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PeaKllHB paemeoneJiBSI OpB BlaRMon.eiteTBBH Op6TOBOB C 3BeprueA 1.1 r'lB e iIlJ.paMH 
KpeMHBJI. flpenpHHT HT3¢; 12-03 I 

AA.BaceHKO, H.,D..ranaHHH8, K.E.rYCCB, B.C.)leMH.QoB. E.B.,ueMH.QoBa, H. B.KHPffHlfHHKOB. B.A. 
KYlHeuoo. fi.H.flrumoB, A.IO.COKOJIOB, A.C.CTapoCTHH. H.A.x8J1,lleeB8. M. 2003. 29c 

H3MepeHbl CeqeUKJ! 06pa30BaHIDl B036yJK.!leHflhlX H,llep B peaxuHH 28Si(p,p xp yn)A* c nOCne.LlYlOI1lHM 

y- nepexolloM B cocromme c MeHbweH 3HeprHeft BOl6Y/KiIe11Hjf HJIH OCHOBHoe COCTOmtHC. JKCnepH
MelIT tIpOBOllHncJ! ua BbIBe.QeHHOM npoTOHHOM nytiKe YCKOpHTeJUl HT:)¢;. )lmI H.lleHTHqmKaIl.HH pe
aKludi npHMeHJIJICJI Oe(Li)-Nal{Tl) raM~Ul·cnetcrpOMeTp, c nOMOI1lbfO KOTOPOro pernCTpHpoBallOCb 

MfHOBeHHoe HIMMa-H3JlY":IeH.He, HcnYCKaeMDe KOHe'!HbfM B036yJK.!leHHhIM SI,.L\poM. LIyscnHrrenhHoCTb 
:)KcnepHMeHTa .~ 1 M6H. flon:yqeHhI aeml'lHHf>I Ceqemlif .llJDI 28 y-nepeXO.Z1a 19·TH Htlep-npo.ZlYKTOB. 
Oll.eHeHI:J CeqeHHR pe8KllHH pacmenneHHJI. ilpoBe.QeHo CpaBHeHHe c H3SeCTHh1MH ~KcnepHMeHTaIll)
HhIMH .l(8HHbIMH H pacqeTaM.H no no~nHpHlfecKoii 4loPMyne, a TaIOKe C pe3YJIbTaTaMH MO.Z1eJIllpo
BaHHJI aJlPOHHblX B38HMo.a.eHCTBmt c nOMOUlhIO KO.a.OB GEANT If fNUCL. 

Spallation reaction of 1.1 GeV protons witb silieon nucleus. 

A.AVasenko, N.D.Gala.nina, K.E.Gusev, B.C.Demidov, E.B.Dernidova, I.V.Kirpichnikov, 
V.A.Kuznetsov, B.N.Pavlov, A.Yu.Sokolov, A.A.Starostin, N.AKhaldeeva. 

Cross sections of excited nuclei production in the reaction 28Si.(p,p xp yn)A>I< followed by y- transition 
to the state with less excitation energy or to the ground state have been measured. The experiment has 
been carried out at the external proton beam of ITEP accellerator. For the identification of the reaction 
prompt gamma radiation of final excited nuclei has been registered using Ge(Li)-Nal(TI) 
anticoincidence spectrometer. The sensitivity of the experiment is - 1 mb. Cross sections have been 
obtained for 28 y-transitions of 19 product nuclei. The cross-sectiorlS of spallation reactions have 
been estimated. Comparison has been made with known experimental data, with calculations using 
serniempirical formula and with the results of simulation of hadron interactions carried out using 
GEANT and INUCL codes. 

PRe. 11, CIlHCOK nm. 28 HaRM. 
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1. BBe.lleHHe 

H3MepeHHe CeqeHHH BbIXO,n:a H,.lJ,ep-npo,[()'KTos, 06paJj'IOIIUrXCH B peaKIUulX paCme

nneHHJl aTOMHblX allep npoTOHaMH C 3HeprHe~ B HeCKOJIbKO f3B, Heo6xo.llHMO KaK ,llmI 

npOBepKH Pa3JUltffihlX TeOpernl:feCKHX Mo'[(eneii allepHblX peaKlJ,HH, TaK H ,ll..JUI perneHHg 

npHK1l8JJ.HhIX 38JJ.aq. CBfl3aRHbiX C np06neMOH nepepa60TKH OTXO)lOB i)lepHhIX peaKTO

pOB. TaKHe H3MepeHHg npOBO,[(HnHCb B P83JIHtffihlX· na60paTOpHgX MHpa B TeqeHHe 

MHorHX neT, HX pe3ynbTaTbI BOlDnH KaK B MOHorpaq,HH [1], TaK H B cOBpeMeHHble 683hI 

,[(aHHhIX (CM., HanpHMep, [2]). CymecTBYlOT nonY3MnHpHI.{ecKHe MO)leJIH. onHChiBalO

l.U.He pacmenneHHe "JlepB 3ToH 06nacTH, TaKHe KaK q:,OpMyJIbI PyncTaMa [3] H 

Silberbers H Tsao [4]. 0630P ,lJ,pyrHX nOJIY3MlmpHQeCKHX MO)lenen npHBe)leH B [5]. 
KaCK8JJ.Ho-HCnapHrenbHble MO.llemt pe8JIH30BaHbI B BHJle KOMllbJOrepHblX MOHTe

KapJIOBCKHX KO,D,OB (HanpHMep, [6-8]). B HaCTOJllu,ee BpeMlI pa3BHBaIOTCII MO)leJIH Ha 

OCRose KBaHTosG-MOJleKYJIJlpHOH )l;HHaMHKH [9-11]. 

B no'[(a:ruunomeM 60nbIIIHHCTBe 3KCnepHMeHTOB B TIOH o6JIacTH 3HepnIii HCnOJlb

3yeTcII Mero.ll HaKonneHHfI llPO)];ynoB pacmenneHIDI JI.llep B npouecce 06nyqeHHJl 06

pa311,OB-MHweHeH B I1yqKax npOToHoB. KOJIHqeCTBO HaKonneHHhIX patJ.HOaKTHBHhlX 

H30TonOB onpe..!lenJleTCi no HHTeHCH8HOCTH TaK Ha3hlBaeMoro "3a.aep>KaHHOrOIf H3ny

qeHHa, B03HHKruomero B rrpou.ecce Pa,nJIOaKTHBHOrO pacnaD.a. tvur BhI,lleneHHJI HeKO

TOPbIX cTa6HJIbHbIX H30TonOB 6naf0poJlHLlX ra30B, HanpHMep, fen"" " MeOHa, HCrrOJIb

3YlOTCJl Macc-cneKTpOMerpld. B O.llHOH H3 nOCne)l,HHX pa60T [12] rrpe..!lCTaBJIeHhI pe

3yn1)TaTbl H3MepeHHH TaKHM MeTO,aOM CeqeHHH BblXO)la .H}lep-npoJlyxToB, 06p83j1O

muxCJI np" BJaHMo,D,eHCTBHH npoTOHOB C :)HeprHeH OT 0.8 ,[(02.6 r3B C pa3n1It{HhlMH 

I1.npaMH (7<Z<30). B cepHH pa60T [13-15] H3MepeHbJ BbIXO)lbI pan:HOaKTHBHhIX HYKJIH

)lOB)l,JllI 60nee llHpOKoro cneKTpa 3neMeHTOB (6<Z<92). O.u;HaKO MeTO.u;OM HaKOnJIe

HH~ He Y..!laeTC~ H3MepHTh BbIXOJl.hf CTa6HJlbHbIX allep, He OTHOCJlUlHXCJI IC 6nafopo.ll

HhlM ('838M, H pa,lVIoaKTHBHbIX Jl)J,ep C M3JIbiM nepHo,n;OM norrypacna,[(a.. qTO COCTaBJlfleT 

3aMeTHylO 'faCTI. Bcex peaKIUtH pacmenneHHJ1. 

3aD.aQa H3MepeHHH CeqeHHH pealClUfM C 06paJoBaHHeM TaKHX H..!lep MOlKeT 6bITh 

perneHa MeTO,n;OM perHcrpanHH ttMrHoBeHHoro" Y-H3JlYlfeHH.JI, B03HHKaIOll(erO npH ne

peXO,ll,ax. B036}')K,Z1eHHhlx Jl)J,ep B COCTOJIHHe C MeHbllleti 3HeprHeii B036YJK,ll,eHHJI WIH B 

OCH08Hoe COCTO.JIHHe. OC06eHHOCTbfO 3Toro MeTO.1l8 RBJIJleTCH TO) qro H3MepjfJ{)TCfI He 

nOJIHbIe BblXOJlhl JI,n;ep, nOCKonbKY 3aperHCTpHpOBaTh Bee raMMa-nepeXO,lJ,bl I1PaKTHqe

CIC" HeB03MOJKHO, a napUH8JIbHbIe CeqeHH" nepeXO.1l0B, B OCHOBHOM, C nepBoro B036y

)K,!leHHoro COCTOJIHIDI Ha OCHOBHO" ypOBeHb. O)lHaKO H3BeCTHO [16,17], 'lro B cJlyqae 

l.IeTHO-qeTHblX J1.llep fionee 90% KaCKa.llHhlX nepexO.llOB Ha nOCJIe,llHeM )TaIIe npoxOJl"T 

qepe3 nepBhlH B036YlK.ll.eHHhlH ypOBeH.b. l103TOMY B TaKOM cJIyy.ae CeqeHHe y-nepexo.u;a 

MO')l\HO C"'fHTaTh 6.fIH3KHM K CeqeHHfO BhlXOJla ..!laHHOrO ")lpa, a Jl,1Uf .lUlep ..!lpyroro THna 

B03MOJKHa TOJIhKO OlleHKa CeqeHHII Bblxo,n:a. 

http:cJIyy.ae
http:Y-H3JlYlfeHH.JI
http:6nafopo.ll
http:BbIXOJl.hf
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)J.ruI H3MepeHRSI 3HeprUH MrHOBeHHoro y-H3nyqeHUJI npHMemnOTCJI nOIIynpOBO.ll.

HHKOBbIe (repMaHHeBhle unH KpeMHHeBble) cnelITJX>MeTJlbl. I1x npHMeHeHHe B 3Kcne

pHMeHTax Ha YCKopHTeruix npH 3SeprHJIX npOTOHOB 60nee 500 M3B. Kor.ll.a q,oHoBble 

ycnoBHs pe3Ko YXYJUllaJOTC.sI, -rpe6yeT rrpHHBTH.sI .llOIlOnHHTeJIbHbJX Mep .llJUI BbJ.llene

HIHI n0J1e3Horo CHmana. 

B pa60Te [11J 6bIR npHMeHeH MeTO.ll r8MMa-cneKTpOCKoflHH B nytIKe, l.JTO n03Ba

JIHJIO H3MeplilTb ce-qeHHjJ BhlXO)l,a CTa6WIhHblX .SI)l.ep If pa.u:lfOa.KTHBHhIX Mep C Ma..rrhlM 

nepHOtlOM nonypacna.a.a; 6hIJ1H nO.JIY'feHbl .llaHH.bIe ,llJ1.SI MHmeHeif H3 AI If Fe npH 3Hep

rUR npoTOHoB 0.8 r3B. 

B HaCTOJlIUeM 3KcnepKMeHTe H3MepeHhl CeqeHHJI 'Y-IlepeXO)l,OB B036}')KJJ:eHHblX 

Mep, B03HHKaJOmHX B peaIauUlx B3aHMotleHCTBHJJ npOToHoB C 3Heprneit 1.1 r3B C .sI)l,

paMH 28Si. ):Lu..SJ H.lleHTHtPHICftllHH peaI<:llHH C nOMOlUhlO Ge(Li}- Nal(TI) cneKTpOMeTpft 

perHcTpHpOBaJIOCh MrHOBeHHOe Y-H3llyqeHHe, HcnycKaeMoe B036~eHHhlM KOReq

HblM .SI.ll.POM. B pa60Te [IS] 6hIlIH ony6JlHKOBaHbI nonyqeHHhIe HaMH npe.llB8pHTeRb

Hble pe3ynbTaTbI .llJ1S1. ceqeHHif OGpa30BaHHSI. lI.uep-npo.n;yKToB npM pacll.\ellJIeHHH SlJJ,ep 

Mg, AI, Si npoToHaMH C 3HeprHeit 1.1·2.5 r3B. 
B HaCTOllllJ.eH pa60re 6hIJlo 06paw;eHo oco6oe BHHM8.HHe Ha H3MepeHHe 3q,q,eK

TIlBHOCTH Ge(Li)- NaI(Tl) cneKTpOMe-rp8. DolIee TOqHhlH ylieT ~q,eKTHBHOCTH cyme

CTBeHHO H3MeHHJ13HaqeHHB CeqeHHif [19] no cpsBHeHHIO C (18]. 

2. 3KCnepHMeHT 

3KcnepHMeHT npoBO)lHJlCJI Ha BhIBe.ueHHOM rrpoToHHoM nyqKe YCKOPHTeJJjJ Y-10 
11T3«l>. ):Lu..SJ pemcTpsllHH q,OTOH08 Ii H3MepeH.IDI HX 3HeprHH HCnOJIb30BaJICH Ge(Li)
NaI(Tl) y-cneKTpoMe-rp, lIBll.soolI(HHCJI COCTaBHOH qaCThlO YCTaHOBKH MAT [20,21]. 
CxeMa 3KcnepHMeHTa npetlCTaBneHa Ha pRc.I. flyqOK npoTOH08 c HMnYJIbCOM 

1.81 ±O.02 r3B/c q,OKYCHPOBaJICS Ha MHweHh C nOMOlllhlO CHCTeM'hI MarHHTOB If JlHH3. 

