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TIHoHHhle H HYKJIoHHhIe 3JIeKTpOMarHHTHhIe Q>opMQ>aKTOp.hI pacCMOT­
peHhI B paMKax Mo.n;eJIH KBapK-rnlOoHHoit CTpyHhI, r.n;e q2-3aBRCHMOCTb 
a,D.POHHbIX ¢opM<paKTopoB onpeAeIDIeTC.H nepeCeqeHHeM COOTBeTCTBy­
lO~RX pe~eBcKHx TpaeKTOpHH H CY,lI,aKOBCKRM <pOpM<paKTOpOM. AHa­
JIHTHQeCKHe BLIpa)KeHHH ,lI,JIH ¢opM<paKTopoB, Hait,n.eHHhle BO BpeMe­
HHIIO,n,06H0:t1 06JIaCTH, ,n,OIIyCKaIOT npo,npJI)KeHHe B IIpocTpaHcTBeHHorro­
,n;06Hyro 06JIacTb. TIOJIyqeHO xopOIIIee cornaCHe C3KcrrepHMeHTaJIbHhIMH 
,n.aHHbIMH ,[\JIH IIHOHHOro H HyKJIOHHOrO <po~M<paKTopoB KaK ,lI..JHr. rrOJI0­
2KRTeJIhHhIX, TaK Ii )VUI oTpHI~aTeJIbHbIX q . IloKa3aHo, "liTO p83JIRQHe 
B Mo,nyJIe TIHOHHoro H HyKJIOHHhlX <popM<paKTopOB F1r (q2), Gm (q2) R 
F2(q2) IIpH IIOJIO)KHTeJIbHhIX H OTpHII,aWJIhHhIX q2 CB5I3aHO C aHaJTHTH­
-qeCKHMB cBo:ikTBaMH ,n.Ba)I()l.hIJIOrapHQ>MIP1ecKoro qJIeHa B 3KCIIOHeH­
Te CYAaKOBCKoro ¢opM<paKTopa. npe,n.JIO)l(eHHa.H B AaHHOH pa60Te CIIH­
HOBaH CTpyKTYpa aMIIJIHTy).I. rrepeXO,LJ;OB KBapKOB B a,u,pOHhI rr03BOJI.HeT 
TaIOKe HeTIJIOXO onHcaTh HMelOIlJ,HecH 3KcnepHMeHT8JIhHhIe ).I.aHHhIe no 
<popM<paKTopy llayJIH F2 H OTHOllIeHHIO Ge/Gm . 

The electromagnetic form factors o(pion and nucleon are considered 
within the framework of the Quark-Gluon Strings Model, where the 
dependence of the form factors on q2 is determined by the intercept 
of the appropriate Regge trajectories and Sudakov form factor. The 
analytical expressions for the form factors found in the time-like region 
can be directly continued to the space-like region. Good agreement with 
available experimental data on the pion and magnetic and Pauli nucleon 
form factor is obtained at positive and negative q2. It is shown that the 
difference in F1r and GM at positive and negative values of q2 is mainly 
related to the behavior of the doubly logarithmic term in the exponent 
of Sudakov form factor. The proposed in the model spin structures of 
fragmentation quarks-to-hadrons amplitudes provides good agreement 
with existing experimental data on the Pauli nucleon form factor F2 
and the ratio Ge/Gm. 
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1. BBe~eHHe 

Xopomo H3BeCTHO, 'lTO npH 60JIblUHX nepe,n.aHHbIX l1MUYJIbCax Iq21» M2 (M - Macca HyK­

JIOHa) 3apil,Zl;OBbIil H MaI'HHTHblit <popM<paKTOphl HJ',KJIOHa M07T 6hlTb C xopomeii TOqHOCTbIO 

annpOKCHMHpOBaHbl.n;I1UOJlbHOA cP0PMYJloA IGe,rn(q2)1 '" 1/ Iq2 
1 (CM. oroop [1]).)J;.rrH cPopM<paK­
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TOpOB IIayJIH .n;aHHasI 3aBHCHMOCTb npH06peTaeT BBA IF! (q2)1 ,....., 1/ Iq2 j2, \F2(q2)1 '" 1/ Iq21• 8KC­

nepHMeHTaJlhHbIe .n;aHHbIe [2,3) TaJOKe YKa3blBaJOT Ha TO, 'iTO UpH 60JIhillHX Iq21MO,llyJIb lfYKJIOH­

HOro <popMcPaKTopa Gm (q2) BO BpeMeHBITo.n;o6HOD 06J1acTH IlPH6JIH3HTeJlbHO B 2 pa3a 60JIhlUe

'leM B rrpOCTpaHCTBeHHono.n;06HoA 06JIaCTH: IGm (q2)1 '" cd lq2/2 
,n.mI q2 > 0, IGm (q2)1 ,....., C2/ Iq21i 

,D)ISI q2 < 0, Cl ~ 2C2 (CM. 0630P [3) II npRBe,n;eHHble TaM CCbIJIKH). 

J1MeIOIIQfeCR 3KcnepHMeHTaJIbHhIe .n;aHHhIe 0 IIHOHHOM <popMcPaKTOpe MOryT 6bITh OIlHca­

HbI aHaJIOrH'lHO CTeneHHoii <P0PMYJlOH F7T (q2) "-J C",jq2. Bo BpeMemmo.n;06HoA 06J1acTH MO,lJ,YJIb 

nBOHHOro cPopMcPaKTopa IF'll" (q2) I, no-BH,D,BMoMy, TalOKe B 2 pa3a 6oJIhille, 'leM B npOCTpanCT­

BeHHono.n;o6HoA 06JIacTH (CM. [3]). 
qTO KaCaeTCH TeOpeTH'leCKIIX pa60T, TO HMeeT MecTO KOHceHcyc: npH acHMnTOTH'IeCKH 

60JIblliHX uepe.n;aHBbIX HMDyJIhCax q2 npaBHJlblIOe OnHCaHBe <PoPMcPaKTopOB ,n;8.eT MOAeJlb 

"2KecTKoro" pacceSlHHSi (M:tKP), OCl106aHHaH Ha npe,lJ,nOJIO>KeHHH 0 <paKTOPH3aIJ;HH MJlTKHX H 

>KOCTKHX BKJIa,ll.OB, KOTOpaa BocnpoH3Bo,n;HT q2-3aBHCHMOCTb (CM. 14] H npBBeAeHHbIe TaM CCblJI­

KU). TeM He MeHee cym;ecTByeT Bonpoc, MO)KHO JIB npHMeHHTb 3TOT no,lJ,XO,lJ" OCHOBaHHhIii Ha 

TeopHH B03Mym;eHHA KX,lJ:, B 06JIacTlI HMeroID;lIxcsr 3KcrrepBMeHTaJIhHbIX ,lI.aHHhIX UpH q2 ~ 30 
r3B2 ( CM. [5, 6, 7, 8)). B nOCJIe,ll.HHe HecKOJIhKO JIeT 6bIJIa npeAJIO>KeHa Mo.n;Hqmn.npOB8.HHaH 

M)l(P, yqHTbIBaIOm;a.H 3aBHCHMOCTb BOJIHOBOf:i <PYHKIJ;HH a,lIpOHa OT k-L H BKJIlOqarom;aa pa3­

JIH'IHbIe napaMeTpB3au,HH cy,n:.aKOBCKoro cPOpM<paKwpa (CM. /9, 10, 11, 12}). B paMKaX TaKoro 

MO,ll.ll<pH~pOBaHHOrOno,n.xo,n:.a OKa3hJBaeTCH B03M())KHhIM npOBO,ll,HTb CaMOCOrJIa.coBaHHoe 6bI­

'lHCJleHne nepTYP6aTHBHbIX BKJI~OB B cPopM<paKTopbl ,ll.aJKe npH CPaBHKTeJIbHO He60JIbIllBX 

KBaAPaTaX nepe,n;anHoro HMDyJIbCa q2 ~ 2-3 raB2• 8TH Bhl'lHCJIeHHH TaIOKe npo.n;eMOHCTpH­

pOBaJIH, 'ITO nePTYP6aTHBHhIA BKJIa,lJ, 8 ~OPMcl>aKTOPhI 6 3TOM 06JIacTH CJIHIDKOM Man, 'lT06bl 

onBcaTb 3KcnepKMeHTaJIbHhIe ,lJ,aJ:lIIble (CM. [13, 14, 15]). AHaJlH3 nOClle,lJ,HHX pa60T, B KOTOPhIX 

UPOH3BO,n;HJlOCb BhI'lHr.J1eHHe aJleKTpOMarHHTHbIX cPopM<paKTopoB Ha OCHOBe TeOpKH B03MYID;e­

Rna KX.ll. (eM. 0630P [16]), ,n:.eMOHcTpHpyeT, 'ITO HOpMHpOBKa <popMcPaKTopOB He MO)KeT 6blTb 

npe,ll.CKa3alla B paMK8X BblqHCJIeHHD B JUi.n;HPYIOm,eM nOpH,ll.Ke no KOHCTaHTe CHJIbHOA CBH3H as' 
8TOT pe3YJlhTaT 03Ha'iaeT, 'lTO npa Bbl'lHCJleHHB <pOPM<PaKTOPOB BaJKHhl HenePTYp6aTHBHble 

(UJIB MSlrKHe) BKJIa,lJ,bI. 

HenepTyp6aTBBHhlit no,lJ,XO,ll. K onncaHHIO aAPoHHblX cPopMcPaKTopOB npH KOne'lHbIX q2, 
OCROBaHHhID Ha KBapK-rJIlOOHHOA CTpyHHOit MO,lJ,eJIB (MKfC) [17], 6hIJl rrpeAJlO.)KeH B (18]. PaHee 

MKfC npHMeHID1ach B pa60TaX /19, 20] ,n:.JUl onHcaHHH "MHrKHX" B33HMo.n;eHCTBHH a,npOROB 

npH 6o.nh1IIHX 3HeprH.HX s. MKrC HCnOJIb3yeT H)J,eH TOllQJlOrH'leCKOrO I/N-p83J10)KeHHSi [21, 
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22, 23, 24} n MO,ll,eJlb lJ,BeTIIOIt Tpy6KH [25, 26, 27,28}. MKrC MO:>KeT paccMaTpHBa'1'bC}[ KaK 

MHKPOCKOIIHqeCKaSl MO,ll,eJIh, OIiRChIBaIOm;8.Sl pe,ll,)Ke-~eJiOMeHOJIOrHIO B TepMHHax KBapKODbIX 

cTeneHeA CBo6o,ll,blj C ee nOMO~IO OKa3hIBaeTCR B03MO>KHhIM CB}[3aTb MHOI'He M}JI'KBe a.ApOHHhle 

pea~u. B paMKaX MKrC 3aBHCUMOCTb a,LJ,POHHblX ¢opM¢aKTopoB OT q2 Onpe,lleJI51eTCH ,lI,nYMSI 

<paKTOPaMH [I8}: 1) lIepeceqeHHeM Me30HHhIX H 6apHoHHblX TpaeKTopnil Pe)J)Ke; 2) Cy,ll,aKOBCKHM 

<pOpM<paKTOpOM. 

B HacTOsiIn;eil pa60Te nOKa3aHO, 'ITO pa3JlH'IHe B MO,ll,emfX a,n;POHHhIX epOpMcPaKTOpOB npH 

nOJlO)KKTeJIhHhIX II OTpHI\aTeJIbHhIX q2 ecTecTBeHRO o6'b5ICHHerCH B MKfC aHaJIHTJf<IeCKOH 3a­

BHCHMOCThIO OT q2 cy,n;aKOBCKoro ¢OpM<!>aKTOpa. MO,l(eJIh TaIOKe o606m;eHa C IJ,eJIbIO yqem cnH­

HOBhIX nepeMellHhlX. 9'1'0 ,lI,eJIaeTCH nyTeM BBe,Il,eJiIDI aMllJIRTy,u, nepeXO,ll,OB KBapKOB B a,n;POHbI 

Tq7j~loh H a,n;pOHOB B KBapKH Thh-tqq. PaRee cnHHOBbIe 3CPcPeKThI B MKfC 06CPK,lI,8JUICh B pa­

60TaX [29] H [18]. MeTO,II" npe,ll,JIO:>K:eHHhIH B HaCToilm;elt pa6OTe, cym;eGI'BeHHO OTJIH'laeTCH OT 

no,n,xo,n;a paOOTbl 129]. BBe,Jl;eBHe CIIHJiOBbIX nepeMeHHblX I103BOJIHeT pa3,n;eJIHTh epopMcPaKTopbl 

H}'KJIOHa FI H F2 , a TaIOKe .n.OKa3aTh ,lI,OnO.lIHHTe.rrbHoe no.n.aBJIeHBe nHoRHoro cPOpMcPaKTOpa B 

MKrC npH 6o.rrbllUlX q2, CBil3aUHoe C coxpaHeHHeM KHPaJIbHOCTH. 

BhIBO,ll, cPoPMYJI npoBOABTCH BO BpeMeHHno,1I.06HoA 06JIacTH. O,ll,HaKO nOCKOJIbKY pe3YJIbTaT 

npeACTaBJTReTCH B BR,lI,e auaJIHTUqeCKHX BhIpa>KeHUA, nOJIyqeHHhIe <pOPMYJIbI ,lI,JIH cPopMepaKT<r 

POB MOryT 6hITh aHaJIBTH<JeCKH np0,ll,OJl:>K:eHbT B IIpOCTpaHCTBeHHonoAo6HYlO 06JIaCTh. P83JIHqHe 

B MO,LJ,yJISIX ~OHHbIX cPopMcPaKTOpOB npH nO.lIO»(HTeJIbHblX H OTpHIJ.aTeJIhHbIX q2 06'hHCHReTCH 

B :7TOH MO,ll,eJJH aHaJIHTUqeCKOH 3aBHCDMOCTbIO ,Il.BaJ.K;nbIJIOrapHcPMIiqeCKoro 'LlleHa B 3KcnOReHTe 

CY,Jl;aKOBCKoro q,0pM<!>aKTOpa. 

