arreKTpOH paccen:BaeTCJI Ha npoMe)KyTO'IHOM Me30He, BKrra;a;a B ynpy

roe pacceJIHHe He ;a;aK>T, TaK KaK CBJI3aHbI C H:JOBCKTOpHbIMH TOKaMH. ,IJ;uarpaMMa 

nepeHopMupoBKH (puc. 3) Heo6xo;a;HMa, 'IT06bI H:J6e)KaTb ;a;BOHHoro yqeTa o6MeHa 

Me30HaMH H B BOJIHOBOH q>yHKQHH ;a;eiiTpoHa H B nonpaBKe K onepaTopy nap11;a;oBOH 

IIJIOTHOCTH. 

,-~ 

i i 
M !prl 

+ r---
, -- l l l ---l l 

Puc.2 

B1e11,aa napuo20 mo1ea u p7r"f - npot4ecca. B 3ammpuxoBa'l£'1£blX aepmuuax y1tme1£b1 

gjopMgja1emopb1. IIpeano11,a2aemc.z, 1tmo p - Me3ou uMeem 1eoue1tuy10 mupuuy. 

rr TT 
+ + 

TT 

y I' ........ . 

y ......... 

i 

a 15 

Puc.3 

,l(ua2paMMb1 omaa1tu (a) u nepeuopMupoa1eu (6). 

BecbMa Ba)KHOH npe;a;cTa.BnJieTCJI npo6neMa onpe;a;eneHHJI :Ja.BHCHMOCTH q>opMq>aK

. TOpOB ;a;enTpOHa OT aneKTpOMarHHTHbIX q>opMq>aKTOpOB HYKJIOHOB H MC30H - HYKJIOH

HhIX q>opMq>aKTOpOB. Ilo COBpeMeHHbIM npe;a;cTaBJICHHJIM Tpe6yeTCJI, 'IT06bI MC:JOH -

HYKJIOHHhie Bepwn:HbI npu 6onbWHX 3Ha'!CHHJIX nepe;a;aHHoro HMnynbca HMCJIH aCHM

IITOTH'leCKOe IIOBe;a;emie (q2)-3 • TaKue Me:JOH - HYKJIOHHbie q>opMq>aKTOpbI y6bIBaK>T 

c poCTOM nepe;a;aHHOro HMIIYJibCa :JHa'!HTeJibHO 6bicTpee, 'ICM HCIIOJlb:JOBaHHbie pa

Hee B pa6o:r~ MHOrHX aBTopoB, II0:3TOMY :)TO ;a;on)KHO BbI:JBaTb H:JMeHeHne BKna;a;a 

MC30HHbIX 06MeHHbIX TOKOB B q>opMqlaKTOp ;a;eHTpOHa. 

B pa3ae11,e 3.2 onpe;a;eJIJIK>TCJI BepwHHHhie aneKTpoMarHnTHhie u cunbHhie q>op~ 

Mq>aKTOphl, KOTOpbie BXO~JIT B onepaTopbI Me30HHbIX o6MeHHbIX TOKOB. BepWHHHbie 

qiopMq>aKTOpbI ;a;nJI ;a;uarpaMM, IIOKa:JaHHbIX Ha puc. 2-3, JIBJIJIK>TCJI KaK aneKTpOMa

rHHTHhIMH, TaK u cn:nbHhIMH q>opMq>aKTOpaMH. HnocKarrJipHaJI qacTb 'Y N N BepWHHhI 

napaMeTpunyeTCJI crre;a;JK)lll;HM o6panoM: 

Gs - Fs - _t_Fs 
E- 1 4M2 2, 

11 
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G1,=Ff+Fl, (26) 

811eKTpll'IeCKHH <l>opM<l>aKTOp He:ii:TpoHa BCIOµ;y 6yµ;eM IIOJiaraTb paBHbIM HYJIIO. 8neK

Tpll'IeCKHH u MarHHTHhIH <l>opM<l>aKTopbI (25), (26) onpeµ;ennM no KBapKoBoii Moµ;enu 

peJIJITllBllCTCKOro rapMOHH'IeCKoro OCQHJIJIHTOpa ( CM. <l>opMyJiy (16)). 
CnllbHhie BepwnHhI HMeIOT Bnµ;: 

a) 1rNN BepwHHa 

< N(p') I r' I N(p) >= -ig,rNNK1rNN(t)U(p')r1,sU(p), 

6) pN N BepwHHa 

(27) 

< N(p') I Ji' I N(p) >= igpNNKpNN(t)U(p')r1[1µ -
2
~u,w(P1 

- P)v]U(p). (28) 

KoHCTaHThI, Bxoµ;xmue B (27), (28), IIMeIOT 0Ha'IeHHH: 91rNN = 13, 5; 9pNN = 2, 56; 

"'" = 3, 71. 
MeooH - HYKJIOHHhie <l>opM<l>aKTOpbI BbI6IIpaIOTCH TaK, 'IT06bI B o6naCTII He6onb-

WIIX nepeµ;a'I HMilYJibca BOCilpOII0B0l];IIJIOCb o6bI'IHOe MOHOnoiibHOe Il0Beµ;eHIIe, a B 

npeµ;e11e 6ollbWHX nepeµ;aHHbIX HMilYJibC0B IlOBeµ;eHHe K,,NN, KpNN, onpeµ;eJIHJI0Cb 

KBapKOBbIMH CTeneHHMII CBo6oµ;bI 

rµ;e 

K
0
(t) = Afa A10 

Afa + t A!a + t2 1 (a:= 1rNN;pNN), 

A11rNN 

A1pNN = 
0,99 r::iB/c, A21rNN = 2,58 raB/c, 

o, 77 raB/c, A2pNN = 2,58 raB/c. 

<t>opM<l>aKTOp K,,,,..,(t) onpeµ;e11xeTCH B MOl];el!II BeKTOpHo:ii: µ;0MIIHaIITHOCTII 

m2 
K,,,,..,(t) = ~ (m., = 784 MaB). 

m.,+t 

(29) 

(30) 
(31) 

(32) 

B pa3deae S.S µ;aH BhIBoµ; cI>opMyJI µ;nx KynoHoBcKoro onepaTopa. KynoHOBCKIIH 

onepaTop µ;nx l];BYX'IaCTII'IHhIX Me30HHbIX o6MeHHhIX TOKOB npeµ;cTaBJIHeTCH B <I>ax

TOpHl30BaHH0M BHµ;e TaK, 'ITO CilIIHOBbie H yrJIOBbie nepeMeHHbie, OT KOTOpbIX 0aBII

CIIT BOlIHOBaH <l>YHKQHH µ;e:ii:TpoHa, OTl];eJIHIOTCH. 

Onpeµ;eJIIIB BepwuHHbie <l>opM<l>aKTOpbI, II0lIO)KIIM µ;Mee cxeMy pac'!eTa BKJiaµ;a 

Me0OHHhIX o6MeHHbIX TOKOB. ,ll;JIH µ;uarpaMM, Il0Ka3aHHbIX Ha pnc. 2-3, Heo6xoµ;IIMO 

cµ;eJiaTb HepeJIHTHBIICTCKOe npII61IH)KeHIIe, TaK KaK xµ;epHbie BOlIH0Bbie <l>YHKQIIH (B 

l];aHH0M CJiy'!ae µ;e:ii:TpOHHbie BOJIHOBbie <l>YHKQHH) npIIXOl];HTCH BbI6HpaTb Hepel!HTH

BIICTCKHMH. ,ll;JIH ::>Toro Hl3 s - MaTpIIQhI Bbil];eJIHIOT xµ;epHbIH TOK 

s -1 = (2!l54 (p~ + p~ - Pl - P2 - q)Aµ(q)Jµ (33) 

12 
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i. 

