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OEillA5I XAP AKTEPIICTIIKA P ABOTbI 

AKTyaJibHOCTh rrpo6neMbI. TeopeTII'leCKIIe II 3KcnepuMeHTam,m,rn 
uccne)l0BaHIIH B3aIIMOlleHCTBIIH penHTIIBIICTCKHX Hllep, Ha"laTI:Je C nno
HepCKllX pa6oT A. M. Ban.rtIIHa, B HacTomn;ee BpeMH cTann o.rtHIIM II3 
6ypHO pa3BIIBaIOIIUIXCH HanpaBneHIIH q>H3IIKII BhlC0KIIX 3Heprnii. Bene.rt 
3a nony"leHIIeM ny"IK0B penHTIIBllCT~KIIX H.rtep B 1970 rony Ha CllHXp0-
q>a30TpOHe OI15IH H.rtpa 61:JnII ycKopeHI:J .rto penHTIIBIICTCKIIX 3Heprmi: 
II B .rtpyrIIx H.rtepm,1x neHTpax. B HacTomn;ee BpeMH nony-qeHI,I ym,Tpa
penHTIIBIICTCKlle ny'IKll Hllep 30IT0Ta (E.rn6 = 10.6 Ar3B) 11 H.rtep CBIIHD:a 
(E.ia6 = 160 Ar3B) Ha ycK0pIITenHX AGS-BHJI (CillA) 11 SPS-UEPH 
(illBen:nap11H) II Be,n:eTCH IIHTeHClI.BHaJI pa6oTa no C03)laHlI.IO H.rtepHI,IX K0IT
naii.rtepoB RHIC-BHJI (CillA) 11 LHC-UEPH (ill'Beiinap11H). 

O.rtHOH 113 Ba2KHhlX OCO0eHHOCTeH TaKlI.X CTOITKHOBeHlI.H HBITHeTCH B03-
M02KH0CTI, nony'leHlI.H lI.Hq>OpMaD:IIII 0 np0HBneHlI.HX KBapK-rITIO0HHhlX CTe
neHen: CB060,n:1,1 (KBapK-rJIIOOHHaH CTPYKTypa H.rtep [1]) n 06 o6pa30BaH11e 
HOBOro C0CT0HHIIH HllepHOH MaTep11II (KBapK-rITIOOHHaJI nna3Ma [2]). 

OnIIcaH11e perrHTlI.BlI.CTCKlI.X a.n:poHHhlX 11 Hlle pHI,IX CTOITKHOBeHIIH 113 
nepBbIX npIIHD:lI.Il0B KBaHTOBOH xpoM0.D:IIHaMIIKII (KXII) orpaHII'leHhl, KaK 
npaBIIno, Bhl'llI.CneHlI.eM CBOHCTB )KeCTKllX nponecccm, 11.rtynmx Ha ManhlX 
paCCT0HHlI.HX C 60JibI.IlllMll nepe.rta"laMlI. lI.Mnyni,ca, B TO BpeMH KaK .OCH0B
HYIO qacTI, a.rtp0HHI,IX 11 H.rtepHI,IX Ce"leHmi: B3alI.MO.rteiICTBlI.H np11 3Hepr11HX, 
)l0CTIDKIIMhlX Ha cymecTBYIOmIIX ycKop11TenHx, C0CTaBITHIOT MHrKlI.e npo
necchl. KpoMe Toro, Bhl"tJ11cneH11H B paMKax KXII KacaIOTCH B ocH0BH0M 
n:BeTHhlX KBapK0B II rhIO0H0B, a q>ll3lI."tJeCKOH peanbH0CTI,IO HBITHIOTCH 6ec
D:BeTHhle anpoHhl. Ilo3TOMY .n:nH K0ITII'leCTBeHHoro oirncamrn penHTII:&lI.CT
CKlI.X H.rtepHhlX peaKnmi: B ycJI0BlI.HX 61:JCTporo HaKorrneHlI.H 3KCnep11MeH
TanbHOH _ lI.Hq>opMan:1111 11 He3aBepmeHH0CTll pH.rta npo6neM KXII aKTyam,
HOH liBnHeTc.a pa3pa6oTKa pa3n11qHI,Ix qieHoMeHo·norIIqecKIIX MO.rteneii. Cne
.rtyeT no.rtqepKHYTb, "ITO pa3pa60TKa "llI.CneHHhlX MO.rteneiI, 11cnom,3yroIIUIX 
MeTo.rt MoiiTe:-Kapno .rtnH 3KCKJII03lI.BHoro on11caH11H H.rtepHhlX peaKnmi: B 
o6naCTll ·peJIHTIIBIICTCKllX 3Hepr11ii, 0TH0ClI.TCH np11 3T0M K KITIO"leBO:U: npo-
6neMe. TaKIIe Mo,n:enII, Ha31,rnaeMI:Je reHepaTopaM11 IIcKyccTBeHHI:JX co6I:J
TlI.H1 no lI.X B03M0)KH0~Tll nonHoro Bocnp0H3Be)leHIIH co6I:JTlI.H C n0M0IIJ;hlO 
KOMnbIOTepa,_Heo6xo)llI.Mhl KaK npll nnaHIIp0BaHlI.H HOBhlX 3KCneplI.MeHT0B, 
TaK 11 )lITH aHanH3a nony"leHHI,IX 3Kcnep11MeHTam.HhlX .rtaHHhlX. OHll TaK)Ke 
Bhln0ITHHIOT q>yHKJ:(lI.IO HaK0nJJeHlI.H llHq>OpManmr, nony"leHHOH B pe3yn1,Ta
Te 3KCnep11~eHTaJll,HhlX nccne.rtOBaHlI.H. 
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a.nepH011: M~Tepmr) n cTomrnonemrnx a.nep cmrnua npu 3Hepnm 

E.11a6 = 160 Ar3B; 

• nccrre.nonamrn pomr ~(3/2+)-pe3oHaHcon n a.nepHbIX peaKu1rnx n 

cBH3II c B03M0.iKH0CTbIO 06pa3o~amrn .norrro.iK1rnyme:ii: pe3oHaHcHon:. 

a.nepHOII MaTepIIII B CT0JIKHOBe1:prnx MaCCIIBHbIX a.nep rrpu YJibTpa

peJIHTHBIICTCKIIX 3Hepnrnx; 

• u3y-qeHna ycrroBnfr -repMamI3aumr cncTeM cTa:rIK1rna10m11xca a.nep 

rrpn 3Hepnrnx E.11a6 = 10.6 Ar3B ir E.11a6 = 60 - 200 Ar3B ( oueH

Ka TOpM03HOll cnoco6HOCTII MaCCIIDHbIX a.nep, pac~1eTbl 3D0JIIOUIIII 

nemr'IIIH 6apIIOHHOH II 3Hepren1-qec1wn: IIJIOTHOCTen:, ouemrn D03-

MmKH0CTII ycTaH0DJieHirn TeIIJI0D0ro II XIIMII'leCKoro panHonecirn 

II T. ,n.); 

• aHaJIII3a yc1IJieHH0ro o6pa30DaHirn CTpaHHbIX 'laCTIIU,. 06Hapy-

2KeHHoro D ueHTpaJibHbIX YJibTpa-peJIHTIIBlICTCKIIX CT0JIKH0BeHII

HX a.nep, rrpe.nnorraraeMoro Ha porrb cIIrHarra KBapK~rrrrooHHOM 

IIJia3MbI. 

Hay-<IHruI HOBH3Ha pa6oThI. 

1. BnepBbie C03L(aHa MKrC L(JIH 3KCKJII03HDH0ro 0IIHCaHHH a.npoHHbIX 

CTOJIKHODeHIIll rrplI DbIC0KHX 3Heprmi:x. 

2. B rrpouecce o6o6meHHH MKrc Ha crry-qafr 3KCKJII03HDH0ro onucaHIIH 

YJibTpa-peJIHTIIDHCTCKIIX CTOJIKHODeHHH a.npoH0B H a.nep C a.nepm,IMII 

· MHilleHHMH H B npouecce aHaJIH3a 3KCIIepuMeHTaJibHbIX ,naHHhlX nnep

Bhle npe,nJI0.iKeHbI: 

• cnoco6 pac'!eTa Heynpyrux ce'!eHHH a.npo-a.nepHbIX D3auMo.ne:ii:

cTmn1: II pacnpe.nerreHHU HYKJI0H0D-y'laCTH~K0D, OCHODaHHbIM Ha 

'lIICJieHH0M MeTo.ne MoHTe-Kaprro; 

• 'lHCJieHHaa napT0HHaH peamI3aUHH 3TOH Mo.nerru; 

• cpopMaJIH3M H 'lIICJieHHhlH MeTo.n pac'!eTa MHoro'laCTII'lHblX 603e-

3MHII1TeMHODCKIIX Kopperrauu:ii:; 

• L(UHaMU'lecKaH 'lIICJieHHaH M0L(eJib pacna.na D3aIIMOL(eMCTBYIOIUIIX 

CTpyH. 

3. BnepBbie C03L(aHa KUHeTII'leCKaH nepCIIH MKrc L(JIH 3KCKJII03UBH0ro 

onucaHUH CTOJIKHODeHUM a.npoH0B II a.nep C a.nepHbIMH MUilleHHMU npu 

peJIHTIIDIICTCKIIX II YJibTpa-peJIHTUDUCTCKUX 3Hepruax. 
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B npouecce pa3pa60TKII 3Ton: Mo.nemr BrrepBbie n3y'leHo BmrnHne BT0-

pII'IHhlX nepepacceaHIIII a.npoH0B Ha II3MepHeMbie xapaKTepIICTIIKII 

'laCTIIU, po.iK,neHHhlX B rrpoT0H-H,nepHhlX II a.npo-a.nepHhlX HeyrrpyrIIx 

CT0JIKH0BeHUHX IIplI 3Heprmr E.11a6 = 200 Ar3B. 

4. IlpII uccrre.nonaHIIH 3DOJIIOUIIM CIICTeM CTaJIKIIBaIOIUIIXCH a.nep 6bIJIU 

BrrepBbie II0Jiy'leHhl cne.nyroIUIIe pe3yJibTaTbI: 

• pacc'!IITaHhl cpyHKUUII pacrrpe.nerreHIIH IICT0'IHIIK0B 3MIICCIIII 'la

CTHU pa3H0ro· copTa B ueHTpaJibHhlX coy.napeHIIHX a.nep cephl II 

MaCCHBHhlX a.nep 30JI0Ta IIpII 3HeprIIII E.11a6 = 10.6 Ar3Bj 

• rrpe.ncKa3aHo. o6pa3oBaHne "pe3oHaHcHoiI" IIJIII ",neJibTa" MaTe

PIIH B ueHTpaJibHhlX CT0JIKH0BeHIIHX a.nep 30JI0Ta rrpII Ha'laJibHOH 

3HeprIIII E.11a6 = 10.6 Ar3Bj 

• npe.ncKa3aHa 3Ha'lIITeJibHaH T0pM03HaH cnoco6HocTh a.nep cmrnua 

II paCC'lIITaHhl 6apIIOHHhle H 3HepreTII'leCKHe IIJI0TH0CTH, L(0CTII

raeMbie B ueHTpaJibHhlX CT0JIKH0BeHIIHX a.nep KIIcnopo.na II 30JI0-

Ta, a.nep cepbI II a.nep CBIIHUa rrpu Ha'laJibHOM 3HeprIIII E.11a6 = 
60 - 200 Ar3B; 

• .naHbI rrpe.ncKa3aHHH 0 cymecTB0BaHIIH K0JIJie_KTIIBH0ro norrepe'I

Horo II0T0Ka 6apHOHOB BO B3aHMO,neMCTBIIHX a.nep CBIIHUa rrpII 

. E.11a6 = 200 Ar3B II uccne.noBaHhl 3KCIIepnMeHTaJibHhle ycJI0BIIH 

3Toro Ha6nro.neHIIa; 

• rrpoBe.neH rro.npo6Hhlli aHaJIII3 3KCIIepnMeHTaJibH0 06Iiapy2KeHHO

ro ycIIJieHH0ro po)K,nemrn HeHTpaJibHhlX CTpaHHhlX 'laCTHU B n;eH

Tpq,llbHhlX a.nepHbIX CT0JIKH0BeHIIHX IIpII 3HeprIIII E.11a6 = 200 Ar-
3B., 

. Hay-crno - npaKTH"<IeCKruI 3Ha"<IHMOCTb _·pa60Tbl, MKrc, peaJIII-

30BaHHaH B_; BII,ne K0MIIbIOTepHbIX nporpaMM, HCII0Jib30Banacb II IICII0Jib-

3yeTCH pa3J'l_H't!HhlMII 3KcrrepHMeHTaJibHhlMII II TeopeTII'leCKHMII rpynna

MII IIpII IIJia1rnpoBaHIIII 3KCIIepnMeHT0B, .nna M0L(eJIIIp0BaHIIH 3KcrrepIIMeH

TaJibHhlX ycTaH0B0K II aHaJIII3a 3KC11epnMeHTaJibHhlX .naHHhlX BO MH0rIIX 

Be.nymIIx z.nepHhlX n;eHTpax TaKIIx, KaK OI15II1-.Ily6Ha, UEPH-)KeHena, 

BHJI-BpyKxeBeH, rCI1-.IlapMruTa.nT, rrpono.nHIUIIx uccrre.noBaHIIH 110 perra

TIIBIICTcKoii z.nepHOH cpII3IIKe. 

HarrpIIMep, 3Ta M0L(eJib HCII0Jib30BaJiaCb L(JIH aHaJIII3a 3KCrrepIIMeHTaJib

HhlX .naHHhlX, rrony't!eHHhlX Ha ycTaHoBKax JIB3 OI15II1: 2-MeTpoBo:fi: rrpo-
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rraHOBO:U: Kal\Iepe, 1- II. 2-MeTpOBhIX Bonopo.n:HhlX KaMepax n · ycTaHOBKe 

".IUI CK". OHa Bhl6paHa B Ka11ecTBe o.n:Ho:u: II3 "cTaHnapTHhix" Monene:fr 

nmr rrnamrpOBaHIIH 3KcrrepIIMeHTOB Ha ycKopIITeJie LHC-UEPH (illBe:u:ua
p1rn). 

XoTH 60JihillIIHCTBO rrpIIBeneHHhIX B .ll:IICCepTaUIIII pac11eTOB OTHOCHTCH K 

o6JiacTII YJihTpa-peJIHTIIBIICTCKIIX 3HeprII:u: (E11 a6 > 10 Af3B), pa3mPrnhle 

3KCIIep1IMeHTaJihHhle II TeopeTII'leCKIIe rpynnhl nplIMeHHJIII KIIHeTII'lecKyro 

BepCIIIO MKfC .ll:JIH ycnemHoro OnlICaHIIH .ll:BO:U:HhIX .z:i:mpq:>epeHUIIaJihHhlX 

ce11eH1I:U: po2KneH1IH He:U:TpOHOB, o6pa3oBaHIIH II30TOIIOB II HnepHhlX q:ipar

MeHTOB, rronrroporoBoro po2KneHIIH 'TJ, J(±-Me30HOB II aHTIIIIpOTOHOB, po-

2K.ll:eHIIH JieIITOHHhlX nap II T. n. B HnepHhIX peaKUIIH IIplI rrpoMe)KYTO'IHhlX 

3HeprIIHX E11 a6 < 2 Af3B (JI5III-OI15II1, fCI1-IlapMmTanT). 