MOHHTOPOM IIyqKa CJl)')KHllH COBna.ueHH1f CqeTlfHKOB S IX~XS3; palMep CqeT':fHKa S3 
COCTaBJUm 4x4 CM, a SI H S2 -15x15cM. HIneHCI1.BHOCTh nyqKa nO)l.llep>KHBanaCh Ha 

ypoBHe 5_10
5 

npoToHoB Ifa c6poc npH .llJ1HTeJlbHOCTM c6poca 0.5c. B KaliecTBe MHme

Hlf HCn0J1b30BaJICli KpHCTaIDIH1leCKHH KpeMHHH eCTeCTBeHHoro H30TOIIHoro COCTaBa 
SeSi--92.23%, 29Si-_4.67%, 30Si__3.1%) B q,opMe UHllHH.llpa tlH8MeTpOM S CM H BhlCO

TOU: 2.7 CM. nyqOK HanpaBII.SJRCR no u;eHTpy l(HJlHHJJ,pa B,n;OJIb ero 06pa3yJOllJ.eH, TaK 

lfTO KOJlH1fecTBO BewecTBa B nYliKe COCTaBJTlIJlO 6.0 r/cM2. B pa60Tax [22,23] MO)i{HO 

HaRTH nOJlp06HOe onRcaHHe YCJlOBHA npOBe,lleHHJI CeaJICOB. qHCRO npoToHOB, nonaB
1OlDHX Ha MHUleHh 38 BpeMR H3MepeHHH. COCTaBJljJJIO 5.6el0 , a lfHcno nepeJJ,aHHbIx B 

3BM "TpHrrepoB" -) .18_106
• 

http:06pa3yJOllJ.eH
http:29Si-_4.67
http:eSi--92.23
http:HaCTOllllJ.eH
http:rrpHHBTH.sI
http:YXYJUllaJOTC.sI
http:nOIIynpOBO.ll
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2.1. raMMa-C~eKTpoMeTp 

Ge(Li)-Nal(TI) TaMMa-cneKTpoMeTp pacnollaranca B nanpaBnCHHH, nCpneH.D;HKY
lIHPHOM nyqxy, 8HH3 OT MHUJeHH (PHc.l).)1,ereKTlfPYIOW8.H qaCTI> cneKTpOMerpa rrpe.D;
CTa.:BJUI1Ia C060H Ge(Li) KpHCTaJ1n o6'beMoM OKano 100 CM

3 
(UHJUIHAp AHaMeTpOM 49 

MM H BhIcoroit 50 MM)~ nOMellleHHbIH B KpHOCT8T CneUHaJlbHOH xOH<pHrypaUHH. Pac
CTOSlHHe OT ueHTPa KpHCTaJIna AO MHmeHH COCTaBJUIJlO 35.7 CM. 

MMweHb 
8 1 s..z 8 3 ./ 

t-.......... 851
Oyy~O~K-+1-.......-----I~-II--~--ts-(
npOTOH08 11 

1y 

Pb 

PHCYHOIC I CUM3 Ge(Li)-NaJ(TI) h(-CoenpoMeTp3. 
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JVm YMeHl.meHIDl faMMa- H HeR:rpoHHoro <t>oHa~ CBH3aIIHOrO C pafiOTO" yCKopHTe

JUI, 'Y-,l1eTeKTOP fibLn nOMemeH BHYTPb 6-ceKUHoHHOH NaI(Tl) C60pKH B BR,l1e UMJlHHJl

pHQeCKOrO KOJlO.llua BblCOTOH 30 eM C BHemHHM ,llHaMeTJ>OM 45 CM B ,llHaMeTPOM BHyr

peHHefo omepcTHs 10 CM. CHfH8JI OT 6 w TH KpHCTaJInOB Nal BKmOqaJICB Ha aHTHCOB

rra,ueHHe C CHrHaJIOM OT repM3HHeBoro ,lleTeKTOpa, 'tJTO nO,.lla.BJl}lJIO HenpepblBHYIO $0

HOB)'IO KOMnOHeHT)' 'Y-cneKTpa B 20-30 p83 [20]. KpoMe TOfO, cnelCTpOMeTp 6hlJI no

MemeH B CBHHUOBblH KO)l(YX ,llIDI 38.UJ.HTbl OT BHeUlHero $oHa. 

CUHHTHJIJlHt(HOHHbIR CqeT'1HK S4, BKJ110QeHHblH Ha aHTHCOBnaueHHe, HCKJlIQtfaJI 

Cpa6aTbIBaHHe cneKTPoMeTpa OT 3apgIKeHHbix tfaCTHU. TpHrrep JUUI ClIHTblBaHIDl HH

$OpM8UHH B 3BM 3a,nasaJICJI CHfHaJIOM SI S2S3 84 S5 Ge(Li) NaI(TI). CqeT"lHK Ss, 
pacnoJ]O)KeHHblH B nyqxe Ha paCCTOJlHHH 60Jlee 5 M OT MHmeHH, BKJIIOqaJJC}I Ha aHTH

COBna,neHHe, lfr06hI nO,.llaBHTL CHrHaJIbI OT lIaCTHU, npome)J,mHx lfepe3 MHweHb 6e3 

B3aHMo.lleHCTBHH. ClieTtIHK S5 nO.llaBJUIJI 80% nyqKoBhlx npOToHoB. AHaJJOfoBhlJi CHf

Han repMaHHeBOfO .lleTeKTOpa npeo6pa30BblBaJICJI B l.I,H$poByJO HHrpOPM8.UHIO C nOMO

ID:.b1O 6J10K8 AQII C ,llHCKpeTHOCTblO 0.9 K~B. 3HepreTHliecKHJi HHTePBaJI perHcTpH

pyeMblx tPOTOHOB COCTaBllSlJl 150-3400 K~B. OnepaTHBHblH KOHTpOJIL pa60TbI cneK

TpoMeTp8 ocymecTBJUmCJI C nOMomhlO 4096-KaHaJJbHofO aHaJIH3aTOpa THDa NOKIA. 

2.2. 3tteKTHBHOCTb 'Y-cneKTpoMeTpa 

3tP4>eKTHBHOCTL raMMa-cnelITpoMeTpa Qeft(E,) orrpe,llCmJeTCR KaK npOlf3Se.n.eHHc 

,.IlByX MHO)l(HTe1Ieif: netl(.EyrQgfF-y)*l1(Ey). ng - 3$$eKTHBHOCTb Ge(Li) ,l{eTeKTOpa, 

KOTOPaJI yqHTblB8eT BepOHTHOCTb nona,n,aHHSI Y-KBaHTa B .1l.eTeKTop H BepO.RTHOCTh efO 

nOTepH 3a ClfeT BLlJleTa lfaCTH ~J'JeKTpoMarnHTHOrO JIHBHB 3a npe.lleJIbI KPHCTaJJJI8 

Ge(Li); l")(Ey) Xap8.KTepH3yeT 3q,q,elCTHBHoCTb q,OPMHPOB8HHSI ItTpHrrepHorOn CHfHana. 

3aBHCRMOCTh ng(Ey) H3MepgJIaCL 3KcnepHMeHTaJIhHO np" perHcTp8.UHH cnelITpo~ 

MeTpOM y~H3!.!}"1eHMg OT 4-x 3T8JIOHHblX cneKTpOMerpHqeCKHX y-HCTO~HHKOB wCo, 

88y, 137CS H 22~ C xopomo H3BeCTHhlMH HHTeHCHBHOCTIlMlf. f8MM8-JIHHHH HCrolfHH

KOB nepCKpblB8J1H H3YQaeMblH ~HepreTHqeCKHH .n.H8.ll830H. MCTOQHHKH nOMemarrHCL fla 

MeCTO HCCJle.llyeMoH MHmeHH. liT06bI npH6nH3HTb YCJlOBH'" perHcTp8.URH 4>OToHoB K 

3KcllcpHMeHTaJILH.blM. Ha pHc.2 3Be3j:(O'IKaMH npe.1l.cTaBJIeHa 3f}>cpeKTHBHOCTb ,unR 

BOChMH faMM8-JlHHHit illTpHXOBOH JlHH"eii Ha pHc)'HKe nOKa3aHa nO.ll06paHHWI no 

3THM TO'iK8.M ~MnHpH'iecKaJI 38BHCHMOCTL. 
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3&epnm no.m-D8BTa, I13B 
PHCYHOK 1 30HCHMOt'TL ~+eKTHBHOCTU OT ~ueprHH reMMa-ICBarna, 
BwplllKeRRali B e,tlHBHllaX TeJIecRoro yl'Jla. 0g_ :ltteKTHBBOCTb Ge(Li) 
.lleTeKTopa; neff-It+etcr'HBROCTb raMMa--cneJCTpOMeTpa. 

MHO')KHTeJlh ll(Ey) oTpIDKae-r YMeHhweHHe :)tPC:PeKTHBHOCTH 3a CtIeT orpaHHQeHHSI 

apeMeHH tl, B TeqeHHe KOToporo .ll.OnYCKMC" npHXOlt CHrH8Jl8 OT Ge(Li)-.l1.ereXTOpa Ha 

cxeMY cOBna,lleHHR C nytIxOBblMH Cq~TqHKaMH. B HamHX H3MepeHIUIX 3TOT HHTepB8JI 

~=50HC. 113-38 6onbUIoro p836poca .l1.lIHTeJIbHOCTH nepe.l1.HerO C:PPOHTa CRrHMOB 

Ge(Li)-~eTeKTOpa orpaHHqeHBe 8=50 HC npHBO~HJlO K YMeH,bWeHHIO 3Q>Q>eKTHBHOCTR 
cneKTpoMeTpa. <J>y:HKUHR 1l(E.,) 6I:dJJa onpeJleneHa 3KcnepHMeHT8JlhHO nYTeM cp8lme

HUR cneKTpOB y-H3Jl~eHHJI H3 MHrneHH, Ha6paHHhIX npH 8=50 HC H i\=250 HC. 

3aBHCHMOCTh BeJlHtIHHbI Q efFQg(Ey)lIIll(Ey) OT .3HeprHH q,OTOHa OOKa3aHa COJIOID

HoD: JIHHHeH Ha pHc.2. r,ne neff BLIpIDKeHa B e.llHHHuaX reJlecHoro yrlI8., KOTOpbdi oe
peKphlBMClI 6bJ H.Lle8JIbHbIM, perHCTpHpylOlllHM Ka>KllbIH c:poroH, Ge-.l1.eTeKTOpoM. 

~~eKTHBHOCTh perHcTpaUHH Y-KBaHTa B 3KcnepHMeHTe COCTaBn»eT 
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De (E ) 
iff I' _10.3• r)1e Qeff B MCTep ••nJlSl 3HeprHH 200 K3B OHa paRHa 2.3_10.4 H YMeHb
4ff 

maeTCSI .£(0 0.77.) 0-4 rrpH 3HeprHH 1000 K3B H }l0 0.51.10-4 rrpH ,3HeprHH 1800 K3B. 

He06xo}lHMO OTMeTHTb~ 'iTO norpemHOCTb onpe}leneHHJJ ~4l>eKTHBHOCTH JJBnJJeTCR 

O}lHHM 1f'3 rnaBHhlX HCTOqHHKOB norpellIHOCTH B Jt'3MepeHHH CeqeHHit npHQeM, eCJ1H 

3&p&peKTHBHOCTb Ge(Li) .l1.ereKTOpa !lg MOIKHO onpe.l1.eJIHTh C TOQHOCTbIO .l1.0 HeCKOJ1h

KHX nponeHTOB, TO BeJIHq}{Ha 11(E.,) H'3BeCTH8 MeHee TO'IHO. 3To npHBO}lHT K CHCTe

MaTH'ieCKHM oWH6KaM. KOTopble MoryT COCTaBIDfTb JlO ±10%. 

OrpaHlflIeHHe .&.=50 HC onpe.n;eJUleT BepXH1010 rpaHHUY Ha nepHO}lhl nOJIypacna,IJ;a 

ypoBHeH, KOTOpbJe MorYI' Ha6JllOJlanc.x B 3KcnepHMeHTe. no-BH}lHMOMY, 6e3 HCKroKe

MIdi MorYT 6hITL H3MepeHLI HHTeHCHBHOCTH ypoBHeA C BpeMeHeM )JCH3HH MeHbme 

10+20 HC; ,nIDI 60JIee }lOJIrOJKHByrIl1fX ypoBHeA CJIe}lyeT BBO}lHTb nOnpaBKH Ha Jlomo 

HeperHcTpHpyeMbIX pacna,n.oB. HH>KHSISI rpaHHna perHcTpHpyeMblx BpeMeH >KH'3HH on

pe.lleJISleTCR HCKIDICeHKeM cJ>oPMbl y-nHHKH 3a CqeT 3$$eKTa )J,onrrJIepa [24]. KaK nOKa· 

3an" BhJlfHCneHH.SI, B.b1nOJIHeHH.bIe HaMIl MeTO.n;OM MOHTe-Kapno, HCKaJKeHHe MO>KHO 

C'DfTaTb HecyrueCTBeHHbIM .1lJISI BpeMeH 60JIbWHX 500 $c. ,lJ..wI BpeMeH )l(H3HH YPOBHH 

OT 100 l{0 500 &pC Ha6nlOJlaeTCJI He60JIbmoe ymHpeHHe Y·J1HHIf:H:. 

2.3. 3HepreTH'IeclCaJi KaJlHOPOBKa. 