B paa,ll,. 2 npHBO)l.HTCSI OCROBHbIe nOJIO:)KeHU}[ MKrC. PaccMaTpHBalOTcR aMllJIHTY,lJ,hl nepe­

XO,ll,a KBapK aHTUKBapK B nyKJIOH aHTuHyKJIOH, Aqq~NN (S, t), H B napy 1r+1r-, Aqq,-t.,,-+,..- (s, t), H 

HaxOAHTCSI acHMIITOTHKa JTHX aMTIJlHTY,lI, npH 60JlbillHX S H KOHeqHIilX t. ITOJIyqeHhl aHaJIHTH'leC­

KHe BbIpa>KeHHSI,lI,JIil MaTpUqHhIX 3JleMeHTOB nepeXO,ll.OB 'Y -+ NN H 'Y -+ 1[+1r- IIpH \sl ~ M 2
, 

ItI $ M 2 , KOTOphIe OIIpe,ll.eJIHIOTCR KaK CBCpTKa aMIIJIHTYA nepeXO,ll,OB 'Y -+ qij H qij -+ hh B HM­

IIYJIbCHOM npe,ll,CTaBJIeHHH HJIH KaK npOH3Be,ll,eHHe 3THX aMllJIHTY.n. B npe,l(CTaBJIeBHH npHI(eJIb­

HOro napaMeTpa. B pa3,l1,. 3 onpe,ll,eJlHe'I'CH CnHHOBa.R CTpyKTypa aMnJIHTY,lI. Tqij-tNN, Tqq-t1f+.,,- H 

ITOJIyqalOTCB BbIp~eHHSIAJIH nUOHHoro q,opMq,aKTOpa F.,,(s), a TaK)J(e AJIH 3apil,ll.OBOrO Ge(s) H 

MarnHTHOrO Gm(s) HyKJIOHHbIX cPOPM cPaKTOpOB. B pll3,D,. 4 paCCMaTpIiBaeTCH 3tPcPeKT nO,l(aB.lIe­

HID! aMIIJlHTY,lI, nepexO,ll.OB 'Y -+ N N Ii 'Y -+ 1r+1[-, oIIHCblBaeMhIlt CY,ll,aKOBCKRM cPopMepaKTopOM. 

B pa3,Il.. 5 npIiBe,ll.eHbl 'lHCJIeHHhIe PC3)'JlhTaThl ,lI,JIil Gm(s), Ge(s) H F.,,(s) H npOBO,ll.HTCSI cpaB­

HeHHe c 3KcnepHMeHTaJlbHhIMH .n.aHHbIMH. CO,ll,ep:X<aHHe pa60TbI KpaTKO pe310MHpyeTCSI B pa.3,l1,. 

6. 

2. Mo,n;eJIb KBapK-rJIIOOBHhIX CTpyH. AMIIJIHTy,n;a nepexo,n;a 
qq -t hh B npe,n;eJIe 60JIbIDlIX S II .KOHe"tffibIX t 

PacCMOTpUM 6HHapHhIe peaKI(HH 1[+1r- ~ 1[01[0, 7f+1r- -+ NN R pp -+ NN, KOTOphIe 

npli 6o.nbmHx S Ii KOHe'lHbIX t MoryT 6bITh onHcaHhI IIJIaHapHhIMH ,1I.HarpaMMaMH C o6MeHOM Ba­

JIeHTHbIMH KBapKaMH B t-KaRMe. Ha ,lI,HarpaMMax, rrpHne,ll,eHHhIX Ha pHC. la) - c), CIIJIOIIIHhIMH 

JlHHHKMH 0603HaQeHI:>I B8JleHTHhIe KBapKIi H ,lI.liKBapKH; npH 3TOM 06MeHbl MHrKHMH rmOOHaMH 

He nOKa3aHbI. B COOTBeTCTBliH C TOIIOJIOrHqeCKHM I!Nr p83.lIolKeHHeM (TP) [18, 22} 9TH n.lIa­

HapHhIe ,lI,HarpaMMbI ,lI,OMHHHPYJOT UpH N f ~ 1 H Nc/Nf rv 1. B C.lIyqae HYKJIOHHhIX Ii TIIIOHHhIX 

peaKIJ,HH OCHOBHYIO pOJl:b HrpalOT o6MeHbl JIel'KHMH tl-,d-,S-KBapKaMH H napaMeTp Pa3.lIO>Ke­
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HJlH OKa3hIBaeTCSI He CJIIffiIKOM MaJI: l/N! = 1/3. TeM He MeHee ..lI,JUI aMnJIHTYp. 3KCKJIl03HBHhIX 

pea~jt C onpe,.n;eJleHHblMli KBaliTOBblMH 'IHCJIaMH B t-KaH8JIe peaJIbHhIM napUMeTpOM Pa3JIO­

)I{emUi smmleTCSI l/N} ,::;: 1/10, a He l/N! [22]. Ka~oA llJIaHapHOA ,n;HarpaMMe TP MO:lKHO 

COnOCTaBHTb npo('"TpaHCTBeHHo-BpeMeHHylO KapTHHy, C<pOpMyJIlipOBaHHylO B TepMHHax CTpyH­

Hail Mo,zr,eJlH RJlH MO)J,eJIH ~eTHoii Tpy6KH [17]. 
B KaqeCTBe npuMepa pacCMOTpHM npocTpaHcTBcHHo-BpeMeHHyIO KapTHHY 6uHapHoH pe­

aK~H 11"+7[- -t 7[011"0 (eM. pHC. la»). TIPH BhlCOKOA 3HeprHH B CHCTeMe u.eUTpa MacC -IS peaK~ 

npOHCXOAHT, eCJIH peaJIH3YeTCH pe,lI,KaH KOH<pHrypau.mi KBapKOB B Ka~OM mIOHe, Kor.rr.a B C.U;.M. 

peaKIJ;HH OWlH KBapK (aHTHKnapK)-cneKTaTOp 3a6HpaeT DpaKTUqeCKlI Becb HMnyJIbC ~OHa, B 

TO BpCM5r KaK BarreHTHbIil aHTHKBapK (KBapK) B :noft CHCTeMe MeMeHHhlA. I1pH TaKOit KOIt­

<pHrypau,HH Pa3HOCTb 6hlCTpOT Y Me)J(,lJy aKTHBHblM H CneKTaTOpHhlM KBapK&m (KBapKOM H 

aHTIIKBapKOM) B K3JK,II,OM a,n,pOHe COCTaBJIHeT 

Yq - Yfj ~ ~ (1)In (:J ' 
r,zr,e So f"V 1 P3B2. 

3aTeM ,Il,Ba Me,1VleHHhlX BaJIeHTHhlX napTOHa - KBapK H aHTHKBapK - H3 Ka*)I,oro nHOHa 

7f+ H 7f- aHHHrHJIHpylOT, B TO BpeMSI Kat( 6hICTpbIe KBapK- If aHTHKBapK-cneKTaTophI npo)J,OJI­

)KaIOT ,lI,BH)KeHHe. TIo Mepe Pa3JIeTa 6hlCTPblX KBapKOB Me)K,IJ.y nliMH HaTHl'HBae1.'C£ I'JIIOOHHaH 

cTpyHa. CTpyHa 3Ta MO)l(eT p830pBaTbCSI C 06pa30BaHHeM ,zr,Byx'Iac-rHqHoro B,Lq>OHHoro COCTOH­

HHH. 3'1'0 npOHCXO,lUIT nyTeM 06pa.10BaHUH 03 BaKyyMa naphl KBapKOB qq, KOTophre peKOM6H­

"HpyIOT C COOTBeTCTBylOID;uMII crreKTaTOpHhlMH KBapKaMU, 06pa3yH cHCTeMy 1fo1fo. TaKan )Ke 

IIpOCTpaHCTBeHHO-BpeMeHHaJI Kaj)THHR OrrUChlBaeT ~ rrpou.ecc, H306pa)KeHHbIA HR plifC. lb) C 

reM OTJlHqHeM, qTO pa3pblB CTpyHhI npHBO)l.HT K pO)l{,IJ,emuo naphI ,.n;HKBapK-aHTH,.n;HKBapK 113 

BaxyyMa C nO('JIe)l.yIOJD;HM 06p830BaHHeM CHCTeMhl N N B KOHeqHOM COCTOIDlHH. 

COBeprneHHO aUanOrHqHO rpacPHK Ie) OnHCbIBaeT npou,ecc, B KOTOpoM HaqaJIbHaH na­

pa B8JIeHTHhlX WfKBapKa (qq) H aHTH)I.HKBapKa (qq) aHHHrHJlHpyeT, IIpHBQLVI K 06Pa30BaJlHIO 

KBapK-rJIIOOHHol! CTPYHhl B npOMe)l(YTO'lHOM COCTOHHHU. CTpyHa 3aTeM pBeTCSI, po)K)l;aH .zur­
KBapK-aHTH)I,HKBapKoByro napy B KOHeqHOM COCTOSJHHH. AHHHrnRSI~HH Ha'IaJlbHbIX q7j (HJIH 

(qq)(qq)) npoHcxo,.n;HT, eCJlH pa3HHqa 6bICTpOT naJJeHTHbIX q U q (HRU qq H (qq)) MalIa, Yi ~ 0 
(06a B3aHMO,ll,eHcTBYIOm;HX napTOHR npaKTHqeCKH DOKOHTCH B C.n;.M.), 1I OTHOCHTeJIbHblti npH­

~e.nbHhltt napaMeTp Ib.1 - b0.11 MeHbme, 'IeM pa,n,Hyc B3aHMO)I.eticTBHSJ. BepOSITHocTb HaATH B 

a.u.pOHe Ba.JJeHTHhID: KBapK C 6blCTPOTOil Yq H npH:u;eJlbHblM napaMeTpOM b.1 UMeer Bu,n; 118] 

c [ (b.1 - bO-L?]
W (Yq - Yo, b.1 - bu) == 411"R2(S) exp -(3(Yq - Yo) - 4R2(S)' (2) 

KaK 6hIJIO nOKa3aHO B [18], napaMeTpbl f3 II R2(s), onpe,lI,eJIHIOID;Ue mioTHocTb pacnpe)J,e­

JleHHH KBapKoB B a,n.pOHe, MO)l(HO Bblpa3HTh 'Iepe3 <peHoMeHOJIOrHqecKHe napaMeTpbl pe,lJ)Kea­

CKOH TpaeKTopllH Oi(t), )J,aJOm,eu. ,Ll,OMHHHPYIOIIJ;HH BKJIa)I. B )J,aHHyIO IIJIRHapHylO ,lI,HarpaMM}'. 

TIpu 3TOM R 2(s) = .m + o'(Yq - Yo) - KBa,.n;paT 3<P<peKTHBHoro pa,I(Hyca B3aHMO,ll;etfCTBHH, Yo 
- 6hICTpOTa a,ll,pOHa B C.:U;.M. peaK~HH, b i - KOOP,Il,HHRTa BaJI:eHTHOro KBapKa B npe,n;CTaBJIe­

HHH npHI~eJIbHOrO napaMeTpa, a' = aR(O) - HaKJlOH )I.OMHHupyJOIII,eii pe)1)Ke-TpaeKTopHH, a 

napaMeTp fJ CB.H3aH C nepeCeqeHHeM TpaeKTopuH Pe)J,)Ke npH t = 0; f3 = 1 - OR(O). 
ITpocTpaHcTBeHHo-apeMeHHMI K3pTUHa 6HnapnoH a,n,pOHHOU. peaKu.HH 

ab -t cd, Kor)I.a B npoMe)K)'TOqHOM COCTOHHHU 06pa3yeTCSI KBapK-rJIIOOHHaR CTpyHa (UJIlI [(BeT­

HaH Tpy6Ka) npHBo,.n;HT K <paKTOpH38.QHH aMnJIHTY,lI, B S-KaHaJIe. TIOCKORbKY 06Pa30BRBillMCSI 

ll,BeTHaH Tpy6Ka He coxpaHHCT HH<popMau,ulO 0 CBonCTBax Ua'iaJIbHOrO COCT05rIIHH, BepOHTHOCTb 
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06paaoBaHHH npOH3B01IbHOro KOHe'lROI'O COCTOIDfHSI He 3aBHCHT OT THna npOaRHHI'HJIHpoBaB­

lllHX KBapKOB H CTpyKTypbl I1a'laJIbHoro COCTOillUlH, a onpeAeJlHeTOl TOJJbKO THUOM KBapKOB, 

06p83yIOIIJ;HXCSI UpH pa3pblBe CTPYHbI. 

_ 0606m,aSI I!.0,lJ,xo,n;, c<llOPMYJlUPOBRHHhIfi B (19, 20), BBe,n;eM aMDJIHTYJJ;bl 

Tub-tqq(s, b.d H Tqf.j-tcd(s, b.d, OnHCblBaIOI1Q'Ie <pOpMRpOBaHlIe H pa3phlB KBapX-I'JIIOOHHOH Tpy6­

KH COOTBeTCTBeHHO. AMIIJIRTYAR 6BHapHoH peaKIl,HH ab ~ cd , OTBe'larom;eA rpaqmKY 1a)-c), 
MO:>Ker 6blTb 3anHCaHa Ka.K npOJl3Be.n;eHHe aMnJIHTyA 

Aab-tcd(S b ) = ..!..- f'ab-+q/j(s b ) fllil-tat(s b ) (3),.1 2s ' .1 , .1 

B upe,ll.CTaBJIeHHIl UpHIJ,eJIbHOI'O napaMeTpa, Jl860 K8.K CBePTKa ABYX aMnJUITY,lJ, 

Aab-tcd (s,qJJ = 8: s Id2kJ.. yab-?qq (s,k.d Tqq-tcd (s,qJ.. - k ..d (4)
2

13 HMnyJlbCHOM npecTaB.JlCHHH. 

HaA,n;eM napaMeTpbI, Bxo~e B aMnJIHTY,lJ,hI T,..+,..--?qq(s,kJ..) II 

Tqij-tNN(s, kJ..) npH acHMnTOTUqeCKH 60J1bmHX 5, 'ITO COOTBercTByer pe,ll.:>Ke-napaMeTpH3al1,HH 

8JI.PORHbIX 3MllJIHTYA A1f+1T--tW°1r°, A".-".+-tNN H ANN-tNN: 

(5) 

- - ( S )aD(t)
ANN-tNNt(s,t) = ND -S;; exp (~Dt). 