XopomM TO'IHOCTh OIIIICaHIIH 3KCnep1IMeHTaJihHhlX naHHhlX cneJiaJia 

MKrc npIIBJieKaTeJihHO:U: .ll:JIH pa3JIII'IHhlX rrpaKTII'leCKIIX nplIJio:iKeHIIM, 

CBH3aHHhlX C IIOJiy11eH1IeM HOBhlX II30TOIIOB, C03.ll:aHIIeM IIHTeHCIIBHhIX HeM

TpOHHhlX IICTO'IHIIKOB, TpaHcMyTaU1Ie:u: HnepHhlX OTXO.ll:OB II nony11eH1IeM 

3Heprmr B 6p1InepHhlx peaKTopax. 

TaKIIM o6pa3oM, B .n:1IccepTaU1I1I pa3BIIT HOBbI:ii: 3q>q>eKTHBHbI:ii: rron
xon K IICCJienoBaHIIIO .tilIHaMIIKII peJIHTIIBIICTCKIIX HnepHhlX CTOJIKHOBeHIIll. 

8T_OT rronxon II03BOJIHeT rrpoBO.ll:IITh neTaJihHhle pac11eThI B3alIMonen:cTBY

IOIIUIX HnepHhIX CIICTeM B illlipOKOM n1IaIIa3oHe 3Hepr1In:, BKJIIO'laH CTOJIK

HOBeHIIH MaCCIIBHhlX Hnep nplI peKop.n:Ho .D;OCTII)K.IIMhIX 3Hepr1IHX ycKOplI

TeJie:U:. 

Arrpo6an;HH pa60Tbl H rry6JIHKaD;HH. Pe3yJihTaThl, OIIIICaHHhie B 

.ll:IICCepTaUIIII, HeonHoKpaTHO .ll:OKJia.n:hlBaJIIICh II 06cy2KnaJIIICh Ha cneulI

aJIII31IpOBaHHhlX ceMIIHapax no peJIHTIIBIICTCKOll a.npoHHO:U: II HnepHOH qJII-

3IIKe B JIB8, JIT<l>, JI5III II JIBTA OI15II1, a TauKe Ha ceMIIHapax B npy

rlix OTe'leCTBeHHhlX II 3apy6e)KHhIX HnepHhlX ueHTpax: I1<l>B8 (IIpoTBII

HO), HI1I15I <l> MfY (MocKBa), III15I <l> (faT'IIIHa), I15II1 (TpolIIIK), UEPH 

()KeHeBa, illBe:u:uap1rn), BHJI (BpyKxeBeH, CillA), fCI1 (IlapMmTanT, 

fepMaHIIH), JIT<l> (Opc3, <l>paHIIIIH) II npyr1Ix. 8TII pe3yJihTaThI noKJia

.ll:hlBaJIIIch II 06cy2KnaJI1ICh Ha q:>II31I'leCKIIX q:iaKyJihTeTaX MocKOBCKoro II 

CaHKT-IleTep6yprcKoro yH1IBepc1ITeToB, B yH1IBepc1ITeTax <l>paHKq:>ypTa, 

fen:nenh6epra II PocToKa (fepMaHIIH), Ocno II BepreHa (HopBerlIH), CaH

ThHro ne KoMrrocTeJia (I1crraHIIH), HaHTa ( <l>paHUIIH) II npyrIIx. Pe3yJih

TaThl, OIIIIChlBaeMhie B .ll:IICCepTaUIIII, TaK)Ke .D;OKJia.D;hIDaJIIICh II 06cy2Kna

JIIICh Ha Me2KnyHapo.n:HhlX KOHq:>epeHUIIHX, CIIMn031IyMaX II co6paHIIHX q:>II-

6 

\\ 

3II'leCKIIX o6mecTn: "Me;..KnyHapo.n:Horo ceM1rnapa no npo6JieMaM q:>II3IIKII 

DhlCOKIIX 3Heprmr" (Ily6Ha, Pocc1rn - 1988), "YpanHeHIIe cocTOHHIIH Hnep

HOH MaTep1m" (MapcaHa, I1Tamrn - 1989), "KnapKOBaH MaTep1rn" (faT

mrn6ypr, CillA - 1991 n BopnaHre, IIIneu1rn - 1993", "5InepHM nirnaMH

Ka" (Kn-necT, CIIIA - 1991), "I1ccnenonam1e IIJIOTHOII HnepHOII MaTepIIII 

c noMOIUhIO ;..KeCTKIIX npoueccon" (Cn3TJI, CIIIA - 1991), "5Inpo-HnepHhle 

D3aIIMone:fICTmrn" (KaHa3ana, 5Inomrn· - 1991)' "<PII3IIKa TH2KeJihlX IIOH0B: 

ceronHH n 3anTpa" (Bpnomi, IOrocnamrn - 1991", "KoppeJIHUIIII n MH0-

2KecTneHHoe pmKnem1e" (Map6ypr, fepMaHirn - 1991), "<l>n3IIKa TH2KeJihlX 

uoHoB" (By.nanemT, BeHrp1rn - 1992), "MHoro'-IaCTII'IHaH nirnal\rnKa" (CaH

ThHro ne KoMnocTena, I1crramrn - 1992, AcrreH, CIIIA - 1994), "5InepHM 

q:>II31IKa n cenepo-3arranH011 Enporrc" (8mrn6ypr, llioTJiaHnnH - 1992), "<l>n-

3IIKa TH2KeJihIX noHon Ha AGS" (KeM6pun)Ke, CIIIA - 1993), 'TopH'IaH n 

nJIOTHaH H.nepHaH MaTep1rn" (Bo.npyM, Typu1rn - 1994), "CTpaHHOCTh n 

KBapK-rJIIO0HHaH nna3Ma" (KpeTa, fpe111rn - 1994), "CTpaHHOCTh-96" (By

nanenIT, BeHrp1rn - 1996). 

Pe3yJihTaThI, orrncaHHhie n nnccepTauun, ony6mnwnaHbI n 30 pa6oTax, 

CIIIICOK KOT0phIX rrp1rnon;IITCH D KOHUe anTopeq:iepaTa. 

CTpyKTypa nuccepTan;HH. IlnccepTa111rn cocTonT II3 nnenemrn, qe

Thlpex rJiaB, 3aKJIIO'leHirn II CIIIICKa ny6mma11m1 II IICnOJih30DaHHOII JIIITe

paTyphl. 

COIIEP)KAHI1E P ABOTbl 

BaeneHHe: O6ocHODbIDaeTCH aKTyaJihH0CTh II pacKpbrnaeTCH conep2Ka

HIIe TeMhl .n:1IccepTa111m, cq:iopMym1ponaHa ueJih pa6oThl n rrpe.ncTanJieH 

IIJiaH nnccepTaUIIII, a TaIDKC yKa3aH CIIIIC0K pa6oT' cneuuaml3nponaHHhIX 

CCMIIHapon II Me)K.D;yHapon;HhIX KOHq:>epcHUIIII, rne ony6mnwnaHhl u o6cy

)K.ll:aJIIICh pe3yJihTaThl, rrpIIncneHHhie D .nnccepTaUIIII. 

IlepBaH rJiaBa: MooeAb x:eapX:-2/1,'/00'H.'H.bl.X cmpy'H. 011,H 3'K:C1-,;/l,'/03U6-

'H.020 onu~~'H.UH aopo'H.1/,bl.X U HOep'H.blX 63aUMOOeilcm<Juil npu YAbmpa

peAHmue_ucmcx:ux 3'H.ep2unx. 

§1.1 Bse.11,eH11e. 13 3T0M naparpaq:ic DD0.D;5ITC5I Hco6xo.nnMbIC noHHTIIH, a 

TaK2Ke paCCMOTpeH~ pa3JIII'IHhie acneKThI Teopuu CIIJihHbIX D3am,rnncfl

CTDIIII, KOTOphle 6bimI IICIIOJih30DaHhI npn nocTp0CHIIII 'IIICJICHiIOII (MoHTC

KapJIO) MKfC nnH 3KCKJII03IIBHoro onncamrn Hcynpyrux cTOJIKHoneHuf1 

anpoH0D II Hnep npn YJibTpa-peJIHTIIDIICTCKIIX 3HeprIIHX. 

B naparpaqie 1.2 P.aCCMOTpeHa C03.ll,aHHaH MKrc .11,JlH 3KCKJ1I0311BHOro on11-

caHIIH Heynpyrnx aApoHHblX B3allMO.ll,eikTBIIH np11 YJ1bTpa-peJ1HTIIBIICTCKIIX 
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3HeprHRX. 3Ta 1v1one.i::r1, cooTneTcTnyeT n1,16opy cneunarrI>Horo KJiacca nna

rpaMM TOIIOJIOrII'Iec1wro pa3rrmKeHirn n KX.IT [8], a IIMCHHo, n1,16opy un

JIIIH!lpnqecKnx nnarpaMM, Tonorronrn KoTopbIX onpenemreTcH qucrroM rpa

HIIU b = 2 II qncJioM pyqeK h = 0, l, 2, .... .IlJIH onpeneJieHIIH nepoHTHOCTII 

o6pa3onamrn n nap KBapK-rJIIOOHHbIX cTpyH B ueynpyroM pacce.HHIIII anpo

HOB C 3Heprnefr B IIX CIICTeMe ueHTpa Mace VS II C npIIIlCJibHbIM rrapaMe

TpOM b ncnoJI1,3yeTCH pemrmoHHaH 3{mouaJII>HaH MoneJib [7]. Onncau n1,16op 

llMIIJJibCHhlX pacnpeneJieHn{r BaJieHTHbIX II MOpCKIIX IrnapKOB, aCIIMIITOTII

KII KOTOphlX onpeneJIHIOTC.lI II3 auaJIII3a nnyxpe!{)KIIOHHbIX nnarpaMM !{JI.II 

BI,IqIIcJieHII.lI anpoHHbIX llHKJII03IIBHbIX ceqeHII{I . [9]. PacCMOTpeHa npen

JIO:.-KeHHaH rrpouenypa noJiyqemrn cJiyqa11:u1,1x quceJI-3HaqeHIIii: HMTIJJII>con 

KBapKOB B COOTBeTCTBIIll C 3TIIM BbI6opoM. PacCMOTpeHO MoneJIIIponaune 

o6pa3onaHIIH qacTIIU npn pacnane rrnapK-rJIIOOHHbIX CTpyH. IIpenJio:.-KeHHaH 

npouenypa MonemrponaHIIH pacrrana rrnapK-rJIIOOHHbIX cTpyH ncnoJib3JeT 

peKypCIIBHYIO KacrrnnHyIO MO!leJib, nnepBbie npIIMeHeHHJIO <PIIJI!lOM II <l>eiI

HMaHOM !{JI.II onncaHII.lI q:iparMeHTaUIIII OT!{CJibHbIX rrnapKOB [12], II aCIIM

IITOTIIKII q:>yHKUIIII q:iparMeHTaurrn JIII!lIIpyIOIUIIX KBapKOB, KOTOpbie Har1:ne

Hhl II3 aHaJIII3a Tpexpen:iKIIOHHbIX !lIIarpaMM !{JI.II ·BbiqncJieHirn anpoHHhlX 

IIHKJII03IIBHbIX ceqeHIIH [10]. IlprrneneHbI 3Haqemrn rrapaMeTpon, IICIIOJib3J

IOIUIIeCH npII pacqeTaX pacnana rrnapK-rJIIOOHHbIX CTpyH. 

B naparpaqie 1.3 np11Be,D,eH0 0606LLteH11e MKrc Ha cny4aii 3KCKnto311BH0ro 

on11caH11R Heynpyrnx R,D,epHblX B3allM0,D,eiicTBllii np11 ynbTpa-penRTIIB~CTCKIIX 

3HeprnRx. Cq:iopMJJIIIponaHa qIIcJieHHaH (MoHTe-KapJio) npouenypa, KOTO

pa.H naeT B03MO:.-KHOCTb orrpeneJIIITb qIICJIO HJKJIOHOB-yqacTHIIKOB II B03-

6y:.-K!lCHHbIX KnapK-rJIIOOHHbIX CTpyH npII HeyrrpyroM CTOJIKHOBCHIIII .H,nep. 

3Ta rrpouenypa TaK:.-Ke rro3BOJIHeT paccqIIThlnaTb ceqeHIIH HeyrrpyrIIx 

Hnpo-H,nepHhlX CTOJIKHOBCHIIH. IlpIIneneHbI rrpIIMephl pacqeTOB pa3JIIIqHbIX 

pacrrpeneJICHIIM KpaTHOCTII B3aIIMo,ner1:cTBII.lI HYKJIOHOB II HeyrrpyrIIx ceqe

HllM B3aIIMO!lCMCTBII.lI Hnep. 

B naparpaqie 1.4 paccMoTpeHa 411cneHHaR pean113au11R napT0HHoii qiopMy

n11poBK11 MKrc II o6cy)K.a,aeTCR npocTpaHCTBeHH0-BpeMeHHaR KapTIIHa po

)K,D,eHIIR 4aCTIIU B Heynpyrnx CT0nKH0BeHIIRX a.a,p0H0B II R,D,ep. IlpenrroJia

raeTCH, 'ITO B3aIIMoneiicTnIIe Me;.Kny HnpaMII c qIIcJioM HYKJIOHOB A + B 
CBO!lIITC.lI K B;aIIMO!lCMCTBIIIO Me:.-Kny OT.ZJ:CJibHhIMII rrapTOHaMn. Ilpn 3TOM 

aMIIJIIITyna yrrpyroro pacce.HHII.ll nrrepen rrpII q:JIIKCIIponaHHOM rrpIIUCJibHOM 
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rrapaMeTpe b naeTcH Bhlpa:.-KeHIIeM: 

iA(b) = I: w<;>w<jf) < IT IT (1 + iaik) >N,M (1) 
N,M i=l k=l 

CKo6KII < ... > N,M o6o3HaqaroT ycpenHeHIIe no KOHq:>IIrypaUIIHM C qIICJIOM 

N(M) rrapTOHOB B cHapH,ne {MIImeHII), qTo orrpe,neJIHCTCH IIHTerpIIpOBaHII

eM no ,nOJI.lIM HaqaJibHOro IIMIIYJibCa YHOCIIMhlX rrapTOHaMII Xi II rrpIIUCJib

HhlM rrapaMeTpaM rrapTOHOB bi C BCCOBbIMII q:>YHKUIIHMII pacrrpe,neJICHII.lI 

rrapToHon P'iit(b, Xi, bi)- AMIIJIIITy,na aik orrIIchlnaeT B3aIIMo.neii:CTBIIe i-ro 
' 

rrapTOHa MIIillCHII C k-rrapTOHOM CHapHna II 3aBIICIIT OT IIX 3HeprIIII B CIICTe-

Me UCHTpa Mace II OTHOCIITCJibHOro rrpIIUeJibHOro rrapaMeTpa. McrrOJib3YH 

aMIIJIIITY!lY (1) II rrpeHe6peraH MHOrOKpaTHhlMII rrapTOHHhlMII B3aIIMO,neii:

CTBII.lIMII, MO:.-KHO rroJiyqIITb ;sepo.HTHOCTb B3aIIMo.neii:CTBll.lI C orrpe,neJieHHhlM 

qIICJIOM Heynpyrnx rrapTOHHhlX CTOJIKHOBCHIIM, qTo II03BOJIHCT IIOCTpOIITb 

qIICJieHHyIO MO,UCJib ,UJI.ll .H,nepHhlX B3aIIMO,neii:cTBIIH. IlpII 3TOM nepOHTHOCTII 

napTOHHhlX KoHq:>IIrypauIIiI w<;:JJ>, aMrmnTy,na aik II_q:>JHKUIIII pacrrpe,neJie

HIIH napTOHOB Bhlpa)KaIOTC.lI qepe3 IIOMCpOHHhle napaMeTphl [13]. IlpIIBe

,neHhl rrapaMeTphl MO,UCJIII, KOTOphle Bhl6paHbI II3 cpaBHCHII.lI pacqeTHOll II 

3KCIIepIIMCHTaJihHOll 3HepreTIIqecKIIX 3aBIICIIMOCTCH ceqeHII.lI Heynpyroro 

B3aIIMo.neHCTBII.lI HYKJIOHOB. 

