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1 OBID;AJI XAPAKTEPHCTHKA PABOThI 

A1tryaJILHOCTL npo6JieMLI 

HecMoTpJI Ha ycnexn KBaHTono:ii xpoMo.n;HHaMHKH II03HaHne MexaHH3Ma 

"MJirKHx" a.n;poH-a.n;p0HHiilX, a.n;poH-JI.n;epHiilX ll Jl,lJJ)0-JI.n;CpHJ,IX B3aHMo,n;eii:

CTBH:ll: nee eme ocraeTCJI Hepemeaao:ii npo6neMott. Ha ee pemeane aa

npanJieHH MHoroqncneHHI:le 3KCIIepHMemu, peaJIHayeMue n IIJiaHnpyeMHe 

n pJI,n;e Kpy11He:iimnx cpnanqecKHX n;eHTpon Mnpa TaKHX, KaK BpYKXe:iinH, 

.[(apMmTa.n;T, .[(y6Ha n UEPH. Yme- noeyqeHH ymTpa-peJIJITnnncTcKHe 

nyqI{H JI.n;ep 30JI0Ta (EJia6=10.6 A r3B) lI JI.n;ep CBHHD;a (EJia6=160 A n1B) 

Ha ycKopnTeJIJix AGS-BNL (CIIIA) n SPS-CERN (IIIne:iin;apHJI). Be

;:i;eTCJI HHTeHcnnHaJI pa6oTa 110 coa.n;aHHJO JI.n;epHiilX KOJIJiatt,n;epoB RHIC~ 

BNL (CIIIA) n LHC-CERN (IIIne:ll:n;apHJI). 

.[(JIJI nHTepnperannn 11onyqeHHLIX ,n;aHHI:lX II n1,16opa Han6oJiee 11epc11eK

THBHiilX Ha11panJieHn:ii nccJie,n;onaHH:ii neo6xo.n;nMo paannnaTL cymecrnyro

mne TeopeTnqecKHe 110.n;xo.n;u II paannnaTL H0BliC, IIpHMCHHMI,IC BO BCCM 

,nHa11aaoae 3HeprIItt. 

Cpe.n;n TeopeTnqecKHX 110.n;xo,n;on, ncII0JII,3,YeMI:lx .n;JIJI anaJIH3a "MJirKHx" 

B3aHMO,D;e:iicTnn:ii, 11omaey:ii nan6oJII,mett 11011yIDipHOCTI,lO II0JII,3,YCTCJI M0-

,n;eJII, FRITIOF [1], 110JioH<eHHJ1 KOTopo:ll: JierJIH B ocnony conpeMeHHJ,IX M0-

,n;eJie:ii TaKilX, KaK M0,ll;CJII, peJIJITHDHCTCKOH KBaHT0B0:ii MOJieKyJIJipHoii .n;n

HaMnKH (RQMD) [2] n M0,ll;CJII, HIJING [3]. IllnpoKo npnMeHJIJOTCJI II 

11pe,n;CTaBJICHHJI KaCKa.n;Ho-ncrrapIITCJII,HaJI M0,ll;CJIIl (KHM) [4]. 

Ha.n;o 0TMCTilTl>, qTo aHaJIH3 a.n;poH-JI,n;epHLIX II Jl,lJJ)0-Jl,ll;CpHLIX B3anM0-

.n;e:iicTBHH B paMKaX Tex, IIJIIl HHLIX TeopeTnqecKHX 110.n;xo.n;on cymeCTBCHH0 

0CJI0}KHJICTCJI BJIHJIHIICM JI,n;epno:ii cpe.n;u Ha 11poneccLI MH0,KCCTBCHH0f0 po

iK.lJ.CHHJI qacTnn; . .[(yMaCTCJI, qTo xapaKTCpIICTHIGI 0Tpn:n;aTeJil,H0 38.pJI,KCH

HLIX qacTnn; B HaIIMCHLme:ii CTCIIeHII 110,n;nepmenu 3T0MY DJIHJIHillO. B TO 

me npeMJI xapaKTepIICTIIKH IIp0T0H0B B JHaqIITCJil,HO:ii Mepe 0Tpa»<alOT cy

ry6o JI.n;epHLie acpcpeKTLI. IloaToMy paa,n;eJII,H0e 1rnyqenne 7r--Me30Hon n: 
np0T0H0B II03B0JIJICT aHaJIIl3IIponaTI, paJJIHqHI,IC acneKTLI "MJirKHX" B3aII

MO,ll;CHCTBIIH. 

IllnpoKyro 6aay ,n;JIJI Ta1wro anaJillaa ,n;aJOT .n;aHHLie 2-x MeTpono:ii 11po-

11anonoit 11yaLipl>Kono:ll: KaMepLI JIB8 OI1.HI1, o6eyqenno:ii 11yqKaMH JI.n;ep c 

HMIIyJII,coM 4,2 raB / c, II ,n;aHHUe o.n;noMeTpono:ii no.n;opo.n;noii: KaMepu JIB9 

OI1.HI1, o6nyqennott IIyqKaMn ne:iiTpoHon. 

ll;eJIH H 3a.,z(aqu HCCJie'AOBaHH.11 

• AnaJIH3 ;:i;aHHiilX o nettTpoH-IIpOTOHHHX naaIIMo,n;ettcrnHJIX 11pn Pn = 

1, 25+5,1 raB/c C D;CJil,JO yTOqHeHHJI 11apaMeTpon Mo,n;eJIH FRITIOF. 
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8xa 3a,n;aqa llMeex CaMOCTOJITeJILHLiii: HHTepec nocROJILKY no3BOJIJieT 

npoBepnTL ocHOBHLie noJio»<eHHJI Mo.n;eJIH Ha rpaHnn;e o6Jiacxn npnMe
HHMocrn Mo.n;eJIH. 

• AHaJIH3 c~ecTByro:umx .n;aHHLIX o nponeccax MHOJRecrBeHHoro pom,n;e

HHJI 7r--Me30HOB B JI.n;pO-JI.n;epHLIX B3anMo,n;eikTBlIJIX B paMRax RacRa,n;ao

ncnapmeJILHO:ii Mo.n;eJIH n Mo.n;eJIH FRITIOF. 

• Ilo~eHne 3RCnepHMeHTaJILHLtX ,n;aHHLlX O 7r--Me3oHax lI npOTOHax, 

HafiJIIO,n;aeMLtX C noMOIIU,IO 2-x MeTpOBO:ii nponaHOBO:ii ny3HpLKOBOil: Ra

MepH JIB8 Ol:UIH c yqeToM nocJie,n;anx Mexo,n;nqecKHx n 3RcnepnMeH

TaJILHLIX ,n;ocTHJReHH:ii, n nx aHaJIH3 B paMRax Mo.n;eJIH FRITIOF. 

Hay'llHaJI H0BH3Ha pa60Tli1 

. BnepBHe Mo,n;eJIL FRITIOF ncnOJIL30BaHa .n;JIJI aaaJIH3a HyRJIOH-HyRJIOH

HLIX B3aHMo.n;eii:CTBn:ii npn 3HeprHJIX nopJI,n;Ka 1 r3B H BLIIIIe. 

BnepBHe Mo.n;eJIL FRITIOF ncnoJIL30BaHa .llJIJI cncTeMaTnqecRoro aHa

JIH3a nponeccoB MHomecrBeHHoro pom,n;eHHJI qacxnn B coy,n;apeHHJIX JI,n;ep c 

JI.n;paMn npn HMnyJILcax nopJI.n;Ka 4, 2 7 4, 5 A r3B / c. 

Ilo~eHLI 3KCnepHMeHTaJILHLie ,n;aHHHe O xapaKTepHCTHRax 7r--Me30HOB 

H IlpOTOHOB B JI,n;pO-JI,n;epHHX B3aHMo.n;eii:CTBHJIX C yqexoM paaJIHqHLlX MeTo

,n;nqecKHx oco6eHHocxeii: perncxpan;nn co6LITnii: B 2-x MeTpoBott nponaHo
Boii: nyaHpLKOBoii: KaMepLI JIB8 OH.RH. 

BnepBLle .llOCTHrayxo ycnenmoe, ROMnJieRCHOe onncaHHe yRa3aHHLIX .n;aH
HLlX B paMRax Mo.n;eJIH FRITIOF. 

Hay'llHaJI H npaKTH'lleCKaJI r(eHH0CTb 

Hayqaoe 3HaqeHne noeyqeHHLIX peayJILTaToB onpe.n;eJIJieTCJI TeM, qxo no

RaaaHa B03MOJRHOCTL pacCMOTpeHHJI Ha. e,n;nHo:ii OCHOBe pa3JlllqHLIX nponec

COB BO B3aHMO,n;e:iiCTBlIJIX JI.n;ep C JI.zq>aMn BO BCeM .llOCTHrHJTOM ,n;nanaaoHe 

ycRopnTeJILHLIX 3Heprn:ii. Ilpe.n;JiomeHHHe ycoBeprneHCTBOBaHHJI Mo.n;eJIH 

FRITIOF n no.n;6op napaMeTpoB Mo,n;eJIH noaBOJIJIIOT ycnernHo HHTepnpe

TnpoBaTL 3RcnepnMeHTaJILHLle .n;aHHLle H H3BJieRaTL CBe.n;eHHJI O MexaHH3Me 

peaRn;n:ii, npe.n:cRa3HBaTL BLIXO.n;H qacxnn B paaJIHqHLIX JI.n;epHHX peaRD;HJIX. 