Torµ;a TOK B Koopµ;IIHaTHOM npocTpaHCTBe B TO'!Ke ii onpeµ;enxeTCH <l>Ypbe - o6pa30M 

TOKa B IIMnynbCHOM npocTpaHCTBe 

Jµ(ii) = (
2
~)6 / S(k1 + k2 - q)exp(ik1ri. + k2f; - q:c)Jµdk1 dk2 dq. (34) 

IIepeMeHHhie r1 II f; B ( 34) eCTb paµ;nyc - BeKTOphI nepBoro u BToporo HyKno

HOB, S - <l>YHKJ:lllH o6ecne'InBaeT oaKOH coxpaHeHIIH IIMilYJibCa. Ilepexoµ;x B CHCTeMy 

QeHTpa Mace µ;ei'ITpOHa .R = (ri. + f;)/2, r = ~ -f;, MO)KHO nony'IIITb l];JIH TOKa ( 34) 

Jµ(ii) = (
2
~)6 / exp(iq(_.R- ii)-ikr)Jµ(k,q)dkdq. (35) 

HyneBax KOMnoHeHTa nonHoro TOKa J0 ( ii) = PT( ii) onpeµ;e11xeT KYJIOHOBCKHH one

paTop 

MJ;;' = ~ f iJ(qx)YJ~(!l.,)pT(ii)dii (36) 

oµ;ecb e - oapxµ; aneKTpoHa. 3mlll BKnaµ; o6MeHHhIX TOKOB B onepaTop oapxµ;oBo:ii: 

IllIOTH0CTH H MarHHTHoro TOKa, MO)KHO BhI'IIIClIHTb COOTBeTCTBYIOmIIe nonpaBKII K 

oapxµ;oBoMy Fe, KBaµ;pynonbHOMY Fq II MarHHTHhIM FM <l>opM<paKTopaM µ;e:ii:TpoHa 

Fc(q2
) = ~ < 11 I Mfo°"'1 I 11 > 

Fq(q2
) = 

2
~ < 11 I Mfo°"'' 111 > 

FM(q2) = 2
~mN < 11 I Tf'tag I 11 > 

iq 

(37) 

(38) 

(39) 

oµ;ecb 111 > eCTb BOJIHOBaH <f>YHKQIIH µ;e:ii:TpOHa C IlOlIHbIM CIIIIH0M J = 1 H npoeKQHe:ii: 

MJ = 1. Torµ;a, nony'IIIM µ;nx Ky110HoBcKoro onepaTopa Bbipa)Kem1e, CBHOhIBa10mee 

( 36) c IllIOTHOCTbIO oapxµ;a B HMilYJibCH0M npocTpaHCTBe 

(-iV I - - -MJM = 2e(21r)4 exp(-ikr)YJM(!lq)p(k,q)dkd!lq (40) 

rµ;e 
2 

p(k,q) = 1:[(u(l) ® u(2)]A ® PA(k,q)]o-r'(l)r(2) (41) 
A=O 

oµ;ecb u(l) I u(2) - MaTpHQhI Ilay11II, µ;eHCTBy10mne B CilIIH0BOM npocTpaHCTBe 1 II 2 
HYK1IOHOB1 r(l) II f'(2) - TaK)Ke MaTpIIQhI IlaynII, HO OHII COOTBeTCTBYIOT H0OCilIIHY 

HYKJIOHOB. 

Cµ;enaB nepeCBHOKY MOMeHTOB B ( 40) IlOJIY'IHM OKOH'IaTenbHOe Bbipa)KeHHe µ;JIH 

xynoHOBCKoro onepaTopa.(X·= J2A + 1) 

M Coul _ 1 " ·J+I( l)J,+J, J1J2J3 { A l J1 } JM - -- LJ i - --- X 
(21r)3 l,A,J,,J,,J, XJ J J3 J2 

!dkk2[0-J1 ,0, M(J,A)J,] 
, X (Al) ,c, (JI) JM (42) 
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r;a;e 

ot11} = -r(l )-r(2)i1(kr )[[u(l) ® u(2)h ® Yi(flr )]J,; 

:.M[~;t>J, = ; jllYJ(flq) ® Yi(O,.)]J. ® p~]J3• 

(43) 

(44) 

IIepeCB.IIDKa MOMeHTOB ocymecTBJieHa B ( 40) TaKIIM o6panoM, 'ITO Bblpa:iKemie µ;JIH 

0{11} ;JaBIICIIT TOJibKO OT nepeMeHHblX, BXOµ;HmIIx B BOJIHOBYIO <pyHKQUIO ;a;e1'i:TpOHa. 

8To nOOBOJIHeT He:JaBIICIIMO OT BIIµ;a p;IIarpaMM paCC'IUTaTb MaTpH'IHble ::meMeHTbl 

no p;eHTpOHHblM BOJIHOBblM <pyHKQUHM r I J,) < 1110{1:f• 111 > = < 00 I -r(l)-r(2) I 00 > IiL,../3i1GilJ,M, 1 L' 1 X 

1 L 1 

x < lll[u(l) ® u(2)Ml >< L'IIYi(flr)IIL >, (45). 

3;a;ec1, 
00 

Iiv(k) = J uL(r)uL'(r)i1(kr)dr. (46) 

0 

B <popMyJie ( 46) no onpe;a;eJieHIIIO UL=O = u(r), UL= 2 = w(r). 
B pa3aeae s.4 o6cy:iKp;aIOTCH BKJiap;bl napHoro u p1r-y- TOKOB B :JapHp;OBblll, KBaµ;py

noJibHblll u MarHUTHblII <popMq>aKTopbl. AHaJIU:JupyeTcH BJIIIHHIIe urnpHHbl p - Me

:JOHa Ha qiopMq>aKTOpbl ;a;enTpoHa. IIpuBe;a;eHbl cooTBeTCTBy10mue Bblpa:iKeHIIH p;JIH 

Ff!"(q2), Fq'(q2). 
TaxuM o6panoM, :JapHp;OBblH u KBaµ;pynoJibHblH qiopM<paKTOpbl c y'IeToM napHoro 

II p1r-y - TOKOB UMeIOT BUp; 

Fx(l) = F;"P(q2) + F;NN(q2) + F_f"1(q2) (47) 

rµ;e X = C, Q. <t>opMq>aKTOpbl F;,mp(q2) onpe;a;eJieHbl B ( 7) u ( 8). ,I(aJiee npoBep;eHbl 

'IUCJieHHble pac'IeTbl U cµ;eJI~Hbl CJie;a;y10mue BblBOp;bl: 

1. Y'IeT TOJibKO 1r N N u p1r-y - ;a;uarpaMM npuBop;nT K :JaBblllieHHblM :JHa'IeHnHM 

cTpyxTypHon: q>yHKQUII ;a;enTpoHa A( q2 ) npu q 2 < 75q>M-2, noaToMy Heo6xo;a;UM 

y'IeT ;a;uarpaMM OTp;a'IU u nepeHopMHpOBKU. 

2. IloBe;a;eHue TeH:JOpa noJIHpU:JaQUII ;a;enTpOHa OKa:JblBaeTCH 'IYBCTBUTeJibHbIM'K. 

BKJia;a;aM Me:JOHHblX o6MeHHblX TOKOB. 