KaJ1H6pOBKa 3HepreTHIIeCKOH uncamJ repMaHHeBOrO JleTeKTOpa npOH3BO)umaCb no 

14~TH H3BeCTHhlM y·nHHH.SIM HcrollHHKa 22~ B JlHana30He 3HeprHH OT 180 )1.0 3100 

K3B. 4>opMa perHC1pHpyeMoH y-JIHHHH, onpe.n;emnom;ag pa3peIlleHHe crreKTpOMeTpa, 

.no ~HeprHH 1200.K3B xopoWO OnHCbIBaeTC.s pacnpe.lleJIeHHeM faycca: 

!(x)=a/s-exp-[«(x-.u)/s)2/2], 
f,.lle a-HOpMHpoBO'IHb.lii MHO)l(HTeJ1b, J.l - TIOllO)l(eHHe M3.KCHM)'Ma JlMHHH, S -CpeJlHee 

KBaJlpaTHIlHOe OTKJIOHeHHe. IJPH 60nee BblCOKHX 3HepfH.sx IPoPMa y-nHHHH CTaHOBHT

ca: aCHMMeTpHtfHOH: 60nee npOTRJKeHHOH B CTOPOHY MeHbWNK 3HaqeHHH aprYMeHTa. 

CneKTp B6JIH3H JIHHHH 1763.1 K3B rrOKa3aH Ha pHc)'HKe 3. BMHO, lITO npH T8KHX 

3HeprHSIX pacnpeJleJIeHHe faycca nnoxo OnHChlB8.eT .poPMY cneKTp8. BnnOTb ,.IlO 3100 

KJB OHa annpoKCHMHpoBaJIaCb 3MllUpH'IeCKHM pacnpe.1leneHHeM 

!(x)=a/s.exp-[(x-p)/s-exp«(x-p)/s)], 
aHaJIOrHl:IH.bIM pacnpe.lleJJeHHIO ~KCTpeMaJlbHbIX 3HaqeHHH [251. B noM BblpIDKeHHH 

s - napaMe1p &pOPMhl, KOTOP.b1H CBSl33H C )lHCnepcHei'i pacnpeJleneHHJI COOTHOmeHHeM: 

D= 1.6458
2 

~ a rrapaMeTp ,IF<x>-O.58, r.n;e <x> - cpe)lHee ,3HaQeHHe. 

http:IF<x>-O.58
http:OnHChlB8.eT
http:3HepfH.sx
http:BhJlfHCneHH.SI
http:pacna,n.oB
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PaCYBOK 3 AnDpoKeBMaUBB cDeKTpa 8finBJB DRIC. C 3Bepnteit 1763.1 K3B OT Hf:fO"lBHKa 1Z6Ra 

tYHKQHel ray~ HenpepLIBHa. KpBBa. 1 B pacnpeJleneOBeM 3KCTpeMaJlLIIIdX lOa'leOHH
DlTpaXOaaJl KpHBali Z. 

Pacnpe.lleneHIDI 3KcnepHMeHT3J1bHLlX COfibITHH no HOMepy KaHaJIa AlUl (Agd), no

nyqeHHbIe npH KanHfipOBKe, B paifoHe Ka>K.llOH 113 14-TH mfHHH OnHCblBaJIHCb CYMMOH 

J1HHeHHOro q,OHa H q,YUKUHH pa3})emeHHB f(x}. 3aBHCHMOCTb MeJR',ll)' 3HepmeH q,OTOHa 

Eg (rafinH'DIble 3HaqeHIDI) H HOMepoM KaHana Agd; COOTBeTCT8YIOI..QerO napaMeTpY j.J 

q,yaKUHHf, onpe.nemuOmeMY nOnOJKeHHe MaKCHMYM8, annpOKCHMHposanaCh CTeneH

HOB 4>YHKIlHeit Eg(nB)=b(Agd-C}d, K03cPq,HUHeHThI b, C H d KOTOPOH HaxoAHIIHCb Me

TO.llOM HaHMeHLWHX KBanpaTOB. Ka.rm6p080lflfaB 33.8HCHMOCTL xopomo annpOKcHMH

po8ana CSB3b :lHeprHH ,(-KRaHm H HOMepa KaHana, onpe.lleJUllOl..Qero SenH"fHHy aMnJlH

TY.lU~I; MaKCHM8JlbHWI Pa3HOCTb MeJK..UY TafinH'lHbIMH 3HalJeHWIMH 3HeprHH q,OTOHa OT 

HcroQHHKa 22~a H Bbl"fHCneHHhlMH no q,oPMYJ1e He TIpeBblwana ±l.O K3B. npH MH· 

TeRbROD pa60re cneKTpOMe1pa Ha6JI1O)l.aJ1CR He60nLIDOH .llpeiiq, KaJIH6poSOlJHoft 3a.BH

CHMOCTH. lJro6bl 06ecneQlfTb ne06xo.llHMYJO TOtfHOCTb, 1f3MepeHHH C HCTOQHHKOM 

22~a npoBO)l.HJI.HCb eJKe.n;HeBHO. 
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3Heprn.H raMMa-KBaHTa, lOB 

PaeyaoK 4. a. Cnerap, 3apenlCTpHpoBaHBWil 'Y-cueKTpoMeTpoM npB o6JJ.y'IcuBB HCTOIJHIUOOM 

U'Ra. 6. 3UHCHMOC'I''' p83peweuHs Y-CheKTpoMeTpa OT ')ueprHu +OTOHOB: KpecTHICH - AIlS 

Y-JlIIBBit B<CTO"BH~a 116Ra; KpuBaa annpoKCBMHpYeT:)'fa lUalJeUBH nOJlHUOMOM BTOpoii eye

Deuu; 1q)Y*KH - All. Y-JiHUBi. BOlUUKaIOIQBJ. npH BlaHMolleBCTBHH npoTOuoB e MHmeOblO 

KpeMHHII. 

Ha pHc.4a nOKa3aH npHMep cneK1:pa, nonyqeHHOrO npH KaJIH6poBKe. Ha pHc.46 
npHBe,neHa 38BHCHMOCTb pa3peweHHst cneKTpoMeTpa (cpetlHeKB8Jlp8TH'fHOro OTKJIo

HeHRst) OT 3HeprHH y- KBaHTa. KpeCTHKH -lllHPHHhI pacnpe.lleJIeHHH Ha nOJIYBhIcOTe 



9 

.n:ml y-mfHHH HCTOqHHKa 226Ra. KOTOPbIC annpOKCHMHPOBBHhI nOJIHHOMOM BTOPOH 

creneHH. 

CJIe,nyeT OTMeTHTh, q"fO pa3pemeHHe Ge(Li) .n:eTeKTopa BlOKe nacuoJITRblx 3Hatfe

HHH. 3Th 06YCJIOBneHO TeM~ lfro B ycnoBH.IX BbICOKoro $OHa OT cnyqaHHbix $aroHOB 

H Hej:i1poHoB -rpe6yeTCR npHMeHeHHe CneUHaJIbHblX 3neIcrpOHHblX cxeM $bpMHpOBa

HHR CHfHana [21], yKOpa"JHBalOIIlHx' aHaJIOrOBblH CHfHaR no BpeMeHH H HCKruKaJOlllRX 

ero.popMY. KpoMe Toro, p83pemeHHe B 3KcnepHMeHTe (Kpy>ICKH Aa pHc. .46) HeCKom.

KO xYJKe pa3pemeHHR npR KaRH6poBKe OT HCTOQHHKa 226Ra (KpeCTHKH Ha pDC. 46), 
31'0 MO>KeT ofu.SlCHRTbCSI KaK HaJIHtfHeM 6OJJbworo HenpephIBHoro $OH8 H HaJIO>KeHH

'., 	 eM .n:pyr H8 .n:pyra6JIH3JIe>KaI1lHxy-nepexo.nOB, TaK H, ymHpeHHeM faMM8-JIHHHH 3a 

CqeT 3cPcPeKTa )l;onnnepa. nOcne.n,Hee cymeCTBeHHO, HaDpHMep .n,JUl y-JIHHH8 1779.0 
K3B (BpeMjI pacna,na 475 q:.c) OT 28Si II 1808.6 K3B (BpeMjJ pacna.na 476 $c) OT 26Mg. 

2.4. BWqHCJleHHe CeqeHHii 

raMM8-cneKTp, nonyqeHHblH Ha nyqKe npOTOROB c MHllleHblO H3 KpeMHHR, npHBe

.neH Ha pHC. 5. HenpepblBHWI KOMnOHeHTa cneKTpa (KQHTHHYYM) q:.opMHpyeTCJI rnaB

HblM 06pa3oM y-KBaHTaMH c HenomloCTblO 3apefHCTpHpOBaHHolt 3HepmeH H3-38 Bbl

neTa JIHBHeBblX qaCTHll 3a npe.nenbI )leTeKTOpa, KOMnTOHOBCKHM paCCeJlHHeM H 

y-H3JIY1!eHHeM $oHoBoro rrpoHcxo~eHHSl. MaKCHM)'MhI B cneKTpe 06ycnOBJIeHhI 

y·nepexO)laMH JI)lep, 06Pa3YJOUlHXCSl 8 peaKUHH C npoTOHaMH, H3 B036YJK.lleHHblX CO-

CTOmH" B OCHOBHoe HJlH COCTOSl:HHe C MeHhweH 3HeprHeii B036)'JK,1l.eHM. . 

B paHOHe MaKCHM)'MOB cneK1pbl annpoKCHMHPOBaJlHCb q:.YHKUHeH f, onpe.lleml1:O

meR q:.OPMY JlHHKH, Ii nHHeHHoH 4>YHKUHeii, 3KCTpanOnHpYIOw:eH KOHTHHYYM. ,l(.rul 
onHcaHHSl 06iu:lCreH cneKTpa, COCTOSl:lUHX H~j HeCKOJlbKHX y-JlHHldi, B annpoKcHMH

pyromy«> cP}'HKUHIO BKJIlOqanOCh Hf!C.K01IhKO «PYHKUHA f )lJuI KaJK,lloA 113 HHX B pe· 

3ynbTaTe fPHTHpOBaHHR 6bIJIH HoH.neHbI 3HOQeHHSI: :mepnfH Jl, COOTBeTCTBYIOmeil Mal(

CHMYMY y-nHHHH, napaMeTp $opMLJ S H napaMeTp a, C8Sl3aHHbJD C aMnJlH1)'.noH $YHK

UBB! HaH.lleHHble 3HOlofeHHSI: J.l cnYJKHnH .nnll HJleRTHcPHKaUHH y-nepexo.nOB c nOMO
lUbJO H3BecTHblX Ta6JIHIl [2,16]. 

llapaMeTphI S H a CJIYJKHJIH .a~, BbllJH,CneHHSI nnolUa.D.H cneKTpa no,ll rpa$HKoM 

cPYHKllHlf f no BeJIH'Ume nnOllla.nH orrpeJ(eJIJUIOCb CeqeHHe COOTBeTCTB-)'1OlUero y
nepeXO)la. lioJlMnYJO Tpy.nHOCTh npe.llCTaBJISlnO TO, 'iTO B HeKOTopblx 06nac1'SIx cneK

Tpa HMeeTCR HeCKOJIbKO y-nepeXOJ(OB p83HbIX B036Y>K.lleHHbIX Sl:J(ep c 6nH3KHMH 3Hep

nlJlMH a TaKJKe $aHOBhle nHHHH. fiorpemHOCTb B H3MepeHHH 8epoSlTHOCTH nepeXO.llOB 

B T8.KHX 06nacTJlx 3HalfHTeJlbHO B03paCTaeT. 

http:nnOllla.nH
http:pacna.na
http:ycnoBH.IX
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llepexo.ll OT 1.IHCJl8 C06ldTIfH N, 3aperHCTpHpOBaHHhIX B cneKTpe <p01'OH08 npH 

3HeprtHI Ey, K CeqeHHIO npOH3BO.llHJIClI no f}>opMyne: 

cr=(41UtA.N) / (NAv.x.netI(E1)k(Ey).m.~.No), 
r,lle N- lln01If.a.a.& no,U nHKOM, BhIpIDKeHHWI B ,,{Hcne C06hfTHH, A = 28 - 8TOMHhIH: HOMep 

2
S1,llpS-MHmeHH; NAy- tfHCJlO Asor8)1;po; x=6.l8 r/cM -TomIUiHs MHmeHH; Oerr(Ey)

3c:pq.eKTHBHOCThraMMa-CneKTpOMeTpa, BblpIDKeHHaSI B CTepa,llB8HaX; k(Ey)- K03q.C:PH

UHeHT, Y4HTblBalOlUHH nOfJIOmeHHe 1-K88HTOB B MHrneHH H C4eTq}fKe S4; m=0.95 
nonpaBKa H8 MepT80e Bpew ,UeTeKTopa; t; nonpaBKa Ha yrnoBoe pacnpe.n.CJlCUHe y-

KBaHTOB B SI)l.epHhIX ncpexo.n.ax; (=1.05 }l.JUI nepeXO,llOB 2+0)"--:,;.0+ 
(gs) [26], ,llJISI oc-

TaJlbHldX nepexO,lloB (=1.0. No =5.6.10 10 
- KOnHqeCTBO Q8CTHU nyqKa, nonaSlliHX ua 

MHmCHh 3a BpeMH H3MepeHHH. 

3aBHCHMOCTb OTHOCHTeJlhHOro KOJlH"tJCCTBa BhlJ1eTalOmHX H3 MHlUeHH raMMa

KBaHT08 OT HX 3Hepnrn k(EJ BhJ4HCJ1Hn8Cb MeTOJl.OM MOHTe-Kapno; OHa npHBe,lleH3 

Ha pRe. 6. BenHl{HHa K03q.q.HUHeHTa H3MeH"eTCJI 01' 0,35 lIpH 3HCPf1fH 200 K3B,ll0 0.7 
npH 3HeprHH 2500 K3B. 

r,

t;\ / \ 
~ ~ J "~.IIblf+... holt
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rAft--

500 

-vvv 

400 

PacynOK 6 3aBHCHMOCTb OTROCHTeJIlt

80ro KOJIlf'leCTBa BbiJUrrafODtHX raM

Ma·KBBHTOB (IT ,)HeprBH Mil lIaHUOH 

KOn9RrypallHH MRmenH K:peMHRII. 