IlocJie,n;aee HMeex 6oJILrnoe 3HaqeHne npn npoeKTnpoBaHnn pa,n;nan;noH

Ho:ii 3am;nxu ycRopnTeJie:ii n KOCMnqecKHx annapaToB, npn co3.n;aHnn 3JieR

TpoJI.n;epHHX ycTaHoBOR n perneHnn aa.n;aq TpaHcMyxannn pa,n;noaRTHBHLIX 
OTXO,Zl;OB. 

BcJI COBORynHOCTL nOJiyqeHHLtX pe3yJILTaTOB H MeTO.ZJ;OB MOJReT 6LITL HC

nOJIL30BaHa npn nJiaHnpoBaHHn HOBLIX HCCJie,n;oBaHH:ii B38HMO.n;e:iicrBntt JI.n;ep 
C JI.n;paMn npn BLICORHX 3HeprHJix. 
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Anpo6ar(HJI pa6oTbl H ny6mrnar(HH 

OcHOBHHe peayJILTaTLI ,n;nccepxannn 6HJIH npe.n;cxaBJieHH n Heo.n;HoKpaT

Ho .ZJ;OKJia,n;HBaJIHCb Ha MeJR.n;yHapo,n;HHX KOH<pepeHUHJIX, COBem;aHHJIX, ce

MlIHapax n IIIKOJiax no peJIJITHBHCTcRott JI,n;epHott <pH3HRe: "International 

Nuclear Physics Conference-INPC/98", 1998 IlapHJR, <I>paHn;HJI; " Inter

national Workshop on Relativistic Heavy-Ion Physics-RHIP'96", Ilpara, 

llexHJI, 1996; "XIII MeJR,n;JHapo,n;autt ceMHHap no npo6JieMaM <pII3lIKH BLI

coKHX 3Heprntt", .L(y6Ha, 1996; "International School-Seminar on High 

Energy Physics", roMeJIL, BeJiopyccHJI," 1997; " European School on High 

Energy Physics", .L(y6Ha, 1995; "XIV Mem,n;yaapo.n;auil: ceMnHap no npo-

6JieMaM <pH3lIKlI BbICOKlIX 3Heprntt"' .L(y6Ha, 1998, a TaRJRe .llOKJia,n;HBaJilICb 

Ha ceMHHapax JIB8 n JIBTA OHRH. 

OcHOBHbIC peayJILTaTbI ,n;nccepxannoHHOil: pa60TbI ony6JIHROBaHLI B 5 pa-

6oxax, cnncoR ROTOpbIX npnBO,n;HTCJI B ROHD;e aBTOpe<pepaTa, n B MaTepna

Jiax BLIIIIeynoMJIHYTLIX MCJR.PYHapO.n;HbIX KOH<pepeHn;nfi. 

O6-LeM H CTPYKTypa .n;uccepTar(HH 

,.Unccepxan;HJI cocTonT na BBC.llCHHJI, qexupex rJiaB, aaRJiroqeHHJI, o.n;aoro 

npHJIOJRCHllJI co.nepJRHT 101 CTpaHnn MaIIIHHOnncHoro TCRCTa, BKJIIOqaJI 21 

pncyaoK, 16 Ta6JIHD; n 6n6Jinorpa<pnIO H3 62 HaHMCHOBaHnil: Ha 5 CTpaHH

nax. 

2 CO,D;EPlliAHl1E ,D;l1CCEPTAIJ;l111 

Bo BBe.n;eHHH ,n;nccepxannn ,n;aH KpaTKHil: o6aop COBpeMCHHOro COCTO

JIHlIJI <pll3HKlI BbICOKlIX 3HeprH:ii, BLl.llCJICHbI aKTyaJILHbIC HanpaBJieHIIB HC

CJie,llOBaHnfi, c<popMyJIHpoBaHLI neJIH n aa.naqn ,n;nccepxannoHHoil: pa6oTLI, 

npe,n;craBJieH o6m;ntt nJiaH paccMoTpeHHJI. 

B nepuoii rnaue ,n;aHo onncaHHe 2-M nponaHoBoil: nyaLipLKOBott Ra

MepLI ,nnnR-500 JIB8, OHRH. IlpnBe,n;eHLI: CHCTeMa <poTorpa<pnpoBa

HHJI, xapaRTCplICTlIKlI MarHHTHOro noJIJI KaMepu, npoue,n;ypbl o6pa6oTim n 

RoppeRTllpOBKlI 3KCnepnMeHTaJILHLIX ,n;aHHbIX. IlpoCMOTp CTepeo<poTorpa

<pHil: npOBO.lllIJICJI Ha npocMOTpOBLIX cToJiax THna BilC-1, BilC-2. Oro-

6paHHLle·· npn npOCMOTpe co6LITlIJI ll3MepJIJilICL Ha noJiyaBTOMaTaX Tnna 

IIYOC II CAMET, pa6oxarom;nx Ha JIHHHH CBJI3n c 8BM. Ilpn npocMo

rpe perncTpHpoBaJIHcL Bee 3apJIJReHHLie rpeKH B co6urnn, a rai,me 1-
:KBaHTLI lI v0-qacTHIU,I (K~-Me30HLI lI A0-rnnepOHLI), CMOTpJIIIl;lle B roqKy 

B3alIMO,lleil:CTBHJI. 7-KBaHTLl perncrpnpoBaJIHCL no e+e- napaM OT KOHBep

cnn, a v0-qacTnDJ,I no aa·pJIJReHHLIM npo,n;yRTaM pacna.na: [(~ -+ 7r+7r-
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H AO --+ p7r-. Ha Ra}l(,l(OM TpeRe H3MepJIJIOCL OT 6 .no 20 ToqeR B 3a

BHCHMOCTH OT ero .l(JIHHH. KopOTRHe CJiem,r OCTaHOBJIHBaIOIUHXCJI qacTH:U 

H3MepJIJIHCL no .!J;B)'M TOql{aM: HaqaJio H OCTaHOBRa. ,UJIJI BOCCTaHOBJieHHJI 

Tun naauMo- IlepBH'lHLIH 't.JHCJIO ynp. + .ZUIQ>q>-
~eiicTBHH HMllYJil>C [r3B/c] co6LITHH paK~HOHH. 

p+C3Hs 4.2 12757 1982 

d+C3Hs 4.2 A 9016 557 

a+C3Hs 4.2 A 22975 973 

C+C3Hs 4.2 A 39544 1418 

p+C 4.2 8371 -

d+C 4.2 A 5807 -

a+C 4.2 A 13319 -

c+c 4.2 A 20594 -
lfrorn j 84292/4809(1 4930 

Ta6JI. 1: CTaTHCTHKa aKcnepnMeHTaJILHoro MaTepnaJia 2-M ,llJUIK-500. 

reoMeTpnqecRott RapTHHH co6HTH:t!: ncnoJIL3OBaJiac1, npol:'paMMa GEOFIT 

[5]. Cpe.n;une OWH6RH H3Mepemtii HMnyJILCOB qacTH:U COCTaBJIJIJIH BeJIH

qnHy < tl.p/p >= (11, 5 ± 0, 3)%. R,n;eHmcpnRa:UHJI nepnnqHii[x qacmn 

npoH3BO,n;HJiaCL no BH3yaJILHHM'RpHTepHJIM: HanpaBJICHHIO noJieTa, HOHH-

3aUHH H qHCJIY 8-3JieRTpOHOB. KaMepa HaXO,n;HJiaCL B MarHHTHOM noJie, 

qTo no3BOJIJIJIO pa3.n;eJIJITL OTpnnaTeJILHO H noJIO.lKHTCJILHO 3apJDReHHHe BTO

pnquHe qaCTHUii[ Ha <pOTOCHHMRax no 3HaRy RpHBH3HLI CJie.!J;OB. Cpe,n;H 

noJioJKHTeJILHO 3apJDReHHHX qacTH:U c HMnyJILcaMn p < 500 M3B / c no no

HH3aUHH BH3yaJILHO H.!J;CHTH<pHUHPOBaJIHCL 7r+ -Me3OHH H npoTOHH. OcTa

HOBJIHBaIOIUHCCJI B RaMepe qepHLie CJie.!J;hI cqnTaJIHCL rrpoTOHaMn, .!J;JIJI 1{O

TOpHX n.n;eHTH<pHRa:UHJI HatIHHaJiac1, c p > 140 M3B/c n rrpo6er L >0,2 

CM. IlpoH3BO.!l;HJIOCL CTaTHCTH'lCCROe pa3,n;eJieHHe 7r+ -Me3OHOB H npoTOHOB C 

HMnyJILcaMH 6oJILwe 500 M3B / c. CrreRTaTOpHLie cpparMeHTH HaJieTarow;nx 

JI,n;ep Bli[.!J;eJIJIJIHCL no oco6HM RpHTepHJIM. IlpH ROppeRTHpoBRe ,n;aHHii[X 

yqHTHBaJIHcL: nonpaBRa R HaqaJILHOMY 3HaqeHHIO HMnyJILca HaJieTaIOlll;HX 

JI.!J;ep, o6ycJIOBJICHHaJI HOHH3aUHOHHii[MH noTepJIMH H MHOroRpaTHHMH pac

ceJIHIDIMH qacTH:U; nonpaBRH Ha qacTHUii[ C HCH3MepeHHLIM HMIIYJILCOM H Ha 

nponyw;eHHHe qaCTH:UH (6oJILWHHCTBO tiaCTH:U C HeH3MepeHHHM HMIIYJILCOM 

HcnycRaJIOCL rreprreH.n;HRYJIJIPHO IIJIOCROCTH RaMepLI). 