Pa3aea S.5 noCBH~eH aqi<peKTaM :Jananp;bIBaHuH·B Me:JOHHblX o6MeHHblX TOKax. 

AHaJirmupyIOTCH OTHOCIITe.libHble BKJiap;bl napHoro TOKa, p1r-y - npoQecca u aq>.q>eKTOB 

:Jananp;bIBaHUH B <popMq>aKTOpbl ;a;enTpOHa. ,I(uarpaMMbl OTp;a'IU u nepeHOpMIIpOBKU 

(pIIC. 3) eCTb BpeMeHU - ynopHp;O'IeHHble ;a;uarpaMMbl, Tpe6y10mue ucnoJIWOBaHIIH He

KOBapnaHTHOH Teopuu BOOMymeHUII. ,I(uarpaMMa OTµ;a'III O:JHa'!aeT, 'ITO B:JaHMo;a;en

CTBUe q>OTOHa C HYKJIOHOM npoucxop;IIT B TaKOH IIHTepBaJI BpeMeHII, xor;a;a HJKlIOHbl 

o6MeHUBaIOTCH Me:JOHaMU. O6bl'IHO paccMaTpUBaeTCH TOJibKO o6MeH 1r - Me:JOHaMU, 
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TaK KaK BKJia;a; OCTaJibHblX Me:JOHOB MeHee :JHa'IHTeJieH. 3aMeHUB nponaraTop npoMe

:iKYTO'IHoro HYKJIOHa B ;a;uarpaMMe oT;a;a'IU ero noJIO:iKUTeJibHO - 'IaCTOTHOH 'IaCTbIO, 

aTy ;a;uarpaMMY MO:iKHO B onpe;a;eJieHHOM nopHp;Ke no o6paTHOH Macce HYKJIOHa pac

C'IHTaTb MeToµ;oM S - MaTpHQbl. ,I(uarpaMMY nepeHOpMHpOBKH TaKIIM cnoco6oM pac

C'IHTaTb HeJIWH, OHa noKa:JblBaeT, 'ITO 'IaCTb Me:JOHHblX o6MeHHblX TOKOB J'ITeHa 

B BOJIHOBOH <l>YHKQIIII ;a;enTpOHa npII peUieHHU ypaBHeHHH IIIpe;a;nHrepa C noTeHQII- • 

aJiaMH, 06yci10BJieHHblII op;HOMe:JOHHblMII o6MeHaMII. TeM He MeHee, aTU p;IIarpaMMbl 

TeCHO CBfillaHbl. 

CymecTBYIOT p;Ba paBHOQeHHblX MeTo;a;a. nepeHOpMIIpOBKU BOJIHOBOH <pyHKQIIII -

MeTo;a; yHIITapHbIX npeo6panoBaHHH II MeTo;a; npoeKQIIH. B o6onx MeTo;a;ax paccMa

TpnBaeTCH raMIIJibTOHIIaH Me:JOH - HYKJIOHHOH CIICTeMbl, COCTOHmIIII rm CBo6o;a;Hon 

'IaCTII Ho II Me:JOH - HYKJIOHHOro B:JaIIMo;a;enCTBIIH Hr 

HiJ! =(Ho+ Hr)iJ! = EiJ! (48) 

:J;a;ec1, Ho COCTOHT II:3 onepaTopOB KIIHeTII'IeCKOll aHeprHII HJKJIOHOB II Me:JOHOB, E 
- noJIHaH aHeprHH CIICTeMbl. 3a;a;a'Ia nepeHopMIIpOBKII BOJIHOBOH q>yHKQIIU COCTOIIT B 

TOM, 'IT06bl B nOJIHOM COCTOHHIIH iJ! UCKJIIO'IIITb Me:JOHHble CTeneHII CB06o;a;bl, KOTO

pble Y'IIITblBaIOTCH npII nocTpoeHIIII orrepaTopoB Me:JOHHblX o6MeHHblX TOKOB. ,I(JI.ll 

aToro BBOp;HT npoeKQHOHHble onepaTOpbl, K0T0pble pan6IIBaIOT noJIHOe rIIJib6epTOBO 

npocTpaHCTBO cocTOHHIIH Ha ;a;Ba opToroHaJibHblX no;a;npocTpaHCTBa. OnepaTop f/ 

Bblp;eJrneT B noJIHOH BOJIHOBOH q>yHKQIIII HYKJIOHHoe no;a;npocTpaHCTBo, a onepaTop A 
- Me:JOH - HYKJIOHHOe noµ;npocTpaHCTBO 

iJ! = 11iJ! + AiJ! = ~N+ ~M, (49) 

IIcnOJII,;)YH npoeKQH0HHble onepaT0pbl M0:iKHO nocTpOIITb CIICTeMy CBH:JaHHblX 

ypaBHeHIIll1 KOTOpOH yp;OBJieTBOpHIOT q>yHKQHU ~ N, ~ M 

( 
11H11 11H A ) ( ~N ) = E ( ~N ) 
AH11 AHA ~M ~M 

(50) 

If:3 CIICTeMbl ypaBHeHIIH ( 50) CJie;IzyeT, 'ITO p;lill ~N He BblnOJIHHeTCJI o6bl'IHOe 

yCJioBne HOpMnpoBKII < ~N I ~N >=/. 1 II aTo :JaTpy;a;HHeT BepoHTHOCTHYIO HH

TepnpeTai,i;n10 ~ N. YHIITapHoe· npeo6pMOBRHIIe OKy6o p;IIarOHaJIII:3IIpyeT CIICTeMy 

ypaBiieHIIH ( 50) 

( 
~N ·) _ ( Uu . U12 ) ( XN ) 
~M - U21 U22 <PM 

(51) 

,I(lill napaMeTprmaQHII aJieMeHTOB yHIITapHon MaTpIIQbl U BBOp;HT onepaTop F, CBH

:JblBaIOmIIn HYKJIOHHOe II ~e:J0H - HJKJI0HHOe COCTOHHUH 

~M = F~N, F = AF11, p+ = 11F+A 

11F= FA=0 
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IIonaraIOT, 'ITO eneMeHTbt MaTpm~bt U Bbtpa)KaIOTCJI 'Iepro orrepaTop F cneµ;y10mIIM 

o6paooM: 

Un 
U21 

(1 + p+ F)-112, U12 = -F+U22 

FU11, U22 = (1 + FF+r112. (54) 

Ho ycnoBrur µ;IIaroHaJibHOCTH cIIcTeMbt ypaBHeHIIH Ha cocTOJIHIIJI XN, <PM cneµ;yeT 

ypaBHeHHe µ;BH)KeHHJI µ;JIJI orrepaTopa F: 

A(H + [H,F]_ - FHF)TJ = 0. 