420 440 460 
3uepl'Rfi raMMa-KBaBTOB, JOB 

PHeyHOK 7' CoeKTp raMMa-KBaHTOB B . 

06J18tTR 400-470 108. rJlMKaB KpHBBSI 

onHCbl88eT cnenp JlRHeObiM tOHOM H 

'CfeTLIpbM.R pacnpelleJJeHHSlMH rayeca. 

http:MeTOJl.OM
http:ncpexo.n.ax
http:llepexo.ll
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CneKTp CeqeHHB raMM8-KBaHTOB npHBe.nea Ha PDC 8. fInoma.IlH naKOB paBRbI ce

"IeHIDIM COOTBeTCTB}'1OlUMx r8MM8-nepexOjlOB (l1pH ,=1). 
npHMep $HTHpOBaHH.H cneK1'p8 B 06naCTH 400-470 lOB npHBe.ll.eH aa pHC. 7. BH)l

Hbl JlB8 60JIbmHX M8KcHMYMa, nepB.blH H3 KOTOPbIX H,D.eHTHq,HllHpyeTc" KaK nepexoJl 
co BToporo YPOBHiI Ha OCHOBHOH AJUI Mpa 26Al C :meprHeii 416.8 K3B. a BTOPOH - Kat< 

nepexoJl C nepBoro ypoBIDI Ha OCHOBHOH lVI" .t21pa 23Na C 3HeprHeA 440.7 K3B. Me)l(JlY 

.nBYMH 60IIhWHMH nHKaMH HMeeTCiI ae60JI.bWOH MaKCHMYM, KOTOPblH yq:HTblB8eTCiI 

.nIDI YJIyqmeHu annpoKcHMaUHH H, B03MO)l(HO, .fJBJUleTCR npoRBJleHHeM nepexon8 C 
nepBoro ypOBHiI Ha OCHOBHOH JlJU[ .s.n:pa 7Be npH 3HeprHH 429.1 K3B. KpoMe 3TOro, 

npH q,HTHPOBaHHH yqHTbIBseTCR nRK npH .'}HeprHH 451.5 K3B, KoroPblH MOi,KHO HneH
THq,HUHpoBaTb Kaf( nepexoll c nepBoro YPOBHJI H8 OCHOBHOH .t21pa 2JMg HJIH 25AI. 

2.5. RzleHTRtHK8QRJI ypoBuel 

H,neHTHq,HKau;KSI nepeXO.ll.OB OCJIO)KIUleTCB reM, lfI'O CpeJlH 38perHCTpHpoBaHHbIX 

M8KCHMYMOB Ha6JIlO,lJJlJOTCR MaKCHMYMbI, B03HHKalOIllHe npH B3aHMO,D,eiicTBHH BeA

TpOHHoro $OHa YCKOPHTeJI.5I C Sl.Iq)aMH KOHCTpyrcTHBHblX MaTepHaJIOB, H8XO,D,J(lU,HXCJ( 

n6JIK3H ,n;ereKTOpa • llJlpaMH 8JllOMHHHll, IKeIIe3R H CBHHua. B03MOIKHbI peaKUHH (n,y) 
H (n,n'") C B036)')K.lIeHHeM smpa. Ha6mo.llaeTCB TaIOKe q,OHOBoe y-H'3JlyqeHHe, B03HH

Kwomee np" nOrJIOlU,eHHH HeihpoHOB B KpHCTaJlIIe Ge(Li). 3HeprHH lPOHOBhIX Y
JIRHK" H3BecTHbI' H HX HaJIHT.{He Y'fHTbIB8J1OCh npH 06pa6oTKe cneKTpOB. 

Ha6mo,n;8IOTC.fJ cIIeayJOlllHe q,OHOBbIe faMM8-JIHHHH: 

• 	 CYMMapHWI raMMa-JIHHHB 198;4 K3B .H,!J;pa 7JGe (OT rrepexo.n;a co BToporo YPOBHSI 

Ha nepBblH C 3HeprHeA 174.9 K3B H C nepBoro Ha OCHOBHOii C 3HeprHeil 23.4 K3B), 

06p83yIOmerocB B pe8.l{qHH 1032Ge(n,Yf InGe, 

• 	 aHHHrHIDIUHOHHWI IIHHH.R 511.0 K3B, 

• 	 raMMa-JIHHH.5I C 3HepnfeH 569.7 K3B .R;l{pa 20782Pb OT peaKl{HH 20782Pb(n,rlio782Pb, 

• 	 faMMa-JIHHH.fJ C 3HeprHet:i 595.9 K3B JI,D,pa 7\2Ge OT peaKUHH 7432Ge(n.n'i\2Ge, 

• 	 rSMMa-JIHHHR C 3Hepmeti 689.6 K3B .5IJlpa 72)2Ge OT peaKUHH 72n Ge(n,n'f2 
32Ge, 

• faMMa-nHHH8 C 3HeprHeR 846.8 K3B R,n;pa S62ife OT peaKlJ,HH 562~e(n,rI)S62t:Ye. 
OHH y.K83aHbI Ha PHc.5 CTpeJIKaMH. 

)l)lR ;nyqmeii H,n;eHTH(jlHKaUHH nHKOB 6hlnH npoBe,n;eHbI ,n;onOIfHHTeIfhHble H3Mepe

HHJI C MHlDeHlIMK yrJIepo.lls, MarHHlI, amoMHHH.fJ~ KpeMHHR. (jlocq,opa H cepbI. nORY

qeHHble y-cneKTpbI rrpHBe,neHbI Ha pHc.9 H pHc.lO. Bblmenepel.fHCneHHble $oHoBble 

lIHHHH npHcYTCTBYJOT Ha Beex cneKTpax BJaHMO.lleHCTBHR npoToHoB C .s.npaMH. )1.JI8 

http:amoMHHH.fJ
http:faMMa-JIHHH.fJ
http:raMMa-JIHHH.5I
http:Ha6mo,n;8IOTC.fJ
http:YCKOPHTeJI.5I
http:nepeXO.ll.OB
http:npHBe.ll.eH
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KaJK,llOrO 113 .s.nep OTMeqeHhl Ha.:H60nee HHTeHCHBHhle peaKUHH (P,P), (P,P p) 11 

(P, P 2p2n). Ha pa3mt\ffiblX MHmeHSIX Ha6mo.LJ.a1OTCSI B OCHOBHOM O.LJ.HH H Te )Ke MaK

CHMYMhI, HO RHTeHCHBHOC1'h HX pa3JIHlfHa B laBHCHMOCTH OT Toro, Ha Ka.I<OM SUJ.pe ~ C 

BhIneTOM KaKHX qaCTHU npOHCXO.llHT pe.aJ<UHH. 

B Ta6JIHue 1 -rrpHBe.lleHhl pe'3YJIbTaThI H3MepeHHH CeqeHHH y-nepeXO.l\OB, B03H~

KaIOl.UHX npH ll'3aHMO.lleHCTBHH npoTOHoB C :meprHeH 1.1 r3B C JlllPaMH .t<peMHHJI. ,L{aH
Hhle pacnOnOJKeHhl B nOp.RJlKe y6hlBaHIDI 3aP.RJla .Ii MaCCOBoro l.JHClla Jl)J.pa-npo,I(YKTa~ 
06pa3}'IOIUerOCJI B peaKl.(HH. flpHBe.lleHO nOJIyqeHHoe B 'JKCnepHMeHTe 3HaqeHHe 3Hep

flfH nepexo,lla, ero TafillHQHOe .3HaQeHHe, B3JITOe H3 fiaJhI .llaHH.bIX NNDC[2], KBaHTO

Bble 'qHCna rrepexo.u,a H Ce"leHBe y-nepexo,lla B M6H, SI.l\po-npoJlYKT, BblJleTaIOIItHe qac

mUbI (KpoMe rrpOTOHa). B nocne.n.HeM CTOJI6ue ,llaHa oueHKa H CeqeHHJI OfiPaJOBaHHSI 

KOHe'llIoro .R.JlPa. t(rul,llBYX nap 5l,ZJ;ep 25Al H 23Mg It 24Ne H ISO ,llaHhI C)'MMapHble ce

qeHHJI .llM K~Ot:t naphl) TaK I<a~ He y,llaeTCSI pa3,llenHTb, BKJl8,ll OT.lleJThHhlX KOMno

HeHT. npHBe.u,eHHhle OIlIH6KH CeqeHHJI JlBJUIlOTCJI CTaTHCTHqeCKHMH H ~npe.lleJIJIIOTCJl 
OUlH6KaMH napaMeTpOB, nonyqeHHblMH rrpH AlHTHPOBaHHH nHKOB. KpoMe :noro, cy

weCTByJoT OIDH6KH, CBJl3aHHble co cnoco6oM $HTHpOSaHHH H yqeToM 6nH3JIe)KaI.UHX 

rrHKOB. HeTO'tfHOCTh, CB.$IlaHHYJO C lTHMH ollm6KaMH, MO)f(HO oueHHTh KaK 2% ,llJUI HH

TeHCHBHblX nHKOB (HanpHMep, 1780.3,418.2, 1369.8,441.2, 1276.0 DB) H 5% JlJIJI oc
TanhHbIX nHKOB. Bo3MOJKHa TaIOlCe CHCTeMaTHqeCKasf oIDH6Ka B onpe,lleneHHH 3q,q,eK

THBHOCTH CneI'CTpOMeTpa H B MOHHTOPHPOBaHHH ny"lKa, pasHas npHMepHo 10%. H.1leH

THq,HUHpoBaHHhle raMM8-nepeXO.llbI R,llep, COOTBeTCTBYlOmHe T8.6n. I .lIaHh1 Ha pHC. 8. 

Kale 6hlJ10 OTMel.feHO, .u,JIJI qerno-qerHblX JI)lep nepexoll 60JII>WHHCTBa B036)')K.IleH

HhlX ypoBHeit B OCHOBHoe COCTOXHHe npolfcXo)UiT KaCKa,l\HhIM 06pa30M QepC3 nepBhlH 

B036)?K,llCHHbIH ypoBeHh. l103TOMY. B 3TOM cnyqae MO)f(HO C'lHTaTb, lfrO Cel.feHHe 06
P330BaHHSI SI.lIpa 6IIH3KO KCeqeHHIO y-nepexop;a C nepBoro YPOBHJI B OCHOBHoe COCTOR

HHe. B HailleM 3KcnepHMeHTe K TaKHM KOHeqHblM MPaM OTHOC.HTCJI 2SSi, 26Si.·26Mg, 
24Mg, 22Ne H 2'Ne. 

Jl;uI HeKoTOpblX 1f3 3THX R.lJ.Cp, HanpHMep 28Si H 26Mg, Ha6J11O.llaIOTC1I TalOlCe nepe

XO,llhl co BToporo B03fiYJK,lleHHOrO COCTORHH.$I Ha nepBoe B036)'JK):{eHHoe CPCTO.$lHHe co 

3HaqJ.fTe.nbHO MeHhIDHM CeqeHHeM. 

,llrut AAep 2~a, 21Ne, 2~, 170 H lOS Ha6mo.LJ.8eTCJI y-nepexo.D. B OCHOBHoe, COCTOR
1

HHe TOJIhKO C nepBoro B036)'JKJleHHoro ypOBHR. }lnJl .1I.nep 2. Na, 2INe. 
170 H I~ 

y-rrepeXO,llhl c 60nee BblCOKHX B036)')KlleHHblX ypoBHeit B OCHOBHoe COCTOJlHBe npoXd

JlJIT 'l.fepe3 nepBblA B036y)1(JleHHhlH ypOBeHb, n03TOMY Ce'l.feHHe 06pa30BaHHJI .SI.llpa 

6J1H3KO K CeqeHHlO 06pa30BaHH.$I nepBoro B036YJK,lleHHOrO COCTORHRlI. )J';UI ff,llpa 20F 
CeqeHHe y-nepeXO.lla B OCHOBHoe COCTOSlHHe c nepBoro B036YJK)1eHHOrO ypoBHR MO)f(HO 

CqBTaTb HH)I(neit rpaHBueA CeqeHHB 06p83oBaHHJI JI.npa. 



14 


,•CXl
fJ 10 

t •• 
1)- a 

~ 6 

~4 
350 375 400 425 450 475 500 525 550 

8
1~5 ~I\ 1!5 }\It Y 2 


OJ 4 rlY\l,1 ~~ f V !

13 tI;if..W\ty.,,,J \. I I\. A 

U~fV "t¥ .,,,,VI 

550 650 700 750 800 

4 
2 8 !
! ! 

3 

aJ 

f2_2.5 
'0 
:c== 2 

r;u 

U 1.5 
1050 11 00 1150 1200 1250 

3uepl'HJl TaMMa"'ICB8HTa, DB 
PaC:YROK 8 CnelCTp rBMMa-KB8I1TOB, B01RBK8IODlBJ. up. 83aBMOAeikTsBII RpDTOROB 

e ~Bepraei 1.1 r.')B e lIJlPaMII KpeMBRtL CYpeJlDMH H 'IBCJlaMR OTMO'leuw nepeJ.oJlW 06p.· 
lyJOiuBJ:CtI uep, OTMe'leaBLle • T8fim1Qe t. 



15 


1300 1325 1350 1375 1400 1425 1450 1475 1500 

~ 
r; 
U 

c:Q 3 

~ ..... 2.5 
........

§ 2 
11.)

i) 1.5 

U 

,14 
11 +
! . JJW, 
,'a~~\i" ~I 

12 tI~.! 

1525 1650 1575 1600 1625 1650 1675 1700 1725 1750 

4 11 
/4. 3 7 ~ .3..... 