,UJIJI BH,n;eJieHHJI ynpyrHX B3aHMO.!l;CHCTBHit HCnOJIL3OBaJIHCL RHHeMaTH

-.iecRHe RpHTepHH [6]. Ilo aHaJIOrH'lHHM RpHTepHJIM BLI.!l;CJIJIJIHCI, CJiyqaH 
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,n;H<ppaRUHOHHOH .!J;HCCOUHaUHH JI.!J;Cp cnapJI.!l;OB. CnennaJILHHe RpHTepn:n 

npHMCHJIJilICL .!J;JI1I H.!J;CHTHcpHRaUHH B3aHMO.n;eikTBlIH C JI.!J;paMH yrJiepo.n;a. 

Co6HTHJI, HeOTHeceHHHe I{ B3aHMO.n;e:ttcTBHIIM C JI.n;paMH yrJiepo;:i;a, cTaTHCTH

qecKH 6HJIH pa3,n;eJieHH Ha co6HTHJI B3aHMO)];eHCTBHH C JI.!J;paMH no;:i;opo.n;a lI 

yrJiepo;:i;a [6]. CTaTHCTHRa, HCIIOJIL3OBaHHHX B pa6oTe 3KCnepHMCHTaJILHHX 

,n;aHHHX c 2-x MeTpono:tt nponaHOBOH ny3LipLROBOH KaMepH JIB8 OR.HR, 

npnne,n;eHa B Ta6JI. 1. 
Bo BTOpoii rnane .n;HccepTaUHH paccMaTpnnaIOTCJI ncnoJILJyeMHe Te-

opeTnqecme Mo.n;eJIH: RacRa.n;uo-ncnapnTeJILHaJI Mo.n;eJIL (RRM) n Mo.n;eJIL 

FRITIOF. OcnoBHHe noJiomeHHJI KRM, H3JIO)I{eHHHe B §2.1, xopowo H3-

necTHH [4]. 
B §2.2 npe.n;cmBJieHH ocnoBHHe noJiomeHHJI Mo.n;eJIH FRITIOF [1]. Mo-

,n;eJIL FRITIOF npe,n;noJiaraeT ,n;nyxqacTnqnyro KHHeMaTHKY neynpyrnx a.n;

poH-a.n;poHHHX nJanMo.n;ettcrnn:tt a+b--+ a1 +b', r.n;e a' n lJ - Bo36y)K.!J;eHHHe 

COCTOJIHlIII HCXO)];HHX a.n;pOHOB a H b. Bo36y)K.!J;eHHLie COCTOJIHHJI xapaRTe

pH3YIOTCII Macco:tt, ,n;JIJI m~6opa KoTopoii ncnoJILJyeTcJI cJie.n;yrow;n:tt no;:i;

xo.n;: B cncTeMe neHTpa Mace cTaJIKHnarow;nxcJI a.n;ponon 3aROH coxpaneHHJI 

3HeprHH-HMnyJILca HMeeT BH.!J; 

Ea+Eb = Ea' + Eb, = ,.;s;,,, 
Paz+ Pbz = Pa'z + Pb'z = 0, 

(1) 

0 = Pa'l. + Pb'l., 

r.n;e Ea H Eb (Ea,, Eb,) 3Heprnn ncxo.n;uHX {KoneqnLix) a.n;poHOB a H b (a', b'), 
a Paz- lI Pbz- npo,n;oJILHHe KOMIIOHCHTH HMIIYJILCOB (npoeRUHH HMIIYJILCOB 

Ha OCL B3aHMO.n;e:ttcTBHJI). 
CKJia.!J;hIBaJI n BHqnTaJI nepBHe .n;na ypaBHeHHJI CHCTCMLI (1) npeo6pa-

3yeM ee K BH)];y 

P:+Pt° = P,;\"+Pi! 
P;; + pb- = P;;; + pb-; 

(2) 

o = Pa'l. + Pb'l., 

r;:i;e p+ = E + Pz, p- = E - Pz• 
IlpH BLICOKHX 3HeprlIIIX npn6JIH)KeHHO nMeeM: 

P;;; ~ m~,/2 I Pa'z I, PiJ' ~ mi,/2 I Pb'z 1 · (3) 

Ilo3TOMY, ncnoJIL3yeMoe B Mo.n;eJIH pacnpe,n;eJieHne no P;;; n Pi;, npno6pe

TaeT BH.!J; 

dW ~ dP;;;/P;;; ~ dm~,/m~,, 
dW ~ dPiJ' / Pj ~ dmifm~,. 
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Ilpe_neJIJ,l HaMeHeHHR Pa-; H It, onpe,neJ11norcJI KaK 

[.P;, pb-J, [ft, P:J. (5) 

B cn:yqae a,npoH-JI,nepH1,1X BaaHMo,ne:l!:crBml: ,n;JIJI nepBoro co_y)];apeHHJI aa

Jieraromero a,npoaa a c KaIGIM-JIH6o H)'RJIOHOM JI,npa ( a + N1 --t a1 + Nf) 
HCnoJILayeTCJI KHHCMaTHKa, onpe.neJIJICMM ypaBHeHHJIMH (2) - (5) .. .[J,JIJI 

BToporo co_y)];apeHHJI ( a' + N2 --t a" + ND ncnoJILayroTcJI aHaJiornqH1,1e 

COOTHOIIICHHJI, o,naaKo YCJIOBHe (5) aaMeHJieTCJI Ha ycJIOBHe 

[P.;;, PN2l, [P,t, Pj]. (6) 

B peayJILTaTe, B nocJie,D;OBaTCJILHLIX CO_y)];apeHHJIX npOHCXO,nHT nocJie,noBa

TCJILHOe JBeJIHqeHHe MaccLI a,npoHa a, ecJIH nepe,n;aqn nonepeqHoro IIM

nyJILca MaJIJ,l. 

8TOT )I{C no,n;xo,n; npIIMCHJieTCJI II npII Mo,n;eJIHpOBaHIIII JI,npO-JI,D;epHLIX B3a

HMQD;C:li:CTBIIH. 3,n;ecL paccMaTpHBaIOTCJI peaKUHH a1 + b' --t a11 + b11
• Pacnpe

,n;eJICHIIe no pa-;, II Pbt BLI6IIpaeTCJI B npe)I{HeM BII,n;e, a o6JiaCTL II3MCHeHII/I 

P.;;, II Pi;, onpe,n;eJIJieTCJI KaK 

[P.;7,P6-;J, [P,;,Pj]. (7) 

Pacnpe,n;eJieHIIe no nonepeqHoMy HMnyJILcy, KOTOpLIM o6MeHIIBaIOTCJI cTaJI

KIIBaromIIxcJI HYKJIOHLI, 6LIJIO BLI6pano B BII,D;e 

dW = b2e-BP:f.PrdPr, B = 3,33 (n~B/c)-2• 

<I>epMH-,ll;BII)I{CHHe HYKJIOHOB II npo:a;eCCLI paapyIIIeHHJI JI,D;ep yqHTI.IBaJIIICL 

KaK II B pa6oTe [7]. 
B TpeTheH rnane ,nnccepTaD;IIII anaJIH3IIpyroTcJI ,n;aHHLie o,naoMeTpo

Boii BO,n;opo,nao:il KaMepLI - IICCJie,n;yeTCJI BO3MO)I{HOCTL OIIHCaHHJI B paMKaX 

Mo,n;eJIH FRITIOF xapaKTepHCTHK 71'- -MeaoHOB n npoToHoB, po)I{,D;aIOmIIxcJI 

B HCHTpoH-IIpOTOHHLIX B3aHMO,D;eHCTBHJIX npH Pn=l,25-5,1 raB/c. Ilpo

BepKa MO,D;eJIII npII TaKIIX 3KCTpeMaJILHO HII3KIIX 3HeprHJIX npe,n;craBJIJICT 

oco6LI:ll: IIHTepec IIOCKOJILKy MO)I{HO o)I{II,D;aTJ,, qTo 3,ll;CCL He,n;ocraTKII MO,D;eJIII 

npoJIBJITCJI HaII6oJiee IIOJIHO. 

