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PA,Q"10AKT"1BHOCTb 

(K 100 - nenuo OTKpblTHSI) 

AHHOmaquR 

e .31tl 
11-l,!F 

B cmambe npueoaRmcR o6~ue npeacmaeneHuR 06 ycmoiJ'lueocmu Raep no 
omHoweHU/0 K paauoaKmUBHDMY pacnaay. Onucbtea,omcR HeKomopbte H0Bbte munbt 
paauoaKmueHozo pacnaaa - npomoHHaH u KnacmepHaR paauoaKmueHocmu, cnoHmaHHoe 
aeneHue, uccneaoeaHuR KomopbtX e nocneaHee epeMR no3eon,1,om nony'lumb ea)l(Hy/0 
uHcj:JopMau,u,o o ceoucmeax ,1aepHoiJ Mamepuu. 

Ho6enescKasi npeMlllSl 1903 ro,Qa no Q)lll3l11Ke 6b1na nplllC,')l{,IJ,eHa «npocj)eccopy 

AHryaHy AHplll 6eKKepemo 3a OTKpb1rne CaMonpOlll380JlbHOL1 pa,Ql/lOaKTl/lBHOCTlll, 

npocj)eccopy nbepy Kioplll LIi Mapllllll CKJ1a,QOBCK0'1-K10plll 3a VIX pa6oTbl, OTHOCSllllllleCSl K 

~3IlY4eHllllO, OTKpblTOMY AHplll 6eKKepeneM». nepBblM B Mlllpe C006L118HllleM O 

YllleCTBOBaHllllll pa,Ql/lOaKTlllBHOCrn 6b1Jl ,QOKila,Q AHplll 6eKKepensi Ha aace,QaHllllll 

aplll)l(CKOLi AKa,QeMllll/1 HayK 24 cj)espansi 1896 ro,Qa, s KOTOpOM OH onlllcan peayJlbTaTbl 

C:BOLIIX onblTOB no o6Hap~eHl/llO aacseTKlll Q)OT03MYilbCllllll B peayJlbTaTe KOHTaKTa c 

6lllCYilbcj)aTOM ypaHa. noa,QHee VIM )Ke 6blJ10 o6Hapy)l(eHO CBOLiCTBO lll3Ily4eHl/lSl ypaHOBOLi 

COJll/1 Bbl3bl88Tb lll0Hlll38l.lllll0. nocne arnx C006L118Hl11'1 MaplllSl LIi nbep KIOplll H8WJllll e111e 

O,QlllH 3IleMeHT, 06na,Qa10L11lll'1 cnoco6HOCTblO lllcnycKaTb IlY4lll - TOplllii, T04Hee, ero 

coe,Ql/lHeHlllSl. 8 coe,QlllHeHlllSlX ypaHa LIi TOplllSl OHL/I o6Hap~l11Jllll 8HOM8JlbHYIO 

pa,Ql/lOaKTl/lBHOCTb, ropa3,QO ClllJlbHee TOH, KOTOpylO MO)l(HO 6blJ10 0)1(lll,QaTb. nocne 

,QOnOJlHl/lTeJlbHblX XlllMl/14eCKlllX 3KCneplllM8HTOB 8 1898 ro,Qy OHL/I nplllXO,QSlT K BblBOAY, 4TO 8 

peaynbTaTe pacna,Qa TOplllSl LIi ypaHa 06paay10TCSl HOBble XlllMlll48CKllle 3JleMeHTbl - pa,Ql/lH LIi 

noJlOHlllH. TaKl/lM o6pa30M, 1996 - 1998 rD,Qbl C4lllTalOTCSl CTOJleTHl/lM 106L11J1eeM co 

speMeHl/1 OTKpblTHSl Pa.Qlll08KTlllBHOCrn. 8 Te4eHllle ABYX neT H8Y4H8Sl 06111ecTBeHHOCTb 

Mlllpa OTMe4aeT 3TOT 106L11J1eii, CBSl38HHbl'1 C 0,QHLIIM l/13 cj)yH,QaMeHTaJlbHeHWlllX OTKpblTHH 

BeKa. 3a CTO neT npOlll30WJllll cyL11eCTBeHHble lll3MeHeHl/lSl B npe,QCTasneHl/lSlX O CTpOeHllllll LIi 

CBOHCTBax Sl,QepHOH MaTepllllll LIi, COOTBeTCTBeHHO, pa,Ql/108KTlllBHOro pacna,Qa Sl,Qep. 

OblJllll o6Hap~eHbl HOBble Blll,Qbl pa,Qlll08KTlllBHOro pacna,Qa - ,QBOHHOH 13-pacna,Q, pacna,Qbl 

l/13 lll30MepHblX COCTOSlHlllH Sl,Qep, npOTOHHblH LIi ,QByxnpOTOHHblH pacna,Q, LIi HaKOHe4 

He,QaBHO 6b1Jl o6Hapy)l(eH HOBblH Blll,Q pa,Ql/lOaKTl/lBHOCrn - KJlaCTepHblH pacna,Q Sl,Qep. 3rnM 

HOBblM Blll,QaM pa,Ql/108KTLIIBJ-t~!1 lll nOCBSlL11aeTCSl HaCTOSlll18Sl CTaTbSl. 
f ~:,,~°1 ti-" T""· .;;,•ll • - ,. - , . .,.., ,.,n.,u~ 1:1ut-.:R1 til,;n;.iy: 
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O,ciHaKo p,rtR ,cianbHe'1wero noHIIIMaHIIIR o6cy>K,CJ.aeMo'1 npo6neMbl BHaYane 6y,ciyT 

1113fl0>KeHbl 0CH0BHble nplllHl..llllnbl, CBR38HHble C pa,ci111oaKTIIIBHblM pacna,ci0M. 

3aKoH paauoaKmuaHoeo pacnaaa 

OCHOBHOM xapaKTeplllCTIIIK0H pacna,cia R,[lep RBnReTCR sepoRTH0CTb IIIX pacna,cia. 

Ecn111 B M0MeHT t cy1.1..1ecTByeT 4111Cno pa,ci111oaKTIIIBHblX R,ciep N, TO 4111Cfl0 pacna,cia101.1..1111xCR 

dN R,[lep 38 speMeHHOM IIIHTepsan dt 6y,cieT nponop1..11110HanbH0 N B C00TBeTCTBIIIIII C 

38B IIICIIIM0CTblO 

,1, = dN(dt) 
N , (1) 

I " " 
T = - ftW0e-hdt = ftk-bdt. 

No o 
(4) 

npeo6pa3yR 3T0T 111Hrnrpan, nonyYaeM 

I 
T=-

A. (5) 

TaKIIIM o6pa30M, cpe,ciHee speMR >Klll3HIII - senlll4111Ha o6paTHaR n0CT0RHH0M 

pacna,cia. nep1110,ci nonypacna,cia R,cipa B 3T0M cnyYae onpe,cienReTCR co0TH0WeH111eM 

l112=0,693, (6) 

E/:IIIIHllll..leH pa,ci111oaKTIIIBH0CTIII RBnReTCR KIOPIII Ill C00TBeTCTByeT 3,7'1010pacna,ciaM B 

CeKYHAY- B CIIICTeMe CTaH,ciapT0B CVI e,cilllHIIIL.18 8KTIIIBH0CTIII - 6eKKepenb (EiK). 1 DK paBeH 

0,[IH0My R,[lepH0My npespa1.1..1eHIIIIO 38 1 CeKYHAY 111n111 0,027 H8H0KIOPIII (HK111=1·1Q-9K111=37 

B KOTOpOH A. RBnReTCR HeKOH noCT0RHH0H senlll4111HOH, H83b1B8eM0~ K0HCTaHT0H I R,ciepHblX pacna,cios B CeKYHAY)

pan111oaKTIIIBH0ro pacnana. npasaR 48CTb (1) onpe,cienReT sepoRTH0CTb pacna,cia R,cipa s : 

e,ci111HIIILIY speMeHIII. 3Ta sep0RTH0CTb RBnReTCR n0CTORHHOH, onpe,cienRIOLl..leH speMR ·i 3Hepeemu'leCKUe caoiicmaa Raep 

>K1113HIII Ka>K,[loro R,cipa. VIHTerp111posaH111e Bb1pa>KeH111R (1) se,cieT K 3KcnoHeH1..1111anbH0MY : npe>K,[le YeM rosop111Tb o pa3HblX rnnax pa,ci111oaKTIIIBHoro pacna,cia, Heo6xo,ci111Mo 

38K0HY pa,ci111oaKTIIIBH0ro pacna,cia • pacCM0TpeTb TaKllle xapaKTeplllCTIIIKIII R,[lep, K8K IIIX 3HeprnR CBR3111, nosepXH0CTHaR 

N(t)=N0 e..J.t , (2) 

r,cie N, - 4111Cfl0 H848flbHblX R,ciep B M0MeHT t=O. 

nep1110,ci nonypacna,cia t112 onpe,cienReT speMR, Heo6xo,ci111Moe ,cinR pacna,cia nonoBIIIHbl 

H848flbHblX R,[lep. no3TOMY, 3aMeHRR N=N/ 2 B Bblpa>KeHIIIIII (2), nonyYaeM 

t112= 0,693/,1, • (3) 

,Qm:1 6onbworo Y111cna pacna,cia101.1..1111xcR R,ciep M0>KH0 onpe,cien111Tb sen111Y111Hy T.H. cpenHero 

speMeHIII >K1113HIII, K0T0paR onpe,cienReTCR CYMMOM speMeH >Klll3HIII scex R,[lep, ,cieneHH0e Ha 

H848flbH0e 4111Cno - pa,ci111oaKTIIIBHblX R,[lep. 3a speMR t 0CTaeTCR 4111Cfl0 R,[lep, 

onpe,cienReMoe Bb1pa>KeH111eM(2)i1 3a speMeHHOH IIIHTepsan t III t+dt pacna,ciaeTcR R,ciep 

-dN(t)=,1,-Noe-J.tdt. 3a BpeMR t cyMMapHaR npo,cion>KIIITenbH0CTb >K1113HIII R,[lep paBHReTCR 

tW
0
r,,dt. 

VIHTerp111pyR no BCeM speMeHaM t , M0>KH0 nonyYIIITb nonHylO npo,cion>KIIITeflbH0CTb >Klll3HIII" 

" 
ftW0e-hdt. 
0 

· VI TOr,cia cpe,ciHee BpeMR >K1113HIII 

2 

3HeprnR, R,ciepHble o6ono4KIII, K0T0pble B 0CH0BH0M Ill onpe,cienRIOT xapaKTeplllCTIIIKIII 

pacna,cia. 

O6beM R,[lpa Ill nonHaR 3HeprnR CBR3111 R,[lep nponop1..11110HanbHbl 4111Cny HYKn0H0B B 

R,cipe. 3T0 CBlll,[leTeflbCTByeT 0 cna6o'1 C>KIIIMaeM0CTIII R,ciepHoro se1.1..1ecTBa lll·H8Cbll.LleHH0M 

xapaKTepe R,[lepHblX c111n, T.e. 03Ha4aeT, 4T0 HYKn0H, H8X0ARLI..IIIIHCR B R,[lpe, 

B38111MO,[leHcTByeT fllllWb C He60nbWIIIM 4111Cfl0M ,cipyrnx HYKn0H0B. TaKIIIM o6pa30M, RAP0 

M0>KH0 cpaBHIIITb C KanneH HeC>KIIIMaeMOH )1{111,[IK0CTIII, Ill 111cnonb30B8Tb 3TY aHan0rllllO np111 

paCCM0TpeHIIIIII Bonpoca 06 3Hepr111111 CBR3111 R,[lpa. Ha 0CH0Be >Klll,[IK0KanenbHOM Mo,cien111 C 

n0M0Ll..lblO nony3Mn111p111YeCKIIIX pacYeTOB 6blnlll nonyYeHbl 0YeHb none3Hble Bblpa>KeHIIIR, 

CBR3b1B8IOLl..lllle nonHytO 3Heprnl0 CBR3111 (111n111 Macey) C HYKn0HHblM C0CTaB0M R,[lpa(T.e. C Z 

Ill A). O,[IHO 1113 T8KIIIX C00TH0WeHIIIH, np111se,cieHH0e Hlll>Ke, xopowo on111CblBaeT 

3KCnep111MeHTaflbH0 1113MepeHHble 3Hepr111111 CBR3111 R,[lep Ill 06bl4HO 111cnonb3yeTCR np111 IIIX 

pacYernx 

Ec8=14,0A - 13, 1 A2/"J-0,585Z(Z-1)A-113-18, 1(A-2Z)2A·1 +a:4-1 • (7) 
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8 3TOM Bblpa>KeHl,11,1 Eca - nonHaR 3HeprnR CBRJl,1 (B M3B), T.e. 3HeprnR, 

He06XO,Q1,1MaR ,QnR paC1..L1enneHHR R,Qpa Ha OT,QenbHble HYKilOHbl. nepBblH •meH OTpa>KaeT 

TOT cj:)aKT, YTO nonHaR 3HeprnR CBR31,1 nponop41,10HanbHa y1,1cny HYKilOHOB A. 3TO 

CBH,QeTenbCTByeT O TOM, YTO R,QepHble CHnbl HMelOT KOpOTKl,1H pa,Q1,1yc ,QeHCTBIIIR 1,1 

HaCbll..lleHHblH xapaKTep. O,QHaKO Ha HYKilOHbl, pacnono>KeHHble Ha nosepxHocrn R,Qpa, 

TaKHe CHnb.1 He ,QeHCTBYIOT, 1,1 no3TOMY cne,QyeT YYHTblBaTb yMeHbWeHHe 3Heprn1,1 CBR31,1, 

nponop41,10HanbHoe nosepxHocrn R,Qpa. 3TOT y<ieT npo1,13so,QHTCR c noMOl..llblO BTOporo 

(0Tp1,14aTeilbHOro) YneHa, nponop41,10HanbHOro 06beMy R,Qpa, T.e. A213
• KynoHOBCKHe CHnbl 

onanKHBaHHR RBnRIOTCR ,QanbHO,QeHCTBYIOl..lll,1Ml,1 1,1 npORBnRIOTCR Me>K,Qy BCeMl,1 

npoTOHaMH B R,Qpe, T.e. Ka>K,QblH 1,13 Z - npOTOHOB B3aHMO,QeHcTByeT C OCTanbHblMl,1 

(Z-1)- npoTOHaMH, YTO npHBO,Q1,1T K yMeHbWeHHIO 3Heprn1,1 CBRJl,1. 3TO o6CTORTenbCTBO 

YYHTblBaeTCR TpeTbl,1M YneHOM. A T.K. cpe,QHee paCCTORHHe Me>K,Qy npOTOHaM~ 

nponop41,10HanbHO pa,Q1,1ycy R,Qpa, TO B TpernH YneH BBO,Q1,1TCR el.lie K03cj:>cj:>1,141,1eHT A'13
• 

KynoHOBCKHH yneH np1,106peTaeT TeM 6onbwee 3HaYeHHe, YeM 6onbwe npOTOHOB 

CO,Qep>KHT R,QpO. no3TOMY np1,1 Z>20 see CTa6HnbHble R,Qpa CO,Qep>KaT 6onbwe 

HeHTpOHOB, YeM npoTOHOB (CM. p1,1c.1). TaKHM o6pa30M, Bblpa>KeH1,1e ,QnR 3Heprn1,1 CBRJl,1 

,QOn>KHO CO,Qep>KaTb OTp1,14aTenbHblH YneH, senHYHHa. KOTOporo B03pacTaeT np1,1 

ysen1,1<ieH1,11,1 pa3Hocrn /N-Z /= /A-2Z /, a nocKonbKY 3cj:)cj:)eKT yMeHbWeHHR 3Heprn1,1 CBRJH 

Ha6n10,QaeTCR B O,QHHaKOBOH CTeneHH KaK np1,1 1,136blTKe HeHTpOHOB, TaK 1,1 np1,1 1,136blTKe 

npOTOHOB, TO YeTBepTblH YneH (YneH Ci,1MMeTp1,11,1) JanHCblBaeTCR' B 81,1,Qe (A-2Z)2. 

MHO>KHTenb A 1 03HaYaeT, YTO BKila,Q B 3Heprn!O CBR31,1, Bbl3BaHHblH o6pa30BaH_HeM 

HeHTpOHHO-npoTOHHblX nap, n1,1HeHHO 3aBHCl,1T OT sepORTHOCrn HaXO>K,QeHHR TaKOH napbl B 

,QaHHOM 06beMe, a '3Ta sepORTHOCTb o6paTHO nponop41,10HanbHa 06beMy R,Qpa. 

1,1 HaKOHe4, nocne,QHHH, nRTblH YneH B Bblpa>KeHl,11,1 (7) OTpa>KaeT TOT 3KCnepHMeHTanbHblH
1 
l 

cj:)aKT, YTO 3HeprnR CBR31,1 R,Qpa np1,1 ,QaHHOM A 3aBHCl,1T OT TOrO, 6y,QyT n1,1 Z 1,1 N YeTHblMH:, 

1,1n1,1 HeYeTHblMl,1. Ha1,16onee CTa6HnbHblMl,1 6Ka3b1Ba!OTCR T.H. YeTHo-YeTHble R,Qpa (Z 1,1
1 

. I 
N - YeTHble). napaMeTp o Ha3blBaeTCR K03cj:)cj:>1,141,1eHTOM cnap1,1saHHR. Cpe,QHRR 3HeprnR 

. \ 

CBR31,1 (e), npHXO,QRl..llaRCR Ha O,Q1,1H HyKilOH, ,QnR scex 3neMeHTOB, Ja 1,1CKillOYeHHeM 

HeCKOnbKl,1X Ha1,16onee nerKHX, noYrn O,QHHaKOBa. Ha p1,1c.2 noKaJaHa 3a81,1C1,1MOCTb 

cpe,QHeH 3Heprn1,1 CBRJH HYKilOHOB s R,Qpe OT Maccosoro y1,1cna A. B o6nacrn nerKH 

3neMeHTOB 3HaYeH1,1e C ,QnR YeTHblX A JaMeTHO 6onbwe cpe,QHero 3HaYeHHR E: ,QnR 

4 

al 

::E 
:,: 

I 
:,: 
:,: 

§ 

Puc.1. npomoH-HeiJmpoHHaR ouaapaMMa Roep. 
1 - apaHuu,a HYKn0HHoiJ cma6unbH0cmu Roep; 
2 - o6nacmb HeiJmpOH0U36bJm04Hb/X Roep; 
3 - o6nacmb npomoH0UJ6b1mo4HblX Roep; 
4e PHble KBaopambl - cma6UflbHb/e Ropa 

§1~~~~ 

i 
:,: 
:,: 
~ ~,~ 

I I I· l·l'T I I I I I I I l~I I I I f 1 ··1·1'~ ,!<lt<F!P·l:j 
g 
<> 

'-

' - . - ~. - - - - -- - -
A 

Puc.2. 3aBUCUM0Cmb 3Hepauu CBR3U Roep Ha 00UH 
HyKn0H onR o6nacmu Mace 155 A 5 255(cneaa) 
u onR o6nacmu Mace 2 5 A 5 30 (cnpaaa) 
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COCeAHIIIX He'-leTHblX A. TaKaR >Ke 3aKOHOMepHOCTb Ha6J110AaeTCR AJlR 60ilbWIIIX MaCCOBblX 

'-IIIICefl. epeAIII Ha1116011ee nerKIIIX RAep Ha6I110AaeTCR HeperynRpHoe 1/13MeHeHllle 3Heprllllll 

CBR31/1 Ha OAIIIH HYKilOH. B '-laCTHOCTIII, 3Hepr111111 CBR31/1 TaKIIIX RAep, KaK 4He, 12e Ill 160 O'-leHb 

BblCOKI/I . (p111c.2). 3TO o6CTORTeflbCTBO IIIMeeT Ba>KHOe 3Ha'-1eH111e, oco6eHHO np111 

paCCMOTpeHI/II/I acTpOQ:ll,131/1'-leCKI/IX acneKTOB o6pa30BaHIIIR 3IleMeHTOB 1,1 COilHe'-IHOH 

3Hepr1111,1. 

eyl.l.leCTBYIOT TaK>Ke TaKHe nOHRTIIIR, KaK «Aecf:>eKT Mace» 1,1 «K03cpcp1111..1111eHT 

ynaKOBKl,I» .. Aecf:>eKT Mace Li npeACTaBJlReT co6oCi pa3HOCTb Me>KAy Macco'1 aTOMa M 1,1 

ero MaCCOBblM _'-IIIICilOM A (Li=M-A). Ko3cpcp1,11..11,1eHTOM ynaKOBKl,I f Ha3blBaeTCR OTHOWeHllle 

Aecf:>eKTa MaCCbl K MaCCOBOMY '-II/ICilY (f=L1/F). 3aBl,ICl,IMOCTb f OT A RBilReTCR o6parno'1 

3aBHCI/IMOCTI/I & OT A. Xorn cpeAHee 3Ha'-leHHe 3Hepr1111,1 CBR31,1 B pac'-leTe Ha OAIIIH HYKilOH 

RBilReTCR . MeAileHHO MeHRIOl.l.le'1cR cpyHK'-lllle'1 Maccosoro '-II/ICJla, 3HeprnR CBR3111, 

BHOCHMaR np1,1 np1,1coeAHHeHl,ll,I K RAPY OAHOro AOnOilHHTeflbHOro npOTOHa 111111,1 He'1TpOHa, 

MO>KeT Cyl.l.leCTBeHHO 1,13MeHRTbCR np1,1 nepeXOAe OT OAHOro RApa K ApyroMy. Hanp111Mep, 

3Hepr1111,1 CBR31,1 AOnOilHIIITeflbHOrO HeHTpOHa B RApax 44ea, 45ea, 46ea, 47ea, 48ea paBHbl 

rAe MH Ill Mn- COOTBeTCTBeHHO MaCCbl aTOMa BOAOPOAa (938,77M38) 1,1 HeCiTpOHa (939,55 

M3B). l,13 ypasHeHI/IH (7) 1,1 (8) 11erKO nOJlY'-!HTb no11y3Mn111p111'-leCKOe Bblpa>KeH111e AJlR 

MaCCbl RAep 

M=925,55A-0,7BZ+13, 1A213+0,585Z(Z-1JA·113+18, 1(A-2Z)2A"1-oA"1 • (9) 

3TO BbIpa>KeH111e npeACT8B11ReT co6o'1 KB8ApaT111'-1HOe ypaBHeH1,1e OTHOCl,ITeJlbHO z 1,1 ero 

MO)KHO 3an111caTb B 6011ee 06l.l.leM BHAe CileAYIOl.l.llllM o6pa30M: 

z 2 a 0 • 2 o M =c-a --+-(A-2Z) +-
c A 113 A· A (10) 

TaKIIIM o6pa30M, np1,1 onpeAeileHHOM A ~03cpcp1,11..11,1eHTbl a 1,1 C RBilRIOTCR noCTORHHblMI/I 111 

np111 AaHHOM 3Ha'-leHI/II/I O ypaBHeH111e (10) ecTb ypaBHeHl/le napa60Jlbl. ee'-leH111e 
' 

nosepxHocrn np111111060M He'-leTHOM.A (o=O) AaeT OAHY napa6011y, TOrAa KaK ce'-1eH111e np111 

111060M '-leTHOM A (o±1) AaeT ABe napa60flbl, CABIIIHy'Tble APYr OTHOCI/ITeJlbHO Apyra Ha 

OCI/I 3Hepr111111 Ha 2&'A, HO B OCTaJlbHOM cosepweHHO IIIAeHTl/l'-IHble. MaccOBble (11111111 

3Heprern'-lecK111e) napa6011b1 111cno11b3YIOT np111 c111cTeMaT111Ke npo1..1eccos p-pacnaAa, a 

TaK>Ke HarflRAHOro npeACTaBileHI/IR O CT861/1IlbHOCTI/I RAep. Ha p111c.3 npeACTaBileHbl 

cooTBeTCTBeHHO 11,13; 7,36; 10,31; 6,46; 9,23. BIIIAHO, '-ITO 3Aecb o'-leHb '-leTKO .I BbI'-1111c11eH111RnoypasHeH11110(10) napa6011blAJ1RRAepc 28sZs30 111 A=65. 

npORBilReTCR 3cpcpeKT, CBR3aHHblH C '-leTHOCTblO I/IJll/l He'-leTHOCTblO Maccosoro '-II/ICila. 8 . 

HeKoTopblX CilY'-laRx 1..1e11ecoo6pa3HO paccMaTp111saTb 3Heprnro CBR3111 a RApe 1..1e110'1 l 
rpynnbr HYKilOHOB, Hanp111Mep a-'-lacrn1..1bI 11111111 6011ee CilO>KHoro RApa. 3Heprnro CBR3111 a- l 
'-laCTllll..lbl (4He C MaCCOH 4,00260) B 235U (Macca 235,04393) MO)KHO Bbl'-IIIICill/lTb, 3HaR 

MaCCbl 3TI/IX RAep Ill Macey RApa 231Th (231,03635). OHa OKa3blBaeTCR paBHOH 

231,03635+4,00260-235,04393=-0,00498 a.e.M. 11111111 4,64 M38. OTp1111..1aTeI1bHaR 3HeprnR, 

CBR31/1 03Ha'-laeT, '-ITO RAPO 235U TepMOAI/IHaM111'-1eCKI/I HeycTOH'-1111B0 no OTHOWeHI/IIO K 

paCnaAy Ha 231Th Ill 4He. 3HeprnR CBR31/1 a-'-laCTlll'-1 - OTp1111..1aTeI1bHa AJlR scex 
• I 

«crn611111bHblX» R,i:J,ep c A;:::140. . / 

8Hepr111111 CBR31/1 RAep MO)KHO npeACTaBI/ITb B BIIIAe cpyHK'-1111111 A III Z C noMOl.l.lblO ' 

Bo Bcex 3TI/IX paCCY>KAeHI/IRX Mbl paccMaTplllBa11111 RAPO KaK CTaTIIICTlll'-leCKIIICi 

aHCaM6Ilb HeCiTpOHOB Ill npOTOHOB. TaKaR MOAeJlb, comacHO KOTOpoCi RAPO ynOA0611ReTCR 

)KIIIAKOCi Kanne, xopowo 06bRCHReT MHor111e CBOCiCTBa RAep. OAHaKO onpeAefleHHble 

3KCnep111MeHT8IlbHble AaHHble no xapaKTeplllCTI/IKaM pacnaAa RAep yKa3blBalOT Ha 

CyU1eCTBOBaH111e B RApe HeKOTOpoCi CTPYKTYPbl, aHaJlOrlll'-IHOCi 3IleKTpOHHblM o60J10'-IKaM B 

arnMe. OblflO ycTaHOBJleHo TaK>Ke, '-ITO 2, 8, 20, 28, 50, 82 111 126 RBilRIOTCR Marn'-leCKI/IMI/I 

'-IIIICilaMI/I Ill onpeAeJlRIOT 3aMKHy'Tble 060I10'-IKI/I B RApax. TaKllle RApa OKa3blBalOTCR 6011ee 

CT86111IlbHblMI/I no OTHOWeHIIIIO K pa3Jllll'-IHblM BIIIAaM paAI/IOaKTI/IBHOro pacnaAa. Xopowo 

1113BeCTeH TOT cpaKT, '-ITO see Tplll nplllpOAHblX paAIIIOaKTI/IBHblX ceMeCicTBa (ypaHa, TOPIIIR Ill 

aKTI/IHIIIR) 3aKaH'-II/IBalOTCR CT86111IlbHblMI/I 1/130TOnaMI/I CBI/IHI.la (Z=82). Ha1116011ee TR>Keflble 

HeKoTopo'1 TpexMepHo'1 nosepxHocrn, RBI1R10U1e'1cR reoMeTp111'-leCKIIIM BbIpa>1<eH111eM I crn611111bHb1e HYKI1111Abl 208Pb 111 209Bi COAep>KaT no 126 HeCiTpOHOB. Teopern'-leCKIII 

ypasHeH111R (7). B 3TOM CilY'-lae paccMaTp111sa10T He 3Heprnro CBR3111 Eca, a Macey RApa M, J. npeACKa3aHo cyU1eCTBOBaH111e Marn'-lecKoro csepXTR>Kenoro RApa 298114 [1]. 

CBR3aHHYIO C Eca COOTHOWeHl/leM 

M=ZMH+(A-ZJMn-Eca, (8) 
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Pacnaa Hecma6un&H&tx Rdep 

npH paCCMOTpeHHH Bonpoca 06 3HepmRX CBR3H R,Qep 6brnO nonyYeHo ypaBHeHHe 

ycTOHYHB0Crn R,Qpa no 0TH0WeHHIO K pa,QH0aKTHBH0MY pacna,Qy: R.Qp0 oKa3blBaeTCH 

aHeprernYeCKH YCTOHYHBblM no 0TH0WeHHIO K onpe,QeJleHH0MY BH.QY pacna,Qa, eCJlH ero 

Macca MeHbWe CYMMbl Mace npo,QyKT0B, o6pa3yl01..1..1HXCR npH R,QepH0M npeBpa1..1..1eHHH. 

npH 3T0M YYHTblBalOTCR CB0HCTBa R,QepH0H 3HeprnH: 06beMHOH 3HepmH, 

noBepXH0CTH0ro H Kyll0H0BCK0ro YJleH0B, a TalOKe YJleHoB, YYHTblBalOI..I..IHX BJlHRHHe 

CHMMeTpHH H 3HeprnH o6pa30BaHHR nap HYKJl0H0B. O,QHaKO npH pacCM0TpeHHH Jll060H 

3HeprernYeCKH HeycT0HYHB0H CHCTeMbl Heo6XO,QHMO npHHHMaTb BO BHHMaHHe TalOKe 

CK0pocrn npoTeKaHHR pa3JlHYHblX npo1..1eccoB, TaK KaK TepM0,QHHaMHYeCKH HeyCTOHYHBaR 

CHCTeMa BO MH0rHX cnyYaRX M0>KeT paccMaTpHBaTbCR KaK Bn0JlHe CTa6HJlbHaH. 

npHMepoM 3TOro M0ryT CllY>KHTb R,Qpa C A>140, Ha3blBaeMble CTa6HJlbHblMH. TaKHM 

o6pa30M, BeCbMa Ba>KH0H xapaKTepHCTHK0H pa,QH0aKTHBH0ro pacna,Qa RBllReTCR 

cKopocTb pacna,Qa HJlH nepH0,Q nonypacna,Qa. noarnMy npH paccMoTpeHHH 

xapaKTepHCTHK pa,QH0aKTHBH0ro pacna,Qa R,Qep Heo6XO,QHMO YYHTblBaTb BJlHRHHe 

pa3JlHYHblX c:paKTopoB Ha CK0p0CTb pa,QH0aKTHBH0ro pacna,Qa. K TaKHM c:paKTopaM, KpoMe 

3HeprernYeCKOH HeycTOHYHBOCrn R,Qep, paCCM0TpeHH0H BblWe, 0TH0CVITCH 1..1eJ1blH pH,Q 

,Qpymx CBOHCTB R,Qep, a TalOKe COCTaBJlHIO'--'--IHX HX HYKJl0H0B. 60JlbWYIO p0llb B 

pa_gHoaKTHBHblX npeBpa1..1..1eHHRX R,Qep HrpalOT np0HHL1aeM0CTb noTeHLIHaJlbH0ro 6apbepa 

R,Qpa, MeXaHH3M c:popMHP0BaHHR a-Yacrn1..1 H KJlaCTep0B H3 HYKll0H0B, CBepXTeKyYHe 

CB0HCTBa R,Qep H ,Qpyrne. TaKHM o6pa3oM, npH paCCM0TpeHHH xapaKTepHCrnK pacna,Qa 

Ka>K,Qoro R,Qpa npHX0,QHTCR YYHTblBaTb ero 3HeprernYeCKHe H KBaHTOB0-MexaHHYeCKHe 

CB0HCTBa, YT0 RBJlReTCR ,Q0CTaT0YH0 CJl0>KH0H MaTeMarnYeCK0H 3a,QaYeH. 

KaK xopowo H3BeCTH0 H3 R,QepHOH q>H3HKH [2], 0CH0BHblMH rnnaMH pacna,QoB 

HBJlfllOTCR a-pacna,Q, j3-pacna,Q H y-pacna,Q. He o6cy>K,QaH oco6eHHocrn H 

xapaKTepHCTHKH arnx xopowo H3BeCTHblX rnnoB pa,QH0aKTHBH0ro pacna,Qa, paCCM0TpHM 

3,QeCb ,Qpyrne rnnbl pacna,Q0B, HCCJle,Q0BaHHIO KOT0PblX B nocne,QHee BpeMR n0CBRl..l..leH0 

60JlbWOe K0JlHYeCTB0 3KCnepHMeHTaJlbHblX H TeopernYeCKHX pa6oT. 

npomoHHaR u aayxnpomoHHaR paauoaKmuaHocmu 

OTKpblBWHecR B03M0>KH0CTH no11yYeHHR CHJlbH0np0TOHOH36blTOYHblX H,Qep 

npHBeJlH K 3KCnepHMeHTaJlbH0MY o6Hapy>KeHHIO .QBYX H0BblX BH,Q0B pacna,Qa: npoTOHH0H 
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l1 AByxnpoTOHHOH paA"108KTi,1BHOCTRM. Ao onpeAeileHHOro speMeHi,1 C4"1TaI10Cb, 4TO B 

w1,1poKOM i,1HTepsa11e MaCCOBblX 41,1ce11 AIJR i,130TOnOB, ycTOH4"1BblX no OTHOWeH"1IO K 

13- pacnaAy, 1,1cnycKaH1,1e npoToHa B orn1,141,1e OT a-pacnaAa 3Heprern4eCK"1 HeBbtroAHO. 

AoKa3aTeilbCTBOM TOMY Cily>Ki,111 TOT npOCTOH q:,aKT, 4TO 4eTblpe HYKilOHa B CB060AHOH 

HYKilOHOB (nocI1eAHl1H 4IleH B Bblpa>KeHi,11,1 (7)) 3HeprnR CBR3i,1 nocileAHero (4eTHoro) 

npoTOHa B RApe ZA MO>KeT 6b1Tb nOilO>Kl,1TeilbHOH B orn1,141,1e OT 3Heprn1,1 CBR3i,1 noCIJeAHero 

(He4eTHOro) npoTOHa B RApe (Z-1)A-1. l1tcnoI1b3YR 06bl4HOe Bb1pa>KeH1,1e AIJR sepORTHOCrn 

npOHl,1KHOBeH"1R CKB03b noTeHll"18IlbHblH 6apbep, MO>KHO OL!eH"1Tb 3H84eHl,1R nep"10AOB 

a-4aCrnl!e CBR38Hbl 3H84i,1TeilbHO Ci,1IlbHee, 4eM B Ill060M TR>KeilOM RApe. AilR no11ypacnaAa, KOTOpble, KaK OK838Il0Cb, AOil>KHbl MeHRTbCR B 6011ee W"1p0Ki,1X npeAeilaX, 

1,1cnyCK8Hi,1R >Ke RAPOM npoTOHa Tpe6yeTCR 3HeprnR nopRAKa HeCKOilbK"1X M3B, 4eM np1,1 1,1cnycKaHi,1i,1 OAHOro npOTOHa. 8 HaCTORl.l.lee speMR B HeCKOilbK"1X 3KCnep1,1MeHTaX, 

COOTBeTCTBYIOl.l.l8R ero 3Heprn1,1 CBR3i,1 B A04epHeM RApe. Me>KAy TeM np1,1 04eHb npoBeAeHHblX Ha ycKop1,1TeI1RX rn>KeilblX l,10HOB, 6b1Il0 nOI1Y4eHO nOATBep>KAeH1,1e 

Ci,1IlbHOM npOAB"1>KeHl,1i,1 OT CTa6"1IlbHblX i,130TOnOB B CTOpOHY npoTOHHOro i,136blTKa, RAP8 ; cyl.l.leCTBOB8Hi,1R AByxnpOTOHHOH P8A"108KT"1BHOcrn. 

