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1. Baeµ;euue 

B HacToaxqee npeMR 6011blllOe BHIIMamie yµ;emreTc.!l nccneµ;onamuo 1 

o6panonaHII.!l nenTOHHblX nap - µ;nnenTOHOB B aµ;poH-.!Ip;epHbIX n .!Iµ;po

.!lµ;epHblX CTOJIKHOBeHII.!IX npn Ha"laJibHbIX :meprIIHX B 1 +5 raB/HYKIIOH 

[1] - [5). Oµ;Ho no nepBbIX npeµ;cKanaHnii cocTO.!IIIO B ToM, :To cneKTP 

µ;m1enTOHOB MO)KeT µ;aTb 1rncpopMaQHIO O IIOII.!Ipnoa:qnoHHOM onepaTope 

nnoHa B HarpeToii n nnoTHO~ aµ;epHoii cpeµ;e, TaK KaK O)KIIµ;anocb, "I.To 

OCHOBHbIM lICTO"IHlIKOM µ;mrenTOHOB .!IBJI.!leTC.!l aHHUrIIJI.!IQII.!l BTOplI"I

HbIX nm;>HOB [2) .• Bn~cneµ;~Tnnn BbIJICHunocb, "l;O ,BKIIaA 1r+1r- - amtu- . 

rlIJIJIQUII B. pa6oTe [2) 6bln nepeo:qeHeH, oµ;HaKo lIHTepec K µ;u~enToHa.M 

He oCJia6, nOCKOJibKY H µ;pyrne aµ;pOHHble IICTO"IHHKH nenTOHHbIX nap 

- HanpHMep,. npaMruI KOHBepcHJI BeKTOpHbIX MCOOHOB [5), [6], MoryT 

TaK)Ke. ;a;a:i-b lIH<pOpMiQHIO 06 ypanHeHHII ~.OCTOHHirn' 11µ;epHOH cpeµ;bl B 

aKCTpeMaJibHbIX ycnoBHHX. . . 
<l>~HOBbIMII, KOHKypnpyIOI.qlIMll, noµ;npo:qeCCaMII JIBJIHIOTCJI npoQCCCbl 

o6panonaHII.!l µ;nnenToHOB B HYKIIOH-HYKIIOHHbIX CTOIIKHOBeHirnx, co

npoBO)K)];aIOI.qnx .BHyTpnaµ;epHblii: KaCKaµ;, 11 Han.6onee JtHTeHCUBHOC no 
! ' ~ • • • • .; ' ' - • 

HHX - TQpMOOHOe nony"leHUe. nenTOHHbIX nap B npoTOH-HeUTpOHHbIX 

CT.on~HoBeH~x [2] -,[8). TopMOOHoe HOIIY'tfeHIIe B pp·-:- cT<>IIKilonemrnx; 

: npeHe6pe)KUMO MaJIO .no-oa µ;ecTpyKTHBHOH lIHTepcpepeHQUU. 

OcHOBHble µ;narpaMMhl," KOTOpble µ;aIOT BKnaµ; . B npoQecc pn - ' 
pne+e- n npn6JIII)K~HlllI

0 

oµ;Ho6oooHHOro o6MeHa, npnneµ;CHbl Ha pnc.L 

BbIJIO noxanaHo, "ITO 'ocHOBHOH BKnaµ; )];aIOT µ;narpaMMbl C HOIIY"ICHIICM 

napbl iro BHelllHIIX..., npoTOHHbIX - ~nHnii [9]. , 
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Puc. 1 <l>eiiHMaHOBCKile µ;1IarpaMM@ o6panonaHII.!l e+ e-, ~ napbl B pn 
- CTOJIKHOBeHIIJIX. 

B 60JiblllllHCTBe KOHKpeTHbIX pa,c'tfeTOB ceqem1e TOpMO:JHoro 1mny

"leH1IJI paCC"lllTbIBaJIOCb B np1I6JII1)KeHim 11MHJ:KHX11 cf>oTOHOB no. cf>op

Myne [2]: 
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do- · a 2 u(s) R2(v's2) 
dM dydlq1. = 61r3 M E 3 R2( vs) ' 

(1) 

. rµ;e · M · - 1mnapuaHTHa.!l Mac ca napb1, E - aHeprII.!I, I q1. - nonepe"IHbIH 

. UMllYIIbC, y ...:. 6bICTpOTa nenTOHHOH napbl, u( s) - ycpeµ;HeHHOe c KBa

µ;pa TOM nepeµ;airnoro nMnynbca ce'tfeHIIe ynpyroro pn-paccemfaa. <l>yH- • 

KQII.!l R2 ( s) - nopeHQ-IIHBapnaHTHbIH µ;nyx"laCTil"IHbIH cpanonblii: <i6'beM 
. . • I . 

nyKIIOHOB c aHepr11eii Js, ../82 - aHeprxrn µ;nyx HYKIIOHOB nocne 1mny"le-

HII.!l. µ;11aneKTpoHa. B pa6oTe [7] 6blno noKanaHo, "ITO npII6JI11)KeH11e ( 1) 
xopolllO cornacyeTCJI C TO"IHbIM pac'tfeTOM, OCHOBaHHbIM Ha Bbl'IJICJieHIIII 