0TMeTHM, 'ITO HJKJIOHHOe COCTOJIHHe XN' yµ;oBJieTBOpJI10mee ypaBHeHHIO 

(TJ + p+ F>-1
'

2(11 + F+)H(11 + F)(TJ + FF+)112xN = ExN, 

o6naµ;aeT BepoJITHOCTHOH lIHTeprrpeT~IIeu, TaK KaK 

< XN I XN >= 1 

(55) 

(56) 

(57) 

YpaBHeHHe ( 56) MO)KeT 6bITb llaIIIICaHO B q>OpMe ypaBHeHHJI illpeµ;HHrepa c HeKOTO

pbIM eq>q>eKTHBHbIM IIOTeHQliaJIOM Ye,/ ( F, p+): 

(TN+ Ye11(F,F+))XN = EXN, {58) 

rµ;e' IIOJIHaJI BOJIHOBaJI q>yHKQllil ( CM. ( 49)) CBJIOaHa c XN COOTHOUieHIIeM 

W = 1/~N + A~M = (TJ + AF)~N = (TJ + Q(F,F+))XN, (59) 

o;a;ecb orrepaTop Q(F, F+) orrpe;a;enJieTcJI yHHTapHbIM rrpeo6paooBaHIIeM ( 54),( 55). 
Ilpn pac'!eTe ;a;narpaMMbt rrepeHopMIIpOBKH BOOHHKaIOT MaTpH'IHbte 0JieMeHTbt BHµ;a 

T1; =< 'IP'j IO I 'IP,>, {60) 

r;a;e '¥;(/) eCTb IIOJIHaJI BOJIHOBaJI q>yHKQHJI, BKJIIO'IaIOmaJI Me:JOHHYIO '!aCTb, B Ha'IaJib

HOM (KoHe'IHOM) COCTOJIHHH. licKJIIO'IeHHe MeOOHHbIX CTerreHeu CBo6oµ;bt B ( 60) rrpH

BOp;HT K IIOJIBJieHHIO eq>q>eKTHBHbIX orrepaTOpOB 

Ti; =< x, I De11 I x; >, {61) 

rµ;e 

Def/= (TJ + Q+(F,F+))O(TJ + Q(F,F+)). (62) 

TaKHM o6paooM, BHµ;Ho, 'ITO n ypaBHeHHe illpeµ;nHrepa ( 58) n Me:JOHHbte o6MeHHbte 

orrepaTOpbt ( 62) ;a;oJI)KHbt CTpOHTbCJI corJiaCOBaHHbIM o6paooM, TaK KaK DaBHCIIMOCTb 

OT JHIITapHoro rrpeo6paooBaHHJI ( 54) coµ;ep)KIITCJI H B ( 58) n B ( 62). 
Mbt 6y;a;eM cne;a;oBaTb MeTo;a;y JHIITapHbIX rrpeo6paooBaHIIu, B paMKax KoToporo 

MO)KHO IIOKaoaTb, 'ITO B rropJI;a;Ke 0(1/M2 ) TOKH OTµ;a'III H rrepeHopMHpOBKH COKpa

maIOTCJI. CyMMa 0THX ;a;narpaMM B rropJI;a;Ke 0(1/M3 ) (eq>q>eKT oarraop;bIBaHHJI) ;a;nJI 

orrepaTopa DapJIµ;OBOH IIJIOTHOCTH rrpe;a;cTaBJieHa B 0TOM pao;a;eJie. 
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CrreQHq>II'IecKaJI DaBncnMOCTb p = p(k2 ) rrooBomreT BDJITb UHTerpanbt B xynoHo

BCKOM orrepaTope ( 40) B HBHOM BII;a;e H JIHlllb DaTeM C'IHTaTb MaTpH'IHbte 0JieMeHTbt 

IIO BOJIHOBbIM q>JHKQHHM ;a;euTpOHa (cM. ( 7), ( 8)). B 0TOM COCTOHT OTJIH'!He Te

XHHKH pac'!eTa BKJia;a;oB B oapHµ;OBbIH H KBaµ;pyrroJibHbIH q>opMq>aKTOpbt eq>q>eKTOB 

oarraop;bIBaHHH OT pac'!eTOB ;a;nH rrapHoro 11 p1r-y - TOKOB. Iloµ;po6HOCTH pac'!eTOB 

HDJIO)KeHbt B IlpHJIO)Kemrn C. 

B KOHQe pao;a;ena, IIOCBHmeHHOro eq>q>eKTaM oarraoµ;bIBaHHH, rrpHBeµ;eHbt BbIBOp;bt, 

IIOJiy'IeHHbte HD aHanm:Ja axcrrepnMeHTaJibHbIX. µ;aHHbIX IIO ;a;euTpoHy: 

1. Y'IeT eq>q>eKTOB oarraop;bIBaHHJI HapH;a;y C rrapHbIMH H p1r-y - µ;narpaMMaMH yny'I

UiaeT cornacne cTpyxTypHou q>yHKQHH ;a;euTpoHa c excrrepnMeHTaJibHbIMH ;a;att

HbIMH B o6JiaCTH rrepeµ;a'I HMIIJJibCa q 2 < 75 q>M-2 • 

2. B o6JiaCTH 6oJibllIHX rrepe;a;a'I HMIIJJibCa q2 > 100 q>M-2 Heo6xo;a;nM y'IeT KBap

KOBbIX cTerreHeu cBo6oµ;bt. 

3. 8q>q>eKTbt MeDOHHbIX o6MeHHbIX TOKOB rrpoHBJIHIOTCJI B IIOBe;a;eHHH KOMIIOHeHTbt 

TeHDopa IIOJIHpnoaQIIH ;a;euTpOHa He:JHa'IIITeJibHO. 

B pa3Je11,e 9.6 Mbt rrp1rne;a;eM peoyJibTaTbt nccneµ;oBaHHH MeDOHHbIX n KBapKOBbIX 

CTerreHeH CB06oµ;bI B ;a;eiiTpOHe µ;JIJI rrapH)KCKoro IIOTeHQIIaJia. B '!aCTHOCTII rrpoBe

;a;eM aHaJIIID CTPYKTYPHOll q>yHKQHII A(q2
) II TeHDOpa IIOJIJipimaQHH ;a;euTpOHa. By;a;eM 

rrpep;IIOJiaraTb, 'ITO p;eHTpOH C BepOHTHOCTbIO Cl Haxoµ;IITCJI B HJKJIOH - HJKJIOHHOM 

KaHane, a c BepOHTHOCTbIO ci - B KBapKOBOM. MeDOHHbie o6MeHHbte TOKH B Ta

KOM rro;a;xo;a;e orrpe;a;eJIJIIOT rrorrpaBKH x HJKJIOH - HJKJIOHHOMy KaHaJiy. 3apJI;a;OBbIH 11 

KBa;a;pyrroJibHbIH q>opMq>aKTOpbt Terrepb rrpII06peTaIOT cne;a;y10mIIu Bn;a;: 

Fc(q2
) = Gf[Fc,mp(q2

) + F~0T(q2)] + 2G1G2Ff;;,_0(q2) + c:F6q(q2
), (63) 

'Fq(q2) = G;[FtP(q2) + F<S"0T(q2)] + 2G1G2Ff;;,_2(q2), (64) 

r;a;e (X = G,Q) 

FfOT(q2) = p;NN(q2) + F_r-1(q2) + Fid(q2). (65) 

BepOHTHOCTb UieCTIIKBapKOBOH rrpHMeCII ci orrpeµ;eJIJieTCH IID ycJIOBHH COBrra;a;e

HIIH A( q2
) C 0K~rrepHMeHTaJibHbIMII ;a;aHHbIMH rrpn 6oJibllIHX q2 . 

"t!ncneHHbIH attair1m CTPYKTypHou q>yHKQHII ;a;euTpoHa B paMKax rrapH)KCKoro rro

TeHQnana C y'IeTOM 'Me\:30HHbIX H KBapKOBbIX CTerreHeH CBo6o;a;bt IIODBOJIIIJI c;a;enaTb 

cne;a;JIOmne BbIBoµ;bt: 

1. Y'IeT Me:JOHHbIX II KBapKOBbIX cTerreHeu cBo6o;a;bt rrooBoJIJieT orrncaTb cTpyx

TYPHYIO q>yHKQHIO ;a;euTpoHa BO Bceu HDMepeHHOH o6nacTn rrepe;a;a'I HMIIJJibca. 