CTaHOBRTCR cnoco6Hb1Mi,1 1,1cnycKaTb npOTOHbl, B OCHOBHOM 38 C4eT yseI1i,14i,1B8IOl.l.lerocR 

BKI18A8 KYilOHOBCKOro 4IleHa 1,1 4IleHa, Y4"1Tb1B8IOl.l.lero BI1"1RHl,1e C"1MMeTp1,11,1 B ypasHeHl,11,1 

3Heprn1,1 CBR3i,1 RApa (7). OAH8KO AilR RAep, C"1IlbHO YA8IleHHblX OT 0611acrn \ 
1, 
,I 

KnacmepHaR paauoaKmueHocm& 

B 1984 rOAY y4eHblM"1 OKCQJOPACKOH 11a6oparnp1,11,1 B AHm1,11,1 6b111 06Hapy>1<eH 

13-CTa6"1IlbHOCrn, 3Heprn1,1 13-pacnaAa AOil>KHbl 6b1Tb Beili,1Ki,1 1,1 no3TOMY nep"10Abl i,1X i paA"108KT"1BHblH pacnaA 223Ra C BblileTOM RAep 14C. B HaCTORl.l.lee BpeMR P8Al108KT"1BHblH 

no11ypacnaAa AilR npOL1ecca 1,1cnycKaH"1R n03l1TPOHa i,1111,1 38XB8Ta 3IleKTpoHa pacnaA C BblileTOM 48CT"11..l, npoMe>KYT04HblX no Macce Me>KAY a-48CT"11..l8Mi,1 1,1 OCKOI1K8Mi,1 

OK83b1B8IOTCR M8Ilb1Mi,1. TaK"1M o6pa30M, 1,1cnycKaH1,1e npOTOHOB MO>KeT 6b1Tb 06Hapy>1<eHO AeileH"1R (14C, 24Ne, 28Mg, 32Si), H8HAeH 6011ee 4eM y 10 HYKI1"1AOB OT P8A"1R AO nI1YTOHi,1R 

TOilbKO B TOM c11y4ae, ec111,1 nep"10A no11ypacnaAa 3Toro npoL1ecca TaK>Ke OTHoc1,1TeI1bHO [4]. 3TOT B"1A P8Al108KT"1BHoro pacnaAa no11y41,111 Ha3saH1,1e KI1acTepH0'1 

HeBeI1"1K (t,12<< 1 c). 3T0 RBilReTCR npl14"1HOH rnro, 4TO AIJR 11erK1,1x RAep (Z<20) P8A"108KTi,1BHOCTi,1. OTKpbtrne HOBOro B"1Aa P8A"108KT"1BHOCTi,1 noCTaBi,1110 BOnpoc O MeCTe 

BCileACTB"1e 60ilbWO~ CKopocrn npOTOHHOro pacnaAa Ha6I110AeH1,1e npOTOHHO- 3TOro RBileH"1R B 061.1.leH KaprnHe P8A"108KT"1BHOro pacnaAa. np1,1 Teopern4eCKOM 

paA"108KTi,1BHOro i,130Tona MaI10BepORTHO. np1,1 6011ee BblCOKi,1X Z, AilR KOTOpblX A"1ana30H on1,1caH1,1i,1 3TOro rnna pacnaAa npoBOA"1Il8Cb aHailOrnR no cpaBHeH"1IO C ABYMR APYrl1Mi,1 

i,13Mepl1MblX nep"10AOB no11ypacnaAa COOTBeTCTByeT 6011ee w1,1poKOMY l,1HTepsa11y 3Heprn'1 i,13BeCTHblMi,1 B"1A8Mi,1 P8A"108KT"1BHOCTi,1 C 1,1cnycKaH1,1eM COCT8BHblX 4acrnL1: cnoHTaHHblM 

pacnaAa, RAP8, cnoco6Hble 1,1cnyCK8Tb npOTOH,AOil>KHbl 6b1Tb pacnOilO>KeHbl AOCT8T04HO AeileH"1eM 1,1 u-pacnaAOM. ll1ccI1eAOB8Hi,1e OCHOBHblX oco6eHHOCTeH AeileHi,151 RAep 

A8IleKO OT 0611acrn CTa6"1IlbHOCTi,1 RAep, 4TO AO nocIJeAHero speMeHi,1 RBilRilOCb OAH03H84HO npl1BOA"1T K 38Kill04eH"1IO O Ci,1IlbHOH nepecTpOHKe RApa B npOL1ecce ero 

npo611eMarn4HblM s cBR3"1 c TPYAHOCTblO 1,1x C"1HTe3a B RAepHblX peaKL!"1RX. OAHaKo / pa3sa11a Ha napy q:,parMeHTOB cpaBH"1MOH Maccbt. 3Kcnep1,1MeHT noKa3blBaeT, 4TO ABa 

ycnex1,1 B 0611acrn ycKop1,1TeI1bHOH TeXHl,1Ki,1 1,1 Q)i,13i,14eCKi,1X MeTOA"1K n03B0Ili,1Ili,1 OCKOilKa AeI1eH"1R "1MelOT cpeAHIOIO K"1Hern4eCKYIO 3Heprnl0 pa3IleTa, H8MH0ro MeHbWe 

cyl.l.leCTBeHHO npOABl1HYTbCR B 0611aCTb cynepnpOTOHOi,136blT04HblX RAep i,1 BnepBble 3Heprn1,1 KYilOHOBCKOro B38"1MOAeHCTB"1R 3rnX OCKOilKOB B T04Ke KaCaH"1R. flp1,1 3TOM 

H86I110A8Tb npOTOHHble i,13Ily4aTeI1"1, TaK"1e KaK 165
"
166

'
1671r, 

171
Au, 

185
Bi ( RApa, "1Mel01.1.l"1e Ha 3HeproBblXOA npoL1ecca Or OK83blBaeTCR AOCTaT04HblM, 4T06bl np1,1 HeKOTOpOM 3Ha4eHi,1i,1 

16 - 18 HeHTPOHOB MeHbWe, 4eM CTa6"1IlbHble RAP8). Ae¢opM8L!i,1i,1 OCKOilKOB npol!eCC i,1X pa3IleTa RBilRilCR HaA68pbepHblM, T.e. RAPO "1MeeT 

B03MO>KHOCTb cyl.l.leCTBOB8Hi,1R HOBOro rnna paA"108KT"1BHOro pacnaAa - WaHc pa3Aeili,1TbCR Ha napy Ae¢opM1,1poBaHHblX OCKOilKOB, ec111,1 nepeA pa3B8IlOM OHO 

AByxnpOTOHHOrO pacnaAa, 6bma npeACKa3aHa B.111.ro11bA8HCK"1M [3]. 3TOT npOL!eCC OK83b1B8eTCR Ci,1IlbHO BblTRHYTblM. B 3TOM nO,(\XO,(\e paC4eTbl BepORTHOCTeH KI18CTepHoro 

AOil>KeH Ha6IllOA8TbCR AIJR npOTOH0"136blT04HblX 11erK"1X R,(lep (Z.550) C 4eTHblM Z TaK"1e pacnaAa OCyl.l.leCTBilRIOTCR no OAHOH i,13 M0,(\eileH, on"1Cb1B8IOl.l.l"1X cnoHT8HHOe ,(\eI1eH1,1e 

RAP8, 6YAY4"1 e,(\Ba ycTOH4"1BblMl,1 K 1,1cnycKaH"1IO OAHOrO npOTOHa, MOrYT OKa3aTbCR RAep 1,1 Y4"1Tb1B8IOl.l.l"1X np1,1 3TOM o60I104e4Hble 3Q)Q)eKTbl (1,1cnycKaeMble KI18CTepbl 

HeCTa6"1IlbHblMi,1 K 1,1cnyCK8Hi,11Q cpa3y ABYX npOTOHOB BB"1AY Toro, 4TO 3a C4eT cnap1,1saH"1R npeACTaBilRIOT co6o'1 0601104e4Hble RApa), 3Heprnl0, Ae¢opM81..l"1IO 1,1 >KeCTKOCTb RApa. 
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O6pa30BaH111e KI1acrnpa B 3T0M cnyYae npm1cx0AIIIT no cxeMe, noKa3aHH0H Ha p111c.4. I B111AH0, YT0 o6a TeopernYeCKIIIX noAXOAa Hennoxo on111cbIBa10T 3KcnepV1MeHTaJ1bHble 

BeposnH0CTb pacnaAa B eAIIIHIIILIY BpeMeHIII CYIIITaeTCR nponop1..11110HaJ1bH0H AaHHble. 3Kcnep111MeHTbl no 1113yYeHIIIIO KJlaCTepH0H paAIII0aKTIIIBH0CTIII A0Jl)KHbl 6b1Tb 

npolll3BeAeHIIIIO Bep0RTHOCTIII nepeX0Aa CIIICTeMbl 1113 HaYailbH0ro C0CT0RHIIIR B K0HT8KTHYIO 

T0YKY Ill np0Hllll..laeM0CTIII BHewHero 6apbepa. B nOA06Horo P0Aa pacYernx, OCH0BaHHblX 

Ha M0AeJ1111 cn0HTaHH0rO AeileHIIIR, 0CYIJ..leCTBIIRIICR noA60p 12 napaMeTp0B, Ill Me)K,[ly TeM 

npeACKa3aHIIIR 3TOro TeopernyecKoro n0AX0Aa OKa3aJ1111Cb orpaHIIIYeHHblMIII Ill Tpe60Bai1111 

K0ppeKTlllp0BKIII MOAeJ1111 nplll ycJl0)KHeHIIIIII CTPYKTYPbl KilacTepa Ill P0AIIITeJlbCK0ro RApa. 

Apyr6'1, 6onee npocTOH noAXOA K on111caH11110 KnacrnpHoro pacnaAa, 

npeAJlO)KeHHblH ell.le B 1928 r0AY raMOBblM AJlR on111caHIIIR a -pacnaAa, 0CH0BaH Ha 

npocTOH M0Aen111 pacnaAalOIJ..lerocR RApa. B 3TOH M0AeJ1111 TOYeYHblH 6ecCTPYKTYPHblH 

KJlacTep C YaCTOTOH V.,, Kone6neTCR B n0TeHl..llllaJlbH0H RMe paAIIIYC0M 

Rh = r0 (A~ 3 + AY3), (11) 

ype3Bbl4aHHO YYBCTBIIITeJlbHbl, T.K. BepoRTH0CTb TaKoro pacnaAa OYeHb Mana no 

cpaBHeHIIIIO C AeneHllleM Ill a-pacnaA0M (A./Aa510-' 6
). 3Kcnep111MeHT8JlbHOe 06Hap~eH111e 

KJlaCTepHOH paAIIIOaKTIIIBH0CTIII Aano CylJ..leCTBeHHO H0BblH IIIMnynbC pa3BIIITIIIIO Haw111x 

npeACT8BJleHIIIH O MexaHlll3Max nepecTp0HKIII RApa B npo1..1ecce paA1110aKTIIIBH0ro pacnaAa. 

CnoHmaHHoe aeneHue Raep u cnoHmaHHo aenRU(uecR U30Mep&1 

CnoHTaHHoe AeneH111e RAep - 3TO npo1..1ecc TyHHenbHoro npoxo)K,[leH111R RAep Yepe3 

6apbep AeileHIIIR. 3TOT BIIIA paA1110aKTIIIBH0ro pacnaAa 6b1Jl o6Hapy)KeH B 1940 roAy 

ii pOCCIIIHCKIIIMIII yYeHblMIII K.A.neTp)KaKOM Ill r.H.ct>nepOBblM, 1113yYaBWIIIMIII AeJ1eH111e ypaHa. 

,[1111HaMIIIKa 3TOro npo1..1ecca B KaK0H-TO CTeneHIII n0X0)Ka Ha on111caHHYIO BblWe AIIIHaMIIIKY 

«oTropo)KeHHblH» OT BHeWHeH o6nacrn KYII0H0BCKIIIM 6apbepoM. neplll0A nonypacnaAa I KnacTepHoro pacnaAa. MIIIHIIIMYM noTeHL1lllaJ1bHOH 3Heprn111 cooTBeTcTByeT 0CH0BH0My 

Bblpa)KaeTCR B BIIIAe 

Ti"':2 =In~ P;', 
2v.,, 

(12) 

COCTORHIIIIO RApa (CM. p111c.4), B K0TOp0M RAP0 IIICnblTblBaeT IIIIIWb HyneBble K0Jle6aHIIIR. 11'1x 

3Heprnl'! 3aBIIICIIIT OT )KeCTK0CTIII CIIICTeMbl. BHeceH111e B aTOMH0e RAPO 3Heprn111 1113BHe , 

Hanp111Mep np111 nornolJ..leHl/1111 RAP0M TOH 11111111 IIIH0H YaCTllll..lbl, Bbl3blBaeT 1113MeHeH111e 

xapaKTepa ABlll)KeHIIIR HYKII0H0B, C0CTaBJlRIOIJ..llllX ere. np111 3Heprn111, paBH0H HeCK0JlbKIIIM P acTepa c yrnoBblM M0MeHT0M L 111 3Heprne'1 I 
rAe npOHllll..laeMOCTb 6apbepa L AJlR KIi M38, ABlll)KeHllle HYKII0H0B M0)KeT CT8Tb ynopRA0YeHHblM Ill B03HIIIKHYT K011e6aH111R 
pacnaAa Q onpeAenReTCR no cpopMyne 

RAepHoro BelJ..leCTBa. Ec11111 3HeprnR K011e6aH111R A0CT8T04H0 Be11111Ka, aTOMH0e RApo 
PL=exp(-KJ • (13) 

MO>KeT nepe'1rn B COCTORHl/le HeycT0HYIIIBOro paBH0BeCllll'! 111 B03M0)KeH Heo6paTIIIMblH 

B rn6111111..1e co6paHbl pe3yilbT8Tbl rnopern
4

ecKIIIX pa5oT, paccMaTpV1Ba10IJ..llllXI npo1..1ecc pa3pbIBa RApa Ha ABa ocKonKa. C onpeAeneHHOH BepoRTH0CTblO TaKo'1 )Ke 

3Kcnep111MeHTaJ1bHble 3HaYeHIIIR norap111cj:>MOB neplllOAa KJlaCTepHoro pacnaAa. 
KilacTepHblH pacnaA no MOAeIIRM AeJleHIIIR IIIIIIII a -pacnaAa. 3AeCb )Ke npeACT8BileHbl npo1..1ecc M0)KeT B03HIIIKHYTb y TR)KeJlblX RAep caMonpo1113B0JlbH0 6e3 BHeCeHIIIR 1113BHe 

3Heprn111 B036y>K,[leHIIIR 1 Ill np0lll30HAeT cn0HT8HHOe AeJ1eH111e - npo1..1ecc TyHHeJlbH0ro 

8111A pacnaAa 

223Ra{14C) 
230Th(24Ne) 
231 Pa(24Ne) 

I 
3Kcnep111MeHTaJ1bHble 

I 3HaYeHIIIR lg(Ti,,i K/1)c 

TeopernYeCKllle 3HaYeHIIIR Jg(T112 K/1)c 
npoxo)K,[leH111R Yepe3 6apbep AeneH111R. 

no MOAen111 no M0AeJllll 
AeneHIIIR a-pacnaAa 

•• 0 I -1-1 n,n na 12,2 

24,8 25,6 I L4,0+U,Uf 

I 

11'1ccneAOBaH111e cn0HTaHH0ro AeneHIIIR RAep TeCHO CBR3aHo C pa60TaM111 no CIIIHTe3y 

HOBblX TpaHcypaH0BblX 3JleMeHT0B. 3TO 06bRCHReTCR TeM, YTO no Mepe np0ABlll)KeHIIIR B 

o6nacTb 3IleMeHT0B C 60JlbWIIIM z Bee 6onee B03pacrneT p0ilb cnoHTaHH0ro AeJ1eH111R. I 1 1 u I 1 1,u;-v,vv II 
I ' - · - ~ ~- Hanp111Mep, AIIR 1113ornna 236U nep1110A cnOHTaHHoro AeneHIIIR paBeH 1016 neT, ~• neplll0A a-

23,4 ')~ 1 .,~A, n rn:i 

2380 1 .t28ti.Jln\ 25,8 26,0 I Z:J. /+U.L::i ' ·--~, 
23801 .t32~i\ ?57 25.9 I LO.;j+U. ·10 

l I ~~•-•. I ~~•~~~·~~ II pacnaAa cocrnBnReT Beere 4,510
9 

neT. 3To 3HaYlllT, YTO Ha 106 a-pacnaA0B np111xoAlllTCR 

· ... •••;:;; I -·, I · I ::::·~ · :·~: I Beere IllllWb CAHO cnoHTaHHoe AeneH111e. AnR lll30TonoB 3IleMeHTOB c 6onbWlllMlll 

I ' U\ ~·, I -,· I I 1 aT0MHblMlll H0MepaMlll npolllCX0AlllT yMeHbWeH111e 
nep1110A0B nonypacnaAa AJ1R 
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cn0HTaHH0r0 AeneH11H 11 a-pacnaAa. OAHaK0 nep110Abl cn0HTaHH0ro AeneH11H 

yMeHbWalOTCH 6blCTpee 11 AIJH HeK0T0pblX 1130T0n0B 3IleMeHT0B C Z~100 cn0HTaHHOe 

AeI1eH11e CTaH0Bl1TCH Y}Ke A0Ml1H11pyl0~11M KaHail0M pacnaAa. ,[\11ana30H nep110A0B 

cn0HTaHH0r0 AeileH11H 0YeHb BeI111K. TaK, AilH 1130T0na 
232

Th ycTaH0BileHa Ill1Wb H11>KHHH 

rpaH114a nep110Aa cnoHTaHH0ro AeneHl1H, paBHaH 1022 
neT, a AIJH 1130Tona 

258Fm nep110A 

cn0HTaHH0r0 AeneHl1H paBeH Bcero Ill1Wb 30010-6 CeKYHAbl. Bep0HTHOCTb TYHHeilbHOro 

npoHl1KH0BeHl1H Yepe3 6apbep AeileHl1H PsF. np116n11>KeHH0 nponop4110HaI1bHa 

PsF. ""exp[- JJV(o)Mdo] , (14) 

rAe V - n0TeH411aI1bHaH 3Hepr11H HApa, o - napaMeTp Ae¢opMa41111, M - M8CCOBbllii 

K03cpcp11411eHT, YYl1Tb1Bal0~111ii 11Hep411anbHble CBOliiCTBa HApa np11 Kone6aTeilbHOM 

ABl1>KeH1111. Bonpoc o Bb1Y11cneH1111 MaccoBoro K03cpcp11411eHTa 11 ero 113MeHeH1111 BO BpeMH 

nepeX0Aa K nono>KeHl1IO HeyCTOliiY11B0ro paBH0BeCl1H 0YeHb Cil0>KeH, paBH0 KaK 11 BOnpoc 

06 113MeHeHl111 nornH411aI1bH0lii 3Hepr1111. 

B 1962 roAy a ,[\y6He 6i,1n o6HapY)KeH 3cpcpeKT cn0HTaHH0ro AeI1eHl1H c 

M11Hl1M8IlbH0 K0P0TKl1M nep110A0M nonypacnaAa, He npeACKa3aHHbllii Teop11elii [5]. 3TO 

HBI1eH11e 6b1Il0 B nocneAylO~eM l1HTepnpeT11posaH0 KaK 1130Mep11H cpopMbl B o6nacTl1 

AeilH~11XCH HAep. O6bHCHeHl1e np11p0Abl cn0HTaHH0 AeI1H~l1XCH 1130MepoB noHBl1IlOCb 

nocne rnopeTl1YeCKl1X pa60T B.M.CTPYTl1HCK0ro, B K0T0pblX npeAil0>KeH MeTOA yYeTa 

o6onoYeYHblX 3cpcpeKT0B np11 60ilbWl1X Ae¢opMa411HX aTOMHblX HAep. np11MeHeH11e 

A8HH0ro MeT0Aa K rn>KeilblM HAP8M np11seno K BblB0AY, YT0 6apbep AeileHl1H 11MeeT 

6onee Cil0>KHYIO cpopMy, YeM npeAnonaranoCb paHee Ha 0CH0Be APYr11X MOAenelii HApa , 

Hanp11Mep >K11AKOKanenbHOlii. Ha p11c.5 npeACTaBileH PHA np11MepOB pacYeTOB 

n0TeH4118IlbHblX noBepXHOCTelii, BKI1l0Yal0~11X o60il0YeYHble nonpaBKl1. 1/13 3Tl1X 

pacYeTOB cneAyeT, YT0 AIJH HAep C Z~88 Ml1Hl1MaI1bHaH 3Hepr11H (11Ill1 OCHOBHOe 

C0CTOHHl1e HApa) C00TBeTCTByeT cpopMe BblTHHYT0ro 3IlI111nC0l1Aa .. Bpa~eHl1H C 

napaMeTpaM11 Ae¢opMa41111 fJz0,25. KpoMe rnro, Ha 6apbepe AeneH11H np11 3HaYeH1111 

flz0,6 noHBilHeTCH BTOp0lii A0CTaTOYH0 my60Kl11ii Ml1Hl1MyM. C 3Tl1M M11Hl1MYMOM 11 

CBH38H0 noHBI1eH11e cn0HTaHH0 AeI1H~11XCH 1130MepoB. OHl1 l1HTepnpeT11py10TCH KaK 

Hl1>KHl1e C0CT0HHl1H BO BT0p0M M11Hl1MyMe Ha 6apbepe AeneHl1H. noBblWeHHaH 

Bep0HTH0CTb cnoHTaHH0ro AeileHl1H TaKl1X COCTOHHl11ii 06bHCHHeTCH TeM, YTO np11 11X 

14 

l ~ 

V Cilz) 

o I / \ ... ► 

Puc.4. Ka'lecmeeHHoe npeocmaeneHue 3Muccuu 
Knacmepa a pe3ynbmame oecjJopMa~uu Rapa 
u npooneHUR UM nomeH~uanbH0eo 6apbepa V 

V,MaB 

0 

-2 

-4 

-6 

4 

2 

0 

-2 

10 

s 
0 

-5 
-10 

-0,2 
'-t 

0 0,2 0,4 0,6 0,8 1,0 p 

Puc.5. 3aBUCUMOCmb nomeH~UaflbH0U 3Hepeuu c Y'le
moM o6ono'le'IH0U nonpaeKu V om napaMempa 
oecjJopMa~uu fl onR pRoa Roep. 
Omc'lem 3Hepeuu eeoemcR om 3Ha'leHUR 
nomeH~uanbH0ii 3Hepeuu e Mooenu >KuiJKoii 
Kannu 15 



AeneHl111 npeOAOneeaeTCR nl1Wb '-laCTb 6apbepa (ero BTOpOCi rop6). B TO >Ke epeMR 

6apbep, pa3Aeni:1t011111Ci nepeb1Ci 11 BTopoei Ml1H11MYM, 06ycnaen11eaeT 3anpeT AflR 

a - 11 y - nepeXOAOB B OCHOBHOe COCTORHl1e. 8 HaCTORl.1.lee epeMR 113BeCTHO 34 cnoHTaHHO 

Aeni:111111xci:1 1130Mepa 3neMeHTOB OT ypaHa AO 6epKI111R [6]. 

numepamypa 
/ 

1. r.H.<!>nepoB, r.M.Tep-AKOnbRH, C.H . .QM11Tp11ee. «Ceepxrn>Kenble 3neMeHTbl». B KH.: 

«Hay'-!HOe COTPYAHl1'-!eCTBO COL,l:CTpaH B RAepHOCi · _(pl1311Ke», 3HeproaTOM113AaT, 

MoCKBa, 1968,c.167. 

2. K.l,1.Myx11H. «3Kcnep11MeHTaflbHaR RAepHaR qll1311Ka», T.1. <1>11311Ka aTOMHOro RAPa, 

3HeproaTOM113AaT, MOCKBa, 1983. 

3. A.l,1.6a3b, B.1t1.ronbAaHcK11Ci, B.3.ronbA6epr, R6.3enbAOBl1'-1. B KH.: «JlerK11e 11 

npoMe>KYTO'-IHble RAPa B6fll1311 rpaHl11..1 HYKilOHHOCi CTa611nbHOCT11», HayKa, MOCKBa, 

1972. 

4. IO.C.3aMRTHl1H 11 AP- «KnacTepHaR paA110aKTl1BHOCTb - AOCT11>KeH11R 11 nepcneKTl1Bbl». 

<l>l1311Ka 3neMeHTapHblX '-1acrn1..111 aTOMHOro RApa, T.21, Bbln.2, 1990, c.537. 

5. C.M.non11KaHOB. 8 KH.: «l,13oMepHble cpopMbl aTOMHblX RAep», ATOM113AaT, MOCKBa, 

1977. 

6. IO.n.raHrpCKl1Ci, 6.111.MapKOB, B.n.nepenblrl1H. B KH.:«PerncTpa1..111i:1 ·11 cneKTpoMeTp11R 

OCKOnKOB AeneHl1R», 3HeproaTOMl13AaT, MOCKBa, 1992. 
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<l>"13"1KA 3K30T"14ECK"1X s:IAEP 

AHHomaqu11 

a cmambe paccKa3btaaemcR 06 oiJHOM U3 aa>KHeuwux HanpaeneHuu coepeMeHHOU 
,1iJepHoD cpu3uKu - nonyi;eHuu u uccneiJoeaHuu ceoucme 3K3omui;ecKux RiJep. 
npueoiJRmcR MemoiJbt nony,;eHuR maKux RiJep c noMOUlb/0 ycKopumeneu, a ma10Ke 
paccMampuaa/OmCR He06bNHbte ceoucmea Hf)Bb/X CUHme3UpOB8HHb/X UCK}'CCmeeHHO 
neei;auwux u ceepxmR>KenbtX RiJep. 

nonV'leHue 3K30fflU'leCKUX 11aep 

<!>yHAaMeHTaflbHOCi npo6neMoei RAepHOCi qll1311Kl1 RBnReTCR nonY'-leH11e 11 113y'-!eHl1e 

CBOCiCTB RAep, HaXOARl.1.l11XCR B 3KCTpeManbHOM COCTORHl111 - 3K30Tl1'-!eCKl1X RAep. 3TO 

RApa, 11Met011111e 6onbWOCi yrnoeoei MOMeHT («6eweHo» epa111at011111eci:1 RApa), BblCOKYIO 

3Hepr11IO B036Y>KJ:leHl1R («ropR'-111e» RApa), Cl1flbHOAeq>OpM11pOBaHHble RApa (cynep 11 

rnnepAeq>opMa1..111i:1, RApa C He06bl'-IHOi1 KOHcp11rypa1..111eei cpopMbl), RAPa C aHOManbHO 

BblCOKl1M '-111CflOM HeeiTpOHOB 11n11 npOT0HOB (HeeiTpOHOl136blTO'-IHble 11 

~ npOTOH01136blT0'-IHble RApa), ceepXTR>Kenble RAPa C '-111CflOM npOTOHOB Z>110. l,13Y'-leH11e 

~ CBOCiCTB RAepHOCi MaTep1111 B 3KCTpeManbHblX COCTORHl1RX AaeT Ba>KHYIO l1HcpopMa1..11110 0 

~ CBOCiCTBax Ml1KPOM11pa 11 TaK11M o6pa30M no3BOnReT MOAen11poBaTb pa3nl1'lHble 

~ npo1..1ecCbl, npo11CXOAR11.111e BO BceneHHOii. 

Ha p11c. 1 cxeMaTl1'-!H0 noKa3aHbl TPl1 cpa3bl RAePHOii MaTep1111. nepeoe COCTORH11e-

Cl1MMeTpl1'-1HaR RAepHaR MaTep11i:1 (1). OHO onpeAenReTCR CB0CiCTBaMl1 CTa611nbHblX 

RAep-11X 3Heprneei (E), nnoTH0CTblO pacnpeAeneHl1R HeeiTpOHOB (N) 11 np0TOHOB (Z), 

Maccoii (m) 11 AP- Brnpoe COCT0RHl1e - 3TO '-111CTO HeeiTp0HHaR MaTep11R, aHanoroM 

KOTOpoei MOryT 6b1Tb HeiiTpOHHble 3Be3Abl. OHO AOCrnraeTCR yeen11'-!eH11eM HeeiTpOHHoro 

1136blTKa B RApax (Z/(N+Z)), KOTOpble 11CKYCCTBeHHO Cl1HTe311PYIOTCR B na6opaTOpHblX 

ycnoBl1RX Ha MOl.1.IHblX ycKop11Teni:1x. 1,1 HaKOHel..l MaTep11R, cooTBeTCTBYIOl.1.laR C0CT0RHl1IO 

ee111ecTBa B ceepXHOBblX K0CMl1'-!eCKl1X o6pa3oBaHl1RX, xapaKTep113YIOl.1.laRCR '-1pe3Bbl'-!aeiHO 

BblCOKOCi nnoTHOCTblO (~1012 r/CM3
) 11 TeMnepaTYp0Ci (~10

9 
rpaAyca). 3TO COCTORHl1e 

MaTep1111 TaK>Ke Cl1HTe311pyeTCR 11CKYCCTBeHHO B RAepHblX peaK1..111RX. C ycKopeHHblMl1 AO 

BblC0Kl1X 3Heprni1 RApaMl1 (HeCKOflbKO rnra3neKTp0HB0nbT Ha HYKilOH). 

Otrt:.e11;;u:t •• ~n i;";ml'Yi t 
11!.1-!!µuti:! 7t1ccJJeJiog:umii I 

~MSIU'10TE{{f., . '. --



TaKHM o6pa30M, nOilY\.laR H H3Y\.18R 3K30rn4eCKHe COCTORHHR RASP, Mbl 

npOABHraeMCR B nOHHM8HHH He TOJlbKO ¢YHAaMeHTaJ1bHblX CBOI/ICTB C8MOro RApa, HO H 

0Kp,')Ka10lJ..le111 Hae Bce11eHH0111. 

OAH8KO HCKYCCTBeHHbllll CHHTS3 3K30TH4eCKHX RASP RBJlRSTCR 4pS3Bbl48111HO 

cnO>KHOIII 38Aa4SIII, Tps6y10lJ..lelll HeTpaAHI..IHOHHblX MeTOAOB peweHHR. B 4aCTHOCrn, B 

nocneAHHe HeCKOJlbKO IleT OHa pswaeTCR C HCnOJlb30B8HHSM ycKopHTeJlelll rn>KeJlblX_ 

HOHOB C 3HSprHRMH OT AeCRTKOB MSra3JleKTpOHBOJlbT (M3B) AO COTeH rnra3JlSKTpOHBOJlbT 

(r3B) (B TaKHX eAHHHLl8X Bblpa>KaeTCR 3HeprnR ny4KOB ycKopHTeJlel/l - 1 M3B= · 

:::: 106 
38. ). YCKOpHTeJlH rn>KeJlblX HOHOB - 1..1HKJlH4eCKHe (I..IHKJlOTpOHbl), JlHHSIIIHblS 

(T8HAeMbl), KOilbl..leBble (CHHXPOTpOHbl) - YCKOPRIOT RApa HenOilH0CTblO HOHH3Hp0B8HHblX 

aTOM0B, T.e. HMelOlJ..lHX nOJlO>KHTeJlbHbll/l 38pRA, HCnOJlb3YR AilR 3TOr0 pa3JlH4Hble 

MBT0Abl: BblCOK048CTOTHbllll (I..IHKilOTpOHbl), 3JleKTpocTarn4SCKHI/I (TaHAeMbl, JlHHelllHble 

ycKopHTenH), KOM6HHaL1HH BblCOK048CT0THoro H MarHHTH0ro (I..IHKJlOTPOHbl, CHHXpOTpOHbl). 

,QnR rnro, 4T06bl Ha4anacb RAepHaR psaKI..IHR, 3HeprnR ycKopeHHOro RAP8 AOil>KHa 

npeBblWaTb KYilOHOBCKYIO 3HSprn10 onaJlKHBaHHR ABYX nono>KHTeJlbHO 38pR>KSHHblX RASP, 

KOTopaR 06bl4HO C0CT8BJ1ReT HSCKOJlbKO ASCRTKOB M3B. npH 3HsprnRX BblWe 

K)'IlOH0BCKOro 6apbspa OTKpb!BalOTCR pa3JlH4HblS K8H8Jlbl peaKI..IHH, BSpORTHOCTb KOTOpblX 

38BHCHT OT 3HsprnH RApa - .CH8PRAa, OT CBOIIICTB caMHX B38HMOASIIICTBYIOlJ..lHX RASP, a 

T8K>Ke OT paCCTORHHR, Ha K0TOpOM CT8JlKHBalOTCR ABa RApa (paAHYC B38HMOASIIICTBHR). 

Ha pHC.2 cxeMarn4eCKH npeACTaBileHbl pa3JlH4Hble npo1..1scCbl, npOHCXOARlJ..lHe C ABYMR 

CT8JlKHBalOl.l..lHMHCR RAP8MH, B 38BHCHMOCrn OT paAHyca B3aHMOASIIICTBHR (I..ISHTp8Ilb~blS 

CTOJlKHOBSHHR paAHYC B38HMOAelllCTBHR MHHHMailbHbllll H nepHq>epH4SCKHe 

CTOJlKHOBSHHR - paAHYC B38HMOAelllCTBHR paeeH HJlH 60JlbWe CYMMbl paAHYCOB ABYX 

B38HMOAelllCTBYIOlJ..lHX RASp). 

npH Jl060BblX CT0JlKHOBSHHRX C 3HsprnRMH HH>Ke nopora cpparMeHT81..1HH ABYX RASP 

(-30 M38/HyKiloH), K0rAa npOHCX0AHT nonHbllll pa3BaJ1 - cpparMeHTal..lHR RASP 48CTHl..lbl H 

MHWSHH, B OCH0BHOM npoTeKalOT peaKL1HH nOJlHOro CJlHRHHR RASP MHWSHH -H 

60M6apAHPYIOlJ..lero H0Ha C o6pa30B8HHSM H0B0ro COCTaBHOro RAP8, HMSIOlJ..lSr0 3apRA H 

Macey, 6JlH3KYIO K cyMMe 3apRA0B H Mace ABYX B38HMOAelllCTBYIOlJ..lHX RAep. 3TO HOBOS 

COCTaBHOS RAPO HMSeT 04eHb BblCOKYIO TeMnepaTYPY, T.K. BCR KHHern4eCKaR 3HsprnR 

18 

,,...,,{,• 

CocmOJIHWI J1oep11ou J.tamepuu 
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(19 i Jlp•MOH ~t'BaJI 
Puc.2. PaJ/IU'IHble HiJepHb/e peaKU,UU Me:JKiJy iJByMH CAO:JICHbl.MU HiJpa
MU iJAH u,enmpllllbHblX u nepu<fiepu'leCKUX cmoAKHOBenuii. CmpeAKllMU 
noKaJanbl KaHllllbl "oXAa:JKiJenUR" 06pa3y10111,uxCH "wp11'1ux" HiJep: 
npRMbl.MU - ucnapenue npomonoB u neiimponoB, U36UAucmbLMU - Bbl· 
Aem laMMa•KBanmoB 
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6oM6apA11PYIO~ei1 YaCT11L.lbl nepeXOAl1T BO BHytpeHHIOIO 3Hepr1110 B036y)l(AeHl1Sl Hoeoro 

SlAP8 11 6onbWOH yrnoeoi'I MOMeHT, T.e. 6onbWYIO CKOpOCTb epa~eHl1Sl. B T8KOM 

COCTOSlHl111 3T0 3K30Tl1YeCKOe SlAPO cy~ecTByeT ecero fll1Wb 10·
14 

- 10"
16 

CeKYHAbl 11 38TeM 

nepexoA11T B _MeHee 3K30Tl1YeCKOe COCT0SlHl1e, «OCTb1B8Sl» 11 yMeHbW8Sl CKOpOCTb 

epa~eHl1Sl. 3Ta penaKC81..111Sl 3Hepr1111 SlAP8 MO>KeT npo11CXOAl1Tb pa3fll1YHblMl1 nyTSlM11. 