Ha pnc. 1 npe,n;cTaBJieHLI 3KCnepIIMeHTaJILHLie H pacqeTHLie pacnpe

,n;eJieHHJI 71'- -Me3OHOB no 6LicTpoTe y = ½ ln ~:;:, r,n;e E II pz-3HeprHJI II 

npo,n;OJILHLI:ii HMnyJILc 71'- Meaona. KaK BII.nHO II3 pIIcyHKa, pacrrpe,n;eJieHHJI, ' 

paccqIITaHH1,1e no IICXO,nHO:ll: MO,D;eJIII ( CM. CBCTJILie TOqKII), o6Jia,n;aIOT 6II

MO,D;aJILHOH CTPYKTypou, oco6eHHO npII HII3KIIX aHeprHJix. IlpII IIMnym,ce 

HC:li:TpOHa, paBHOM 1,25 raB/c, ,nnippaKUIIOHHM CIICTeMa C Macco:ll: 1,2 raB 

(MIIHIIMaJILHM Macca B036y)I{,D;eHHOro HYKJIOHa, npe,n;noJiaraeMM MO,ll;CJILIO 
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:mcnepuMeHTaJil>Hhle ,ZJ;al!Hhle •. CBeTnble TO'lKH - paC'leThl no HCXO,ZJ;HOII MO,ZJ;enH. CnnomHhle 

KpHBhle - paC'leThl no MQ!UllpHnHPOBaHHOl! BepCHH MO,lenH 
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aJq>OHOB. IlonoMy MOilUIO O,llH03Ha'IllO CRa3aTL, 'ITO 6nMo.n;am.HaJI crpyR

Typa paC'leTHoro pacupe.n;eJieHHJI He JIBJIJieTCJI CJie,ZJ;CTBHe~ .n;H<ppaJmHOHHOH 

.nnccoI01a1nm a.npoHoB, a OTPruKaeT aHH30Tpoumo pacua.n;a CTPYH c MaJioii: 

Maccott. IlpJIMoe Mo.n;eJIHpoBaHHe pacua.n;on crpyH c MaJiott Maccott uo

Ra3aJio, 'ITO 6HMo.nam.Hrur cTpyxTypa xapaRTepHa ,Zl;J1JI pacua.n;on cTpyH c 

Maccott Mem.me HJIH paBHott 1,7 ThB. B pacua.ziax Ta:KHX cTpyH ,n;oMHHH

pyIOT .n;nyxqacTwnme RaHaJII,I. Ilpn 6om.mnx Maccax ,Zl;OMHHHpyIOT MHO

roqacrwnme RaHaJII,I pacua.n;a, H pac'leTHI,Ie pacupe.n;eJieHHJI cTaHOBJITCJI 

60Jiee peryJIJipm.am. YllHTLIBM xapaRTep aRcnepmrnHTam.HLix pacupe.n;e

JieHHii: IlplI Pn = 1,25; 1,73 raB/c, n .nnccepTaillilI upe.n;JIOiKeHO Mo.n;eJIHpo

BaTL H30TpOUHLitt pacua.n; crpyH c MaJiott Macco:tt B c;ryqae .n;nyxqacTH'Illoro 

RaHaJia pacua.n;a. rpaHH'!HOe 3Ha'leHHe MaCCLI CTPYH - 1,7 raB, HHiKe l{O

TOporo npHMeHJIJiaCL upe,n;JiaraeMrur upone.n;ypa, BLI6paHo H3 Tpe6onaHHJI 

Han;ryqmero ouncaHHJI 3KCnepHMeHTam.HLIX .n;aHHLIX. RaR BH,llHO H3 pHC. 

1 ( CUJIOmHLie RplIBLie)' 3TO U03BOJilIJIO upaRTH'leCKH TO'IHO OUHCaTL 3l{CUe

pHMeHTam.HLie pacupe,n;eJieHHJI. 

Mo.n;em, upe.n;cRa3LIBaJia cpe,llHne uouepeqHLie HMnym.cLI, upenocxo,ZJ;JI

IIJ;lle COOTBeTCTBYIOIU;He 3RcnepHMeHTam.HLie 3Ha'leHHJI ,name upn lI3MeHe

HHH xapaKTepa pacua.n;a cTpyH c MaJio:ll: Macco:ll:. IloaToMy .n;JIJI yMeHL

meHHJI cpe.n;Hero nonepe'!Horo HMnym.ca 61,ma yMeHLllleHa MHHHMam.HaJI 

Macca B036ym,n;eHHLIX HYKJIOHHLI.X COCTOJIHHfi ,ZJ;O 3Ha'leHHJI 1,1 raB. 

BailUILIMH xapaKTepHCTHKaMH B3aHMo.n;e:ttcTBH:ll: JIBJIJIIOTCJI ceqeHHJI OT

.n;em.HLIX KaHaJIOB peaimHtt np-B3aHMO,n;eficTBH:ll:. B .n;HCCepTa.UHH npe.n;

CTaBJieHLI pacqeTHLie TonoJiornqecKHe ceqeHHJI peaKnn:ll:, HOpMHpoBaHHLie · 

Ha aKcnepHMemam.Ho H3MepeHHLie noJIHLie HeynpyrHe ceqeHHJI. IloKa-

3aHo, 'ITO MO,n;em, Ka'leCTBCHHO BOCnpOH3BO,!J;HT COOTHOllleHHJI MeiK,!l;y Tono

JIOrH'lCCKHMH ce'!eHHJIMH. B TO me BpeMJI, pacxom.n;eHHe MeiK,!J;y 3KCne

pHMeHTam.HLIMH H pac'leTHLIMH ceqeHHJIMH OT.n;em.HLIX KaHaJIOB peaimn:tt 

MomeT 6LITI, ,!J;OBOJil>HO 6om.mHM. 

AHaJIH3 cneKTpOB npOTOHOB .n;aeT .n;onoJIHHTefilHYIO HH<pOpMailHIO H no-

3BOJIJieT TO'!Hee onpe.n;eJIHTI, napaMeTpLI MO,ZJ;eJIH. )lJIJI aHaJIH3a HCnOJII,30-

BaJIHCI, .n;aHHLIMH no CJie.n;yIOIU;HM peaimHJIM: 

np--+ pp1r-; 

np --+ pp1r-1ro; 

np--+ np1r+1r-. 

(8) 

(9) 

(10) 

B peaKIOIH (8) corJiaCHO MO,ZJ;eJIH ,Zl;OMHHHpyIOT nponeccLI .n;H<ppaKIOIOHHO:ll: 

.n;HCCOIOlanHH HaJieTarom;e:tt qacTHilLI. B peaimHH (9) - nponeccu .n;nyxnep

mHHHott .n;H<ppaKIOIH. 

8 

HaKoHen, B peaimm1 {10) MLI HMeeM paBHLie BKJia,n;LI uponeccon O,llHOBep

mHHHOH n .n;nyxnepllIHHHOfi .n;HippaKIOlii. IloaTOMY H3ytJeHne yKa3aHHLIX 

peaimntt no3BOJIJieT uponepHTL pa3JIH'IllLie KOMUOHeHTLI MO,ZJ;eJIH. 

Ha pnc. 2 npe.n;cranJieHLI aKcnepHMeHTam.HLie n pactJeTHLie pacnpe

.n;eJieHHJI npoTOHOB no 6LICTpOTaM B np-B3aHMo.n;eficTBHJIX. RaK BH,llHO H3 

pncyHKoB, B aKcnepnMeHTam.HLIX .n;aHHLIX o peaimHJix (8) Ha6JIIO.n;aeTcJI 

6HMo.n;aJILHM CTpyxTypa pacnpe.n;eJiemtii. IlHK npH MaJII,IX 6LICTpoTax o6y

CJIOBJieH coxpaHHBllIHMCJI upOTOHOM MHmeHH. IlnK upH 6oJILmHX 6LICTpO

TaX CBJI3aH c npoToHaMH, o6pa30BaBIIIHMHCJI npn .n;Hippaimnn HaJieTaIOIU;HX 

qacTHil. B peaRnHJIX (9) CTPYRTYPa pacupe.n;eJieHHii BLipruKeHa ropa3,n;o 

cJia6ee. HaKoHen, B peaRnHJIX (10) HMeeT MecTo npenyYIU;ecTBeHHOe o6-

pa3oBaHHe npOTOHOB B o6JiaCTH ipparMeHTaIOIH MHllleHH. 

PacqeTLI no HCXO,n;HOMY BapHaHTY llO,!J;eJilI corJiaCyIOTCJI C ,n;aHHLIMH no 

peaRnHJIM (8) H (9). B TO me npeMJI pacqeTH pacnpe.n;eJieHHfi ,n;JIJI peaK

IlHH (10) HMeIOT nHK B o6~aCTH y ~ 1, 8, HeHa6JIIO.n;aeMLI:ll: B 3KcnepHMeHTe . 