B MO,UCJIII c,neJiaHO npenrroJIO)KCHIIe, qTo a,npoHhl o6pa3yIOTC.lI nyTeM B03-

6y)K,neHIIH II pacrrana TaK Ha3bIBaCMhlX "yo-yo" CTpyH [5], II pa3pa6oTaHa 

qIIcJieHHaH ,nIIHaMIIqecKaH Mo,neJih pacrrana 3TIIX cTpyH. IlpII ycJioBIIII, q:ro 
\ 

pa3phlBhl "yo-yo" CTPYHhl c Maccoll Ms II K03q:>q:>IIUIICHTOM Ha'f.H)KCHIIH r;, 

npIIBO.ZJ:HT K pO)K.ZJ:CHIIIO a.npoHOB C 3HeprIIHMII Ej II npo.nomHhlMII IIMTIYJib

caMII Pz;' MO)KHO HaHTll COOTBeTCTBCHHO BpeMeHa II npo,noJibHhle KOOp,nn

HaThl ToqeK pO)K,UCHII.lI anpoHOB:. 

1 i . 1 . i 

ti= 
2
k[Ms - 2 ~Pz;],xi = 2k[Ms - 2 ~ Ej]. 

J=l J=l 
(2) 

liH,neKC i,;; 1, 2, 3, ... HyMepyeT TOqKII pa3phlBOB CTPYHhl. 

B naRarpaqie _ 1.5 np11se.a,eHo cpaBHeH11e pe3ynbTaT0B Mo.a,em1poBaH11R c 

n0M0LLtbl9 MKr( ynbTpa-penRTIIBIICTCKIIX a.a,poHHblX II R.a,epHblX B3al!MO.a,eii

CTBllii C ;3_Kcnep11MeHTanbHblMII .a,aHHblMII. IIpone,neHHhlll IIPII .nnyx 3HeprIIHX 

CTOJIKHQBCHIIH: vs = 19.4 Ar3B II ..,/s = 200 Ar3B - cpaBHUTCJibHhlll 
I • 

aHaJIII3 (aHTII)npoTOH-IIpOTOHHhlX, rrpOTOH-H!lCPHhlX ll H,npo-K,nepHhlX He-

ynpyrIIX B3aIIMo,neii:cTBIIH noKa3aJI, qTo MKrC naeT pa3yMHoe onIIcaHIIe 

9 



pa3JIII'IHhlX 3KCIIepIIMeHTaJibHbIX xapaKTepncTim 3TIIX peaKunii. I( HeCO

MHeHHhlM .D:OCTOIIHCTBa:M Mo,n;eJIII OTHOCIITCH TO, 'ITO pacqeTbI CTOJIKHOBe

HIIH ,n;a)Ke TH)KeJihlX a,n;ep He Tpe6yroT 6oJibIIIIIX 3aTpaT KOMIIbIOTepHhlX 

pecypcoB. 3To ,n;eJiaeT MO.D:eJib IIOJie3HOU II 3cpcpeKTIIBHOU rrpn n3yqemm 

ycrroBIIII rrpoBe,n;eHIIH 3KcrrepnMeHTOB. 3.n:ecb TaK)Ke paCCMOTpeHbI pe3yJib

TaThl MO,ll;eJlbHbIX pac'IeTOB CTOJlKHOBeHIIll a,n;ep 30JIOTa C ueJibIO Bhlpa-

60TKII rrporpaMM 3KcrrepIIMeHTaJibHhIX IIccrre,n;OBaHIIII Ha ycKopIITerre SPS

UEPH II cTpoameMca a,n;epHOM Korrrran:,n;epe RHIC-EHJI (CIIIA). TeM He 

MeHee .n;aHHM nepcIIH MKrc HBJIHeTCH CJIIIIIIKOM yrrpomeHHOll, 'IT06bI rrpe

TeH,n;onaTb Ha ,n;eTaJibHOe KOJlII'IeCTBeHHOe OIIIICaHIIe a,n;pOHHbIX II a,n;epHhlX 

peaKUIIll B 3TOII o6rraCTII 3HeprIIH II Tpe6yeT ,n;aJibHeiirnero pa3BIITIIH. 

B naparpacpe 1.6 onHCblBaeTcff cpopManH3M H MeT0A pac4eTa MHoro4a

CTH4HblX 6o3e-3HHWTeHHOBCKHX KoppenffUH0HHblX cpyHKUHH B paMKaX MKrC 
H ,11,pyrnx Mo,11,enei1-reHepaTopos HCKYCCTBeHHblX co6blTHH ff,11,epHblX CT0nKH0-

BeHHH. II,n;ea MeTo,n;a COCTOIIT B rrpe,n;napIITeJibHOM BbI'IIICJieHIIII cpyHKUIIII 

Fij ( cpypbe-o6pa3 cpyHKUIIII IICTO'IHIIKa qacTIIU) .D:JIH ,n;nyx TO)K,ll;eCTBeHHbIX 

6030HOB i II j: 

Fij = (exp(iqijrk)};,;; · (3) 

B Bbipa2KeHIIII (3) CK06KII 03Ha'IaIOT ycpe,n;HeHIIe, KOTOpoe .D:OJI)KHO 6bITb 

c,n;eJiaHo, IICIIOJib3YH TO'IKII cpa30Boro rrpocTpaHCTBa { kk, rk}, rrorry'IeHHhle 

B paMKax KJlaCCII'IeCKOll MO.D:eJIII-IICTO'IHIIKa 3MIICCIIII TO)K,ll;eCTBCHHbIX 6o-

30HOB1 II y,n;onrreTnoparomIIx ycrronIIro kk E {Pii - 6.p/2,pij + 6.p/2}. Be

JIII'IIIHhl 'Pii = ½ ( k; + kj) II % = k; - k j orrpe,n;erraroTca cooTneTcTneHHO 

qepe3 3- II 4-IIMIIYJibCbI qacTIIU i II j. 3HaHne cpyHKUIIII Fij ,n;aeT B03MO)K

HOCTb IIOCTpOIITb n- 'IaCTWIHbIC KoppeJIHUIIOHHbie cpyHKUIIII II KYMYJIHHTbI 

Kn(P1,P2, ··•,Pn)- Heo6xo,n;IIMhIH .D:JIH yqeTa 3cpcpeKTOB IIHTepcpepeHUIIII CTa

TIICTII'ICCKHH nee co6bITIIH C n TO)K,ll;CCTBeHHbIMII 6030HaMII MO)KCT 6bITb 

BbI'IIICJieH C IIOMOIUbIO peKyppeHTHbIX COOTHOIIIeHnII: 

n-1 
w(n) = L c';-1 Kj+1w(n - j - 1), (4) 

j=O 

r,n;e c7-1
-6HHOMIIaJlbHhle K03qlqJIIUIIeHTbI, J(j+l- IIpOIIHTerpnponaHHbIC ITO 

HMIIYJibCaM qacTHU KYMYJIHHThI rropa,n;Kaj+l II w(0) = w(l) = 1, w(n) = 0 
,ll;JIH n < 0. 

3,n;ecb OIIIICaH cpopMaJIII3M yqeTa BJIIIHHIIII B3aHMO,ll;eIICTBIIll B KOHe'IHOM 

COCTOHHIIII, B qacTHOCTII, KYJIOHOBCKoro B3aHMO.D:CIICTBIIH Ha KoppeJIHUIIOH

Hhle cpyHKUIIII. 
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IlpIIBO.D:HTCH pC3YJibTaTbI pac•ICTOB C II01IOIIJbIO MKrC 2- II 3-
qacTII'IHhlX KoppeJIHUHOHHbIX cpyHKUIIII 7r+ -MC30HOB .D:JlH ueHTpaJibHhlX 

cTOJIKHonemrnx a,n;ep cephI I!PII 3HeprI1II E.,.a6 = 200 AI'3B, a TaK2Ke 

paccMaTpnnaIOTCH rrpHMepbI pacqeTOB nmrnmrn MHOrO'IaCTU'IHhlX 6o3e-

3llHIIITeIIHOBCirnX KoppeJIHUIIU Ha pacrrpe,n;erremrn no MHO)KCCTBeHHOCTII 

HeHTpaJibHbIX TIIIOHOB II IIX O.D:HO'IaCTII'IHhlC II ,n;nyxqacTII'IHhle cneKTphl. 

§1.7 8blBO,ll,bl. KpaTKO onncaHbI .D:OCTOIIHCTBa, HC.D:OCTaTKII n rryTII ,n;aJib

HellIIICro coneprneHcTnonamrn pa3pa6oTaHHofr MKfC. 

BToprui: rnana: Jfcc11.eao6a'ltue MexauU3M06 U onucauue po:>1eaeuUJI "lq.
cmut4 6 aapoUttbZX 63aUMoaeucm6UJIX npu 6bZC01,;UX :mep2UJIX. 

§2.1 Bse,11,eHHe. O6cya..::,n;aeTcH no3MO)KHOCTh nocTpoeHIIH MKI'C ,n;rra 3KC

KJII03HBHoro onncamrn B3aIIMO.D:CikTBIIII a,n;poHOB B O'IeHb IIIIlpOKOII o6rra

CTII 3Heprnu OT nopora pmimemrn TIIIOHOB II .D:O 3HeprI1H, .D:OCTJI)KIIMhlX 

B KOJIJ1af1,n;epHbIX 3KCnepIIMCHTaX. M,n;eH TaKoro pacrnnpemrn COCTOIIT B 

npunrreqeHIIII .D:OTIOJlHIITCJibHbIX ,n;uarpaMM TOTIOJIOril'ICCKOrO pa3JIO)KCHIIH, 

npe,n;cTaBJIHIOIIIIIX HOBbie MexaHil3Mbl pO)K,ll;CHirn qacTIIU, 'ITO Il03BOJIHCT 

HC TOJlbKO pacrnIIpIITb o6JiaCTb npm,IeHIIMOCTII MO.D:CJIII, HO n yJij"llIIIITb 

KaqecTBO OTIIICaHIIH 3KCnepnMCHTcl.JlbHbIX ,n;aHHbIX. 

B naparpacpe 2.2 onHcaHo BKnto4eHHe s MKrC MexaHH3Ma 06pa3osaHHff 

>t<eCTKHX a,11,poHHblX CTpyi1 B a,11,poHHblX H ff,11,epHblX B3aHMO,ll,eHCTBHffX npH 

ynbTpa-penffTHBHCTCKHX 3HeprnHX. O6pa3onamre a..::eCTKIIX a,n;poHHbIX CTpyfr 

n MKI'C o6ycrroBrreHo n3anMo.n;ef1cTnneM rrrrooHon c 6orrbrnofr nepe,n;aqef1 

IIMIIJJibCa Q2 > l(I'3Bjc)2. B1ma,n; a..::ecTimX rJIIOOH-rJIIOOHHbIX CTOJIKHO

BeHIIll B Ce'IeHIIe Heynpyroro B3aIIMO.D:CIICTBIIH a,n;poHOB pacC'IIIThlBaeTCH 

B paMKaX pe,n;)KIIOHHOII 3HKOHaJlbHOll MO.D:CJIH C o6MCHOM )KeCTKIIMII noMe

poHaMII [16]. Mo,n;eirnpoBaHIIC 2KeCTKOro CTOJIKHOBCHIUI rJIIOOHOB OCHOBhl

naeTC.SI Ha BhI'IIICJieHHOM n paMKax rrepTyp6aTIIBHof1 KXII HHKJII03IIBHOM 

ce'!eHIIII o6pa30BaHII.SI ,n;nyx )KCCTKIIX cTpyf1. Ilrra Mo.n;em1ponamrn n3rryqe

HIIH rJIIOOHOB II 1rnapKOB pacceHHHblM BIIpTyaJibHhlM rJIIDOHOM IIJIII KBapKOM 

( aHTIIKBapKOM) IICI10Jlb3JeTCH arrropnTM, npe,n;JIO)KCHHhlII B pa6oTe [17]. 
IJ pe,n;rro~eirn npoue.nypa a,n;pomnauuu 1rnapKOB ( aHTmrnapIWB) II r JlIDOHOD 

11ocpe,n;CTBOM 06pa3onamrn II pacna,n;a 6ccuneTHbIX a,n;poHHhIX 1macTepon. 

IlpIIne,n;eHbl pe3yJibTaTbl pac•IeTOB pp- II pp-CTOJIIrnOBCHIIII npII KOJIJiafr,n;ep

HbIX 3Hepr1rnx II, D 'IaCTHOCTll, nm..::a3aHO, 'ITO BKJlIO'ICHIIC' )KC'CTKIIX CTOJIK

HOBCHIIll rrrrooHon n 1v1KfC ,n;acT no3MO)KHOCTh orrncaTb :n-~cncpm,H'HTaJib

Hhle 3aBHCIIMOCTII cpe,n;Hero rrorrcpc•rnoro IIMIIYJibCa rrcrKIIX a,n;pOHOB OT 

MHO)KCCTBeHHOCTir 3apH)KCHHbIX 'IaCTIIU rrpII pa3JIIP]HhlX Ha'HUlbHhlX 3HCp-
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rmrx. 

B naparpacpe 2.3 npirne.n.eHbl pe3yJJbTaTbl np11MeHeHIHI MKrc Aliff 113y4e

Hl1fl oco6eHHOCTe11 po>K,D.eHl1fl 4aCT11U np11 K0Jl!lali.o.epHblX 3Heprnflx. Ilmm3a

Ho, 'ITO Mo.n:enb BOCIIpOII3BOJJ:IIT OCHOBHbIC 'IepTbI MHO)I(CCTBCHHoro pO)I(JJ:e

Hirn 'laCTIIU rrpu 3TIIX 3Heprmrx. B 'IaCTHOCTII, MKrc OIIIICbIBaeT 3KCIIe

PIIMCHTanbHbie pacrrpe.n:eneHirn no MHO)I(CCTBCHHOCTII 3apH)I(CHHbIX 'laCTIIU, 

Hapymem1e KHO-cKeii:mrnra II 3Heprern'leCKHe 3am1CHMOCTII 3KcrrepnMeH

TanbHbIX cpe.ZlHIIX MHO)I(CCTBeHHOCTefr lJaCTIIU pa3HOro copra. l\1o.n:enb TaK

)I(C B COCTOHHHII nocrrpon3BCCTII .n:mIHHO.Zleiicrnyromue IWppenHUIIII MC)I(JJ:y 

cpe.n:HHMH MHmKeCTBCHHOCTHMH 3ap5I)I(CHHbIX 'laCTIIU, H3MepeHHbIMH B rre

pe.n:He11: II 3a.n;Heii: rronycqiepax. MKrC 061>HCHHCT pocr "rrnaro" n 6b1crpor

HOM pacrrpe.n:eneHIIII 3ap5I)I(CHHbIX qacTHU II IIOBC.ZlCHIIe cpe.n;HIIX norrepeq

HbIX lIMIIynbCOB .n:nH 'laCTIIU pa3Horo copra poCTOM HaqanbHOll 3Heprm:r. 