TennoeaSl 3Hepr11Sl Kl1nSl~ero SlAP8 c6paCblBaeTCSl B OCHOBHOM 38 cYeT 11cnapeHl1Sl 

Hei'ITpOHOB 11 3apsi>KeHHblX Y8CT11LI (no aHanor1111 C ropSlYeH BOASlHOH Kannelll), a 3Hepr11Sl 

epa~eHl1Sl - 38 C4eT 11cnycKaH11Sl raMM8-KB8HTOB. nocne 3TOro SlAPO nepeXOAl1T B 

OCHOBHOe COCTOSlHl1e, yMeHbW8Sl Macey Ha Yl1Cfl0 11cnap11BWl1XCSl HelllTpOHOB, KOTOpoe 
. ' 

Mo>KeT AOCTl1f8Tb 3H8Yl1TeflbHOH een11Yl1Hbl (Ao 18-22 HelllTpOHOB). T.o., Macca KOHeYHoro 

SlAP8 Mo>KeT 6b1Tb MeHbWe HaY8flbHOf0 COCT8BH0r0 SlAP8 Ha 18- 22 eA11Hl1L.lbl, T.e. MO>KeT 

o6pa30B8TbCSl Hoeoe Cl1flbHOHelllTpOHOAe(pl11..111THOe 3K30Tl1YeCKOe SlAPO, pacnono>KeHHOe 

Ha rpaH11Lle SlAePHOH CTa611nbHOCTl1. 3TO OA11H 113 cnoco6oB nonyYeHl1Sl 3K30Tl1YeCKl1X 

SlAep. KpoMe TOrO, HeCMOTpSl Ha TO, '-!TO ropSlYee HaYaflbHOe COCTaBHOe SlAPO )Kl1BeT 10·
16 

ceKYHAbl, 11cnapSl10~11eCSl HyKnOHbl coo6~alOT 3KCnep11MeHTaTopaM 11H(p0pM81..111IO O 

COCTOSlHl111 3TOrO SlAP8 - ero TeMnepaTYpe (SlAepHblH TepMoMeTp}, yrnoBOM MOMeHTe, 

nnOTHOCTl1 HyKnOHOB ~ 3TOM SlApe. no3TOMY, 113MepSlSl xapaKTep11CT11Kl1 11cny~eHHblX 113 

coCTaBHOfO SlAP8 HyKnOHOB, MO>KHO TaK>Ke AenaTb BblBOAbl O CBOIIICTBaX SlAePHOIII 

MaTep1111 B 3TOM 3K30Tl1YeCKOM SlAPe, 11tv1e10~eM BblCOKYIO TeMneparypy. 

B MPO, KaK 11 B nio6oe Apyroe ee~ecTBo, Heflb3Sl 3aKa4aTb mo6yio 3Heprnio. np11 

onpeAeneHHOH 3Hepr1111 TaK>Ke HacrynaeT q,a30Bbllll nepeXOA lKl1AKOCTb - ra3. 111 np11 

onpeAeneHHOl/1 Kp11Tl1YeCKOH _ TeMneparype SlAPO npeepa~aeTCSl B nna3MY - 3TO 

4eTBepTOe COCTOSlHl1e Be~eCTBa. 8 KOCM114ecK11X M8CWTa6ax 3TO np11B0A11T K B3pb1BY 

3Be3A. 8 f!Apax K 3TOMY COCTOSlHl1IO nblT8IOTCSl np116n11311TbCSl, 11cnonb3YSl ycKop11Ten11 

TSl>KeflblX 110HOB BblCOKl1X 3Hepr11i1. · Bonpoc O 3Ha4eHl111 MaKCl1M8flbHOIII KP11Tl14eCKOIII 

TeMnepaTypbl f!Apa SlBnSleTCSl. OAHl1M 113 cpyHAaMeHTanbHblX eonpocoe SlAePHOH cp11311K11. 

KpoMe peaKL.11111 Cfl11SlHl1Sl MOryT npoTeKaTb 11 APYrl1e npo1..1ecCbl - peaKL.11111 nepeA8411 

HYKnOHOB, pa3Bana 6oM68PAl1PYIO~ero SlAP8 C 38XB8TOM Y8CTl1 ero SlAPOM M11weH11 11 

APYrl1e, KOTOpble ycneWHO 11cnonb3YIOTCSl Q)11311K8Ml1-3KCnep11MeHTaTOp8Ml1 AflSl 

nonyYeHl1Sl 11 113yYeHl1Sl pa3nl1YHblX 3K30Tl14eCKl1X COCTOSlH11H SlAepHOIII MaTep1111. C 

yeen114eH11eM 3Hepr1111 60M6apA11pyio~ero SlAPa np11 ee onpeAeneHHOM noporoeoM 
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3Ha4eHl111 (-30 M3B/HyKnoH) SlApa H8Yl1H8IOT q,parMeHrnpoeaTb, T.e. paCK8flb1B8TbCSl Ha 

MHO>KeCTBO 6onee nerKl1X SlAepHblX Cl1CTeM B w11poKOM Al1ana30He Mace, 38PSlAOB, 

TeMneparyp. 111 BOT 3AeCb OCHOBHOH 3aAaYei1 3KCnep11MeHT8TOpOB SlBnSleTCSl BblAeneH11e 

SlApa B onpeAeneHHOM COCTOSlHl111 Ha q,oHe BO MHOro pa3 6onbwero 411Cna APYrl1X SlAep. 

,[{nSl 3TOro 11cnonb3YIOTCSl pa3fl114Hble AeTeKTOpbl Y8CTl1LI, no3B0flSll0~11e 113MePSlTb C 

BblCOK11M pa3peweHl1eM 38PSlA, Macey, 11MnynbC, KOOPA11H8Ty BblneTa, a TaKlKe 

onpeAeflSlTb ero TeMneparypy, yrnoeoi'I MOMeHT 11 epeMSl lKl13Hl1, KoTOpoe 48CTO 

AOCT11raeT 10·20 -10·21 
CeKYHAbl. TaK11e AeTeKTOpbl, KaK npae11no, per11cTp11py10T SlAPa, 

OCH0Bb1B8SlCb Ha np11HL.111ne 113MepeHl1Sl CTeneHl1 110Hl1381..11111 Be~eCTBa AeTeKTOpa, 

KOTopaSl HaXOA11TCSl B npSlMOH 38B11Cl1MOCTl1 OT MaCCbl 11 38PSlA8 SlApa. 1113 Hl1X C03A8IOT 

cnO>KHble cneKTpOMeTpbl, COCTOSl~l1e 113 HeCKOflbKl1X COTeH AeTeKTopoB, pacnonolKeHHblX 

eoKpyr M11weH11 11 nepeKpb1eaio~11x npaKT114ecK11 ace yrnb1 (41t-reoMeTp11Sl). 

OA11H 113 TaKl1X cneKTpOMeTpOB - YCTaHOBKa <t>O6OC, 11cnonbayeTCSl B 

Jla6opaTOp1111 SlAepHblX peaKl.111111 Ha nyYKe yCKOp11TenSl TSllKeflblX 110HOB AflSl 113y4eH11Sl 

npo1.1ecc0B o6pa30B8H11Sl 3K30Tl14eCKl1X SlAep B peaKl.111SlX cpparMeHTal.11111. OKaaanoCb, YTO 

B peaKl.111SlX q:,parMeHT81.11111 MOryT o6pa30Bb1B8TbCSl B 6onbWl1X KOfl114eCTBax Sl.Qpa KaK 

Cl1flbHOHeHTPOH01136blTOYHble, T8K 11 Cl1flbHOHei1TpOHOAe¢111.111THble. ll136blTOK 11 .Qecp111.111T 

HelllTpOHOB B KOHeYHblX Sl.Qpax 38B11Cl1T OT COOTHOWeHl1Sl HelllTpOHOB 11 npOTOHOB B 

60M6ap.Q11pyio~eM Sl.Qpe. B nepBblX COBMecTHblX 3Kcnep11MeHTaX, npoee.QeHHblX yYeHblMl1 

113 Jla6opaTOp1111 Sl.QepHblX peaKL.111111 O6be.Q11HeHHOro 11HCTl1TyTa Sl.QepHblX 11ccne.QOB8Hl1H B 

Ay6He 11 Ha1.1110HanbHOlll na6opaTOp1111 rAHll1Jl so <t>paH1.11111, 6bin 11cnonb30BaH nyYoK 

peAKOro 1130TOna Kaflbl.111Sl-48, COAep>Ka~erocSl B np11po.Qe B Hl14TO>KHblX KOfll1Yecrnax 11 

nonyYeHHOro B pocc11111cKl1X 11HCTl1TyTax Ha cne1.111anbHblX 3fleKTpoMarHl1THblX 

pa3.Qen11TenbHblX ycTaHOBKax. 3TO C8Mbllll HelllTpOHoo6ora~eHHblH 1130TOn (20 npOTOHOB 11 

28 Hei'ITPOHOB), CO.QeplKa~l1111CSl B np11p0Ae. 8 3Tl1X 3KCnep11MeHTax 6blfl0 Cl1HTe311poeaHo 

6onee 30 HOBblX Hei1TpOH01136blT04HblX 1130TOnoB, pacnono>KeHHblX y caMOl/1 rpaHl1Llbl 

Sl.QepHOl/1 CTa611flbHOCTl1 - 6op-18, yrnepo.Q-22, 830T-23, Kl1Cnopo.Q-24 11 .Qp. Ha p11c.3 

npe.QCTaBneHa (N-Z)-.Q11arpaMMa 1130TOnOB. B11.QHO, YTO AflSl nerK11X 3fleMeHTOB rpaH11Llb1 

SlAePHOl/1 CTa611nbHOCTl1 npaKT114eCKl1 .QOCTl1rHyTbl, 11 38 HelO H8Yl1HaeTCSl Mope 

HeCTa611nbHblX Sl.Qep, XOTSl 11 Cpe.Q11 Hl1X noSlBflSllOTCSl OTHOCl1TeflbHble OCTpOBKl1 

CTa611flbHOCTl1, KOTOpble 11 nblT8IOTCSl o6Hapy>Kl1Tb (p11311Kl1. 
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fle2'1Si/WUe 3K30mU'leCKUe Rapa 

3AeCb yMeCTHO HanOMHl1Tb OCHOBHble nono>KeHl1fl flAepHoCI ql11311Kl1 o CTa611IlbHOCTl1 

flAep. flAepHble Cl1Ilbl '-1pe3Bbl'-laCIHO C11IlbHbl, HO AeCICTBYIOT TOilbKO Ha KOpOTKOM 

paCCTOflHl111. CTa611IlbHOCTb flAep onpeAenfleTCfl 6anaHCOM np11Tflr11B8l0~11X flAepHblX 

Cl1Il Me>K,Qy HYKilOHaM11: HeCITpOH8M11 (n) 11 npOTOH8Ml1 (p) 11 OTT8IlK11B8l0~11X KYI10HOBCKl1X 

Cl1Il, KOTOpble AeelcTBylOT Me>K,Qy 3apfl>KeHHblMl1 npOTOH8Ml1. TaKl1M o6pa30M, B flApe 

ocy~eCTBilfllOTCfl pa3Horo rnna B3al1MOAeelcTBl1fl: (n-p), (n-n), (p-p). Ha116011ee Cl1IlbHblMl1 

flBilfllOTCfl (n-p)-B3811MOAeelcTBl1fl. no3TOMY Ha116011ee CTa611I1bHblMl1 flBilfllOTCfl flApa 

C 6Ill13Kl1M '-111CI10M HeCITpOHOB 11 npOTOHOB, T.K. B Hl1X ocy~eCTBilfleTCfl MaKCl1M8IlbHOe 

'-111Cfl0 (n-p-)-B3811MOAeCICTBl1CI. 411CTble (n-n)-C11CTeMbl flBilfllOTCfl HeCTa611IlbHblM11 (3a 

l1CKf1I0'-1eH11eM HeCITpOHHblX 3Be3A, rAe CTa611Il11311pyl0~11Ml1 Cl1Il8Ml1 flBilfllOTCfl 

rpaBl1Tal..\110HHble Cl1Ilbl). TaK>Ke HecTa611IlbHbl Cl1CTeMbl, COCT0fl~l1e 113 Manoro '-111Cfla 

npoTOHOB 11 6onbworo '-111Cfla HeCITpOHOB 11 Hao6opoT. 3TO H8rflflAHO 11IlfllOCTp11pyeT KapTa 

flAeP, npeACTaBileHHafl Ha p11c.3. CTa611IlbHble flApa, cy~ecTBy10~11e B np11pOAe, Ha Heel 

npeACTaBileHbl '-!epHblMl1 KB8AP8TaM11. Bcero 11X 273 flApa. l,13 p11cyHKa B11AHO, '-!TO Aflfl 

flAep C Maccoe\ 60flbWe 40 (N=Z=20) KYI10HOBCKl1e Cl1Ilbl CAB11ralOT Ill1Hl1IO CTa611IlbHOCTl1 

B CTOpOHY HeCITpOH0_1136blTO'-IHblX flAep (60flbWl1X N). KynOHOBCKl1e Cl1Ilbl TaK>Ke 

orpaH11'-!11Ba10T o6nacTb cy~eCTBOBaHl1fl Tfl>KeflblX flAep, Ailfl KOTOpblX 

KOpOTKOAeelcTBy10~11e flAepHble Cl1Ilbl He MOryT KOMneHC11p0B8Tb KYilOHOBCKl1e Cl1Ilbl 

OTT8IlKl1B8Hl1fl, 11 Tfl>Keflble flAP8 C '-111CI10M npOTOHOB 2>90 pacnaAalOTCfl (cnOHTaHHOe 

AeI1eH11e) C o6pa30B8H11eM ABYX 6onee CTa611IlbHblX KYCKOB-OCKOilKOB AefleHl1fl. 3rnM >Ke 

06bflCHfleTCfl 11 TO, '-!TO flApa Tfl>Kenee ypaHa (Z>92) B np11p0Ae noKa He 06HapY>KeHbl. Ha 

p11c.3 TaK>Ke nOK838Hbl paCC'-111TaHHble TeopernKaMl1 B onpeAeneHHblX npeAnOI10>KeHl1flX O 

CBOCICTBax flAep, HeCITpOHH8fl 11 npOTOHHafl Il11H1111 crn611I1bHOCTl1. OHl1 03Ha'-lalOT, '-!TO 

flAP8, neperpY>KeHHble HeCITpOH8Ml1 (HeCITpOHOl136blTO'-!Hble) 111111 npOTOHaMl1 

(npOTOH01136blTO'-IHble), pacnono>KeHHble 38 Ill1Hl1eel CTa611IlbHOCTl1, flBilfllOTCfl 

HeCBfl38HHblM11 flAP8Ml1 (HeT 6anaHca Me>K,Qy KYI10HOBCKl1Ml1 11 flAepHblMl1 Cl1Il8M11) 11 

pacnaAalOTCfl 3a speMfl 10·22 ceKYHAbl 11 MeHee. OnpeAeneH11e nono>KeH11fl 1111H1111 

CTa611IlbHOCTl1 flBilfleTCfl caMO no ce6e Ba>KHOCI 11 AOCTaTO'-IHO CflO>KHOC\ 38A8'-leel, KOTOpafl 

38B11Cl1T OT MHornx napaMeTpOB, onpeAeflfll0~11X CBOCICTBa flAep. PaA1108KTl1BHble flAP8, 

HaXOAfl~l1eCfl Me>K,Qy Il11Hl1flMl1 CTa611IlbHOCTl1, a 11X OKOilO 7000, MOryT 6b1Tb 
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Cl1HTe311pOB8Hbl TOilbKO 11CKYCCTBeHHO B na6opaTOpHblX YCI10B11flX. 411c110 e~e He 

113BeCTHblX flAep COCTaBilfleT OKOilO 4000 (He3aTeMHeHHafl o6naCTb Ha KapTe 1130TOnos). 

TaKl1M o6pa30M, ql1131:1K8M npeACTOl1T e~e AOCTaTO'-IHO pa60Tbl, '-IT06bl np116I111311TbCfl K 

Ill1Hl111 CTa611IlbHOCTl1, oco6eHHO B o6nacrn cpeAH11X 11 Tfl>KeflblX Mace flAep. 4TO KacaeTcfl 

flAep Iler'-!ae\w11x 3IleMeHTQB (1130TOnos BOAOPOAa, re1111f1, Ill1T11fl, 6ep1111I111fl), TO 3AeCb 

rpaHl11..\8 CTa611IlbHOCTl1 y>Ke AOCTl1rHyTa, T.e. Cl1HTe311posaHbl see flAPa, B KOTOpblX 

3Heprnfl CBfl311 HYKflOHa noflO>Kl1TeflbHafl (3Heprnfl CBfl311 - 3TO HeKOTOpafl Befll1'-111Ha, 

xapaKTep113y10~af1 CTa611IlbHOCTb flAep: Aflfl CTa611I1bHblX flAep OHa - nono>K11TeflbH8f1, 

Aflfl HecTa611flbHblX - 0Tp111..\8TeflbH8fl). Me>K,Qy TeM, Aa>Ke HeCBfl38HHble flApa (c 

OTp111..1aTeflbHOC\ 3Heprnee\ CBfl311) MOryT cy~eCTBOBaTb B B11Ae flAepHblX Cl1CTeM, B 

KOTOpblX B3811MOAeelcTBl1e HYKnOHOB np11BOAl1T K nof1BI1eH1110 HeKOTOpblX flAepHblX 

COCTOflHl111, XOTfl 11 '-lpe3Bbl'-!8CIHO KOPOTKO>Kl1BY~l1X (~10·21ceKYHAbl), npOflBilfll0~11XCfl B 

B~Ae pe30H8HCOB. l,1ccneAOBaH11e T8Kl1X pe3oHaHCHblX COCTOflH11C\ HeCBfl38HHblX flAepHblX 

Cl1CTeM A8eT Ba>KHeC\wy10 11HcpopMa1..11110 0 B03MO>KHOCTl1 A8flbHeelwero npOABl1>KeHl1fl K 

ocTpOBKaM CTa611I1bHocrn, K0TOpb1e, KaK npeAnonara10T rnopernK11, cy~ecTBy10T B 

«Mope» Hecrn611I1bHOCT11_. nepBbll1 TaKOCI OCTpOBOK MO>KeT cy~eCTBOB8Tb Aflfl '-111CTO 

HeC\TpOHHblX flAep C '-111CflOM HeCITpOHOB 60flbWe 20. OAH8KO" B HaCTOfl~ee BpeMfl 

3KCnep11MeHTaflbHO c11H,:e311posaTb TaK11e HeCITpOHHble flApa npaKT11'-leCKl1 HeB03MO>KHO. 

noKa YA8Il0Cb 11CCileAOB8Tb CTa611IlbHOCTb A11He11TpOHa (2n), TPl1HeC\TpOHa (3n), 

TeTpaHe11TpOHa. (4n). OHl1 _ OK838Il11Cb HeCTa611IlbHblMl1. OAH8KO Aflfl A11HeC\TpOHa 6blfl 

06HapY>KeH pe30H8HC, Ha OCHOBe '-lero 6blfl CAenaH BblBOA O TOM, '-!TO 3Ta Cl1CTeMa no'-lrn 

CTa611IlbH8fl (O'-leHb ManeHbKafl OTPl11..\8TeflbH8fl 3Heprnfl CBfl311, OKOilO 70 K38). BOT y>Ke 

HeCKOilbKO neT, HO noKa 6e3ycnewHo, BeAYTCfl nol1CKl1 pe30HaHCOB B Cl1CTeMe 113 '-leTblpex 

He11TpOHOB. 

l,1HTp11ry10~af1 c11rya1..111fl cy~eCTByeT co CBOCICTB8Ml1 csepXTfl>KeflblX 1130TOnos 

BOAOPOAa 11 re1111f1. CHa'-lana 6blfla 06HapY>KeHa T.H. «re1111esaf1 8HOM8Ill1fl», KOr,Qa 

CTa611IlbHOCTb fl,Qep C yBefll1'-!eHl1eM '-111Cfla He11Tp0HOB np11 np1161111>KeH1111 K fll1Hl111 

crn611I1bHocrn He yMeHbWanacb, a .Qa>Ke ysen11'-!11sanacb (R.Qpo 8He OKa3anocb 6onee 

CTa611I1bHblM, '-leM fl,Qpo 
6
He). TaKYIO >Ke 38B11C11MOCTb o6H8PY>Kl1Il11 11 Aflfl HeCBfl38HHblX 

1130TOnos ren11fl: re1111R-5, ren11R-7, ren11R-9, ren11R-10. 8 c11cTeMe re1111fl-10 (.QBa npoTOHa 

11 BOCeMb HeCITpOHOB) 6blfl 06Hapy>KeH pe30H8HC, KOT0pbl11 CBl1,QeTeI1bCTBOBaI1, '-!TO 3TO 
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HAPO He CBH3aHO BCero JU1Wb Ha 1 M3B. BnocneACTBl,11,1 TaKaH aHOMa111,1H Ha611t0AaI1aCb 1,1 

AilH TH)KeilblX HeCBH3aHHblX 1,130TOnOB BOAOPOAa (BOAOPOA-6 OKa3ancH 6onee 

CTa61,111bHblM, -ieM BOAOPOA-4), npoHBI1HIOIJ..ll,1XCH TatOKe B B1,1Ae pe3oHaHCHblX COCTOHHl,11.1, 

3m 3aKOHOMepHOCTl,1 B noBeAeHl,11,1 3Heprn1,1 CBH31,1 TH)KeilblX 1,130TOnOB 11eNa1.1w1,1x 

311eMeHTOB no3BOI11,1Ill,1 6onee onrnMl,1CTl,1'leCKl,1 B3r11HHYTb Ha npo6neMy cy1.J..1eCTBOBaH1,1H 

ocrpoBa CTa61,1IlbHOCT1,1 nerKl,1X 311eMeHTOB. l,,1ccneAOBa!;l,1,1e CBOl.1CTB 3Tl,1X HAep, 

Ci,1IlbH0060ra1.J..1eHHblX He1inpoHaM1,1, no3BOI11,1110 o6Hapy)Kl,1Tb e1.J..1e OAHO 1,1HTepecHoe 

HBI1eH1,1e - cy1.J..1eCTBOBaH1,1e T.H. «Hei1TpOHHblX rano». 3TO HBI1eH1,1e npoHBilHeTCH y 

cna6oCBH3aHHblX HAep, HaXOAHIJ..ll,1XCH y rpaHm,lbl CTa61,1I1bHOCTl,1, TaKl,1X KaK 
8
He, 

11
Li, 

14Be, 17B. B 3Tl,1X HApax 6bl110 3KCnep1,1MeHTailbHO o6Hapy)KeHO BblCOKoe 3HaYeH1,1e 

HYKilOHHOro P8A1,1yca. TaK, y 11Li OKa3anOCb, YTO ABa cna6ocBH3aHHblX Hei1TpOHa 

HaXOAHTCH Ha 60ilbWOM YAaneHl,11,1 OT OCHOBHOro OCTOBa, npeACTaBilHIOIJ..lero 1,13 ce6H 

HAPO 9Li. PaA1,1YCbl HAep 06bl'lHO Bblpa)KalOT B cpeHTOMeTpax (cpM). (1 q>M paBeH 10"
13

CM). 

TaK BOT, y HAPa 11Li paA1,1yc OKa3a11CH paBHblM 12 q>M (y 
9Li OH paBeH 2,5 cpM). TaKaH 

He06blYHaH CTPYKTYPa 3Tl,1X HAep npoHBilHeTCH caMblM pa3HblM o6pa30M, B YaCTHOCTl,1, 

C1,111bHO yBe111,1-i1,1BaeTCH BepOHTHOCTb npoTeKaHl,1H HAepHblX peaK41,1i1, KOTOpaH 

nponop41,10HaI1bHa paA1,1ycy B3a1,1MOAei1cTBytOIJ..ll,1X HAep. 3Ta oco6eHHOCTb HAeP C rano 

Cblrpana HeManoBa)KHYIO pOilb AilH pa3Bl,1Tl,1H HOBOro HanpaBneHl,1H HAePHOl.1 q>1,131,1Kl,1 - i 

q>1,131,1Kl,1 C ny-iKaMl,1 ycKopeHHblX 3K30Tl,1'leCKl,1X HAep. 

ny'IKU ycKopeHHb/X 3K30mU'leCKUX ROep 

AnH 1,1ccneAOBaHl,1H CBOl.1CTB 3K30Tl,1'leCKl,1X HAeP BO MHOrnX cny-iaHX HY)KHbl 1,1x nyYKl,1, 

ycKopeHHble AO 3Heprni1 BblWe KYilOHOBCKOrO 6apbepa B3a1,1MOAei1CTBl,1H. 3TO 

Heo6XOAl,1MO AilH Toro, YT06bl Moma npoTeKaTb COOTBeTCTBYIOIJ..laH HAepHaH peaK41,1H 

Me)l(Ay 3K30rn'leCKl,1M HAPOM 1,1 HAPOM Ml,1WeHl,1. TorAa, 1,1ccneAYH npOAYKTbl TaKl,1X 

peaK41,1i1, MO)KHO AenaTb BblBOAbl O CBOl.1CTBaX caMl,1X B3a1,1MOAei1CTBYIOIJ..ll,1X HAep. 

npo6neMa 1,1cnOI1b30BaHl,1H nyYKOB 3K30Tl,1'leCKl,1X HAep AilH cp1,131,1yeCKl,1X 1,1ccneAOBaH1,1i1 

CBOA1,1TCH B OCHOBHOM K TpeM 3aAaYaM: 

- nony-ieH1,1e nyYKOB 3K30Tl,1YeCKl,1X HAeP H~H01.1 l,1HTeHCl,1BHOCrn, 

- ycKopeH1,1e 1,1x AO Heo6XOAl,1MOl.1 3Heprn1,1, 
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- perncTpa41,1H npOAYKTOB HAePHblX peaK41,1i1 C 3K30TWleCKl,1Ml,1 HApaMl,1 1,1111,1 

npOAYKTOB l,1X pacnaAa. 

np1,1 60M6apA1,1poBKe HApaMl,1, ycKopeHHblMl,1 AO 3Heprn1.1 6onee YeM 30 M3B/HyKI10H 

(BblWe nopora cpparMeHTa41,11,1 HApa), 06pa3yeTCH AOBOilbHO 60I1bWOe KOill,11.leCTBO HOBblX 

HAeP, neTHIJ..ll,1X nOA nepeAHl,1Ml,1 ymaMl,1 (B TOM )Ke HanpaBneHl,11,1, YTO 1,1 nepBOHaYailbHble 

60M6apA1,1pyt01.J..1l,1e HApa), 1,1 C 3HeprnHMl,1, 6111,13Kl,1Ml,1 K 3Heprn1,1 60M6apA1,1pyt01.J..1ero HApa. 

TaK1,1M o6pa3oM, omaAaeT npo6neMa nocneAy10111ero ycKopeH1,1H 3Tl,1X HAep, ec111,1 

HayYl,1TbCH KaKl,1M-TO cnoco60M Bb1Ae11HTb 1,13 Beere A1,1ana3oHa o6pa3yl01.J..11,1XCH _HAep 

MOHOl,130TOnHbll.1 nyYOK. AnH 3Toro np01,13Becrn ceneK41,110 npOAYKTOB HAepHblX peaK41,1i1 no 

Macce (A) 1,1 3apHAY (Z) 1,1 ccpopM1,1poBaTb 1,13 BblAeneHHblX npOAYKTOB nyYOK C 

He06XOA1,1MblMl,1 AI1H ero AaI1bHe1.1wero 1,1ccneAOBaHl,1H napaMeTpaM1,1 (A1,1aMeTpOM, 

pacXOA1,1MOCTblO, 3Heprnei1 1,1 AP,), 

3Ta npo6neMa 6b111a peweHa C 1,1cnOI1b30BaH1,1eM MarHl,1THblX cpparMeHT-

cenapaTOpOB. HeCKOilbKO nocneAOBaTeilbHblX MarHl,1THblX C1,1CTeM n03B011HIOT npoBecrn 

MHOroKparny10 ceneK41,110 npOAYKTOB C OA1,1HaKOBblM COOTHOWeH1,1eM l,1Mnynbca (P) K 

3apHAY (q) (CM.p1,1c.1 ). B pe3y11bTaTe 1,1cnOI1b30BaHl,1H cpparMeHT-cenaparopa, 

pacnono)KeHHOro nocne npo1,13BOAH1.J..1ei1 3K3orn-iecK1,1e HApa M1,1weH1,1, noHB1,111acb 

B03MO>KHOCTb nony-ieHl,1H nyYKOB KOpOTKO>Kl,1BYIJ..ll,1X HAep, pacnono>KeHHblX y rpaH1,14 

CTa61,111bHOCrn C BpeMeHaMl,1 )Kl,13Hl,1 no HeCKOilbKO COTeH M1,1KpOceKYHA (10-6 CeKYHAbl). 

CneAYtOIJ..laH 3aAaYa, CTOHIJ..laH nepeA 3KCnep1,1MeHTaTopaM1,1 nocne nony-ieHl,1H 

nyYKOB 3K30T1,1YeCKl,1X HAep, - 1,1cnOI1b30BaH1,1e l,1X AilH 1,13yYeHl,1H CBOl.1CTB 3Tl,1X HAep. 3AeCb 

HY>KHO OTMernTb, YTO l,1HTeHCl,1BHOCTb nyYKa TaKl,1X HAep OTHOCl,1Te11bHO Mana. OHa Ha 5-6 

nopHAKOB MeHbWe l,1HTeHCl,1BHOCT1,1 nepBl,11.lHOro nyYKa HAep l,1X np01,13BOAH1.J..1ero. B ny-iweM 

cny-iae 3Ta l,1HTeHCl,1BHOCTb COCTaBilHeT 108 HAep B ceKYHAY (np1,1 l,1HTeHC1,1BHOCrn 

nepBl,11.lHOro nyYKa 1012
). Bee 3TO Tpe6yeT OT 3KCnep1,1MeHTaTopoB -ipe3Bb1Yai1HO 

YYBCTBl,1Te11bHblX MeTOA1,1K, C 3TOl.1 4eI1blO 1,1cnOI1b3YIOTCH BblCOK03cpcpeKTl,1BHble 

npe41,131,10HHble cneKTpOMeTpbl, TaKl,1e KaK cneKTpOMeTpbl nonHoro TeileCHOro yma. C 

noMOIJ..lblO 3T1,1X cneKTpoMeTpOB q>1,131,1Kl,1 Mory,- 1,1ccneAOBaTb ~e BTOpl,11.lHble peaK41,11,1 

B3a1,1MOAei1CTBl,1H 3K30Tl,1'leCKl,1X HAep C HApaMl,1 Mi,iWeHl,1. KaK1,1e )Ke AaHHble YAaeTCH 

1,13BI1e'lb 1,13 TaKl,1X 3KCnep1,1MeHTOB? 
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8 nepsyio O'-lepeAb 3TO nony'-leHllle A8HHblX O HOBblX BIIIA8X P8AIII08KTIIIBHOro 

pacnaAa. KaK 1113secTHO, see paA111oaKT111BHble HApa 111cnycKa10T 3neKTpOHbl (W-pacnaA), 

n03111TPOHbl (p+-pacn8A), npOTOHbl, a-'-18CTllll..lbl (a-pacnaA) 111n111 raMMa-ny'-1111 (y-pacnaA), 

nepeXOAH B OCHOBHOe HepaA11108KTIIIBHOe 
COCTOHHl/le. "1cnonb30B8Hllle ny'-IKOB 

3K30Tlll'-leCKIIIX HAeP, ClllflbHO YA8fleHHblX OT fllllHIIIIII CTa6111nbHOCTIII, no3B0fllllfl0 o6Hapy>KIIITb 

HOBble BIIIAbl P8AIII08KTIIIBHOro pacnaAa - KJ18CTepHblH pacnaA, conpOBO>KA810IJ.1111HCH 

BblneTOM TH>KeflblX '-18CTIIII..I, T8KIIIX K8K yrnepOA, MarHIIIH, a TalOKe 6onee TH>KenblX 

11u. 11s, 
cj:>parMeHTO.B. Y HAep ClllflbHO 06ora1.J.1eHHblX HeHTpOH8MIII, T8KIIIX K8K 

Ha6nlOA8eTCH pacnaA- C BblneTOM 2, 3 Ill A8>Ke 4 HeihpOHOB. TaK111e 3K30Tlll'-leCKllle 

pacnaAbl 8KTIIIBHO 111ccneAY10TCH C TO'-IKIII 3peHIIIH B03MO>KHOCTIII cy1.J.1eCTBOB8HIIIH CIIICTeM 1113 

CBH38HHblX 2, 3 Ill 4 HeHTpOHOB. P,nH npoTOH006ora1.J.1eHHblX HAeP H86fllOA8eTCH pacnaA C 

BblneTOM HeCKOflbKIIIX npOTOHOB Ill 6onee TH>KeflblX 3apH>KeHHblX '-18CTIIII..I. 