, µ;uarpaMM oµ;Ho6onoHHoro o6MeHa. 0To o6oc:aoBbIBaJio 11cnonb:J0Ba1111e 

cf>opMynbl ( 1) ~JI.II aHan1ma· BKnaµ;a TOpMO:JHOro 11:JIIY"leHIIJI B aµ;poH ~-

1{ aµ;po - aµ;epHbIX CTOJIKHOBeHIIJIX; nponeµ;eHHOro B pa6oTax [3], [4]. 
Mn Moµ;en11 BeKTOpHOII µ;oMHHaHTHOCTll cneµ;yeT, "ITO ce'tfeHIIe (1) He-

06xop;1IM0 µ;OMHOJKIITb Ha KBaµ;paT aneKTpOMarHIITHOro cf>opMcf>aKTOpa 

B PP'Y - nepllllIHe: 

m4 
2 2) ' P )2 1 F-r(M . = (M2 _ m~)2 + (rpmp . 

(2) 

rµ;e mp II r p eCTb Macca II noJIHa.!l lllIIpllHa pacnaµ;a p - Me:JOHa. B aTOM 

cny"lae OKa:JbIBaeTcJI, "ITO paCC"IIITaHHbIH BKJiaµ; TOpMo:;moro' ll:JIIY"le

.HII.!l µ;oMIIHIIpyeT Haµ; B~naµ;oM OT aµ;pOHHbIX IICTO"IHIIKOB 11, 6onee, Toro, 

B HeCKOJibKO pan npenocxoµ;11T aKcnep11MeHTaJibHO 11:JMepeHHOe ce'tfeHJie 

Bblxoµ;a µ;11nenTOHOB [3]. 0To O:J~m'tfaeT, "ITO µ;o~)KeH cyxqecTBOBaTb 

. M~aHil:JM p;II,HaMII"leCKOrO noµ;aBJieHIIJI TOpMO:JHoro 11:JIIY"ICHlI.!l µ;imen

TOHOB. IIccneµ;onaHIIIO. TaKOro BO:JMO)KHOro MCXaHil:JMa. II . nocBJill\eHa 

µ;aHHM pa6oTa. Bo BTOpOM panµ;ene aHaJIII:JllpyeTCJI .:JaBIICIIMOCTb ce

"ICHIIM OT Bbl6opa napaMeTpon µ;nyx"laCTil"IHOII T - MaTpIIQbl ynpyroro 

pn -:- pacceJIHJIJI. B, TpeTbeM panµ;ene o6cy)Kµ;aeTCJI B1IlI.!lHIIe acf>cpeKTa 

BHeMaCCOBOCTII n' µ;nyx"laCTH"IHOll T - MaTpn:~e II noKanaHo, "ITO ero 

y"leT nplIBOp;lIT K. ClI1IbHOMY noµ;anneHIIIO Bblxoµ;a "TOpMO:JHbIX11 µ;11nen

TOHOB c lIHBapllaHTHOll Maccoii, 6JIIl:JKOM K Macce p ...: MC:JOHa, npll"ICM 

·acf>cf>eKTIIBHOe noµ;anneH11e nonpacTaei- c pocTOM Ha"laJibHOll aHepr1I11; 
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2. Ce'leuue Bhlxoµ;a TOpM0011b1x nenTOIIHhIX nap 

,U:mpq>epem:~IIa.JibHOe ceqeHHe BbIXO,D;a TOpMO:JHbIX nap nocJie UHTe

rpHpOBaHirn no IIMnyJihCaM oµ;Horo Im JienTOHOB II BTOpII'IHoro npo

TOHa lIMeeT BIIµ;: 

M 1 1 -- ·. 
dM2dydif.t = 32(21r)7 l~l✓s-lT;1l 28((pp+ Pn -p~ - q)

2 
- m!), (3) 

rµ;e Pp = (Ep, I.Ppl), Pn = (En,I.Pnl) - '!eTbipexnMnyJibCbl CTaJIKII

BaIO~lIXCH HYKJIOHOB, p~ = (E~, IPn'I) -'ICTbipexIIMnyJihc paccen:Horo 

HeiiTpoHa, I.Pn,pl, I.Pn./1 - npocTpaHcTBCHHbie KOMIIOHCHThI IIMnyJih

coB B cHcTeMe ~eHTpa Mace ( CIJ;M) CTaJIKirnaro~uxcn: HYKJIOHOB, q = 
(qo, if) - 'ICTblpex11MnyJihc JienTOHHorr naphl, ifJ.. - nonepeqmlJI KoMno