3,n;ecb O!M(t), O!B(t) ~ aD(t) - AOMHHHpyIOID;ue Me30HHlUl, 6apHoHnasl: Ii )l;HKBapK-aHTH­

,l{,HKBapKOBaSl pe,lQKe-TpaeKTOpHH, a N M , NB H ND - KOHC'IaH'1'bI HOpMHpoBKH. ,n;'mr AOMHHU­

pylOITJ;HX nOJlIOCOB Pe,ll)Ke HMeeM COOTHomeHHSI 

(6) 

}f ,lI,JIH Ha.K.1IOHOB peWKe-TpaeKTopuA, COCTaBJIeHHhIX 83 nel'KHX KBapKOB 

a~(O) ~ (\'~(O) ~ a~(O) -::: 1.0 raB-2 
• (7) 

IIpHHHMaJI BO BHHMaH8e <PaKTOpH3au,HOHHhIe ypaBHeHHH (3) H (4), 3MIIJIUTY,lJ,bI 

yq'li-tu (s, b.l) H j'qij-tNN (s, b.l) MO}f{HO 3aImCaTb CJle,n,ytOIIJ;HM 06pa30M: 

-q~".:;r _ 1/2 1 (_!...) (llu(O)+!)/2 (_~) 
T (s, b.l) - NM 2.JffRM{S) So exp 8RL(s) ' 

- - -tN'N 1/2 1 (S ) (aD(O)+l)/2 ( hi) 
(8) 

Tqq (s, b.l) = ND 2v'1fR (s) - So exp -SRb(s) ,
D 

rlJ,e RM (s) H RD (s) HMeIOT CMblCJI 3q>q>eKTHBHbIX PMHyCOB B33HMo,n;eAcTBH.H 
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R~(s) = ~M + a~(Q) In (-~) ,
 

(9) 

R1(s) = RJD + o~(O) in (- ~) . 

TIO,.!I.CTaBJUISI ahffiJlHTYAbl, 3~aBaeMbIe <POPMYJIaMH (8), B ypaBHeHHe (3), nOJIyqaeM 

-7r7r-+NN( b ) - (N N )1/2 1A
5, .1 - M D 41TRD (s)RM(S) X 

(10) 

( S) t(aD(O)+aM(O)) [2 (1 1)]
x -- exp -b --- + -- ­

So .1 8R~(s) 8RMs) . 

~.TUI COrJlacOBaHHOCTH paBeHCTB (5) If (10) Heo6xo,lI.HMO IIoTpe6oBaTb BbIIIOJIHeHH51 c.ne,n;y­
IOIIJ;RX COOTHOUIeHHii ,.!I.JI5! napaMeTpOB pe,lJ)Ke-TpaeKTopHlt [18] H HOpMHpOBO'lUJ.,IX KOHC'ffiHT: 

1 1 1 
2 R'Ms) = R~As) + R1(s) , 

(11) 

20(0)8 = OD(O) + OM(O), 

1/2 1 . _ _1_ 
(NMND) RD(s)RM(s) - NB RMsf (12) 

TIpe,n;llOJlaras, 'ITO TOJIbKO JlerKRe U-, d-, S-KBapKH y'IacTBylOT B OnHCaHHbIX BhlIlle peaK­

U,IHIX, IIOJIY'IBM, ':ITO [18J 

a~(O) = a~(O) = a~(O) == 0'(0), 

R5M(O) = ~B(O) = ~D(O) == ~(O), (13) 

(NM N D )1/2 = NB. 

B 3TOM CJIy'lae COOTHomeHHSI (11), (12) BepHhI upu Bcex s. B npoTHBHOM CJJy'Iae COOTHomeHWI 

BblnMHHIOTCH npH ,n;OCTaTO'IHO 60JlblUHX S (CM. TalOKe 118)). 
B paMKaX TaKOro IIO,.!I.Xo,n;a MOJKHO pacCMOTPeTb peaKIJ;ulO e+e- -aHHHrHJIHIJ;HH B a.u.POH'bI 

(CM. puc. 2a) H 2b». B CJIy'Iae peaKlJ,HH I ~ NN (puc. 2b» BHpTYaJlbHhIH <l>OTOH po)K,ll;aer 

qq-napy, KOTOpasr, pa3JleTaJJCb, npHBO,.!I.HT K HaTH)KeHHIO IJ;BeTHOH Tpy6Ku MeJKAY 6'bICTPbIMH 

trnaPKaMH. MexaHH3M pa3phIBa Tpy6KH C 06pa30BaUHeM <vq>OHHOH Dapbl B KOHeqHOM COCTOH­

HRH COBn~aeT C onHcaHHbIM BbIme IIpOIWCCOM pRC. 2b). CTpYHa pBeTCR, o6paaysr ,.!I.HKBapK­

aHTII,lI.HKBapKoBylO napy (qq)(qq), KOTOpaR 3aTeM KOM6HHHpye:r co CIIeKTaTOpHbIMH KBapKaMH, 

o6pa3Ysr KOHe'lHOe HyKJIOH-aHTHHyKJlOHHOe COCTOHHue f{!l. (D0pMcPaKTopbI nepexo,n,a MOryT 

6bITb BblpaJKeHhI Qepe3 aMIlJIHTY,lI.bl T'Y-+qij(s, b_d, 'i'q'ij-+NN(S, bl..) CJIe,n,ylOIIJ;HM 06p830M: 

A'Y-tNN(8) = i:..- T1'-->QQ(s) . rq'Q-+NA'(s, hi.. = 0). (14)
28 

TaKHM 06pa30M, npH 60JIblIIHX S lIo.ny'IaeM ,lJ.Jl.5f. HyKJIOHHblX <popMq,aKTopoB 
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B CJ1yqae 06pa30BaHHSl: nHORHOA 7[+ n--napbI B KOHe~,"OM COcrOSIHHH (CM. pHc.2a» COOT­

BeTCTByIOm.He ~OPMYJlhI)l,JI5l: aMnJlHTY,n U q,OPM~aKTOpa MOrYT 6bITb 3anUCaUhI B Bu,ne 

(16) 

(17) 

"yqUTbIB8JI 3HaqeHHH uepece<'leHl:di TpaeKTOpHH, 3~aBaeMbIe BbIpIDKeHIDIMH (6), uOJlyqa­

eM )J)lSl ¢opM¢aKTOpOB CJ1e,ayIOIIl,Ue acHMnTOTHqecKHe <pOpMyJlhI: 

IGm,e(s)11'V 18/Sol-5
/
4 

. 

ITo.n.06Hag aCHMUTOTUKa ¢opM¢aKTOpos OTJIHtlaeTCs.r OT npC)J.CKa3aHHii npaBHJI KBapKOBoro C<fe­

Ta [30] H BbPIHCJleHllit Ha oCHOBe nePTyp6aTIIBIIoii KX,n; [4J. TIonyqalOm;aSICST aCIIMnTOTHKa He 

COrJIacyeTCH C 3KcnepHMeHTaJIbHbIMH ~aHHbIMH no nHoHHOMY H HyKJIOHHbIM ¢opM<paKTopaM 

F1f(8) I'V 8-1, Gm,e(s) I'V 8-2 . IIpHqllHa 3TOrO paCXO)K,lJ.eHH~ B TOM, qro He yqTeHO no,n,aBJJeHHe 

aMIIJlHTYA, 06yCJIaBJIHBaeMoe CY,1J.aKOBCKUM <p0pM<paKTopoM. B Pa3A. 3 H 4 6YAer nOKaaaao, 

'ITO npH yqeTe Cy,1J.RKOBCKOro ¢opM¢aKTopa BOCCTanaWIHBaeTCSI He TOJIbKO npaBHJlhHasI q2_ 
3aBHCHMOCTb ~OIInbIX q,OpMq,aKTOpOB BO BpeMeHH- H llpOCTpaHCTBeHHOIIo,no6HbIX 06JIRCTHX, 

HO TaKLKe OTHOmeHHe MOJIYJIeA ¢opM<paKTopOB nplI nOJlO)KHTeJIbHbIX H OTpH~RTeJlbHbIX q2 == s. 
TIepe.n. TeM KaK Onpe,lJ,CJIDTb BhIp8JoKeHIIH )l,JIH Cy,1J.aKOBCKOro ¢OPM¢aKTOpa, pacCMOTpHM crumo­
BylO CTPYKTYPY aMTIJIHTy.n. nepeXO,1J.OB KnapKOB B a)JJ>OHbJ, qT06bI HMeTb B03MIDKHOCTb yqHTbI­

BaTh CIlUHOBhre 3<P~eKTbI (B P33JIHqHhIX a,n,POHHbIX peaKIJ,HSIX) H pa3.lJ.eJIHTh ¢OPM<paKTOPbI Ge 

II Gm . BY,IJ;e-r nOKa3RHO TaK)Ke, "ITO coxpaneHHe KHpaJIbHOCTH npUBO,lJ,H'I' K ,IJ;OnOJIHUTeJlbHOMY 

nOAaBJleHHlO llHOHHoro epOpMepaKTOpa ,...., l/.JS npH 60JlbillnX 8. 

3. CUHHOBa.Sl CTpyKTypa aMIIJIHTy,n; H onpe,n;eJIeHHe 
cPOPMcPaKTOPOB 

BBe.n,eM Heo6xOAHMhIe 0603Ha'leHHH. ITUOHHhIA. H IIYKJIOHHble !popMq,aKTophI onpe,n,eJISI­

IOTCH CJJCA)'IOIU.HM 06pa30M: 

(18) 

(19) 

_ [ 2 "'l'F2(q2) ]= U AN F1(q hJl - 2Mh (T~vqv V>'ti' 

rAe Ph H 'Ph - 4-HMnyJIbCbI a.n;pOHon n KOHeqHOM COCTOHHHH, "-1' = /.Lp - 1, a J.tp - MarHUTHhIH ~ 

MOMeHT IIpoToHa, J1.p = 2.793. 
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A"l'--+1f1r 2 [(~ PiPj) PiPj] ( *) (27)i = e Quj - -p2 + m-p2 X.xq 0fX>-q . 

)J;anee, npn Y\feTe cnRHOBhIX nepeMeHHbIX B (25) a1vmJInTY~ nepexo,n,a A"l'--+1I"11" M.O:>KHO npe,n,CTd,­

BnTb B TaKOM BR.n;e: 

(28) 
r.n;e 6t = Oij - p;Pj /p2. KaK HeTpY)l.HO y6e)l.JfThCSl, qJIeH, nponopu,HOHaJIbHblH B2(8, kl), ,n,aeT 

OTHOCHTeJIbHbIli BKJIa,If, '" (m2 + kl) /s no cpaBHeHIIIO c B r(s, kl) ITOaTOM)' IIOJIyTlaeM 

lT1r
AI--+ (s) = (8:2s) I tPk1-2 [m + (e - m) ;~] Bl(s, kl)P; ~ 

(29) 

i I 2 2)
:;::j (87f28) d k1-2m BI(s, k 1- Pi 1 

r,1J.e B nOCJIe,ll,HeM BbIpaJKeHRH oropomeHbI Bee npe.n;acHMnTOTH'ieCKHe qJIeHM "-' 8-1/ 2 , 8- 1 n T.)l.. 

3,lJ,eCb BroKHO OTMeTHTb, 'ITO nOnepe'IH8.a H npo.n;OJIbHaR KOMnOJlenTbI KBapKoRoro TOKa 

'Y -+ q"ij nO-pa3HoMY Be,ll,yT ce6H npH 60JIbIIIHX s: . 

(30) 
Ar-tqq "-' mcrz • 

"YKa3aHHasr MaJIOCTh npO)l.OJIhRolt KOMnOHeHTbI CBH3ana C coxpaHeHHeM KlipanbHoCTIt. 9Ta KOM­

nOHeH'Ta 3aHYJIHeTOl B npe)J,eJIe m -+ O. 
B CJIy'lae nepexo)J,a 'Y -+ 1r+1r- UpH 60JIhllIHX 8 pa60TaeT TOJIbKO np0)l.OJIhHasr ROMnOHeH­

Ta, a nonepe"lHasI BKJI8.,LI.a He ,ll,ae'1'. Ji3-3a aTOro nHoHBbIit ¢opM¢aKTOp HMeeT p;OnOJIHRTeJIbHOe 

rr0.n;aBJIeHlfe <'V 8-1/ 2 no cpaBHeHHIO C On;eHKoH (17), IIpUBe.n;eHHofi B npeAbI,Ilym;eM pa3.n;eJIe, r,n.e 

cnHHoBbIMH nepeMeHHblMH npene6peraJIOCb. OTMeTHM, 4.'1'0 TaKOe nOBe,n.eHue nHOHHoro <}>OpM­

<}>aKTOpa npe,ll,CKa3blBaJIOCb B paMKaX napTOHHolt Mo,n.e.na B pa60Te [31}. AHaJIOI'HqHOe nOAaB­

JIenHe .n;OJDKHO OTCyTCTBonaTb B nepexo,~ax 'Y -+ 1rP H 'Y -+ 7fW. CJIe.n;OBaTeJIbHO, KrCM 

upe,n;CKa3hIBaeT, 'ITO OTHOIlleHHe cPopM<paKTopOB FTo11" / FTrP If Fn / F11"w ,n;OJl.lKHO y6blBaTb KaK 

"" 1/..;s. B nepTyp6aTHBHoA KX)J;, Ha06opoT, )I.OJI)I(Ha coxpaHHTbCH CnUpaJIbHOCTb KBapKoB, 

QTO )l,aBa.JlO 6bl (FTrTr / FTrP)PQCD rv (F1f7f / F1fw )PQCD '" s. TaKIiM 06pB30M, npe.n;CKa3aHHH OT­

HomeHHtit <}>opM<}>aKTopoB 'Y -+ '1r'Tr H'Y -+ 1rp(w) npH 60JIbWHX 8 B paMKa.x KrCM Kap.n;HHBJIbHO 

OTJIH'IaIOTCH OT npe,n;CKa3aHHlt nepTYP6aTHBHofi Kx,LI;. OTMeTHM, 'ITO R cJI~ae HyKJIOHa, l'lJ,e 

pa6OTalOT o6a BKJIa,n.a, A-l Ii A z , ,n;orrOJIHHTeJIbHOrO nOp;aBJIeHHH MarHlITHOro ¢opMepaKTopa He 

B03HIU(aeT (CM. (38)) 
nOKaJKeM, 'ITO "3 MYX onpe,n;CJIeHlIhIX BhIIDe lIHBapUaHTHbIx aMIIJUITY,IJ. 