3aA8'-18 111ccneAOB8HIIIH CBOHCTB pacnaAa 3K30Tlll'-leCKIIIX HAep HBJlHeTCH B8>KHOH He 

TOflbKO AflH nony'-leHIIIH IIIHcj:>OpM81..1111111 0 COCTOHHIIIIII HAepHOH 
M8Tep111111, HO Ill cny>KIIIT 

OCHOBOH AflH cospeMeHHOH HAePHOH acTpOcplll3111KIII H8YKIII, 38HIIIM810IJ.1eHCH 

MOAen111posaH111eM npo4ecc0B, npo111CXOAHIJ.1IIIX BO BceneHHOH C nOMOIJ.1blO HAepHblX 

peaKL!IIIH. Ha1116onbWIIIH IIIHTepec AflH HAepHOH acTp0cp1113111KIII npeACTaBflHIOT npo4eCCbl 

BblAeneHIIIH 3Hepr111111 np111 o6pa30B8HIIIIII Ill B3pb1Be 3Be3A, a TalOKe o6pa30B8HIIIH pa3nlll'-IHblX 

XIIIMlll'-leCKIIIX 3neMeHTOB (HyKJleOCIIIHTe3) BO BceneHHOH. 06e 3TIII npo6neMbl 

HenocpeACTBeHHO CBH38Hbl C 111ccneAOB8HIIIHMIII, OCHOB8HHblMIII Ha r.ileTOA8X HAepHOH 

cp1113111KIII. ,QnH MOAen111pOB8HIIIH npo4ecc0B o6pa30B8HIIIH Ill pacnaAa 3Be3A 1113Y'-18IOTCH 

HAepHble peaKl.1111111: 1113MepHIOTCH sepoHTHOCTIII B38111MOAeHCTBIIIH ABYX HAep, sepOHTHOCTIII 

pacnaAa o6pa3yl01.J.1IIIXCH np111 3TOM cno>KHblX HAepHblX CIIICTeM, pa3fllll'-IHOro BIIIA8 

1113ny'-leHIIIH, conpOB0>KA810IJ.1llle pacnaAbl T8KIIIX CIIICTeM. OrnpaBnHH Ha cnyTHIIIK8X B 

KOCMOC cne4111anbHble TenecKOnbl, no3B0flHIOIJ.1llle HanpasneHHO 1113MepHTb, Hanp111Mep 

raMM8-1113flY'-leHIIIH OT KOCMlll'-leCKIIIX o6beKTOB, acTpOcplll3111KIII 1113MepHIOT cneKTpbl raMM8-

1113flY'-leHIIIH o6beKTOB. 4T06bl pacw111cppOB8Tb T8KOH cneKTp, He06XOAIIIMO IIIMeTb A8HHble 0 

nplllH8Afle>KHOCTIII TOH 111n111 IIIHOH 3Hepr111111 raMM8-1113flY'-leHIIIH onpeAeneHHOMY HAPY- Taeyio 

111Hcj:>OpM8L!IIIIO nony'-18IOT 1113 3Kcnep111MeHTOB no nony'-leHIIIIO pa3fllll'-1Hb1X HAeP, B TOM '-IIIICne 

Ill 3K30Tlll'-leCKIIIX Ha ycKop111TenHX. 
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OcHOBHYIO ponb B acTpOcj:>1113111'-leCKIIIX npo4eccax 111rpa10T HAepHble peaK4111111, IIIAYIJ.1111e 

C 38XB8TOM npoTOHOB, a-'-18CTIIILI 111n111 Hei:lTpOHOB pa3nlll'-1Hb1MIII HAP8MIII, B TOM '-IIIICne 111 

HeCTa6111flbHblMIII. OnpeAeneH111e CKOpOCTIII npoTeKaHIIIH TaKIIIX peaKLIIIIH HBnHeTCH cno>KHOH 

3KCnep111MeHT8flbHOH 38A8'-leH. KpoMe 3Toro, BepOHTHOCTb T8KIIIX peaKI..IIIIH 38BIIICIIIT OT 

TeMnepaTYpbl 06beKTa. 8 npo1..1ecce HeB3pb1BHOH 3B0fll01..1111111 3Be3Abl ee TeMnepaTYpa 

OTHOCIIITenbHO Hlll3K8 Ill BepOHTHOCTb npOTeK8HIIIH peaKl.1111111 T8IOKe Hesen111Ka. np111 B3pb1Be 

3Be3Ab1 TeMnepaTYpa AOCT111raeT 108 -109 rpaAyCOB KenbBIIIHa Ill BepOHTHOCTb peaK4111111 

ysenlll'-1111B8eTCH Ha MHoro nopHAKOB. P,nH MOAen111pOB8HIIIH 3TIIIX npo4ecc0B Heo6XOAIIIMO 

IIIMeTb WIIIPOKIIIH Alllana30H P8AIII08KTIIIBHblX HAep, KOTOpble 111rpa10T OCHOBHYIO ponb np111 

B3Pb1Be 3Be3A. 8 3TOM cny'-lae cplll3111KIII 111cnonb3YIOT npHMOH MeTOA 111ccneAOB8HIIIH 

xapaKTepHblX peaKI..IIIIH C ny'-IK8MIII P8AIII08KTIIIBHblX (3K30Tlll'-leCKIIIX) HAep, 111cnonb3YH np111 

3TOM MIIIWeHb 1113 BOAOPOA8 111n111 renlllH. 

,Qpyroi:l HenpHMOH cnoco6 onpeAeneH111H CKopocrn peaK4111111, a Ta10Ke 

OTHOCIIITeflbHOro COAep>K8HIIIH aneMeHTOB BO BceneHHOH COCTOIIIT B nony'-leHIIIIII 

cneKTpOCKOnlll'-leCKIIIX A8HHblX O CBOHCTB8X HAep, YA8fleHHblX OT fllllHIIIIII CTa6111nbHOCTIII. 3rn 

A8HHble 111cnonb3YIOTCH AflH on111caHIIIH npo4ecc0B MeAneHHOro 38XBaTa HeHTpOHOB ( s

npo4ecc) Ill 6blCTporo 38XB8Ta Hei:lTpOHOB (r-npo4ecc). nocneAOBaTenbHblH MeAfleHHblH 

38XB8T Hei:lTpOHOB HAP8MIII, conpOBO>KA810IJ.1111HCH KOHKYPIIIPYIOIJ.1111M no3111TPOHHblM 

pacnaAOM 3TIIIX HAep, BeAeT K onpeAeneHHblM 4eno'-IK8M B o6p830B8HIIIIII pa3fllll'-IHblX 

11130TOnOB B o6nacrn H6HTpOHOAe¢1114111THblX HAep (CM. p111c.3) Ill onpeAenHeT IIIX 

COA6P>K8Hllle B np111p0Ae. 6blCTpblH >Ke npo4ecc 38XB8Ta H6HTPOHOB OTB6TCTBeHeH 38 

o6p830B8Hllle H6HTPOH011136blTO'-IHblX 11130TOnOB. CKOPOCTb 38XB8T8 Hei:lTpOHOB TalOKe 

38BIIICIIIT OT TeMnep8TYPbl 06beKTa. noaToMy, 3H8H, Hanp111Mep, COAep>KaH111e aneMeHTOB B 

Hawei:l ranaKT111Ke, a TalOKe nony'-1111B 3Kcnep111MeHTaflbHY10 111Hcj:>opMa4111io o speMeH111 

>K1113HIII Tex 111n111 IIIHblX 11130TOnOB, BXOAHIJ.1111X B 4eno'-IKIII r-npo4ecca, MO>KHO AOCT8TO'-IHO 

TO'-IHO onpeAenlllTb TeMnep8TYPY o6beKTa, HBIIIBWerocH IIICTO'-IHIIIKOM o6pa30B8HIIIH 

aneMeHTOB (TeMnep8TYPY 3Be3Ab1). TaKIIIM o6pa30M, peaK4111111 C ny'-IK8MIII P8AIII08KTIIIBHblX 

(3K30Tlll'-leCKIIIX) HAep A8IOT B8>KHYIO IIIHcj:>OpM8l.lllllO O npo4eccax, npOIIICXOAHIJ.1111X BO 

BceneHHOH. 6onee noApo6Ho 3Ta npo6neMa o6cY>KAaeTCH Hlll>Ke B mase «RAepHas:t 

8CTpOcp1113111K8». 
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,Qy6He B 1961 rOAY B Jla6opaTOp1,11,1 fiAepHblX peaKL.1"1YI, B03masm,eMolil aKa,QeM"1KOM 

r.H.<t>nepOBblM, Ll"1KI10TPOH flBilf!IlCfl peKOPAHblM ycKop1,1re11eM no CBOl,1M 

xapaKTep1,1crnKaM. Ha 3TOM Ll"1KilOTPOHe 6b1Ill,1 nony4eHbl caMble l,1HTeHCl,1BHble B M1,1pe 

ny4Kl,1 ycKopeHHblX rn>KeilblX 1,10HOB. Y>Ke n03>Ke, B B0CbM"1AeCRTble roAbl, B 3TOYI >Ke 

11a6opaTOp1,11,1 B ,Qy6He 6b1Il noCTpOeH e1.1.1e 6onee MOl.l.lHblYI L.1"1KI10TPOH Y-400 1,1 see 

3KCnep1i1MeHTbl no C"1HTe3y csepxrn>KeilblX 3IleMeHTOB Y>Ke BeI1"1Cb Ha HEiM. TaK"1M 

o6pa30M, Tpl,1 11a6opaTOp1,11,1 M1i1pa - B ,Qy6He, 6epKI11,1 1,1 ,QapMWTaATe aKT"1BHO 

BKillQ41,1Jll,1Cb B C"1HTe3 3IleMeHTOB BTOpolil COTHl,1 C 1,1cn0ilb30BaH1i1eM peaKL.1"1YI C Tfl>Ki:iilblMl,1 

1,10HaM"1. 3Kcnep1i1MeHTbl 6b1Ill,1 4pe3Bbl4alilHO CilO>KHblMl,1. 1/13 Ml,1Ilil1,1apAOB o6pa3yl01.l.1"1XCR 

B peaKL.11,11,1 RAep HOBoro 3IleMeHTa Bbl>Kl,1Bano Ill,1Wb OAHO. Bee 0CTailbHble pacnaAaI1"1Cb, 

He ycneB o6pa30BaTbCfl 1,13-3a Cl,1IlbH0ro BJ11,1f!Hl,1fl KaHailOB pacnaAa, conpoBO>KA8IOl.l.l"1X 

Cl,1IlbHO HarpeTOe rn>Kenoe RAPO - AeI1eH1,1e Ha ABa OCKOilKa, 1,1cnycK8H"1e HelilTpOHOB 1,1 

3apR>KeHHblX 4acrnL1. KpoMe 3T0ro, HOBble TpaHccpepM1i1eBble RApa l,1Me111,1 speMR )Kl,13Hl,1 

HeCKOilbKO CeKYHA (AJlfl 2=101-103), 1,1 OHO KaTaCTpocp1,14ecK1,1 yMeiibWailOCb c 

yse111,14eH1,1eM nopRAK0BOro HOMepa 3IleMeHTa (CM. p1,1c.4). 111cTOp1,1R 0TKpblT"1fl K8>KAOro 

aneMeHTa xopowo on1i1caHa B KH1i1re «nonynRpHaR 61,16111i10Te4Ka x1,1M1,14ecK1i1x 

3IleMeHTOB». noaTOMY, He OCTaHaBill,1B8f!Cb Ha on1,1caH1,11,1 3Tl,1X 3aXBaTblB8l01.1.1"1X, a nopolil 

1,1 ApaMarn4eCKl,1X l,1CCileAOBaH"1flX, XOTeilOCb 6bl paccKa3aTb Il1,1Wb O nocneAH"1X pa6ornx 

B 3TOYI o6nacrn, AaBWl,1X cy1.1.1ecTBeHHbll1 TOI140K Ailfl AailbHelilwero npOAB"1>KeH"1fl B 

0611aCTb csepXTR>KEiilblX 3IleMeHTOB c 2=110-114. 

E1.1.1e B 1966 rOAY coseTCK"1M TeopernKoM B.M.CTPYT"1HCK"1M 661110 npeAcKa3aHo 

Cl,1IlbHOe yse111i14eH1,1e CTa6"1IlbHOCTl,1 (speMeH1,1 )Kl,13H"1) RAep B6m131,1 Marn4eCKl,1X 41,1ce11 

114 Ailfl npOTOHOB 1,1 184 AJlfl HeliiTpOHOB (114-lii 3IleMeHT c 41,1CI10M HeliiTpOHOB 184). 3m 

npeACKa3aH"1fl OCHOBblBaI1"1Cb Ha o60I104e4HOl1 MOAeI1"1, paccMaTpli1Bat01.1.1elii RAPO KaK 

PRA nocileAOBaT~IlbH.O 3anoI1HfleMblX npOTOHHblX 1,1 HelilTpOHHblX o60il04eK. rlApa C 

3aMKHYTblMl,1 060I104KaM"1, "1Mel01.l.11,1Ml,1 41,1CJ10 npOTOHOB l,1Jll,1 HelhpoHOB 2, 8, 20, 50, 82, 

126, OTI1"14alOTCfl OT CBOl,1X COCeAelil nOBblWeHHOlil CTa6"1I1bHOCTblO. nocneAH"1M 

1,13BeCTHblM ABa>KAbl Marn4eCKIIIM flAPOM flBilfleTCfl "130TOn CB"1HL.la-208 (82 npOTOHa 111 126 

HelilTpOHOB). KaK n0Ka3a111,1 reopern4eCKl,1e paC4EiTbl, M8rn4eCKl,1Ml,1 41,1CilaMl,1 flBilfllOTCfl 

TaK>Ke 114 Ailfl npoTOHOB 1,1 184 Ailfl HelilTpOHOB. l/130TOnbl B6111,131,1 CI1eAyt01.1.1ero 38 

CB"1HLIOM-208 ABa>KAbl Marn4eCKoro RAP8 114 - 298 AOil>KHbl 06I1aAaTb nOBblWeHHOYI 
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cTa6"1IlbHOCTblO, 1,1 lilMeHHO 3AeCb MO>KHO O>Kl,1A8Tb HOBoro nOAbi:iMa BpeMeH1,1 )Kl,13Hl,1 

csepxrn>Ki:iilblX 3IleMeHTOB. 

no1i1CKl,1 CBepXTR>Ki:iilblX 3IleMeHTOB BeI1"1Cb Y>Ke 6onee AeCRTKa IleT. I/Ix l,1CKa111,1 Aa>Ke 

B np1,1pOAHblX 1,1 KOCM1,14eCKl,1X o6beKTax, Ha,Qef!Cb, 4TO l,1X BpeMR )Kl,13Hl,1 COCT8BilfleT 

Ml,1J1Jll,10Hbl neT (reopern4eCKl,1e pacYeTbl He 0Tpli1L.18IOT cy1.1.1ecTB0BaHl,1fl CTOilb 

AOilro>Kli1BYl.l.lli1X RAep). OAHaKo TOilbKO B 1984 roAy 6b1Il CAeilaH 3Ha4"1TeilbHbl11 war, 

A8BW"1YI cp1,131,1KaM HaAe>KAy, 4TO OHl,1 6Il"13Kl,1 K OTKpblTl,1IO HOBOl1 o6nacrn CTa6"1I1bHOCrn 

csepXTR>Ki:iilblX RAep. no4rn OAHOBpeMeHHO B ,Qy6He 1,1 ,QapMWTaATe 6blill,1 npoBeAeHbl 

3KCnep1,1MeHTbl no C"1HTe3y 110-ro 3IleMeHTa. 8 ,QapMWT8ATe 1,1cnOI1b30Banacb pe8KL.1"1fl 

T8K Ha3blBaeMoro «XOilOAHOro C"1HTe3a»: 3TOT MeTOA C1,1HTe3a 6b1Il npeAJlO>KeH B ,Qy6He B 

1973 roAy 4J).-Kop. PAH I0.1.1.OraHeCRHOM 1,1 3aKilt04ailCR B TOM, 4TO Ailfl nony4eHlllfl 

HOBblX RAep B Ka4ecrne RAep M"1WeH1,1 1,1 6oM6apA"1PYIOl.l.l1,1X RAep 1,1cnOilb3YIOTCR 

M8r"14eCK"1e RApa. 3m RAPa 06I1aAalOT nOBblWeHHOlii CTa6"1IlbHOCTblO, nOTOMy 4TO 

HYKilOHbl B Hl,1X CBR38Hbl oco6eHHO np04HO. np1,1 CI11,1f!Hl,11,1 TaK"1X RAep 60I1bWaf1 48CTb 

"136blT04H011 3Heprn1,1 60M6apA1,1pyio1.1.1ero RApa paCXOAyeTCfl Ha «pacnaKOBKY» 

COCTaBHOro flAPa, a Ha ero HarpeBaH1,1e "1Ai:iT Ill,1Wb M8Ilafl 48CTb. 8 peaKL.1"11,1 o6pa3ylOTCfl 

«XOilOAHble» COCTaBHble RApa. 8 OTill,141,1e OT «rOpR4"1X», «XOilOAHble» RApa «OCTbIB8IOT» 

nyTeM 1,1cnapeH"1fl He 4eTblpex l,1111,1 nRrn, a TOilbKO OAHOro 1,1111,1 ABYX HelilTpOHOB. 8 3TOM 

c11y4ae KOI11,14eCTBO RAep, «Bbl>Kl,1BW"1X» B KOHKYpeHL.11,11,1 C AeneH"1eM o6pa30BaswerocR 

rn>Kenoro RApa,yse111,141,1saeTcR B 100-1000 pa3. 

8 ,QapMWTaAre M"1WeHb 1,13 CBl,1HL.la-208 0611yYa11acb flAPaMl,1 H"1KeilR-62, 4TO 

np"1B0AIIII10 K o6pa30BaHl,1IO 110 3IleMeHTa C 41,1CJ10M HelilTpOHOB - 269. 8 ,Qy6He 

1,1cnOI1b30BailaCb peaKL.1"1fl «ropR4ero» CI11,1f!Hl,1fl, B KOTopolil M"1WeHb 1,13 nilYTOHl,1fl-244 

o6ny4anacb RApaM1,1 cepbl-34. 3TOT 3KCnepli1MeHT npOBOA"1IlCR Ha ycKop1i1Te11e B ,Qy6He 

COBMeCTHO C Jl1,1sepMOPCKOl1 11a6opaTOp1,1elii (CWA), KOTOpaR npeAOCTaB"1Ila Ailfl 

3KCnep1,1MeHTOB nI1YTOH"1eByt0 M"1WeHb BblCOKOro Ka4ecrna. 8 3KCnep"1MeHTaX 6b1Il0 

3aperncTp111poBaHO HeCKOilbKO C06b1rnlil, KOTOpble 6b1Ill,1 "1AeHrncf:>1,1L11,1posaHbl KaK 1,130TOnbI 

110 3IleMeHTa C 41,1CilOM HelilTpOHOB 273. OL1eHEiHHbll1 no 3T1,1M 
HeCKOilbK"1M C06blT"1flM 

nep1,10A nonypacnaAa noKa3an, 4TO OH ropa3AO BblWe Toro, 4To npeACKa3bIsa11ocb 

TeopernKaMl,1. Ha p1,1c.4 3Tl,1 3Ha4eHl,1fl npeACTaBileHbl B 061.1.1elil C1,1CTeMarnKe BpeMeHl,1 

)Kl,13Hl,1 Ailfl cnoHTaHHoro AeileHl,1fl. Bli1AHO 3Ha4"1TeilbHOe yse111,14eH1,1e CTa6"1IlbHOCT1,1 
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Puc.3. Heiimponno-npomonnQJI Kapma UJomonoB. 1/epHblMU KBaiJpa
maMu npeiJcma8/leHbl aiJpa cma6UAbHbte UAU OO/IZOJICU8YUl,Ue. JloMUHOU 
c11.11ownoii Kpu6oii npeiJcma8/lena 0611acmb UJBecmHblX aiJep, ucnbtmbt· 
11a10111,ux 311eimpOHHbtii pacnaiJ (/3- u f3+-pacnaiJb1). /1BYMR c11.11ownbt
MU /IUHIIJI.IIIU 6/JJIUJu 0611acmu /3-pacnaiJa noKtlJUHbt zpanuu,bt UJBecm
HblX 8 nacmo11111,ee BpeMR aiJep. Bnewnue c11.11ownbte KpU6bte ozpanu'lu
BaHim npeiJno11azaeMy10 0611acmb cma6UAbHbix aiJep. 3a 3mUMu 11unu
JIMU na'lunaemCR "Mope" necma6UAbHOcmu. /luJKHJIJI IIUHUJI onpeiJe
/l.Jlem neiimponny,o zpanuu,y cma61L1bnocmu (n-pacnaiJ), BepxHJIJI -
npomonny,o (p-pacnaiJ). lllmpuxnynKmupnoii · 11unueii ozpanu'leHa 
oxuiJaeMQJI 0611acmb cma6UAbnocmu cnepxmaxeAblX aiJep. Ha zpanu
u,e 0611acmu cma6UAbHocmu 0601na'leHbt noC11eiJnue cma6UAbHbte, e111,e 
ne cuilme1upoBaHHbte, UJomonbt 
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Puc.4. 3a8UCUMOCmb 8pl!MeHU JICUJHU UJomono6 p(lJ.JIU'IHblX 3/leMeH
mo6 no omnowenu,o K cnonmannoMy iJe11enu10 (TciJ) om 'IUC/la neiim
ponoB. IlynKmUpOM nOKtlJUHbl pac'lemHbte KPU6bte 0/111 106, 108 u 
110 311eMenmo8 
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rn>KeilblX H30T0n0B 106, 108 H 110-ro :meMeHT0B B6JlH3H 1.rnc.na Hei1Tp0HOB, paBHoro 162. 

<PH3HKH C'lHTalOT, 'lT0 3,QeCb npm!BmleTCH ell.le 0,QHa Hei1Tp0HH8H 060I10'lKa, CBH38HHaH C 

,1:1ecpopMa1..1Hei1 H,Qpa. TaKHM o6pa30M, 6b1Il 0Cyl.J..leCTBileH BblX0,Q Ha H0BYIO o6nacTb 

cTa6HilbHOCTH,H 0K0H'laTeilbHblM 0TBeT0M tia Bonpoc 0 CYI.J..leCTB0BaHHH 6y,1:1eT CHHTe3 114 

3neMeHTa. 3KcnepHMeHTbl B 3T0M HanpasneH~H Y>Ke Be.QYTCH B Ay6He H AapMWTa,QTe. 
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nY4K~ PA,Q~OAKT~BHblX fl.QEP 

AHHOmauuR 

PaccMampuaaemcR coapeMeHHOe cocmoRHue 3KcnepuMeHmanbHblX 
uccneaoaaHUU 6 HOBOM HanpaaneHUU RaepHOU cj)U3UKU, C6R3BHHb/M C nony'leHueM U 
npuMeHeHueM ny'IKoa paauoaKmuaHblX Raep. npeacmaaneHbl pa3nu'IHb1e Memoab1 
nonY4eHUR ny'IKOa paauoaKmuaHblX · Raep c ucnonb30aaHueM coapeMeHHblX 
ycKopumeneiJ u peaKmopoa. npuaoaRmcR npuMepbl ucnonb3oaaHuR ny'IKOa 
paauoaKmuaHblX Raep anR cj)u3U'lecKux uccneaoaaHuiJ, a acmpocj)u3uKe u npwmaaHblX 

uccneaoaaHuRx. 

3Kcnep1-1MeHTa!lbHble l-1CC!leA0B8Hl-1Sl C 1,1cn0!lb30B8Hl-1eM ny4KOB p8Al-108KTl-1BHblX 

SlAeP SlB!lSllOTCSl H0BblM, l-1HTeHCl-1BH0 pa3Bl-188IOLl.ll-1MCSl Hanpas11eHL-1eM qrn31-1Kl-1 rn>KeilblX 

1-10H0B, K0Topoe 3a noc11eAH1-1e 30 neT npernpneno HeCKO!lbKO 3Tanos pa3s1,1rn,1. C 

Jl0SlB!leH1-1eM nepBblX ny4K0B rn>Ke!lblX l,1QH0B SlAepHaSl cp1-131-1K8 no11y41,111a HOBblH 

3cpcj:>eKTL-1BHblH MeTOA ,Q!lfl 1-1cc11eA0B8Hl-1Sl cpyHAaMeHTa!lbHblX CBOHCTB flAePHOH M8Tep1-11-1. 

8 peaK1.11-1SlX B381-1MOAeHCTBl-1Sl ABYX C!l0>KHblX f!Aep Jl0SlBl-1!18Cb B03MO>KHOCTb nony48Tb 

flAP8 B 3KCTpeM8!lbHOM C0CTOSlHl-11-1 - Cl-1!lbH0 HarpeTble, "6eweHO" spa1.1.1aio1.1.11-1ecfl, flAP8 C 

8HOM8!lbH0 BblCOKl-1M C0OTH0WeH1-1eM 41-1C!l8 HeHTPOHOB 1-1 npOTOHOB, Cl-1!lbHO 

Ae¢opM1-1pOB8HHble. 111MeHH0 no3T0MY 3anycK B ,[ly6He B 1960 r. OAHOro 1,13 nepBblX 

M0LI.IHblX ycKop1-1Te!leH TSl>Ke!lblX 1-10H0B - 1.11-1K!l0TPOH8 Y-300- 110380!11-1!1 CAe!laTb H8Y4HOMY 

K0!l!leKTl-1BY na6opaTOpl-11-1 SlAepHblX pe8K1.11-1H IlOA pyKOBOACTBOM 8K8A!3Ml-1K8 

r.H.<!>neposa 1.1e11blH PSlA sa>KHblX OTKpb1Tl-1H, KOTOpbIe cnoco6CTBOB8!11-1 pa3Bl-1Tl-1IO HOBblX 

npeACT8B!leHl-1H O CBOHCTB8X flAP8 [1]. 

6bl!l o6HapY>KeH HOBblH rnn p8Al-108KTl-1BH0CTl-1 - 3ana3Abl88IOLl.ll-1H npoTOHHblH 

pacnaA [2], 1-1cc11eA0BaH1-1e K0TOporo sbI111-111ocb B 1.1e11oe Hanpas11eH1-1e HAePHOH cp1-131-1K1-1 1,1 

no3B0!ll-1!10 npeACKa3aTb, a 38TeM 1-1 0TKPblTb npOTOHHblH pacnaA 1,13 OCHOBHOro 

C0CTOSlHl-151, AByxnpOTOHHblH pacnaA, K!laCTepHylO paAL-10aKTL-1BHOCTb. B peaKl.ll-1SlX C 

rn>Ke!lblMl-1 l,1QHaMl-1 o6Hapy>KeHbl cnoHTaHH0 Ae!lfll.l.ll-1eCSl 1,130Mepb1 [3], l-1HTepnpern1.11-1,1 

CBOHCTB K0TOpblX Aa!la B03M0>KH0CTb n0-H0BOMY B3r!lflHyTb Ha noTeHl.ll-1a!lbHYIO 3Heprnl0 

SlApa 1-1 IlOATBepA1-1Tb onpeAe!lfllOLI.IYIO p0!lb 0601104e4HblX 3cpcj:>eKTOB B CBOHCTBax 
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pacna,Qa rn>Ke!lblX SlAep, ,Q!lfl 0Jll-1C8Hl-1Sl KOTOpblX B.M.CTpyTl-1HCKl-1M 6bl!ll,1 BBeAeHbl TaK 

H83blBaeMble o60!l04e4Hble nonpaBKl-1. 3TO nemo B OCH0BY 4e11oro 1.11-1KJ1a 

3KCnep1-1MeHT0B Ha nY4KaX TSl>Ke!lblX l-10HOB, np1-1BeAWL-1X K 0TKpblTl-1IO HOBblX 3JleMeHTOB C 

102 <Z<110 [4]. B na6oparnp1-11-1 HAepHblX peaK41-1'1 (nf!P) O111flll1 e KOHi.ie 60-x roA0B 

6bIJl0 o6HapY>KeHO 3ana3AbIBaio1.1.1ee AeJ1eH1-1e SlAep, TaioKe 06bSlCHSleMoe BJll,1SlHl-1eM 

o60!l04e4HblX 3cpcpeKTOB np1,1 pacna,Qe flAep. 111 HaKOHel.l 6b1Jl 06HapY>KeH 1.1eJ1bl'1 PflA 

H0BblX SlB!leHl-1'1, CBSl3aHHblX C MeX8Hl-13MOM B3al-1M0Ae'1CTBl-1Sl ABVX CJl0)KHblX SlAep -

my60K0Heynpyrne nepeA841,1 HyKil0H0B B SlApax, Jl0CJleA0BaTeJlbH0e Tp0'1Hoe Ae!leH1-1e 

TSl>KeilblX SlAep, "xOilOAHOe" CJll-1SlHl-1e flAep, 3Ml-1CCl-1Sl 38pSl>KeHHblX 4acrn4 C 3HeprnSlMl,1 

s6n1,131,1 KL-1HeMarn4ecKoro npeAeJ1a 1,1 AP- [5]. 

111ccneAOB8Hl-1Sl B 3Tl-1X HanpasneHl-1SlX C l-1CJ10Jlb3088Hl-1eM IlY4K0B TSl)KeJlblX l-10H0B 

pacw1-1pSllOTCSl, 4T0 06bSlCHSleTCSl Jl0SlBileHl-1eM BO MHornx CTpaHax Ml-1pa H0BblX M0LI.IHblX 

ycKop1-1TeJ1e'1 TSl)K9JlblX 1,10HOB cpeAHl-1X 1-1 npoMe)KyT04HblX 3Heprn'1 - ycKop1-1TeJ1bHblH 

KOMnileKc UNILAC - SIS - ESR B ,[lapMWT8ATe (<!>Pr), ycKop1-1TeJ1bHbI'1 KOMnneKc GANIL s 

KaHe (<!>paHI.IL-1Sl), l.ll-1K!l0TpOHHblH KOMn!leKC Tfl)K9!lblX l-10HOB. RIKEN (flnoHl-1Sl), 

csepxnp0B0ASll.l.ll-1'1 Ll1-1K!l0Tp0H B M1,141,1raHe (CWA), l.ll-1KI10Tp0HHbl'1 K0MnileKC TSl)K9JlblX 

1-10HOB B naH4)KOY (K1-1Ta'1), csepxnp0BOASll.l.ll-1'1 1.11-1Kil0Tp0H B KaTaHbe (111T8Jll-1Sl), 

l.ll-1K!lOTp0HHbl'1 K0MJlJleKC Tfl)K9JlblX l-10H0B B na6oparnp1,11,1 flAePHblX peaK1.11-1'1 

1-1M.r.H.<!>neposa O111flll1 s ,[ly6He (Pocc1-1,1) •. 

BTOpblM 88)f(HblM 3TaJl0M 1,1CCJleAOBaHl-1H C ny4K8Ml-1 TSl)f(eJlblX l-10H0B SlBl-1!18Cb 

B03M0)KH0CTb 1,1CJ10Jlb30BaHl-1Sl pa,Q1-10aKTL-1BHblX Ml-1WeHeH. noSlBJ1eH1-1e B KOHi.ie 50-x 

Ha4aJle 60-x rOAOB Cl,1JlbH0Jl0T04HblX flAepHblX peaKTOp0B, a TaK>Ke BblC0K03cpcpeKTl-1BHblX 

ycTaH0B0K ,Q!lfl pa3AeJ1eHL-1Sl 1,130T0I10B Jl03B0!ll-1Jl0 Jl0!lY4aTb TaKl-1e p_aAL-10aKTL-1BHble SlApa, 

KaK 10Be, 14C, 242PU, 
244

Cm, 
241

Am, 
252

Cf 1-1 AP- B K0Jll-14eCTBaX, A0CT8T04HblX ,Q!lfl 

l-13rDTOBJleHl-1Sl 1,13 Hl-1X Ml-1WeHe'1. 3To cyL4ecTBeHH0 pacw1-1p1-1I10 . B03M0)KHOCTl-1 Cl-1HTe3a 

HOBblX 3K30rn4eCKl-1X f!Aep, 0 49M 6b1Jl0 paCCK838H0 B npeAblAYLL1e'1 mase [ 6 ]. 

111 HaKOHel.l H0BOe IlOK0J1eH1-1e ycK0pl-1Teile'1, Jl0380!1SllOL4ee Jl0J1Y4aTb BblCOK0-

l-1HTeHCl-1BHble (Ao 10
14 

4acrn4'ceKYHAY) nY4Kl-1 38pSl)KeHHblX 4acrn1.1 OT np0T0H0B 1,1 flAep 

ren1,1,1 AO 1,10HOB ypaHa, Jl0380Jll-1Jl0 B H8CT0Sll.l.lee speMSl Ha48Tb H0BblH 3Tan 

l-1CCJleA0B8Hl-1Sl SlAep C l-1CJ10Jlb30BaHl-1eM ny4K0B pa,Q1-108KTl-1BHblX SlAep. 

35 



3TO HOBOe Hanpa0neH1.1e RAepHOH (p!.13!.1K!.1 y>Ke no30on1.1no o6Hapy>K!.1Tb PRA 

!.1HTepeCHblX RBneH!.1H, CBR38HHblX co CBO~CTB8M!.1 RAeP, YAaneHHblX OT o6nacrn 8-

CTa6"1nbHOCT!.1. 8 H8CTORI.Llee speMR 1,1cnonb3YIOTCR ny4K!.1 paA!.108KT!.1BHblX RAeP C 

!.1HTeHC"1BHOCTblO 102-101c·1. np1.1 TaKO~ !.1HTeHC!.1BHOCT!.1 6btn!.1 npoBeAeHbl 3Kcnep1.1MeHTbl 

no 1,13y4eH!.1IO B38!.1MOAeHCTB"1R paA!.108KT!.1BHblX RAeP C Bel.LleCTBOM M1.1WeH1.1. ll13MepeHbl 

ce4eH!.1R "1X B38!.1MOAe~CTB!.1R' 1.1 1.13 "1X aHan1.13a nony4eHa "1Hq>OpM81.1"1R O HYKnOHHblX 

paA1.1ycax RAep. 06Hapy>t<eH aHOMaflbHO BblCOK!.1H paA!.1YC pacnpeAeneH!.1R HeHTpOHOB 

("He'1TpOHHOe rano") B RApe 11 Li, BeAyTCR no!.1CK!.1 "He'1TpOHHblX rano" B 

He'1TpOH0!.136blT04HblX RApax 6He,8He, 14Be 1,1 AP-[6], a TaK>Ke "npOTOHHblX rano" 

(aHOM8flbHO BblCOK!.1~ paAl1YC pacnpeAeneH!.1R npOTOHOB) B He~TpOHOAeq>!.11.1"1THblX RApax 

88, 17Ne 1,1 AP- [6,7]. 

111cnonb30B8H!.1e ny4KOB P8A"108KT!.1BHblX RAeP B q>!.13!.14eCK!.1X 1.1ccneAOB8H!.1RX 

CBOA!.1TCR K npo6neMaM nonY4eH!.1R caM!.1X ny4KOB COOTBeTCTBYIOI.Lle~ !.1HTeHC!.1BHOCT!.1, 

ycKopeH!.1R !,1X AO Heo6XOA"1MO~ 3Heprn1.1 1,1 perncTpa1.11.11.1 npOAYKTOB RAepHblX peaKL1!.1H C 

paA!.108KT!.1BHblM"1 RAP8M"1. 

nony'leHue ny'IKOS paouoaKmuaH&IX 11oep 

Cyl.LleCTBYIOT ABa OCHOBHblX cnoco6a reHepa1.11.11.1 paA!.108KT"1BHblX RAeP B peaKL1!.1flX 

c 3apR>KeHHb1M1.1 4acrn1.1aM1.1. nepBbl~ cnoco6 3aKn104aeTCR B 1.1cnonb30BaH1.11.1 ny4KOB 

rn>KeflblX !,10HOB, ycKopeHHblX AO 3Heprn1.1 6onee 30 MaB/A. np1.1 6oM6apA!.1POBKe !.1M"1 

M!.1WeHe~ npo1.1CXOA!.1T cpparMeHTal.l!.1R 60M6apA!.1PYIOI.Ll!.1X "10HOB C o6pa3oBaH!.1eM RAep

npOAYKTOB peaKL.1"11.1 B w1,1poKOM A!.1ana3oHe 38PRAOB 1.1 Mace, 1.1Mel01.L1!.1X Y3KOe, 

HanpasneHHoe snepeA yrnosoe pacnpeAeneH·1.1e 1,1 cKopocrn, cpaBH!.1Mble co CKopocTblO 

nepB!.14HOrO nY4Ka. ·nocne BblAeneH"1R no z 1,1 A He06XOA"1MblX RAep C nOMOI.LlblO 

M8rH!.1THblX cpparMeHT-cenapaTOpOB MO>KHO 1.1cnonb30B8Tb nonY4eHHble ny4K!.1 

paA1.10aKT1.1BHblX RAeP 6e3 1.1x nocneAYt0l.Llero ycKopeH!.1R. BTopo'1 cnoco6 npeAnonaraeT 

ycKopeH1.1e npoTOHOB 1.1n1.1 rn>KeflblX !.10HOB C 3Heprne~ OT 30 MaB/A AO HeCKOflbK!.1X raB/A 

C nocneAYIOI.LleH 6oM6apA!.1POBKOH TOflCTOH M!.1WeH!.1, norno1.L1at01.L1eH BCIO 3Heprnl0 

6oM6apA!.1PYIOI.Lle~ 48CT"1l.lbl. B 3TOM cny4ae B pe3ynbTaTe peaKl.11.1"1 cpparMeHTal.11.11.1 RAeP 

nOA AeHCTB!.1eM BblCOK0"1HTeHC!.1BHblX nY4KOB o6pa3YIOTCR p8A"108KT"1BHble RApa-npOAYKTbl 

peaKl.11.1"1 s w1.1poKOM A"1ana3oHe Z 1,1 A, KOTOpb1e ocTatOTCR B 0e1.L1ecrne M1.1weH1.1. AnR 
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A8flbHe'1wero 1.1cnonb30B8H!.1R 3T!.1X RAe_p "1X Hy>KHO "13Bne4b 1.13 M!.1WeH!.1 1.1 YCK0p!.1Tb AO 

• »e_£)6XOA!.1MOH 3Heprn1.1. 3TO AOCrnraeTCR nyTeM np1.1MeHeH!.1R cne1.11.1anbHblX Mace-

cenapaTOpOB B KOMnneKce C C!.1CTeMOH TpaHcnopTa !.10HOB (IGISOL-MeTOA) 

nocneAYt01.L1ero ycKopeH1.1R. 