OJ / \, ! ! 17 

"-w,.,..t.~Y,lll4I1ft1;.t1~+"""""'~tlfil'lrJ~·~· 
1750 1800 1850 1900 1950 2000 

2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 

3HeprH,. TaMMa-KBaHTa, lOB 
PB~YHOIt 8 CueKTp raMMa-baRTOB, B03HHItaIODlBX RpH BlaRMO.lCeleusD RpoTOHOB 


C lRopl'1lell.l r3B C JI.lIPaMH KpeMBBR (RPO,/lO.JliftllRO). C1peJIK8MR R 'I.CJlaMB OTMe'leRld ne-


peXOlUd 06pa3YIODlRXCR uep, OTMe'leRRhie B Ta6..mue 1. 


~ 
2 

~1.5 
::
5 1 

6 
UO.5 ~~.~~~~~~~~~~~~~~~~~~~~~ 



16 


12C·· 

)$ 

~ 600 

'8 
o a 
$ 
;:r 

400 

200 

200 400 600 BOO 1000 1200 

23Na 
)$ 
:s 
$ 
~ 
0 
0 

5::s: 
;:r 

600 

400 

200 

.... 

. ,. ., , 

···1·······..···..+·········..···t·..···..···..···f·~·24Mg..!· ..····· ....···+..·..·..···--t···,··· 
", ..·······...... I·..·············t··..··.. ········}····1.369....[.....~.{.............-.:+-:.-.......  ...+.. . · . . . .· \ . ~ ~ 

..· ... . . . . . 
: : : : 1~-:)-:) A: : : .. .·····1··..·· ..·..·..·t·..···..........r....·......·.. ·1 .. ·· ~·"·1..···..···....·+........ ~···· .. ·~·· 

250 500 750 1000 1250 1500 1750 2000 2250 

~ 800 

~ 600g 
o 
5:s: 
:r 

400 

200 

250 500 750 1000 1250 1500 1750 20002250. 

3Hepnm raMMa-KBaHta. JC$B 

PHeyaoK 9 CneKTpw raMM8-ICBaHTOB, B03BBKaIOIIlBe npB BlaBMO,llelCTBHH npoToBoB e lBep

['Rei 1.5 rlB e MHmeBHMB yrJlepo,lla~ MarRH. H 8JlIOMHBBJI. OniellfeHw nOJlOOlmiBSI DRbB, OT 

peaKURD (p,p), (p, pp) B (p, P 2p 2Q). 1flleJla C'OOTBeTCTBYIOT 3HepfHHM DBKOB B lOB. 



. 
1--"'!"'-''''~''~IIIolI'~..•.. _· ....···l· ..··· · 

17 

. .. . 
............. ..1. ..2.?AI....) ................~ .......... _.....! ........  _.... ..1. .............. ~...............~ .. 

, . , 24M' 285' . . 
~ 843.727 ~ g; l I 1 1 
~ :Al 1 1369 ~ 1780 1 1 

............... j ..........t~14·······r············T·········T············.:-...........-:. 

250 500 750 1000 1250 1500 1750 2000 2250 

31p 
)S 600

$ .:r:.::::.::r:uuJ27~u::[::::1~::::UJu::u:IU:·:::l:::u]J'8 400u 
o : 1843 7: 1 i ~ ~ 30Si 

....··1~4..···.. ··.!·~··..···....1· ......·· .. ·· .... {············ ..·..~.................~ ..
5 200::s: 
;r i : ; l ; 1 ) 22i5 

250 500 750 1000 1250 1500 1750 2000 2250 

32S 

~u..............;.............•.L·••• ·•.L··.· ..•• ·;~ •••••• ;:··.·.:.·L:...•.:•.•.••••••..:.1. 

. ~ ............. ..J. .............. j .............td66......... -j ....-- ....-..~l~i. __ ._ ......L........~~~._ 


........J..............t ............... i- ........- ..
. i ....:.r~......-...(.....-~r. 
250 SOD 750 1000 1250 1500 1750 2000 2250 

3HeprMR faMMa-«SaHTa,K3B 

PBCYHOK 10 CnelITpbl rUMMa-KB8HTOB, B03HHKalO~He npH B38HMO,lleH4:TBHH npoToDoB ~ 
:)HeprHeJi 1.5 f3D CMHmeHHMH ICpeMHH.R, tOCtOP8 H cepw. OrMeqeHW DOJlOHteOHa DaKOS, OT 
petlICIlHB (P.P), (p, pp) H (p, p 2p 20). 1I8Ma OOOTBeTCTBYIOT ~meprHRM DHICOB B K')B. 
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TaMHna 1 raMMa-oepesoJ\1d H.1J.ep npH paClIleOJleHHB HJJ.pa zSSi opOToHaMH 
C :tHeprHei 1.1 r:t8. , 
Nt 3Hep...." 

3Kcn, 
uB 

3Hep .... " 
NNOC. 

DB 

nepexOA Ce'CeHMe 
nepexOAa 

M6H 

~po-
npoAyn 

BblneTa
lO~e 

'CaCTM14bl 

Ce'CeHMe 
06pa3088
HIUI RApa, 

M6H 

1 1780.3.tO.2 
2833. 7:t2. 7 

1779.0 
2838.7 

2+(1'~ 0\,8' 
4+f2)~ 21'(1) 

35.91:1.8 
5.3±0.6 

·SI 0 3S.H1.8 

2 782.7 :1:0.3 
960.3:tO.7 

780.8 
957.3 

1/2+{1~ 512+,p, 
312+{2)~ 512+(gs) 

S.ato.9 
2.S:tO.8 

27Si n 7.5:1:1.2 

.3 1196.0±O.9 1795.8 2~m~O~) 1.4:tO.9 <COSi 2n 1.4%0.9 

4 

r-

5 

841.SZ1.0 
101S.0±O.4 
2214.1±2.0 

843.7 
1014.4 
2211.0 

1/2+(1)-+ 512+(98) 
3/2+(2)~ 512+{gs) 
712+(:r,~ 512+(g&) 

<11.~.5 
<18.8tD.6 
<6.7:1:1.4 

27AI P <36.8 

418.2:tO.1 
831.6:1:0.8 

416.8 
829.4 

3+(2)~ S+(US) 
1+(3)~ 0+(1) 

19.7:tO.9 
4.6:1:1.5 

2GAI pn >24.3 

6 451.5:tO.4 451.5 
450.7 

1/2'+(1)-+ 512+(911) 
6/2+11)~ 3/2+(QS) 

4.3:1:1.1 
25AI 

23Mg 
p2n 

2p3n 4.3:1:1.1 

7 1810.3tO.4 
1129.8.tO.6 

1808.7 
1129.7 

2+(1}~ 0+(9&) 
2+(2)~ 2+(1) 

10.9:t1.1 
5.4to.8 

26Mg 2p 10.9:1:1.1 

8 
58S.8tO.2 
978.1tO.6 
390.6:1:1.0 

585.0 
974.7 
389.7 

1/2+(1)-+ 512+(05) 
3/2+(2)-+ 512\,$, 
312+!2}-+- 112"(1) 

8.2±1.2 
2.2t1.0 
2.2:1:1.0 

~ 2pn 10.4:1:1.7 

9 1369.8:1:0.3 1368.6 2+j1}~ O+{gs} 29.0:1:1.6 ~ 2p2n 29.0:1:1.6 
10 441.2:1:0.1 440.0 5/2+(1)~ 312+(gs) 27.5:1:1.5 23N8 3p2n 27.5:1:1.5 

11 
892.1:1:0.7 

1530.8:1:1.4 
890.9 
1528.0 

4+(3)~ 3\••) 
5+'4}~ 3\1$} 

4.0:1:1.5 
2.71:1.0 

22Na 3p3n >6.7 

12 1276.0±O.3 1274.5 2+(1)-+ 0+(11$) 6.9:1:1.3 :aNe 4p2n 6.ti1.3 

13 351.7:1:0.2 
1396.3:1:0.4 

350.7 
1396.0 

S/2+(1)~ 312+(gs) 
7/2+(2)'-+ 512+(1) 

10.6t1.1 
4.8:t.O.4 

21Ne 4p3n 10.6:1:1.1 

14 1634.9:1:0.4 1833.7 2+(1)-+ O+(!iI1t) 14.4:1:1.9 ~e 4p4n 14.ti1.9 
15 659.2:1:0.6 656.0 3+(1,-+ 2+(1)$) 4.1:10.9 ~ Sp3n >4.1 

16 
936.7:1:1.2 
1044.2:1:2.2 

937.2 
1041.0 

3+(1}'-+ 1+(ga) 
O+C2}-+ 1"'(as) 

3.S:i:1.0 
2.S:t1.0 ''1= SpSn 8.ti1.4 

17 1986.0:1:0.5 1982.0 
1981.5 

2+(1)-+ 0+(95) 
2+(1)'-+ O+(gs) 2.1:tO.4 

lISO 
24Ne 

6p4n 
4p 

2.1:t:O.4 

18 870.4:1:0.8 870.7 1/2+m~ Sl2+fgs) 3.1to.4 nO 8pSn 3.1:1:0.4 
19 718.3:1:0.3 718.3 1+m-+ 3+fgs) 10.0:1:0.6 lIIB 9p9n 10.0:1:0.6 
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,Z.l;ut .sJ,llpa 26Al y-nepexo)l C nepBoro B036y)1(')leHHoro COCTO.sJHIUI B OCHOBHoe He 

Ha6mo)]'aeTC.sJ, nOCKOJIbKY 3TO COCTORHHe nperepneBaeT 13+ pacna,1l C nepHO)]'OM nOllY· 

paclla,1la 6.3 c. )l,n.H1I,llpa 22Na 'Y·nepexo,ll C nepBoro B036j'iKJl.eHHoro CocroSIHWI B oc

BOBBae He perHCTpHpyeTCR H3-33 6oJIbworo BpeMeHH paCna)l8 (r-244 HC.). l103TOMY 

JInB 3THX H.nep MOJKHO onpe.neJIHTh TOJIhKO HHIKHlOlO rpaHHUY CeqeHHB. Tax Kate amo
MHHHii HMeeTCB B OKPY*'8lOIIlHX.lleTeKTOp MarepHaJIax, 1J)I.SI upa 27Al MhI MO)KeM yKa

33Th TOJJbKO BepXHlO1O rpaHHUy CeqeHHA. 

PaCCMOTpHM 60JIee nOllpo6Ho JJ.llPa, Kompwe MOryr 06pa30BhIBaThCSI upH B3aHMO

lleitCTBHH npoToHoB C 3Hepmeif 1.1 r3B C MHmeHblO KpeMHIDI. RJlpa pacnOJlO)l(eHhl B 

nop)JJlKe y6bIBaHHJI lSpJJ)lS H MaCCOBoro IfHcna. 

2914Si 

JJ..u.rc: 2914Si MO>KeT 06p83oBaThcB B peaKUHJlX (P,p) H (p,p n) Ha H30Tonax K~MHHJI 19Si 

H 3 Si. llepexo)l C nepBoro B036~eHHoro COCTOHHHB B OCHOBHoe JUJ.pa 914Si KMeeT 

3HepmlO 1273.4 DB H MOllCeT )laBan. BKJIaIl B MaKCHMYM OT nepexo.na upa 22lONe C 

nepBoro COCTO.RHH.R B OCHOBHoe, Ha6J1I011aeMhlH HaMH npH 1276.0 K3B. 3roT BKlla,n 

MOIKHO OueHHTb, npellnonar8JI, 'lTO peaKUIDI (P,p) HMeeT O)]'HHaKOBae celfeHHe Ha B30" 
Tonax 2914Si H 2314Si 

(0 e 9Si(p,p)29Si)= (j eSSi(p,pi8Si)= 35.9 M6H), 


a peaKIUU.l (p,p p) - O)lHHaKODOe Ce'leHHe Ha H30Tonax 3014Si H 2814Si 


(u eOsi(p,pnl~Si)= a eSSi(p,pn)21Si)= 7.5 M6H). 


Y1.fHThlBaJI H30TODBI:dH COeTaB MHllleHH nOJ]yqHM~ '!flO BOlMO)KJll:dil BKJlM OT peaKUHil 

8a RIlPax 2914Si H 3014Si B M8KCHM)'M npH 3HeprHH 1276.0 K3B COCTaBIDleT 


C1=a e9Si(p,p)29Si)*O.0467+0 eOsi(p,pnl~Si)*O.031:;: 1.9 M6H 


jf.npo 29Si MO)l(eT 06pa3oBbIBaThClI npH B3aH.MOlleilCTBHH npomHoB C cepoA H cPocq.o.. 

poM; :)TOT MaKCHMYM BHllea Hft pHC. 10. 


1814Si 

CxeM8 ypoBHeB .sJJlpa 28Si npHBe.lleHa Ha pHC. 11. MaKCHMYM B raMM8-cne.KTpe. COOT· 


BeTCTB}'IOlllHH nepeXO.llY .a.n:.pa 28Si C nepBoro B016y>KJleHHorO ypoBH.R B OCHOBHoe co· 


CTOjfilHe.. HaxO.llHTCli npH 3HeprHB 1779.0 K3B. B :)TOT MIlKCHMYM MorYI' BHOCHTb 


BKJI8,D, 'Y-nepexo.llbI OT B036y>K.lleHIDI JJ.pyrHX a:,n;ep: 


1) JhmHJI 1775.5 K3B OT nepexo.n8 upa 25AI c Ce.llbMoro ypoBH,. (2720.4 DB) Ha no

poit (c SepO.RTHOCTblO nepexo,na 74%). CxeMa yposseli SI,npa 25Al npHBe.lleHa Ha 

pHC. 10. llepexo.ltb1 C nepBOro YPOBWI B OCHOBDoe COCTOJlHHe )lRJI JI)lep 25AI H 23Mg 

He OTJIHtlHMbI JJ.pyr OT ,llpyra no 3HeprHH H HMelOT CYMMapHoe CeqeHHe 4.3 M6H. 

llepexo,llbI co sToporo H TpeTbero ypoBml He BbUle1LfJ.lOTCli Han. «pOHOM. Bo36y:>KZle

http:nepexo.n8
http:nepexo.na
http:Ha6mo)]'aeTC.sJ
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HHe 7-ro YPOBHSI 3HaQHTeJlbHO MeHee aepOgtHo, qeM ffepaoro, fl03TOMY llKJUl.ll.'3TOH 

.• JlHHHH B CeqeHHe KBa3Hynpyroro paCCeJlHHSI MOlKHO He yqHTblB8Th. 