Bl(s, kl) II B2 (s, k3J rJIaBHhlH BKJI~ D IIJlanapnylO nHOHHYIO ,n;l1arpaMMy ,n;aeT Bl(s, k3J: 
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IIepeft~eM K nocTpoeHIIIO CnHHOBOA CTpyKTypbI aMUJlIITy)l; TQij-+1r'7f If Tqij-+NN . I1HBapn­

aHTbI SIlt Onpe,lJ,eJUIM CTaH)J.apTHhlM 06pa30M: 

S = (Pq +Pq)2 = (Ph +Ph)2 ,
 

t :::: (pq - Ph)2 = (Pq - Pii.)2 , (20)
 

H BBe,n.eM O'l'HOCHTeJIbHhle HMnyJlhCbI PI' = i(pql' - Pqp.), PJI = ~(Ph~l - PhJl ), kJl PJI - PjJ' 
r,n.e Pqp H kp - 4-HMOyJlbChl 6bICTpOrO KBapKa n Me,lJ,JIeHHOrO aHTHKBapKa (liJl" ,n.HKBapKa) 

COOTBeTCTBeHHO. 
2B 06JIacTH 60J1bIDHX S H KOHe'lHhIX t IfMeeM {P2, p 2} » {M2 , m }, r,Il,e Tn - Macca 

JIerKOrO KBapKa, P = {P..L = 0, PZ }. TIPH 3TOM )J.JUI BBe,.u.eHblX BblIDe nepCMCHllhIX BbIOOJIH»eTCH 

COOTHomeHHe 

2 2.fi M2 (.fi m + k1) (M2 
m + ki )

kZ=P1;-Pz~2- .../8- 2- .;s ,..., fi' .JS' (21) 

KaK BHAHO 113 (21), k.z-KoMOOHeHTa acHMOTOI'UqeCKH MaJIa DO CpaBHeHHIO C Ik.ll: k1; = 0(1/8). 
PacCMOTpHM IIHOHHbIH <pOpM<paKTOp. AMnJIHTy,ny Tqq-+1r1f 3aIIHllIeM Qepe3 ABe HHBapu­

aHTHhle 8.MIWHTY)l;bI ii1 , ii2 : 

(22) 

BY,lI,eM C'lHTaTb, 'ITO aMDJIHTYAbl Bl, B2 HMelOT O,lJ,HHaKOByIO aCHMIITOTHKY. TOl"'Aa HX 3aBHCH­

MOCTb OT S MO)KeT 6hITb 3aOHcana TaKHM 06pa30M: 

(23) 

3aMeTHM, 'ITO B OTJlH'IUe <Y.r BhIpa)KeHHtt (8) 3TH aMWIHTy,lI,bl lie co,n,ep)Jffi.T ,lJ,OnOJlHHTeJlbHoD 
2CTeneHH 8 1/ 2, KOTOpaH y'iTeHa B HMnYJIbC8X /PI, Ipi rv 8 1/ • 

BbIpa:>KeHUe (22) y,lJ,06HO 3armcaTb B CJle,llj'IDm;eM BH)l;e: 

Tl!~'Ir(s,kl) = (x~aiX.\q) [Bt(s,kDPi + B2(s,ki)ki] . (24) 

1 2TIOCKOJIbKY Ik..LI/IPI ,..., 8- / , BKJI8ABTOPOCO CJlaraeMOI'O H3 (24) B <pOPM<paKTOPbI OKa3bIBaeTC5l 

napaMeTpH'ieCKJI MaJI H 11M MO)KHO npeHe6pe'lr" KaK 3TO 6YAeT BHAHO H3 DOCJIe,n;yIOlIJ,HX <POPMYJI. 

AMOJIHTY,II.a A;-+1f1f MOJKeT 6bITb 3anHcaHa B BR,lI,e CBepTKU aMmIHTY~bI KBapKoBOro TOKa 

R aMnJIHTy,IJ;hI rrepeXO,lI,a KBapKOB B mlOHbI (8): 

A"Y-+1f+1f-(s) = _z_"_ / d2k T!-+qq(s k 2 )TqQ-t7f1f(s k 2 ) (25)
~ (81f2 s) ..L l' ., J. ..L'I 

Qq
OI1epaTOp KBapKOBoro TOKa A7-+ = u(Pq, Aq}fiV(pq, Aij), HbIproKeHHbIA 'iepe3,lI,ByxKOM­

nooeHTHhle cnUHophI B C.!1,.M., r,lJ,e Pq = -pq = p, "MeeT BH,IJ; 

(26) 

r,lJ,e e - 1l0JIHa.a 3HeprHH KBapKa.
 

,L(n.s ,IJ;8.JIbHeihnHX I1pe06paaOB&Ulil onepaTOp KBapKOBoro TOKa Y,lJ,06HO paa,n;e.TII1Tb oa nonepeq­


HYIO H rrpo)l;OJIbHYIO qacTH:
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ITOCKOJIhKY B 1 (_S/sotM (Ol/2 ypaBHeHHe (31) ,n;aeT npaBlfJIhHYIO S-3aBHCHMOCTh aM­f',J 

nllHTY,n;bl A.".;r~,,;r (-S!SO)"'M(O). YpaBHeHJIC (31) MO)KHO Hcno.rrh30BaTb ,!VUI ¢HKcHpOBaHlUl:f',J 

HOpMHpOBKH aMnJIHT)')J.bl Bl(s, ki). 
TaKHM 06pasOM, DHOHHhID cPOpMcPaKTOP F.". BhIpaJKaeTCH HenOCpe)I.CTBeHHO 'lepe3 aMflJIH­

TY,II,y Bl(s, kl): 

i N ( 'l ) (Quo/2-1)I 
(32)F1r (s) ~ m (811"2S) d2k-lB1(s, k~) = R.M(s) - ;0 ' 

{')I.e N" - KOHCTaHTa HOpMHpOBKH, KOTOPYlO MhI C'lHTaeM cBo60)J.lTblM rrapaMeTpOM. 

TIepeD)I.eM Tenepb K paccMoTpeHHIO HyKJIOHHbIX <PopM¢aKTopoB. CDHHOBaJI cTpyKTypa 

aMIIJIHTy,n;bI nepexo)J.a qq -T N N MO)KeT 6blTb 3anHcaHa B 06m;eM BB,Zl.e 

(33) 

l',lJ..e (; - cnHHOBblA olleparop, KOTOpuD )J.cDcTuyer na cnRHOBbIe rrepeMeHHbIe HYKJIOHOB II KBap­

KOB H MO)Ker 6blTb BbIp~eH 'lepe3 8 HHBapHaHTHhIx aMnJIHTy,n;: 

(; Dl (s,~) 1·1 + D2 (s, kd(o-, n) . 1 + D.3(S, k-l)l . (0-' . n) + D4 (s, k.l..)o-x . o-~ + 
+ D5 (s, k.l..)o-y . (T~ + D6 (s, kJ..)erz . a~ + D7 (s, k-l)o-a; . o-~ + D8 (s, k.l..)o-z . o-~ . (34) 

3,n;eCb MaTpHI.I,bI O-i H o-~ ,2.I,eiicTBYIOT Ha CnUHOBbte nepeMeHHhIc nyKJIona n: KBapKa (aHTHHyKJIOHa 

H aHTHKBapKa) COOTBeTCTBeHHO, a e)I.HHHqHbIA BeKTop n onpe)I.eJIen CJIe,lQ'lOllI,HM 06pa..~OM: 

[P xp] 
(35)n = I[P x p JI' 

CHa'laJla paccMOTpHM CJIyqaii, KOI')I.a lIM O)I.na 113 aMnJIHTYA Di(s, kd He DO)I.aBJIeHa H Bee 

OHR liMeIOT O)I.HUaKo6yro acHMDTOTHKy 

(36) 

Tor,Zl.a UpH yqeTe CIUftJOBblX nepeMeHHhlX aMnJIHTY)I.a nepeXO)I.a "Y -t N N 3anHmeTCSI 

TaKHM 06Pa30M: 
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(37) 

* ) * (C)*fj C 2 [ G 6.1 MG ~Pj] ( * )x (XAqajX>'q X>'NX>'i" (AN>'}/> ~>'q)X>.qX>'N = C m ij + e p2 X>./V(JjX>.W· 

BblfiHmeM Tenepb BblpaJKeHHH ,D,IDi npO,n.OJIbHOR Ii nOnepe'IHOM KOMnOHeHT MaTpH~mOrO 

aneMeH'I'3. TOKa. rIp" nOM, KaK BH)J;HO H3 (37), caKCOBCKHe q,OPM<paKTOPbl pa3AeJUIIOTCH: Ge 
AaeT BKJI8.,lJ, TOJIbKO B rrpO,ll;OJIbuyIO KOMTIOHeHTY TOKa, a Gm - TOJIbKO B uonepe~IHYIO. 3aMeTHM, 

'ITO, KaK cne.n.yer H3 (30), rJIaBHble 'IJIeHbl B 8.CHMnTOTHKe KBapKonoro TOKa He 3a.BHCHT OT k.l-. 
¥'1HTbInasr, \ITO IlOCJIe HHTerpupoBaHHH no d2k.1 '-lJleHbI, HeHHBapnaUTIIbIe O'l'HOCHTeJIbHO Bpa­

lII,eHFfH BOKpyr OCH Z, AOJI)J{HbI 3aHYJIHTbCSl, MbI MO>KeM 3amfCaTb norrepe'myIO H rrpo,lJ,,0JlbHYIO 

KOMfiOHeHTbI onepaTOpa TOKa B TaKOM BRAe: 

A'r~NN = __i_ x 
z (811"2 5 ) 

2 
X E E / d kJ. DI(s,kD2mx~/Van/Xi~* (x~azX>.q) XAqan /x1w = 2M Ge(X).Nazxii) , 

~>'q I 

A 'r~NN =	 _i_ x (38) 
J.	 (87[2S )
 

2

x L L / d kJ. D,(s,ki) (2£)X>'NanIX~(X~G-lX>'i) X>.qGnIX>W = 2£ Gm(X~Na-lX\~)' 

>.q.\q I 

rAe l = 1,4,5 H 6. B pe3YJIbTaTe q,oPM<paK'l'0Pbl Ge H Gm 6Yl1YT BblpaX<aTbCH 'lepe3 p83Hble 

JIHHeitHbTe KOM6Huau.Hu aMUJlHTYA Db D 4 , D 5 II D 6 • Ec.rIU Bce 3TH aMnJIHTYAhI 6y~ IIMCTb 

0AHHaKoBYIO acHMllTOTHKY, TO aCHMnTOTHKa <p0pMcPaKTopOB Ge H Gm TaJOKe 6YAeT OAHHaKD­

BOA: 

S) (CtD(O)-I)/2 
Gm(s) , Ge(s) (- so'	 (39)"J 

O,ll,HaKO OTHomeHHe Ge/Gm MO:>KeT 3aBHCeTb OT KOHKpeTHOH MO)J;eJIH HHBapHaHTHbIX aMnJIHTy,n. 

YpaBHeHHH (38) rapaUTllpylOT TaK)Ke, 'ITO q,OPM<paKTOP TIaYJIH F2 HMee'1' )J.onOJIHUTeJIh­

nylO CTeneHb no,n.aBJIeHHH S-1 no cpaBHeHHlo c Gm , Ge , KOTOpoe HBJIHeTC.H qHCTO KHHeMaTI:1'ICC­

KHM H CJIe,n;yeT 83 onpe,IJ.eJIeHHH F2 : 

( 2 )-1	 S) (aD(O)/2-1.5j 
F2(s) =	 4~2 - 1 [Ge(s) - Gm(s)] , F2 (s),...., (-- (40) 

So 

nOCKOJIbKY KOHKpeTHbIe COO'l'HOmeHHH Me~ aMfiJIHTY,ll,aMH D h D 4 , Dfj H D 6 HeH3BeCT­

HbI] MI,T npOBe,ll.eM BbItIHCJIeHlfH ,ll.JlH ,n,Byx npocThIX npHMepOB: 1) ,nOMHHUPYeT aMnJIHTy,n,a ~, 

COXpaJIHIOm;aH CIIHPaJIbHOCTb Y'IacTaYIO~Hx B peaKIJ;HH 'IaCTlU.l,; 2) aMllJTHTy)l.a Tqq~NN MO:>KeT 

UbITh OllHcaHa 06MeItOM CKaJI.HpHhlM ,nllKBapKOM B t-KaHane. 
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B c.Jlyqae 1) HMeeM 

T!N~!!.!i>.--7 Dl (8, k-L)l - 1 == D1 (8, k-L)&'\N' . &>._>._, (41)
1'I"i1 " "Q N q 

II BhIpa,}KeHHe ,u;JI)J aMIIJIHTy,ll.hI Al~NN cyJ.I.J;eCTBeHHO ynpOIU,aerc&; 

(42) 

)kl ) rl (. ( ) k1) Pi~]x2 c - (c - m - 0" + m + c - m - -- .[( 2p 2 1) p2 p2 

B JUI,n;Hpyroru.eM nOp&,n;Ke no S MO)lmO npcHe6pe'lb 1JJIeHaMH, npollopu.HOHaJIbHbTMli kJ.jp 2, II 

aMIIJIHTyAY AI-tNN 3anHCaTh B TaKOM Bll)J,e: 

A"I-tNN( ) _ i / d2k D ( k) ( * ) 2 [ d I1Pj ]
i 8 - (811"2 ) 1- 1 S, 1- X'\NO"jX>'r; £Oij + m p2 (43)

8 

OTcro,u;a CJIeAYIOT TaKile BbTpa.:m:eHH& ,lI.Jl£ caKCOBCKIIX epOpM<paKTOPOB: 

J (44) 
m i m C ( S )(QD(O)-1)/2 

Ge(s) = M (81f2s) cPk1-Dl(S, k1-) = M RD(s) - 80 ' 

r)l;e C - HOpMHpOB01JHaH KOHCTaHTa. 