2. OcHOBHOH eq>q>eKT BKJIIO'IeHIIJI Me:JOHHbIX o6MeHHbIX TOKOB DaKJIIO'IaeTCJI B CHH

)KeHHll DHa'IeHHJI BepOHTHOCTH UieCTHKBapKOBOH KOMIIOHeHTbt B ;a;euTpoHe C 

8,5% ;a;o 3,5%. 
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3. Y'IeT 6q - COCTO.IIHH.II Ka'!eCTBeHHO MeHHeT IlOBep;eHne KOMilOHeHThI TeH:Jopa 

nmrnpnnan;nn µ;e11Tp0Ha, 'ITO noµ;TBep,Kp;aeT BhIBoµ; ·rJiaBhI 2 o CHJihHOH 'IY

BCTBHTeJibHOCTll TeH30pHoii IlOll.1Ip1mauuu K KBapKOBhIM CTeneHHM CB06op;bI. 

B 'leTeepTOH rnaee uccneµ;oBaHhI cTpyxTypHhie q>yHKQUII A(q2 ), B(q2 ) u TeH

nop IlOJIHpunaunn T2o(q2
) µ;eii:TpoHa C y'IeTOM.Me:JOHHhIX o6MeHHhIX TOKOB B paMKax 

6oHHCKOH MOp;eJIU. Cµ;eJiaH BhIBOIJ; 0 Heo6xoµ;UMOCTU y'IeTa Me:JOHHhIX o6MeHHhIX TO

KOB a IlOlIHOM o6'beMe, BKJIIO'Ia.11 ~eKThI :Jana:Jp;bIBaHirn. IloKa:JaHO, 'ITO IJ;ll.lI CJIY'IaH 

A( q2
) y'IeT ~eKTOB :Jana:Jp;hIBaHU.II He :JaBHCHT OT BbI6opa BepIIIIIHHhIX q>opMq>aK

TopoB, Torµ;a KaK IJ;ll.11 B(q2
) BKJiaµ; ~eKTOB nananp;bIBaHH.11 cyruecTBeHHO :JaBUCIIT 

OT BbI6opa CIIJibHhIX BepIIIHH. IlpH 3TOM HaHJIY'IIIIee cornacacIIe C axcnepIIMeHTOM 

IJ;OCTHraeTC.II IJ;ll.lI BoHHCKoro peJIHTIIBHCTCKOro IlOTeHQHaJia. 

B pa3ae11e ,{.1 npeµ;cTaBJieHbI OCHOBHbie IlOJIO)KeHH.II BoHHCKOH MOIJ;eJIH. 

B pa3ae11e ,{.2 npoBOIJ;HlIC.II pac'!eT CTpyKTYPHhIX <PYHKQIIH H TeHnopa IlOlIHp1ma

UHH npoBOIJ;HlIC.II C y'IeTOM II:JOCKaJIHpHbIX o6MeHHhIX TOKOB: napHoro TOKa II p1r-y -
npouecca (pHc. 1), a TaK)Ke Toxa nananp;bIBamrn (pIIc. 3), BKJIIO'IaIOruero TOKH oT

µ;a'III H nepeHopMHpOBKH. 

IloMHMO pac'!eTOB c BepIIIIIHHbIM q>OpMq>aKTOpoM (29) npoBOIJ;HlICH pac'!eT c q>op

Mq>aKTOpOM: 

Fa(k2) = (A! - m!)na 
A!+ f2 , (66) 

rµ;e Aa - napaMeTp o6penaHHH 6oHHCKoii: Mop;eJIH. 

B pa3ae11e ,{. 3 npoaeµ;eH IlOJIHhIH aHaJIH:J axcnepHMeHTaJibHhIX µ;aHHhIX no ynpy

roMy pacceHHHIO aJieKTpOHOB Hp;paMH. 

B pa3aeu ,{.,{ cp;eJiaHbI Cllep;yIOIUIIe BhIBOp;hI: 

1. Bxnap;bI MC:JOHHbIX o6MeHHhIX TOKOB npH 60JibllIHX nepeµ;aHHhIX IIMilYllbCax 

Heo6xoµ;HMO Y'IHTbIBaTb a IlOJIHOM o6'beMe, BKJIIO'Ia.11 ~eKThI :Jana:Jp;bIBaHH.11. 

2. Y'IeT aq>q>eKTOB nananµ;bIBaHHH BecbMa Ba)KeH II µ;n.11 cny'Ia.11 A( q2 ) naMeTHO 

yxyµ;IIIaeT cornacIIe C axcnepIIMeHTaJibHblMII µ;aHHhIMII, :JaCTaBll.11.II Y'IHTbIBaTh 

µ;pyrIIe ~eKThI, BJIII.IIIOIUHe Ha A(q2), HanpHMep, KBapKOBbie CTeneHII CB0-

6oµ;hI. 

3. ,I{n.11 B( q 2) aq>q>eKThI :Jananp;bIBaHH.11 BCCbMa Ba)KHhI B cJiy'Iae CIIJibHOy6bIBaIO

ruero aepIIIHHHoro q>opMq>axTopa ( 29) II npeHe6pe)KIIMo MaJihI µ;n.11 cna6oy6hI

BaIOruero q>opMq>aKTopa ( 66). Ilpu aToM HaHJIY'IIIIee cornacIIe c axcnepIIMeH

TOM µ;ocTuraeTC.II IJ;ll.lI 60HHCKoro pelIHTlIBIICTCKOro IlOTCHUIIaJia. 

4. Bxnaµ; Me:JOHHhIX o6MeHHbIX TOKOB B T20(q2
) IJ;ll.lI q>opMq>aKTOpOB ( 29) II ( 66) 

B o6JiaCTH nepeµ;aHHblX UMIIYJihCOB q > 4.5 - 5 q>M B IIpHHUIIIIe 0µ;1rnax0B, 'ITO 

He IlO:JBOJIHT IIpII IlO.IIBJICHlIH B <ITOH o6JiaCTII axcnepIIMeHTaJihHhIX µ;aHHhIX IJ;IIC

KpIIMHHHpOBaTh 3TII q>opMq>aKTOpbI. 

5. Heo6xoµ;HM TaK)Ke y•reT xaapKOBhIX aq>q>eKTOB, BJIIIHIOIUIIX Ha cTpyKTYPHhie 

<PYHKQUU µ;eii:TpoHa. 
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B IlJITOH rnaee B npeµ;noJIO)KeHUH O npIIMeCII IIIeCTIIKBapxoBoro COCTOJIHlU[ B 

• BOJIHOBOH <PYHKQHH µ;eii:TpoHa aHaJim:3IIpyeTCJI ynpyroe pacceHHIIe aJieKTpOHOB C y'!e

TOM Me:JOHHhIX CTeneHeii: CB06oµ;hI. BhI'IHCJiemrn npoBop;IIJIIICb C IJ;BYMJI TlIIlaMII BoH

HCKoro noTeHuuana: BoHHCKaH rroJIHa.11 Moµ;em, II BoHHCKIIii: peJIJITIIBIICTCKIIH noTeH

unan. IloKa:JaHO, 'ITO IIIeCTHKBapKOBaH npnMeCb c BeCOM µ;o 2% IlO:JBOJIHeT He TOJibKO 

orrncaTb CTPYKTYPHYIO q>yHKUHIO µ;eii:TpoHa npII 6oJibIIIIIX nepep;aHHhIX IIMIIYJihcax 

q 2 > lraB2 / c2, HO H Ka'!eCTBeHHO MeHJieT IIOBep;eHIIe KOMnOHeHThI TeH:Jopa IlOll.!IpH