1,1 

npe1.1My1.L1ecrno nepsoro cnoco6a B03MO>KHOCTb nony4eH!.1R ny4KOB 

KOPOTKO>K!.1BYI.Ll!.1X RAep co BpeMeHeM >K!.13H!,1 AO HeCKOfl
0

bK!.1X COTeH M!.1KpOCeKyHA. 0AH8KO 

1,13-38 orpaH!.14eH!.1R T0fll.1..1"1Hbl M!.1WeH!.1 (~500 MrCM"2
) BblXOA P8A!.108KT!.1BHblX RAep 

OK83blBaeTCR He T8K!.1M BblCOK!.1M, KaK B cny4ae nonHoro norno1.L1eH!.1R ycKopeHHblX "10HOB 

B M!.1WeH!.1. AnR nony4eH!.1R "1HTeHC!.1BHblX P8A!.108KT!.1BHblX ny4KOB RAep C OTHOC!.1TenbHO 
tf>. 

BblCOK!.1M BpeMeHeM >K!.13H!.1 (t½ >0,5c) 1.1cnonb3yeTCR, KaK npa01.1no, BTOpo~ cnoco6. 

OrpaH!.14eH!.1e Ha BpeMR >K!.13H!.1 T8K!.1X RAep 06bRCHReTCR BpeMeHeM "1X A!.1cpcpy31,11,1 1.13 

M!.1WeH!.1. 

HeAaBHO npeAflO>KeH TaK>Ke npoeKT nony4eH!.1R ny4KOB P8A!.10aKT!.1BHblX RAep, ,,, 
!,1CT04H!.1KOM KOTOPblX 6yAeT RBflRTbCR BblCOKOnOT04HblH RAepHblH peaKTop. 06nY4aR 

noTOKOM TennOBblX HeHTpOHOB B 8KT!.1BHOH 30He peaKTOpa M!.1WeHb 1,13 235U, MO>KHO 

nony4"1Tb BblCOK!.1H BblXOA OCKOnKOB C Macco'1 A = 80 - 100. TpaHcnoprnpyR 38TeM 

P8A!.108KT!.1BHble RApa AO "1CT04H!.1Ka MHOr038PRAHblX !.10HOB 1.1 yCKOPRR "1X H_a l.1"1Kn0Tp0He 

np1,1 nonHoH 3cpcpeKT1.1BHOCT!.1 ace'1 C!.1CTeMbl -10-4, MO>KHO nonY4!.1Tb ny4K!.1 

paA!.10aKT!.1BHblX RAeP B o6nacrn OCKOflKOB AeneH!.1fl AO 1010 c·1
• 

111HTeHC!.1BHOCTb BTOp!.14HblX nY4KOB MO>KeT 6b1Tb npeACTaaneHa npoCTOH 

38B!.1C!.1MOCTblO 

feTop = /nepe (N,/M}ad £BblX&,.paHcnopTC,,oHM3a~Gycxop• (1) 

rAe a- - nonHoe ce4eH1.1e peaK1.11.11.1 B cM2
, d - TOn1.L11.1Ha M1.1weH1.1 B r/cM2, M - Maccoaoe 

4!.1Cno aneMeHTa M!.1WeH!.1, NA - 4!.1Cfl0 AaoraAPO 1.1 £ - 3q>cpeKT!.1BHOCTb COOTBeTCTBYIOl.Ll!.1X 

npo1.1ecco0 OT BblXOAa RAPa 1.13 M!.1WeH!.1 (c .... ) AO BblBOAa 1.13 nocrycKop1.1TenR (&yocop)

noaTOMY, paccMaTp!.1B8fl pa3fl!.14Hble MeTOAbl nony4eH!.1fl P8A!.108KT!.1BHblX ny4KOB, 

He06XOA!.1MO y4eCTb BCe q>aKTOpbl, Bfl!.1RIOI.Ll"1e Ha M8KC!.1ManbHYIO !.1HTeHC!.1BHOCTb 

BTOp!.14HblX nY4KOB. 

CxeMaT!.14eCKoe npeACTaBfleH1.1e OAHOro 1.13 MeTOAOB nony4eH!.1R nY4KOB 

P8A!.108KT!.1BHblX RAeP npeACTaBneHo Ha p1.1c.1. nepB!.14Hbl~ ny40K TR>KenblX !.10HOB, 

nony4eHHblH B ycKop1.1Tene, 6oM6apA!.1pyeT np0!.13B0ARI.LIYIO M!.1WeHb. npOAYKTbl peaKL.1"11.1, 
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BblJ1eTa101.J..1"1e 1,13 M"1WeH1,1, pacnono>KeHHOH a ¢oKYce nepaoro pa3Aem1101.J..1ero 

A"1nOilbHOro MarH"1Ta, nonaAalOT B cpOK8JlbHYIO nnoCKOCTb 3TOro MarH"1Ta, rAe noTOM C 

noMOI.J..lblO 1.J..1e111,1 BblAeilHIOTCH onpeAeileHHble HAP8 B COOTBeTCTBl,11,1 C l,1X MarH"1THOIII 

>KeCTKOCTblO: 

Bp = k(Nq)[V(1 +V/2m)]112 
, (2) 

rAe 8 • M8rH"1THOe none cneKTpOMeTpa, p • P8A"1YC Kp"181,13Hbl TpaeKTop1,11,1 B A"1nOilbHOM 

MarH"1Te, q - "10HHbllll 38PHA npoAyKTa peaKL.1"1"1, m - eA"1H"1l.18 aTOMHOH M8CCbl (931,5 

M38}, k =(2m/c}112 =0,1438, V - cKopocTb npoAyKTa. BTopasi 48CTb cneKTpoMeTpa 

KOMneHC"1pyeT A"1Cnepc1,110 B nepBOIII ero 48CTl,1 1,1 cpOKy'C"1pyeT nyYOK B cpOK8IlbHOIII 

nnocKOCTl,1 cneKTpOMeTpa. 1,13 Bblp8>KeH"1H (2) HCHO, 4TO HApa, -~el01.J..1"1e OAHY 1,1 TY >Ke 

CKOpOCTb(V), pa3AeJ1HIOTCH B COOTBeTCTBl,11,1 C l,1X COOTHOWeH"1eM Nq. 8 CBH31,1 C TeM, 4TO 

pa3Hble npOAYKTbl peaKL.1"1"1 MOryT "1MeTb OA"1H8KOBble COOTHOWeH"1H Nq AilH l,1X 

AOno11H1,1TeJ1bHoro pa3AeneH"1H 1,1cno11b3yeTCH ceneKL.1"1H no pa3HOCT"1 noTepb 3Hepr1,11,1 a .,..,. __ 

cneL11,1a11bHOM nornoT"1Tene a <;:0YeTaH1,11,1 co BTopblM ~1,1noneM, a TaK>Ke 

3JleKTpOCT8T"14eCK8H ce11eKL1"1R C 1,1cnOJ1b30B8Hl,1eM cneL1"18IlbHOro 3J1eKTp1,14ecKoro 

KOHAeHC8TOpa. 8 pe3yilbT8Te 3Toro Ha BblXOAe cneKTpOMeTpa nonyYalOT nyYOK HAep, 

nonHOCTblO 041,11.J..1eHHbllll OT nepB"14HOro nyYKa (K03cp¢1,1L11,1eHT 041,1CTKl,1 COCTaBilHeT ~1010
} 

1,1 c 3Heprne'1, 6111,13Ko111 K 3Heprn1,1 60M6apA1,1py101.J..1ero nyYKa (a cnyyae peaKL.1"1"1 

cpparMeHT8l.1"1"1 6oM6apA"1PYIOI.J..lero 1,10H8). 111HTeHC"1BHOCTb nyYKOB. HeKOTOpblX 

P8A"108KT1,18HblX HAep B 3TOM cnoco6e l,1X no11yYeH"1H MO>KeT AOCrnraTb 107-108 c·1
• 

.Qpyro111 MeTOA, OCHOB8HHbllll Ha 1,1cnOJ1b3088Hl,11,1 M8rH1,1THOro 1,130TOnHoro 

cenapaTopa, KaK Y>Ke OTMeYanocb BHaYane, n03BOI1HeT nonyYaTb 6onee "1HTeHC"1BHb1e 

nyYKl,1 p8A"108KTl,1BHblX HAep 1,13-38 1,1cnOJ1b3088H"1H M8KC"1M8JlbHO B03MO>KHblX TOI11.J..11,1H 

M"1WeHe111. TaK"1M o6pa30M, 3TOT MeTOA, B np"1Hl.1"1ne, npeBOCXOA"1T MeTOA cpparMeHTal.1"1"1 

TH>Kl3Ilb1X "10HOB no "1HTeHC"1BHOCT1,1 p8A"108KTl,1BHOro nyYKa, a TaK>Ke 1,13-38 B03MO>KHOCT"1 

nony4"1Tb nyYOK C BblCOKl,1M 3HeprernYeCK"1M pa3peweH"1eM. Oco6ble Tpe60B8Hl,1H B 3TOM 

MeTOAe no11yYeH1,1H P8A"108KT1,18HblX nyYKOB npeAbHBilHIOTCH K M"1WeHHM 1,1 1,10HHblM 

"1CT04H1,1K8M. TOI11.J..1"1Ha M"1WeHl,1 (cf) MO>KeT 6b1Tb AOCT8T04HO 60J1bWOIII, 1,1 OHa AOil>KHa 

np"1H"1M8Tb BblCOKy'IO "1HTeHC"1BHOCTb HaYailbHOrO nyYKa. 8 TO >Ke BpeMH TOI11.J..1"1H8 

M"1WeH"1 AOil>KHa 6b1Tb TaKOIII, 4T06bl o6ecne4"1Tb AOBOJlbHO 6blCTpYIO A"1¢cpy3"1IO 1,13 Hee 

onpeAeileHHblX 3IleMeHTOB. 
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111HTeHC"1BHOCTb nyYKOB P8A"108KT"18Hb1X HAep MO>KeT AOCrnraTb 109 - 1011 c·1• 

TaK"1e nyYKl,1 cp"131,1Kl,1 HaYa111,1 1,1cnOJ1b30B8Tb AilH npoaeAeH"1H 3Kcnep"1MeHTaI1bHblX 

1,1ccneAOB8H"1111. 

l1cn9J]_&3oeaHue nVLtKoe pacJuoa«mueH&IX 11cJep cJns, 

RcJepHO-c/JU3ULteCKUX ucc_n13cJoflc;1Hujj 

nyYKl,1 ycKopeHHblX_ P8A"108KT1,18Hb1X HAep A8IOT B03MO>KHOCTb nonyYaTb 1,1 "13Y48Tb 

HAP8 C M8KC"1M8JlbHO B03MO>KHblM 4"1CI10M HeHTpOHOB (He111TpOH0"136blT04Hble} l,1J11,1 

• npOTOHOB (npoTOH0"136blT04Hble). 3TO no3BOI1HeT CYI.J..leCTBeHHO npOAB"1HYTbCH B 

TP8A"1l.1"10HHblX HanpaaneHl,1HX HAepHOIII (p"13"1K"1: C"1HTe3 HOBblX HAep 1,1 1,13yyeH1,1e l,1X 

CBOHCTB, KOTOpble, KaK nOK838J11,1 Y>Ke nepBble 3KCnep1,1MeHTbl C P8A"108KT"1BHblMl,1 

nyYK8Ml,1, MOryT CYI.J..leCTBeHHO OTJ11,148TbCH OT "13BeCTHblX 1,1 npeACK838HHblX paHee. 

np"1Hl1"1n1,1anbHO HOB8H l-1HcpopMaL1"1H MO>KeT 6b1Tb nonyYeHa O MeXaH"13Me HAepHblX 

peaKL.11-1111 C TaKl-lMl-1 nyYK8Ml-1, Ha KOTOpbllll 3H841,1TeJ1bH0e BI11-1RHl-1e 6yAeT 0K83blB8Tb 

CTpyKTypa B381,1MOAeHCTBYI01.J..1"1X HAep. P8Al-108KTl-1BHble nyYKl,1 3cpcpeKTl-1BHO 

1,1cnoJ1b3YIOTCH AI1H "1CCJ1eAOBaH1-1111 B 0611acrn acrpocp1,13J,1Kl,1 1-1 np1-1KJ18AHblX "1CCJ1eAOB8Hl,11/1, 

He OCTaH8BJ11-1B8HCb Ha acex npo6neMax, BblAeJ11-1M Jll-1Wb Te 1,13 Hl-1X, AilH peweH"1H 

KOTOpblX 1-1cnoJ1b3088Hl-1e P8Al-108KT"1BHblX nyYK0B 1-1rpaeT npl-1HL11'1n1-1a11bHYIO POilb. 

· HccnecJoeaHue Mace 11cJep 

Ha p1-1c. 2 cxeMarnYecK1,1 npeAcrasneHa Kapra HAep 1,1 o6o3HaYeHbl o6nacrn, 

npeACT88JlHIOI.J..l1,1e OC06blH 1-lHTepec C TOYKl-1 3peH"1H 1,1CCJleAOB8Hl-1H 3K30T"14eCKl-1X 

COCTOHHl-1111 HAep. 3m COCTOHHl-1H ~Aep - HOBble o6nacrn AecpopMaL.11-1111, H0Bble rnnbl 

P8A"108KTl-1BHocrn, HeHTpOHHble 1-1 npOTOHHble rano B RApax 1,1 AP, - C 60J1bWOH 

sepORTHOCTblO MO>KHO peaJll-13088Tb B 3KCnep1,1MeHTaX C P8A"108KTl-1BHblMl,1 nyYK8M"1, 

KOTOpbre no3BOJ1HIOT nonyYaTb HApa B W"1p0KOM A"1ana3oHe COOTHOWeH1-1H HeHTpOHOB 1,1 

npoTOHOB (N/Z}, 3Heprn'1 B036ylfq:leHl,1H, yrnoBblX MOMeHTOB, AecpopM8l.ll-11-1. 

3Kcnep1,1MeHTaJlbHOe onpeAeileH"1e 3Heprn~ CBH3"1 1,1 Mace HAep HBilHeTCH OAHOl-1 1-13 

¢YHAaMeHTaJlbHblX npo6neM HAepHOI/I cpl-131,1Kl,1. 3~a 38A84a HenocpeACTBeHHO CBR38Ha C 

npo611eM0111 nonyYeHl-1H nyYKOB P8Al-108KTl-18Hb1X HA
1
ep . 1/lcnonbJYH OA"1H 1,13 Onl-1C8HHblX 
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BblWe MeTOJ:IOB, MO>KHO nony4aTb nY4KIII pa.1:1111oaKT11JBHblX R.Qep, CIIJJlbHO y.QaJleHHblX OT 

0611acr111 cra611JJ1bHOCTIIJ, Ill 1/JCCJle.QOBaTb I/IX CBOHCTBa. np1114eM, KaK 6b1Jl0 noKa3aHO B 

npe.QblJ:IYIJ.leM pa3.Qene, MeTOJ:1 qiparMeHra1..1111111 n03B0JlReT nonY4aTb Ill 1/JCCJle.QOBaTb R.Qpa 

Ha caMOH rpaH1111.,1e R.QepHOH CTa611JJ1bHOCTIIJ. 

nocne noRBJleHIIIR ny4KOB pa.1:1111oaKTIIJBHblX R.Qep CT8Jl0 B03MO>t<HblM T04HOe 

113MepeHllle I/IX MaCCbl {dM/M ,., 10-6). ,QnR 3TOro 06bl4HO IIICnOJlb3YIOT speMRnponeTHble 

CHCTeMbl C J:IOCTaT04HO .QJll/lHHOH nponeTHOH 6a30H (L,:s .2 - 3 KM). B 3TOM CJ1Y4ae 

pa3peweH11e no MaccaM onpe.1:1enReTCR cooTHOWeH11eM 

dM/M =2[ dT/T + d UL] + dE/E. (3) 

50JlbWOH LIHKJl 1113MepeHIIJH Mace JlerKIIIX R.Qep 6blJl npe.QnplllHRT Ha ycKOplllTeJlbHOM 

KOMnJleKCe GANIL (<l>paHI..IIIIR) C IIICnOJlb30BaHl/leM cne1..1111aJ1bHOro MarHHTHoro 

cneKTpOMeTpa C nponeTHOH 6a30H 82 M Ill ny4Ka YCKopeHHblX 1/JOHOB 48Ca. B 3Tlll_l( 

3Kcnep11MeHTaX 6b1Jllll nony4eHbl ny4KIIJ P8J:IIIIOaKTIIJBHblX R.Qep OT 27F J:I046CI Ill onpe.1:1eneHbl 

HX MaCCbl. 

nony4eHHble J:IJlR 3TIIIX 3Ha4eHIIIH Mace R.Qep 3Hepr111111 CBR311 .QByx HeHTpOHOB (S2n) B 

51.Qpe npe.QCTaBJleHbl Ha plllC. 3. 8111.QHO, 4TO C yseJ11114eHllleM 411CJla HeHTpOHOB nocne 

o60J104KIII C 41/JCJlOM HeHTpOHOB N=20 Ha6J110.QaeTCR TaK>t<e 3Ha41/1TeJlbHOe ysenlll4eHl/le 

cra611111bHOCTIII R.Qep a pai;ioHe 11130TOnos F, Ne, Na III Mg 06111113111 o6ono4e4Horo 41/JCJla 

HeHTPOHOB N=28. KaK OKa3aJlOCb, o60J104Ka C N=28 11rpaeT CTa6111Jllll3111pylOLJ.jYIO POJlb J:IJlR 

R.Qep 1/130TOnOB Si, P, S 1/JJllll Cl. TaKoe nose.1:1eH111e 3Hepr111111 CBR31/1 HeHTPOHOB el.J.je 

npe.QCTOIIJT. 06bRCHIIITb B paMKax pa3Jll14HblX MaCCOBblX qiopMyn. Ha TOM >Ke YCKOPIIITeJle 

Ha4aTbl 3Kcnep111MeHTbl no 113MepeHHIO Mace P8J:IIIIOaKTIIJBHblX R.Qep C 111cnoJ1b30BaHl/leM 

BTOporo I..IIIIKJlOTPOHa. 3K30Tlll4eCKHe R.Qpa, o6pa3yl01.J.jllleCR B pe3yJlbTaTe 

B3al/lMO.QeHCTBl1R . ny4Ka ycKopeHHblX B nepBOM I..IIIIKJlOTpoHe HOHOB C MIIJWeHblO, 

YCKOpRIOTCR BO BTOpOM 1..111KJlOTPOHe. ,QnR I..IIIIKJlOTPOHa ycnOBIIJR ycKopeHIIJR 3aBIIJCRT OT 

MarHIIJTHoro nOJlR B, 4aCTOTbl ycKopeHIIJR v, MaCCbl YCKOpReMOH 4aCTllll..lbl M Ill ee 1/JOHHOro 

3apR.Qa q Ill onpe.QeJlRIOTCR COOTHOWeHllleM Blv, = q/M. np111 3TIIJX YCJlOBIIJRX, per111cTp111pyR 

Ha BblXO.Qe 1113 I..IIIIKJlOTpOHa RJ:lpO, MO>KHO onpe.QeJlRTb ero Macey C T04HOCTblO J:10 1 Q-6 -

10-1_ 

no.1:106Hb1i1 cnoco6 Mo>t<eT 6b1Tb 111cnoJ1b3oBaH J:IJlR onpe.1:1eneH111R Mace 

TpaHcqiepMIIJeBblX R.Qep ( ~100). 
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Pacnaabt Raep 

no11y4eH111e A0CTaT04HO IIIHTeHCIIIBHblX ny4KOB P8AIIIOaKTIIIBHblX flAeP, YAaileHHblX 

OT rpaHlll4 CTa6111IlbHOCTIII, OTKpblBaeT HOBble B03MO>KHOCTIII Ha61110AeHlllfl 3K30Tlll4eCKIIIX 

pacnaAOB. Anfl 3TIIIX HAeP pa3H1114a Me>KAY MaccaMIII coceAHIIIX 111306ap (3Heprnfl /J -

pacnaAa) MO>KeT AOCTlllraTb 20-30 M3B, Ill nocne /J-pacnaAa MOryT 3aCeilflTbCfl ypoBHIII C 

BblCOKOH 3HeprneH B036y>K,QeHlllfl, 4TO npl!IBOAIIIT K noflBileHIIIIO WlllpOKOH 3Heprern4eCKOH 

0611acT111 Ailfl pa3Hb1X TlllnOB pacnaAa: ABYXHeHTPOHHOrO Ill TpexHeHTPOHHOro pacnaAa, 

3MIIICCIIIIII Tpl!ITOHOB, a - 4aCTlll4 111 6011ee Tfl>K8IlblX 4aCTlll4-KilaCTepOB . 1/tHTepeCHblMIII C 
3TOH T04KIII 3peHlllfl flBilfllOTCfl 11130TOnbl 11Li Ill aHe, 06I1aAal01.J.1llle BblCOKIIIM 3Ha4eHL-1eM 

3Hepr111L-1 /J -pacnaAa. Anfl L-130Tona 11Li 3Ha4eHL-1e Op = 20,7 M38, 4TO AenaeT 

3Heprern4eCKIII pa3peweHHblML-1 see nepeYL-1c11eHHb1e rnnbl pacnaAOB. TaK, L-1cnycKaHL-1e /J-

3ana3Ab1ea10111ero TplllTOHa Ailfl 3TOro flApa flBilfleTCfl 3Heprern4eCKIII BblroAHblM Ill L-1MeeT 

nopor 15,72 M3B Ailfl pa3ea11a 11 Li Ha au+ t. 3ToT HOBblH rnn pacnaAa 6b1I1 HeAaBHO 

3KCnep111MeHTaI1bHO o6Hapy>KeH. 

3KcnepL-1MeHTailbHO Ha61110AaI1Cfl TaK>Ke 3ana3AblBalOI.J.IIIIH BblileT flAep TpL-1TOHa 

nocne /J -pacnaAa flAPa aHe [7]. 3Heprnfl /J -pacnaAa Ailfl 3Toro flAPa Op= 10,653 M3B • L-1 

noporn AJlfl pa3ea11a au Ha a + t + n L-1 5He paBHbl 4,50 111 5,39 M3B cooTBeTcrneHHO. 

Oblillll IIIAeHT111cj)l114lllpOBaHbl o6e BeTBIII pacnaAa, IIIAYI.J.lllle nocne /J-pacnaAa flAPa aHe. 

OAIIIH 1113 Ha1116011ee ea>KHblX eonpOCOB CBfl3aH C B03MO>KHOCTblO 111cnycKaHlllfl 

KOppe11111poeaHHOH napbl ABYX HeHTpOHOB (AIIIHeHTpOHa). 8 1113y4eHHblX /J - 3aAep>KaHHblX 

pacnaAaX TaKOH npo4ecc noKa He Ha61110Aa11cfl. Anfl peweH111fl npo611eMbl MexaHlll3Ma 

ABYXHeHTPOHHOrO Ill MYilbTIIIHeHTPOHHOrO pa_cnaAa He06XOAIIIMO 3KCnep111MeHTailbHOe 

111cc11eAOBaH111e flAel), IIICnblTblBalOI.J.IIIIX 3ana3Ab1Ba101.J.1IIIH HeHTPOHHblH pacnaA. 

1/tccneAOBaHllle pacnaAa HeKoTOpblX HeHTPOH011136blT04HblX flAep, (Hanp111Mep, 
17

8) 

noKa3ailO, 4TO"C OTHOCIIITeilbHO 60ilbWOH eepoflTHOCTblO npOL-1CXOAIIIT 3MIIICClllfl ABYX, Tpex 

111 YeTb1pex HeHTpOHOB. Ba>KHOH 3KcnepL-1MeHTailbHOH 3aAa4eH flBilfleTCH - L-1cc11eAOBaHL-1e 

KOppeilfl4111H 3TIIIX HeHTPOHOB Ill B03MO>KHOCTIII 111cnycKaHlllfl 4eI1blX HeHTpOHHblX CIIICTeM, 

COCTOfll.J.IIIIX, Hanp111Mep, 1113 4eTblpex HeHTpOHOB (TeTpaHeHTpOH). TaK111e 3KCnep111MeHTbl B 

HaCTOfll.J.lee epeMfl npoBOAflTCfl Ha nyYKaX paAIIIOaKTIIIBHblX flAep. 
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Raepn&te peaKyuu c ny'IKaMu paauoaKmuen&tx Raep 

Ynpy2oe pacceRnue ny'IKOe paauoaKmuen&tx Raep 

3Kcnep111MeHTbl no ynpyroMy pacceflHIIIIO flAep AalOT IIIHcj)OpMa411110 o cpopMe Ill 

ee11111Y111He HAepHoro noTeH4111a11a, a TaK>Ke o napaMeTpax caM111x flAep (111x cj)opMe, 

cpeAHeKBaApaTlll4HblX paA111ycax pacnpeAeileHIIIH HYKilOHOB, 3apflAOB Ill T.n.). KaK 

npaBl/1110, IIICnOilb3YIOT pa311L-14Hble nOAXOAbl K aHa111113y ymOBblX pacnpeAeneHIIIH 

ynpyropacceflHHblX flAep - no11yKI1acc1114eCKIIIH nOAXOA, cj)eHOMeHOI10rlll4eCKYIO 11111111 

no11yMIIIKpOCKOn1114eCKYIO OnTlll4eCKYIO MOAeilb. 8 COOTBeTCTBl/1111 C KBa3l11KI1acc1114eCKIIIM 

paCCMOTpeH111eM ynpyroro paccef!Hlllfl 4acT1114a ABlll>KeTCfl no KI1acc1114eCKOH TpaeKTop111111 Ill 

MO>KeT IIICnblTblBaTb Heynpyroe B3alllMOAeHCTBllle, BblBOAfll.J.lee ee 1113 ynpyroro KaHana. 8 

3TOM c11y4ae, IIICCileAYfl 3aBIIICIIIMOCTIII 3KCnep111MeHTaI1bHblX AaHHblX no ynpyroMy 

pacceflHIIIIO OT paccTOflHlllfl Ha1116011bwero c611111>KeH111fl D=(a/2)(1+cosecfJl2), rAe a= 

=ZpZ/e2/E (Zp U z, - 3apflAbl flApa CHapHAa Ill flAPa-MIIIWeHIII, E - 3Heprlllfl 

6oM6apAIIIPYI01.J.1ero flApa ' 0 - yron pacceflHlllfl), MO>KHO onpeAeillllTb KaK paAIIIYC 

B3aL-1MOAeHCTBlllfl 4aCTlll4, TaK Ill paA111yc CIIIIlbHOrO nomo111eHlllfl, T.e. paccTOflHL-le Me>K,Qy 

4eHTpaM111 COYAaPfllOI.J.IIIIXCfl flAeP, Ha KOTOPOM IIIHTeHCIIIBHOCTb noToKa B ynpyroM KaHane 

y6blBaeT BABOe. HeAaBHO 3KCnep111MeHTailbHO 6b1Illll no11Y4eHbl ny4KIII paAIIIOaKTIIIBHblX 

flAep 6He, 9Li, 11Li Ill IIICCileAOBaHO IIIX ynpyroe pacceflHllle. B 3TIIIX 3Kcnep111MeHTaX 6bl110 

o6Hapy>KeHO CIIIIlbHOe pa3111114llle B ymOBblX pacnpeAeileHlllflX Me>K,Qy flAPaML-1 6He Ill 6Li, a 

TaK>Ke flAPaMIII 7Li Ill 11 Li. AHaill/13 3TOro pa3Illll4lllfl noKa3ail, 4TO OHO MO>KeT 6b1Tb 

06bflCHeHO BillllflHL-leM HeHTpOHHoro rano B flApax 6He Ill 11Li (CM. CTaTblO [71). TaKL-IM 

o6pa30M, B onblTaX no ynpyroMy pacceflHIIIIO paAIIIOaKTIIIBHblX flAep 6bl110 nOATBep>K,QeHO 

3KCnep111MeHTailbHO cy111ecTBOBaHllle HeHTpOHHOro rano B HeKOTOpblX flApax. 

3Kcnep111MeHTbl no ynpyroMy pacceflHIIIIO ny4Ka flAep as noKa3a11111 cy111ecTBOBaH111e B 3TOM 

flApe WIIIPOKOro pacnpeAeileHlllfl npOTOHOB, paAIIIYC KOTOporo OKa3aI1Cfl 60ilbWe 

HeHTPOHHOro (npoTOHHOe rano). 

C 

PeaKUUU nonH020 cnURHUR C o6pa306aHUeM mpancypaHOSblX 3neMeHmoe 

CIIIHTe3 TpaHccpepMllleBblX 3IleMeHTOB, B TOM 4111Cile Ill ceepXTfl>K8IlblX 3IleMeHTOB B 

0611acrn Z=114 Ill N=182, flBilfleTCfl OAHOH 1113 IIIHTepecHeHWIIIX 3aAa4 flAePHOH cj)lll3L-1KL-1. 

OAHl1M 1113 np111H411n111aI1bHblX eonpocoB flBilfleTCfl MeTOA nony4eHl1fl ceepXTfl>KeilblX flAep. 
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3Ta npo611eMa CBR3aHa C Heo6XOAHMOCTblO no11y1.1eHHR RA9P C MaKCHMallbHblM YHCllOM 

Hei:iTpOHOB, 611H3Kl,1M K N=184, a TalOKe COCTaBHoro RApa C MHHHMallbHOH 3Heprne'1 

B036,'>KAeHHR, YT06bl o6pa3osasweeCR RAPO MOrno nyTeM 1,1cnapeHHR H9HTpOHOB 1,1111,1 

3apR>K8HHblX 1.1acrn1.1 nepei:irn B OCHOBHOe COCTORHl.19, MHHYR CTaAHIO A9119HHR. nepsoe 
q 

ycnos1,1e MO>KeT 6b1Tb Bbln011H9HO TOllbKO np1,1 HCnOllb30BaHl,11,1 'paAHOaKTHBHblX nyYKOB. 

,Qei:iCTBHTellbHO, OAHOH 1,13 Ha1.16011ee onrnMallbHblX peaKL1HH AllR CHHTe3a csepXTR>KellblX 

RA9P, Bbl3blBaeMblX CTa6HllbHblMH RApaMH, RB11R9TCR peaKL\HR 
248 

Cm + 48Ca; OAHaKO OHa 

npHBOAHT K 06pa3osaHHIO HOBOro RAPa C 'l1,1C110M Hei:iTpOHOB, ropa3AO M9HbWl,1M 184. 
uf> 

noaTOMY nyYKl,1 6011ee TR>KEillblX paAHOaKTHBHblX RA9P, KaK 52Ca, 54Ti, 64Fe, MOryT AaTb 
-1:. 

B03MO>KHOCTb CHHTe3HpOBaTb RApa 06111,131,1 0601101.!Kl,1 C N=184. KpoMe Toro, KaK 

noKa3aHO B PRAe pa6oT, peaKL\l,11,1 CllHRHHR C 3K30rnYeCKl,1Ml,1 RAPaMH, HM9IOI.J.ll,1Ml,1 

6oJlbWOH paAHYC pacnpeAe11eHHR HeHTpOHOB, npoTeKalOT C 60llbWl,1M ceYeHHeM. TaKHM 

o6pa30M, HCnOllb3YR nyYKl,1 paAHOaKTHBHblX RA9P 8
"
11Li, 10

·
11

8e, 14
"
16C, 16·::N, 19

•
220, 20

•
23F, 

~ . 
2

3-
25Ne 1,1 24

"
31 Na C HeHTpOH006ora1.11eHHblMl,1 aKTHHHAHblMl,1 MHWeHRMl,1 244Pu, 248Cm, 2498k, 

251
•
252Cf 1,1 254Es, MO>KHO no11yYHTb 60llbWOe YHCllO HOBblX H8HTPOH006ora1.11eHHblX RA9P 

aKTHHHAHblX 1,1 TpaHccpepMH9BblX HYKilHAOB (Z >100) 1,1 1,13y1.1aTb CBOHCTBa HX pacnaAa, 

Ha p1,1c. 4 np~ACTaBlleHa AHarpaMMa N-Z AllR TR>KEillblX COCTaBHblX RA9P c 

MHHHMallbHOH 3Heprne'1 B036,'>KAeHHR AJ1R pa311HYHblX peaKL\HH. l,13 p1,1cyHKa BHAHO, '!TO, 

1,1cnOllb3YR peaKL\l,11,1 CllHRHHR RA9P CBHHL\a C paAHOaKTHBHblMl,1 RApaMH 
82

Ni, 64Cr, 56Ti 1,1 

AP-, M0>KHO no11y"laTb cocTaBHb1e RAPa c Z=110, 106,104 cooTseTCTBeHHO c MHHHMa11bHOH 

3Heprne'1 B036,'>KAeHHR - 25 MaB. 