AHaJIH3 pacqeTOB IIOKa3aJI, 'ITO IIHR B pacupe.n;eJieHHH npoTOHOB, o6pa30-

BaBllIHXCJI npII .n;HippaJmHH HaJieTarom;e:ll: qacTHilLI no KaHa;ry n'-+ n1r+1r
Haxo.n;HTCJI B o6JiaCTH y ~ 0, 4 ( CM. CBeTJILie KBa.npaTHLIC TO'IKH Ha pHC. 2e ). 

B TOM me MeCTe Haxo.n;HTCJI nHK H B pacnpe,n;eJieHHH IIpOTOHOB npH .n;HippaK

IlHH IlpOTOHOB MHllleHH no KaHa;ry p' -+ p1r+1r- ( CM. TeMHLie KBa.npaTHLie 

TO'IKH Ha pHC. 2e). B TO me BpeMJI IIHK n pacnpe,n;eJieHHH npOTOHOB, 

o6pa3oBaBllIHXCJI B nponeccax .n;nyxnepmHHHOii .n;HippaJmHH ( n' -+ p1r-, 
p' -+ n 7r+)' JieiKHT B o6JiaCTH y ~ l, 8 ( CM. 3Be3,ll;O'IKH Ha pnc. 2e). 

IlpocTe:ll:llIHfi IIYTL ycTpaHeHHJI pacxom,n;eHHJI - .n;onycTHTL 3apJI,ll;OBLlil: 

o6MeH MeiK,!J;y cTaJIKHBaIOIU;HMHCJI a.npoHaMH B nponeccax ".n;nyxnepllIHHHOii 

.n;HippaJmHH", 'ITO H 6HJIO c,n;eJiaHO B ,!J;HCCepTa.UHH, TO ecTL, B 50 % c;ryqaeB 

.n;ByxBepmHHHOfi .n;Hippal{IlHH npoH3BO,!l;HJICJI o6MeH 3apJI,ll;OM MeiK,!J;y cTaJIKH

BaIOIU;HMHCJI HYKJIOHaMH. 9TO II03BOJilIJIO JIY'lllle OIIIICaTL peal{IlHlI (10), HO 

HeCl{OJII,l{O yx)'JUil1IJIO OillICaHIIe peaimIItt (9). 
TaKHM o6pa30M, B paMKax cpaBHIITefilHO npocToil: Mo.n;eJIII y.n;aJIOCL .n;o

CTH'IL KOMUJieKCHOrO onIIcaHHJI cneKTpOB. 7r- -Me30HOB lI IlpOTOHOB B np
B3aIIMo.n;eil:CTBHJIX, 'ITO IIMeeT 6oJILllIOe 3HatJeHHJI ,ll;JIJI MO,!J;eJIHpOBaHHJI a.npoH

JI,n;epHLIX lI JI.n;pO-JI,n;epHLIX B3aHMO.n;eiiCTBIIH IIplI BLICOKHX 3HeprHJIX. 

B .zni:ccepTanIIII npe,n;cTaBJICHH pactJeTLI cpe,n;HeH MHomecrBeHHOCTlI 7r 
Me30HOB B pp-, pn- lI nn-B3alIMO.n;ettCTBHJIX nplI 6oJiee BLICO:KHX 3HeprHJIX. 

IloKa3aHo, 'ITO npe,n;cKa3aHHJI MO,D;eJilI C lI3MeHCHHLlMlI 3HatJeHIIJIMlI napa

MeTpOB corJiacyIOTCJI C 3KCnepIIMeHTaJILHLIMlI ,n;aHHLIMlI B npe,n;eJiaX 8-9% 
lI 6-7% ,Zl;J1JI pp- lI pn-,nn-B3aHMo.n;eil:CTBH:ll:, COOTBeTCTBCHHO. 
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B 'leT»epToH rnaue ,zuiccepTarum auaJllIJHpyIOTCJI nponeccH Muome

CT»euuoro po,R.D;eHHJI 'laCTHU B a,u;poH-JIJlepHHX H JliqJO-JI,nepHHX B3aHMO

.ne:ttcTBIDIX. llpe.ncTaBJieHH pactJeTY cpe,nue:tt MHO,ReCTBeHHOCTH 71"- -MeJOH

OB B pA-BJal!IMO,neiICTBHJIX npu BYCO:Kl!IX 3HeprHJIX. lloRaJaHo, 'ITO Mo,neJib 

FRITIOF uocnpouJBO,lUIT MHomecTBeHHOCTH po,R.D;eHHHX 'laCTHU B npe.ne

Jiax 7%. 
B §4.2 paCCMaTpBBalOTCJI pacnpe,neJieHHJI no MHO,ReCTBeHHOCTH 71"- -MeJO

HOB B JI,Zq>O-JIJlepHhIX »'Jal!IMo,ne:iiCTBIDIX. Ha pl!lc. 3 npe,ncTaBJieHH 3RCnepl!I

MeHTaJThHHe ,naHHHe, noJIY'leHHhie C nOMOIUblO CTpHMepuo:ii RaMepbI (TeM

Hble TO'IRH), BMeCTe C pac'leTaMH no RaCRa,nuo-ncnapHTeJibHOH MO,neJlll (rH

CTOrpaMMbl) n no Mo,neJlll FRI TIO F ( c»eTJIHe TO'IRH). 8RcnepHMeHTaJibHHe 

.naHHHe 6HJlll HOpMHpOBaHHbl Ha ce'leHne po,R.D;eHHJI HO'.eHx tJaCTl!IU ( a prod) 

C n;eJibJO a,neRBaTHOro cpaBHeHHJI C npe,ncRaJaHHJIMH TeopeTH'leCRHX MO,ne

Jie:tt - B Mo,neJIJIX He Y'IHTHBalOTCJI RBaJnynpyrne peaRD;HH, conpoBo,R.ZJ;a

eMHe pa3BaJIOM o,nuoro l{Jlll o60HX CTaJIRHBaJOIUHXCJI JI,nep 6e3 po,R.D;eHHJI 

Me3OHOB • 

RaR Bl!l,n:HO l!l3 pHCYHRa, l!IMeeT MeCTO CHCTeMaTH'lecRoe OTJlll'IHe pac

'leTOB no RHM OT 3RcnepnMeHTaJibHHX ,naHHHX - Mo,neJib JaBHIIIaeT MHO

mecrneHHOCTb po,R.D;eHHhIX qacTHn;. B TO me upeMJI, Mo,neJib FRITIOF Ha 

Y,Z~lIBJieHHe xopomo BOCilpOH3BO,lUIT 3RCnepnMeHTaJibHble pacnpe,neJieHHJI. 

B Ta6JI. 2 npnue,neHbl pactJeTHHe n 3RcnepHMeHTaJibHHe JHa'leHHJI cpe

,nue:tt MHO,ReCTBeHHOCTH 71"- -MeJOHOB BO BJaHMo.zie:iicTBHJIX JI,nep C JI,npaMH 

TaHTaJia npH HMnyJibce 4,2 r3B / c Ha HYRJIOH »MecTe c pactJeTaMH no Mo

,neJlll RBapR-rJIJOOHHbIX CTpyH. RaR Bl!l,n:HO HJ Ta6JIHD;bl, RHM n MRrc He

y;D;OBJieTBOpl!ITeJibHO onHCHBaJOT po,R.D;eHHe OTpHn;aTeJibHO 3apJI,ReHHhIX qa

CTHD; Ha TJI,ReJIHx JI.npax TaHTaJia npH paccMaTpHBaeMOH 3HeprHH BJaHMO

.ne:ttcTBHH. 