HeHTa if, IT;J 12 - KBaµ;paT cyMMbI aMnJIHTY,ll;, cxeMaTII'IeCKU uno6pmKeH

HhIX B Bll,ll;C µ;uarpaMM <l>errHMaHa Ha pnc. 1, ycpeµ;HCHHbIX no yrJiaM 

BblJICTa JienTOHOB. B ,ll;aJibHCIIIIIeM orpaHII'IUMCH paccMOTpCHIH!M ,n;u

arpaMM (a) II (6), nocKOJibKY BKJiaµ; OT µ;1rnrpaMM C ImJiy'IeHIICM OT na

pmKCHHoro o6MeHHoro 6onoHa npeHe6pe)lrnMo MaJI [7], [8], [9]. ,U:an1,

HeII1IIee lIHTerpupoBaHue npOBO,ll;IIM B cu;M CTaJIKIIBaIO~lIXCH HYKJIO

HOB. IIpu BTOM IIHBapuaHTHhIII qianoBbIII o6'beM d3p~/2E~ npeµ;cTaBJIH

eTcn: B BII,ll;e dE~ dtdcp~/ 4 IPn I, r,n;e f = (Pn - p~ )2, cp~ - a:JIIMYTaJibHhIII 

yroJI .Pn' B cr,tM, · a IIHTerpnp0BaHIIe no dE~ CHIIMaeTCH c noMO~I,IO 8 --'
q>YHK~nu B (3). OKoH'!aTeJibHrur q>opMyJia µ;Jrn ce'!eHIIH da / d:A1 B BIIµ;e 

'!eTblpexKpaTHoro IIHTerpana npnBe~eHa B. npIIJIO)!(CHIIII A. 
EcJiu HaJieTaro~uii npoTOH B:JaIIMo,n;errcTByeT c BHyTpirn,n;epHbIM Hei'1-

• TpOHOM, TO Hy)l{HO y,cieCTb q>epMIIeBCKOe ,D;BmirnHIIC Hei'frpoHa II norJio

~CHIIe npoTOHOB B . .i,n;pe. Y'IeT q>epMII ,ll;BII)l(CHirn BhlnOJIHHCTCH C no7 

MO~bIO CBepTKII: 

(
. )pA ( d )pn . 
:~ = f~d3p~WA(.Pn')R. d~ (~,Pn

1
),· 

. (4) 

rµ;e WA(.Pn') - IIMnyn1,cHoe pacnpeµ;eneHIIC HYKJIOHOB B n:µ;pe, HOpMnpo- · 

BaHHOe Ha C,ll;IIHIIey, R- OTHOIIICHIIC noTOKOB npu CTOJIKHOBCHIIII C µ;BII

)l{Y~IIMC.!l II noKoH~IIMCH HyKJIOHaMII. B µ;anbHCIIIIICM Mhl orpaHII'IIIMCH 

paccMoTpeHneM npocTerrlllero xµ;pa - ,n;errTpoHa. B BTOM cny,crne oTna

µ;aeT Heo6xoµ;IIMOCTb yqeTa norno~CHIIH np0T0HOB B n:µ;pe, a l¥A(~') . 
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CCTb Irnaµ;paT BOJIHOBOII q>yHKQIIII µ;eiiTpOHa B IIMnyJihCHOM IIpe~cTaBrre

HHII. MbI IICCJieµ;oBaJIII BJIU!IHIIC aqiq>eKTOB peJIHTIIBII:JaQIIII BOJIHOBOII 

q>yHKQIIII ,n;ei'rTpOHa no MeToµ;y KapMaHoBa [10], K0TOpble B µ;aHHbIX 

KIIHCMaTII'ICCKIIX ycJIOBII.!IX OKa:JaJIIICb MaJiblMII, TaK 'ITO B nocne,n;yro

~IIX pacqeTax Mbl Y'IIITbIBaJIII q>epMIICBCKOC µ;BII)l{CHIIe HYKJIOHOB no . . 
qiopMyne ( 4) c napII)l{CKOII BOJIHOBOII q>yHKQIIei'1 [11 ]. MHoroKpaTHoe 

IIHTerpIIpoBaHIIe B da / dM npoB0µ;1moc1, qncneHHO MeToµ;oM MoHTe

Kapno. ,U:nH pac'!eTa aMnmrTy,n; T;J B (3) Mhl ucnon1,noBaJIII µ;Be Moµ;enn 

oµ;Ho6onOHHOro o6MeHa. µ;nn: µ;ByxqaCTII'IHOII T - MaTpIIQbl c yqeTOM 

o6MeHa 1r, a, p, w - MenoHaMII. IIepBM nn HIIX - Moµ;enh· rucceHOBCKOH 

rpynnhl [7]. 3µ;ecb BeplllIIHHbie q>opMq>aKTOpbI . 

g;(Q2) = g;(Af - m;)/(A; - Q2) (9) 
IIMCIOT cTaHµ;apTHbIII BIIµ; ( m; - Macca o6MeHHOro MenoHa, A; - na

pai.1eTp o6penamrn), II napaMeTpbI Moµ;enn' (g;, m;, A;), np1rneµ;eHHhIC 

B Ta6JIIIQC 1, Haxoµ;IIJIIICb Im ycJI0BII.11 Y,ll;0BJICTB0pIITCJibH0ro onII~aHIIn: 

ynpyroro pn - paccexmrn npn BHeprmrx 1+2 raB. OxanaJIOCb, 'ITO BTII 

napaMCTpbI :JaBIICHT OT BHeprIIII, It npH Ekin = 4.9 raB 0HII MCH.!IIOTC.!l. 