2) Jhnnul -1780.0 OT nepeXO).l8 SI.l.lpa 2~g C TpCThero ypOBHSlC 3HepnteH 3588.8 K3B 
lia nepB.blit CxeMa ypoBHeii SI.l.lpa 2~g llpHBelleHa Ha pRC•. '11. llepexo).lc· nepBOfo 
YPOBHSI B OCHOBHoe COCTOSlHHe srllpa 26Mg Ha6Jl1OJ{aeTCSI npH 3HeprHH 1808.7 K3B 'H 

'"HMee-r CeqeHHe 10.9±1.1 M6H. nepexo).l co BTOp(}ro ypoBHSI sa nepBIdH c'3Heprit:ea 
1129.7 K3B (BepOJITHOCTb 91%) HMeeT CeqeHHe S.4±O.4 M6H. fIpe.zmonolKHM, 
lITO OTHomeHHe BepoJITHOCTH B036)')KlleHHll TpCTbero ypOBHH K BepoJITHOCTH 

,~Q 

0+ .II 4979.92 39fs4+4 4617.86 44fs 

I ~ I~ 1808.72 476 fs2+., 
S 1779.030 47Sfs2+ 

0+ _....&.___0.......0 __ stable 


~ 25 AI 
7/2+!::-~ rI 2720.4 250 f5 

3/2+ -!:::::=:::::=f=t=F
....R=r=r=;=;===/, --zE ~f2 f:v 
112+ --H+++++++-r-r-r-~-!7 . I 

112+ _~____-+"--+"---t----++.Lf=-__4....5,,-,1:..:;.5:... 2.29 ns 
5/2+ 0.0 7 183 s ."

18 26.. _ lS· ,'. . ' 
PHCYHOK 11 CIeMa ypoBHeH H./lep Si, Mg H At npHB~~eKbi KB8HTOBbie q"~a, 3HeprHH, 

BepOSlTBOeTH, CUMLI paeD8)l8 H BpeMeHa xal38B 8B,)KOJJ~~HX ypoBuei. 

5/2+ . r:1 1789.6 360 fs 
7/2+.(3/"r,"'f/:""'I"-+~-H-+--iH+H+r--..a-!I~.....t..3Iu..-- --1 5 f5 

3/2+ __~~~~~~~~~__=944~.=-8 4.3 ps 

http:t----++.Lf
http:llepexo).lc
http:nepeXO).l8


21 


BO'36}'JK,lleHHJI BTO'PO'rO' YPO'BHJI TaKoe )Ke, KaK O'THOilleHHe SepO'STHOCTH BO'36YJK.D.e

HB}I BTOporO' YPOBHR KBepoSTHOCTH BO'36~eHH}I nepBOrO' YPOBHH. TO'r~a llJI}I 

raMMa-nepexOlla H~pa 26Mg c TpeTOerO' YPOBIDl Ha nepBhJa nO'JIyqHM oueHKY BenH

liHHbl CeqeHHH cre6M&3)~ 26M~ (l»)=cretM&3)-)=2.7±0.4M6H. 

3) 	llHHHlI 1789.5 OT nepeXO'lla }I.llpa _5AI C lfeTBepTO'ro YPO'BHH B OCHOBHO'e COCTO}lHHe 

C SepO'KrHO'CTblO 24%. KaK )1l0MJIHYTO' BblIDe, ::meprHH nepeXO')1,oB c nepBO'rO' 

ypoBH.$I B OCHO'BHO'e COCTO'lIHHe .l.lJU1 lI.llep 23Mg H
25A1 CO'BnanaroT, H HX cYMMapHO'e 

ce4eHHe CO'CTaruuleT 4.3±1.1 M6H. CKO'pee BcerD, BKJIaD. IIepeXO'.a.8 25Al C 'IeTBepTO

rO' ypoBHSI B OCHO'BHO'e COCTO}lHHe He3Ha'DITeJIeH. 

TaKHM O'6pa3O'M, BKJIa,n raMMa-nepexo.a.oB O'T ,llpyr:wx BO'36y>K,lleHHbIx KJJ.ep S IIHK, CO'

OTBeTCTB)'lOlludt nepexO',IlY Mpa 28Si C nepBOrO' BO'l6j')KJIeHHO'rO' CO'CTO.$IHHlI B O'CHO'B

HO'e, COCTaBJlHeT 0=2.7±0.4M6H. 

j:(JUI npaBHJILHO'rO' O'npeneneH1UI Ce4eHH}I peaKU,HH 28Si(p,pi&Si HeO'6xo)1,HMO' yqH

TblBaTh H30TonHblH CO'CTaB MHlIleHH. 

npe.llnO'JIO')KHM, 'ITO Ce'leHHjJ peaKUHH ~ P ~ Ha RJlpax 29Si H 28Si paBHbI JlPyr JlPyry 

a CeqeHHJI peaKUHit (p, p nn) Ha H.ll.pax .3 Si H 2 Si TaIOKe paBHhI. 

nO' H8lIlHM Jl8HHhIM CeqeHHe peaKl€HH (p, P n) Ha 28Si paBHO' 7.S±1.2 M6H, a Ce'IeHHe 

pea.J<UHH (p, p nn) Ha 28Si paDHO' L4±0.9M6H. 

TO'rJla CYMMapHhIH BKJlan 0'1' llBYX peaKUHH COCTaBJIHeT 

o=cr(29Si(p,pnf 8Si)*O.0467+creoSi(p,pnf 8Si)*O.031 =O.4±O.l M6H. 

~ nO'npaBKft npHBO.llHT K YMeHhWeHHlO Ce'leHHI. ilonpaBK8 no 06pa30BaHHIO JlaH

HO'rO' raMM8-nepeXO.lla B pe8XlJ,HlIX Ha 30Si H 29Si O'Ka3hlBaeTClI 3aMeTIIO'H TOJILKO' )J,JUI 

HeRTpOHO'H36h1TOlfHbIX l,Ilep. 

nO'npaBlca lIa npO'[(eHTHOe CO',lJ,epIKaHHe 28Si (92.23%) BBO.llHTClI,lJ,J11I Bcex jlJlep H 

npHBO'JIHT K YBeJIHlfeHHlO CelfeHHJI. 

)J;m Qpa 28Si aa6mo.n.woTcJI TaIOKe nepeXO'Jlhl cO' BToporo H l'peTberO' YPOBHjJ Ha 

nepB.blH C 3HeprBJlMH 2838.7 K3B H 3200.7 K3B. XapaKTepHO'H OCOOeHHOCTblO 3THX 

nepeXO')J,oB SlBJUleTCJI HK 60JIhillWl WHpHHa, CBJl38HHaJI C MaJIhiM BpeMeHeM IKHlHH 

(44 q,c 8 39 q,c COOTBeTCTBeHHO). CelfeH8e nepBOrO' 83 3THX nepeXO'.llO'B CO'CTaBJIjfeT 

0=5.3±O.6 M6H (WHpHHa JIHHHH - 19 K3B), a ceqeHl'le BTO'poro O'npe)J,eJIHTb He YJlaeTCH 

H3-38 6O'HblIlO'A WHpHHbl.H ManOH HHTeHCHBHOCTH. 

C ytIeTO'M npHBe.lleHHbIX Bblme nO'np3.BO'K, ce4eHHe 06p83O'BaHHa x,lJ,pa 28Si 6JIH3KO' 

J( CelleHHIO nepeXOJIa c nepBO'rO ypoBH.$I B OCHO'BHoe CO'CTO.1IHHe H paBHJleTC}I 

o=35.9± 1.8 M6H. 

2714Si 

4eTKO' BblAenSleTCa y-nepexO'.ll C nepBO'rO B036YlKAeHHO'rO' CO'CTOj(HKlI B O'CHOBHoe C 

,'.meprKeif 780.8 K3B Ii CeqeHHeM o=5.0±O.9M6H. TalOl(e 3aMeTeH y-nepexoJl cO' STOpa

http:y-nepexO'.ll
http:raMMa-nepexo.a.oB
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fO B036YJK,JJ.eHHOrO COCTOJlH1Ul B OCHOBHOe C 3HeprHeH 957.3 K3B (Bep0.RTHOCTb 94%) c 

Ce'leHHeM a=2.5±0.8 M6H. Oepexo.n C TpeThefo YPOBHH He Ha6Jl1().naeTCH; j'*nepexo}l, C 

qeTBepTOfO YPOBHH H)1eT Qepe3 BTOpOH. Ce"leHHe 06Pa30BaHHJI H.ZI.pa MOJKHO C\fHTaTh 

paBHblM C}'MMe CeqeHHH nepBblX .ZJ.Byx y-nepeXO.ZJ.OB. a=7.5± 1.2 M6H. 

1614Si 

fIH:K, COOTBeTCTB}'lOlllHH nepexo.ny C nepBoro B036YJIC.neHHoro cocrolHHJI B OCHOBHoe 


BbI,lleJUleTCJI npH 3HeprHH 1795.8 :K:}B H HMeeT Cel.JeHHe a=1.4±0.9 M6H. 


1713A1 

IloJlo)1(eHHe nH:Ka npM 3HeprHH 843.8 K3B OT nepexo.na Jl.ZJ.pa 2713A1 C nepBoro B036YJIC


}l,eHHOfO COCTOKHHJI B OCHOBHoe 6JIH3KOK $OHOBOMY IIHKY 846.8 :K3B OT peaKUHH 


5626Fe(n.n'i6
26Fe ()f(eJIe30 HMeeTC.i B OKpYJKalOlllHX .l1eTeKTOp M8TepHanax). AnnpoK


CHMamUI nHKOB 3THX .llByx pea.KIUiH O)J.HOH <pyH.KllHeH fayCC8 )J.8eT CeqeHHe 


o=37.2±1.8 M6H npH WHpHHe JlHHHB 4.24 K3B, 'ITO 60Jlhwe OllCH.llaeMOH WHpHHbI JIB" 


HHH Ha pRC. 46. P83)leneHHe 3THX ,llByx JIHHHH npM tPHKcaIUlH HX mHpHH If nOJIO)Ke


RBi .llaeT.llJIJI nepBoii CeQeHHe a=11.3±l.S M6H, .ZJ.JHl BTOpoii CeqeHHe cr=27.2±1.2 M6H. 


Ha6mo.llaeTcSI TaK)Ke rrepexo.ll H.llpa 2713Al co BroPOfO B036y:;K,l{eHHOfO COCTOJIHHJI B 


OCHOBHoe C 3HeprHeH 1014.4 nB H CeqeHHeM o=19.6±O.6 M6H. B 3TOT nH:K M01KeT 


TaIOKe JlaBaTb BKJI8,A nepexo)J. c nepBofo B036YJK,lleBHoro COCTOJIHH1I B OCHOBHoe H.ZI.pa 


23Ne C 3HeprHeH 1017.0 lOB. 3ro npHBO.llHT K ynmpeHHIO nHKa (CM. pHC. 46). no-

rrpaBKa Ra 06p3.3oB8HHe JI.1lpa 2~e Ha 29Si H JOSi )J.8eT a=0.8±0.1 M6H. llHK 2211.0 K3B 


COOTBeTCTBYeT nepexo.llY Jl.ZJ.pa 27 nAt C TpeThero B036Y>IUleHHoro COCTO"HH" B OCHOB

Hoe C CeqeHHeM O';:;f).7±1.4 MfiH. AnIOMHHHH HMeeTCH B OKp)')KalOU(HX M8repHanax, 


n03TOMY B03MO)J(H8 peaKllHJI 27nAI(n,n')27nAl, BHOCImu BMall B'Ha6mo.llaeMhle nH


KH. llO.llTBep)KJleHHeM 3Toro RBJUleTCR nHK OT R.ZJ.pa 2713A1 C 3Hepf'He~ 1014.4 K3B rrpH 


H3MepeHH"x C MHmeHHMH 12C H 24Mg (B peaKUHHX Ha 3THX·I.llpaX He B03HHKaJOT raM


Ma-rrepeXO.llLl C TaKOH 3HeprHeH). BepX1UlJl rpaHHUa ceqeHIDI 06p830BaHHSI SI.lI.pa MO


iKeT 6blTh oneHeH8,KaK C)'MMa celfeHHA TpeX raMM8-nepeXo,lloo: 0<36.8 M6H. 


:Z6)~1 


llepBblH yp0BeHb C 3Hepmeii 228.3 K3B HCnblThlBaeT f3-paCll8,A co BpeMeHeM nony~ 


pacna.na 6.3 c. qenco BLmeJIjJeTCSI nepexo.ll co BTOPOfO YPOBHlI Ha OCHOBHOH. C 3Hep


fHeil 416.8 K3B H celfeHHeM o=19.7±O.9 M6H. llHK npM 831.6 :K3B M01KHO HHTepnpe


mpoBaTh K1lK nepexo.ll C 1peTberO B036Y>K.neHHorO COCTOllHHX Ha nepBoe C 3HepfHeH. 