PaauoaKmueH&1e ny'IKU u s:,depHaR acmpocbu3UI@ 

OAHa 1,13 OCHOBHblX 3aAaY cospeMeHHOH acTp0cp1,131,1Kl,1 - MOA911HPOBaHHe 

npo1.1ecc0B Bb1A9119Hl,1R 3Heprn1,1 np1,1 o6pa30BaHHl,1 1,1 B3Pb1Be 3BEi3A, a TalOKe 

o6pa3oBaHHe pa3111,1YHblX 3119M9HTOB (HYKI190CHHTe3) BO Bce11eHHOH. O6e am npo611eMbl 

HenocpeACTBeHHO CBR3aHbl c· 1,1CC119AOBaHHRMl,1 MeTOAaMH RA9PHOH cpH31,1Kl,1, B nepBOM 

c11y1.1ae - 3cpcpeKTHBHblX ce1.1eHHH peaKL1HH B3aHMOAeHCTBHR pa311"1'1HblX RA9P, B TOM 

YHClle paAHOaKTHBHblX , BO BTOPOM - Mace 1,1 BpeMeH )Kl,13Hl,1 RAep no OTHOW9HHIO K ~

pacnaAY-

,. 
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Puc.3. 3HepauR CBR3U oeyx Hei:JmpoHoe e 3aeucu
Mocmu om Lfucna Hei:JmpoHoe e Rope. ToncmaR 
nuHuR npoeeoeHa Lfepe3 nocneiJHue u3omonb1 c 
U3BeCmHblMU M8CC8MU 00 3KCnepuMeHmoe, 
OnUC8HHb/X e pa6ome [BJ. Ceemnble mOL/KU -
HOBble pe3ynbm8mbl 

Puc.4. npomoH-Hei:JmpoHHaR ouaapaMMa onR mR)Ke
nb1x Roep co 3H8LfeHUeM MUHUM8flbHOi:J 3Hepauu 
B036Y)KOeHuR OflH P83Hb/X peaK~Ui:J o6p830B8HUR 
:JneMeHmoe e6nu3u o6nacmu cma6unbHocmu 
ceepxmR)Kenb1x RiJep 
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OCHOBHYIO p011b B acTpOQ)l1311'-leCKl1X npo1.1eccax 11rpa10T TepMOHAepHble peaKl.11111, 

11AYIJ.ll1e C 3axsaTOM npOTOHOB, a-'-1acrn1.1 111111 Hei1Tp0HOB pa31111'-IHblMl1 HApaMl1, B TOM 

'-111CI1e 11 HecTa61111bHblMl1. OnpeAeI1eH11e CKopocrn npOTeKaH11rl TaKl1X peaKl.ll1VI rlBilrleTCrl 

CI10>KHOi1 3Kcnep11MeHTailbHOi1 38Aa'-lei1. BepoHTHOCTl1 TaKl1X npo1.1ecc0B (ce'-leH11rl) TaK>Ke 

Cl111bHO 3aB11CrlT OT TeMnepaTYpbl o6beKTa. 8 npo1.1ecce HeB3pb1BHOi1 3B011IOLll111 3Be3Abl 

ee TeMnepaTYpa OTHOCl1Te11bHO Hl13Karl 11 3cj)cj)eKTl1BHOe ce'-leH11e peaK1.111i1 cocTaBilrleT OT 

n11Ko6apH AO HaH06apH (1 n11Ko6apH = 10·35 CM
2
, 1 HaHo6apH = 10·

33 
CM

2
, 1 M111111116apH = 

10·21cM2) . np11 B3pbIBe 3Be3A TeMnepaTYpa O'-leHb BblCOKa (10
8 

-10
9 

K) 11 3cj)cj)eKT11BHOe 

ce'-leH11e COCTaBilrleT Ml11111116apHbl. ,[111,1 MOAe1111posaHl1rl 3Tl1X npo1.1ecc0B He06XOA11MO 

11MeTb w11pOKl1VI A11ana30H paA110aKTl1BHblX HAep, KOTOpble 11rpa10T OCHOBHYIO p011b np11 

B3pbIBe 3Be3A- 8 3TOM c11y'-lae MO>KHO 11cnOI1b30BaTb npr1Moi1 MeTOA 11CCI1eAOBaHl1rl 

xapaKTep11crnK peaK1.111i1 C paAl10aKT11BHblMl1 ny'-IKaMl1, 11cnOI1b3Yrl M11weHb 113 BOAOPOAa 11 

re1111r1. Mo>KHO np11secrn HeCKOilbKO np11Mepos TaK11x peaK1.111i1. B nocneAHee speMH 

acTpOQ)l1311KaMl1 aKT11BHO 06cy)K,!J.aercr1 B03MO>KHOCTb cylljeCTBOBaHl1rl HeOAH0POAHOCTei1 

B pacnpeAeneHl111 aAPOHHOi1 MaTep1111 noc11e nepeXOAa KBapK-aAPOHHOVI cj)a3bl. 8 3Tl1X 

yc110Bl1HX COAep>KaHl1e 311eMeHTOB C A- 7 MO>KeT 6b1Tb ropa3AO BblWe rnro, '-ITO 

npeACKa3blBaeTCrl cTaHAaPTHOVI MOAeilblO. ,[\11>1 HyKileOCl1HTe3a B TaKOM HeOA~~POAHOM 

B3pbIB_HOM ripo1.1ecce np11H1.111ni1a11bHblMl1 HBilrllOTCrl peaKl.11111 rnna 
8
Li(a,n)1

1
B; 

6
He(a,n)

9
By .. 

np11 MOAeI111posaHl111 rop>1'-lero npOTOH-npOTOHHOro KaHa11a, KOTOpblVI Mo>KeT 11MeTb MeCTO 
. . • I, . 

np11 B3pbIBe csepXHOBblX, 11HTepec,npeACT8B11rleT 113MepeH11e CKOpocrn npoTeKaH11rl TaK~X 

peaKl.ll1VI, KaK 78e(p,y)8B, 7Be(a,y)
11

C, 
8B{p, Y )~C. 

11
C(p, Y )

12
N. 

I . . . ' ; .• 

KI1acc11YecK11i1 CN0-1.111KI1 B 3se3,qax npcirnKae:y rnrAa, KorAa peaK1.111r1 
13

N(p, y)
14

0 

6011ee sepor1nia, ~eM ~-pacnaA' HApa 13N. 3Tlll np91.1ec;cbl 11rpat0T' sa>KHYIO p011b . B 

o6pa30BaH1111 cynepHOBblX 11 cynepMacc1,1BHbtX o6beKT0B. ,[111,1 11cc11eA0BaH11H CN0-1.111~a 

MO>KHO 11cnOI1b30BaTb TaKl1e peaKl.11111 C paAl10aKT11BHblMl1 r1ApaMl1, KaK ?Ne(p; y }2°Na; 

- . 
1•o(a,y}17F; 1so(a,y)19Ne. 

3Kcnep11MeHTailbHOe onpeAe11eHl1e CKOpOCTIII 
26

mAl(p,y)
27

Si-peaKl.ll111 C ny'-IKOM 

paA110aKTl1BHblX 1130MepHblX HAeP CTaHeT sa>KHei1w11M 3KCnep11MeHTOM B 0611acT111 

acTpOcj)l1311Kl1. 

,Qpyroi1 Henpr1Moi1 cnoco6 onpeAe11eH11>1 cKopocrn peaK1.11111, a TaK>Ke 

OTHOCl1Te11bHOrO COAep>KaH11rl 311eMeHTOB BO Bce11eHHOi1 COCT011T B no11y'-leHl111 
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cneKTpOCKOn11'-leCKl1X AaHHblX O CBOVICTBax ,1,qep, YA811eHHblX OT 1111Hl111 CTa61111bHOCTl1. 3m 

AaHHble 11cnOI1b3YJOTCrl AJlrl on11caHl1rl npo4eccos Me,[II1eHHOro 3aXBaTa Hei1TpOHOB (s

npo4ecc) 11 6b1cTporo 3axsaTa Hei1TpOHOB (r-npo4ecc). L.\eno'-IKl1 s-npo4ecca npoxo,qr1T 

B61111311 1111Hl111 CTa61111bHOCTIII, r-npo4ecca - no'-lrn y rpaH114 CTa611I1bHOCT11 

Hei1TpOH01136btTO'-IHblX ,1,qep. 

TaK, B OAHOM 113 noc11e,[IHl1X 3KCnep11MeHTOB, npose,qeHHOM . B paMKax 

Ko1111a6opa41111 ,Qy6Ha (OIIIHIII) - GANIL (C!>paH411r1) - YH11Bepc11TeT e Mai1H4e (fepMaH11r1), 

113Mepr11111Cb xapaKTep11CT11Kl1 pacna,qa Hei1TpOHOl136blTO'-IHblX ,1,qep S, Cl 11 Ar [8]. Ha 

0CHOBaHl111 no11y'-leHHblX ,qaHHblX 6b111a nocTpOeHa cxeMa 6blCTporo Hei1TpOHHOro 3axBaTa 

B 0611acrn ,1,qep s, Cl 11 Ar. 8 COOTBeTCTBl111 C 3TOi1 cxeMoi1 6bl110 onpe,qe11eHo 

MaKCl1Ma11bHOe BpeMH 0611yYeH11>1 Hei1TpOHaMl1, Hei1TpOHHbli1 noTOK 11 COOTBeTCTBYJOIJ.laH 

eMy TeMnepaTYpa 3Be3,[lbl, 11cnycKat0lljei1 Hei1Tp0Hbl. lllcno11bJOBaH11e pa,q11oaKTl1BHblX 

ny'-IKOB no3B011HeT ,qeTailbHO 11cc11e,qoeaTb CBOi1CTBa Hei1TpOHOl136blTO'-IHblX 11 

Hei1TpOHO,[lecj)11411THblX ,1,qep 11 TeM caMblM no11y'-laTb Ba>KHYJO l1Hcj)OpMa41110 O npo4eccax, 

npo11CXOAHIJ.ll1X BO Bce11eHHOi1. 

npw<naaH&te UCCneaoeaHUR C nV'IKBMU paauoaKmUSHblX Raep 

8 noc11e,qHee speMH ny'-IKl1 TH>KeilblX 110HOB W11POKO 11cnoI1b3YJOTC,1 AJlrl 

11cc11e,qoBaH11i1 B 0611acT111 Q)l1311Kl1 TBep,qoro Teila. lllx oco6eHHOCTl1 - BblCOKarl y,qeI1bHar1 

110Hl13a411r1, Cl111bHarl 3aBl1C11MOCTb npo6era 110Ha OT 3apr1,qa 11 MaCCbl nomollja10lljei1 

cpe,qbI, pe3KO BbIpa>KeHHar1 Kp11sar1 6p3rroBCKoro nomolljeH11>1 (pe3Koe yse1111'-leH11e 

YAe11bHOi1 110Hl13a1.11111 B KOHi.ie npo6era '-1aCT11L!bl) - ,qe11at0T 11X yH11KaI1bHblM 

11HCTpyMeHTOM AJl,I 11cc11e,qosaH11i1 Ha aTOMHOM yposHe. 1113yYeHl1e noeepxHOCTei1, 

CTPYKTYPbl TBep,qbtX Ten (KI1acTep113a411r1), no11ynpOBOAHl1KOBblX MaTepl18110B, 

opraHl1'-leCKl1X 11 611011orn'-1eCKl1X 06beKTOB - see 3Tl1 38Aa'-111 MOryT pewaTbC,1 Ha ny'-IKax 

paA110aKTl1BHblX ,1,qep. nocKOilbKY B HaCTOHlljee speMH npe,[1I1o>KeHl1rl no 11cnoI1b30BaHl1IO 

3Tl1X ny'-IKOB 1111Wb o6cy)K,!J.aJOTCrl, MO>KHO np11eecT111 

B03MO>KHOro np11MeHeH11>1. 

HeCKOilbKO np11Mepos 11X 

3cj)cj)eKT KaHa1111poBaHl1rl B Kp11CT8111111'-leCKl1X MaTep11811ax MO>KHO 11cn0I1b30BaTb 

Ailrl 113yYeH11rl 11X CTPYKTYPbl 11 COCTaBa. · 111MnI1aHrnpy,1 pa,q11oaKTl1BHbte ,1,qpa B 

11cc11e,qyeMbti1 MaTep11a11 11 113yYaH ero 113I1yYeH11e (e•,e·,a) B paJHblX Hanpae11eH11r1x, 
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M0>KH0 C BblC0K0H T0'-IH0CTblO onpe.i:1em1Tb pacnono>KeH11e Kpl1CTaflflOrpacp11'-!eCKl1X ocei-l, 

a TaK>Ke HaJ111'-!11e 11 pacnono>KeH11e pa3Jll1'-!HblX np11Mecei-l. 6onbwoi-l 11HTepec 

npe.QCTaBmleT Ml1rpa411R np11Mecei-l B 3aBl1C11M0CTl1 OT TeMneparypbl. IIIMnflaHrnpyR 

pa.Q11oaKT11BHbIe R.Qpa np11 Hl13Kl1X TeMneparypax, a 3aTeM nporpeBaR 06pa3e4 11 113MepRR 

BblX0.Qbl 113IlY'-!eHl1R no.Q pa3HbIMl1 ymaMl1, M0>KH0 nony'-111Tb l1HQ)OpMa41110 06 113MeHeHl111 

CTPYKTYPbl MaTep11ana 11 C0.Qep>Ka1.1.111xcR np11Mecei-l B 3aBl1Cl1M0CTl1 OT TeMneparypbl. 

nepcneKTl1BH0 11 11cn0J1b30BaH11e pa.i:111oaKTl1BHblX ny'-IK0B .QflR 113y'-!eHl1R pa3Jll1'-!HblX 

opraH11'-!eci<11x cpe.Q 11 611onorn'-!eCKl1X 06beKTOB. Ecn11 cpaBHl1Tb 3aBl1Cl1M0CTb 

OTHOCl1TeflbH0H .Q03bl o6ny'-!eHl1R 611onorn'-!eCKOfO 06beKTa no my611He pa3HblMl1 

l1CT0'-IHl1KaM11 113JlY'-!eHl1R (y-KBaHTaMl1, Hei-lTp0HaMl1, np0T0HaM11 11 TR>Ki:iflblMl1 110HaM11), TO 

B11.QH0, '!TO T0JlbK0 TR>Ki:iflbte 110Hbl .QalOT Y3K0e pacnpe.QeJ1eH11e co cna6oi-l .Q030H 

06J1Y'-1eHl1R AO 11 nocne MaKCl1MyMa 110Hl13a4110HHblX noTepb. 1/13 3TOro M0>KH0 C.QeJlaTb 

3aKJ110'-!eH11e 0 BblCOKOH 3cpcpeKTl1BH0CTl1 np11MeHeHl1R TR>Ki:iJlblX 110H0B, Hanp11Mep .QflR 

pa.Ql10Tepan1111. TaK11e CBOHCTBa pa.Q110aKTl1BHblX ny'-IK0B M0>KH0 11cn0J1b30BaTb He TOJlbK0 

.QflR 11X Henocpe.QCTBeHH0f0 Jl0KaJlbH0f0 B03.QeHCTBl1R Ha onpe.QeJli:iHHbte 611onorn'-leCK11e 

o6beKTbl, HO 11, BBQ.QR pa.i:111oaKTl1BH0e R.QP0 B crporo Q)l1KC11pOBaHHOe MeCT0, M0>KH0 

B03.QeHCTB0BaTb Ha Hero Pa.Q110113IlY'-leHl1eM pa.i:111oaKTl1BH0ro HYKI111.Qa. 3ro '-!pe3Bbl'-!ai-lHO 

Ba>KH0e HanpaBJ1eH11e 11cn0J1b30BaHl1R pa.i:111oaKTl1BHblX ny'-IK0B M0>KeT 11MeTb 60JlbWOe 

6y.i:1y1.1.1ee B reHernKe, pa.i:1110611onorn11, pa.i:1110Tepan1111. 
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fl,QEPHAfl X"1M"1fl 

AHHOmayuR 

CmambR nocBRU{eHa OOHOMY U3 UHmepeCHb/X HanpaeneHUU c/JU3UKU ROpa -
ROepHOU XUMUU, KomopaR BKfl/01./Bem e ce6R uccneooeaHUR, CBR38HHbJe C 
mpaHcc/JopMau,ueu OOHOZO ROpa e opyaoe C noMOU{b/0 ROepHb/X peBKU,UU C mR)KeflblMU 
uoHBMU. ,aaemcR HeKomopoe npeocmaeneHue 06 ycKopumenRx mR)KeflbtX uoHoe, a 
maJOKe KflBCCUqJUKBU,UR peaKU,UU C mR)Keflb/MU UOHBMU. PacCKB3blBBemcR O Memooax 
CUHme3a HOBb/X HYKnUOOB y apaHUU, ROepHOU cma6unbHOcmu. 

C nosrnneHHeM ny4KOB ycKopeHHblX HAep B KOHL.le 50-x H84a11e 60-x rOAOB 

B03HHK110 HOB0e HanpasneHHe HAepHOH q>H3HKH H XHMHH - HAepHafl XHMHfl. EcnH 

HAepHafl q>H3HKa H3y4aeT pa311H4Hble COCTOflHHfl HAepHOH MaTepHH, TO HAepHafl XHMH>I 

HCCJleAyeT CTpyKTypy flAep, flAepHble peaK4HH, nepeXOA OAHHX H30TOnOB B APYrHe B 

pe3y1lbTaTe pa311H4HblX BHAOB P8AH08KTHBHOro pacnaAa, C~HTe3 HOBblX >1Aep, TaK >Ke K8K 

B XHMH4eCKHX HCClleAOBaHHflX nonyYalOT HHq>OpMa4HIO O CTpyKType MOJ1eKYJ1 H aTOMOB, 

H3Y48IOT peaK4HH Me>KAY M011eKY118MH H MeTOAbl HX CHHTe3a. 

<l>H3HKH 06b>iCH>IIOT 38KOH B38HMOAeHCTBHfl Me)l(Ay HAepHblMH 4acrn4aMH B 

paMKax onHC8HHfl ~AHHOH HAepHOH MaTepHH, CTpeMHCb K HaH6011ee B03MO>KHOMY 

YHHBepca11H3My. HAepHble XHMHKH orpaHH4HB8IOTCfl B03MO>KHOCTblO nposepKH 

TpaHCq>OpMa4HH OAHOro flAPB B Apyroe nyTeM nepecTpOHKH HYKllOHOB, H3 KOTOpblX am 

flAPB COCTO>IT. OHH nblT8IOTCfl nonyYHTb mo6a11bHble onHC8HHfl HAepHOH MaTepHH, 

KOTOpa,1 n03B0JlfleT npeACK83b1B8Tb pa311H4Hble CBOHCTBa flAep 6e3 HCnOJlb30BaHHfl 

pa311H4Hb1X COOTHOWeHHH cpyHAaMeHTallbHblX B38HMOAeHCTBHH Me)l(Ay HYK110H8MH. 

HanpHMep, HAepHafl q>H3HKa H3y4aeT xapaKTepHCTHKH 3JleMeHTapHOro HeHTPOHa, ere 

CBOHCTBa; XHMHfl HCnOJlb3yeT HeHTpOH K8K HeKOTOPYIO aKTHBHYIO 4acrn4y B npo4ecce 

TpaHCMYT84HH HApa. <l>H3HKa HHTepecyeTCfl CHJ18MH, npHBOAfll.l.lHMH K Aeq>OpMal.lHH >IAP8, 

HAepHafl XHMHfl >Ke H3yYaeT 3TY Aeq>opMa4HIO, KOrAa OHa npHBOAHT, HanpviMep, K 

AeneHHIO HAP8 Ha ABB OCKOJlKa. <l>H3HKH HCClleAYIOT HAepHylO peaKLIHIO C 4e11bl0 

nonyYeHHfl HHq>OpM84HH O COCTO>IHHH HYKJlOHOB B HApax H cpaBHHB8IOT ee C 

npeACK838HHflMH pa311H4HblX MOAelleH >IApa. HAePHble XHMHKH HHTepecylOTCfl JlHWb 

sepoHTHOCTblO (nonHblM ce4eHHeM) peaKLIHH H BK118AOM B Hero pa3JlH4HblX KaHallOB. 

L!envi H MeTOAbl HCCJleAOBaHHH B HAepHOH XHMHH CHJlbHO OTJ1H48IOTCfl OT MeTOAOB 
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paAHOXHMHH. PaAHOXHMHfl 38HHMaeTCfl HCnOJlb30BaHHeM PBAH08KTHBHblX H30TOnOB HJlH . 

>1AePHbl~ H311y4eHHH Allfl H3y4eHHfl 4>YHA8MeHTa1lbHblX XHMH4eCKHX CBOHCTB 3JleMeHTOB, 

BJlHflHHfl H3MeHeHHblX CBOHCTB HApa Ha pacnono>KeHHe 3JleKTpOHOB aTOMOB. 

OcHOBHOH q>YHAaMeHTaJlbHOH 3aAa4eH flAePHOH XHMHH flBJlfleTCfl H3y4eHHe 

CTPYKTYPbl CTa6HJlbHblX vi HeCTa6HJlbHblX HAep, a TaK>Ke flAepHblX peaKLIHH. 3Ta 

cfJYHA8MeHT81lbH8fl 38A848 HenocpeACTBeHHO CBfl3aHa C npHK118AHblMH HCC11eAOB8HHflMH, 

cpeAH KOTOPblX B nepsyio 04epeAb He06XOAHMO H83B8Tb HCnOJlb30B8HHe 8TOMHOH 

3HeprnH B peaKLIHH AelleHHfl rn>KeJlblX flAep, HCnOJlb30BaH.He CBOHCTB pacnaAa HAep Allfl 

aKTHB84HOHHOro aHa11H3a 3JleMeHTOB, onpeAelleHvie B03pacrn pa3JlH4HblX 06beKTOB H 

MHorne Apyrne. 

TaKHM o6pa30M, K flAepHOH XHMHH MO>KHO ornecrn npo4eCCbl, CB>i38HHble c 

H3MeHeHHeM HYKllOHHOro COCTaBa ABYX B38HMOAeHCTBYIOLLIHX HAep, npHBOAfll.l.lHX K 

o6pa30B8HHIO HOBblX 3JleMeHTOB H HYK11HAOB. B HaCTOfll.l.leH pa60Te 6YAYT paccMOTpeHbl 

HeKOTOpb1e sonpoCbl, Kaca10LL1Hec>1 3TOH HHTepeCHOH 0611acrn HayKH. 

CoepeMeHHbJe yc«opumenu mR}Kenb1x uoHoe 

,Q11>1 Toro, 4T06bl npoH30WJla HAepHafl peaK4H>1 Me>KAy ABYM>I HAPBMH, HX 

Heo6XOAHMO CTOJlKHYTb C onpeAeneHHOH 3HeprneH, KOTopa,1 · onpeAe11>1eTCfl 3HeprneH 

KYilOHOBCKOro paCTallKHBaHHfl ABYX nono>KHTellbHO 3ap>1>KeHHblX HAep. 3Ta 3Heprn>1 

Z Z e2 

onpeAe11>1eTc>1 Bb1pa>KeHvieM V,..,, = ' ' , rAe Z, H Z2 - 3apHAbl ABYX HAep, R, vi R2 -
R, +R 2 +p 

vix paAHYCbl H p - paccTOHHHe Me>KAY Hx nosepxHocrnMH. npvi KOHTaKTe HOHa c HApaMvi 

(p=O) KY110HOBCK8fl 3Heprn>i OTT811KHB8HHfl COCTaBJ1>1eT, HanpviMep Allfl peaKLIHH Ag+Ar, 

senvi4HHY 100 MaB, a Allfl B3aHMOAeHCTBHfl ABYX HAeP ypaHa - 700 MaB. 

CoorneTCTBYIOLLIYIO 3Heprnl0 >IAPB nonyYalOT nocne HX ycKopeHHfl Ha YCKOPHTellflX 

TH>KellblX HOHOB. T>i>KElllblMH HOH8MH H83b1B8IOT nono>KHTeJlbHO 3ap>1>KeHHble 

HOHH30B8HHble aTOMbl 311eMeHTOB Tfl>Kenee re11vi>1. !110HH384Hfl 8TOMOB ocyl.l.leCTBJlfleTCfl B 

cne4via11bHblX HOHHblX HCT04HHK8X, B KOTOPble nOA810TCfl napbl Bel.l.leCTB (KaK npaBHJlO, 

f83bl) Tex 3JleMeHTOB, KOTOPble xornT YCKOPHTb. npH BblCOKOH TeMneparype (HeCKOJlbKO 
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TblCH'-1 rpaAYC0B) B l-1CTO'-IHl-1Ke Bel.J.leCTB0 npeapal.J.laeTCH B n11a3My, aT0Mbl l-10Hl-131-1PYIOTCH, 

AO HY)KH0ro 3apHAa, a 3aTeM BnpblCKl-1BalOTCH B YCK0p1-1TeJ1bHYIO Cl-1CTeMy. 

YcKop1-1Te111,1 TH>KeJlblX l-10H0B 6blBalOT HeCK0JlbKl-1X rnnoa. nepBble nonblTKl-1 

ycKopeHl-1H TH>KeJlblX l-10H0B 6blJ11,1 npeAnpl-1HHTbl Il.AJ1aaape40M (CWA) B 1940 r0AY Ha 

41-1KJ10Tp0He C A1-1aMeTp0M MarHl-1THblX n0JllOC0B 37 AIOHMOB (93 CM). EMy YAaJl0Cb 

n0JlyYl-1Tb nyY0K l-10H0B ymepoAa C l-1HTeHCl-1BH0CTblO Beere Jll-1Wb 104 '-1acrn4 B CeKYHAY- . 

6blCTpblH nporpecc B ycKopeHl-11-1 TH>KeJlblX l-10H0B Ha'-laJlCH B noc11eaoeHHble r0Abl. Y>Ke B 

Ha'-laJle 50-x r0A0B 6bIJli,1 no11y'-leHbl l-1HTeHCl-1BHble ny'-IKl-1 TH>KeJlblX l-10H0B (AO 1011 '-lacrn4 

B CeKYHAY) C 3HeprnHMl-1 AO 10 M38 Ha HYKJl0H Ha 41-1KJ10Tp0HaX B 6epKJ11-1 1,1 OK-P1-1A>Ke 

(CWA), B 61-1pM1-1HreMe (AHmi.1.H) 1-1 CrnKroJlbMe (Wse41-1H}. B HaweH CTpaHe 1-1cCJ1eA0BaH1-1H 

c, TH>KeJlblMl-1 l-10HaMl-1 6b1Jli,1 Ha'-laTbl no l,1Hl-141-1arnse 111.B.Kyp'-laToBa B IIIHCTl-1TYTe aT0MH0H 

3Heprn1,1 (MOCKBa) rpynnoH q:>l-131-1KOB n0A PYK0B0ACTB0M r.H.<l>11eposa. Ha 1,5-MeTp0BOM 

41-1KJ10Tp0He B 50-e r0Abl 6b1Jli,1 ycKopeHbl l-10Hbl ymepoAa, a30Ta 1,1 Kl-1CJ10P0Aa 1,1 ycnewH0 • 

npoBeAeHbl 3KCnep1-1MeHTbl no l-1CCJ1eA0BaHl-1IO HAepHblX peaK41-1H C TH>KeJlblMl,1 l-10HaMl-1 1,1 

Cl-1HTe3y TpaHcypaH0BblX 3neMeHT0B. 

BnocneACTBl-11-1 3Tl-1 1-1ccneA0BaHl-1H 6b1n1,1 np0A0n)KeHbl B O6beAl-1HeHHOM l-1HCTl-1TYTe 

HAepHblX 1,1CCJ1eAOBaHl-1H B .Qy6He B Ila6oparnp1,11,1 HAepHblX peaK4l-1H, PYK0BOAl-1MOH 

aKaAeMl-1K0M r.H.<1>11.ep0BblM, rAe B 1960 r0AY 6b1n C03AaH caMblH M0IJ.lHblH B M1-1pe 300-

caHrnMeTp0BblH 41-1KJ10Tp0H TH)KenblX l-10H0B. 8 HaCTOHIJ.lee speMH B Ila6oparnp1,11,1 

HAepHblx peaK41-1H 1-1M.r.H.<l>nepoaa cpyHK41-10H1-1pyioT ABa yH1-1KanbHbIx ycKopvirnnH 

TH)KenblX VI0H0B Y-400 1,1 Y-400M, nocneAHVIH 1,13 K0TOpblX 3anyl.J.leH B 1993 r0AY 1,1 no 

CB0VIM napaMeTpaM HBnHeTCH 0AHVIM 1,13 JlY'-IWVIX ycKOp1-1TeneH TH)KeIJblX l-10H0B. 

~.. napaMeTpbl ny'-IK0B VI0H0B (3HeprnH VI VIHTeHCl-1BH0CTb) B 3Ha'-IHTenbHOH Mepe 

onpeAenHIOTCH l-1X Ha'-lanbHblM 3apHA0M. OTCIOAa cneAYIOT Tpe6osaHHH K l-10HHblM 

1,1CTO'-IHHKaM ycKop1-1TeneH - 0HVI A0n)KHbl 06ecne'-11-1BaTb BblC0KYIO VIHTeHCVIBH0CTb l-10H0B C 

MaKCHManbHblM 3apHA0M. 6onbWOH ycnex B C03AaHHVI VICT0'-IHl-1K0B MH0ro3apHAHblX 

VI0H0B 6b1Jl A0CrnrHyT B IIIHCTl-1TYTe aT0MHOH 3Heprnvi rpynnoH cne4via11V1CTOB n0A 

PYK0B0ACTB0M aKaAeMHKa Il.A.Ap4V1MOBH'-la. Pa3pa6oTaHHblH VIMl-1 M0IJ.lHblH AYr0B0H 

VICT0'-IHl-1K C n0A0rpeBHblM KaT0A0M n03B0nl-1Jl nony'-ll-1Tb VI0Hbl, n0'-ITVI nonH0CTblO 

nviweHHble 3JleKTp0H0B, BnJl0Tb AO HeoHa C VIHTeHCl-1BH0CTHMVI AO C0TeH MHKpoaMnep. 

3TOT rnn l-1CT0'-IHl-1K0B (PIG) nony'-IHJl AanbHeHWee pa3s1,1rne,1-1 ceH'-laC C ero n0M0IJ.lblO Ha 
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ycK0PVITeJlHX nony'-lalOT l-1HTeHCVIBHble nyYKl-1 MH0r03apHAHblX. l,1QH0B BnJl0Tb AO KCeH0Ha. 

OAHaK0 B nocJ1eAHV1e r0Abl nOHB"1riCH HOBblH rnn VI0HHblX VICT0'-IHVIK0B, 0CH0BaHHblX Ha 

1,1cnonb30BaHVll,1 3neKTp0HH0ro l.lVIKJl0Tp0HH0ro pe30HaHca (ECR), K0T0pble n03B0nHIOT 

nony'-IHTb ny'-IKl-1 c1-1nbH0H0Hl,130BaHHblX aT0M0B snn0Tb AO ypaHa. 

OcHOBHble HanpasneHl-1H, 'no K0T0pblM wno pa3B1,1rne ycKop1-1TenbH0H TeXHl-1Kl-1 

n1>KenblX l,1QH0B, 6b1n1,1 CBH3aHbl C C03AaHHeM TaHAeM-reHepaTOp0B, Jll-1HeHHblX 

ycKOPHTeneH, Cl-1HXp0TP0H0B 1,1 411KJ11-1'-leCKl-1X ycKop1-1TeneH - LIHKJl0Tp0H0B. Ka>KAblH 1,13 

3rnx rnnoB YCKOPHTeneH HMeeT CB0l,1 npeHMYIJ.leCTBa 1,1 HeA0CTaTKl,1 1,1, cneA0BaTenbHO, 

CBOIO o6naCTb np1-1MeHeHl-1H . .QeHCTBHe TaHlleM-reHeparnp0B 0CH0BaHO Ha npOXO>KAeHl-11,1 

1,10HaMH ABYX ycKOpHIOIJ.ll-1X npoMe~K0B, K KOTOpblM np1-111o>KeHO BblCOKOe nOCT0HHHOe 

HanpH>KeH1,1e (AO 30 MB) 1-1 Ha 1,13MeHeHl,11,1 3HaKa 3apHAa 1,10Ha Me>KAy npoMe~KaMl,1. 

OcHOBHblM npe1-1Myl.J.leCTBOM TaHAeM-reHepaTOpOB HBnHeTCH BblC0KOe 3Heprern'-leCK0e 

pa3peweH1-1e ny'-IKa 1,10HOB (LiE/E-10
4

), a TalOKe n0CTOHHCWO n0TOKa '-1acrn4 BO apeMeHH, 

QTJll,1'-lalOIJ.lee 3TOT ycK0PHTenb OT MaWHH 6011ee BblC0KHX 3HeprnH. TaHAeM-reHepaTOpbl 

vicnonb3YIOT AJlH npe41-131-10HHblX 1,13MepeHHH, rAe MO)KHO orpaHl-1'-ll,1TbCH HHTepsanoM 

3HeprnH B !ieCKOJlbK0 AeCHTKOB M38 (3HeprnH TaK0ro nopHAKa xapaKTepHa AJlH HAepHoro 

Bel.J.leCTBa, 1,1 no3TOMY HeT He06XOAl-1MOCrn 1-1cnonb30BaTb '-1acrn4bI C BblCOKOH 3HeprneH), 

a paCCTOHHl-1e Me>KAy 3Heprern'-leCKl,1Ml,1 YPOBHHMl-1 HAep C0CTaBnHeT HeCK0nbKO K3B 

(n03T0MY 1,1 HY)KeH ny';I0K C BblCOKl-1M paapeweH1-1eM). OAHaKO l,1HTeHCHBI-IOCTb ny'-IKa HOHOB 

a TaHAeM-reHeparnpax He ·sen1-1Ka (He npeabIwaeT 10
11 

Yacrn4 B ceKYHAY), a 3HeprnH 

BblWe KYnOH0BCKOro 6apbepa AOCrnraeTCH Jll,1Wb AnH cpaBHl-1TenbHO 11erKl-1X l-10HOB. 

B n1-1HeHHblX VCK0p1-1Tel1HX 1,10Hbl np1-106peTalOT 3Heprnl0 np1,1 nocneAOBaTenbHOM 

npoX0>KAeHl,11,1 6onbworo '-ll-1Cna ycKOpHIOIJ.ll-1X npoMe~KOB, K KOTOpblM np1,1no)KeHO 

nepeMeHHOe 3JleKTpl-1'-leCKOe none. ll13MeHeHl-1e ero Ci,1HXP0H1,130BaH0 C ABl-1)KeH1-1eM 1,10HOB 

TaK, '-ITO B Ka>KAOM npoMe~TKe HOH nonaAaeT B ycKOpHIOIJ.lee none (pe30HaHc). 8 

JlHHeHHblX ycKop1-1TenHX 1-1cnonb3YIOT nepe3apHAHYIO Cl-1CTeMY l-10HOB, KOTOpble noCJ1e 

YCKOpeHl-1H AO onpeAeneHHOH 3Heprn1,1 npoXOAHT '-lepe3 06A1,1pa10IJ.lYIO cponbry 1,1 

ysen1,141,1sa10T CBOH 3apHA. 8 pe3ynbTaTe 3T0ro npo1,1cx0Al-1T 6011ee 3cpcpeKTHBHOe 

YCKOpeH1,1e l-10HOB C 60JlbWl,1M 3apHA0M. Il1-1HeHHble ycKop1,1Ten1,1 no3BOJ1HIOT nonyYaTb 

AOCTaTO'-IH0 l,1HTeHCl-1BHble nyYKl-1 1,10HOB npaKTHYeCKl-1 scex 3neMeHT0B rn6n1,14b1 

MeHAeneesa C 3HeprneH AO 10-20 M38 Ha HYKJlOH. BblCOKl-1e 3Heprn1,1 3apH)KeHHblX 
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Yacnn-1 AOCrnralOTCl'I nyreM MHOfOKparnoro npOXO>KAeHHl'I elO YCKOpl'IIOLI.IHX ceKLIHH, Ha 

KOTOpble C onpeAeJleHHOH YaCTOTOH noAaeTCl'I BblCOKOe HanpR>KeHHe. Me>KAy TeM 

yseJlHYeHHe Hanpl'l>KeHHl'I Ha Ka>KAOH YCKOpl'IIOLl.leH CeKLIHH orpaHHYeHo 3JleKTpHYeCKHMH 

npo6ol'IMH, a yseJlHYeHHe JlHHeHHblX pa3Mepos npHBOAHT K 3HaYHTeJlbHOMy YCilO>KHeHmo 

H YAOPO>KaHHIO JlHHeHHOro YCKOPHTeJll'I. 