B §4.3 aHaJlll3HpyIOTCJI pacnpe,neJieHHJI 71"- -Me3OHOB, po,R.D;alOIUHXCJI B 

JI,Il;pO-JI,D;epHYX BJaHMO,D;eHCTBHJIX, no RHHeMaTH'leCRHM nepeMeHHhIM. Ha 

pnc. 4 npnne.neHbl 3RCnepnMeHTaJibHHe (rncTOrpaMMbI) H pactJeTHhle pac

npe.neJieHHJI no nonepe'IHOMY HMnyJibcy 71"-MeJOHOB B Jllq)O-JI.n;epHhIX B3aH

MO,D;eACTBHJIX. PactJeThl no RHM npe.ncTanJieHhl JIOMaHhIMH JIHHHJIMH, 
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I 

I 
1 ,, 

··1;·_.' 
,, 

' 

j d+Ta I He+Ta IC+Ta I CCLIJIKH II 
9Rcnep. 0.86± 0.03 1.42 ± 0.06 3.40± 0.04 [8] 
FRITIOF 0.85 1.52 3.64 -

KMM 0.78 2.66 5.58 -

MKrc - - 5.18± 0.04 [8] 

Ta6n. 2: Pac'leTmie H 3KcnepuMeHTaJibHLle 3Ha'leHHJI cpe,1:1Hefl: MHOJKeCTBCHHOCTH 1r- Me3o

HOB BO B3aHMO,llefl:CTBHJIX H,llep C H,llpaMH TaHTaJia DpH HMDJJibCe 4,2 f3B/c Ha HJKJIOH 

pactJeTLI no MO,Zl;eJIH FRITIOF-cBeTJILIMH TOtJRaMn. Mo.lRHo BH,Zl;eTI, ,!l;O

BOJILHO xopomee comacne pactJeTOB no MO,!l;eJIH FRITIOF c 3RcnepnMeH

TaJILHLIMH ,Zl;aHHLIMH. Iloman:yit, Han6onee cym;ecTBeHHLie pacxolR,Zl;emm Ha-

6JIIO,Zl;aIOTCJI TOJILRO ,Zl;JIJI o:+Pb-B3alIMO,Zl;eii:cTBllli npn Pr :S 0, 2 r3B/c. ,ll;JIJI 

Bcex B3anMo,Z1;eii:cTBHil: B 06!1acT11x Pr > 0, 2 r3B/c pactJeTHLie BeJmtJHHLI 

HeCROJILRO npeBLIIIIaIOT 3RcnepnMeHTaJILHLie 3HatJeHHJI. KHM, RaR BH,Zl;HO 

lI3 pncyHROB, npe,!1;CRa3LIBaeT 3HatJHTeJILHYIO MHO){{eCTBeHHOCTI> tJaCTlID; C 

Pr :S 0, 2 r3B/c, oco6eHHO B 0: + Pb -B3aHMO,Zl;eil:cTBlIJIX. 

Ha pnc. 5 npe,Zl;CTaBJieHLI 3RcnepnMeHTaJILHl>Ie ,Zl;aHHLie n pactJeTHLie 

pacnpe,Zl;eJiemm 7r-- Me30HOB no 6LICTpOTaM BO B3alIMO,Zl;eHCTBlIJIX 0:-tJaCTlID; 

C Jl,!l;paMH npn HMnyJILce 4,5 r3B/c Ha HYRJIOH. rncTorpaMMaMH npe,!1;

CTaBJieHLI 3RcnepnMeHTaJILHl>Ie ,!l;aHHLie, pactJeTl>I no MO,!l;eJIH FRITIOF -

cBeTJILIMH TOtJRaMn, a pactJeTH no KHM - JIOMaHHMH JlllHlIJIMH. KaR BH

,!l;HO H3 pHCYHROB, KHM 3aBLimaeT MHOlReCTBeHHOCTI> BTopH'IHLIX qacTnn;, 

polR,Zl;a10m;nxc11 B o6nacTJix cpparMeHTaD;Hil: J1,Z1;ep-MnmeHeil: (y ~ 0). Oco-

, 6eHHO ClIJILHO 3TO npeBLIIIIeHne npoJIBJIJieTCJI B pacqeTax xapaRTepHCTlIR 

B3aHMO,!l;eil:cTBHH c TJl){{eJII,IMH JI,!l;paMH. Mo,Zl;Hq>lID;HpOBaHHM nporpaMMa 

FRITIOF, npn Been ee npocToTe, 3HatJnTeJILHo JIY'IIIIe onncLIBaet 3Rcne

pnMeHTaJILHLie ,Zl;aHHLie. 

B §4.5 aHaJIH3npyIOTCJI ,Zl;aHHLie npo17aH0Boil: ny3Lip1>RoBoil: RaMepLI JIBq 

OHJIH, nonyqeHHLie npn yqacTlilI aBTopa ,Z1;HccepTan;lilI. PaccMoTpeHne 

HatJHHaeTCJI C H3ytJeHHJI xapaRTepHCTlIR 7r-- Me30HOB. B Ta6JIHD;e 3 npe,!1;

CTaBJieHLI cpe,Zl;HHe MHO){{eCTBeHHOCTlI 7r-- Me30HOB B 3aBHClIMOCTlI OT MaCCLI 

J1,Z1;pa-cHap11,Z1;a BMeCTe CO 3HatJeHlIJIMH, pacctJHTaHHLIMlI no YJIY'IIIIeHHOH 

BepclilI MO,!l;eJIH FRITIOF. KaR BH,Zl;HO H3 rn6JIHIU>I, MO,!l;eJIL comacyeTCJI 

c 3RcnepHMeHTOM B npe,Zl;eJiax (3, 6, 6 n 8)% ,Zl;JIJI pC, dC, o:C II CC B3an

MO,!l;eil:CTBHil:, COOTBeTCTBeHHO. Han6oJILIIIee pacxolR,Zl;eHHe Me){{,Zl;y 3RCnepn

MeHTOM lI MO,!l;eJILIO Ha6JIIO,Zl;aeTCJI ,Zl;JIJI CC-B3aHMO,Zl;eHCTBHil: (8%). 
B Ta6Jmn;e 4 npHBe,Zl;eHLI cpe,Zl;HHe 3HatJeHHJI RHHeMaTH'leCRHX xapaR

TepHCTHR 7r--Me3oHoB B pC-, dC-, o:C-, n CC- B3aHMo,Zl;eil:CTBHJIX npn 
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PHC. 4: Pacrrpe,!\eJieHHH OTpm1aTem.HO 3apHJKeHHLIX 'laCTHII B H,!lpO-H,!\epHLIX B3aHMO,!\el!

CTBHHX rrpH 4,5 A raB/c no rronepe'IHOMY HMITYJILcy. 

p=4,2 raB/c/HyKJIOH. Han6om,mee pacXO)l(,!l;CHHe MC)l()l;y 3KCilepnMeHTOM 

n Mo,n;eJIH Ha6mo,n;aeTcJI B cpe,z:urnx nonepei:i:HI,IX nMnym,cax 'iT- - MeaoHOB B 

npe,n;eJiax 4%. 
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PHc. 5: Pacnpe,!leJieHHH 'Ir- -Me3OHOB no 6blcTpoTaM B R,!1pO-HJlepm,1x B3aHMO,!\el!cTBHRX npH 

4,5 raB/c/HYRJIOH 
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~ CTaTHCTHKa 
p+C -

qHCJIO co6. 8124 

9Kcnep. 0.41 ± 0.02 

FRITIOF 0.42 ± 0.02 

Tun peaKun:li 

d+C ! o+C 

6937 11537 

0.69± 0.03 0.98 ± 0.03 

0.73 ± 0.03 1.03 ± 0.01 

c+c 
" 

20405 

1.43± 0.02 

1.55 ± 0.02 

Ta6JI. 3: Cpe,n;1rne MHOIKeCTBeHHOCTH 1r- Me:30HOB B ueynpyrax (p, d, a, C)+C B3a1rno,1J.ell

CTBIIJIX npH HMnym,ce p=4,2 f3B/c/HYKJIOH. 

Ha pnc. 6 npe,ncraBJiem,1 pacnpe,neJieHwr 1r-- Me30HOB no KHHeMaTnl:!e

cKHM nepeMeHHLIM - P,Pl., 0, Y, HOpMHpOBaHHLie Ha noJIHoe 1:JHCJIO co6L1THH, 

B cpaBHeHHH c pac1:JeTaMn no MO,ZJ;eJIH FRITIOF. Ha pnc. 6a npe,ncTaBJieHLI 

nMnym.cHLle pacnpe,neJieHIDI 1r- - Me30HOB B CC-B3aHMo,ne:iiCTBIDIX npn nM

nym.ce p=4,2 A I'::lB/c. Mo,nem. HeCKOJII,KO npeBLIUiaeT 3KcnepnMeHTaJII,

HLie 3Ha1:JeHIDI npn HMnyJII,cax 0,2-0,6 r3B/c. ,[(aJiee pa3HOCTL Me,K.ZJ:y 3KC

nepnM~HTOM n MO.ZJ:eJIH yMeHLUiaeTcJI. Ha pnc. 6b ,nam,1 pacnpe,neJieHIDI no 

nonepel:!HOMY HMnyJII,cy: pac1:JeTHL1e 3Ha1:!eHIDI npeBLIUiaIOT 3KcnepnMeH

Tam.uLie npn PT ~ 0, 2 - 0, 5 

Tnn peaKIUI:li 
Cpe,ZJ;Hne 3Ha1:!eHIDI KHHeMaTntieCKHX nepeMeHHLIX 

PJia6 [r3B/c] 0Jia6 [rpa,n.] Pr [r3B/c] BLICTpOTa,Y 

pC 9Kcnep. 0.50 ± 0.01 50.71 ±0.6 0.24± 0.01 0.83 ±0.01 

pC FRITIOF 0.48±0.03 49.10 ± 0.3 0.23± 0.01 0.86 ±0.06 

dC 9Kcnep. 0.55 ± 0.01 45.27 ± 0.5 0.25 ± 0.02 0.96 ±0.01 

dC FRITIOF 0.54 ± 0.02 44.61 ±0.2 0.24± 0.01 0.97 ± 0.07 

aC 9Kcnep. 0.57 ± 0.01 44.24±0.3 0.25 ± 0.01 0.99 ± 0.01 

aC FRITIOF 0.57 ± 0.02 43.40±0.3 0.24± 0.01 1.01 ± 0.01 

CC 9Kcnep. 0.59 ± 0.02 41.10 ± 0.2 0.24± 0.01 1.08 ± 0.01 

CC FRITIOF 0.60± 0.01 40.92 ± 0.1 0.24± 0.01 1.09±0.03 

Ta6n. 4: Cpe,!l.HHe aaaqeHH/1 KHHeMaTHqecKHX nepeMeHHLIX 1r--Me3oHOB B (p, d, a, C)+C 