:JaD;IIII T20 II OTHOIIIeHrur KOMIIOHeHThI BeKTopa noJIHpm:3aQIIII p., K KOMIIOHeHTe TeH

nopa non.11pnnan;nII Pzz no cpaBHeHIIIO C noTeHQHaJibHhIMII II peJIHTIIBIICTCKIIMH Moµ;e

JI.IIMH µ;eii:TpoHa. IIpoBep;eH aHaJim:3 rrpeµ;aapIITeJihHhIX axcrrepHMeHTaJibHhIX IJ;aHHhIX 

µ;n.11 T20, nony'IeHHhIX B MIIT npII 6oJihIIIHX nepeµ;aHHhIX IIMnyllbcax (µ;o 4.6 q>M-1 ), a 

TaK)Ke µ;aHHhIX npII MaJihIX q, II:J HoBocII6IIpcxa II AproHHcxoii: na6opaTOPIIII (µ;oxnaµ; 

,I{. Bexa Ha XII PANIC KoHq>epeHUIIII, KaM6pIIµ;)K, IIIOHb 1990, CIDA). ProynhTa

TOM aHaJIU:Ja .IIBJIHeTC.II yMeHbllICHHe BepxHeii: oueHKH Ha wecTHKBapKOBYIO npIIMecb 

B µ;eii:TpOHe µ;o 0.5-1%. 
O6parueHO BHIIMaHne Ha Ba)KHOCTb IIOCTaHOBKII noJIHpm:3an;IIOHHhIX axcnepnMeH

TOB B o6nacTn 6oJibWIIX nepep;aHHhIX IIMnynhcOB (npoeKT CEBAF) c uenbIO nony

'IeHIIJI Ba)KHOH IIHq>OpMaQHH O CTPYKType µ;eii:TpoHa Ha MaJihIX paccTO.IIHHJIX. 

B pa3ae11e 5.1 nocTaBJieHa :Jap;a'Ia HCCJiep;OBaHHJI Me:JOHHhIX H KBapKOBhIX CTeIIe

HeH cBo6oµ;hI B µ;eii:TpoHe µ;n.11 BoHHCKoro noTeHQnana. 

B pa3ae11ax 5.2 - 5.,{ rrpoaeµ;eH aHaJim:3 A(q2 ), B(q2 ) H T20 H noJiy'IeHhI cnep;yIOrune 

penyJibTaThI: 

1. Y'IeT MetlOHHhIX lI KBapKOBhIX CTeIIeHeii: CB060p;bI nooBOJIHeT onncaTb CTpyK

TYPHhie q>yHKQIIH µ;eii:TpoHa A(q2
) n B(q2 ) BO Bceii: lI:JMepeHHoii: o6nacTn nepe

µ;a'I nMnynbca. 

2. OcHOBHOH ~eKT BKJIIO'IeHHJI Me:JOHHhIX o6MeHHhIX TOKOB B paMKax 6oHH

CKOH MOIJ;eJIII :JaKJIIO'IaeTC.II B CHH)KeHHH :JHa'IeHrur BepOHTHOCTH wecTIIKBapKo

BOH KOMIIOHeHThI a µ;eii:TpOHe c 3.5ro (µ;n.11 napH)KCKoro noTeHQHaJia) µ;o 0.5-1 %. 

3. Y'IeT 6q - COCTOJIHH.II Ka'IeCTBeHHO MeHJieT noBeµ;eHne KOMIIOHeHThI TeH:JOpa 

non.11pnnan;nn µ;eii:TpoHa, 'ITO IIOIJ;TBep)Kµ;aeT BhIBOIJ; rllaBhI 2 H 3 0 CHJibHOH 

'IYBCTBHTeJibHOCTH TeH:JOpHOH non.11pm:3an;nn K KBapKOBhIM CTeneHJIM CB060p;bI. 

4. B HaCT~!{ruee BpeMJI axcnepnMeHTaJibHhie IJ;aHHbie no T20 no:JBOJIHIOT cµ;eJiaTb 

BhIBOIJ; 0,TOM, BeJIH'IHHY 6q - npnMecn cneµ;yeT BbI6npaTb 0.5%. 

5. IlnMepeHHJI non.11pm:3an;nn µ;eii:TpoHa npn q2 > 1 (raB/c)2 MormI 6bI CJIY)KHTb 

xopOWHM TeCTOM p;ll.lI npoBepKII MOµ;eneii: µ;eii:TpoHa, BKlIIO'IaIOIUHM TaKIIe TOH

KIIe ~eKThI, xax peJIHTIIBlI:Jan;rur, BHIJ; "xopa" N N - cnn, oapJIµ; Heii:TpoHa, 6q 

- npnMeCb II T.µ;. 

B wecTOH rnaee nocTpoeHa MOIJ;eJib q>opMq>aKTopoB nerxnx JIµ;ep c y'IeToM 

MHOrOKBapKOBhIX CIICTeM B JIµ;pax II npoBep;eHO cpaBHeHHe C axcnepnMeHTOM. 
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B pa3oe1te 6.1 nocTaBneHa oaµ;a-qa n o6ocHOBaHa aKTyanbHOCTb nccneµ;oBaHHn 

MIIOrOKBapKOBhIX CHCTCM B nerKHX Hµ;pax. 

B pa30eJte 6.2.1 IlOCTpoeHa MOµ;C1Ib H nony'IeH o6~nn BUµ; cpopM<paKTopa Tpe

XHynoHHOn CHCTCMbI I!pu IlOCTpOCHlilI <popM<paKTOpa HCXOµ;UM HO B01IHOBOn <pyH

KQIIII TpCXHYK1IOHHOro Hµ;pa, KOTOpaH Hap.1Iµ;y C HYK1IOHHbIM KaHanOM 1JI 1 BKJIIO'IaeT 

IlplIMCClI MHOrOKBapKOBbIX ClICTCM C Manon aMil1IHTyµ;on 

\Jr= C1'll1 + C2'll2 + C3W3 (67) 

3µ;ecb w 2 - KOMilOHCHTa B01IHOBon · <l>YHKQHII 3 He C BbIµ;eneHHbIM 6q - KnacTepoM, 

npIIMCCb KOTOpon BXOµ;lIT C BCCOM c:' 1l13 - 4>YHKQlI.II 9q - KnacTepa C BCCOM C;. 
IITaK, oannweM: 

W1 = W3g{6, 771)'ll3q(e2, 112)'ll3q(6, 773)\JJ(p, r ), 

% = W5q{6,11i.6,112,r/v'2)1ll3q{6,113)ili(p), 

W3 = W9g{6,11i.6,112,r/v'2,p#), 

(68) 

(69) 

(70) 

rµ;e ei' 771' ... KOopµ;uHaTbI JIKo6u KBapKOB B N q - ClICTCMCj P, r - KOopµ;IIHaTbI QCHTpOB 

3q - xnacTepoB. Ilo onpeµ;eneHHIO oap.1Iµ;oBbin cpopM<paKTop ecTb 

FA=< 1l1 IL e~i) exp(iqr}i)) I W >, 
iJ 

(71) 

rµ;e e~i) - oap.1Iµ; i - ro KBapxa uo i- ro,HyxnoHa (3q - KJiacTepa), r'-;i) - ero xoopµ;uHaTa. 