CooTBCTCTBYIO~IIC :JHa'ICHIIH napaMeTp0B npu Ekin = 4.9 raB TaK)l{C 

np1rneµ;eHbl B Ta6JIIIQC 2. Haiiµ;eHHbie TaKIIM o6panoM riapaMeTpbI HBJI.!1-

IOTCH aq>q>eKTlIBHblMII, II OHII OTJIIt'!aIOTC.!l OT COOTBCTCTBYIO~IIX napa

MCTpOB "peaJIIICTII'ICCKIIX" noTCHQitaJI0B oµ;Ho6onoHHOro o6MeHa HII:J:. 

KOBHepreTII'ICCKorr Hµ;epHorr q>II:JIIKII. Moµ;enh 6oxyMCKOII rpynnhl [12] 
npeTeHµ;yeT Ha oµ;HoBpCMCHH0e om1caHIIe B:JaIIMO)l;CIICTBIIn: HYKJI0H0B 

KaK npu HII:JKIIX, TaK u npu BblC0KIIX BHeprII.!IX. 3µ;ecb BepriIIIHHblII q>op

Mq>aKTOp npeµ;cTaBJI.!ICTCH B BIIµ;e 

2 A?; A~; 
g;(Q) = g\At; - Q2)(A~; - Q2)' (6) 

a 6onoHHhlll nponaraTop 1/(m; - Q2) naMeHHCTCH Ha cyMMY 

1 1 . E; 

(m; - Q2) - (m; - Q2) + gf 
(7) 

rµ;e E; ecTh BKnaµ; OT "KOHTaKTHoro BnauMoµ;e11cTBnn:", IIH,ll;YQIIp0BaH

Horo MH0r0KBapK0BblMII, MHororJIIO0HHblMII B:JaIIMOµ;eiicTBIDIMII C KBaH

T0BblMII '!lICJiaMn, C00TBCTCTBYIO~IIMII o6bl'!HblM Me:J0HHblM o6MeHaM. 
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Ta.6JIHIJ;a 1 

Ekin=l.0, 2.1 raB Ekin=4.9 raB 

g1 A; g1 A; 1 .:'..l.. m· .:'..l.. m· 4,r • 4,r • 
[raB/c2] [raB/c] [raB/c2] [raB/c] 

7r 11.263 0.138 0.703 11.263 0.138 0.703 

a 3.104 0.55 1.576 4.0 0.55 1.1 

w 5.504 0.7824 1.107 18.71 0.7824 0.61 

p 0.665 0.77 0.867 4.74 0.77 0.55 

Ta.6JIHIJ;a 2 

g1 r;i A.1 A.2 1 .:'..l.. m; 4,r 

[raB/c2] [(raB/c)-2] [raB/c] [raB/c] 

7r 13.75 0.1368 40.17 

a 2.638 0.59 11.847 0.8 2.85 

w 1.397 0.7824 12.624 

p 0.146 0.776 0.124 
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IloJrnnemre MHO,KUTemr c 6onhtintM napaMeTpoM 06penaH1rn A.2 ~ 2.8 
raB / c2 TaK*e o6ycnoBneHo KX,11;. IlapaMeTpbl 6oxyMcK011 T - Ma

TPIIUhl np1meµ;eHbl B Ta6nni:J;e 2. KBaµ;paT cyMMbl aMnmITyp; IT;J 12 B (3) 
paCC'IIITblBa.JICH C TIOMOl.QblO nporpaMMbl aHa.JIIITll'ICCKIIX Bbl'IIICneHIIII 

REDUCE. 
Ha pnc. 2 np1meµ;eH pac'!eT µ;mp<pepeHUHa.JibHoro ce'!eHnH ynpyroro 

pn - paccenmrn µ;nH Ha'IaJibHOro IIMnynhca Plab ~ 1.9 raB / c µ;nH ;D;BYX 

MOp;enen. Bnp;HO, 'ITO OTHOCIITC1IbHblll BKnaµ; panmI'IHbIX Me30HOB B 

µ;Byx· Moµ;enHx pa::mn'IeH: ecnn B rncceHoBcKon Mo;n;enII ocHOBHOII BKna;n; 

;n;aeT o6MeH a ,- Me:JOHOM, TO B 6oxyMcKOII Moµ;em1 "BKnap;bl panmr'I

HbIX MenoHOB oµ;Horo nopHµ;Ka Bemr'IIIHbI. B uenoM, npu MaJibIX ltl o6e 

Moµ;emI o;n;1rnaKOBO Y;IJ;OB1ICTBOp11TC1IbHO OilIICbIBaIOT ai<cnepIIMCHT [13]. 
Ilpn 601IblllIIX ltl 6oxyucKan MO;IJ;C1Ib npIIBO;IJ;IIT K 3Hff"ICHIIHM B 2-;- 3 
pana MeHblllllM, '-ICM 0KCnepIIMeHTaJibHble µ;aHHbIC . 