CI>opM<paKTOp ITayJIH F2 BhIpa)!offi.eTC£ HenOCpe,ll.CTBeRHO Qepe3 Gm , Ge CJleAYIOID;HM o6pa­

30M (eM. (40»: 

8 )-l( m)" C ( 8)(QD(O)-3)/2
F2 (s) = - - - 1 1 - - -- -- . (45)( 4M2 M Rn(s) So 

JiJ BbIpaJKeHldt (33), (34) CJleAyeT, 'ITO TaKaH llapaMeTpH3aIJ,II& COOTBeTCTByeT npaBHJIhHO­

My pe,lJ,)KeOCKoMy IlOB~eHHIO aMIIJIHTy.n;hIINN~NN. B KOHKpeTHOM CJlyqae, Kor,n;a .n;OMIIHilpyer 

HHBapllaHTHaa aMllJIHTY,n;a D1(s,k-L), TNN-tNN Bblpa)KaeTCH Henocpe,n;CTBeHRO qepe3 KBa.n;paT 

3TOA aMILIIHTy,n;hl: 

(46) 

oTKy,n;a 

T NN-tNN( )' ( S )QD(-q:iJ8,Q-L "-' -­
So 

(47) 

(cp. C YPaBHeHlleM (5». 
B CJlY'lae 2) aMIIJIHTy,n;a nepexo,n;a qq -7 N NMO)f(eT 6bITb Bblpa*eHa KOBapllaHTHhIM o6pa~oM 

'1epe3 ,lJ.MpaKOBcKHe cnuHophI KBapKoB 11 HYKJIOHOB: 

(48) 
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NN

BbIpa>KeHHe ,u,JUI HyKJIOHHOrO TOKa A"Y-+ B 3TOM CJly'-lae MO){{HO llpIIBOCTH K c.rreAy-JOIll,el\i)' 

BH,ny: 

(49) 

CaxcoBcKBe <popM<paKTopbI Ge(s) H Gm(S) JIerKO HaxOMITCH H3 3TOro BbIpa>KeHHH, eCJIH KRK If 

B CJIY'tJae nHomlOro TOKa Y'ICCTL, 'ITO kl HMeeT CMbICJI KBa,n.paTa HMTIyJIhca )J,HKBapKa BHyTpH 

HyKJIOHa. 8m aeJIlf'IlfHa Hanp.SlM)'JO He cBiI3aua C llapaMeTpH3alJ,Heii RMnJIlfTY.z:v,I nepeXO)J.OB 

KBapKOB B a,zq>OHhI II n03TOMy He CBSI38.Ha C nOKa3aTCJICM 3KcnOlIClITbI n q7j -t hh. B nepBOM 

npH6JIlDKeHHH MO)J{HO 3aMeHHTh Ha kl 3<P<l>eKTHBllOO 3Ua'IeHUe (k}j, B3.S1TOe M3 pacnpe)J.eJIeHlfSl' 

HMUyJIbca )J.HKBapKa B BOJIHOBoll <l>YHKll;HH. 

B PP-SYJlhT3:re llOJlyqaeM CJIe,n,yIOIIJ;He BhIpax<eHH.SI: .!VI.SI: CaKCOBCKHX <l>OpM<paKTOpOB: 

c (s ){ctv{O)-1)j2
G = (M +m)2 __ . -- ,m Rv(s) So 

(50) 

rAe C - HOpMHpOBO'tJHaH. KOHCTRHT8., KO'I'Opasr, Boo6me l'OBOp.H, He COBlla,n,ae'l' C C B <pOpMyJIax 

(44). 
3aM€THM, '-ITO B npeAe.TIe (kJJ = 0 BbIpa>KeHH.H (50) .!VIR Gm H Ge COBna,n,alOT C peyJIbTa­

TOM (44) . .D:eDcTBUTeJIhnO npH oJJ;HHaKoBoii S-3aBHCHMOCTH, OTHorneUHe GelGm npH (kJ.) = 0 
paBHO 

~ m ( )G = M . 51 
m 

HYKJIOHHble <pOPMcPaKTOPbI (32), (44) H (50) 6bIJIH IlOJly ..eHbI ~JIfl UOJlO)f(HTEWbHbIX 

q2 = s. TeM lIe MeHee 3TH q,OPMYJIhI )J.onYCKalOT aHaJlHTH'IeCKOe UpOp,OJI)KeHHe B npOCTpaHCTBeH­

Hono)J.o6HYIO 06JIacTI" a CTaJIO 6b1Tb onpep,eJIeHbI 80 BceK KOMnJIeKCHOii UJlOCROCTH nepeM€HHOH 

q2. TOT <l>aKT, '-ITO <l>opMcPaKTopbI He HMeIOT pa3pe30B UpH oTpuu.aTe.TIbHblX S, O'l'l~e'-lae'l' 3aJlBCH 

(-sl so), KOTopaa BXOAIiT BO Bee q)OpMyJIbI AJIH a,a,POIiHblX cPopMq,aKTopoB. 

4. Cy,ll;aKOBCKuii <}>OpM<l>aKTop 

rUJI.H <pOPMHPOBaHiHI KOJlJIHHeapHoH KOH<pHrypaU.HH KBapKOD, KOTOpa.H npHBo,rr.IfT K 06­

pa30BaHHJO ,lJ,ByXqaCTU'IHoro a,n;pOHIiOf'O COCTOHHlfH, Heo6xo,IJ,IIMO, qT06hI Ha Ha'-laJIbHOM 3Td.ne 
pa.3JleTa KBapKOB He 6hI.7I0 lfCnym;CHO HH oAHoro lKeCTKoro I'JlIOOHa. fum YCJJOBHe HeHcnycKa­

HUH .lKeC'l'KOrO rJIJOOHa lIe BbInOJJHHeTCH n Ha HaqaJIbHOM 3TaIIe HcnyCKae'l'C.H )KeCTKl1H 1'.7I100H 

C HMnyJIhCOM (\k.l.1 > R-1 
), KOJIJ1HneapHOCTb qq-KOHcPHrypal.l,HH He coxpamlerC.H H .>KeCTKHH: 
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f'JIIOOH nOpO)K,IJ.aeT pa3BHTHe a)J,POHHOtt CTPYU B ,lJ,OIIOJIHeHHe K CUCTeMe hh. BbI,ll,eJleHUe KOJIJIH­

HeapHoit KOHq>Hrypau;uH qq "3 Bcero cneKTpa B03MO~HbIX KBapKOOhlX lfMnYJIbCOB npUBo,n.HT K 

,n,onOJIHlITeJIbHOMY nO,lJ,aBJIeHHIO aMnJIHTy,n.hI, KOTopoe onHChIBaeTCSI cy,n.aKOBCKHM <popMq,aKTO­

pOM. Cy.n;aKOBCKHR <pOPM<paKTOP CBH3aH C Ha'laJIbHOR ~HeR rrpOT~ecca e+e- -aHHHf'llJlllIJ;HH B 

8,lW<)HhI, rrpOXO)J.HIlJ;e:ii Ha MaJIbIX paCCTOHHIlilX U OnUCbIBaeMott Teopnc:ii 003MYm;eHH.SI Kx,n. 
B ,lI.BaJl<,lJ;bIJIOrapHq,MH'IeCKOM rrpU6JIH2KeHUH (,L(JITI) cy,n.aKOBCKHA q,OPM<pa.KTOP M'o)KeT 

6bITb 3allHCaH B BII,n;e (0 B03MO)KHbIX rrapaMeTpH3aU;H.SIX cy,n,aKOBCKoro <popM<paKTOpa HerO 

pOJm B npou;eccax 06pa30BaHHH CTpyn CMOTpU pa60TY [32] H npHBe,n,eHHbIe TaM CChIJlKU): 

8(0)(5) = C1exp [_ Q~ffCF In
2 (_+)] , (52)

21f" wmax 

f',IJ;e Wmax IlMeeT CMhICJI MaKCUMaJIhHOH xapaKTepHott :,mepnlH HJIn nOrrepe'lHOrO HMIIYJIhca HCIIy­

ru;eHHoro f'mOOHa, npH KOTOpoD KOJIJIlmeapHOCTh KBapK-aHTHKBapKOBoro COCTO.SlHH.SI He napy­

illaeTC.SI. B q,0PMYJIe (52) BeJIH'IIIHbI a~ff II Wmax BB01J;HTCsr K3K cBo6o,n;HbIe <peHoMeHOJIOrlf'leCKHe 

napaMeTpbI. B ,n;aJIbHeDmeM MhI 6y,n.eM BapbupOBaTh Be.JIII'IHHbI a~ff H Wma.x B T'<1KIIX npe,n;e.JIax, 

KOTopbIe pa3yMHO cOrJIacylOTcH C IIMeIOIIQIMHC.SI TeopeTH'IeCKHMH co06pIDKemuIMH H 3KcnepH­

MeHTaJIbHblMlt ,n;aHHbIMH. 

3,n;ecb BaJKHO OTMeTHTb, 'ITO MO)J,yJlb cy,n.aKOBCKOro <POPM<paKTOpa, 3a.n.aBaeMoro <POPMY­

JIoR (52), npHHHMaeT pa3HbIe 3HaqeHHH npH nOJIO)KHTeJlbHbIX H OTpHIJ;aTeJlbHbIX s. 9TO CBH3aHO 

C aHaJlHTH'IeCKHM nOBe,n;eHHeM ,IJ;B8.)K,ll;bIJlOrapH<pMH'IeCKOrO '1J1eHaB nqKa3aTeJle 3KcnOHeHTbI 

cy,n.aKOBCKoro <pOpM<paKTOpa 

(0) _ 180 (s)1 '" [a~ff ]
Tts - 18 (-8)1 - ex~ CF 2 1r (53)

0 

H rou!: a~ff ~ 0.4 OTHomeHHe T'i~ ~ 2. 
B ,L(JIIT BeJIH'IHHa as paccMaTpHBaeTCH KaK nOCTOIDIHa.H. 9TO npH6JIH)KeHHe npe,n;CTaB­

JIHCTCH pa3yMHbIM IIpll He CJTHillKOM 60JIbIIIHX S, Kor,n;a xapaKTepHble nOnepeqHble HMnyJlbCbl 

Hcuy:w.eHHbIX rJlIOOHOB (kl) '" 1 r3B2 (kJ..) « s) H B 3TOH 06JlacTH. Qs (k1) MO:aceT npn6JIll­

)KeHHO C'IllT3TbCH nocTOHHHOA Q~ff ~ 0.4 + 0.5 [33]-[34]. 
O,n.HaKo npH oqeHb 60JlblllllX S Heo6xo,n;HMO Y"'iHTbIBaTh JIOrapH<pMH'lecKylO 3aBHCHMOCTb 

as OT s. B 3TOM c.rryqae <pOpMyJIy MH cy,n;aKOBCKoro <POpM <paKTOpa y,n.06HO 3ann:caTh B BH,lJ;e 

8 

-,as(p.) (54)8(1)(8) '" exp [Cf--In (--s) 1 dp.2 2 ] 1 

21f" p.~ J'~ p.2 

r,n;e rrepobIA In (sl J1.i) OTBe'laeT IUITCrpUpOBaHlflO no npo,n;O.iIbHoMy llMnyJIbcy «mepnlH), a BTO­

poil In (sllL~) - RlITerpnpOBaHUIO no IIOnepe'lHOMY HMnyJlbcy. ITJ>H BbI60pe O,lJ,HOneTJJeBOro 

Bblpa)KeHHH ,lJ,JI.SI G'S(q2) B BH,n;e 

r,n.e 

(55) 

(56) 
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CY,ll.aKOBCKUA cP0pMcPaKTOp npHHHMaeT BH)\ [35] 

8(1)(8) = C2 exp [- 2Cf In (_!...) In (os(J.t~»)] . (57) 
(30 J.t~ as(s) 

BhI60p 3HaKa lIepe~ s onpe~eJlSIeTCR aHaJIHTH'IeCKliMH cnoACTBaMH cP0pMcPaKTOpoB. KOHCTaH­

ThI J.th 1-'2 B (57) nonaraJOTCSI B ~aJIbHeAmeM cBo6o~HblMn napaMeTpaMU. 

OTHOmeHlIe MO)J,yJUI cy,zr.aKOBCKoro cPoPMcPaKTOpa 8(1) (s) DO BpeMeHHno,u.06Hoii o6JIaCTH 

K MO,zr.yJlJO B npoCTpaHCTBeHHono,n;o6Ho:ii 06JIacTIi npH 9TOM O.Ka3b1BaeTC9. MeHbIlle, 'IeM aHMO­

I'H'IHOe OTHomeHHe, CJIe,n,yJOllJ,ee H3 cPOpMyJlhl (52). TeM He MeHee cPeHOMeHOJIOrH'IecKHe na­
paMeTphl, HXO,lJ.HID;He B $opMYJIY, MO)KBO no,n;06paTb TaKHM 06paaOM, 'ITO oTHorueHue 6y)J,eT 

,n;OCTHffiTb BeJIH'IHH f'V 2 B 06JIacTH 5 + 15 f3B2• TIpn aCHMIITOTII'lecKH 60JIbIDHX s al'HOWeHHe 

Ti~ IIpHHHMaeT BH)J, 

2 
(1) 1r[2Cf ] 

Tts Is-+oo = exp fj; In(s) (58) 

(cp. C ypaBHeHBeM (53». 113 (58), O,zr.lfaKO, BH,IJ;HO, 'ITO r~~ -t 1 MC,IVlCnno C yneJIH'IeHUeM 5, H 

3$¢eKT, onpe~eJISleMbIn CY,lJ.aKOBCKHM cPopM$aKTopOM, HCtle3aeT UpH O'leHb 60JIbIllHX 3Ha'le­

HIDIX Ins. 
94>«I>eKTHBRasI creneHb y6b1BaBIHI ~OHHhIX <popMq,aKTOpoB, npH y'leTe Cy,n;RKOOCKOro 

q,opMq,aKTOpa (57), OIIpe,zr.eJIHeTCH COrJIacHo 

S )(OD(0)-1)/2 ( S ){N(S) (S )(OM(O)-2)/2 ( S ){.. (~) 
Ge,m f'V - X 8(1)(8) f'V -- ,Fw f'V - X 8(1)(8) f'V -- ,( 

So So 80 So 
r,n;e 

2C~ l.tn(O)-1
~N(8) = --g; In [In (-8)] + 2 ,lVUI RyKJIOHHhIX <pOpM<paKTOpoB, H 

2Cf OM (0) - 2
c;As) = --:a; In [In (-s)] + 2 ,1VISI IIHOHHoro <P0pM<paKTOpa. 