Iloµ;cTaB1IJIJI (67) B (71), nony'IaeM 

3 

FA= LF';;, 
iJ 

rµ;e F';; onpeµ;enJIIOTCJI OTµ;enbHbIMlI KOMilOHCHTaMH w,. Il01IHOn <f>YHKQIIII 

F';; =< W; I Le~>exp(i~)) j 'll; >. 
l,lc 

(72) 

(73) 

B pa30eJte 6.2.2 npuBeµ;eHbI Bhipa,KCHlI.II µ;n.lI MY1IbTlIKBapKOBbIX ClICTCM, nony'IeH

Hbie B Moµ;enu PenJITIIBIICTCKOro rapMOHH'ICCKOro OCQH1I1I.IITOpa. 

B pa30eJte 6.2.S nony-qeHbI <f>opM<f>aKTopbI HHTep<f>epeHQHII HyxnoHHoro u Mynh

THKBapxoBhIX KaHanOB II cµ;enaH p.!Iµ; Ka'IeCTBCHHbIX OQCHOK. 

TaxIIM o6paooM, MO)KHO npoBCCTH paC'ICTbI <f>opM<f>aKTopa (72) npH OTOM BbI

.IICHJICTC.II BCCbMa Ba)KH8JI ponb HHTep<f>epeHHH HYK1IOHHOro II KBapKOBoro KaHanOB. 

Bbino IlOKa:JaHo, 'ITO OHaK C2 c. Heo6xoµ;HMOCTbIO Haµ;o BbI6npaTb OTpIIQaTC1IbHblM. 

B pa3oe1te 6.S npoBeµ;eH aHanuo ~eKTOB opToroHanHOaQlIH u BbI.IIBneH <f>uou

'Iecxuii CMbIC1I c,.. 
B pa3oeae 6.4 npoBeµ;eHo cpanHeH11e c axcnep11MeHTOM. BbI6op C2, C3 ( C1 onpe

µ;enJieTCH HO ycnOBHJI HOpMHpOBKH F.H. TaK, 'IT06bI nony'IHTb cornac11e C OKcnepn

MCHTOM BO Been o6naCTH q2• 0KOH'IaTe1IbHbie proynbTaTbl µ;JI.II 6q - II 9q - npnMecu 

µ;a10T oHa'IeHHJI Ci = 15% 11 CJ = 0.54%. 
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B pa3oeae 6.4.2 aHanuoupyeTC.II <f>opM<f>aKTOp 3 He. 

Ha puc. 4 npnBeµ;eHbI paC'ICTbI 11 cpaBHCHIIC c axcnepUMCHTOM <f>opM<f>aKTOpa 

F.H. ,. Ilpu OTOM B Ka'IeCTBe (wTpnx-nyHKTnp) BO.IITbI paC'ICTbI, BbIIl01IHCHilbIC 

'IncneHHbIM peweHneM ypanHeHnn <l>aµ;µ;eeBa µ;n.lI S dT - noTeHQHana. 

~ 
N 

CJ" 
--:c 
IC' 

,o·• 

3He 

' ' ' 

106 '·, 
0 1 2 3 

q 2 [(GeV/dl 

Puc.4 

<PopMgja-x;mop I F.H, I: cnaomna.a-

11,unu.a- - y11.menb1 6q-, 9q - npuMecu, 

mmpux - nyn-x;mup - pac11.em B paM-x;ax 

mpexme./tb'ltOU 3aoa11.u. 

B pa30eJte 6.4.s aHanuoupyeTC.II <f>opM<f>aK

TOp 3 H. Pac'IeT <f>opM<f>aKTopa Hµ;pa I F.g I 
B o6naCTII 6onbWIIX nepeµ;aHHbIX HMnynh

COB q2 > 0.5 (raB/c)2 TaK)KC Heo6xoµ;1IMO 

µ;enaTb C Y'ICTOM KBapKOBbIX CTeneHen CB0-

6oµ;bI, a HMCHHO WCCTII- II µ;eB.IITIIKBapKo

BbIX CIICTCM. IlplI OTOM MCOOHHbie CTCilCHH 

cBo6oµ;bI He urpaIOT oµ;ecb 6onhwon pmm, 

TaK KaK BKnaµ; MCOOHHbIX o6MeHHbIX TOKOB 

B <f>opM<f>aKTop I F. H I· Bcneµ;cTBHe 'IaCTH'I

Hon KOMilCHCaQHII IIOOCKanHpHoro II IIOO

BCKTOpHoro TOKOB OKa:JbIBaCTC.II npeHe6pe

)KIIMO MMbIM. IlapaMeTpbI µ;irn 3 H BbI6H

panucb TaKIIMH )KC, 'ITO II µ;n.lI Hµ;pa 3 He. 
Kax 11 B cny-qae I F•H• I, oµ;ecb Ba,KHYIO 

ponb HrpaIOT IIHTep<f>epeHQllaQHHbIC <f>op

M<f>aKTOpbI. 0TMCTIIM, 'ITO BKnaµ; I F5qTot I 
H I F9qTot I npu q2 = 0 COCTaBJI.IICT npu

MepHo 2% u 0,01 %, COOTBCTCTBCHHOj XOT.II 

oHa'IeHHJI C? = 15,4% 11 C; = 0,54%. 
::ho CB.IIOaHO C TCM, 'ITO IIHTepq>epeHQIIOH

HbIC <f>opM<f>aKTopbI 2C1 C2F12 11 2C2C3F23 
IIMCIOT oTpuQaTenbHbin OHaK ( C2 < 0!). 

B pa3oe1te 6.5 nocTpoeHa Moµ;enb µ;n.lI <f>opM<f>aKTopa 4 He. 
B µ;aHHOM naparpa<f>e npo~eµ;eM 1Iccneµ;oBaHIIe cpopM<f>axTopa 4 He, aHanorH'IHO 

TOMY, KaK OTO 6bI1IO cµ;enaHO µ;n.lI TpexHyKnOHHbIX JIµ;ep. 

IlcnonbOY.II CTaHµ;apTHOC onpeµ;eneHIIC cpopMq>aKTOpa II BbIµ;enem1e)i;BH)KCHH.II QCH

Tpa Mace ·.!Iµ;pa, MO)KHO IlOJIY'IIITb <f>opM<f>aKTOpbI oTµ;enbHbIX BKJiaµ;oB B BIIµ;e: 

F5qTot = 2C1C2F12 + c:F22, 

F9qTot = 2C2C3F23 + 2C1C3F13 + C;F33, 

F12qTot = 2C2C4F24 + 2C1C4F14 + 2C3C4F34 + CfF44, 

(74) 

(75) 

(76) 

KOTOpbie BMCCTe C JIµ;epHbIM ,q>opM<f>aKTOpOM HYK1IOHHOro KaHana c: Fu onpeµ;enJIIOT 

F.g,: 
F.g, = Cf Fu + F5qTot + F9qTot + F12qTot• (77) 

3µ;ecb Fu npeµ;cTaBn.lICT co6on q>opM<paKTOp B HYK1IOHHOM Ka.Hane, KOTOpbin BbI'III

C1I.II1IC.II C N N - IlOTCHQIIMOM XaMaµ;bI - ,Il;)KOHCTOHa C BK1IIO'ICHIICM Tpex'IaCTII'IHbIX 

cun. KoHxpeTHble Bbipa2KeH1I.1I µ;n.11 oTµ;enbHbIX -qacTen F';; nony'IaIOTC.II no aHanor11u c 
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TpexuyKllOHHhIM CJiy'taeM. OTMeTIIM TaK:lKe, 'ITO ):Ill.II Tex 'taCTeii q>OpMq>aKTopa, KO

TOpbie CB.II::JaHhI C ABU:lKeHIIeM KBapKOB B HYKllOHHhIX II MHOrOKBapKOBhIX Mewxax, MhI 

IICilOllWOBaJIII pac'teThI B paMKax perr.lITIIBIICTCKoro rapMOHII'teCKOro OCQIIllll.lITOpa 

( CM. IlpIIllO:lKeHIIe B). Oxaaarrocb, 'ITO aMilllIITY/:IY 6q - npIIMecu C2 Heo6xo;1:11™0 BhI-

6IIpaTb oTpIIQaTeJibHoii, xax II ):lll.S: 3 H II 3 He, Tax xax TOllbKo B aTOM CJiy'tae clly'tae 

MO:lKHO IlOllY'tIITb corllaCIIe C axcnepIIMeHTallbHhIMII AaHHhIMII. 