Ha puc. 3 rroKanaH penynhTaT MeToµ;II'iecKoro pac'!eTa ce'!eHIIH Bbl

xo;n;a TopM03HhIX ;n;nnenToHoB B pd - BnanMoµ;ei'1cTBIIII µ;nH µ;Byx Moµ;e11e11 

'npu Ha'Ia.JibHoi'1 aHeprmr 2.1 raB, npn aToM np1meµ;eHbl oTHocuTenhHble 

. BKnap;bI OT panml'IHbIX 60:JOHHbIX o6MCHOB. . 
0 

Mn cpaBHeHHlI penynhTaToB Ha pnc. 2 11 3 Bll;IJ;Ho, 'ITO OTHOCHTC1Ih-

HhIII BKna;n; panim'IHhIX 6onoHHblX o6MeHOB µ;nH µ;Byx npoueccoB pan.nu

•reH. B 'IaCTHOCTII, BKnaµ; OT o6MeHa IlCCB;IJ;OCKa.JIHpHbIMII 6onoHaMU B 

TOpM03HOM II31IY'ICHIIII HeCK01IbKO 601Ibllle, 'ICM B 'IlICTO yrrpyroM pac

CeHHIUI. TeM He MeHee cyMMapHbllI penynhTaT B o6onx cny'Ianx_ o;n;1rna

KOB - ce'!eHHe TOpM03Horo Il31IY'IeHirn ;D;1IH 6oxyMCKOil T - MaTpIIUbl B 

o6nacTH M ~ mp B 2-;- 3 pa.."Ja MCHbllle, •1eM µ;nH rncceHOBCKOII. TaKoe, 

OTHOCIITC1IbHO He601IblllOe "rroµ;aB1ICHile" CBH3aHO CKOpee Bcero C Hey

;IJ;OB1IeTBOpllTC1IbHbIM (naHIDKCHHbIM) onncamreM ynpyroro pacceHHIIH 

npu 6onhlllIIX ltl B 6oxyMcKof1 Moµ;em1 II He MO,KeT paccMaTp1rnaTbCH 

KaK peaJibHalI npII'IIIHa ;IJ;IIHaMII'IeCKOro noµ;aB1ICHIIH BKna;n;a TOpM03HblX 

;n;nneIITOHOB. B ;IJ;aJibHeIIllleM Mbl orpaHil'-IHMCH pacCMOTpeHIIeM T01IbKO 

rncceHoBcKon Moµ;em1 T - MaTpIIUhI. 

3. 0cf>cf>eK~hI BHeMaccoaocTH 

B lf'pn - B3aHMO;D;f:IICTBirn, 1mo6pa,KeHHOM ;n;narpaMaMII· (a).11 (6) 

(pnc. 1 ), BIIpTJMbHhlfr rrpoTOH c llMIIJJibCOM p' _HaXO;IJ;IITCH .BHe Macco

BOII rroBepxHocTn p~pw=f: m!, rrpIPieM ;n;narpaMMa (a) om1cbIBaeT npo- · 

~. 
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(da/dt)Pn, M6/(r:,B/c).? 

10 2 

6 

10 

1 

0;0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 2.0 
-l, (faB/c)2 

Puc. 2. Ceqem1e ynpyroro pn - pacceHmrn: npu HaqanhHOM uMnynhce 

Plab = 1.9 r:3B/c2
: a - rucceHOBCKM MO)J;CJih Tpn - .MaTpIII.\hI, 6 -

60X):'MCK~ MO;tJ;CJih. ::hcnepIIMCHTaJihHble µ;aHHhIC Im o6aopa [13]. 

(da/dM)Pd, M6/(fa8/c2
} 10 -2,,---_____ .:_____:____:_---,---'----'------------,------i 

10 -• 

10 -• 

10 -• 

10 -7 

10 -• 

a 6 

10 -•'--~----'-~-~~----'-~-~---'--'-_,__,___~_~~----'-~-~~----'-~~ 
0.0 0.2 0.4, 0.6 0.8 0.0 0.2 0.4 0.6 0.8 1.0 

M, f:38/c2 

Puc. 3. CeqeHne Bhlxo;a;a TopM~OHhIX ;a;1:1nenTOHOB B pd - Boan~~;a;eii

CTBIIII npn Ekin = 2.1 raB: a - rIICCCHOBCKaH, 6 - 6oxyMCKaH MO;tJ;CJih 
TPn - MaTpl:l~hI. 
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I. 

~eCChI Ce= p~p'µ /m! < 1, a p;uarpaMMa (6) Ce> l. QqeBII;tJ;HO, qTO 

BepWIIHHhIC cpyHK~IIII (cpopM<paKTOpbI) KpOMC OaBlICIIMOCTll OT nepe-. 

µ;aHHOro B Bepw1rne IIMilYJihCa - Q2 ;a;omKHhI, B006II.\e rOBOpH, OaBIICCTh 

OT ;a;onOJIHlITCJihHOII nepeMeHHOII e' npIIqeM IIHTYIITIIBHO HCHO, qTo Bep

IllIIHHble cpopM<paKTOpbI y6h!BaIOT C pOCTOM BHeMaCCOBOCTII le - 11. 