3m npo611eMbl pewalOTCl'I B UHKilOT0OHax. Ynpo1.1.1eHHal'1 cxeMa LIHKilOTpOHa 

npeACTaBileHa Ha pHc.1 a. noc11e HH>KeKLIHH 3api:1>1<eHHOro Tl'l>Kenoro HOH a H3 HCTOYHHKa B 

1.-1eHTp BaKYYMHOH KaMepbl LIHKilOTpOHa MarHHTHOe none C HHAYKL1HeH 8 3aCTaBill'leT HOHbl 

C 3apl'IAOM q H MaCCOH rn ABHraTbCl'I no KpyroBOH TpaeKTOpHH. YCKOPl'IIOTCl'I OHH npH 

Ka)f(AOM npOXO>KAeHHH Yepe3 3a30p Me>KAy ABYMl'I (HilH YeTblpbMl'I) CeKTopaMH 

(AyaHTaMH), Ha KOTOpble no,QaeTCl'I nepeMeHHOe Hanpl'l>KeHHe. 4aCTOTa nepeMeHHOro 

Hanpi:1>1<eHHl'I Ha AYaHTax no,Q6HpaeTci:1 TaK, YT06b1 3a speMi:1 nponern no11y0Kpy>1<Hocrn 

nOill'lpHO~Tb Hanpi:1>1<eHHl'I H3MeHHJlaCb Ha npOTHB0nOJlO>KHylO. 8 npoMe>KyrKax Me>KAy 

ycKopeHHeM YaCH1l-1bl onHCblBalOT no11yOKPY>KHOCTb pa,QHYCOM R=rnu/qB C ymoBOH 

CKOpOCTblO co=u/R=qB/rn, H no3TOMY B HepeJll'ITHBHCTCKOM npH6JlH>KeHHH (KOr,Qa rn 

CYHTaeTCl'I nOCTOl'IHHblM) ycKopeHHe 6y,QeT o6ecneyet-io Ha Ka>KAOM npoMe>KyrKe, eCJlH 

co qB . · . . 
Yacrnrn reHeparnpa 6y,QeT pasHa v = -

2 
= -

2
. 3Heprni:1 >Ke, npH06peTaeMai:1 Yacrn1.-1eH 

1t nm 

2 28 2R2 
npH AOCrn>KeHHH paAHyca R, 6y,QeT onpe,QeJll'!TbCl'I Bblpa>KeHHeM E=.E_ = _q __ • r,Qe p -

2m 2m 

HMnyilbC YaCTHLlbl, q - 3apl'IA HOHa, Bblpa>KeHHblH B 3JleMeHTapHblX 3apl'l,Qax, 

COBna,QalOLI.IHH C YHCJlOM COpBaHHblX C aToMa 3JleKTpOHOB, rn - Macca R,Qpa, 8 - MarHHTHal'I 

HHAYKLIHl'I, R - pa,QHyc, C KOTOporo ycKopeHHble HOHbl BblBO,Ql'ITCl'I H3 LIHKilOTpOHa. BblBOA B 

LIHKilOTpOHax ocy1.1.1ecTBJ1l'leTCl'I B OCHOBHOM C HCnOJlb30BaHHeM 3JleKTpOCTan1YecKoro 
. . 

nOJll'I, C03,QasaeMoro OTKilOHl'IIOLI.IHMH n11acrnHaMH (Aecf>11eKTopaMH) H OTKilOHl'IIOLL1ero 

YCKOpl'leMble lfaCrnL1bl OT cnHpaJlbHOH TpaeKTOpHH. l.lHKilOTpOHbl 8 HaCToi:11.1.1ee .BpeMl'I 

l'IBJll'IIOTCl'I onrnMaJlbHblMH (no pa3MepaM H CTOHMOCT~) ycKOPHTeJlRMH Tl'l)KeJlblX HOHOB 

KOTOpble HCnOJlb3YIOTCl'I BO MHOrHX HayYHblX 1.-1eHTpax MHpa - ,Qy6Ha (QJ,-1fil,-1), KaH 

(CJ>paHLIHR, fAHl,-1n), MHYHraH (CWA, YHHsepcHTeT), ToKHo (HnoHHR, Pl,-1KEH), HsacKH110 

(Cl>HHJll'IH,QHl'I, YHHBepCHTeT) HAP- O,QHaKo B CJlyYae, KOr,Qa 3Heprni:1 YCKOpl'leMblX Tl'l>KeJlblX 

HOHOB AOCrnraeT YPOBHl'I, npH KOTOpOM pelll'IH1BHCTCKHMH 3cpcpeKTaMH npeHe6peYb 

HeJlb3l'I, TO npHHL1Hn LIHKilOTPOHHOro ycKopeHHl'I CTaHOBHTCl'I HenpHro,QHblM. 8 3TOM 
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c11yYae Macca (rn) pacTeT C yseJlHYeHHeM CKOpocrn YaCH1L1bl (B COOTBeTCTBHH C 

cj)opMyilOH rn=rnr/~. rAe ~=u/C - COOTHOWeHHe CKOpocrn YaCH1L1bl K CKOpocrn 

csern). H eCilH Mbl XOH1M, YT06bl ABH>KeHHe yacrn1.-1 OCTaBaJlOCb B cpa3e ~ KOJle6aHHl'IMH 

311eKTpHYeCKoro nOJll'I, TO AOil>KHbl B npo1.-1ecce ycKopeHHl'I MeHl'!Tb JlH60 v, JlH6o B. 

nepBblH sapHaHT Jle>KHT B OCHOBe cpa30TpOHa (CHHXPOLIHKilOTpOHa), BTOpOH - B OCHOBe 

CHHXPOTpOHa. 8 3H1X ABYX rnnax MaWHH ycKopeHile Tl'l>KeilblX HOHOB npoHCXO,QHT B 

COOTBeTCTBHH C onpe,QeJleHHOH nporpaMMOH: YaCH1Llbl ABH>KyrCl'I "crycTKaMH", 

pa3,QeJleHHblMH B npocTpaHCTBe B 3aBHCHMOCH1 OT AJ1HTeJlbHOCH1 YCKOpeHHl'I. 

Cl>a30TPQ!! MO>KHO paccMaTpHBaTb KaK LIHKilOTpOH C MO,QeI1HpyeMOH B npo1.-1ecce 

ycKopeHHl'I YaCTOTOH. Ero OCHOBHOH He,QOCTaTOK B copeBHOBaHHH 3a BblCOKHe 3HeprnH -

Heo6XOAHMOCTb B 60JlbWHX nOJllOCHblX HaKOHeYHHKax MarHHTa. TaK, ,QHaMeTp cpa30TpOHa 

s ,Qy6He paseH 600 CM, H TeM He MeHee 3Heprnl'I npOTOHOB COCTaBJll'leT scero 600 M38. 

npH 6011ee BblCOKHX 3Heprnl'IX pa3Mepbl CTaHOBl'ITCl'I HenpHeMneMblMH. BblXOA H3 3Toro 

TPYAHOro no110>1<eHHl'I - CHHXpOTpOH, KOTOpblH XOTl'I H HMeeT 6011ee BHYWHTeilbHble 

pa3Mepbl, HO He Tpe6yeT MOLI.IHblX MarHHTOB. 

8 CHHX0OT0OHe B npo1.-1ecce ycKopeHHl'I MeHl'!eTCl'I MarHHTHOe no11e. Ti:1>1<eJ1ble 

HOHbl npeABapHTeJlbHO c11erKa pa30rHaHHble C noMOLl.lblO He60JlbWOro ycKOPHTeJll'I 

(HH>KeKTopa), HH>KeKTHPYIOTCl'I BHyrpb CHHXpOTpOHa, MarHHTHOe no11e KOTOporo ,QeHCTByeT 

JlHWb s KOJlblle c cpHKCHPOBaHHblM pa,QHYCOM R (CM. pHc.16). B HaYaJle l-lHKila ycKopeHHl'I 

nOBblWalOT Hanpi:1>1<eHHOCTb MarHHTHOro nOJll'I, yseJlHYHBal'I YaCTOTY 3JleKTpHYeCKHX 

KOile6aHHH ,QJll'I Toro, YT06bl YaCH1Llbl noCTOl'IHHO HaXOAHJlHCb B cpa3e. 3aTeM MeHl'!eTCl'I 

YaCTOTa KOJle6aHHH v=co/21t TaK, YT06bl B KOJlblle pa,QHyCOM R npH ABH>KeHHH Yacrn1.-1 co 

CKOpOCTblO u BblnOJlHl'IJlOCb COOTHOWeHHe u=coR. noc11e rnro, KaK 3Heprnl'I 3api:1>1<eHHOH 

YaCH1L1bl AOCH1rHeT HeCKOJlbKHX f38 (~3 f38) OHH CTaHOBl'ITCl'I cy1.1.1ecTBeHHO 

peJll'ITHBHCTCKHMH H HX CKOpOCTb nOYTH pasHa CKOpOCTH CBeTa. noc11e 3Toro YaCTOTa 

Ko11e6aHHH cpHKCHpyeTCl'I, TaK KaK Tenepb (OR<c/R. ,Qo noc11e,QHero epeMeHH CHHXpOTpOHbl 

HCnOJlb30BaJlHCb JlHWb AJll'I ycKopeHHl'I npOTOHOB H 3JleKTpOHOB (npoTOHHble 

CHHXpocpa30TpOHbl B ,Qy6He - 10 f38), 6pyKXeHBeH (CWA) - 33 f38, Cepnyxos (POCCHl'I) -

76 f38, 6aTaBHl'I (CWA) - 500 f38, l.lEPH (WseH4apHi:1) - 400 f38, 311eKTpOHHb1e 

CHHxpoTpOHbl - ,QE31,-1 (CJ>Pf) - 30 f38, EpesaH (ApMeHHR) - 6, 1 f38, KopHe1111 (CWA) -

12,2 f38, CE6ACJ> (CWA) - 5 f38. O,QHaKo B KOHL-le 80-x ro,QOB noi:1s11i:1t0Tci:1 nepeb1e 
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BhICOKM! 
l!ACTOTA 

·a 

02 

1 HOHHhIA 
11CT0l!H11K 

BbIBE,llEHHhIA 
nYl!OK 

Puc. 1a. O6~ui1 euo YCK0pumenbH0U K8Mepbl ~UKJI0mpoHa c oeyMfl 

yCK0pfllO~UMU ceKmopaMU (oyaHmaMu) (D,, Dz,) u 3neKmpo

cmamu'leCKUM oecpneKmopoM 

J 

Puc.16. CxeMa cuHxpompoHa: 

1- eaeyyMH8fl KaMepa; 2 - YCK0PfllO~UU 3neKmpoo; 3 - ucm0I./HUK 

uoHoe; 4,5 - npeoycKopumenb; 6-nuHei1Hb1i1 ycKopumenb; 

7 - axpoMamu'lecKui1 MawumHb1i1 oecpneKmop; B - 3neKmpocma

mul./ecKui1 oecj)neKmop; 9 - UH>KeKmupoeaHHbliJ ny'l0K uoHoe; 

10- Kpyeoeafl mpaeKmopufl, Ha Komopou uoHbl yoep>Kuea,omcfl 

M88HUmHb/M noneM 
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cHHxpoTpOHbl rn>1<e11bIx 1,10Ho0 a L!EPH {WseH4ap1,1R) 1,1 rc111 {AapMWTa,QT, <!>Pr), 

no3BOJ111BW"1e ycKOpRTb TSl>KSJlble "10Hbl AO 3HeprnH HSCKOilbKO raB Ha HYKilOH 1,1 TSM 

caMblM CYIJ.18CTB8HHO pacw1,1pi,1Tb B03MO>KHOCrn C1,1HTe3a HOBblX HYKI1"1AOB, COCTaBilRIOIJ.1"1X 

ocHOBY RASPHOH Xl,1Ml,11,1. 

Oco6eHH0cmu peaKijUU c mR)l(enblMU U0H8MJl 

XapaKTep B381,1MOASHCTBl,1R MS>KAY .CJlO>KHblMl,1 RAP8Ml,1 onpeAeilRSTCR TSMl,1 >Ke 

CW18Ml,1 - RAepHblMl,1 1,1 3JleKTpOMarH"1THblMl,1, KOTOpble ASHCTBYIOT B 0611acrn RASPHblX 

peaK4"1H C 11erKl,1Ml,1 'lacrn4aM"1. 0AH8KO 60ilbWOH 3118KTP"1'l8CKl,1H 38PRA 1,1 Macca 

ni>1<e11oro 1,10Ha np"1B0ART K PRAY oco6eHHOCTeH K8K B MSX8H"13Me peaK41,11,1, TaK 1,1 

CBOHCTBaX o6pa3YIOIJ.1"1XCR RASP. 

OCHOBHOH oco6eHHOCTblO B3a"1MOA8HCTB"1R TSl>KSJlblX 1,10HOB C RApaM1,1 RBJlRSTCR 

B03MO>KHOCTb 1,1cnOJ1b30B8H"1R AilR ero on1,1caH"1R npeACTaBJ18Hl,1R KJlaCCl,1\lSCKOH 

MeXaHHKl,1. A111,1Ha BOilHbl 'laCrnl.lbl C MaCCOH m 1,1 CKOPOCTblO u onpeASilRSTCR 

BbIpa>1<eHHeM ).=!!._. AnR 1,10HOB c MaccoBblM 'lHCilOM A 1,1 aHeprneH E {a MaB/HyKJ10H) aTo 
mu 

4,55 
Bblpa>KeHHe 1,1M88T B"1A ).{<!>M)= r;:;. 1/13 3TOro Bblpa>KeHHR MO>KHO B"1A8Tb, 'lTO AJ11,1Ha 

AvE 
BOilHbl 1,10Ha 86Kr C E=15 MaB/HyKilOH COCTaBJlRST 0,014 QJM (1 QJM = 10·13 

CM). 3Ta 

B8Jll,1\ll,1Ha BO MHOro pa3 MSHbWe paA1,1yca 1,10HOB KpHnTOHa (5,3 QJM), a TaK>Ke paA1,1yca 

RASP, C KOTOpblMl,1 am 1,10Hbl B3a"1MOASHCTBYIOT {Hanp1,1Mep, AilR 
238U R=7,4 QJM). 3m 

3H8'l8H"1R A 3H8'l"1TeJlbHO MSHbWe 1,1 TOI11.J.1"1Hbl nosepXHOCTHoro CJlOR RApa {1,5 - 2,0 QJM), 

11 paA1,1yca 60JlbWOH 1,1 · MaJlOH nonyoceH y ASQJOPM"1p0B8HHblX RASP (1 ,0 - 1 ,5 QJM)' 1,1 

aMn11"1TYAbl Ko11e6aH"1H RAepHOH nosepXHOCrn (1 - 2 QJM). Mailble 3Ha'leH"1R AI1"1Hbl BOJlHbl 

110Ha no cpaBH8Hl,1IO C yKa3aHHblMl,1 RASPHblMl,1 napaMeTp8Ml,1 no3B011RIOT nOilb30B8TbCR 

npeAcTaBJlSH"1RMl,1 KJ18CC1,1\l8CKOH MeXaHHKl,1 np1,1 or:rncaHl,11,1 CT011KHOB8Hl,1R TR>Kenoro 1,10Ha 

C RAPOM. TaK, Hanp1,1Mep, MO>KHO paccMaTpHBaTb ABH>KSHl,18 1,10Ha no KJ18CC"1'l8CKOH 

TpaeKTop1,11,1 nOA ASHCTBl,18M 3118KTpOMarH"1THblX 1,1 RASPHblX Cl,111. Kp1,1Tep1,1eM 

Kf18CCl,1\l8CKl,1X npeACTaBI18H"1H O ABH>KSHl,11,1 "10Ha B none RAP8 o6bl'lHO CilY>KHT 

6e3pa3MepHblH napaMeTp TI, npeACTaBJlRIOIJ.1"1H OTHOWSHl,18 M8KC"1MailbHOro paccTORHHR 

Me>KAy "10HOM 1,1 RAPOM np1,1 l,1X CTOJlKHOBSHl,11,1 K AI1"1He BOilHbl 1,10Ha: 
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a Z1Zif_2 
TJ=-=--

i.. hu 

rAe f - ymoB0H M0MeHT, onpeAem1eMblH C00TH0WeHJ.1eM napaMeTpa CT0J1KH0BeHJ.1eM b K 

b 
,QJ1J.1He B0JlHbl J.10Ha f = -:i· Knaccw-iecKJ.1e npeACTaB11eHJ.1Sl npJ.1MeHJ.1Mbl np1,1 lJ>>1. 

B3aJ.1M0AeHCTBJ.1e rn>KeJlblX J.10H0B C SlApaMJ.1 SlBJlSleTCSl HaJ.16011ee CJl0>KHblM SlAepHblM 

npo4eCC0M, KOTOpblH M0>KeT np"1B0AJ.1Tb K n0ilH0H nepecTp0HKe ABYX 

B3aJ.1M0AeHCTBYIOlllJ.1X f!Aep. np1,1 3T0M 0TKpblBalOTCSl caMble pa3JlJ.1YHbJe KaHaJlbl flAepHblX 

peaK4J.1H, K0T0pble M0ryT np"1B0AJ.1Tb K o6pa30BaHJ.1IO KaYecTBeHH0 H0BblX SlAep. PeaK4J.111 

B 0611acrn 11erKJ.1X flAep cyllleCTByeT TPJ.1 OCH0BHblX rnna HecTa6J.1JlbHOCTJ.1 f!Aep: 

11ecTa6J.1J1bH0CTb K 1,1cnycKaHJ.1IO y-KBaHTOB, HecTa6J.1JlbH0CTb no ornoweHJ.1IO K 

6era-pacna,Qy 1,1 HecTa6J.1J1bHOCTb, CBfl3aHHaSl C 1,1cnycKaHJ.1eM 1,13 llApa YaCTJ.11.l (HeHTpOH, 

npoT0H, a-YaCTJ.11.lbl J.1 Aa>Ke rn>KeJlble KilacTepbl). Ec111,1 BpeMSl >KJ.13HJ.1 HeCTa6"1JlbHOro flAPa 

Mt1oro 6011bwe xapaKTepHoro RAepHoro BpeMeHJ.1, paEiHoro BpeMeHJ.1 npoxo>K.QeHJ.1fl 

11yKJ10Ha yepe3 flAPO (10"22 CeKYHAbl), TO BO MH0r"1X 911yYaSlX 3TJ.1 SlApa MO>KHO TaK >Ke 

paccMaTpJ.1BaTb, KaK CTa6"1JlbHble, 1,1 J.1X CBOHCTBa 6YAYT noAYJ.1HflTbCSl TeM >Ke 3aKoHaM. 

K8KJ.1M n0AYJ.1HSllOTCSl J,1CTJ.1HH0 CTa6"1JlbHble llApa. l,,13 Bcex Tpex Ha3BaHHblX BbJWe rnnoB 

c rn>KeJlbJM~ J.10HaM1,1 flBilfllOTCSl Ha1,16011ee 3q>q>eKTJ.1BHblM cnoco6oM nonyYeHJ.1fl RAep, I pacnaAa RAep TOilbKO pacnaA c 1,1cnycKaHJ.1eM yacrnl.l Mo>KeT npo1,1cxOAJ.1Tb "MrHOBeHHO" 

YAaJleHHblX OT Jll,1Hl,11,1 CTa6J.1JlbHOCTJ.1 (c 60JlbWJ.1M 1,13~blTKOM npOTOHOB J,1Jll,1 HeHTpOHOB): ,Qa>Ke B MacwTa6ax xapaKTepHoro f!AepHoro BpeMeHJ.1. noaTOMY np1,1 OTCYTCTBJ.11,1 

qiaKT0P0B 3anpeTa Ha 1,1cnycKaHJ.1e YaCTJ.11.l B CJlyYae HeCTa6J.1JlbHblX COCTOSlHJ.1H, 

rpaHuU&I RaepHoii cma6un&Hocmu I t1eycTOHYJ.1BblM KO BCeM TpeM Ha3BaHHbJM BJ.1,qaM pacnaAa, npeo611aAaeT 1,1cnycKaH1,1e 

HyKJl0H0B. np1,1 HYKilOHHOH HecTa6J.1JlbHOCTJ.1 f!AeP B03MO>KHO TalOKe J.1X npOAOJl>KJ.1TeJ1bHOe 

B HaCTORlllee BpeMR "13Beci-Ho OKOJlO 2000 1,130TonoB, MHorne 1,13 KOTOpblX I cyl1lecTB0BaHJ.1e, K0Topoe MO>KeT o6bflCHf!TbCSl pa3Jl"1YHblM"1 npJ.1YJ.1HaMJ.1. Mo>KHO 

np0"13B0ASlTCSl B 60JlbWJ.1X K0JlJ.1YeCTBaX B npoMblWileHH0M Macwrn6e. OAHaKo 3aAaYa 

CJ.1HTe3a H0BblX paAJ.10aKTJ.1BHblX J.130T0n0B AaJleK0 He 1,1cyepnaHa, TaK , comacHo 

cyl.1leCTBYIOl.1l"1M 04eHKaM YJ.1CJ10 flAePHO-CTa6J.1JlbHblX J.130TOnOB AOCrnraeT 5000. 3Ta 

41,1cppa M0>KeT 6b1Tb HeAOCTaTOYHO TOYHOH, TaK KaK rpaHJ.14bl HYKilOHHOH CTa6J.1JlbHOCTl1 

f!Aep, T.e. J.1X YCTOHYJ.1BOCTb no OTH0WeHJ.1IO K paAJ.10aKTJ.1BH0MY pacnaAY, noKa 

3Kcnep1,1MeHTaJ1bHO He onpeAeJ1eHa. 

AocrnrHYTb rpaHJ.14b1 cTa6J.1J1bHocrn B 0611acrn cpeAHJ.1X 1,1 TR>KeJlblX RAep He 

npocTO. Hanp1,1Mep, YT06bl AOHTJ.1 AO ypaHa-302, Ile>Kal.1lero Ha rpaH1,14e SlAepHOH 

CTa6"1JlbHOCTJ.1, HaAO OTKpblTb np"1MepH0 60 H0BblX J.130TOn0B ypaHa. B HaCTOfll.1lee BpeMSl 

6J1J.1>Ke Bcero K rpaH1,14aM cTa61,111bHocrn noAOWilJ.1 3Kcnep1,1MeHTaTOpb1 B 0611acrn 11erKJ.1X 

SlAep. 3AeCb 60JlbWOH nporpecc B CJ.1HTe3e HOBblX flAeP 6bJJl CBSl3aH C 1,1cnoJ1b30BaHJ.1eM 

peaK4J.1H c nyYKaMJ.1 TSl>KeJlblX J.10H0B. TaK, B peaK4J.1SlX cpparMeHTal.lJ.1"1 Ha YCK0PJ.1TeJ1bH0M 

KOMn11eKce rAHl.1n Bo cJ>paH41,11,1 B coBMecTHbJX aKcnepJ.1MeHTax Ay6Ha-rAHl.1n yAanocb 

nOAOHTJ.1 Bnil0THYIO K rpaHJ.14e f!AePHOH CTa6J.1JlbHOCTJ,1 B 0611acrn HeHTPOHOJ.136blTOYHblX 

11erKJ.1X flAep 1,1 no11yYJ.1Tb nocJ1eAHJ.1e f!AepHO-CTa6J.1JlbHble J.130TOnb1:6op-19, ymepoA-22, 

a30T-23, q>TOp-31, KJ.1CJ10pOA-24 1,1 T.,[I. 

58 

KJ18CCJ.1Q)J.11.l"1P0BaTb pa3JlJ.1YHble C0CTOSlHJ.1Sl f!Aep, HecTa6"1IlbHblX K HyKilOHHOMY pacna,Qy, 

rpeMSl KaTerop1,1SlMJ.1 B 3aBJ.1CJ.1MOCTJ.1 OT BpeMeHJ.1: 

1. PaA1,1oaKTJ.1BHb1e RApa - RAPa,>KJ.1BYl1lJ.1e 't:S10·
12 

c. 

2. KBa3J.1CTal.lJ.10HapHble COCTOSlHJ.1Sl f!AeP - SlAepHble COCTOSlHJ.1Sl, 3HeprernYeCKJ.1 

HeycTOIAYJ.1Bble K HyKJl0HH0MY pacna,Qy 1,1 >KJ.1BYl1lJ.1e A0CTaTOYHO AOilrO B SlAepHblX 

MaCWTa6aX (10-12 C $'t:S10"
22 

C). 

3. np1,1 't:S10·22 C llApa He cyllleCTBYIOT. 

y cTa6J.1J1bHblX SlAep OTH0WeHJ.1e YJ.1CJ1a HeHTpOH0B K YJ.1CJ1Y npOTOHOB MeHSleTCSl OT 

N/Z=1,0 B HaYane nep"10AJ.1YeCKOIA CJ.1CTeMbl AO N/Z=1,6 - B KOHi.le. 0TKJlOHeHli1e OT 3TOro 

0TH0WeHJ.1Sl nOHJ.1>KaeT ycTOHYJ.1B0CTb f!Aep: B HaYaJle OHJ.1 CTaHOBSlTCSl 6eTa

paAJ.10aKTJ.1BHblM"1, a noTOM pacnaAalOTCSl C BblJleTOM HYKilOHOB. noSlBJ1eHJ.1e rpaHJ.11.lbl 

CTa6J.1JlbHOCTJ.1 C yBeJ1J.1YeHJ.1eM YJ.1CJla npoTOH0B CBSl3aHO C pocTOM BKJla,Qa KYilOHOBCKOIA -_ 

3Heprn1,1, B pe3yilbTaTe Yero flAP0 CTaH0BJ.1TCSl HeycTOH4J.1BblM K 1,1cnycKaHJ.1IO npoTOHa J,1Jll,1 

cnoHTaHHOMY. AeJleHJ.1IO. YBeJ1J.1YeHJ.1e 41,1c11a HeHTPOHOB np"1BOAJ.1T K B03paCTaHJ.1IO 

3Heprn1,1 CJ.1MMeTp"1"1, nponop41,10HaJ1bHOH (N/Z)2
, J.13-3a Yero np1,1 60ilbWJ.1X OTHOWeHJ.1SlX 

N/Z RApa AOJl>KHbl CTaTb HeCTa6J.1JlbHblMJ.1 no ornoweHJ.1IO K 1,1cnycKaHJ.1IO HeiATpOHOB. l,,13 

pacYeTOB CJleAyeT, 4TO cnoHTaHHblH BblJleT HeHTPOHOB 1,13 f!AeP O>KJ.1AaeTCSl np1,1 
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,-:--

OTHOWeHJ,WI N/Z=2,0 - 2,2. O,qHaKO see paCYeTbl cTa61,rnbHOCn1 R,qep C 60ilbUJo~ 

TO'lHOCTblO npe,qcKa3bl88IOT 3Heprn11 CBR311 HyKilOHOB B. si,qpax TOilbKO B6Ill1311 AOI111Hbi 

CTa611IlbHOCrn. nJ060H paCYeT npe,qenoe cy1.4eCTBOB8Hl1R R,qep RBilReTc~ 

3KCTpanonsi1.111etl 113BeCTHblX 11X CBOHCTB Ha o6naCTb C Cl1IlbHO OTI111'18IOJ..411Mc~ 

OTHOWeHl1eM N/Z. CTPYKTYP8 TaKl1X si,qep MO>KeT OK838TbCR coeepweHHO ,qpyrotl, 11, B 

np11H1.111ne, He 11CKilJO'leHO, '!TO HetlTpOHHOH rpaHl11.1bl CTa611IlbHOCrn He 6y,qeT B006L4e, 

11Il11 OKa>KeTCR B03MO>KHblM cy1.4eCTBOBaH11e BTOpotl 06naCT11 yCTOH'll1BOCn1 RAep c 

aHoMailbH0 6onbWl1M N/Z. 803M0>KHOCTb cy1.4eCTB0B8Hl1R CTa611IlbHblX 'll1CTO HeHTPOHHblX 

si,qep no,qTBep>K,qaeTCR PRAOM Teopern-ieCKl1X pa6oT. BblBOAbl 3n1X pa6oT RBilRIOTC~ 

-ipe3Bbl'laHHO 88>KHblMl1 He TOilbKO ,qllR Hawero noH11MaHl1R CBOHCTB si,qepHOH MaTep1111, 

HO 11 ,qllR o6bRCHeHl1R HeKOTOpblX RBI1eH11H MaKpoM11pa, B 'l8CTHOCTl1 acTpO(p11311KM 

{npo6neMa cy1.4eCTBOBaHl1R HeHTPOHHblX 3Be3,q). TaKl1M o6pa30M, 0'leBl1AHO, '!TO eonpoc 

0 CTa611IlbHOCn1 11 CTpYKTYPe R,qepHblX Cl1CTeM C 60ilbW11M 1136bJTKOM HeHTpOHOB O'leHb 

CilO>KeH, 11 ero cne,qyeT pewaTb 3KCnep11MeHTailbHO nyreM nOl1CKa 11 113y-ieHl1R HOBblX 

si,qep. 

C pOCTOM HeHTPOHHOro 1136bJTKa 3HeprnR CBR3.11 HeHTPOHa yMeHbWaeTCR, a 3aTeM 

06pa1.4aeTCR B HYilb. O,qHaKO, KaK Y>Ke OTMe'lailOCb, o6pa3oBaBW8RCR Hecra611nbHal1 

Cl1CTeMa He o6R38TeilbHO . AOil>KHa pacna,qaTbCR MrHOBeHHO, T.e. 38 xapaKTepH0e 

si,qepHoe epeMR 10-22 c. Pa3nl1'1HbJe cpaKTopb1 3anpeTa, 3aMe,qnRJOL411e pacna,q TaKl1X 

Cl1CTeM, M0ryT np11secrn K TOMY, '!TO 3a o6naCTbJO CTa611nbHbJX si,qep B03Hl1KaeT nonoca 

KB8311CT81.1110HapHbJX si,qep, KOTOpaR 3aTeM nepexo,q11T B "Mope" HecTa611IlbHOCrn , T.e. B 

o6naCTb, r,qe H11K8Kl1e, ,qa>Ke caMble KOPOTKO>Kl1BYJ..411e R,qepHbJe Cl1CTeMbl y>Ke He MOryT 

o6pa30BbJB8TbCR. ,Cne,qoBaTeilbHO, ,qocrn>KeHl1e rpaH11Llbl CTa611IlbHOCrn no,qpa3yMeeaeT 

n1160 06Hapy>KeH11e KB8311CT81.1110HapHbJX si,qep, n1160 3KCnep11MeHTailbH0e 

AOKa3aTeilbCTB0, TOro, '!TO 11CKOMble R,qepHble Cl1CTeMbl He cy1.4ecTByJOT. O-iee11,qHo, '!TO 

npRMble nol1CKl1 HOBblX CTa611IlbHblX R,qep, nyCTb ,qa>Ke C 60ilbWl1M OTHOWeH11eM N/Z,He 

pewaJOT npo6neMbJ, T.K. HeHa6nJO,qeH11e ,qaHHoro cTa611nbHOro si,qpa He 03Ha-iaeT, '!TO 

OHO Y>Ke He cy1.4ecwyeT, a MO>KeT 6b1Tb pe3yilbT8TOM HeonrnMailbHOCrn 3KCnep11MeHT8. 

no3TOMY 60ilbW0e 3Ha'leHi1e np11 onpe,qeneHl111 HetiTpOHHOH rpaHl11.1bl CTa611IlbHOCTl1 

si,qep 11MeeT no11CK 11 113y-ieH11e CBOHCTB 11MeHH0 HecTa611I1bHblX, KB8311CTal.1110HapHblX 

R,qepHblX Cl1CTeM. TaK11e 3Kcnep11MeHTbl 3H8'111TeilbHO CilO>KHee, 'leM 3KCnep11MeHTbl no 
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npRMOMY 06Hapy>1<eHl1IO ycTOH'll1B0CTl1 si,qep. K H8CTORl.4eMy epeMeHl1 Hatl,qeHO 9 

11eHTPOH01136bJTO'lHblX si,qep B KB8311CTa1.1110HapHblX COCTORHl1RX -
2
n {A11HetiTpOH), 

8
o,qopo,q-4, eo,qopo,q-6, ren11tl-5, ren11H-7, ren11H-9, ren11H-10, n11rnH-10 11 6ep11nn11ti-13. 

4erbIpe si,qpa - Tp11HetiTpoH, TeTpaHeHTPOH, eo,qopo,q-5, eo,qopo,q-7 - noKa He 6b1n11 

o6Hapy>KeHbl Hl1 KaK CTafalilbHbJe, Hl1 K8K KB8311CT81.1110HapHbJe. 0,qHaKO TPYAHO 

yreep>J<A8Tb, '!TO rpaH111.1a ycTOH'll1BOCTl1 ,qocrnrHyra, T.K. HeCT8611IlbHblX si,qep 

06Hapy>1<eHo o-ieHb Mano. 

Ha p11cyHKe 2 npe,qcTaeneHa 'l8CTb HeHTp0HHO-npOTOHHOH ,q11arpaMMbl ,qnR caMblX 

nerKl1X si,qep. KaK B11AHO, 3,qeCb Y>Ke C11HTe311POB8Hbl nocne,qH11e R,qpa y 

npeACK83bJBaeMOH rpaHl1l.lbl HYKilOHHOH cra611IlbH0Crn 11, KaK Y>Ke OTMe'lailOCb BbJWe, 

C11HTe311pOB8HO HeCKOilbKO si,qep B KB8311CT81.1110HapHbJX COCTORH11RX. TaKl1M o6pa30M, 

B 3TOH o6naCTl1 si,qep y>Ke Cl1HTe311py10TCR HYKI111Abl 38 rpaH111.1etl 6eTa-CTa611IlbHOCTl1. 

ll1ccne,qoeaH11R ceoHCTB c11nbHOHeHTpOH01136b1TO'lHblX si,qep ner-iaHW11X 3neMeHTOB 3a 

rpaHl11.18Ml1 6eTa-cTa611IlbH0CTl1 no3BOI111Ill1 nony'll1Tb PRA 11HTepeCHblX 38KOHOMepHOCTeH. 

TaK, 11ccne,qoeaH11R ceoticTB rn>1<enbIX 113oTonoe ren11R (5He, 
6
He, ·

1
He, 

8

He, 
9

He, 
10

He) 

O0K838Ill1, '!TO -ieTHble no 'll1CI1Y HetiTpOHOB si,qpa RBilRIOTCR cTa611IlbHblMl1 no OTHOWeHl1IO 

K HyKilOHHOMY pacna,qy, He'leTHble - HeCTa611IlbHblMl1. 8 0TI111'111e OT ecex 113BeCTHblX si,qep 

yeen11-ieH11e HeHTpOHHoro 1136blTKa B 113oTonax ren11si He yMeHbwaeT, a yeen11-i11eaeT 11x 

cra611I1bHOCTb. TaK, 3HeprnR CBR311 HeHTpOHa B si,qpe 
8
He no-irn Ha 1,5 M38 oKa3aJlaCb 

BbIwe, -ieM y 6He. TaKaR >Ke c11rya1.111si Ha6nJO,qaeTCR np11 nepexo,qe OT si,qpa 
5

He K 
7

He. 

3TOT 3cpcpeKT, T.H. "ren11eeaR aHOM8Ill1R0
: ,qaeT nepBble OCHOB8Hl1R npe,qnono>Kl1Tb, '!TO B 

o6nacrn ner-iatlw11x si,qep MO>KeT cy1.4ecTBOB8Tb o6naCTb nOBblWeHHOH CTa611IlbHOCTl1 

AilR Cl1IlbHOHeHTpOH01136blTO'lHblX si,qep. np11HL1l1n11anbHblH eonpoc B 3TOH npo6neMe

no11CK si,qpa 10He. nony-ieHl1e ero B KB8311CTal.1110HapHOM COCTORHl111 nOK838IlO, '!TO OHO He 

CBR38HO ecero Ill1Wb Ha 1,2 M3B. 

oOilbWOe 'll1CI10 npose,qeHHblX 3KCnep11MeHTailbHblX 11ccne,qoBaHl1H He 

06Hapy>1<11no Hl1 OAHOrO HyKilOHHO-CTa611I1bH0ro 1130TOna so,qopo,qa C MaCCOBblM 'll1CI10M 

A;:;:4. Me>KAY TeM, He T8K ,qaBHO 3KCnep11MeHT8IlbHO o6HapY>KeHbl KB8311CT81.1110H8pHble 

C0CT0RHl1R B Cl1CTeMaX, COCTORJ..411X 113 OAHOro npoTOHa 11 3 11 5 HeHTpOHOB (
4

H 11 
6

H). 

OTKpb1rne KB8311CTal.1110HapHoro COCTORHl1R R,qpa 
6
H npe,qCTaBilReT 11HTepec Y>Ke noTOMY, 

'ITC BnepBbJe Ha6IlJOAeHa si,qepHaR c11cTeMa C T8Kl1M 60ilbWl1M OTHOWeH11eM 'll1CI18 
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Puc.2. HeumpoH-npomoHHaR ouaapaMMa onR neaKux :JneMeHmoe. 