TaKHM 06paaoM, 3,lij>oHHbIe <popM<paKTOpbl, BbI'IHCJIeHHble H KfCM, y6b1Ba1OT 6b1CTpee, 

'IeM JII06a.H KOHe'lHM CTeneHb s. TI03TOMY npH O'leHh 60JIhIDRX S, BKJIa.)J; B a.)J;poHHhIe <}>OpM­
2

cPaKTOPbl, nponopl\HOHaJIbHhlH f'V as(s) I 8 )VlH nHOHRoro <pOpM <l>aKTopa H '" a~ (s) / 8 - )J,JUI 

HyKJIOHHorO, )J,OMHHHpyeT. O,lJ,HRKO y6hIBRRHe nOK83aTeJISI CTeneHH HenepTyp6aTHBHoro BKJla.)J;a 

~N,7r(5) C POCTOM S, Onpe,lJ,eJIHeMOC JIOrapH<pMIl'lecKHM 'IJleHOM In [In (-s)], Me)J,JlCJ1HOe, H Mac­

1IITa6 8, r~e HenepTYP6aTHBHblit BKJIa,IJ. cpaBHHBaeTCSI C nepTyp6aTHBHbIM, OKaablBaeTCSI MHOro 

60Jlbrue 9KcnepUMeH'I'aJIbHO )J,OCTYIIHOtt 06J1aCTH S (8' > 102 n')B2). 

B peaJIbHOA CHTYaJ.UlH npH ~OCTYIIHbIX B HacTOSI~ee BpeMSI 8 ~ 30 + 50 f9B2 ~OMHHHPYeT 
HenepTyp6aTHBHblA BKJla)J,. TIPH 3TOM BUPTYaJIbHOCTb rJlIOOHa OTHOCHTeJlbHO HeBeJlHKa 

(p.2", 1 f3B2 « s), H HaxO,n;HTCH B 06JIaCTH, r~e BeJIHtlHHa as(t-t2) 113aMep3aCT" 1331 H IIpaKTH­

~ecKH He 3aBlfCRT OT BHPTy8JIbHOC'£H J.t2. 
TaKHM 06pa..~OM, 8 ~aJiHOH MO)J,E!JIH IIOBep;eHUe cPopM<}>aKTOpOB a,Iq)OHOB KaK <}>yHI<'.I.\ldl 

8 HMeeT HaTJlMHyIO <pH31l'IeCK)'IO HHTepnpeTalJ,HIO: BepOHTHOCTb 06Pa30BaHHSI ,lJ,RyX'IacTH'IHo­

ro a,II,pOHHoro COCTOIDlHH IlP" aHHHrHJISlIJ,HH BHPTYaJIblJOro qx.>Tona CO,n;Cp>KIfT )J,Ba <paKTopa 

nO)J,aBJIeHHSI ,n;aHHoro npOlJ,ecca. IlepBhIA CBSI3aH C IIO,lJ.aBJleRHeM BepOSITHOCTU 06pa30BaHHSI qrj­
IIaphI (3anpeT HcnyCKaHHSI >KeCTKHX rJlJOOHOB) Ha nepBOM 3Ta1Ie npolJ,ecca. OH MO>KeT 6bITb IlI>T­

'1HCJIeH no TeopHH B03~eHIHI KX,U It onpe,n;eJIHCTCH CY)J,aKOBCKHM <popM<paKTopOM. BTOpOtt 

MaTlbIff <}>aKTOp CBSl3RH C BepOHTHOCTbIO 06pa30BaHHH )J.ByX'IaCTl1'1HOrO a,n,pollHoro COCTOHHHH 

npH a)ij}OHH3aIJ,HH qq-cHCTeMhl 3a Cl.Je'!' pa3phIBa CTpyHhI. OH orrpe.n,eJI.SIeTOI <PH3HKOii 60JIbillHX 
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pacC'.rOSIHHit, II 3Ta CTeneHb nO,lJ.aBJleURR BbIpax<aeTCSI qepC3 nepeCeqeHlISI COTBeTCTByJOnJ;RX Tpa­

eKTOpRii Pe)J)Ke. 

5. QHCJIeHHbIe pe3YJIbTaTbI. 

CpaBHeHHe C 3KcrrepHMeHTaJIhHbIMH ,D;aHHhIMH 

Ha pRC. 3 - 8 npOBO,lJ.HTCR cpaBHeHHe Pe3YJlbTaTOB pacqeTOB C\lWOHHbIX <popM<paK­

TOpOB Gm (q2), Ge(q2), F2(q2) H Flf(q2) C ltMelOw;HMHCR 3KcnepUMeHTaJIbHbIMH ,lJ.aHHbIMD 80 

BpeMeOD- H npOCTpaHCTBeHHOnO,LJ,06HbIX 06naCTIIX q2. IlpH BbIqHCJIeHHRX napaMeTpbI m Ii (ki) 
26paJIHCb paBUbIMH m = 0.22 raB H (kl) = 0.2 raB • IIapaMeTp no BbI6HPaJICR paBHbIM R5 = 3 

raB2. 

Bb1JIH IICnOJIb30BaHLl 06e napaMeTpH3al~HJicy,lJ.aKOBcKoro <pOpM<paKTOpa: 

a) S(OJ(q2) (52) - B ,lJ.BIDK,lJ;bIJIOrapH<pMHqecKoM npH6J1H)KeHHH C "3aMOPO)KCUHOA" Q~ff; 
6) S(l)(q2) (57) - B O,lJ.HOJTeTJIeBOM npH6JIH)KeHIfH C 6erym;eA KOHCTaHTOii CBSISII as(J.t2) (55). 

B CJIyttae HYKJlOHHbIX nepeXO,lJ.OB napaMeTpLl w~ax H Q~ff, Bxo~e B ypaBHeHHH (52) ,lVlR 

8(0) (q2) H HaHJlyqnmM 06pa.30M OTIHChIBaromHe 3KcnepHMeRT8JIbHbIe ,lJ.aHHble, 6paJIHCb paBHblMR 

c4ff = 0.45, w~x = 0.35 faU2. ,lVJSI Cy,lJ.aKOBCKOro cPoPM<p8KTOpa c 6erymeii as(J.'2) (57) 
napaMeTpbl J.'17 J.1.2 H AqCD H3 (57) 6bIJIH Bhl6paHbI paBHbIMR III = 1.3 raB, I-t2 = 0.6 f;~B Ii 

AqcD = 0.4 faB. 
Ha pHC. 3 npHBE'.,n.eHbI Pe3YJlbTaTbI pacqeTa MarHRTnoro q,OpM<paKTOpa npoToHa B npo­

CTp8HCTBeHHoDo,lJ.06Hoii. 06JI8cTH Q2 = _q2 = -so CnJIOmnbIe KpHBbIe BbrttHCJleHbl npH Y'le­

Te CY,lJ.aKOBCKOro <popM<paKTOpa B MO,LJ,e.tIRX a) - )J<HpHaR CDJIOmnaR KpHBaH, U 6) - TOHKaR 

KpHBaJI. ):VISI ~oft 11'3 MO)J.eJIeii. o6l1J,Hit HOpMHpoBO'lHblH K03<P<PHQHCIIT C onpe)J.e.JISl:JICSI H3 

YCJIOBHSI HaHJlyqmero OIIlfC8HIDI 3KcnepRMeHTdJIhHbIX )J.8JlHhIX. 000 MO)J.eJIH XOpOllIO BOcnpOIi3­

BO)J.SIT 3KcnepHMeHT8JIbHyJO 3aBIfCHMOCTb MamHTHoro cPoPM<paKTOpa Gm OT Q2. IIlTpuxoBbIe 

KpRBbIe COOTBeTCTBYJOT BbIqHCJIeUHRM 6es YlleTa cy,n:aKOBCKoro c}>opM<paKTopa: .>KHpHaR mpR­

XOnaR JIHHJUI - MO,lJ.PJlb a), TOHK.a.SJ nrrpHXOBaSI JHIJIHR - MO,lJ.eJIb 6). BH,lJ.HOI 'iTO y'leT cy,zJ,aKOB­

CKOro <PoPM<paKTOpa BeChMa cyr:n.eCTBeHeu ,lVla onHcaHHSI 3aBHCHMO(''TH Gm OT Q2. HanpHMep 

npH Q2 = 5 f3B2 COJIOIDHaH H mTpHXOBaSI KpHBhIe B CJIytI8e MO)J.eJIII a) OTJIHtIalQTCR H8 K03<l>­

cPHqueH'l' rv 2. Iloxo)KasJ CHTyau,HR HMee'l' MecTO ,lVlSI Mo,n;eJlH 6), r~e npH Q2 = 5 faB2 KpHBhIe 

OTJlH'i8JOTCSI npHMepno B 1.5 pa3a. 

Ha PI1C. 4 H306paJKeH MaI'HHTHhIH <pOPM<p8KTOP npOTOHa BO BpcMcIIHno,n;06Hott 06J18C'l'H. 

CnJlOlllHhle KplIBbIe, KOTOpble BhItIlICJleHbI C Y'leTOM cy~aKoBcKoro <pOpM<p3.KTOpa, BOCnpOH3­

BO,IJ.RT q2-3a.BIIClIMOCTI> q,OPMcPaKTOpa q4 Gm (q2). IIpJi 9TOM MO,lJ.eJIh a) - )J<:UpHaSI CTIJIOillHaa 

KpJmaSI - xopomo coJ"JIaCYeTCSI C 3KcnepHMeHTaJIbHhlMH ,lJ.aHHbIMH, TOr,I\a KaK TOHKaSI KpHBaSI 

- MO)J.eJIb 6) - I1plIMepHO B tV 1.5 pa3a MeHbllle, 'leM (a). Ba)KHO OTMC'I;'HTb, tITO npH nepeXO,lJ.e 

H3 npocTpanCTBeHHono,n;06Hoft BO BpeMeHlfno.n;06HylO 06JIacl'b HOpMUpoBOqHbIft K03cl><PHIJ,lleHT 

C He MeIDIJIC$[. IlhpHxoBbIe JIHHHII CO<ITBeTCTBYIO·.r pacqeTaM no MKrC 6e3 YlleTa CY,I\aKOB­

CKOrO <popM<pa.KTOpa. OHR OTBeqalOT pacTymeMy C q2 cPopM<paKTOpy q4Gm (q2) If MeHbllle B 

rv 1.2...;- 1.5 pasa, qeM )KHpHbIe KpHBhle npll q2 = 5 rsB2. 

B pa..~~. 3 6bJJlH paccMoTpeHhI ,lJ.Ba napHaHTa napaMeTpH3aIJ,lfU CllHHOBOA CTpyKTyphI aM­

nJIHTY,n;hT Tlq-+NN. PesYJlbTaTbi pacqeTOB MarHHTHoro <l>opM<paKTOpa npOToua OKa38JlHCb He­

qynCTBHTe.JIbHbIMH K BhI60py cnHIIoBOit CTpyKTyphI. O,n;HaKO <pHKCHpOBaHHe cnHHOBoii 3aBH­
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CHMOCTH ,IJ.aeT B03MO)KHOCTb Pa3JIlIqHTh ca.KCOBCKHe <!lopM<paKToPbIGe(q2), Gm (q2) H TaKHM 

06pa30M Orrpe,n.eJIHTb <pOpMc}>a.KTOp nayJIH F2(q2). KaK BH,lJ.HO H3 cpaBueHHH cPOPMYJI (45) H 

(50), pa3HHu,a Me)K,lJ.y G e(q2) 11 Gm(q2), a 3HaqHT II BemfqllUa <poPM<paKTopa IIaYJIu, 3aBUCHT 

OT m2, N1 2 
H (kl) (HJIlI TOJIbKO OT OTHomeHHH m/M AJIH MO,IJ.eJIH 1». BbI60p ClIHHOBOH CTPYK­

TyphI, TaKHM 06pa3oM, lIpH BhI60pe 1I0pMRpOBKH Gm, ,IJ.HKTyeTCH CJIe,n.yIOIIVIM 113 aKClIepHMeliTa 

OTHomCHHeM <popMcPaKTopOB Ge II Gm . 
Ge 

Ha puc. 5 lIpHBe,n.eHO OTHomeHHe /-LPG HYKJIOHHbIX <popM<paKTopoB B 06JIaCTH npo­

? 2 m 
cTpaHCTBeHHono,n.06HbIX q- = -Q . 9'1'0 OTHomeHHe Me,IJ.eJIeHHO MeHHeTc.H B HHTepBaJIe Q2 = 

20.5 +- 3.5 raB H BhIXO,IJ.HT Ha BeJInqHHY i=:::: 0.6 +- 0.7. CooTBeTCTBeHHo ,LVlH OTHorneHIUl Ge/Gm
 
,IJ.OJDKHO BhIllOJIHHTbCH Ge/Gm i=:::: 0.2 +- 0.25.
 
B npHBe,n.eHHbIX B pa60Te cnHHOBbIX MO,IJ.eJImc OTHomellHe Ge/Gm lie 3aBHCHT 0'1' q2:
 

,LVIH MO,.u;CJIH 1) , 

,LVIH MO,IJ.e.lIH 2) . (59) 

9KcnepHMeU'1'aJIbHOe O'1'HornelfHe Ge/Gm OllllCbIBaerCH B MO,IJ.eJIH.1) lIpH CCTeCTBeIlHOM BbI60pe 

MaCChI KBapKa m = 0.22 raE. 9KcrrepHMeHTdJII,HhIe ,IJ.aHHbIe ,LVIiI <popM<paKTopa IIayJIH F2 [40] 
OTBeqaIQT HecKOJII,KO 60J1I,meMY OTHomemno J?Ge/Gm i=:::: 0.7 +- 0.75. TeM He MeHee, a rrpe,IJ.e­

JIax aKcnepHMeHTaJII,HbIX omH60K MO,IJ.Mb 1) lIpH BhI60pe m = 0.22 raB xopomo onHChIaaeT 

HMeIO~eCH ,lI,aHHhIe. 