3aBIIClIMOCTh BepW:HHHhIX cpopM<paKTOpOB OT Q2 II e Q2 < 0 MO)KHO 

HaHTII Ha ocHoBe µ;uHa:MIIqecKoii Moµ;enII, onuch!BaIOII.\CH BHyTpeliHIOIO 

cTpyKTYPY npoToHa. B KaqecTBe TaKoBoii ncnonLoyeM Mop;eJih penH

TIIBIICTCKoro rapMOHIIqecKoro OC~IIJIJIHTopa [14], KOTOpaH, HanpIIMep, 

)J;JIH aJieKTpoMarHIITHoro cpopM<paKTOpa nepexo;a;a Me)K;a;y COCTOHHIIHMII 

C KBap;paTaMII Mace m; II m 2 = em! IlpIIBO)J;lIT K Bhlpa)KCHIIIO: 

2 _ ( 4e ) n ( 1 ) n [ Q
2 

1 l 
G( Q 'O - 1 + e r -~ exp - (1 + e)a 1 - ~ ' ( 8) 

(tH)m N (t+e)m 

r;a;e noKaoaTeJih cTenem1 n = 2 CBHoa:a c q1:1cJioM cocTaBJIHIOII.\HX KBap

KOB B a;a;poHe - N: n = N -l, aN - OCI_\HJIJIHTopHhlii napaMeTp Mop;en1:1. 

BhIBOp; cpopMyJihI (8) np1rneµ;eH B nplIJIO)KCHIIII B. 
IlpII e = 1 cpopMyJia (8) npIIBO)J;lIT K ll3BCCTHOMY Bhlpa)KeHIIIO µ;mi: 

aJieKTpoMarHIITHoro cpopM<paKTopa, KOTopoe yp;oBJICTBopIITCJihHO omI

ChIBaeT aKcnepIIMCHTaJihHhIC )J;a:HHhIC [14], [15], BOCilpOII3BO;tJ;IIT npa

BIIJia KBapKOBoro cqeTa [16] n npaKTnqecKII COBna;a;aeT c ll3BCCTHOH 

p;IInOJihHOH cpopMynoii: 

GN(Q2
) = (1 - Q2 /0.71raB

2 
/c

2)2. (9) 

B npep;eJiax e - 0, +oo cpopM<paKTOp y6h!BaeT p;o HyJrn:. 

IloKaoaTCJih n B (8) CBHOaH co CTCilCHhIO y6hIBa:HIIH cpopM<paKTOpa c 

pocToM IQ2 1. EcmI B KaqecTBe ocHOBhI p;nH BepWIIHHhIX cpopM<paKTopoB 

p;ByxqacTIIqHoii T - MaTpII~ BbI6paTh MO)J;CJih (5), Tor;a;a II3 ypaBHC

HIIH (5) II (8) MO)KHO HaiiTII IICKoMyro "MJIHIIMaJILHyro" naBIICIIMOCTh 

g(Q2,e)= . 

2 4e -2 
g;(Q 'e) = c1 + e)2 9;(Q ), 

2Q2 

Q
2 

= c1 + e) (10) 

"BHeMaCCOBhIH" KIIHCMaTJiqCCKIIH MHO)KIITCJih 4e/(l+e)2 ;D;OJI)KCH TaK)Ke 

npncyTcTBOBaTh II B aneKTpoMarHIITHhIX PP'Y - cpopM<paKTopax, B aToM 
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( dcr / dM)pd, · M6/(f3B/ c2
) 

10 -a,,----------.--~-----.--------, 

10 -5 

10 -7 

a 

' ' 

' \ 

6 B 

, ' ' 
~ \ 

10-•~_.____,_ _ _,___,___, _ _,____.__.__.__.__.___,___,_,__,_~'-'---'-'--'--'-.L--J~ 

0.2 0.3 0.4 0.2 0.4 0.6 0.8 0.3 0.6 0.9 1.2 1.5 

M, f:3B/c
2 

PHc. 4. Ceqem1e BI,rxoµ;a TopMo:JHhIX µ;1menT0HoB B pd - B:JauMoµ;e11-

CTBHII npn Ekin: a-1 raB, 6- 2.1 raB, B -4.9 ran. yrnIOllIHbie KplIBhie 

.:._ c yqeTOM, nyHKTIIpHhle .:... 6e:J yqeTa BHeMaCCOBOCTII BlIPTYaJihHO.ro 

npoToHa. 

R=( da /dM)Pd(~)/( da/dMr(~=l) 
10 

1 

~ 
10 -I 

2 

10 -2 3 

0.4 0.6 0.8 1.0 1.2 

X 

PHc. 5.0THOI1IeHne ce'!eHnii BhIXOµ;~ TOpM03HhIX )];IIJieTITOHOB C y<IeTOM 

n 6e3 y'IeTa BHeMaCCOBOCTll KaK q>yHKD;ll.lI MaCllITa6Hoii: nepeMCHHOII 

x =· M/Mm~x- Kpnm::,re: 1 -'-Ek;;.. =1 raB, 2· - E'kin =2.1 r::iB, 3 -
Ekin =4.9 TaB. 