829.4 :K3B H celfeHHeM o=4.6±1.S M6H. Eonee BhlCOKHe ypOBHH paCn8,llaJOTcl Qepel 

nepBblH H BTOpoii. MO)f(HO yK83aTh TOJIbKO HH>KHIOIO rpammy CeqeBIDI 06p830BallH.R 

H.llpa: 0'>24.3 M6H. 

http:nepexo.ll
http:nepexo.ll
http:pacna.na
http:SI.lI.pa
http:Jl.ZJ.pa
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lS13A1 
nepcXO.ll C nepBOfO B036YJKLleHHOro COCTOlIHHlI B OCHOBHoe lIJlpa 2's13A1 C YHepfUeH 
451.5 K3B COBna,.u.aeT C nepexoAoM C nepBoro B036y:>K.l1.emlOfo COCTORHIDI B OCHOBHoe 

lInpa 23 12Mg C 3HeprHet:i 450.7 R3E. CelleHHR 06pa30BaHHlI R.llpa 2S J3Al B nepBOM B03

6YJl<.lleHHOM COCTOlIHHH He 60JIbwe 'iCM cr=4.3±1.1 M6H. 

MgU ll

tIeTKO Ha6mo.llaeTCR ncpexo.ll C nepBOfO B036YiKlleHHofo COCTORHHR B OCHOBHoe R.llpa 


2612Mg C 3HeprHeii 1808.6 K3B H CCqeHHeM a==11.4±1.0 M6H. BTOPOH, TPeTHH~ qeT


sePTbIH H 60JIbWHHCTBO .llpyrHX ypoBHCif pacna,nalOTcR lIepc3 nepBblit nepexon co 


BTOPOfO ypOBIDI Ha nepBhlH npH 3HeprnH 1129.7 lOB H.BnJleTCSI nplfIfHHoH nOSlBneHHSI 


nHHHH npH 1129.8 K3B c CeqeHHeM o=5.4±O.6 M6H. PaHee CeqeHBe nepexo.n:a c 


1'peTherO ypOBIDI Ha nepBhlH c 3HeprHeH 1780.0 R3B 6hJlIO oueHeHO KaK 0'=2.7±OA 

M6H. 


,1:1;ruI an,pa 2612Mg Heo6xoAHMO yqHThIBaTL nonpaBKy Ha BIOl8.,lI, OT peaKIlHR C 29Si Ii 


30Si. CJlenaeM JlOnyrueHHet liTO 


(j eOSi(p,pppnnibMg)= cr eSSi(p,pppnny24Mg)= 29.0±1.6 M6H 


cr ('-9Si(p,pppni~g)= cr e8Si(p,pppn)'-5Mg)= IOA±l.7 M6H 


CYMMapHhlil BKJIa,lJ; OT .n:Byx peaKUHH C ytleTOM H30TonHoro COCTasa COCTaBIDleT 


O'=cr (29Si(p.pppn)26Mg)*O.0467+cr eOSi{p,pppnni6Mg)*O.031 =1.5±O.1 M6H 


C ytteTOM nonpaBKH Ha Co,nep)l(aHHe H30T0na 28Si B BelUeCTBe MBweHH, celfeHHe 


06pa30BaHHff 2612MgpaBHReTClI 0'=(1 1.4±l.O)/O.9223-1.5±0.1=1 O.9±1. 1 M6H. 


lS12Mg 

tIeTKO Ha6nK>naeTClI nepexon c nepBofo B036Y)l(JleHHofO COCTOllHHR B OCHOBHoe C 


3HeprHeH 585.0 K3B H CeqeHHeM a-8.2±1.2 M6H. TalOKe Ha6mo.naeTCH DBK OT nepexo


.n:a co BToporo B036YiKlleHHoro· COCTOllHHR B oCHOBHoe C 8epoiTHOCTblO 51 % npH 


::meprHH 974.7 K3B c CeqeHHeM cr=3.6±O.3 M6H (B 3TOT nepexo,ll MO>KeT Jl3B3Tb He
6oJlbmoit Bkna.LlllHHHlI 979.8 k3B OT nepexo.na ".Llpa 2~a co BToporo ypoBHff Ha nep

BhIit). nepexon an,pa 2S 12Mg co SToporo ypOBHJI Ha nepsbm (c nepoSiTHOCTblO 49%) C 


3HeprHeH 389.7 K3B HMeeT celfeHHe a=2.2±1.O M6H. MOJICHO ClIHTaTb celfeHHe nepe

xo.na co BToporo ypOBml B OCHOBHoe COCTOHHHe paBHLlM CeqeHHIO nepeXOJla co BTOpO


fO ypoBHjf Ha nepDh1H (a=2.2±1.O M6H). CelfeHHe nepexo.n:a C Tf'eTbero B036Y)I(JleHHO

ro COCTOJlHIUI B OCHOBHoe npH :mepnm 1611.7 K3B MeUbme 0.5 M6H. Ce~eHHe 06pa


'JOBaHHJI aa:pa onpeneJIHM KaK CYMMY Cel.JeHHH nepexoIloB B OCHOBHoe COCTO.8HHe C 

nepBoro H STOPOfO ypoBHe:A. JJ.;ur R.n:pa 2S 12Mg He06xo)lHMO ytlHTblBaTb lIOlIpaBKy Ha 


BK..'laIl OT peaKUUA c 30Si H 29Si PaBH)1O 1.5 M6H. 


a=10.4±1.7 M6H. 


http:nepexo.na
http:ncpexo.ll
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1l

Mg 

flepBbIH ypOBeHb HMeeT 3Hepnno 1368.6 K3B. CeqeHHe 06paJoB8Hlofe jflIpa MO)KHO 


C'fHTaTb 6JlH3KHM CeqeHBIO nepexo.na c nepBoro B036)'J1<,neHHoro COCTOgHHSI B' OCHOB


Hoe COCTOSlHHe: o=29.0± 1.6 M6H. 


1J12Mg 


!!epexo.ll c nepBoro ypoBHSI B OCHOBHoe COCTOjfHBe npH 3HeprHH 450.7 K3B CJIHBaeTCjf 


c ITHKOM OT aHaJIOIWlHOrO nepexo.na 2SAI. BTOPOR II 1'ptITHR B036~eHHble ypoBHH 


pacna,ncuoTCJI qepe3 nepBbUt. CeQeHHe 06pa30BaHHSI Bllpa He 60JIhme '{eM 4.3 M6H. 


13
1l

Na 
qeTl(O BbI.D.eJIjfeTCjf nUK OT nepeXOlla C nepBoro ypoBH.s B OCHOBHoe COCTOJlHHe C 3Hep

rHeH 440.0 K3B. flepexo.n co BToporo YPOBH.s H)leT npeHMyw.eCTBeHHo (91 %) lIepe3 

nepBhIii. flepexoll C TpeTherO YPOBHJI B OCHOBHoe COCTOJlHUe C 3HeprHeil 2639.7 K3B 
He BbllleJISleTcg Ha.n <POHOM. CeqeHHe Ofipa'lOBaHHSI SI.llpa MOiKHO C~TaTb fimf3KHM. ce

'IeHHIO nepeXOlla C nepBoro YPOBHJI B OCHOBHoe COCTOjfHHe. C yqeTOM nonpaBOK Ha 

BKJla,ll OT peaKU,HA Ha .smpax 30Si II 29Si (1.3±0.6 M6H) H npOueHTHOrO CO.llepiKaHHSI 

28Sis MHmeHH nOJIyqaeM 0=27.5±1.5 M6H. 

llllNa 

BpeMJI nOJIypacn8Jla nepBOro COCTOJlHHR C 3HeprHea 583.0 lOB COCTaBJIBeT.. 244 He, H 

n03TOMY nepeXO.D, C nepBoro ypoBHSI B OCHOBHoe COCTOSlHHe He HsfiJIIO.lI.8ercx. fh-38 

M8JIOH 3HeprHH (74.0 K3B) He Ha6m01l8eTCjf nepexoJl co BTOporo YPOBHjf H8 nepBhIit 

Ha6JIIO.naeTcx JIHHHJI 890.9 K3B OT nepexoJla C 'TpeT.E.ero B036YiKlleHHoro COCTOSlHHR B 

OCHOBHoe C Ce'leHHeM o=4.0±1.5 MfiH H JIHHM" 1528.0 K3B OT nepexOJl8 C lfeTBepTOrO 
B036y>K.LJ;eRHOrO COCTOSlHH.$I B OCHOBHoe (BepoJITHOCTb 94%) c CeqeHHeM 

0=2.7± 1.OM6H. MO>KHO oueHHTb TOJIbKO HH>KHlOlO rpaHHUY CeqeHHg 06p83oB8HM 1f.ll

pa KaK CYMMY ce'leHHD JlBYx Ha6JIlO.lI.aeMbIX raMMa-nepexo.noB; 0>6.7 M6H. 

14loNe 

llepexoJl c nepBoro YPOBWI B OCHOBHoe COCTO'i'HHC C 3HeprueH 1981.6 lOB HaKna)lld

BaeTCX Ha 8H8.I10fHlfiIhIH nepexo.n: SI.lI.pa 13gO. OueRIes CeqeHHX 06pa30BaHH1f SI.lI.pa 24Ne 

Ha 30Si .naeT o=O.2±O.1 M6H. CeqeHHe 06p83oB8HH~ 2410Ne He 60JIbWe 2.1 M6H. 

lJ.oNe 
IWK OT nepexOJl8 C nepBoro B036)')K,lleHHOrO COCTOJIHIDI B OCHOBHoe Mpa 2~e C 3Hep

rHeH 1017.0 K3B MOJKeT ,lJ,8BaTb He6oRbwoH BKJIa,LJ. B nHKOT nepeXO.ll8 Mpa 2713A1 co 

BToporo B036y>K.lJ.eHHoro COCTOjfHHJI B OCHOBHGe C 3HeprHeii 1014.4 K3B H CeqeHHeM 

http:SI.lI.pa
http:SI.lI.pa
http:nepexo.na
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o=19.6±O.6 M6H. B 3TOT DHK MOiKeT TaIOICe JJ;aBaTh BKJla,n nepexo.n C Depaoro B036yx<

JJ;eHHoro COCTO.8HH.8 B OCHOBHoe JIllpa 23Ne C 3HeprHeH 1017.0 K1B. nOnpaBKa Ha 06pa

30B8HHe 23Ne ua jlJ],pax 29Si H lOSi HMeer BenHQHHY 0=0.8±0.1 M6H. 

11lONe 
npH ::meprHH 1274.5 K3B Ha6mo)laeTC.H nepexo)l C ner.Boro YPOBHlI B OCHOBHoe co

CTO.8HHe. OueHKa ce'tJeHH.8 06pa30BaHH.8 22Ne Ha 29Si M 3 Si ),laeT 0=0.9±0.1 M6H. 

CeQeHHe 06pa30B8JfH.8 .H.llP8 6JIH3KO K CeqeHHIO nepexo.Zla c nepBoro B036Y>K.lleHHoro 

COCTOlIHH.8 B OCHOBHoe H paBHO c:r=6.9±1.3 M6H. 

2) loNe 
4eTKo npollBnReTClI nepexo)l c nepBoro ypoBHlI a OCHOBHoe COCTOlIHHe C JHeprHeH 

350.7 K3B. Ha6mo.naeTC.8 JIHHH.8 C 3HeprHcii 1396.0 K3B OT nepexon8 co BToporo 

YPOBH.H H8 nepBblli c Bepo.8THOCTblO 95% H Ce'leHHeM o=4.8±0.4. Tpendi ypoaeHb C 

BepoHTHOCTblO 83% pacna.naeTC.8 'falOi(e Qepe3 nepBhIH. CeqeHHe 06Pa30B3.HIDI Sl,Apa 

MOlKHO C'lHTaTb 6JlH3KHM I< Ce'leHHIO nepexo)l8 C nepaoro ypOBHlI B OCHOBlfoe COCTOR

HMe. C yqeTOM nonpaBOK Ha H30TOnHhlH COCTaB MHlleHH OHO PaBHO 

a;;::1 0.6± 1.1 M6H. 

20,oNe 
llepexo.Zl C nepBoro B036YX<lIeHHOrO YPOBHJI .ZlaeT OCHOBHOA BKJ18Jl B DHK npH 3HeprHH 

1633.7 K3B. B03MO)KeH He60JJhWOH BKJIa,n B 3TOTnHK OT nepeXO.ll.8 co BToporo ypOBH.8 

Ha DepBblH C JHeprHeA 1635.6 I<JB (Bep0.8THOCTb 91% ) .8.Zlpa 23 11Na. Ce'leHHe 06P830

BaRH" lIJlPa 6J1H3KO K CeqeHHIO Depexona c DepBoro YPOBHs[ B OCHOBHoe COCTOHHHe: 

0=14.4± 1.9 M6H. 

lO,F 
Ha6nlO.ZlaeTClI nepexo.Zl c nepaoro YPOBfUI B OCHOBHoe COCTO.HHHe npH :meprHH 656.0 
K3B. BTOPOH ypOBeHb C BepoJlTHOCTblO 63% paCfla.llaeTCH -qepe3 nepBblH. nepeXO.ll.bI C 

TpeTbero H 'tJemepToro ypoBHeA B OCHOBHoe COCTOJlH.He He Ha6mo.ZlalOTC}I. MO)I(HO 

OIleHHTb nHllIb HH>KHIOJO rpaRHUY ce1.IeHHJI 06p830BaHH.H 'lApa: 0>4.1 M6H. 