H Tax, aHaJIII3 noxaaarr, 'ITO BKllaA 6q - npIIMeCII cocTaBll.lieT c: = 17 .64%, 9q 
- npIIMeCII CJ = 1.25%, 12q - npIIMecII Cl = 0.02%. aq>q>eKTIIBHhIH BKllaA :lKe 

3TIIX KaHaJIOB oxaaarrc.s: 3Ha'tIITellbHO MeHbWe BCJie):ICTBIIe 'taCTII'tHOH KOMileHCaQIIII 

IIHTepq>epeHQIIOHHhIX II np.s:MhIX q>OpMq>aKTOpoB: F6qTot(0) = 0.073, F9qTot(0) = 
0.0082, F12qTot(0) = 0.0001. 

B pa3Jeae 6.6 npIIBe):leHhI BhIBOAhI: 

1. Y'teT MHoroxBapKOBhIX npIIMeceii B .s:;1:1pax 3 H II 3, 4H e Heo6xo;1:1IIM ):lll.S: o6'b.s:

cHeHII.S: IlOBe):leHII.II q>opMq>aKTOpOB npII 60llbWIIX q2 • 

2. AMnllIITYAhI C2 II C3 ):Ill.II 3 H II 3 He O):IIIHaKoBhI. 

3. liHTepq>epeHQII.II MHOrOKBapKOBhIX II HYKllOHHhIX KaHaJIOB IIrpaeT onpe;1:1ell.lIIO

nzy10 ponb B IIHTepnpeTaQIIII axcnepIIMeHTa. 

4. Pac'teTbI IlOK83hIBaIOT, 'ITO BKlla):lbI HYKllOHHOro,, weCTIIKBapKoBOro II ):leB.S:TII

KBapKOBOro KaHaJIOB paa;1:1elleHhI no nepe;1:1aHHOMY IIMnynbcy. 

5. <l>opMq>aKTOphI 3 H, 3 •4 He pacc'tIITaHHhie c noMOll(bIO ypasHeHIIH <l>a;1:1;1:1eeBa -

Jhy60BCKOro, He OilIICbIBaeT aKcnepIIMeHTallbHhie ;1:1aHHbie. 

6. Y'teT IIHTepq>epeHQIIII npIIBO):IIIT K 'taCTII'tHOH KOMileHCaQIIII np.lIMhIX II IIH

Tepq>epeHQIIOHHhIX 'tlleHOB, 'ITO cyll(eCTBeHHO yMeHbWaeT aq>q>eKTIIBHhIH BKJiaA 

MHOrOKBapKOBbIX npnMeceii B q>opMq>aKTOpbI llerKIIX .II):lep. 

B rJiaee 7 npoBeAeHO IICCllel];OBaHIIe _ CTYKTYPhI MHOrOKBapKOBhIX CIICTeM B Me

TO):le rIInepcq>epn'tecKIIX q>yHKUIIii. 

B pa3oeae 7.2 MeTOA rIInepcq>epII'teCKIIX q>yHKQIIii npIIMeHeH K peweHIIIO naAa'tII 

TpeXKBapKOB. Ilolly'teHbI aHaJIIITII'teCKIIe Bbipa:lKeHII.II ):Ill.II aq>q>eKTIIBHoro IlOTeHQII

arra. IloKaaaaa Heaµ;µ;IITIIBHOCTb BKllaµ;a CillIH - CilIIHOBoro B3aIIMO):leHCTBII.II, 'ITO npn

BO):IIIT K II3MeHeHIIIO wnpIIHhI KOpa II rlly6IIHhI .IIMhI ):Ill.II aq>q>eKTIIBHoro noTeHQIIaJia. 

BTopbIM peweHIIeM na;1:1a'!II Ha co6CTBeHHhie 3Ha'teHII.II B TpeXKBapKOBOH CIICTeMe 

HaII):leHhI COCTO.IIHII.II, OTBe'taIOll(IIe AbIXaTellbHOH MO):le B036y:lK):leHII.II. 

B pa3Jeaax 7.S - 7.5 IICclle):IOBarrc.11 cneKTp 3q-, 6q- cIIcTeM II q>opMq>axTop ynpy

roro eN - pacc,e.lIHII.II. BhimI c;1:1erraHhI CJie):lyI<>ll(IIe BhIBO):lhI: 

1. B MeToµ;e rIInepcq>epn'teCKIIX q>yHKQIIH C KBapK - KBapKOBhIM noTeHQIIaJIOM 

TIIna: 

Vqq = L>.i>.;¼;(r), 
ij 
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(78) 

r;1:1e 

V;; = (Ae-r•ta• + Br2 + C) + [K(l + ~uiu;)e-r'/A') = V.j + V.j, (79) 

YAReTC.II onncaTb: 

(a) N - Ll - paaHOCTb Mace, 

(b) cpe;1:1HeKBa;1:1paTII'!HhIH paµ;IIyc HyKllOHa, 

( c) q>opMq>axTop ynpyroro eN - pacce.11HII.1I, 

2. Ha11;1:1eHbI aHeprIIII B006Y:lKAeHII.II II IlllOTHOCTII AJI.II OCHOBHoro II MOHOilOllbHO -

B036y:lKµ;eHHoro COCTO.S:HII.S: N - 'taCTIIQhI. 

3. IloKaaaHo, 'ITO BKllIO'teHIIe CilIIH - CilllHOBoro IlOTeHQIIarra V.j cyll(eCTBCHUO 

II3MeH.1IeT aq>q>eKTIIBHhIH IlOTCHUIIaJI w (p) ( KOp II rlly6nHy ), TO eCTb V.; BXOAIIT 

B °Vqq Hea):IAIITIIBHO. 

4. OTMe'teHO, 'ITO npe):lllarReMhIH IlO):IXOA MO:lKeT 6bITb IICilOllWOBaH AJI.II 113y'teHII.II 

TaK:lKe 9q, 12q - CIICTeM. 

B rJiaee 8 -3aKJIIO'ICHHH nepe'IIICJieHhI OCHOBHbie proyllbTaThI, IlOJIY'tCHHbie B 

AIICcepTaQIIII. 

B npHJIO:lKCHHJIX BhIHeceHbI HeKOTOpbie BOilpOChI MaTeMaTII'Iecxoro II cnpaBO'I

Horo xapaxTepa, a TaK:lKe p.11;1:1 nollroHhIX cooTHOWeHIIH. 
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