Ilpe.n:cKa3aHIUI MO.ZlenII cornacyIOTCH C lI3MepeHHbIMII 3KCIIepIIMCHTanbHO 

6bICTpOTHbIMII KOpOTI{OJJ:CllCTBYIOIUIIMII KoppenHUHHMII 3ap5I)I(CHHbIX 'la

CTIIU. 

B 3TOM rraparpaqie TaK)Ke rrpo.n:eMoHcTpIIponaHbI B03MmKHOCTII MI<TC 

OIIIICbIBaTb rrpoueCCbI 0.ZlHOBepIIIHHHOfI .ZlIIq>paKUIIOHHOll .ZlllCCOUIIaum1 IIpII 

BbICOKIIX 3Hepnrnx. 

B naparpacpe 2.4 o6cy>KAalOTCfl 11 cpaBHl1BalOTCfl C 3KCnep11MeHTaJJbHblMl1 

,D.aHHblMl1 pe3yJJbTaTbl M0,D.e1111poBaHl1fl n110H-HYKJJ0HHblX 11 Ka0H-HYKJJ0HHblX 

Heynpy~11x B3a11M0AelicTBl111 np11 E,,a6 = 250 r3B. linH cpaBHIITCnbHO

ro aminH3a xapaKrepIICTIIK qacrnu, pmKJJ:CHHbIX B MC30H-HyKnOHHbIX 

CTOnKHOBCHIIHX, rrpirne.n:eHbI pe3ynhTaTbI MO.ZlenIIponaHHH HeyrrpyrIIx pp

CTOnKHOBCHHll. B 3TOM rraparpaqie paccMorpeH Y'ICT B MKrc rrpe.n:acIIM

IITOTII'leCKHX MexaHII3MOB [18] pO:iK.ZlCHIIH qacruu, CBH3aHHbIX C rrnaHapHbI

MH .n:narpaMMaMII II .n:uarpaMMaMu Hepa3BIIToro uunuH.n:pa n rorronorn'le

cKoM pa3nO:iKCHUU. IloKa3aHo, 'ITO Mo.n:enb .n:ononbHO ycrrerrrno BOCIIpOII3-

B0.ZllIT pa3nH'IHbie 3KCIICpIIMeHTanbHbIC pacrrpe.n:eneHHH 'laCTHU .n:nH BCCX 

rpex peaKUIIiI. 

B naparpacpe 2.5 paccMoTpeHa C03AaHHafl 411c11eHHafl (MoHTe-Kap110) Mo

.n.e11b ,D.Jlfl on11caHl1fl aHHl1rl1JJflU1111 aHT116ap110HOB Ha 6ap110Hax np11 BblC0-

Kl1X 3Heprnflx 11 npoBe.D.eH cpaBHl1TCJlbHbl11 aHaJJl13 Heynpyrnx pp- 11 pp

CTOJJKHOBeH1111. B pe3ynhTaTe MO.ZlemrponaHUH II cpaBHCHHH C .n:aHHbIMH 3KC

rrepHMCHTOB pacrrpe.n:eneHHll MHQ;,KCCTBCHHOCTII 3apH)KCHHbIX 'laCTIIU, IIH

KnI03HBHbIX CIICKTpOB IIIIOHOB II .n:pyrnx xapaI(TepIICTIIK pO)I(JJ:CHHbIX MC30-

HOB ycTaHonneHo, 'ITO IIpII BbICOKIIX 3HeprnHX OTCYTCTByer CJJ:IIHbill Mexa-
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HII3M pp-aHHIIrIInHUIIII. BKnan B ce'leHIIe 3Toro rrpouecca naror AIIarpaM

Mhl C o6pa30BaHIIeM O,!l;HOH, .ZlBYX, rpex II 6onee KBapK-rnIOOHHhlX crpyH, 

CC'ICHIIH KOTOpbIX IIMCIOT pa3nII'IHbIC 3aBIICIIMOCTII OT Ha'!aJibHOll 3Heprmr 

[18]. HafI.!lCHhl OTHOCIITCJibHhle BKJia)lhl 3TIIX mrarpaMM B Ce'leHHe rrponec

ca pp-aHHIIrIInHUIIII. y CTaHOBJICHO, 'ITO crpyKrypHbie cpyHKUIIII KBapK0B 

B HyKnOHax B rrpouecce pp-aHHIIrIInHUIDI, Kor.ua B ffYKJIOHC pa3pyrnaeTCH 

,!l;IIKBapK, HCCIIMMeTpH'IHhl. 

IlponeneHHblll B paMKax MKrc cpaBHIITCJibHhlll aHaJIII3 3KCIIepIIM~H

TanbHbIX )laHHbIX, rrony'leHHbIX B pp- II pp-CTOnKHOBCHIIHX rrpu Ha'laJib

HbIX IIMrrynbcax OT 12 .!lO 100 r3B/c, IIOKa3aJI, 'ITO MKrc .!lOBOJibHO 

ycrreIIIHO BOCIIpOII3BO)lHT OCHOBHbie CBOIICTBa 3TIIX B3aIIMO)lCIICTBHll. B pe-

3YJibTaTe Mo.uenIIpOBaHIIH ycTaHOBneHo, 'ITO pa3nH'IIIH B CIICKTpax MC30-

HOB B pp- II pp-B3aHMO)lCIICTBIIHX B OCHOBHOM CBH3aHhl C MeXaHII3MaMII pp

aHHIIrHnHUIIII. Pa3JIII'IIIH crreKTpon 6apIIoHOB o6ycnonrreHhl BKJia.ZlaMII rrna

HapHoiI (.uaeT BKna.u TOnbKO B pp) II .unyx'laCTII'IHOH (.uaeT BKrra.u TOnbKO 

B PP) rrpe.uaclIMIITOTII'ICCKIIX )lIIarpaMM [18]. 
B naparpacpe 2.6 paCCMOTpeHa MOA11cp11KaU11fl MKrc ,D.Jlfl 3KCKJII0311BHO

ro on11caHl1fl B3al1MO,D.el1CTBl1fl a,D.pOHOB np11 npoMeiyT04HblX 3HeprHflX VS < 
3 - 5 r38. IlplIBC.!lCHbI IIplIMCphl OIIIICaHIIH MO.!lCJibIO 3aBIICIIMOCTCll OT Ha

qanbHbIX IIMIIYJibCOB rrapuIIanbHbIX CC'ICHIIll pO)I()lCHIIH 'laCTIIU B pp-, pp-, 
7r±p- II J(±p-CTOnKHOBCHIIHX. . 

BKJia)lhl OT.!lCJibHbIX MeXaHII3MOB pO)I()lCHIIH '!aCTIIU B ce'leHIIC Heyrrpy

roro B3aIIMO)lCllCTBIIH a.upoHOB rrpII 3TIIX 3HeprIIHX 6blnII Hall)lCHhl II3 OIIII

caHIIH rrapuIIaJibHhlX CC'ICHIIll po)K)lCHIIH CTa6IInbHhlX HCCTpaHHbIX 'laCTIIU. 

IlpII 3TOM BbI'IIIcneHHhie ce'leHIIH po)I()leHIIH cTpaHHhlX qacTIIU II pe30HaH

con HBnHIOTC.lI rrpe.ucKa3aHIIHMII MO)lenII, KOTOpbie corrracyroTCH C 3KCIIepII

MCHTaJibHbIMII .uaHHbIMII. 

3.uecb TaK)I(C rrpIIBO.!lHTCH rrapaMeTpII3aUIIII CC'ICHIIll pe30HaHCHhlX rrpo

uecco~ 7r N -t b. II 7r7r -t p. PacCMOTpeHO BbI'IIIcneHIIe B MO)lCJIII 0.!lHOIIII

OHHOro o6M~~a [14] IIOJIHhlX II .!lIIcpcpepeHUIIanbHhlX ce'leHIIll )lnH peaKUIIll 

rrorrromem:i:i b.:~pe30HaHcon HYKJIOHaMII: b. + N -+ N N. OrrIIcaH pac'!eT 

3TIIX Ce'!eHIIll C rrpIIMCHCHIICM IIpIIHUIIIIa .!lCTaJibHOrO 6arraHca K 3KCIIepII

MCHTaJibHhlM · .ZlIIcpcpepeHUIIaJibHhlM CC'ICHIIHM o6paTHhlX peaKUIIll. 

§2. 7 Bbl so.a.bl. IIo.une.ueHhI IITOrII IIccrre.uonaHIIiI MexaHII3MOB pO)I(.!lCHIIH 

'laCTIIU B a.upOHHhlX B3aIIMO)lCHCTBIIHX rrpn BhlCOKIIX 3HeprIIHX. Ilpone

.!lCHO cpanHeHIIe MKrC - reHepaTopa IIcKyccTneHHhlX co6hlTIIH Heynpy

rnx cToJIKHoBeHnn anpoHOB II H.Zlep c .uyarrbHon napTOHHon MO.!lCJibIO, [9] 1 II 
i 
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VENUS-Mo,nem,10 [15]. 
TpeThH rJiaBa: KuHemu'l/,ec1rnJI eepcuJI MKI'C d1tJI onucaHUJI 3eo1t10-

14uu adpoH-JidepHbZX u Jidpo-JidepHbix e3au.,,1,0deucmeuu npu pe1tJimueucm

c-x:ux u y1tbmpa-pe1tJimueucmc-x:ux 3Hep2uJix. 

§3.1 Bse.n,eHHe. KpaTKo paccMaTpirnaeTca KIIHeTH'IecKIIX rro.nxo.u K orru

caHIIIO 3BOJIIOUIIII peJIHTIIBIICTCKIIX a.nepHhlX CTOJIKHOBeHIIH II rrpIIBe,neHI,I 

npIIMephl pa3JIII'IHhlX KIIHeTII'IeCKIIX MO,nerren. PacCMOTpeHhl 'IIICJieHHbie 

MeT0L(hl peIIIeHIIH KIIHeTII'IeCKIIX ypaBHeHIIH II II0CTp0eHIIH Ha6mo,naeMbIX 

II HeHa6JIIO,naeMbIX BeJIII'IIIH-xapaKTepIICTIIK a.nepHOH peaKUIIII, IICil0Jib3JH 

0,llH0'IaCTII'IHhle qJJHKUIIII pacrrpe.uerreHIIH a,np0H0B. O6cy)K,naIOTCH Borrpo

Chl rrepexo.na peJIHTIIBHCTCKOH CHCTeMbI B paBH0BeCH0e COCT0HHHe. 

B naparpacpe 3.2 ccpopMynHposaHa H o6cy>K.n.aeTCR CBR3aHHaR cHcTeMa 

ypaBHeHHH KHHeTH4eCKOH sepCHH MKrC. 3TH ypaBHeHIIH OIIIIChlBaIOT 3BO

JIIOUHIO peJIHTHBHCTCKIIX a.uepHhlX B3aIIMOL(eHCTB1IH B TepMIIHax O,UHO'!a

CTII'IHhlX qiyHKUHH pacrrpe.nerreHIIH a,npOHOB 1I IIMeIOT crre.uy10myro CTpyK

Typy: 

PµOµf;(x,p) = LCcoll(/i,Jj) + LRk_,,i(fk), (5) 
j k 

r.ne f;(x,p)-onHo'!aCTII'IHaH cpyHKUIIH pacrrpe.nerremrn qacTHU copTa i. B 

ypaBHeHHH (5) rrpe.nrrorraraeTca, 'ITO o6pa3oBaHne a.upoHa copTa i c 4-

IIMIIJJibCOM p = (p, E) II 4-KOOp,UHHaTOH X = (x, t) JIII60 B pe3JJibTaTe 

.llBJX'IaCTH'IHOro CTOJIKHOBeHIIH, KOTopoMy OTBe'!aeT rrepBbIH 'IJieH B rrpa

BOH '!8,CTH ypaBHeHmr, JIII6o B pe3JJibTaTe pacrra.ua pe30HaHca, 'ITO OIIIICbI

BaeTCH BTOpbIM 'IJieHOM B rrpaBOH 'IaCTH ypaBHeHIIH. OHII cqiopMJJIIIpOBaHbI 

L(JIH OTL(eJil,HbIX rpyrrrr a.npoHOB: HJKJIOHOB-cneKTaTopoB 113 a.npa-cHapa.na, 

HJKJIOHOB-crrerl'.TaTOpOB 1I3 a.upa-MHIUeHH 1I a.upoHOB-y'IaCTHUKOB, BKJIIO'!a

romux cTafiimhHbre a.upoHbI II pe3oHaHchr. Mo.nerrb paccMaTpnBaeT 6orree 

70 pa3JI1I'IHbIX BIIL(OB a.upoHOB. CTOJIKHOBUTeJibHbie 'IJieHhl ypaBHeHIIH co

.nep)KaT B3aIIMO,UeHCTBIIe Me)K.llY BCeMII rpyrrrraMII a.npoHOB, a TaK)Ke pac

na.n pe30HaHCOB. B 3TIIX ypaBHeHIIHX J'ITeHo, 'ITO o6pa30BaHIIe a.npoHOB 

rrpoIICXOL(UT B Te'!eHUII BpeMeHU ux cpopMIIpoBaHIIH. 

B naparpacpe 3.3 no.n.po6Ho H3Jl0>KeHa 4HCJteHHaR (MoHTe-Kapno) npoue

.n.ypa HaX0>K,ll,eHHSI peweHHH CBR3aHH0H CHCTeMbl KHHeTH4eCKHX ypasHeHHH. 

OrrIICaHO MO,llemi:poBaHne Ha'IaJihHbIX COCTOHHUH CTaJIKHBaromnxca a,nep. 

PaccMOTpeH KpIITepnfr CTOJIKHOBeHHH a,npoHOB 1I rrpnBe,lleH Bhlfiop IIOJI

HbIX, yrrpyrnx II .upyrnx ce'!emrir BJanMo,nencTBIIH a.upoHoB. PaccMoTpeHo 

Mo,nerrIIpoBaHne yrrpyroro · pacceaHna a.npoHoB ( MonerrnpoBaHne Heyrrpyrnx 

a.upoHHhIX CTOJIKHOBeHnii orrncaHo B rrpenhl,nymen rrraBe) n pacrra.na pe30-
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HaHCOB. OmrcaH y'IeT rrp1rnunrra Ilayrrn nrra HJKJIOHOB, 06pa3y10mi1xca B 

pe3JJibTaTe B3aIIMO,!leikTBIIH '!aCTIIU II pacrranon ~-pe30HaHCOD. O6cy)K,neH 

BbI6op OL(HOro II3 OCHODHbIX rrapaMeTpOD !-.10.IleJIII - co6CTDeHHOro npeMeHII 

cpopMnponamrn a.npoHon. 
B naparpacpe 3.4 06cy>K.n,a10TCR pe3yJ1bTaTbl H3y4eHHR BJlHRHHR BTOpH4-

HblX nepepacceRHHH a.n.poH0B Ha Ha611io.n..aeMble xapaKTepHCTHKH 4aCTHl.l, po

)K,ll,eHHblX B y11bTpa-peJ1RTHBHCTCKHX 51,ll,epHblX B3aHMO.D,eHCTBHRX. Ilpu pac-
i '!eTax, rrpnne,neHHhIX n 3TOM naparpacpe, co6cTneHHoe npeMa qiopMnpoBa-

HIIH a.npoHOD paccMaTpIIBaJIOCb ImK cno6o.n;HblII napaMeTp. EhlJIO Hafr.n;eHo, 

'ITO ,!lJIH ycrrenrnoro OIIIICaHirn 6oJiblll01I CODOKJIIHOCTII 3KCIIepnMeHTaJib

HhlX ,naHHblX D rrpoTOH-H,!lepHbIX II i.npo-anepHbIX CTOJIKHODeHIIHX, KOTO

phle norry'IeHbI rrpn L(OCTJIIHbIX MaKCII!-.iaJlbHbIX 3Hepnrnx E" a 6 = 200 Ar-

3B, Heo6xonnMo nnecTII .nna 3Ha•remrn nemI'IIIHhl co6cTneHHoro npeMeHH 

cpopMnponaHHH anpoHon: T/id = 0 <PM/ c II TM = 1 <'PM/ c COOTDeTCTDeHHO 

L(JIH JIH.UIIpyromux anpoHOD, co.nep)KallllIX narreHTHbie KDapKII Ha'!aJibHhlX 

a.npoHOB, II .UJIH DH0Db pmK,!leHHbIX a,npoHOD. 