MO,IJ.eJIb 2) rrpe,IJ.CKa.3bIaaeT OTHomeHHe Ge/Gm 60JIbmee, qeM MO,IJ.MI, 1) (CM. 59). l..JT06hI 
onHcaTI, aKcnepHMeHT8JlbHhle .n.aHHhle,LVlH c}>opMc}>aKTopa IIayJIu F2 (HJIW OTHOmeHJtll Ge/Gm), 
DCJ1Hl{IUlhI m H (kl) HY)KHO flOJIO)KHTb pa8HhlMH: m ~ 0 H (kl) = 0.15 r3B2, ~I'ro He llBJIHeTCH 

ecTeCTBeHHblM Bbl60pOM. CJle,n.yer 3aMeTUTb, 'ITO MO,IJ.eJIb 2) C 06MeHoM CK&JIHpHhIM ,IJ.llKBap­

KOM rrpH BhI60pe (kl) = 0 (npocTpaHCTBeHHblli HMrryJII,C KBapKa HanpaBJIeH B,IJ.OJIb HMnyJIbCa 

HyKJIOHa) OTOel{aeT coxpaHeHHIO CnHpaJII,HOCTH H cPopMyJIaM MO,IJ.eJIH 1). 

Ha puc. 6 npHBe.n.eUbI pacl{eThI <popMcPaKTopa IIayJIH F2(Q2) npH ,IJ.ayx napaMerpH3aIJ,H­

a.x. CY,IJ.aKOBCKOI'O cP0PMcPaK'1'Opa. )KHpHaH CnJIOmHaJI JIHHHSI COOTBeTCTByer MO)J.eJIH a), TOHKaH 

CIIJlOmHaH JIUHHH COOTaeTCTBYeT MO,n..eJIH 6). ~opM<paKTop F2 , OTDel{aIOm;Hit ClIHIIOBOH CTpyK­

Type C 06MeHOM CKaJIHpHbIM ,IJ.HKBapKOM, nOKa.3aH Ha pHCYHKe OT,IJ.CJII,UOA mTpHXOBOH KpHBOn. 

Cy,IJ.aKOBCKHH cPOPM<pa.KTOP ,LVlH 3ToA KpHBOil 6hIJI B3RT B lIpH6JIH>KeHHH nOCTOHHHoA as (MO­

AMI, a). BIl,IJ.HO, l{TO ,IJ.roKe lIpH BbI60pe (kl) .n,OC'IaTO'fHO MaJIhIM, HOpMHpOBKa <pOPM<paKTOpa 

I1aY-?IH He MO:>KeT 6hI'1'I, BOClIpOH3Be,IJ.eHa B 3'1'0« ,MO)J;MH. 

TaKHM 06pa30M, MOAeJIb, paCCM01'peHlIaIl B pa6oTe, C xopomeit TOqHOCTI,IO BocrrpOH3BO­

AHT 3KCIIepHMeUTaJII,HhIe ,IJ.aHRble )J;JUI HYKJIOHHhIX q,0PMcPaKTOPOB Gm(l') , F2(q2) IIpH OTpHu,a­

TeJIbHhIX (H nOJIOIKHTeJIbllbIX B CJIY'qae Gm ) q2. I1pH aTOM 06e napaMeTpH3aIJ,Hlt cy,IJ.aKOBcKoro 

<popMq,aKTOpa xopomo OnHCbIBaIOT XO,IJ. 3KcneplfMeHTaJII,HI,IX )J;aHHbIX npH OTpHu;aTeJIbHbIX q2; 
Heo6xo,IJ.HMaH HOpMHpOBKa <popM<paKTopa Gm (q2) BO BpeMeHHnoA06HoA 06J1acTH ,IJ.O(:THraeTCa B 

Mo.n.eJIH a). TalOKe MO)KHO ~eJIaTb BblBOA, 'ITO MO,IJ.MI, 1), B KO'1'Opoil .n,OMHHHpyeT aMIIJIHry.n.a 

D1(8, kl), npaBWlI,HO BOCIIpOH3BO)J.HT CllHHOBhIe a<p<peKThI Aa>Ke IIp" yMcpeHnbIX Q2. B MO,IJ.eJIH 

2) OIIHcaHHe aKclIepHMeHTaJII,HblX ,IJ.aHHhIX MO:>KHO ,lI.OCTnqb TOJIhKO npH BbI60pe HeecTcc'1'BeHHO 

Ma.JIhIX rrapaMeTpOB m H (kl). 
CTenCHb y6b1BaHHR HYKJlOHHbIX caKCOBCKHX <POPM<paKTOPOB I'V CKJla,lJ,bIBaeTCH H3Iq21-2 

CJIe,n,yronJ;HX <PaKTOPOB: 

. .j 



17
 

a) CTeneHHoro y6blBaHH5I l\W)JJTJI5I al\,mJlln'Y~LI nepexo,n.OB KBapKOB B HyKJIOHbl 
2\Tqq-tNN(q2)\ ,...., Iq21-1/ (1-20'8{0)+0'A/{O)) '" /q2!-5/4, . 

6) y6hTBaHlf51 cy.n.aKOBCKOro q,opMq,aKTopa, KOTOPblA ~JI5I HyKJIOHOB B paccMaTpHBaeMOM JlH­
4 

TepBa.ne 9Heprldt 10 n~B2 < Iq2 1< 30 raB2 se,LJ;e'!' ce651 npBMepHO KaK IS(q2)1 ,...., !q2 1-3
/ . 

000 napaMeTpH3aU;HH S(O) H Sell cy~aKoBcKoro cPopMq,aKTopa B paCCMaTpHBaeMOH 06JIaCTH 

q2 1l0PMKa HeCKOJIhKHX ,lJ,eCRTKOB f3B2 
,Ll,aIOT npHMepHO o.n;HHaKoBylO CTeneHHylO 3aBliCliMOC'1'h 

4'" Iq2 1-3
/ • 

IIOCKOJIhKY 3aBHClfMOCTh caKCOBCKHX cPopMq,aKTOpOB Gm , Ge Ollpe,lJ,eJUleTC5I aCHMllTOTH­
- - ( ) (Bn(0)+l)/2

qecKHM MHO)KHTeJleM aMnJIHTY~bI Tqq-tNN,...., q2. S0 , q,OpMq,aKTOp TIaYJlH (Q2)3 F2 8 

06J1acTlf MaJIhlX Q2 B03pacTaffr npHMepHO JlHHeAHO C pOCTOM Q2, 3aTeM BhIXOM Ha KOHCTaHTy. 

"'"{T06bI Y<iecTh 3TOT 3cPcPeKT, B BbIp8JKeHHH ,LVI5I F2 (Q2) (40) OCTaBJIeH npe~aCHMnTOTU<ieC-

KUB MHO){(HTeJlh (q2/4M2 - 1f\ KOTOPhlH If onpe.n;e.lI5IeT mmeAHblA pOCT (Q2)3 F2(Q2) npH 

Q2 ~ 2 - 5 r3B2 • 

CWryau,H5I C nHOHHhIM q,opMq,aKTopoM F1f (q2) HeCKMhKO OTJTHqaeTC5I OT CJTyqaH C HyK­

JlOHHblMH q,OpMcPaKTOpaMH. TIOCKOJIbKY B peaK~HIf 'Y -t 1[+1[- BMpTYaJTbHhlA <PaTOH o6pa..<JyeT 

B KOneqHOM COCTOHHHH Tlapy TlCeB,ll.OCKaJUrpIIhlX qaCTH~, ,LJ;Ba DHOHa MOryT 06Pa30BaThC5I TOJTh­

KO B COCT05IHHH C OTHOCli'1'eJlhHbIM Op6H'raJIbHbIM MOMeHTOM l = 1. B aTOM CJTYqae pa60Taer 

nepeXO,ll, AI-tqq, TlO,ll,aBJIeHHblH YCJlOBIfeM coxpaHCUH}} KHpaJIhTlOCTIf, "ITO ,lJ,aeT ,LJ;OTlOJTHHTeJlbHOe 
2no.n;aBJleTlHe nHOTlHOrO cPopMcPaKTopa '" Iq21- 1

/ (CM. (32)). 
MO,lJ,yJlh aMnJlUTY)l.hI nepeXO)l.a KBapKOB B a)J,pOHbI, KOTOPbIH onpeAeJISIeTCH BKJIa,L\OM Me­

30HHOn pe,IVKe-TpaeKTopHIf OM(t), HMeeT CJle)JJTIOUO'IO 3aBHCHMOCTb:

IAQQ-t".+1f- (q2)1 ,...., Iq2 1(O'M(O)-1)/2 = Iq21-1/ 4 • 

TIapaMeTphI cy.n;aKOB<:KOI'O cPopMq,aKTopa B MO.n;eJIjfX a) H 6) 6blJlH BbI6paHbI q,H'rHpoBa­

HHeM 3KCIIepliMeHTaJII,I1blX .n;aHHblX ,lJ../UI llHOHHoro q,OpM<p8.KTOpa: 

a~ff = 0.45, w~ax = 2.5 raB2, AQCD = 0.5 faB, III = 1.5 f3B, 112 = 1.5 faB. 
TaKoA BbI60p napaMeTpoB n03130JIjfeT nOJlyqHTh nOBe,n;eHl-fe "HOHHOro <pOpMtPaKTOpa 

q2 F".(q2) ,.... (q2)0 B 06JIacTH HMelOTl\HXCSl 3KcnepHMeHT8.IIhHbIX )J,aHHbIX. IIPH 3TOM MO,lJ,eJTh a), 
B KOTopof.i OTHOmeHlfe rts (53) OTlpeAeJIjfTC5I TOJIbKO Bbl60pOM o~ff, rrpaBWIhHO BOcnpOU3BO,ll.HT 

HOpMRpOBKy nHOHHOI'D q,0pMq,aKTopa BO BpcMcmIll0.n;06HOA o6JIacrH. 

Ha puc. 7 npHBe,n.eHbI pt>-3YJIbTaTbl paCqeTOB )J,JI}} TlHOHHOro cpopMcpaKTOpa B npoC'rpaHCT­

BeHHODOAo6HOA 06JIaCTH. CnJIOillHLIe KpHBbIe OTBeqaJOT Bbl60py cYAaKoBCKoro cPopMq,aKTOpa B 

MO,lJ,eJl5IX a) - :>KHpHaH CnJlOlliHaH KpUBM H 6) - TOHKa51 CllJIOIDHaSi KpMOMI. IIlTpHXOB3.jJ KpH­

BaSI OTBeqaeT BLI<iHCJIeHBIO 003 y~eTa Cy)J,aKOBCKoro q,opMcPaKTOpa,1J.Jl51 Ka)K,I.(oD 93 Mo,n;e.neit a) 
H 6). OHa )J,aeT MC,LVIeHHO pa(''Ty~ee 110Be,lJ,eHHe Q2 F1f(Q2) B paccMaTpHBaCMOM HHTepBaJle Q'l.. 

Ha pHC. 8 npHBe,ll,eHhl rpa4lHKH nHOHHoro q,0pMq,aKTOpa 130 BpeMcnuno~06Hott o6J1ac­

TH. CnJlOlllHhle KpHBbIC COOTBeTCTBylOT M0,Il,emIM a) H 6) ,LVI5I napaMeTpH3a~HH cy.n;aKOBCKoro 

q,opMq)aKTopa. )KHpHM H TOHKaS! IDTpHXOBble JlHHHH OTBe'raIOT MO~eJISlM a) H 6) COOTBeTCT­

BeHRO 6e3 yqCTd cy.n.aKOBcKoro q,OPM q,aKTOpa. KaK H B npocTpaHcTBeHHOTlO~06HOA 06JJaCTH 

q,YHKQHH q'l. F1f (q2) npHMepHO TlOCTORHHa B 06JTaCTH UMeJOIJ.I.HXCH 3KcnepHMeHTaJIhHblX .n;aHTIbIX. 

OTHoIIleHHe MO)JJTJleii I1UOHHOro q,opMcpaKTopa BO BpeMeHH- H npocTpaHcTBeHHono,n;06HhlX 06­
JIacTRX ,LVI5I MO)J,eJlH a) OKa..<JblBaeTC5I, KaK If B c.nyqae HyKJIOHHbIX q,opM<paKTopoB, panHbIM 

jF1f(q2)jI IF1f (_q2)/ ~ 2.5, npn q2 ~ 10 f3B2 , Ii onpe!l.emreTC51 aH3JlHTIPleCKHMU cBoiicTBaMH 

cy)J,aKOBCKoro q,0pMq,aKTOpa. Mo.n;eJlb 6) BO I:IpeMeHIITIO,lJ,06HOH 06JTacTH ReBepHO BOCnpOH3-­

nO)l.JIT HOpMHpOBKy nHOHHOrQ <popM<paKTopa. Pe3YJIbTaTbI paC'feTOB 6e3 yqem cYAaKoncKoro 

cpopM<paKTopa OK~bIBaIOTCH ropa3.n;0 HlDKe 3KcnepHMeHTaJIbHblX ,n.aHHblX. 
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OTMe'£HM, 'ITO OTJIH'IHe Me30HHbIX <pOpM<paKTOpOB UpH nOJIO)KHTeJThHhIX H OTpHIJ,aTeJ1b­

HhIX q2 06cy)K,lI,aJIocb B paMKaX nepTyp6aTHBIIofi KX~ C y'lCTOM CY,ll.aKOnCKJlX 3<p<peKTOB, B 

pa60Te [44]. O,lJ,H8.KO B MO,IJ.eJIH [441 OTJIH'iHe lFlr(q2)1/IF?r( _q2)1 CBR3aRO He C cy,IJ.aKOBCKlfM 

<pOPMcl>aKTOpOM, a C ·CHHryJIHpROCTSIMH aMnJIHTy,n; )I(eCTKOro nepepacceHBHH. B MO,IJ.eJIli 145], 
l')J,e nHoHHbIft cPOPMcPaKTOP CTpOHTCR Ha <peHoMeHOJIOrHqeCKolt napaMeTpH3aIJ,HH MHHMOA 'Iac­

TH, aHaJIOrH'IBO nonY'IaeTCH, 'ITO IF?r(q2)1/IF?rC-q2) I CBH3auo C 3HepreTH'IecKolt 3aBHCHMOCThIO 