JO 

cnyqae :JaBIICHMOCTh OT Q2
, KaK cnep;CTBIIe BeKTOpHOll )];OMIIHaHTHOCTll, 

OCTaeTC.lI 6e:J II:JMeHemni. • 

Ha pnc. 4 IlOKa.:JaH proyJihTaT y'IeTa BHeMaCCOBOCTII B ce'!eHHII Bhl

xop;a TOpM03HhIX µ;unenTOHOB B pd - CTOJIKHOBeHirnX npn Ha'IaJihHhIX 

0HeprII.lIX Ekin = 1, 2.1, 4.9 raB •. Ilpn MaJihIX M y'IeT BHeMaCCOBOCTll 

np1rnoµ;uT K yBeJiu'IeHIIIO ce'!eHIIJI. 8To CB.a::JaHO C TeM, 'ITO 9'MMapHa.a: 

atmm1Tyga npon;ecca nponopn;uoHaJihHa pa3HOCTII µ;uarpaMM (a) n (6) 
Ha PHC. ) • TToAaBJieHHe KaJ!CAOH H:3 HHX npn BKJII0'leHHH t ~3aimcn-

MOCTH pa3Hoe, 'ITO H BeAeT K no,1:1'beMy. Jipn 6onbWHX Maccax 

p;oMIIHIIpyeT µ;uarpaMMa (6), xoTopa.a: ca.Ma no ce6e nop;aaneHa ll3-:Ja 

:JHa'InTeJihHoro cxop;a BIIPTYaJihHoro npoToHa c l\faccoB011 noBepxHo

CTII. IIoµ;aBJieHne BoopacTaeT c pocToM M. 
Ha pnc. 5 npxrneµ;eH pa.c-<1eT OTHOI1Iemrn ceqem1ii TopMo:JHoro 1rony

•1ean.a: µ;1menTOHOB C Y'ICTOM II 6e3 rreTa BHeMaCCOBOCTll xax q>yHKD;IIII 

OT MaCllITa6HOii nepeMeHHOii x = 111/Mmax, rµ;e 111max - KIIHeMaTH'Ie

CKlIII npep;eJI BO B:JaHMOµ;eiicTBIIH HaJieTaIO~IIX npoTOHOB C IlOKO.lI~llMC.lI 

HexiTpoHoM. Bnµ;Ho, 'ITO. c yBemt'IeHiteM Ha'IaJihHOII aHeprnu µ;IIHaMII

qecxoe noµ;aBJieHne TOpMO:JHoro U:JJiy'IeHn.a: ·Bo:JpacTaeT II p;ocTnraeT 

nop.a:µ;xa BeJIII'IIIHhI n 6oJiee. 8TOT aq>q>CKT. µ;omKeH npo.a:BIIThC.lI npu 

aHaJIIme OTHOllieHirn BbIXoµ;a µ;rmenTOHOB B pd - II pp - B:JanMoµ;efr

CTBII.lIX KaK yMeHbllieHne OTHOllICHIIB C poCTOM Ha'IaJihHOii 0Heprxm. 

I.f3 conocTaBJieHirn npeµ;cKa:JhIBaeMOII HaMH BCJIII'IlIHhl µ;1rnaMII'Ie

cxoro noµ;amremrn TopMo:JHoro 1mnr1emrn c pac'!eTaMII BKJiaµ;a ap;poH

HhIX IICTO'IHIIKOB [3], [5] CJieµ;yeT, 'ITO npu 0Heprxrnx Ekin ~ 2 raB/ 

HYKJIOH II M ~ 0.5 raB/c2 )];OMIIHIIpyroT ap;pOHHhIC IICTO'IHIIKlI µ;1men

TOHOB, KOTOpble p;eIICTBIITeJihHO MoryT 6b1Th IICilOJih:JOBaHbl KaK IIH

CTpyMeHT µ;n.a: nccneµ;oBaHirn 0K30TII'ICCKIIX COCTO.lIHIIII .a:µ;epHoro Be

~eCTBa_. 

Mw awpa:ameM 6naroµ;apHocTh B.B. BypoBy, r. Bonhq>Y, B. Kac

cnHry, JI.II. KanTapro, B.K. Jiyxh.a:HoBy, Y. Mo:Jemo, A.B. Mo

JIO'IKOBY, C.,I(. ToHeeBy, M. Illeq>epy, A.IO. YMHiixoBy, C.H. JIHry 

:Ja nJioµ;oTBopHhle µ;ucxyccun no pa3JIII'IHhIM acneKTaM 06cy)Kµ;aeM011 

npo6JieMhl. 

11 



_IlpHJIO)KeHHe A. Ce11,euue mopM.o3uo20 u3.tty11,euttll .ttenmouu1>1x nap 

Ce"<IeHIIe Bblxoµ;a TOpM03HbIX nerrTOHHbIX rrap IIMeeT Buµ;: 

· ( da )pn a 2 j 1 - y'slvf · 17111 2
. 

dlvf . = 81r4 _dydcpndtdlqi.l ,\(s) -~ IJ(E' )I 
•-1,2 n IE' -E' 

n- "i 

(A.1) 

rµ;e ,\(s) = s(s-:- 4m!), ·1v1f = lv12 + llf.J.1 2
• 

-b± Jb2 -4ac 
E' =-----

n1,2 . 2a 

- 2 4 2 l?.L 12 
2( , ) 

a= C1 + mn-1-12cos 'Pn' 
_ . . . Pn 

b 2 4E (-2 2 ) l1J.Ll
2 

2( ') -= C1C2 - n mn - t I.Pnl2 COS - 'Pn , 

; 2 (41 ... 
1
2 2 -(2 2 )2) l1J.Ll

2 
2(- , ) 

c = C2 + Pn mn + mn - t 1Pnl2 cos . 'Pn , 
. . : . lvf 1. - . 