IIorm3aHO, 'ITO D o6rraCTH 6bICTpOT cpparMeHTaumI anep MIIIlleHII II 

cHapana Ha6rrronaeMbie xaparl'.TepncTIIKII a.npoHon n cymecTneHHOII cTe

rreHII orrpeneJIHIOTCH CTommoneHIIHMII Me)K.UY pmK,!leHHbIMII anpoHaMII II 

HJKJIOHaMII-CIIeKTaTopaMII, IWTOphle 6hIJIII Ha3DaHbl rrpoueccoM XOJIO.UHO

ro KacKannponaHIIH. ropa•ree rmcrrnmrponamre, 0Tneqa10mee nJanMonef1-

CTBIIIO Me)K.UY pmK,UeHHbIMH •raCTIIUaMH, nmrneT Ha Ha6JIIO,!laeMble xapaK

TepIICTHirn TOJibKO n ueHTpaJibHOII o6rraCTII 6hlCTpOT. 3To DJIIH!HIIe He 

CTOJih apKo Dhlpa.1KeHo 1mK nmurnne xorronHoro 1rncrrn.nnponamrn. O.n;Ha

Ko OHO MmKeT MeHHTb HMIIJJibCHble pacrrpe.nerremrn a.npoHOD II IIX COCTaB, 

II03TOMY ropaqee rmcKa,llIIponaHIIe MmKeT rrp1mo,n11Tb CIICTeMy D TeIIJIO

BOe IIJIII XIIMH'1ec1we paDH0Dec11e, 'ITO 6y,neT 11ccrre.nonaTbCH D 'IeTnepTOII 

rrrane. ropaqee 1mc1mnnponam1e rrponcxo,nuT n ocH0DH0M 3a rrpe.nerra:r-.m 

HeB03MJl1l;eHHhlX H.O:ep. 3To II03D0JIHeT II0HHTb, IIO'ICMJ IIOIIepe•IHhlII pa3-

Mep 3cpqieK'flmHoro IICTO'IHIIKa IIIIOH0D MmKeT 6bITb 60Jibllle pa3Mepa 60M-

6ap.n11py10mero a.npa, 'ITO o6Hapy)l~eHO D 3KCIIepIIMCHTaX Ha ycrwpnTCJIC 

SPS-UEPH. 
B naparpacpe 3.5 npHse.n.eHo ,ll,eTaJtbH0e cpasHeHHe npe,ll,cKa3aHHH KHHe

TH4eCKOH sepcHH MKr:C c 3KcnepHMeHTaJ1bHblMH .n,aHHblMH. IlpII rrpone

,neH1n1 rrpe.IlCTaDJieHHblX 3,!lecb pac•reT0D HC IICII0Jib30DaJIIICb 3MIIIIpu•re

CK1I BhlfipaHHbie 3Ha~remrn rrapaMeTpa co6cTDCHHoro npe11eHn cpop1mpona

mrn anpoHOD, TaK :kaK MKrc .UJIH M0,!lCJIIIponamrn Heyrrpyrux anpoHHhlX 
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CTOJIKHOBeHI[H .uaeT B03MO:,KHOCTh orrpe.uemITh 1wopmrnaThI ll npeMeHa po

)K,UeHirn: nTopn'IHhlX a.upoHon ( CMOTpn rraparpacp 1 .4). Xopornee orrucam1e 

3KCIIepuMeHTaJihHhlX .uaHHhIX .UOCTIIraeTc.H, ecm1 rrpe.r:(IIOJIO)KllTh, 'ITO JIII

.UllPYIOlllIIe a.upoHhl MoryT B Te'leH11e BpeMeHII llX cpopMllpOBaHirn B3aIIMO

.ueiICTBOBaTh C .upyrHMll a.upoHaMII, HO C ceqemrnMII paBHhIMII ceqeHHHM 

B3aIIMO,UeHCTBIIH a,U,UHTIIBHhIX BaJieHTHhIX 1rnapKOB a qh ( S) ( 'laCTh IIOJIHO

ro ceqemrn B3aIIMO.UeIICTBirn: a.upoHOB a hh ( S), orrpe.uemreMaH 'IllCJIOM 3TIIX 

KBapKOB). 

lb cpaBHeHIIH C 3KCIIepnMeHTaJihHhIMII .uaHHhIMII crre.uyeT, 'ITO MO,UeJih 

.uaeT xopornee OIIIICaHIIe pa3JIIl'IHhlX xapaKTepIICTllK rrpoTOHOB, 3ap.H.n<.eH

HhlX IIIIOHOB 11 KaOHOB, pO:iK.,UaIOIUIIXCH D npoTOH-H.UepHhIX 11 51,UpO-H,UepHhlX 

CTOJIKHOBeHllHX np11 3Hepnrn ycrwpuTeJIH AGS-EHJI (E.ia6 = 14.6 Af3B). 

HaiI.ueHo, 'ITO nepepacce.HHIIe a.upoHOB II, B qaCTHOCTII, n3a11Mo,n:e:IICTBIIe Me-

30HHhlX pe30HaHCOB MO)KeT yc11JIIITh OTHOCIITeJihHhIH BhIXO.U noJIO)KIITeJihHO 

3ap.H)KeHHhIX KaOHOB B ueHTpaJihHhIX Si+ Au CTOJIKHOBeHIIHX no cpanHe

HIIIO C IIX OTHOCIITeJII,HhlM BhIXO.UOM B p + Be B3aIIMO,UeHCTBIIHX. 

IloKa3aHo, 'ITO MO,UeJih TaK:iK.e ycneIIIHO BocnpOII3BO,UIIT 6oJihIIIYIO COBO

KynHOCTh 3KCnepIIMeHTaJihHhIX .uaHHhIX no pO)K,UeHIIIQ 'laCTIIU B H,UepHhlX 

CTOJIKHOBemrn:x npu 3HeprIIII ycrwp1ITeJIH SPS-UEPH (E.ia6 = 200 Af-

3B). B qacTHOCTII, MO,UeJII, ycnernHO BocnpOII3BO.UIIT MHO)KeCTBeHHOCTII, 

6hlCTpOTHhie pacnpe.uerreHIIH II pacnpe.uerreHIIH no nonepe'IHOMY IIMnyJihCY 

noJIO)KIITeJihHO II OTpIIUaTeJihHO 3ap.H)KeHHhIX qaCTIIU B rrpOTOH-H,UepHhIX 

B3aIIMO,UeHCTBIIHX. Mo.uerrh xoporno onIIChrnaeT pacnpe.uerreHIIH no 6bICTpo

Te II nonepe'IHOMY IIMnyJihCY HeiITpaJihHhlX CTpaHHhlX qacTIIU B p + s 
CTOJIKHOBeHIIHX. Mo,n:eJihIO nocrrpOII3BO.UHTCH 6hlCTpOTHhle pacnpe.uerreHIIH 

II pacnpe.uerreHIIH no nonepe'IHOH Macce ( nonepe'IHOMY IIMnyrrhcy) npoTo

HOB II OTpIIUa TeJihHO 3ap.H:iK.eHHhIX qaCTIIU ( B OCHOBHOM nIIOHOB) B ueH

TparrhHhIX B3aIIMO.Ue:iiCTBIIHX H.Uep cephI. 

B naparpaqie 3.6 o6cy>t<JJ.aeTCfl HCCJleJ).0BaHHe C n0M0l.l.lblO KHHeTH4eCK0H 

seprntt MKrC npocTpaHCTBeHHo-speMeHHblX xapaKTepi,cTHK HCT04HHK0B po

>KJJ.eHHfl 4aCTHU B uettTpa11bHblX CTOJlKHOBeHHflX f!JJ.ep cepbl H f!JJ.ep 30/lOTa 

nptt Ha4a11bHblX HMny11bcax P.ia6 = 11.6 Ar3B/c. IlpOBe,UeH aHaJIII3 ycrro

BIIH "pa3M0pa)KIIBaHIIH" 'laCTIIU, T. e. Kor.ua II r.ue qacTIIUhl noTepHJIII 

CBH3h C CIICTeMOll .upyrIIX qacTIIU. IlpIIBe,UCHhl paCC'IIITaHHhle II napa

MCTpII30BaHHhIC pacnpe.uerreHIIH IICTO'IHIIKOB 3MIICCIIII 'laCTIIU B npo,UOJih

HhlX (z) II rronepe'IHhlX HarrpanJieHIIHX (x, y). B qaCTJIOCTII, npII 6oJihIIIIIX 

rr = Jx2 + y 2 > R, r.ue R-pa.n;IIyc H.n;pa, npocTpaHCTBCHHhle pacrrpe.uerre-
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HIIH TO'ICK 3MIICCIIII nIIOHOB qJIITIIPYIOTCH cyMMOH rayccOBOll II 3KCnOHCH

unaJihHOII cpyHKUIIiI 

1 dN(rr) 2 / 2 
d =C1exp(-rr 2R0 )+C2exp(-rr/RH) (6) 

rr rr 

c pa.uIIycoM Re = 2 (3.45) <PM II Berrn'IIIHm1: C 1 = 47 (192) <I>M-2 .UJIH 

S + S (Au+ Au) cTOJIKHOBCHII:ii. IlapaMeTp HaKJIOHa B 3KcrroHeHunarrhHOM 

pacnpe.uerreHIIII RH = 6.4 (7.0) <PM c Bhl6opoM C 2 = 1.0 (16) <I>M-2 .UJIH 

S + S (Au+ Au) onpe.uerr.HeT pa.uIIyc rarro, o6pa3oBaHHoro OT pacna.ua 

.uorrro.n<.IIBYlllIIX pe30HaHCOB. farro Ha'IIIHaeTCH npII rr = 7 <PM II 12 ¢M 

cooTBCTCTBCHHO .UJIH S + S II Au+ Au. IloKa3aHo, 'ITO ,n:a:iK.e .UJIH TH:iK.erron: 

cIICTCMhI Au+ Au o6rraCTh IIcnycKamrn: qacTIIU HBJIHCTCH npoTH2KCHHo:ii KaK 

B npocTpaHCTBe, TaK ll BO BpeMCHII, 'ITO npOTHBOpe'IIIT npe.unorro2KeHIIHM, 

ncnoJih3YCMhIM B rII.UPO.UIIHaMn'leCKIIX MO,UCJIHX, 0 pe3KOM "pa3Mopa2KIIBa

HIIII" 'laCTIIU. TaK, IIIIOHhl II KaOHhl IIcnycKaIOTCH HenpephlBHO B xo.ue Bce:ii 

3BOJIIOUIIII CIICTeMhI, B TO BpeMH KaK ,UJIH HYKJIOHOB II JI.HM6,n;a 6apIIOHOB 

IIMCCT MCCTO IIX no.uaBJieHIIe Ha paHHeii CTa,UIIII peaKUIIII. Haii.ueHo, 'ITO 

IIMeeT MeCTO "O'lepe,UHOCTh" IIcnycKaHIIH: CHa'laJia IIcnycKaIOTCH KaOHhl, 

3aTeM nIIOHhI, 3aTeM rIInepOHhl II HaKOHCU HYKJIOHhI. 

§3. 7 B b1 B0JJ.bl. K pa TKO ccpopMyrrIIpOBaHhl OCHOBHhie qepThl. KIIHCTII'le

CKOH BepcIIII MKfC II no.n;Be,UeHhl IITOrII cpaBHCHIIH pe3yJihTaTOB pacqera 

C 3KcnepIIMCHTaJihHhIMII ,UaHHhlMII. IlpoBe,UeHO conocTaBJICHIIe 3TOH M0,Ue

JIII c RQMD-MO,UCJihIO [11]. 
qeTBepTrui rnaBa: JipuMeNeNue 1wNemu'l(,ec1Cou Bepcuu MKI'C d11,H 

U3y'l(,e'H,UH duNaMU'/CU y11,bmpa-pe11,HmU6UCmC'/CUX Cffi011,'/C'H,06e'H,UU MaCCU6'H,btX 

Hdep. 

§4.1 . BBeJJ.eHHe. KpaTKO paccMOTpeHhl ypaBHCHIIH COCTOHHIIH II ycrro

BIIH cpa30BOro nepexo.ua paBHOBCCHOH H,UepHO:ii MaTepIIII B KBapK-rJIIOOHHYIO 

nrra3My. IlpIIBe.UeH npIIMep Bhl'IIICJieHIIH ypami:eHIIH cocTOHHIIH H.UepHoii 

MaTepIIII c)IOMOIUhIO KIIHeTII'ICCKOll M0,UCJIII [19]. PacCMOTpeHhl cnoco6hl 

OUCHKII TOpM03HOll cnoco6HOCTII H.Uep II IIJIOTHOCTII 3HeprIIII, ,UOCTIIrae

MOH B H,UepHhIX CTOJIKH0BCHIIHX. O6cy2K,n:aIOTCH II3MepeHIIH KOJIJieKTIIBHhlX 

IlOTOKOB H,n;epHoro neruecTBa B peJIHTHBIICTCKIIX H.n;epHhlX CTOJIKHOBeHIIHX 

c uerrhIO nony'leHIIH 1rncpopMa:a:m1 o cnon:cTnax nrroTHon: .H,n:epHoiI MaTe

pIIn. PaccMaTpIIBaIOTCH 3cpcpeKThl ycnrreHIIH p02K.UCHIIH CTpaHHhlX qacTn:a: B 

3TIIX CTOJIKH0BCHIIHX, KOTOphle MoryT cnrHaJIII3IIponaTh O nepexo.ue a.upoH

HOH MaTep1m n KnapK-rrr100Hey10 cpa3y. 

B naparpa¢,e 4.2 onttcaHbl pe3y11bTaTbl H3y4eHHfl JJ.HHaMHKH B3aHMOJJ.e'1-
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CTBl1fl !'IAep 3onoTa np11 3Heprn11 ycKop11Tenfl AGS-6HJ1. 3.necb II .nanee o6cy

)K,l(aIOTCH pac'leThl, npoBe,neHHhle B CIICTeMe paBHhlX CKOpOCTell CTaJIKIIBa

IOIIUIXCH a:.nep, KOT0pa.K HBmieTCH TaK)Ke CIICTeMOll ueHTpa Mace .IJ;JIH CIIMMe

TpII'IHhlX a:,nep. IIoKa3aHo, 'ITO .IJ;JIH UeHTpaJibHbIX CTOJIKHOBeHIIll a:,nep 30-

JI0Ta npII 3HeprIIII E .. a6 = 10.6 Af3B KIIHeTII'leCKaH Bepc1rn MKrC .nocTa

T0'IH0 xoporno 0IIIIChlBaeT 3KCIIepIIMeHTaJibHhle .naHHhle 06 o6pa30BaHIIII 

npoT0H0B. B -qacTH0CTII, _0Ha B0CIIp0113B0.IJ;IIT "KOJIOKOJI006pa3HYIO" qiopMy 

6bICTpOTHOro pacnpe,neJieHIIH II npe.ncKa3bIBaeT npaKTII'leCKII O.IJ;IIHaKOBhlll 

C 3KCIIepnMeHTaJihHhlM o6paTHhlll HaKJI0H cneKTpa npoT0H0B ( 0K0JI0 200 
M3B) no nonepe'IHOH KIIHeTII'leCKOH 3HeprIIII. 