MHHMOH 'IaCTH FJI'(q2). OTMerHM, 'ITO B Hame" MO)J,enH TaKHe noupaBKH ,IJ.On)KHbl y6b1SaTh ere­
M2 

neHHhIM 06p33oM '" c~ar , H upn BhI60pe Mchar ::::: 1 -;- 2 raB ,IJ.OJI:>KHbI 6bITb )')Ke neneJIHKH 
q . 

upn q2 '" 10 +- 20 r3B2. C ,IJ.PyroA CTOpOHhJ, eCJIlf BaJKeH cy,ll.aKOBCKHH 3cl>4>eKT, TO OTHOllIe­

HHe IFlI'(~)I/IF'lf(-~)11l IGm(~)[/IGm(-q2)1 6YlJ.er neChMa Me,lI,,rIeHHO y6bIBaTb C pOC-roM q2 
(CM. (53) H (58)). TaK HanpHMep B M(),lJ,eJIII 1) r~~ = 2.5 H He 3aBHCHT OT q2. ~H MO,IJ.f'.JlJf 2) 

2 2ri~ ~ 1.8 rrp" q2 = 5 r3B H y6bIBaeT ,lJ,O 3Ha'leHHH rii ~ 1.35 UpH q2 = 100 r3B • TaKHM 

06pa3oM, H3MepeHHe 1F'lf(q2)1/1F'lf(-q2)1 H IGm(q2)1/IGm(-~)1 np" 60JIhIlIHX q2 6hIJIO 6b1 O'IeHb 

Ba,)J(HbIM ,lJ,JIH upOBepKH cl>YR,IJ.aMeHTaJIhHOrO nonpoca 0 TOM, CBmaHO JIH nOBe,IJ.eHHe a,u,pOHHbIX 

¢OPM<paKTOPOB npH q2 '" 10 +- 50 r3B2 C nePTYp6aTHBnoit tUIlI Henepryp6aTHBHoA ,IJ.ImaMHKoit 

KX~. BhIJIO 6bI HHTepeCHO npOBepHTb Ha 9KcnepHMeHTe npe,ll,CKa3hIBaeMOe B Ramen: MO)J,eJlH 

y6hIBaHHe q2F7f(q2) C pOC'rOM q2 UpH q2 > 0 H q2 < O. 

6. 3aKJIIO'1:eHUe 

B .n;aHHoft pa6O'£e B paMKaX MKrc 6hIJI npOBe,n;eII aHaJIH3 <popM<paKTOpOB UHOHa H HyK­

JIOHa B npOCTpaIICTBeHHO- H BpeMeHHnO,IJ.o6uoit 06JIacTSIX. Cm-mOBhle 3<Pcl>eKThI BBO,IJ.HJIHCb flY­
TeM COOTDeTCTBYIOm;ero OUpe,IJ.eJIeHHH aMUnHTY,IJ. uepexo.n;OB KBapKOB B a,IJ.POHhI Tqii--+hh. Y'IeT 

cnHHOBbIX CTpyKTyp 3THX aMUJIHTY,LJ; U03BOJISIeT onHChlnaTb cnHHOBhIe 3<l><peKThI 6HHapHbIX a,n.­
POHHbIX peaKII.ufi H a,rr,POHHhlX cPopM<paKTopOB. B ,IJ.aHHolt MO,IJ.eJIH CJIeAYIOJIVle 113 3KcnepHMeHTa 

npHMepHhIe aCHMnTOTHKH y6bIBaHHR HYKJIOHHhlX H UHOHHOro <popM<paKTopOB Gm •e '" (q2)-2, 
2F?r '" (q2)-1 npH q2 ~ 100 r3B ,IJ.OCTHraIOTCH 3a C'IeT pe,n;:>Ke-UoBe.n.eHHH aMUJIHTY,IJ. nepexo,IJ.on 

KBapKoB B a,IJ.pOHbl, a TaIOKe npu yqeTC cy,n;aKOBCKoro <pOPM <paKTOpa. Y'IeT crrHHOBbIX nepe­

MeHHLlX n03BOJUleT pa3,LJ;eJIHTb HyKJIOHHbIe <popM<paKTophI Ge(q2), Gm (q2), a l.'aIOKe BhI'IHCJIHTh 

<popM<paKTop IIaynu F2(q2).,lVIH DlIOHHOro <pOpM<paKTOpa nOK33aHO, >.ITO lf3-3a npn6JIH:>KeHHo­

ro coxpaHeHlIH KHpaJIhHOCTU B nepexO,IJ.e '"'(-+ qq <popM<paKTOp F7f(q2) HMeeT .n;onOJIHHTeJIhHYIO 

C'reueHb uO,LJ;aBJIeUHH '" (rf)-1/2. KrCM npe,Il.CKa3h1BaeT y6hlnauHe oTHomeHHll: cPopM<paKTO­

pOB F'lf7t(q2)/F7fw (q2) H FlI'lf(q2)/F1fp(q2) KaK 1/#, B OTJIH'IUe OT nePTyp6aTHBHoit KX)J" B 

KO'roPO:lt 3TH OTHomeIIHSI JIUHeHHO POC'rYT C YBeJlU'IeHHeM q2. TIOJIyqalO:w.nec.B B ,LJ;aIIHOii Mo­

,lJ,eJlH BhIpa,)l{eHHH ,lI,JUl <pOpM<paKTOpOB aHaJIHTH'IHbI B KOMUJIeKcHoft nJIOCKOC'rH nepeMeHHoR 

q2 U MOryT 6bITb UpO,D;OJI)KeHbI H3 BpeMeHunO,IJ.o6HOH 06JIaCTH B 06JIacTb OTpHlI,aTeJIbHbIX q2. 
Pa3JIHqHe B BeJIH'IUHe MOAYJIR a.n;pOHHbIX <popM<paKTopOB npH nOJIO)KHTeJIbllhIX H OTpHI1,aTeJIb­

HbIX q2 CBH3aHO B OCHOBHOM C aIIaJIHTUqecKHMH CBoiiC'rBaMH ,lI,BaJK,lJ,hIJIOrapH<pMH'IeCKOrO '1JIeHa 

B 3KCnOBeHTe CY,LJ;aKOBCKOro <popM$aKTopa. Ha.TlH'lHe cy,IJ.aKOBCKoro <pOpM<paKTOpa npHBO,IJ.HT 

K TOMy, qTO UpH O'leHb 60JIhITnfX q2 a,rr,pOHHble cPOpM<paKTOpbI B I<:rCM y6hIBaJOT 3KcnOHeH­

II,HaJJbHO. O,IJ.HaKO 3TO y6bIBanue OqeHb Me.n:neHHoe B ,lJ,OCTYllHOlt ,LVIH 3KcnepllMeHTa 06JIaCTH 

q2. IT03TOMy HeuepTyp6aTlIBlihIe BKJI3.AbI B <popM<paKTOphI, rrpe,ll,CKa3hIBaeMhIe I<:rCM, MOryT 

OKa3aThCH ,IJ.OMHHHPYJOJlJ,HMH BUJIOTh ,lIP q2 '" 102 r3B2. 
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a) b) 

c) 

Pllc.l. IIJIaHapHhle ,n;lIarpaMMhI, COOTBeTCTBYlO~Re 6TmapHhIM peaKI.J,JUlM: 

a) 1r0 1r0 ---+- 7[+1f-, b) 1fW --t NN, c) NN --t NN. 

,<tf"+ 
1f 

'"Y 

a) 
',: 

Poc.2. nJIaHapHhle ,n;HarpaMMhl, OTBeqalOm;HC npou;eccaM: a) '"Y --t 7[+7[-, b) '"Y ---+- NN. 
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2S 30 3S 

Plfe.3. TIP<Yl'OHHhIlt MarHHTHbIH q,OpMq,aKTOp Gm (Q2) B npOCTpaHCTBeHHOIJO,n,06HOA 06JIacTlf 

KaK cPYHKII,IIR Q2 = _q2. )KupHaH H TOHKaH CnJIOIIJHhIe JIMHHlf COOTBeTC.'TBylO'l' napaMeTpU3a­

II,IDIM cy,n;aKOBCKOrO cPopMq,aKTopa. (52) II (57). llhpHxoDhIe )f(MpHaJI U TOHKaIf JIHHHH OTBeqa­

lOT BhIqHcneHuHM MKfC 6C3 yqem Cy,n,aKOBCKOro cPopMq,aKTopa. 9TU KpHHbIe 1J000yqeHbI 1'13 

)J(HpHblX KpHBhIX ,D,e.ileHHeM Ha COOTBeTCTBylOIII,HH CY,D,aKODcKHti ¢OPM epaKTOp, 3KClJepHMeH­

TaJIbHhIe )l,aIIHbIe H3XTbI 1'13 pa60TbI [36]. 

+ 1 .--­
~ _t.------------.­
.,.,....--- ..~~ --­ -­ .....­ f,""" -~- --­

.-.­ --­

2 

1.5 

1 

0.5 

12 146 

PucA. ITPOTOHHhIA MarHHTHblll ¢OPM<paKTOP Gm (q2) no BpeMeHHHO,1l,06HOH 06JIaCTH KaK <PYHK­

II,HH q2. )KMpHa.H II TOHKaSI CIIJIOIUHbIe JlUHliH cooTBeTCTBYIOT napaMeTpH3alI,HHM cy,lJ,aKOBcKoro 

epOPMcPaKTOpa (52) H (57). IIhpHxoBbIe )l(HpHa.SI II TOHKaR JIHHlIU OTBeqaIOT BhlqHCJIeHfUlM 

MKfC 6e3 yqem cy,n,aKOBcKoro <PoPM<paKTopa.. 3'm KpllBbJe mJJIyqeHbI lIS :iJO{PHbIX Kplfl:lhIX 

,n,eJIeHMeM Ha cooTBeTcTByIO.UJ;uf% cy.n.aKoBcKHfi 4'>opMq,aKTop. 8KcnepUMeH'IaJIhHble ,lJ,aHHbIe B3H­

ThI M3 pa60T [37, 38]. 
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JLpGe (Q2) 
PHc.5. OTHOmeHl~e CaKCOBCKHX <!>0PM<!>aKTOPOB npOTOna Gm(Q'l.) B npOCTpaJICTBenIIOnO~o6­

HOM 06JIacTH KaK ¢YHKIViS Q2 = _q2. llCIIOJIb30naHa napaMcTpH3au,HH CIIlIIIOB01t aMllJIHTY~bI 

1), UpH aTOM MaCCa KBapKa Bbl6upaJIacb paBHOA m = 0.22 r::~B. 9KcnepHMeHTaJIbHbIe ~aJIlIhl:e 

B3STbI 113 pa60TbI [39J. 
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PHc.6. IIpOTOHuhlA q,OpM<I>aKTOp IIaYJlH F2(Q2) B 0POCTPllHCTBeHHODO~06HoA 06.nacTH KaK 

¢YHKu.na: Q'l = _q2. CUJlOmHhle KpBBhle OTBe'lalOT Mo~enB 1) COHHOBOA CTPYKTyPhl 8MPJlH­

TyAhl Aqq.....NNj ~HPHag KpHB8Jl OTBeqaeT napaMeTpH3all,HU CY~aKOBCKOro <l>opM¢aKTopa (52); 
TOHKas KpHBaa - nap8MeTpH3alJ,HH (57). COOTBeTCTBYJO~He UITpHXOBbIe KpHBbIe OTBeqaIOT 

BhI'IBCJIeUIUIM 6ea y'lera cy~aKoBCKoro cPoPM4>aKTOpa. )KHPUaa: IUTpBXOBaH KpHBaH, npoxo­

~ag HH)Ke 3KcnepBMeH'I8JlbHbIX TO'IeK, cOOTBeTCTByer MO~eJtH 2) cnHHOBOIl CTpyKTypbI H 

napaMeTpH38u.nH (52) cy~axoBcKoro <l>opM¢aKTOpa. napaMeTphl m H (ki) 6P8JJHCb paBHhIMH 

m = 0.22 raB, (kl) = 0.2 raB2
• 9KcnepHMeHT8JJbUbIe ~aHHble B3HTbI H3 pa60TbI 140). 
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PMc.7. TlHOHHblA. ¢opMQ>aKTOp F'Tf(Q2) B npocTpaHcTBeHHOrrO,l1.o6HOii 06JIaCTH KaK q,yuKII,IUi 

Q2 = _q2. )KMpHaa 1'1 TOHKaH CnJIOffiHbIe JUIHHH COOTBeTG'TByIOT napaMLvrpH3aUHHM CY,ll.aKOB­

CKoro <PoPMcPaKTopa (52) H (57) COOTBCTCTBeHHO. IIlTpIlxoBble 1KHpHaH 1'1 TOHKaJI JIHHHH OTBe­

'IaJOT RW'IHCJleHHf.IM MKrC 6e3 y'leTa cy,l1.aKOBCKoro <PoPMcPRKTOpa. 9TH KpHBhle 1I0JIYQeUbl H3 

)KHpHblX KpHBblX ,l1.eJIemoleM Ha COOTBCTCTHYlOllI,Hit cy,n;aKonCKHH ¢OpM¢aKTOp. 9KCnepHMeH­

TMbHhle ,ll,aHHble B3SITbl In pa60Tbl [411. 
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PJic.8. TIHOHHhIii <POpM <}JaKTOp F'Tf(q2) no BpeMcmmol'06Hoi\ 06JlaCTU KaK <PYHKI.\IIf.I q2. )KHp­

HasI H TOHKaH CUJIOillHhle JIHHHH OTBC'mI<yr napaI\1eTpH3au,HHM cy,n.RKOBCKom q,opM<paKTopa (52) 
R (57) COOTBeTCTBeHHO. IIlTpHxoBbIc )J(HpHasJ: H TOHKaH JIHHlHJ OTBeqaIOT Bhl'lHCJIeHHf.IM MKrC 
6e3 ytreTa cy,l1.aKOBCKoro <PoPM $aKTopa. 9TH KpHBhIe nOJIyqeHbl U3 )JmpHbIX KpnBLlx ,l1.eJIeHIf­

eM ua COOTBeTCTBYIOUJ:uit CY,l1.aKOBCKHi't ¢opMcPaKTOp. 9KcnepHMeHTaJIbHLIe ,l1.aHHhle B35IThI H3 

pa60T [42, 431. 
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