18,1' 

npH :meprHH 937.2 K3B Ha6nlO.ZlaerC.i nepexo.n C nepBoro ypoBHlI B OCHOBHoe COCTOJI

HHe C CeqeHHeM o=3.5± 1.0 M6H. BTOpoA yposeHb C 3HeprHeii 1041.6 K3B H rpeTHH 

ypoBeHb C .)HeprHeif 1080.5 K3B 6mf3KH K nepBoMY no JHeprHH If pacna.n.alOTC.i Cpa3Y 

B oCHOBHoe COCTOXHHe. CeqeHHe nepBoro H3 3THX ypOBHe" 3THX ypOBBe" MOJKeT 6bITb 

oueHeHO BeJIH'IHHaMH 0=2.5±1.0 M6H, a Ce'feHHe BToporo 0<0.5 M6H. qeTBepTblH 

http:COCTOJlH.He
http:nepeXO.ll.bI
http:nepexo.Zl
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ypOBeHL (1121.4 K3B)pacna,naeTCR lIepe3 nepBLIH. CeqeHHe 06pa30BaHH1I Mpa 18~ 
MQiKHO C'iHTaTb C)'MMOH CeqeHHH nepeXO.lloB C nepBhlx .llByx ypoBHeA: o=6.Q±1.4 M6H. 

Ha6mo.llaeTCJI nepeXO.ll c nepBOrO YPOBHJI B OCHOBHoe COCTOllHHe C 3HeprHeD 1982.0 
K3B, HaKJIa,nLIBaromHHCJI Ha aHaJIOfHlfilhlB nepexo)). JI,Apa 24Ne C cYMMapHhlM Ce1.feHH

C;.f a = 2.3±0.4 M6H. llpHHHM81I. 'ITO Ce'leHHe 06p830BaHHR R.llpa 24Ne Ha 30Si 
a=0.2±0.1 M6H, nonyqaeM C)'MMapHOO CeqeHHe 06p83oBaHIDI IBO H 24Ne; 

0=2.1 ±0.4 M6H. 

17,0 
Ha6mo.llaeTClI nepexo.ll C nepBOfo ypoBIDl B OCHOBHoe COCTOJlHHe .8.llpa 

170 C 3HepfHeA 

870.7 DB. 3HeprIDI nepexo.na CO BToporo ypoBHJl Ha nepBhIH paBHa 3055.4 K3B. Oc
TaJILHhle ypoBHH HMelOT 38MeTHO 60J1Lmyro 3HeprHlO, n03ToMY. npe.lUloJlaraJI, 1.fTO ce

qeHHe nepexoAoB C BhlCOKHX ypoBHej;f HanpHMyro B OCHOBHoe COCTORHHe MaJIhl, ce1.fe

HHe 06p83oBaHH.8 R.llpa MO>KHO CQRT8Tb 6J1R3I<RM CeqeHHlO nepexo,n8 C nepBoro YPOB

HH B OCHOBHoe COCTOHHHe: 0'=3.1 ±0.4 M6H. 

lOsS 

llPH 3HeprHH 718.3 I<3B lJeTKO Bbl)leJUleTClI nepexon C nepBoro ypoBHlI B ocHOBHoe'Co

CTOJlHHe. OCTa.lIhHble nepeXO,A1iI npoHCXO,LUIT IIpeHM~ecTBeHHo -qepe3 nepBblH. no

3TOMY CeQeHHe 06p83oBaHHjJ JI,npa MO)f(HO CqHTaTb 6JIH3KHM K CeqeHHlO nepexo.lla c 

nepBoro ypoBIDl B OCHOBHoe COCTORHHe; o=lO.O±O.6 M6H. 

npH 3HeprHH 745 K3B KMeeTCJI IIHK C ce-qeHHeM o=5.3±0.5 M6H. OH OTCTOHT OT 

nepexo)la Rnpa IS6C C nepBoro B036)')K.lleHHoro COCTOJlHHJI B OCHOBHoe (npH 3HepfHH 

740.0 K3B) Ha 5 K3B. npH B3aHMO.lleHCTBHH npoToHoB C .llpyrHMH JI)lpaMH np" 3Hep

fHH 745 K3B TalOlCe Ha6mo.llatoTc.I MaKCHM)'MbI. fl03TOMY, cKopee acefO, nRI< HMCeT 

CPOHoBoe npoHCX(»)I(neHHc. 

KaK OTMeQ81IOCb Bblwe, B YCJlOBHJlX Hawero 3KcnepHMeHTa MbI perKcTpHpyeM 

raMM8-nepexO.llb1 C .llHana30HOM ~HeprHH OT 150 .llO 3400 K3B H xapaKTepHhlM BpeMe

HeM OT 100 «pc .llO 20 HC. He perHCTpH~~TCj{ HaMB nepeXO.llb1 C nepBoro B036y>KJl.eH

Horo COCT01lH.IDI B OCHOBHoe lI.JlJI .811ep 14Si, 2S IINa. 22J1Na. 19Qf H 167N H3-3a CJIHIDKOM 

MarreHLKOH 3HeprHH H3J1y-qaeMLIX «pOTOHOB, a .AJ1jl MCP 1680~ Ij80, 157N, I46C, 136C H 

126C H3-Ja CJlHWKOM 6om,moil 3HeRrHH. BpeMeHa nepeXO.llOB C nepsoro B0'36YJK,lleHHO

ro COCTORlIH.8 B ()CHOBnoc anep 413A1, 2 uNa, JlsB, 9sB CJIHIDKOM 60JlbIDHe, q'fo6b1 

ObITb 3aperHCTpHpoBaHbI B YCJIOBHnX Hamero ~KcnepHMeHTa. 

http:B036y>KJl.eH
http:nepexo.na
http:nepexo.ll
http:nepeXO.ll
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tVlSl KpeMHHJI C YMeHhUIeHHeM MaCCOBOrO lfHCJla H30TOna OT 28 .no 26 H .llJIj[ amo

MHHHjl e YMeHbllleHHeM MaCCOBoro lfHcna H30mna OT 21 .no 25 CetfeHHJI n8118lOT, no

3TOMY CetfeHHJl 06p83oBaHU Mep 2' I4Si H 2'113A1, cKopee Bcero, 6y.nyr He6oJIhIDHMH. 

CeqeHHJJ 06p83oBaHHJI .npyrHX BblllIenepelfHcneHHhIx JI.ltep TalOlCe He MOryr 6L1Tb 

60nhWHMH, TalC lC8K OHR 06p83)1OTCH B peaKUHlIX C BbIJIeTOM 60JIhlllOrO QHCn8 lfaCTHu,. 

TaKHM 06PalOM, MhI 3aperHCTpHpoBaJIH Bee HaH60nee Bepo"THhle peaKUHH pac

w;enneHHJI rrpB B38.KMo.neHCTBIDI npoToHoB e KpeMHHeM. ECJIH npoc)'MMHpOBaTb Ha

6Jl1O.l{aeMLIe KaHaJIhI peaKUHH, TO rronyqHM O'CYMMa KaH8J10B=251.9 M6H. Jro COCTaBJ'lJleT 

60JIbille 5oo.A, OT Heynpyroro CelfeHH,SI B3aMMO)J,eHCTBHH npOTOHOB C 3HeprHeif 1.1 f3B 

C .sI.ltPaMH KpeMHHjl. 

B Ta6nHue 2 npHBe.n:eHo cp8BHeHHe H8IDHX ,lJ,aHHbIX C .n:aHHldMH .n:pyr»x 8BTOPOB H 

reopeTHliecKHMH paCtfeT8MH. npHBe.lleHbI TOJIhJ(O H8H60nee .n:ocTOBePHO onpelleneH

Hble CetfeHIDI. Bo BTOPOM CToJl6l{e rrpHBe.neHbI CeqeHHJJ o6pa30saHJUI .Jl)lep. B 1peTbeM 

cTOJl6ue npHBe.l1eHhl pe3ynhT8TbI pa60ru Michel [12]. Mero.IlHK8, npHMeHeHHruJ B 

3TOH pa60re .nIDI onpe.n:eneHIDI CeqeHHH, B CJIYtf8.slX OTMeqeHHhIX CHMBOJIOM (c), He HC

KJIlOtfaeT BKJIa,.na pa.llHOaKTHBHhIX rrpe,lJ,IlleCTBeHHHICOB H, J(aK npaBHJlO, lIBID1eTCJI 8epx

HeR rpaHHueA CeqeHIDJ peaKUHH. 

TaMaua 2 CpasaeRHe nonyqeaHblx ~aHablX e ~pyrHMH :nccnepHMeBTaMIl H 
TeOpe'1 B'IeeKBMH paC'Ie-raMH 

1 2 3 4 5 6 7 8 
ffAPO Cel.teHMe, 

M6H 

Cel.teHMe 
Michel, 

M6H 

C&-teHMe 
Webber, 

M6H 

PaCl.teT 
ST, 
M6H 

PaC"IST 
UNUCL, 

M6H 

PaC"'teT 
GHEISHA, 

M6H 

PaC"IeT 
FLUKA, 

M6H 
uSi 7.S±1.2 31.2±O.S 7.8 25.0 38.3 0.4 
26Si 1.4±0.9 1.4±0.1 1.4 
z7AI <36.8 51.B±0.8 21.5 22.9 24.6 0.3 
26AI >24.3 20.3±1.7(e) 30.3±0.5 18.5 36.5 84.4 1.0 
:.!°Mg 10.9±1.1 1S.9±0.3 9.1 6.8 21.8 0.4 
•25Mg 10.4±1.7 27.2±O.4 17.8 
24Mg 29.0±1.6 33.0±0.4 16.4 
23Na 27.S±1.5 18.9±O.3 14.7 13.3 34.9 3.2 
22Na >6.7 19.3±1.4(c) 11.4±O.3 17.4 
22Ne 6.9%1.3 9.2±1.2 7.B±O.2 5.4 1.7 3.3 2.7 
21Ne 10.6±1.1 24.2±1.0(c) 7.8±O.2 9.7 10.3 16.1 4.7 
2uNe 14.4±1.9 26.5±1.6(c} 12.3±0.2 12.7 11.7 17.5 6.1 
2°F >4.1 13.3±0.2 4.1 

http:BKJIa,.na
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JJ:anee npHSe):(eHbI ):(aHHbIe 3KcrrepHMeHTa Webber [27], B KOTOPOM 1IJlpa 28Si, yc

KopeHHble ):(0 3HepfHH 600 M3B/HYKJIOH, BlaHMo.1leHCTBOB8JIH C nOKO'UUHMCH npoTO

HOM. Pa3)leneHHe 1UI.ep-npO.lJ.YKTOB IIpOHCXO):(Hno M8cc-crreKTpOMeTpHlfeCKHM MeTO

.£lOM. Pe3YJIbTaThl 3TOfO 3KcnepHMeHTa6JIH3KH K BalliHM pe3YJIbTaTaMH .£lJlJl Hllep 26Si, 
24Mg, 22Ne, liNe H 2<Ne. 

B cne.lJ.Y101IUIx CTon6uax npHBe.lIeHbl pe3ynbTaTbl BblnonHeHHblX HaMH paC'IerOB 

rll) nOnpMrrHpHQeCKOH cpopMyne Silberberg H Tsao [4,28] H pe3YJlbTaTbI Mo):(eJIHposa

HIDI MeTO.lIOM MOHTe-KapJIo C IIOMOWbfO KOllOB GEANT 3.21 (FLUKAt GHE1SHA)[6] 
H INUCL [1]. Pe3ynhTaTbI paeqeTa no cpopMyJIe Silberberg H Tsao H8HfioJIee6nH3KH K 

3CnepHMeHT8JIbHbIM3HaqeHHHM )lJIJI H30Tonos HeoHa H 3HalfHTeJIbHO OTJIHlfafOTCH .lIM 
JI)lep 2~g, 24Mg H2JNa. 

B nporpaMMe INUCL HCn0JIb30BaH8 K8CKamUrHCnapHTeJIbHO-.lIeJIHTeJIhHaJI Mo

)leJIb. 113 T8fiJIHI(bI BHJlHO, ttTO INUCL He BCer)la y)lOBJIeTBO~HTenbHO onHChlBaeT ee

lfeHHjf paCmeflJIeHHjf. XO'NI .D.M HeKOTOpblX 'llJ,ep, HanpHMep, 2 Al, liNe H 2~e, .ll8HHbJe 

paCqeTOB 6JIH3KH K 3KcnepBMeHTaJIbHhlM 3BaqeHIDIM. qTO iKe K8caeTCH paCqeTOB C 

nOMOIllbfO GEANT, TO OHH .ll8lOT 3H8lfeHIDI celfeHUH, OlfeHb CHJIbHO paCXo,lVWlBeCH C 

3KcnepHMeHTallbHbIMH. MO)f(HO oTMeTHTb, lITO Bee 3KcnepHMeHThI H gacqeTbI .ll8IOT 

YBeJIUlfeHHe CelfeHHjf C YMeHbllieHHeM M8CCOBOfO lfHCJIa "'.llP8 HeOHa OT 2 Ne.llo 2~e. 

3. 3akJIIOQeHHe 

1. nyreM perHCTpauKH MrHOBeHHoro 'Y-H3nyqeHH${, B03HHKafOII(ero IIpH B3aHMo):(eiicT

BHH rrpoTOHoB C 3HeprHeif 1r3B C 'lllPOM 28Si, H3MepeHbl celfeHWI 28 y-nepeXO.lIOB llAA 

19-m B036YJK.Z(eHHblX anep. 
2. ilpOBe.lleHO CpaBHeHHe C H3BeCTHblMH 3KcnepHMeHTaJIbHbl.MH J.laHHldMH H reopeT.H
qeCKHMH paCl!eTaMH. 

3KcrrepHMeHT BbIflOJIHCHB paMKaX ueJleBOH HayqHo-TeXHHlfecKoH npOrpaMMbl 

POCCHH "HcCne.llOBaHHSl H p83pa60TKH no npHOpHTemblM HanpaBnCHIDIM HayKH H 

TeXHHKH rpIDKA8HCKOrO H83HaQeHRJI" no.nnporpaMMa "'<l>yH.naMeHTaJIbH8JI Jl)J.epHWI 

cpu3HKa" H nporpaMMbI nODJlep)f(KH Be.ll)'IUHX H8Y1:ffibIX m}(OJI POCCUH (npoeKT filll
1867.2003,2). 
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