IIn:OHhl, p0)K.IJ;eHHhle B M0,nemr II3 pa3JIII'IHbIX IICT0'IHIIK0B, o6pa3yIOT B0-

rHyTyro qiopMy nonepe'IHoro cneKTpa, K0Topa.a 6hlJia Hail:.neHa 3KcnepnMeH

TaJihHo .D:JIH 0Tpn:n;aTeJlhH0 3apH)KeHHhlX IIII0H0B. KaK II0Ka3hlBaIOT pac'le

Thl, 0CH0BHhlM IlCT0'IHIIK0M o6pa30BaHIIH IIII0H0B C MaJibIMII nonepe'IHhlMII 

IIMnyJibCaMII HBJIHeTCH pacnan: ~-pe30HaHCOB, B TO BpeMH KaK nII0Hhl OT 

pacna.n:a BeKT0pHhlX Me30H0B YH0CHT 3Ha'IIITeJibH0 6oJiblIIIIll nonepe'IHhlll 

IIMnyJihC. 

1Io.n:po6HO paCCM0TpeHa KIIHeTIIKa a.n:poHHhlX peaKIIIIll C o6pa30BaHII

eM II nornomeHIIeM ~-pe30HaHCOB II yKa3aH0 Ha B03MO)KH0e o6pa30BaHIIe 

,noJiro)KIIBymeil: pe30HaHCHOll IIJIII ~ MaTepIIII. Ilo.n KOTOpoil: II0HIIMaeTCH 

C0CT0HHIIe a:.nepHoro BemecTBa, Imr.n:a .D:JIIITeJibH0e (,::: 6 <l>M/c) BpeMH no 

cpaBHeHIIIO C BpeMeHeM )KII3HII CBo6o,n:HhlX ~-pe30HaHCOB 3Ha'IIITCJibHM 

-qaCTb (.no 30%) 6apIIOHOB HaX0.D:HTCH B ~ C0CT0HHIIHX c IIJI0TH0CTbIO, npe

Bhl1IIa10meil: H0pMaJibHYIO a:.n:epey10 nJI0TH0CTb B o6'beMe,::: 100 -150<PM3 . 

B Mo,neJIII ( cMoTpII pIIc. 4.2.1) o6pa3oBaHIIe .n:onrmKIIBymeil: ~ MaTepIIII 

HBJIHeTCH pe3yJibTaT0M orp0MH0ro 'IIICJia nocil:e,noBaTeJihHbIX B036y)K,neHIIll 

II pacna.noB ~-pe30HaHCOB B pa3JIII'IHhlX an:p0HHhlX peaKIIIIHX, CK0p0CTII K0-

T0phlX MoryT npeBhlrnaTb 60 peaKIIllll 3a 1 <l>M/ c. B CIIJIY 6oJibrnoro 3Ha'le

HHH ce-qeHIIH HaII6orree Ba)KHhlM .D:JIH pereHepanIIII ~-pe3oHaHCOB HBJIHeTCH 

nponecc 1rN --t ~-

IIoMn:Mo II3MepeHIIH pacnpe.n:erreHIIH no nonepe'IH0MY IIMnyrrhcy nIIo

H0B B o6JiaCTII MaJihlX IIMIIYJibC0M II pa3JIII'IHbIX IIHTepBaJiaX 6hlCTpOT, 

K0T0phle HaII6orree 'IYBCTBIITeJibHhl, K o6pa3oBaHIIIO II nornomeHIIIO ~

pe30HaHC0B, npe.n:rraraeTCH II3y'laTb xapaKTepIICTIIKII TH)KeJibIX -qacTIIII, B 

'laCTH0CTII, aHTIInpoT0H0B, TaK IrnK peaKIIIIII C yqacTIIeM ~-pe30HaHCOB 

M0ryT YCIIJIIIBaTb IIX pO)K.D:eHIIe ( CM0TpII TaK)Ke [20]). 
lfa pac'IeT0B 3B0JIIOIIIIII

0

nJI0TH0CTII 6apIIOHOB CJie.uyeT, 'ITO oHa M0)KeT B 
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4-:--5 pa3 npeBbIIIIaTb H0pMaJibHYIO 6apIIOHHYIO IIJI0TH0CTb no ,::: 0.14 <PM-3. 

PaCC'IIITaHHaH Me30HHaH nJI0TH0CTb TaK)Ke DhlC0Ka II ,!l0CTIIraeT 3Ha'IeHIIH 

no. PacC'IHTaHHM IIJI0TH0CTb 3Heprnn Il Te'IeHIIe 2 <l>M/c npeBhlIIIaeT KpII

TII'IeCKYIO (.UJIH qia3onoro rrepexo.ua B IrnapK-rJIIO0HHYIO IIJia3MY) IIJI0TH0CTb 

3Hepnm rrpn6JIII3IITeJihHo panHy10 3I' 3 B / cP M 3. 

2 

103 
all 8 

5 ••••••••••••••••••••••••••••••• .. ' 

10
~ : ••••~_exp(-l/11.5) 

• •"'"""""" ~t,. 
/\ ,5 .. ""~(o: =Ol 
..:, • • 7TN-d 

0 ~ • ~--> exp(-l/3.0) 
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5 . 000000000000000000 /\ 
o O • ,o-• ◊OO u 

~ .. i••••••• Si • Au 6 0000 
10 ♦ --> exp(-l/5.1) 

5 t t,. 
2~~~~~~~~~~~~~ 

0 2 4 6 8 10 12 14 16 18 20 

tern• fm/c 

P11c. 4.2.1: CpeAHee 411cno 6ap110HOB, po>KAeHHblX B ueHTpanbHblX (b = 1 
<t>M) S!Ap0-!'IAepHblX CT0nKH0BeHl1flX np11 10.6 Ar 3B KaK cpyHKU11fl Bpe

MeHl1. 4epHble T04Kl1 11 4epHble TpeyronbHl1K11 npeACTaBnfltoT C00TBeT

CTBeHH0 nonHoe 411Cno 6ap110HOB 11 AenbT, p0>KAeHHblX B ueHTpanbHblX 

Au+Au cTonKHOBeHl1!'1X. OTKpb1Tbre TpeyronbH11K11 npeAcTaBnfltoT cpeA

Hee 411Cno AenbT, p0>KAeHHblX B ueHTpanbHblX CT0nKH0BeHl1SIX Au+Au, B 

cny4ae, K0fAa Ce4eH11e n110H-HyKn0HH0ro B3al1M0AeHCTBl1Sl 6panocb paB

HblM Hynto. OTKpb1Tble 11 4epHble poM611K11 npeACTaBnSltoT 411Cno pO)KAeH

HblX.AenbT (AeneHttoe Ha 10) C00TBeTCTBeHH0 s ueHTpanbHblX Si+ Au 
11 Si+ Si CT0nKH0BeHl1SIX. npsiMble nl1Hl111 - pe3ynbTaT <pl1T11poBaHl1!'1 

pacnpeA:~eHl1H OT t = 6 <l>M/c AO nocneAH11X T04eK. 

J . 
B c1my '6oJibIIIOll CIWpOCTH a.upoHHbIX CTOJIKHODCHIIfI rrpn t ::; 6 <l>M/ C 

Ka)KCTCH, 'ITO CIICTeMa MO)KCT ,!lOCTH'lb XIIMIPICCIWro paDHODCCirn, 0,!lHaKo 

cpaDHCHIIC paDHODec:µ011: II paCC'IHTaHHOII IIJIOTHOCTCII MC30HOD rrpOTIIDope

'llIT 3TOMY rrpe.urroJI0)KeHIIIO. KaK IIOKa3hlDaIOT paC'ICThl, "c6poc" Ha'IaJib

HOll 3Heprmr rrpoIICX0,!llIT 0'ICHb 6hlCTpo, 3a DpCMH t ::; 4 <t>i-1/ C OT rrepnoro 

a.upoHHoro CTOJIKHODCHIIH. 3aTCM n OCHODHOM II.UYT yrrpyrnc peaKUIIII, KO

TOpbIC 3qlqJCKTHDHhl Il TC'ICHHC ,::: 13 <t>u/c II MoryT o6ccrre•IIITb TCIIJIODOC 
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paBHOBecue npu BpeMeHax 12 - 14 <f>M/c, 1wrna o,n:HoMepii:oe pacmupem1e 

cucTeMbI cMemreTc.si: H3oTpOIIHbIM. CnenaHa ouemm TeMnepaTypbr T ~ 150 
M3B 3Toro cocTo.si:mrn. 

B naparpacf>e 4.3 om1caHbl pe3y11bTaTbl 113y4eH11S1 .D.11HaMl1Kl1 B3al1MO.D.eii

CTBl1SI SI.D.ep np11 3HeprnHx ycKop11TeJ1S1 SPS-UEPH. Ilpe:;.K,n:e Bcero o6cy:;.K,n:a

IOTCH pac'!eTbl 6hlCTpOTHbIX pacnpenenemu1: npoTOHOB nmr ueHTpaJibHhlX 

CTOJIKHOBeHIIII .si:nep CBIIHUa npu :mepnrnx E;1a6 = 160 II 200 AI'3B, KO

TOphle IICTIOJib3YIOTCH nn.si: oueHKII TOpMo3HOH cnoco6HocTb .si:nep. IlaHHhle 

pac'!eThl, IIpIIMep KOTOpbIX npuneneH Ha pIIC. 4.3.1, yKa3bIDaIOT Ha 3Ha

'IIITeJibHhlC IIOTepH Ha'I·aJibHhlX IIpO.D:OJibHhlX HMIIYJibCOB HYKJIOHOD. Ilpen

BapHTCJibHhlC 3KCTICpHMCHTaJibHbie ,n:aHHbie [21] IIO.D:TBep:,r<:,n:aIOT 3TO npen

CKa3aHHC MO.D:CJIH. 
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P11c. 4.3.1: npe.D,cKa3aHl1SI MKrc .D,JlSI 6blCTpOTHblX pacnpe.D,eJleHl1H npo

TOHOB, po>t<.D,eHHblX B CTOJlKHOBeHl1SI SI.D,ep CBl1HU,a C np111.1,eJ1bHblM napaMe

TpOM b = 4 <l>M (cnnowHaSI rnCTorpaMMa 11 nyHKT11ptlaSI rncTorpaMMa) 11 

b = 10 <l>M (wTp11x-nyHKT11pHaS1 rnCTorpaMMa) np11 Ha4aJJbHOH 3Heprn11 

E;1a6 = 160 Ar3B. nyHKT11pHaSI rnCTorpaMMa paCC411TaHa B npeHe6pe

>KeHl111 BTOp114HblM11 B3al1MO.D,eHCTBl1SIMl1. 

KaK II npII 3Hepru.si:x AGS-EHJI, 3Ha'IIITeJibHa.sI non.si: 3HeprIIH ny'!Ka 

nneT Ha po:;.K,n:eHne 'IaCTIIU. Ilpu 3Heprn.si:x SPS-UEPH Ba:;.KHyro poJib n o6'b

.si:cHemrn TOpM03HOll CIIOC06HOCTII .si:nep urpaIOT D3aIIMO.D:e:IICTBII.lI "Heccpop

MIIponaHHhlX" 6apIIOHOD, conep:;.KaillHX naneHTHhle KnapKII II JllIKDapKII 

Ha'IaJibHhlX 6apIIOHOD, KOTOphlM pa3pemeHO B3aHMone:il:CTBOBaTb COOTBeT-
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t, <PB> I Po < Etot >, < E/at >, Nco/1 Npart 

<f>Mjc I' 3 BI (J) .M,3 I':,B/<P.M3 
0.30 2.7 3.25 1.79 9.8 44 
0.45 4.8 8.18 5.53 42 203 
0.60 8.0 13.8 7.06 132 567 
1.05 16.0 20.1 

. 
8.11 1090 2590 

1.35 13.9 16.8 6.31 2340 3370 
2.25 6.1 5.29 3.57 7770 3838 
4.05 2.6 2.03 1.87 18900 4030 

Ta611111.1,a 4.3.1: Cpe.D.HSISI 6ap110HHaS1 nnoTHOCTb < PB > / po, nnoTHOCTb non
HOH 3Heprn11 < Etot >, nJJQTHOCTb CKpblTOH 3Heprn11 < EJat >. 411CJ10 BCex 

CTOJ1KHOBeH11ii, Nco/1 !-1 411CJIO scex y4aCTHl1KOB Npart B u,eHTpanbHOM (b = 0.2 
<l>M) Pb+Pb B3al1MO.D,eHCTBl111 np11 3Heprn11 E;1a6 = 160 Ar3B, Bbl411CJleHHOe 

B MKrc KaK cf>YHKl.l,1111 speMeH11 t. 

CTBeHHO C ce'!eHH.lIMH B3aHMO.D:e:IICTDH.lI a,n:,n:IITIIBHbIX naJieHTHbIX KBapKOD 

B Te'IeHIIe BpeMeH cpopMIIpOBaHII.lI. 

Pacc'IIITaHHbie pacnpeneneHII.si: no nonepe'IHOMY IIMTIYJibcy oTpIIUaTeJib

HO 3ap.si::;.KeHHbIX '!aCTIIU D 3TOII peaKUIIII IIMeIOT 'IeTKO Bhlpa:;.KCHHYIO nnyx

KOMIIOHeHTHYIO CTPYKTYPY, no.si:BJieHIIe KOTopoH, KaK II npII 6onee HII3KIIX 

3HeprII.si:x, CD.sI3aHO C BKJia,naMII OT pacnanoB pa3JIII'IHhlX pe30HaHCOD. 

B 3TOM naparpacpe npencTanJieHbI nonpo6Hhle pac'!eTbI 3BOJIIDUIIH 6a

pIIOHHbIX II 3HepreTII'IeCKIIX IIJIOTHOCTell B ueHTpaJibHhlX CTOJIKHOBeHII.lIX 

0 + Au npII 3HeprII.si:x E;1a6 = 60 AI'3B II E;1a6 = 200 AI'3B II ueHTpaJib

HhlX CTOJIKHOBeHIIHX Pb+ Pb npII 3HeprIIII E;1a6 = 200 AI'3B. IloKa3ano, 
I 

'ITO J_IOKaJibH;a.sI IIJIOTHOCTb IlOJIHOll 3HeprIIII, JlOCTIIraeMa.sI B UCHTpaJibHhlX 

O+Au CTOJIKnonemrnx npII 3HeprIIII 200 AI'3B, npenhlmaeT 3Ha'ICHIIe KpII

TII'ICCKOll pnoTHOCTII 3HeprIIII (3I'36 / <P.M3). O.n:HaKo 3Ta cTanII.si: B3aIIMO

neHcTBII~ ·innieTc.si: CIIJibHO HepanHonecHoH, a BpeM.si: npoxo)Knemrn .si:nepHoH 

CIICTCMOil: 3TO:II CTa.D:IIII CJIIIillKOM KopoTKIIM - Menee 1 <PM/ c. KaK IIOKa3hl

BaIOT paC'ICTbl CIITyauII.si: C TO'IKII 3peIIII.lI cpa30BOro nepexona yny-qmaeTC.lI 

B UCHTpaJibllbIX S + s,~TOJIKHOBemrnx II HaII6oJiee 6JiaronpIIHTIIhlC ycnonmI 

nn.si: cpa30Boro nepexona Mc>ryT 6bITb nocTrrrnyThl B nenTpaJibIIhlX CTOJIK

HOBCHII.si:x .si:nep CBIIIIUa. :tylo,n:eJib npe,n:cKa3b!BaeT ( CMOTpII Ta6JIIIUY 4.3.1 ), 
'ITO Ha IIpOT.lI)KCHIIII ~ 2 <f>M/ C npeBbimaeTC.lI KpIITII'IeCKa.sI JlJI.lI cpa3onoro 

nepexona 6apIIOHHa.sI IlJIOTHOCTb ( ~ 5no)- IlpII 3TOM TIJIOTIIOCTI> TIOJIHO:II 
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3Hepnm:, 3Ha'IIITem,HaJI '!acn, ( E/at) KOTopoii: cocpe,noTo'leHa B HecqiopMII

ponaHHhlX a,npoHaX (n CTpyHax IIJIII KYCKaX CTpyH), TaK.JKe 0'leHI, BhlC0Ka. 