C1 = 2(lv11.c~(y)-c- vs+ l~IEnsh(y)), 

2 _ r; lvf 1. 2 
c2 = s + lv1 - 2yslv11.ch(y) ~ IPnl (2mn - t)sh(y), 

, _ . 2~~os(cp~)(En(2m! - t) - 2m!E~) 
f(En) = Ci - (4E E' (2m2 - t) - 4E'2m2 - 4lp ... l2m2 - (2m2 - t)2)112 · 

nn,n n n n· n n 

IlpHJIO)KCHHe B. BueM.accoaocm1> a ifiopM.gia1-Cmope N - 1-Caap1-Coaou 

cucme.ui,, a M.ooe.ttu pe.ttzmuaucmc1-Co20 2ap.uo11,u11,ec1-Co20 oc-qu.tt.ttJCmopa 

BoJIHOBM q>yHKIJ;IUI BHyTpeHHero µ;BmKeH:irn N - KBapKoBoii cncTeMbI 

B Moµ;emI peJI.IITIIBIICTCKOro rapMOHH"<IeCKoro OCD;HJIJI.IITOpa (rPO) eCTb 

peweHne ypaBHeHII.11 [17]: 

(p2 - _M2)q, N = 0, (B.1) 

12 

i, 

rµ;e p - noJIHbIII MOMCHT d1cTeMbI, 111 - :r,.mccoBbIII oriepaTop, Bbipa:iKa::.: 

CTClI qepen KOopµ;1rnaTbI OTHOCIITCJibHOro gBU:iKCHH.11 r(k) II 'corrpH:iKCH

HbIC UM m.myJibCbI _:_ pfk) = ifJ/fJx(kl: 

n=N-1 
i12 = -o:N L aik)+a(k)µ + const; O:N = N 312K, (B.2) 

k=l 

(k) __ ·_1_ (✓-ii (k) _ • 0:N (k)) a,, - _ J2aii _ p,, 1 ,/Nr,, , 

rµ;e. ti, - OCIJ;IIJIJilITOpHb!JI rrapaMeTp Mop;emi. 

PeUICHIIC ypaBHCHII.11 (D.1) IIMCCT Blip;: 

_. _ . (aN)n [O:N p"pv n=N-1 _ ] 
·qi N( r(I l ... r("l, p) = 7r_N ~xp 

2
N (g"v - 2 M

2 
) ~ rik)r~k) ,(B.3) 

rµ;e orry~eHa IlJIOCKOBOJIHOBM 'HtCTb p;BIDKCHillI Il;CHTpa Mace. 

MbI npeµ;rronaraeM, 'ITO COCTOlIHIIlI 'IaCTn:a;, Haxoµ;H~IIXClI BHe Mac

COBOII IIOBCpXHOCTII, OilllCbIBaIOTC.11 TCM :iKC pemITIIBIICTCKIIM ypaBHC

HIICM (B.1), HO c rrepeHOpMnpoBaHHbIMII panMepHbIMII KOHCTaHTaMII 

B3aIIMOp;CIICTBillI. 8To 03Hcl:'-IaCT, 'ITO p;JilI Toro, 'IT06bl IIOJIY"<IIITb pe

IllCHIIC C p2 = f,Jv/2 (Ji,/ - Macca. 'IaCTIIIl;bI Ha MaCCOBOII 0 IlOBCpXHOCTII), 

Heo6xop;I1MO nepeHOpMnpoBaTb OCIJ;IIJIJilITOpHbifr napaMeTp 1,,(f,) = t,K. 
<l>opM<paKTOp nep~xoµ;a N - KBapKOBOII circTCMbl 113 COCTOlIHlllI Ii > 

C p = Pi I-I Pi1,JJ:' = AP B COCTOlIHIIC If> C p·= PJ II ]JJµPj = PvIJ = f,111 2 
IIMCCT BIIp; 

G = j d4
1·(I) ••. d4

1·(n)<I>j( rPl ... r(n), PJ) exp(-iqx(ll)<I>;(r(l) ... r(n) ,P;XB.4) 

IlyTeM npnMoro Bbl'IIICJICHlllI IIHTerpana (B.4) naxoµ;nM 

2 · ( 4f, ) n -2 
GN(Q , f,) = (1 + f,)2 GN(Q ); 

2Q2 
-2 ~ ' 
Q = (1 +f,) (B.5) 

rµ;e Q2 = (p; - P1)2 < 0, 

G (Q2) _ 1 ( nQ2 Q2- ) 
N -( - _ 2 )n exp --(1 - -) . 1 - SL 4o:N 2lv12 ) 

2/lf2 , . 

(B.6) 

Il3BCCTHOC Bbipa:iKCHIIC p;JilI ;)JICKTpoMarHIITHoro cpopM<paKTopa B MO

µ;emr Pro. Ilpir N = 3 (n = 2) cpopMyJia (B.5) nepexoµ;nT B (8). 
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