B3aHMO,!J.eltCTBHJIX npH HMilJJlbCe p=4,2 f3B/c/HJKIIOH 

r3B / c. Ha pnc. 6c cpaBHHBaIOTCJI pacnpe,neJieHIDI no 6L1cTpoTaM: 3Kc

nepnMeHTam.uoe n pac1:JeTHoe pacnpe,neJieHIDI 7r- - Me3oHoB nMeIOT MaK

CHMJM npn O,ZJ;HOM H TOM me 3Ha1:JeHHH 6LICTpOTLI Yo ~ Yc.u..M. ~ 1, 1 ,Zl;JIJI 

N N-B3aHMo,ne:licTBHfi. Pac1:JeTHLie 3HaqeuIDI npeBLIUiaIOT 3KcnepnMeHTaJII,

HLie B o6JiacTJIX cpparMeHTallHH JI,ZJ;ep (y ~ -0, 5 + 0, 5 n y ~ 1, 5 + 2, 5). 

Ha pnc. 6d npe,ncraBJieHLI yrJIOBLie pacnpe,neJieHIDI 7r--Me30HOB. -Bn,ZJ;Ho, 

16 

qTo MO,ZJ;em. 3aBLIUiaeT BLIXO,Zl; 7[- - :1,{e30HOB npn MaJILIX yrJiaX 0 ~ 0° + 30°. 

I1o3TOMJ Yl:JeT nornmn:eHIDI 7[- -Me30HOB B JI,ZJ;paX-OCTaTKax B paMKax MO

.neJIH FRITIOF MOiKeT cnoco6crBoBaTL JIYl:!UieMJ Bocnpon3Be,neHHIO 3Kcne

pnMeHTaJILHl,IX 3aKoHoMepnocreii. B n:eJioM, cornacne pac1:JeToB c 3Kcnepn

MeHTaJILHLIMH ,ZJ;aHHLIMH BnoJIHe y;n:oBJieTBOpHTeJILHOe. 

,[(aJiee paCCMaTpHBaIOTCJI 3KCnepHMeHTaJILHLIX .naHHLIX O BLIXO,ZJ;e npo

TOHOB. B Ta6JIHue 5 npe,ncraBJieHLI cpe,Zl;Hlle MHOiKecTBeHHOCTH npoTOHOB

y1:JaCTHHKOB BO B3aHMO,ne:ikTBIDIX JI,ZJ;ep C JI,ZJ;paMH yrJiepo.na npn HMnym,ce 

p=4,2 A I'3B/c B cpaBHeHHH c pacqeTaMH no Mo,neJIH FRITIOF. 

'6 2.5 rl: 

' (a) ~ 5 z z E 17 (b) "'Cl "'Cl z 2 •Si:cn. z + ' ' - -FRmOF 

1.5 I 3 

2 

~ \ I 
0.5 

Q I I I I I I I I I I I I I II 
0 0 0 1 2 3 0.5 1 1.5 

P (rr,B/c) Pr (1'9B/c) 

(D).035 f 0.7 
"'Cl 

' "'Cl ~ 0.03 
~ 0.6 z - ~-025 

0.5 

0.4 
0.02 

0.3 0.015 

0.2 0.01 

0.1 0.005 

0 
0 2 4 - 0 50 100 150 

y a• 

PHc. 6: Pacnpe,11eJ1eHHJI no RBHeMaTHqecKHM nepeMCHHLIM OTPHI{aTeJII,HQ 3ap111KCHH.LIX qa

CTHJl B CC- B3aHMo,11eltcTBHJ1X npH HMnym,ce p=4,2 A f3B/c/ayKnoH • 

. 1.7 



RaR BH.u;HO H3 Ta6mr:a;H, TO'IHOCTL Mo,n;emr cocTaBJIJieT 10; 0; 5; n 7 % 
cooTBeTCTBeaao ,n;JIJI pC, dC, aC n CC-B3anMo,n;ettcrBnii:. Han6om.rnee pac

xom,n;eane aa6mo,n;aeTcJI B npe,n;eJrax 10 % ,n;JIJI pC-B3anMo.n;eii:CTBHH. 

II CTamcTnRa I p+C I~ . d+~n plaim:!c I c+c 11 

l.lncJio co6. 8124 6937 11537 20405 
9Rcnep. 1.80± 0.01 2.05 ±0.02 2.91 ± 0.01 4.46 ± 0.02 
FRITIOF 1.99 ± 0.02 2.05 ±0.03 2.77± 0.01 4.13± 0.06 

Ta6n. 5: Cpe,11;1rne MH0JKecTBeHH0CTH npoT0H0B-yqacTHHK0B B aeynpyrnx (p, d, a C)+C 

B3RHMO~eil:cTBIIHX npH HMnym.ce p=4,2 f3B/c/uyKJ10H. 

B Ta6JI. 6 npe,n;craBJieHH cpe,u;Hne 3aaqeaHJI RHHeMaTnqecmx xapaR

TepncTIIR npoTOHOB-yqacTHIIROB B yRa3aHHHX 11,n;po-11,n;epHHX B3aIIMo,n;ett

CTBHJIX. HaII6om.rnIIe pacxom,n;eaHJI aa6mo,n;aroTcJI B cpe,n;HIIX yrJiax II cpe

.u;HHX HMnym,cax npoTOHOB B pC -B3aHMO,D;eHCTBIIJIX (B npe,n;eJiaX 9-10 %). 

Tnn peaR:a;nfi 
Cpe,n;HHe 3aaqeaHJI RHHeMaT1Iqecmx nepeMeHHHX 

PJia6 [I':::iB/c] 0Jia6 [rpa,n;.] Pr [r3B/c] BHcTpoTa, Y 

pC 9Rcnep. 1.30 ± 0.09 36.01 ±0.8 0.43 ± 0.04 0.78 ± 0.02 
pC FRITIOF 1.17±0.03 39.29 ±0.3 0.42 ± 0.01 0.72±0.07 
dC 9Rcnep. 1.27 ± 0.06 36.63 ±0.5 0.43 ± 0.02 0.76 ±0.05 
dC FRITIOF 1.25 ± 0.02 38.42 ± 0.2 0.44 ± 0.01 0.75 ±0.09 
aC 9Rcnep. 1.47 ± 0.07 33.27 ± 0.5 0.45 ± 0.02 0.88 ±0.08 
aC FRITIOF 1.45 ± 0.02 33.65 ± 0.3 0.40± 0.01 0.81 ±0.06 
CC 9Rcnep. 1.75 ± 0.05 27.58·± 0.3 0.46 ± 0.02 1.05 ±0.04 
CC FRITIOF 1.80±0.01 26.79± 0.1 0.44 ± 0.01 1.07±0.07 

Ta6n. 6: Cpe~He 3Ha'JeHHJI KHHeMaTH'leCKHX nepeMeHHLIX np0T0H0B-y'laCTHHK0B B (p, d, 
a, C)+C B3aHMo~ellcTBHHX npH HMnynLce p=4,2 f3B/c/ayKnoH. 

Ha pnc. 7 npe,n;cTaBJiem;r 3RcnepnMeHTaJILHLie II pacqeTHHe pacnpe,n;e

JieHHJI npoToHOB no RHHeMaTnqecmM nepeMeHHHM B CC-B3aIIMo,n;e:ll:CTBHJIX. 