's naparpa<f>e 4.4 np11BeAeHbl pe3y11bTaTbl Bbl411c11eH11il nonepe4Horo noTo

Ka 6ap110HOB B CT0J1KH0BeHl1flX f!Aep CB11HUa np11 pa3Jll14HblX 3HeprnflX. O6cy

)K,IJ;aIOTCH B03M0.JKH0CTII 3KcnepIIMeHTam,Horo o6Hapy.JKeHIIH nonepe'IH0r0 

Il0TOKa B peaKU:IIII Pb+ Pb npII 3HeprIIII E,ia6 = 160 Ar3B. MaKCIIMaJih

HaJI BeJIII'IIIHa nonepe'IH0ro Il0T0Ka 6apIIOHOB, rrpe,ncKa3hlBaeMaH M0,IJ;eJihIO 

,nrra 3Toii: peaKU:IIII rrpII npIInerrhH0M rrapaMeTpe b = 4 <f>M, cocTamma r::::: 50 

M3B/c (cMoTpII pIIc. 4.4.1). 
200 

s2 100 
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P11c. 4.4.1: nonepe4Hblil noT0K < Px > /A pacceflHHblX np0T0H0B Bbl411-

CJleHHblil B MKrC Allfl peaKU1111 Pb+Pb np11 160 Ar3B Allfl .np11ue11bHOro 

napaMeTpa b = 4 ¢M. l--1HAeKCbl P 11 T o6oJHa4alOT TeopeT114eCKl1e 6bl

CTp0Tbl Allfl flAep CHapRAa. nyHKT11pHafl Jll1Hl1fl noKa3blBaeT pe3yllbTaTbl 

pac4eToB 6e3 y4eTa BTop114HblX nepepaccef!Hl1i1. 

3,nech rrpIIBe,neHhl pe3yJihTaThl .lI0II0JIHIITeJihHhlX pac'!eT0B rrorrepe'IHOro 

II0T0Ka 6apIIOHOB B paMKaX rII,npo,nIIHaMII'leCKOH M0,IJ;eJIII C .lIBYMH ypaBHe

HIIHMII C0CT0HHIIH [22]. rII,npo,nIIHaMII'leCKaJI M0,IJ;eJih rrpe,ncKa3hlBaeT 3Ha

'IIITeJihH0 6orrhmIIe, 'leM MKrC, MaKcIIMaJihHhle. neJIII'IIIHhI rrorrepe'!Horo 

rroT0Ka: 400 M3B / c II 200 M3B / c cooTneTcTneHH0 ,nrra a,npomioro ypaB

HeHIIH C0CT0HHIIH II ypanHeHIIH C0CT0HHIIH KnapK-rJIIOOHHOH nrra3Mhl. KaK 

II0Ka3aJIII oneHKII B03MO)KH0CTII 3KCnepIIMeHTaJibH0r0 onpe,nerreHIIH IlJI0C

K0CTII a,nepHoii: peaKn:IIIi, npe,ncKa3hlnaeMhIH MI<TC, 3q:>q:>eKT rroToKa Haxo

.lIIITCH Ha rpaHII ,neTeKTIIpyeMOCTII II Tpe6yeT II,IJ;eHTm;pnKaU:IIII rrp0TOHOB 
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PeaKum1 < J{~ > <A> <A> 
NA35p+p 0.17 ± 0.01 0.095 ± 0.010 0.013 ± 0.004 

MKI'Cp+p 0.21 0.15 0.015 

NA35p+S 0.28 ± 0.03 0.22 ± 0.02 0.028 ± 0.004 

MKI'Cp+S 0.34 0.24 0.023 

NA35S+S 10.7 ± 2.0 . 8.2 ± 0.9 1.50 ± 0.4 

MKI'CS+S 7.4 4.7 0.35 

MKI'C Pb+Pb 93.4 49.6 1.73 

Ta61111ua 4.5.1: CpasHeH11e 3KCTpano1111posaHHb1X K nonHoMy q>aJoBoMy o6b

eMy MHO>KeCTBeHHOCTeil HeilTpallbHblX CTpaHHblX, nony4eHHblX B 3KCnep11MeH

Te N A35 [24], c npeAcKaJaH11RM11 MKrC Allfl p + p, p + S 11 ueHTpanbHblX 

S + S 11 Pb+ Pb CTOJ1KHOBeH11i1 

n 6oJihIDOM TeJieCH0M yrne. 

B naparpaqie 4.5 AaH noApo6HblH aHa11113 po>KAeHl1fl HeilTpanbHblX cTpaH

HblX 4aCT11U B ueHTpallbHblX flAepHblX CT0J1KH0BeHl1flX np11 3Hepr1111 E,1a6 = 
200 Ar3B. C IICII0Jih30BaHHeM MKrC 6bmn paCC"IIITaHhI pa3nII"IHhie pac

npe,nerreHIUI A- II A-6apHoHon n 0TI)IIUaTCJihH0 1apa:,KeHHhIX "IaCTIIU, po-

2K.lICHHhIX B p+ W II ueHTpaJihHhIX CT0JIKH0BCHII.l!X S + lV, a TaK}KC pa3JIII'l

Hhie pacnpe,neJieHIIH 3TIIX "IaCTIIU II HCIITpaJihHhIX Ka0HOB B UC'HTpaJihHhlX 

S + S II Pb + Pb-cTOJIKHoneHHHX . .IlaHHhie BhI"IIICJieHIIH cpanmrnamrch co

oTneTcTneHHO C pe3yJihTaTaMII 3KCnepI1MCHTOB [23] II [24]. OhIJIO IIOirn3aHO, 

"ITO ,IJ;JIH pcaKIIIIII p+ W MKrC XOJ)0III0 B0CIIpOII3B0.IIIIT OTHOCIIT<'JlhHhI{I no 

0TH0IIICHIIIO K p02K.IICHIIIO OTpHWtTCJihH0 3apH}KE'HHhIX 'IaCTIIU BhIXO.ll A- II 

A-6apnoHon. O,n;Harm npn npnomnnTeJihHo rmppeKTHm.r omrcaHIIII HaKJio

non noncpc•mhIX cneKTpon .IIJIH pcaKuni"r p + lV n S + TV r-10.rrcnh no•rTn 

B 2 pa3a Hc.rrooueHHnacT oTHOCIIT<'JihHhii"r Bhrxo.rr A II A n U<'HTparrhHhIX 

cToJIKHOBCHIIHX S + W. IT pI1 3TOM oTHOIIICHIIC A/ A rrpanIIJihH0 nocnpmn

D0.IIIITCH ~o.rreJihIO. B Ta6mrue 4.5.1 npc.rrcTaBJICHhI cpe.rrmre MHO}KCCTBC'H

HOCTII Heifrpa.JihHhIX CTpaHHhIX 'IctCTIIU. lb Ta0mIUhI 4.5.1 BII.IIH0, 'ITO n 

neHTpaJihHhIX S + S CTOJIKHOBCHII5IX 110.ll<'Jlh 1anm1rncT no cpaBHCHIIIO C 

::m:crrepIIMCHTaJihHhIMH MH02KCCTBCHHOCTII A- II J{ - 'IaCTIIU IIJHIUPJ)HO B 2 
pa1a, a A-"IaCTIIU: rrpIIMepno n 4 pa.1a. B TmKe npeMH oHa rrpammhH0 <mn

ChlnaeT q:iopMhI 3KCIIepIIMCHTa.JihHhIX pacrrpe.rrcrrcmr{r ITO 0hICTJHlTC II no II0-

rrepe•1u0My IIMrryrrhcy .IIJIH 3TIIX a.rrponon. Hcy.rra•m r-10.rrcm1 n ofioHCH<'HIIII 

MHO:lKCCTBeHHOCTCfI uefITpaJihHhIX CTpaHHhIX •raCTIIU rrpII ::meprIIII ycKO-
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pnTen.a SPS-UEPH Mo2KeT cm1.n:eTem,cTnonaTh o KaKIIX-T0 CYIIleCTBeHHhlX 

HJMeHemrnx B MexamnMe pmK.n:emrn qacTirn:. 

B naparpate 4.6 onHcaHa pa3pa6oTaHHaH aHHaMH4ecKaH 4HcneHHaff Mo
aenb pacnaaa B3aHMoaeitCTBYIOlilHX KBapK-rnlOOHHblX CTpyH. IlpnneneHhl, 

paccqnTaHHhie B paMKax MI<TC ( ncnoJ1bJonanach nepc1rn onncaHHa.ll B na

parpa«pe 1.4), nll0TH0CTII KBapK-rmooHHhIX CTpyH .D:ll.ll ueHTpallbHhlX p+p, 
S +Sn Au+ Au CTOJ1KHOBemu1 npn ynhTpa-pen.aTIIBIICTCKIIX :meprII.ax. B 

qacTH0CTII, OHa COCTaBJ'I.lleT 9.8 CTpyH Ha <PM2 nmr ueH-,rpallbHhlX CT0J'IKH0-

BeHII:U: Au+ Au npII E 11 a6 = 200 AI'3B. KnapK-rmooHHhle CTpyHhl CIIllhHO 

nepeKpbIBaIOTC.ll He T0J'IhK0 n nonepeqHOH nll0CK0CTII, HO II no 6bICTpOTe, 

qTo cTaBIIT non COMHem1e IIcnoJ1hJonam1e B MKrC HeJaBIIcnMoro pacna

na OTnellbHhIX CTpyH. CornaCHO npennmKeHHO:U: KapTIIHe B3aIIMone:u:cTBII.ll 

CTPYH paccMaTpIIBaJ'IIICh TOJ'IhK0 napHhle BJaIIMOJJ:eIICTBII.ll o6hrqHhlX TpH

nneTHhIX CTPYH, qTo .l!Bll.llllOCh npnqnHoii BOJ6y;.K,n:emrn TpIInneTHhlX CTPYH 

(n OCH0BHOM Me;.K,n:y nIIKBaprrnMII) IIJ'III «popMIIponaHIIeM ceKCTeTHhlX II. OK

TeTHhIX cTpyH, 06pa3onaHHhIX uneTOBhIMH ncToqHIIIrnMn B SU(3) npencTa

nneHII.ax COOTBeTCTBYIOIUIIX pa3MepHOCTeH ([3]), ([6]) lI (18]). 
lin.a noCTO.llHHOro uneTHoro non.a, KOTOpoe COJ,n:aeTC.ll nnyM.ll npOTlIBO

noJ'IO)KHhlMII uneTOBbIMlI 3ap11naMII Q and -Q ( CTpCllKII o603HaqaJOT 8-
BeKTOpbI B SU(3)), nepo11THOCTb ponIITb napy napToHon c uneTOBbIMII Ja

p.anaMII C II -C, apoMaToM f n Maccon: M1 B e.n:rrnIIUY npeMeHII II Ha 

e,n:IIHIIUY nnIIHhl cTpyHhr, IIMe10rue11 nonepeqHy10 nnoruan1, At, onpenen11-

eTc.a «popMyllOM: 

w1(Q, C) = (1/4)A1(bQC) 2 exp(-Mj/bQC). (7) 

IlapaMeTp b cB.aJaH c K03¢¢IIuIIeHTOM HaT112Kemrn cTpyHhI K cornacHo nhl

pa2KeHIIIO K = (1/2)1rbQ2• ]IaHHa.a nepo11THOCTh, KOTopa11 IIcnon1,JoBaJ1ac1, 

npn MonenIIponaHIIII pacnana HOBhlX cTpyH, onpe.n:eneHa no aHanornn c Bhl

pa2KeHneM illBHHrepa nn11 nep011THOCTlI ponHTI, e+ e- napy B nocTO.llHHOM 

3JleKTpnqecKoM none [25]. 
KaK noKa3aJ'III pacqeThl, B3aHMonenCTBHe CTpyH JJ:OJ'I)KHO npIInonHTI, K 

Ha6J110naeMhlM 3¢¢eKTaM npII po;.KneHHII qacTIIll: B ueHTpallbHhlX .anpo

.anepHbIX coynapeHII11X. 3nech npencKaJ1,rnaeTc.a. nonanneHIIe MH02KeCTBeH

HOCTII o6pa30BaHHbIX nIIOH0B, nOBhlIIIeHHI,IlI BbIXOn czyaHHhlX 6apIIOHOB 

II aHTII6apIIOHOB II II3MeHeHIIe BeJlIIqlIH nnIIHHonenCTBYIOIUHX Koppel111UlI:U: 

MHO)KeCTBeHHOCTe:U:. 

§4.7 Bblsoabl. Ilo.n:nonIITC.ll IITor IIJyqeHII11 c rroMOIUhIO KIIHeTH'lecKon 

nepcuu MKI'C nIIHaMIIKII cTollKHoneHun MaccIJBHhIX 11nep npu 3Hepru.ax 
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ycKopIITenen AGS-BHJI u SPS-UEPH. 

3aKnIO-<IeHHe: KpaTKO c«popMyllIIponaHhl OCH0BHI,Ie pe3yJlbTaThl, OIIH

caHHbie B .D:IICCepTaUIIH, paCCMOTpeHa IIX H0BII3Ha II HayqHo-rrpaKTII'leCKa.ll 

3HaqIIMOCTI,. 

OCHOBHbIE PE3YJihTATbI 1I1ICCEPTAU1I1I 

1. BnepBble coJaaHa Moaenb KBapK-rnlOOHHblX CTpyH anH 3KCKnl03HBHOro 

onHCaHHff penffTHBHCTCKHX aapoHHblX CTOnKHOBeHHH. 

3Ta ¢eHoMeHonorIIqecKa.a MoneJlb coJnaHa B paMKax o6ruero rro.n:xona 

K OilIICaHIIIO a,n:p0HHhlX B3aIIMone:u:CTBIIM, OCHOBaHHoro Ha IInee TO

nonorIIqecrwro paJJ102KeHII11 B KXlI, nononHeHHo:u: o6ruenpIIH11ThlMII 

TeopeTIIqecKIIMII KOHUenUII11MII TaKIIMII, KaK pen2KeBCKOe rroneneHIIe 

aMIIJ'IIITynhl pacce11mrn anpoHon, rrapTOHHa.ll CTPYKTypa anpoHOB II 

Monen1, pen11TIIBIICTCKOH CTPYHhI. 

B naHHOlI MonenII MexaHII3Mhl B3aIIMonenCTBII11 anpoHOB CB.ll3hlBaIOTC11 

c Bhl6opoM orrpeneneHHbIX nIIarpaMM TononorIIqecKoro paJJ102KeHII11. 

B paMKax COJ,n:aHHOlI MOJJ:eJ'III rrponeneHhl IICCllenonaHII.ll MexaHII3MOB: 

• MHO)KeCTBeHH0ro pmK,n:eHH11 a.n:poHOB, BKJ'IIOqaIOIUIIX Me30HHhle II 

6apIIOHHbie pe30HaHCbI, CTpaHHhle II oqaponaHHhle qacTIIUhl, B pp
' pp-, 7r±p- II J(±p-B3aIIMone:u:cTBII11X npn BhlCOKlIX 3HeprII11x; 

• 2KeCTKoro pacce11HII1! II II3JlyqeHII11 rllIOOHOB rrpn KOJ'IllannepHhlX 

3HeprII11x; 

• aHTIInpoTOH-IIpOTOHHOlI aHHIIrIIJ111UIIII B o6naCT.llX IIMIIYllbCa Ha

lleTaIOruen qacTIIUbI 12 - 100 I'3B / c II rrpII 3TOM nnepnhle coJnaHa 

qncneHHa11 Monenh (KaK qacTb MKI'C) nn11 3KCKJ'II03IIBHoro orrII

caHn11 6apIIOH-aHTH6apIIOHHOlI aHHIIrIIJIHUIIII rrpII BhlCOKIIX 3Hep

r,~x; 

• nii«ppaKUIIOHHOli nIIccounauIIII CTaJ'IKIIBaIOIUIIXC.ll 'IaCTIIU rrpII Bhl

COKIIX 3HeprII11X. 

C ueJ'II,IO pacmIIpeHII11 06J1aCTII rrpIIMeHIIMOCTII MKrc lI yny'ImeHII11 

Ka'IecTna orrIIcaHII.ll 3KcnepIIMeHTaJlbHhlX naHHhlX 6hlna npenno2KeHa: 

e MO.D:II¢nKaUII.ll MKrc nn11 onncaHII11 B3aHMoneiiCTBII11 anpoHOB 

npn npoMe2KyTo'!HhlX 3HeprII11x. 
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Ha OCHOBe aHaJIII3a 6om,rnoiI COBOKYIIHOCTII 3KCIIepIIMeHTaJII,HhlX .rtaH

HhlX IIOKa3aHo, 'ITO pa3pa6oTaHHaJI MKrc naeT HaII6orree. IIOJIHOe 

cpe.n:II aHarrorII'!Hhlx 'IIICJieHHhlX (MoHTe-Kaprro) Monerre1r qieHoMeHo

rrorII'!ecKoe OIIIICaHne OCHOBHhlX CBOllCTB Heyrrpyrnx M}]TKIIX anpoH

HhlX B3aIIMO.rteMCTBIIll rrpu BhlCOKIIX 3Heprmrx, 'ITO HBmreTCH OCHOBOII 

.rtJIH rnnpoKoro IICIIOJib30BaHIIH MO.rteJIII B Ka'leCTBe reHepaTopa IICKyc

CTBeHHhlX co6hlTIIll, CTOJIKHOBeHirn a,n:pOHOB. 

2. Co3,D,aHHaff MKrc o6o6LI.teHa Ha c11y4a11 3KCKJ1I0311BHOro on11caHl1ff 

CTOJ1KHOBeHl111 a,D,pOHOB 11 ff,D,ep C ff,D,epHblMl1 Ml1WeHHMl1 np11 YJ1bTpa

peJ1HTl1Bl1CTCKl1X 3Hepr11HX. 

B rrpouecce o6o6meHuH MKfC n B rrpouecce aHaJIII3a 3KcrrepnMeH

TaJinHnrx ,n:aHHhlX B paMKax 3TOll MO.rteJIII BrrepBbie rrpe.rtJIO)KeHnI: 

• crroco6 pac'!eTa Heyrrpyrnx ce'!eHniI H.rtpo-H,n:epHhlx B3aHMo.n:eiI

CTBHM II pacrrpenerreHHll HYKJIOHOB-y'laCTHIIKOB, OCHOBaHHblll Ha 

'lIICJieHHOM MeTo,n:e MoHTe-Kaprro, KOTOphliI II03BOJIHeT II36eraTn 

rrpn6JilI)KeHHll, IICIIOJin3yeMhlX rrpn Bhl'llICJieHII}IX 3THX BeJIH'llIH 

npyrJIMII MeTo.uaMII; 

• 'IIICJieHHaJI rrapTOHHaJI peaJIII3aI(IIH 3TOll MO,UeJIII, ,UOCTOIIHCTBaMII 

KOTopoiI HBJIHeTCH qJII3II'leCKaJI HarJIH.rtHOCTI, npocTpaHCTBeHHO

BpeMeHHOll KapTIIHhl H.rtepHblX B3aIIMO,UellCTBHM; 

• qiopMaJIII3M II 'llIC~eHHblll MeTon y'leTa MHOrO'IaCTIPIHhlX 6o3e-

3llHIIITeMHOBCKIIX KoppeJIHUHII B paMKaM KJiaccII'lecKIIX MonerreiI 

- reHepaTopoB IICKYCCTBeHHhlX C06hlTIIll CTOJIKHOBeHIIll, KOTOpbie 

,UaIOT B03MO)KHOCTI, He TOJibKO Bhl'IIICJIHTI, n-'laCTII'!Hhle Koppe

JIHI(IIOHHI,Ie 4JYHKUIIII, HO II pacc'!IITnrnaTn MeTO.UOM cTaTIICTII'le

CKoro B3BeIIIHBaHirn BJIIIHHIIe n-'laCTII'IHbIX rwppeJIHI(IIII Ha pa3-

JIII'IHhle H3MepHeMble BeJIII'IIIHhl; 

• .rtIIHaMII'leCKaH Monerrn pacnana B3aIIMoneiICTBYIOillIIX CTPYH, 

C IICIIOJib30BaHIIeM KOTOpOll IIpe.rtCirn3aHO, 'ITO B3aHMO.rteIICTBIIe 

cTpyH MO)KeT rrpnBO.rtIITh K pH.UY Ha6rr10naeMnIX 3qiqieKTOB B H.rtep

HnIX coy.uapeHIIHX: ycIIJieHHOMy pmKneHIIIO CTpaHHblX 6apIIOHOB 

II aHTII6apIIOHOB, IIO,UaBJieHIIIO pmK,UeHIIH IIIIOHOB II .II3MeHeHIIIO 

.UJIIIHHo.ueiicTBYIOIIIHX KopperrHumr MHmKeCTBeHHOCTeiI 3apH)KeH

HhlX 'laCTIII(. 

C IIOMOIIlbIO .uaHHOII MO.rteJIII 61,mn rrpoBeneHhl pac'!eTbl pa3JIII'IHhlX 
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xaparnepIICTIIK H.rtCpHbIX peaKUIIfI rrpn Ha'laJibHbIX 3Hepnrnx E.1a6 2'. 
200 Af3B c uerr1,10 orrpenerremrn ycrrom1f1 rrp111\1eHIIMOCTII Monerrn, a 

TaK)Ke nnH n1,1pa60Tirn rrporpal\I!IIbI 3KcrrepIIMeHTaJinHhIX nccrrenoBa

HIIII Ha CTpOHIIIIIXCH H.rtCpHbIX KOJIJiafmepax. 

3. BnepBble C03,D,aHa Kl1HeTl14eCKaff sepC11ff MKrc ,!J,Jlff 3KCKJ1I0311BHOro on11-

caHl1ff CTOJ1KHOBeHl111 a,D,pOHOB 11 H,D,ep C ff,D,epHblMl1 Ml1WeHHMl1 np11 pe11ff

Tl1B11CTCKl1X 11 YJ1bTpa-pe11HTl1Bl1CTCKl1X 3Hepr11HX. 

B 3TOfI MO.rtCJIII rrpouecc H.rtepHoro B3aIII\IO.rteiicTBIIH OIIIICbIBaeTCH B 

TCpMIIHax O.UHO'IaCTII'IHbIX 4JYHKUIIfI pacnpe.uerremrn anpoHOB. IIpen

JIO)KeHHaH nepc1rn MKrc Il03DOJIHCT rrpono,UIITI, paC'ICTbI pa3nII'IHhlX 

Ha6rr10naeMhlX xapaKTCpIICTIIK pmK.rtCHHbIX 'IaCTIIU, nccnenonaTb 3BO

JIIOI(IIIO D3am,rnneiicTllIIH KOHC'IHhlX H.UCpHbIX CIICTCl\I II II3y'laTb cnofI

CTDa 6ecKOHC'IHOfr H.UCJ>HOfI MaTepuu. 

B npouecce pa3pa6oTirn IGIHCTIPICCKOr°I l\IO.UCJIII 61,mo II0JIY'ICHbl crre

.UYIOIIIIIC pe3yrrnTaThl: 

• cqiopMym1ponaHa CHCTCMa ypanHeHIIfI 6oJII,I(MaHOBCKOro Tuna 

,UJIH HaXmK,UCHIIH O.rtHO'IaCTIPIHbIX 4JYHKUIIr°I pacrrpenerremrn a.upo

H0D, Y'IIITnIBaIOIIIaH npe!lrn qiopl\mponamrn a.upoHon, a TaIGI~e rrpo

uecc1,1 DTOPH'IHbIX ynpyrnx II Heyrrpyrux CTOJIKHOBCHIII°r anpoHOD 

H pacrrana pe10HaHcon; 

• pa1pa60TaHhl 'IHCJICHHbie MCT0.rthl pernemrn naHHOr°I CIICTCMI,I 

ypaDHCHIIII II IIOCTpoeHIIH C IIOMOIIIbIO qJJHKUIIr°I pacrrpenerremrn 

pa3JIII'lHbIX xapaKTepncTIIK H,UepHOr°I peaKI(IIII, DKJIIO'IaH HCII3MC

pHeMhle npHMbIM o6pa30M IIJIOTHOCTII 6apIIOHOD, l\IC30HOB II npy

rux 'IaCTIIU, a TaIOKe IIJIOTHOCTII 3Heprmr II 3HTpomm; 

• nnepnnie lI3Y'ICH0 nmrnHIIC DT0PII'IHbIX nep<'JlclCCCHHIIr°I anpoHOD 

Ha H3MCpHCMbIC xapaKTCpIICTIIIm 'HtCTIIU, pmK.rt<'HHbIX D rrpoTOH

Hir:epHhlX II H.rtpo-HnepHbIX Heyrrpyrnx CT0JIKHODCHIIHX rrpn 3Hep

r~m E,ia6 = 200 Af3B; 

• nnepnhle paCC'IIITaHbl 4JYHKUIIII pacnpeneJICHIIH IICT0'IHIIK0D 31\UIC

CIIII 'IaCTIIU pa1Horo copTa n UCHTparrnHhIX coy.uapcmrnx anep ce

phl II a:nep 1orr0Ta npn 3HeprnII E.1a 6 = 10.6 AT3B. 

IIponeneHHbIC cpaDHCHIIH pa3JIIPIHbIX MO.rtl'JII,HI,IX xapaKT<'J)IICTIIK po

)K.rtCHHbIX 'Hl,CTIII( C 3KCIICJHil\1CHTaJibHbIMII naHHI,Jl\UI C I(CJII,IO YTO'I

HCHIIH rrapaMeTpon Moncm1 II orrpencrremrn ec o6rracTII rrpnl\IeHII-
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M0CTH rroKa3amr, 'ITO KIIHen1qecKa.11 nepc1rn MKfC ycrremHo om1-
c1,rnae_T 60111,myro C0B0KJIIH0CTI, 3KCIIepuMeHTa1IbHI,IX naHHhlX nrr.11 
rrp0T0H-.IIIlepHbIX II .11npo-.11nepHbIX B3am,10ne1ICTBII.IIX B rnnporwfI o6rra
CTH 3Heprm1 E,,. 6 = 10 - 200 Af::iB. 

4. B paMKaX C03AaHHOH K1tHen14eCKOH sepc1111 MKrc 6b1Jrn npoBeAeHbl 

IICCJleAOBaHltfl 380/IIOUIIH CIICTeM CTaJIKl!BalOll.lllXCfl f!Aep np11 YllbTpa

pellflTIIBIICTCKIIX 3Heprnflx. 

Ilpu 3T0M oco6oe BHHMam1e yne11.1111oc1, rrponeneHHIO neTarrbHhlX pac
'IeTon 3B01IIOUIIH y111,Tpa-pe11.1ITIIBIICTCKIIX ueHTparrI,HI,IX CT01IKH0Be
HIIH MaCCIIBHbIX .11nep 301I0Ta II .11uep CBIIHUa rrpu U0CTJIIHI,IX B HaCT0-
.11ruee npeM.II MaKCHMa1IbHbIX 3Heprirnx YCKOpHTerreII. 

IlpII Hccrreuonamm ::inorrroumr cucTeM cTarrKIInaroruuxc.11 .11nep 61,mH 
rrorryqeHbI crrenyroruIIe pe3y111,TaT1,r: 

• paCC'IIITaHI,I T0pM03Ha.lI crroco6HOCTb .11uep, npeMeHHhle 3B01IIOUIIII 
6apIIOHHOH II 3HepreTII'IeCKOII Il1IOTHOCTeii II uccrrenonaH norrpoc 
06 ycTaH0BITeHIIII Terrrrorioro panHonecirn B ueHTparrbHI,IX CT0ITK
H0BeHII.IIX .11nep 301I0Ta rrpu HaqarrbHOH 3HeprIIII E,ia6 = 10.6 Ar
::iB; 

• nrrepn1,re rrpencKa3aHa B03M0n(H0CTh o6pa3onamrn "pe3oHaHcHoii" 
H1III "nerrbTa" MaTepmI B ueHTparrbHI,IX CT01IKH0BeHII.IIX .11nep 30-
IT0Ta rrpII Ha'!arrhHOH 3HeprIIII E11 a6 = 10.6 Af::iB; 

• nrrepn1,re rrpencrm3aHa 3Ha'IIITerrhHaH TopM03HaH crroco6HocT1, 
.11.n:ep CBIIHUa, KOTopa.11 Il0ilTBepn(JJ:eHa 3KCrrepIIMeHTa1IbH0, II pac
C'IHTaHI,I BpeMeHHbie 3B01IIOUIIII 6apIIOHHOH II 3HepreTII'!eCKOH 
Il110THOCTeii B ueHTparrbHhlX CT01IKH0BeHII~X .11.n:ep KIICrropona II 
301I0Ta, .11nep cep1,r II .11nep CBIIHUa rrpII Ha'Ia~bHoii 3Heprim E11 a6 = 
160 - 200 Af::iB; 

• nrrepnhle .n:aHhl rrpencKa3aHII.II cyruecTnonaHu.11 rrorrepe'!Horo rroTo
Ka 6apHOHOB B peaKUHII CT01IKHOBeHIIH .11.n:ep CBIIHUa rrpII E11a6 = 
200 Ar::iB II HccrrenonaHhl B03M0n(H0CTII ero 3KcrrepIIMeHTarrbHoro 
Ha6rrronemrn; 

• nrrepnhle rrponeneH rronpo6HhlII aHarrH3 3KcrrepnMeHTa111,Ho o6Ha
pyn(eHHoro ycIIrreHH0ro pon(IleHH.II HeiiTp11.1II,HI,IX CTpaHHhlX qa
CTIIU B ueHTparrbHbIX .11nepHbIX CT01IKH0BeHH.IIX rrpII 3HeprIIII 
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E11 a6 = 200 Af::iB II ycTaHonrreHa Heo6xonIIMOCTb rrpIIBrre
qeHII.II HeTpanIIUIIOHHhlX MexaHII3M0B (n3aIIMoneiicTBIIe KBapK
rrrIO0HHhlX CTPYH) .n:11.11' 061,.11cHeHII.II 3Toro .IIBITeHII.II. 
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