Ha pIIc. 7a npHBe,D;eHH IIMnym.cHHe pacnpe.n;eJieHHJI npoTOHOB. IIpeBLI

IIIeHHe 3RcnepnMeHTaJll>HHX ,n;aHHHX pacqeTHHX 3Haqeanfi aa6JIJO,n;aeTCJI B 

o6JiaCTII p = 0, 4 + 1, 0 r3B/c. Ha pnc. 7b npe,n;cTaBJieHH pacnpe,n;eJieHHJI 

npoTOHOB-yqaCTHHROB no nonepeqHOMJ HMnym.cy. Mo,n;em, ae,n;oo:a;ennBaeT 

aKcnepnMeHTamHLie 3uaqeHHJI npn PT ~ 0, 3 + 0, 4 r3B/c. Ha pnc. 7c 
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noRa3aHI,I pacnpe.n;eJieHIIJI npOTOHOB no 6HcTpOTaM. BII.u;HO, qTo 3RCnepII

MeHTaJIJ,Hoe pacnpe.n;eJieHIIe IIMeeT )];Ba MaRCHMyMa npII y ~ 0, 2 II 1, 5 II 
MIIHIIMJM npII y R: 1, 1. AcHMMeTpIIJI 6HCTpOTHHX pacnpe.n:eJieHII:ll: npoTO

HOB o6ycJIOBJieHa pa3HHMII YCJIOBIIJIMII perIIcTparum npOTOHOB C pa3mrq

HHMII HMnyJil>caMII II BH,D;eJieHneM CTpIInITIIHrOBHX npoTOHOB. PacqeTHOe 

pacnpe,n:eJieHIIe TaRo:ll: a_cIIMMeTpIIII He IIMeeT. Mo.n:em, RaR BII.u;Ho, ne,n;o

onenIIBaeT BHXO,n: Me.n;JieHHHX npOTOHOB B o6JiaCTJIX <pparMeHTa:a;IIII 11.n:ep. 

Ha pnc. 7d noRa3aHH yrJIOBHe pacnpe,n:eJieHHJI npoTOHOB-yqacTHIIROB. BII

.u;Ho, qTO MO,D;eJIJ, nepeo:a;eHIIBaeT BHXo,n: npOTOHOB npII MaJIHx yrJiax. 
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Pnc. 7: Pacnpe~eJ'IeHHH no KHHeMaTHqecKHM nepeMeHHI,IM np0T0H0B-yqacTHHKOB B CC
B3aHM(),Z{el!cTBHHX npu 4,2 A f3B/c/ayKJ1ou. 
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P11c. 8: J],ByxMepm,1e ::mcrrep11MeHTaJ!hHhle pacrrpe,neneHIIH rrpOTOHOB-yqaCTHIIKOB B CC

B3allMO,l\eil.CTBIIHX np11 4,2 A f3B/c. 

Ha pHC. 8 H 9 rrpe,[!;CTaBJieHl>l )];BYXMepHI,re :~KCIIepHMeHTaJibHI,re H pac

'!eTHble pacrrpe,[!;eJieHIUI rrpoTOHOB-y'!aCTHHKOB B HeyrrpyrHX cc B3aHMO

,[J;eiicTBHJIX B Jia6. CHCTeMe. Ha pHC. 8 BH)];HO '!eTKOe pa3,[J;eJieHHe o6JiaCTeii 

4.>parMeHTauuii JI)];ep MHIIIeHeii H JI)];ep-cHapJI)];OB. Pacrrpe)];eJieHHe rrpoTo

HOB C Pr < 0,5 Pc>B/c no 6bICTpoTaM xapaKTepH3YIOTCJI JIBHO BblpameHHbIMH 

MaKCHMyMaMH B o6JiaCTJIX q>parMeHTaUH:H JI,[!;ep yrJiepo,[!;a H MHHHMYMOM B 

ueHTpaJibHOH o6JiaCTH. 

B pac'!eTHhIX pacrrpe,[!;eJieHHJIX TaKaJI cTpyKTypa BblpameHa ropa3,[J;O cJia-

6ee. 8To CBJI3aHO c He,[J;OCTaTO'!HO TO'!HbIM y'leTOM rrpoueccoB, rrpoHCXO,[J;JI

ru:HX B JI,[!;pax - ocTaTKaX. 
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B ueJIOM, MO)I{HO c.n;eJiaTI, BhlBO.ll O Ka'leCTBeHHOM corJiac1rn: ITpe.n;cKa3a
HHH MO.n;eJIH C ,:mcITepHMeHTaJII,HhlMH .n;aHHhlMH XOTJI IIMeIOTCJI HeKOTOphle 
pacxoJR.ZJ:eHHe B qiopMe aKcITepIIMeHTaJII,HhlX II pac-.:i:eTHhlX pacITpe.n;eJieHHil: 
npoTOHOB ITO KIIHeMaTH'leCKHM ITepeMeHHhlM B CC-B3alll\IO.ZJ:eil:CTBHJIX. ,n:e
TaJII,HOe onHcaHIIe xapainepHCTHK ITPOTOHOB B o6JiaCTJIX qiparMeHTaUHH 

JI.n;ep BCe em:e OCTaeTCJI npo6JieMOH. 
B aaKJIIO'leHHH ,l\HCCepTan;HH KpaTKO cqiopMyJIHpOBaHhl OCHOBHhle 

pe3ym,TaThl. 

Pe_3_~JlbTaThl, npeJ!CTaBJIJieMhle K 3ain;HTe: 

1. AHaJIH3 pacITpe.n;eJieHIIH Jr- -Me30HOB H npoTOHOB ITO 6IJCTpOTaM H ITOITe
pe-.:i:HhlM IIMnym,caM B np-B3a:HMO.n;eil:CTBHJIX npII IIMITym,cax Pn = 1, 25-:-5, 1 
raB/c B paMKax Mo.n;eJIH FRITIOF. 3a c-.:i:eT ITO.ll6opa ITapaMeTpoB Mo,n:eJIH 
.ZJ:OCTIIrHyTo KOMnJieRCHOe OITIICaHHe np-B3aIIMo.n;eitCTBHH . 
2. Pac-.:i:eThl cpe,n;Heil: MHOJReCTBeHHOCTII Jr- - Me30HOB B pp-,pn-, nn-B3aII
Mo.n;eiiCTBIIJIX B nrnpOROM ,LUiaITa30He 3HeprIIH OT 2 .n:o 400 raB B paMRaX 
MO.ZJ:Hq>IIUIIpOBaHHoil: Mo.n;eJIII FRITIOF. IloKa3aHo, 'ITO 1110.n;em, BOCITpOII3-
BO.ZJ:IIT MHOJReCTBeHHOCTI, Jr- - Me30HOB B npe.n;eJiax 8-9% .llJIJI pp- B3aIIMO

.n:eil:cTBIIH II 6-7% .llJlJI pn - II nn- B3aIIMo.n;eil:CTBIIH. 
3. Pac-.:i:eThl B paMRax Mo.n;eJIH FRITIOF cpe,n;Heil: ·MHoJRecTBeHHOCTII Jr- -

Me30HOB B a.n:poH-JI.ZJ:epHhlX B3aIIMO.n;eil:CTBIIH B .n;IIaITa3oHe 3HeprIIii: OT 2 .n:o 
400 raB, corJiacyrom:IIeCJI C 3KcnepIIMeHTaJII,HhlMII .n;aHHhlMII B npe.n;eJiax 

7%. 
4. AHaJIII3 xapaRTepIICTIIR Jr--Me30HOB, poJR.n;aIOll(IIXCJI BO B3clIIMO.n;eiiCTBII1IX 
a--.:i:acTIIU II JI.n;ep yrJiepo.n:a c H.n;paMII ITpII IIMITYJibcax p=4,5 A raB/c, ITO 
.n;aHHhlM CTpIIMepHOH RaMephl, B paMKaX RacKa.ZJ:HO-IICIIapIITeJibHOH MO.lleJIII 
II Mo,LUiq>IIUIIpoBaHHoii Mo.n;eJIH FRITIOF. IloRa3aHo, -.:i:To Mo.n;eJib FRITIOF, 
B OTJIH'IIIe OT RaCRa,n;Ho-IIcnapIITeJibHOH MO,Zl;eJIII, xoponrn OITIIChlBaeT pac
npe.n;eJieHHJI Jr--Me30HOB no MHOJReCTBeHHOCTII, 6IJCTpOTe II ITO ITOITepe-.:i:

HOMY IIMnyJii,cy. 
5. 8RCITepIIMeHTaJibHhle .n;aHHhle O pacnpe.n;eJieHHJIX Jr--Me30HOB II npo
TOHOB no KIIHeMaTII'leCKIIM nepeMeHHhlM BO B3aIIMO.n;eil:CTBII1IX ITpOTOHOB, 
.n:eiiTpoHoB, a--.:i:acTIIU II H.n;ep yrnepo.n:a c H.n;paMII yrnepo.n:a npII IIMITym,ce 
4,2 A raB/c II IIX aHaJIH3 B paMRaX MO.n;eJIII FRITIOF. IloRa3aHO, 'ITO 
Mo.n;em, FRITIOF, Hey-.:i:IIThlBarom:aH pacna.ZJ:I,I pe3oHaHcoB B xo.n:e 6IJcTpoil: 
CTa,LUIII B3aIIMo.n;eiiCTBIIH, xoporno BOCIIpOII3BO,LUIT OCHOBHhle 3KCIIepIIMeH
TaJII,H1Je 3aROHOMepHOCTII. TpY.ZJ:HOCTb rrpe.n;cTaBJIJieT .n;eTaJibHOe, ROJIII'le
CTBeHHOe OIIIICaHIIe cneKTpOB rrpOTOHOB, Bhl6IIBaeMhlX II3 H.n;ep . 
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