1./epHbtMU KeaopamaMu npeocmaeneHbt cma6unbHble Ropa, 

meMHbtMU - paouoaKmueHbte, ceemno-cepbte - Ropa e Kea3u

cmal.{U0HapH0M cocmoRHuu, 6enbte Keaopambt - Hecma6unb

Hbte Ropa 
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16 

HeHTpOHOB Ill npOTOHOB N/Z=S. 8TOpOH Ba)f(HblH. pe3yI1bTaT COCTOI/IT B TOM, YTO RAPO 6H 

oKa3ailOCb 6onee CTa61/1IlbHblM, YeM RAPO 
4
H. 8 3TOM OTHOWeHi/1111 RApa 4H-6H B8AyT ce6R 

KaK Ill "aHOMailbHble" RApa 
5
He-7He Ill 

6
He-

8
He. ,Q1rn nOATBep)f(AeHl/ll'l 3TOH TeHAeHl.li/1111 

noBblW8Hl/ll'l CTa6111IlbHOCTI/I 1/13OTOnOB BOAOPOAa no Mepe yseI1111YeHl/ll'l. YIIICila HeHTPOHOB 

He06XOAIIIMO npOABIIIHyTbCl'l AailbWe Ill ~3Mep111Tb Macey_ RAep 7H Ill 8H,. CTa61/1IlbHOCTb 

CIIICTeM, COCTORI.LIIIIX 1113 OAHIIIX HeHTpOHOB, npe,Q~TaBill'leT OC06blH I/IHTepec, T.K. Ha T~KIIIX 

C"1CTeMaX B "41/iCTblX" YCI1OB"1RX, He I/ICKa)f(eHHblX KYilOHOBCKI/IMI/I nOill'lMIII, MO)f(HO 

npoeeplllTb TY 1/1111,1 "1HYIO TeopernYeCKYIO . RA8PHYIO MOAeilb, "1CCI18AOBaTb CBOHCTBa 

f!A8PHOH MaTep1,11,1_ 8 HaCTORI.Llee epeMR HaHAeHO Jll/lWb KBa31/1CTal.l"1OHapHoe COCTORH"1e 
) . 

A"1HeHTpOHa - CI/ICTeMbl, COCTORI.LleH 1113 ABYX. HeHTpOHOB (2n). He 06Hapy)f(eHO Hl,1 

KBa3"1CT81.l"1OHapHoro, HIii CTa6"1IlbHOro COCTORHl/ll'l Tp"1HeHTpOHa (3r1). 60I1bWOe 

KOI1"148CTBO 3Kcnep1,1MeHTaI1bHblX pa6oT nOCBf!IJ..leHo no"1CKY TeTpaHeHTpOHa (4n). 8 

OCHOBHOM nOYTI/I see pa60Tbl Aaillll OTPllll.laTeilbHblH pe3yI1bTaT. Me)f(Ay TeM, I/IHTepec K 

CTa6111I1bHOCTI/I MYilbTIIIHeHTPOHHblX RA8P OCTaeTCR 4pe3Bbl4aHHO BblCOKI/IM. L_\eilblH ps:iA 

reopern4eCKI/IX pa6oT npOAOIJ)f(aeT npeAC:Ka3blBaTb CTa6111IlbHOCTb RAep C 60I1bWI/IM 

"136blTKOM HeHTpOHOB (B YaCTHOCTI/I, Mar1114ecKoro RApa 8n). Ill Aa)f(e CYLL18CTBOBaH111e 

HeHTpOHHblX Kanenb. Bonpoc O CBOHCTBaX .Ta Kl/IX RAep l'l_BilfleTCR OAHIIIM. 1113 Ba)f(H8HWI/IX 

BOnpOCOB He TOilbKO RAepHOH Q)lll31/1KIII, H~ Ill acTp0¢~31/1KI/I Ill •·\;e6yeT CBOero 

AailbHeHwero 3Kcnep111MeHTaI1bHoro III TeopernYecKoro pa3B111TIIIR. 3Kcnep111MeHTailbHaR 

3aAa4a nony4eHl/ll'l RAeP y rpaHllll.l RAepHOH CTa61/1IlbHOCTI/I ycnewHo pewaeTCR C 

1,1cnoI1b3OBaHllleM peaKl.llllH C T51)f(8IlblMI/I I/IOHaMI/I, KOTOpble Ill COCTaBill'llOT OCHOBY RAepHOH 

XIIIMi/1111. 

CuHme3 H06b/X HVKJ1uiioa 6 peaKUURX C fflR)l(enb/MU UOHBNIU 

Knacc111cp111KaL11/1R peaKl.llllH C T51)f(eilblMI/I I/IOHaMIII OCHOBaHa Ha I/IX np111L1eilbHOM 

napaMeTpe CTOilKHOBeHl/ll'l (paCCTORHl/le Hal/lM8HbWero c6I11/1)f(eHIIIR) Ill KIIIHeTlll4eCKOH 

3Hepr111111. He OCTaHaBill/lBaRCb Ha I/IX noAp06HOM paCCMOTpeHi/11/1, OTMeTI/IM Ill/lWb Te 

RAepHble peaKl.lllllll, KOTOpble RBilRIOTCR Ha1116011ee 3cpcpeKTI/IBHblMI/I AilR CIIIHTe3a HOBblX 

HYKillllAOB. Ha p111c.3 eeCbMa cxeMaTI/IYeCKI/I npeACT8BI1eHbl 3TI/I peaKl.li/1111. 8 RAepHOH 

XI/IMl,11/1 B OCHOBHOM 111cnoI1b3yeTCR YeTblpe rnna peaKLIIIIH C TR)f(eIJblMI/I I/IOHaMI/I'. peaKl.li/1111 

CillllRHI/IR C o6pa3oBaHl/leM COCTaBHOro RApa, peaKl.lllllll nepeAaYIII HYKilOHOB KaK 
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HCnOilb3YIOTCR B R,Qepttoi::l XHMHH .QJll'I CHHTe3a CHilbHOHei1TpOHO,Qecpm-1HTHblX R,Qep C 

pa3HblMH 3apR.Q8MH H MaccaMH (CM. pHc.3). 

B 3THX peaK4HRX y.Qail0Cb n0ilyYHTb R,Qpa, y.QaileHHble OT 0611acrn CTa6HJlbHOCTH H. 

HCnblTbIB8l0lllHe H0Bble BH.Qbl pa.QHOaKTHBHOro pacna,Qa (npOTOHHbli::l HJlH .QByxnpOTOHHbli::l 

pacna.Q, 3ana3.QbIBa101llee .QeneHHe, KI1acTepHb1i1 pacna.Q). HaH6011ee 3cpcpeKTHBHO 3m 

peaK4HH H_Cn0ilb3YIOTCR .QJll'I CHHTe3a HOBblX TpaHccpepMHeBblX 3IleMeHTOB. Bee 

3JleMeHTbl BTOpoi::l C0THH nepHO.QH4eCKOC1 CHCTeMbl 3JleMeHTOB MeH,Qeneesa OT 101 .QO 

111 6blilH CHHTe3Hp0B8Hbl B peaK4HRX C TR>KeJlblMH HOH8MH. Ha pHc.4 cxeMarn4eCKH 

noKa3aHa peaK4HR CHHTe3a 110 3JleMeHTa, HCnOilb3yeMaR B .Qy6He IO.L.(.OraHeCRHOM, H B 

KOTOpoi::l 6b1Jl0 CHHTe3Hp0B8H0 He~K0ilbKO R,Qep 3TOro HOBoro 3JleMeHTa. Cei14ac 

rDTOBHTCR PR.Q 3KCnepHMeHTOB B .Qy6He H .QapMWTa.QTe (Cl>Pr) no nony4eHHIO R,Qep 114-ro 

3IleMeHTa B6JlH3H HOBOCi 0611acrn npe,QnonaraeMoi::l CTa6HJlbHOCrn TR>KeilblX 

3JleMeHTOB. npH 3T0M 6y,QeT HCnOJlb30BaHa peaK4HR CJlHRHHR R,Qep nnyTOHHR C HOH8MH 

K8Ilbl!HR-48. 

.Qpyroi::l KJ18CC peaK4Hi1, ycneWHO HCnOilb3YIOlllHXCR .QilR CHHTe3a HOBblX R.Qep;-

R.aepHble peaKUHH nepe.aa4H HYKilOHOB (pHc.3). B peaK4HRX nepe,Qa4H C rn>KeJlblMH 

HOHaMH CTailKHB8IOTCR H BcrynalOT BO B38HMO,Qei1cTBHe ,QBe CJl0>KHble R,QepHble CHCTeMbl. 

BblCOKaR 3HeprHR B036Y>K.QeHHR H HHTeHCHBHbli::l 06MeH HYKilOHaMH Me>K,Qy R.Qp8MH 

OTKpbIB8IOT MHO>KeCTBO BblXO.QHblX KaHaJlOB, H B Ka4eCTBe npo,QyKTOB peaK4Hi1 

o6pa3ylOTCR ,QeCRTKH H ,Qa>Ke C0THH pa3JlH4HblX HYKilH.QOB. no MHOroo6pa3HIO 

o6pa3YIOlllHXCR npO.QYKTOB peaK4HH nepe,Qa4H MO>KHO cpaBHHTb c peaK4HRMH ,QeJleHHR. 

TaK >Ke, KaK B ,QeileHHH, B BblXO.QHOM KaHane peaK4Hi1 nepe,Qa4H cpopMHPYIOTCR ,QBa 

KpynHblX cpparMeHTa - ,QBa CJlO>KHblX KOHe4HblX R,Qpa. 3HeprHR B036Y>K.QeHHR, KornpaR 

MO>KeT npeBOCX0.QHTb C0THH Mera3JleKTpOHB0ilbT, pacnpe,QeJlReTCR Me>K.Qy cpparMeHTaMH. 

8o36Y>K.QeHHble cpparMeHTbl T8K >Ke, KaK H B c11y4ae pacna,Qa COCTaBHblX R,Qep, HcnycKalOT 

Hei1Tp0Hbl, npOTOHbl, a11bcpa-4acrn4bl H raMMa-KBaHTbl. ll13MeHeHHe M8CCbl H848JlbHblX 

npo.QyKTOB 38 C4eT 3MHCCHH HYKilOHOB MO>KeT ,QocrnraTb ,QeCRTKH H 6011ee MaCCOBblX 

e,QHHHL!. 

PeaKL!HH nepe.Q84H C rn>KeJlblMH HOH8MH .QJll'I CHHTe3a HOBblX HYKilH,QOB BnepBble 

6blilH HCn0ilb30B8Hbl B Jla6opaTOpHH R,QepHblX peaK4Hi1 B .Qy6He, r,Qe 6b1Jl0 ycTaHOBJleHO, 

4TO Hanel'alOll.lee R.QP0 MO>KeT no,QXB8TbIB8Tb HeCKOilbKO Hei1Tp0HOB H3 rn>Kenoro R,Qpa-
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Ml1WeHl1, n1160 0TAaBaTb RAPY Ml1WeH11 4aCTb CB0l1X np0T0H0B, n1160, HaKoHell, 

o6MeHRTbCR C Hl1M HyKn0HaMl1, 0TAaBaR np0T0H 11 n0AXBaTblBaR HeliiTp0Hbl (3apRA0B0-

o6MeHHble peaKl.11111). Bee 3Tl1 Tpl1 B11Aa peaK1..111lii nepeAa411 BeAYT K o6pa30BaHl1IO 

HeliiTp0HOl136blT04HblX 1130T0n0B nerK11X 3neMeHT0B. 8 3Tl1X >Ke 3Kcnep11MeHT8X 6blfl0 

TalOKe noKa3aH0, 4T0 B peaK1..111RX C 04eHb TR>KenblMl1 110HaMl1 Maccolii A>40 Cyll.leCTBeHH0 

ysenl1411BaeTCR A11Cnepc11R np0AYKT0B no Macce 11 3apRAY, 4T0 npeBblWaeT Bep0RTH0CTb 

o6pa30BaHl1R RAep, YAaneHHblX OT fl11Hl111 CT8611flbH0CTl1. 3TOT rnn peaK1..1111ii, OTKpblTbllii B 

,Qy6He, n0Jiy411n Ha3BaH11e rny60K0Heynpyr11x peaKUl11ii MHoroHyKn0HHblX nepena4. OH 

3aH11MaeT npoMe>KYT04H0e MeCTO Me>t<Ay peaKL111RMl1 Cfll1RHl1R 11 peaK1..111RMl1 nepeAa411. 8 

peaKL111RX MH0r0HYKn0HHblX nepeAa4 6blfl0 Cl1HTe311P0BaH0 0K0fl0 30 H0BblX 1130T0n0B y 

rpaH11LI RAepHolii CTa611nbH0CT11, B TOM 411Cne nocneAHl1e CTa611nbHble 1130T0nbl ren11R 

(ren111ii-8) 11 n11T11R (n11rnlii-11). TaK11M o6pa30M, B o6nacrn nerK11x 3neMeHT0B 

3KCnep11MeHTaTopaM YAafl0Cb A0CTl14b rpaH11Llbl CTa611flbHOCTl1 RAep. ,QanbHeliiw11e 

nonblTKl1 npRMoro Cl1HTe3a B peaKl..ll1RX nepeAa411 T8Kl1X 3K30Tl14eCKl1X RAep, KaK ren111ii-10, 

n11rnlii-13 Aan11 OTp111..1aTeflbHbllii pe3yflbTaT. OAHaK0 HeHa6n10AeH11e TeX 11fll111HblX RAep B 

npRM0M 3KCnep11MeHTe He AaeT 0AH03Ha4H0ro 0TBeTa 06 11X cyll.leCTB0BaHl111. 

Heo6X0A11M0 113Mep11Tb CTeneHb 11X CT8611flbHOCTl1 (3Hepr11IO CBR311 HYKn0H0B, K0T0paR 

A0n>KHa 6bITb nono>Kl1TeflbHOlii B CnY4ae Cyll.leCTB0BaHl1R RApa 11n11 OTp111..1aTeflbHOl1 B 

cnY4ae ero HecTa611flbH0CT11). 3Hepr11R CBR311 onpeAenReTCR nYTeM 113MepeHl1R 3Hepr1111 

0AH0r0 113 RAeP, o6pa3YIOlllerocR B pe3ynbTaTe ABYX4aCTl14HOlii peaKl.11111 nepeAa411, 

conpR>KeHHoro 11cK0MoMy RAPY· 

nsmacT114Hble peaKUl111 - 3T0 T8Kl1e npo1..1ecCbl B3al1MOAeliiCTBl1R HaneTalOll.lelii 

4aCT11l.lbl C RAP0M M11weH11, B pe3ynbTaTe· K0Toporo B BblXOAHo'M KaHane peaKl.11111 

o6pa3ylOTCR ABa RApa. 8 3T0M cnY4ae CB0liiCTBa 11ccneAyeMoro RApa onpeAeflRIOTCR Ha 

0CH0BaHl111 CB0liiCTB BT0poro RApa, conpR>KeHHoro 11CK0M0My. Han11411e n11K0B B 

3Heprern4eCKl1X cneKTpax conpR>KeHHblX RAep CB11AeTenbCTByeT 06 o6pa30BaHl111 

K0He4HblX RAep B onpeAeneHH0M 3Heprern4eCK0M C0CT0RHl111. Ha 0CH0BaHl111 3aK0H0B 

coxpaHeHl1R onpeAeflRIOTCR Macca 11 3Hepr11R CBR311 HYKn0H0B B RApax. W11p11Ha 

Ha6nioAaeMoro n11Ka AaeT 3Ha4eHl1e BpeMeHl1 >K113Hl1 06pa3y10ll.leliicR RAepH0lii Cl1CTeMbl. 

TaK0lii n0AX0A RBnReTCR np11Hl.111nl1anbHblM B cny4ae onpeAeneH11R HYKnOHHOlii 

CTa6111nbHOCTl1 Hel13BeCTHblX RAeP 11 113y4eHl1R 11X KBa311CTa1..1110HapHblX COCTORHl11ii, K0rAa 
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per11crpa1..111R caMoro 11CCfleAyeMoro RApa HeB03M0>KHa. TaKl1M o6pa30M, YAanocb 

nonY411Tb 11HcpopMa1..111io o CTa611nbHocrn TaK11x RAepHblX c11cTeM, KaK BOAOPOA-4, 

BOAOPOA-5, B0AOPOA-6, ren111ii-9, ren111ii-10. Me>t<Ay TeM, 1130T0nbl 6onee TR>KenblX 

3neMeHT0B, pacnono>KeHHblX y rpaHl11..1 RAepHolii crn611nbHOCT11, nonY4a10T B Qfil!!ill.11_8_)( 

giparMeHTay1111 TR>Kenoro 110Ha Ha RApax M11weH11. 

3Tl1 MH0ro4aCTl14Hble peaKl.11111 11/::IYT np11 3Hepr11RX BblWe 30 M38 Ha HYKn0H, 11 

BblX0A 1130T0n0B B Hl1X CYll.leCTBeHH0 3aB11Cl1T OT C00TH0WeHl1R 411Cna HeliiTp0HOB 11 

np0TOH0B B 6oM6apA11PYIOll.leM RApe. TaK, AflR nony4eHl1R cynepHeliirpOH01136blT04HblX 

RAeP nerKl1X 3fleMeHT0B C 4<Z<20 6bina 11cnonb30BaHa peaK1..111R cpparMeHra1..11111 ny4Ka 

110H0B Kaflbl.111R-48, 0AH0ro 113 caMblX HeliiTp0H01136blT04HblX CTa611nbHblX 1130T0n0B, 

cyll.leCTBYIOll.111X B np11p0Ae (ero 0,2% C0Aep>Kl1TCR B ecrecTBeHH0lii CMec11 1130T0n0B 

Kaflbl.111R), np11 3Hepr1111 50 M38 Ha HYKn0H. 8 3Tl1X 3KCnep11MeHTaX YAafl0Cb nony411Tb 

6onee 30 H0BblX HeliiTpOHOl136blT04HblX 1130T0n0B. 8 HaCT0RI.J.jee speMR C 3T011 1..1enb10 

11cnonb3yeTCR TalOKe peAKl11ii 11 4pe3Bbl4aliiHO AOporolii 1130T0n cepbi-36 (0,02% 

C0Aep>KaHl1R cepbl-36 B ecrecTBeHH0lii CMeC11 1130T0n0B cepbl). CosceM HeAaBH0 B 

,QapMWTaATe (<!>Pf) Ha ycKop11Tene rn>1<enblX 110H0B 6blfl npoBeAeH 3KCnep11MeHT no 

Cl1HTe3y H0BblX 1130TOn0B B peaK1..111RX cpparMeHTal.11111 RAep ypaHa, ycKopeHHblX AO 

3Hepr1111 HeCK0flbK0 AeCRTK0B f3B. 8 3Tl1X 3Kcnep11MeHTax nony4eH PRA H0BblX HYKn11A0B, 

B TOM 411Cne 11 H0B0e 3K30Tl14eCK0e RAP0 Hl1Kenb-78. TaKl1M o6pa30M, B HaCT0Rll.lee 

speMR C 11cnonb30BaH11eM pa3nl14HblX peaKl.11111 C rn>KeflbIMl1 110HaM11 (MeTOAOB RAepHolii 

Xl1M1111) BeAeTCR Macc11posaHH0e np0ABl1>KeH11e K rpaH111..1aM RAepHolii CT8611flbH0CTl1, 

K0TOpaR HeC0MHeHH0 noM0>KeT B 6n11>1<aliiwee speMR nony411Tb Ka4eCTBeHH0 H0BYIO 

11HcpOpMal.111IO 0 CBoliicTBaX RAepHolii MaTep1111 11 o6H8PY>Kl1Tb H0Bble o6nacrn 

cra611nbHOCT11 RAep. 
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B 1997 2ody 6,opo Me)l(dyHapodH020 co,03a 4ucmou u npw<nadHou xuMuu: 

ymaepduno H83BaHue HOBb/X XUMU4eCKUX 3fleMeHmoa, CUHme3upoaaHHb/X a peaK4URX C : 

mR)l(eflb/MU UOHaMU. YcmaHoaneHbl cnedy,ow,ue H8368HUR U CUM60flb/ dnR . 

mpaHcypaHOBbtX 3neMeHmoa (CM. puc. 5). 

3neMeHT Ha3B3HMe CMMBOn 

101 MeHAenees11111 Md 
102 Ho6en11111 No 
103 JloypeHc11111 Lr 
104 Pe3epcp0PA111'1 Rt 
105 ,[ly6Hlll11 Db 
106 C1116opr11111 Sg 
107 6op11111 Bh 
108 Xacc11111 Hs 
109 Ma11rnep11111 Mt 

numepamvpa 

;' 

1. I0.3.neHI/I0H>KKeBJ/14. <!>11131/1Ka 3K30Tl/l4eCKIIIX HAep. CopoCOBCKJ/111 o6pa30B8TeilbHbll1 

>KYPH8Il, N 1, 1995, CTp.92. 

2. IO.n.raHrpCKJ/111, I0.1...1.OraHeCHH, I0.3.neHIIIOH>KKeBJ/14, r.M.Tep-AKOnbHH. HAepHbJe 

peaKL.1111111 C TH>KeI1blMIII I/I0H8MI/I. M.: 1113A-B0 Mrlt1<!>111, 1995 r. 

3. B.B.BonKoB. HAepHbJe peaK1..1111111 my60K0Heynpyr111x nepeAaY. M.: 1113A-B0 3Hepro1113AaT, 

1982. 

4. Jl.BanaHT3H. Cy6aTOMHaH cp1113111Ka: HApa III Yacrn1..1b1. M.: M111p, 1986. 
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~AEPHA~ ACTP0~~3~KA 

AHHOmauuR 

npeocmaeneHbl He«omopb1e npo6neMbl 3BOfl/OLlUU BceneHHoii, HyKneocuHme3a u 
KOCMOXpOHOnoeuu C mol/KU 3peHUR c/)ti3UKU ROpa U 3fleMeHmapHb/X l/BCmULj. 
npoeooumcR cpaeHeHue npoljeccoe, npoucxoiJRU{UX eo BceneHHOii, c MexaHU3MaMu 
o6pa30BBHUR U pacnaoa ROep, a ma/OKe ux B3BUMOOeiicmBUR npu Bb/COKUX 3HepZURX. 
,aaHbl npUMepbl, noKB3blBBIOU{Ue B03MO)KHOCmu Memoooe ROepHOU c/JU3UKU B 
uccneiJOBBHUU KOCMUl/eCKUX o6beKmOB u CBOiicmB BceneHHOU. 

HcCJ1eAOBaHI/IH 3aKOHOB MIIIKpOMlllpa, KOTOpblMl/1 3aHI/IMaeTCH HAepHaH Q)l/131/IKa, 8 

noCJ1eAHee speMH noMOrJll/1 CYIJ..leCTBeHHO pacw111pl11Tb HaWl/1 npeACTaBneHI/IH O HBneHI/IHX, 

npOIIICXOAHIJ..IIIIX B MaKpOMlllpe - Haweel BceneHHOH, BHeCJll/1 orpOMHblH BKnaA B pa3pa66TKY 

acTpOQ)l/131114eCKI/IX Ill KOCMOnor1114eCKIIIX TeOplllH. npe>K,[le scero 3TO KacaeTCH MOAem-I 

pacw111pHI01.J..1eeicH BceneHHOH, 3BOnlOI..IIIIIII 3B93A Ill pacnpocTpaHeHHOCTl/1 3neMeHTOB, a 

TalOKe CBOHCTB pa3nlll4HblX 3B93A Ill KOCMl/l4eCKI/IX 06beKTOB - «xonOAHblX», HeHTPOHHblX, 

49pHblX Ablp, nynbcapoe Ill AP- He npeTeHAYH B 3TOH CTaTbe Ha nonHoe 111ano>KeH111e ecex 

npo6neM KOCMonor111111, OCTaHOBI/IMCH nlllWb Ha TeX, KOTOpble 1/IMelOT Ha Haw B3rJlHA 

MHoro 061.J..1ero co CBOHCTBaMl/1 HAepHOH MaTep111111, ·npOHBnHIOIJ..IIIIXCH np111 HAepHblX 

B3alllMOAeHCTBIIIHX. 

. Moaen& pacwupR10U1eiicR BceneHHoii 

B 1965 roAY · np111 Hana,qKe paAIIIOTenecKona 6bino cny4aelHo o6Hapy>KeHo 

cy1.J..1eCTBOBaH111e 1/130TponHoro «wyMa», KOTOpblH 6bln OTO>K,[leCTBneH C TeM, 4TO ceei4aC 

Ha3blBalOT penlllKTOBblM 111any4ei:1111eM, T.e. 111any4eHl/leM,paBHOMepHO pacnpeAeneHHblM no 

He6ecHOH cq>epe , Ill no 1/IHTeHCIIIBHOCTIII COOTBeTCTBYIOIJ..leM TennoeoMy 1113ny4eHI/IIO 

a6con10THO 4epHoro Tena np111 TeMnepaTYpe -3 K. 3rn Ha6n10AeH111e 111Meno o4eHb 

Ba>KHOe 3Ha4eHllle ,[lnH KOCMonor111111, TaK KaK paHee raMOBblM 6bln0 npeACKa3aHO 

TeopeT1114ecK111 cy1.J..1eCTBOBaH111e noA06Horo 111any4eH111H B paMKax Mo,o,en111, on111pa101.J..1eeicll 

Ha aaKOH Xa66na: «KpacHoe cMe1.J..1eH111e 111anY4eH111H, 111cnycKaeMoro ranaKT111KaM111, 

nponop1..11110HanbHO YAaneHHOCTIII OT 3TIIIX ranaKTIIIK». ECJ1111 o6bHCHHTb· TaKoe cMe1.J..1eH111e 

3q>q>eKTOM .Qonnepa, TO 3TO nplllBOAIIIT K_ KaprnHe pacw111pHI01.J..1eeicH BceneHHOH, B 

KOTOpOH ranaKTIIIKl/1 «pa3neTalOTCH». ECJ1111 3KCTpanon111poeaTb 3TY CIIITYal..lllllO Ha3aA B 
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npownoe, TO MO>KHO np111CiT111 K 3aKnl04eHI/IIO, 4TO B npownoM CKOpOCTb pacw111peHI/IH 6bina 

6onbwe, a nnoTHOCTb BceneHHOH - BbIwe, 4eM ceei4ac. HacKonbKO >Ke AaneKo s npownoe 

Mbl 8 npaee npOBOAIIITb nOA06Hy10 3KCTpanonHI..IIIIIO? 04eBIIIAHO, 3TO MO>KHO AenaTb AO 

TOH 3nox111, KOrAa BCH BceneHHaH 6bina C>KaTa B T04KY. ComaCHO 01..1eHKaM, 3TO 6b1no 

OKOnO 10 Mn PA- neT Ha3aA. nonaralOT, 4TO IIIMeHHO B 3TY 3noxy 111 803Hl/1Kna 

Ha6n10AaeMaH _HblHe BceneHHaH, np11149M B03HIIIKna B 4YAOBIIIIJ..IHOM B3pbIBe. 6onbWOH 

B3pbIB, KaK ero Ha3blBalOT, nonO>Kllln Ha4ano He TOnbKO BceneHHOH, HO Ill BCeM 1/13BecrnblM 

H8M Q)11131/14eCKI/IM nOHHTIIIHM, BKnl04aH nOHHTI/IH npocTpaHCTBa Ill BpeMeHl/1. HeKOTOpb1e 

asTOpbl [1] paccMaTplllBalOT 3BOnlOI..IIIIIO BceneHHOH. B . BIIIAe 4eTbIpex nocneAOBaTenbHblX 

3P, B peaynbTaTe CMeHbl KOTOpblX comacHo HOBeHWI/IM MOAenHM, OHa np111wna K CBOeMy 

rnnepewHeMy COCTOHHI/IIO (p"'1 o-3° r/CM3
, T=3 K) (p111c.1 ). 

B 3TIIIX MOAenHx npeAnonaraeTCH, 4TO BceneHHaH seAeT ce6H KaK a6con10THO 

49pHoe Teno, TeMnepaTYpa Ill nnOTHOCTb KOTOporo 04eHb BblCOKl/le (nnOTHOCTb ero 

6onbwe HAepHoei 10'5 r/cM3
, a TeMnepaTYpa BbIwe 1 .f38 (1013 KV, Hany4eH111e 3Toro 

a6conlOTHO 49pHoro Tena COCTOIIIT 1113 1113BeCTHblX aApOHOB, nenTOHOB III q>OTOHOB 111 

npo111cxOAIIIT AO TeX nop, noKa TeMnepaTYpa BblWe, 4eM Macca caMoro nerKoro 1113 

BAPOHOB, T.e. 7t-Me30Ha (m,c2
"' 140 M38, TeMnepafypa 1,61012 K). 3TO COOTBeTCTByeT 

«8APOHHOH 3pe», npOAOn>KI/ITenbHOCTb KOTOpOH COCTaBnHeT np111MepHO 104 c. K KOHI..IY ee 

nnoTHOCTb cpaBHI/IMa C nnOTHOCTblO HAepHoro Bel.J..leCTBa. KorAa TeMnepafypa 

CTaHOBI/ITCH Hl/l>Ke 100 M38 (1012 K) aApOHbl ell.le OCTalOTCH, HO y>Ke He MOryT PO>KA8TbCH 

cnOHTaHHO B 1113ny4eHI/II/I a6conlOTHO 49pHoro Tena. Tenepb 1113ny4eHllle COCTOIIIT, maBHblM 

o6pa30M, 1113 nenTOHOB Ill Q)OTOHOB Ill TaK OCTa9TCH AO Tex nop, noKa TeMnepafypa BblWe 

nopora po>K,1:1eH111H napbl y➔ e•+e·, T.e. np111MepHo 1 M38. Oxna>K,1:1eH111e OT 100 M38 AO 

1 M38 3aHI/IMaeT OKOno 1 C. 3TO BpeMH COOTBeTCTByeT TaK Ha3blBaeMOH «nenTOHHOH 

ape», K KOHI..IY KOTOpoel nnoTHOCTb CTaHOBI/ITCH 104 r/cM3
• np111 TeMnepafype Hlll>Ke 1 M38 

nenTOHbl, XOTR Ill Cyl.J..leCTBYIOT KaK 4aCTllll..lbl, HO y>Ke He MOryT cnOHTaHHO po>K,(laTbCH B 

1113ny4eH111111 a6con10THO 49pHoro Tena. Tenepb 1113ny4eH111e cocTOIIIT npe111My1.J..1ecTBeHHO 1113 

qlOTOHOB. 3TO Ha4ano «paA111a1..11110HHOH 3pbi», KOHel..l KOTOpOH onpeAenHeTCH MOMeHTOM, 

nocne KOTOporo 111any4eH111e (q>OTOHHOe) cy1.J..1eCTByeT OTAenbHO OT Bel.J..leCTBa (aApOHOB 111 

nenTOHOB). Pa,q111aL1"10HHaH 3pa 3aKaH41/1BaeTCH np111MepHO 4epe3 106 neT nocne 

6onbworo B3pbIBa. nnoTHOCTb Bel.J..leCTBa CTaHOBI/ITCH 6onbWe nnoTHOCTl/1 1113ny4eHI/IH 
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(nllOTHOCTl,1 3Heprnlil cj)OTOHOa) l,1 yaeJllil4lilaaeTCR no Mepe pacwll!peHlilR. 3TO 

COOTaeTCTByeT «JaeJAHOi;i spe», KOTOpasi npOAOJl>KaeTCR AO HaWlilX AHei;i, B.n.rll!H36ypr a 

caoei;l KHlilre (2) nbJTaeTCR AOCTaT04HO HarJlRAHO onll!CaTb npo611eMbl pacwll!pRIOIJ.1ei;lcsi 

BceneHHOi;i aJalilMOAei;icTall!eM 60JlbWOro 4lilCJla pa3Jllil4HblX 4acrn1..i: q>OTOHOa, 

3JleKTpOHOa, Hei;iTplilHO, MIOOHOa, nlll-Me30HOa, npOTOHOa, Hei;iTpOHOa 11 AP, Xorn CTOLIIT 

JaMeTll!Tb, 4TO 3TOT nOAXOA sianReTCR AOCTaT04HO ycnoaHblM, T.K. Mbl AO Cll!X nop He 

ll!MeeM nOJlHOro nOHll!MaHll!R q>lil3ll!Klil 3JleMeHTapHblX 4acrn1..1. OcHOaHaR npo611eMa, C 

KOTOpoi;l CTaJlKlilaaJOTCR q>lil3ll!Klil nplil nonblTKe 06bRCHll!Tb KOCMOJ10rll14eCKlile RaJleHll!R, a 

TOM 4lilCJle Lil pacwlilpRIOIJ.1YIOCR BceneHHYIO, casiJaHa C «Cll!JlbHblM aJall!MOAei;icTBll!eM» 

3JleMeHTapHblX 4acrn1..1. Cll!JlbHbJe aJall!MOAei;icTall!R - 3TO Te Cll!Jlbl, KOTOpb1e YAep>KlilaaJOT 

aMeCTe Hei;iTpOHbl Lil npOTOHbl a aTOMHOM RApe. PaAlilYC Aei;lcTall!R 3n1X Cll!Jl 4pe3abJ4ai;iHO 

Mall -10·13 CM. Aa>Ke a MOJ1eey11ax, RApa KOTOpblX HaXOARTCR Ha paCCTORHlillil 10.,.CM APYr 

OT Apyra, Cll!JlbHble aJall!MOAei;icTall!R Me>KAy RApaMll! He AaJOT Hll!KaKoro scj)cj)eKTa. KorAa 

ABa npOTOHa nplil>Kll!MalOTCR APYr K APYry AOCTaT04HO 6Jllil3KO, Cll!JlbHble aJalilMOAei;icTall!R 

CTaHOaRTCR npll!MepHO a 100 pa3 60JlbWe, 4eM 3JleKTplil4eCKOe OTTaJlKll!aaHlile, n03TOMY 

OHlil YAep>Kll!BalOT OT pa3aana aTOMHble RApa. ~MeHHO lilHTeHClilaHOCTb Cll!JlbHblX 

aJall!MOAei;iCTBll!i;i AenaeT ll!X 3Ha4ll!TeJlbHO 6011ee TPYAHblMlil AJlR MaTeMarn4ecKoro 

aHaJlll!3a, 4eM 3JleKTpoMarHlilTHble aJall!MOAei;icTBlilR. 8KJ1aAbl pa3HOro rnna 

B3all!MOAei;icTall!i;i Me>KAy HYKJlOHaMlil Cll!MaOJllil4eCKlil lil306pa>KalOTCR «cj)ei;iHMaHOaCKll!Mlil 

All!arpaMMaMll!», C nOMOIJ.1blO KOTOpblX q>lil3ll!Klil nblTalOTCR y4eCTb ace aJall!MOAei;iCTBlilR. 

3ra npo611eMa, JaKJ1104a101J.1asicsi a cno>KHOcrn pac4era aepoRTHOCTei;i npo1..1eccoa, 

BKJll04alOIJ.1lilX Cll!JlbHble B3alilMOAei;iCTBlilR, 6b1Jla OCHOBHOi;i nplil4lilHOi;i, CAeP>KL11aa101J.1ei;l 

pa3all!rne cj)ll!Jll!Klil sneMeHrapHblX 4acrn1..1 e nocneAHee apeMR. OAHaKo He ace npo1..1eccb1 

BKJll04alOT Cll!JlbHble B3all!MOAei;icTall!R. 3m B3all!MOAei;icTBll!R ll!CnblTblaaeT Jlll!Wb KJlacc 

4acrn1..1, lil3BeCTHblX KaK «aApOHbl». CJOAa BXOART RAepHble 4acn11..1b1 Lil nlll-Me30Hbl, a 

TaK>Ke Apyrne Hecra6ll!JlbHble 4aCn11..1bl, TaKlile KaK K-Me30Hbl, 3Ta-Me30Hbl, JlRM6Aa

rnnepOHbl Lil AP, nenTOHbl (Hei;iTplilHO, 3JleKTp0Hbl Lil MIOOHbl) 11er4e aApOHOa Lil B OTJllil4lile 

OT nocneAHlilX He 4YBCTBYIOT Cll!JlbHblX aJall!MOAei;icTBll!i;i, 

nplil TeMneparype Hlil>Ke 1012 K («nenTOHHaR spa») eAll!HCTaeHHblMlil 4acrn1..1aML11, 

nplilCYTCTay101J.1ll!Mlil a 60JlbWlilX KOJllil4eCTBax, 6b1Jllil nenTOHbl l,1 cj)OTOHbl, 

aJalllMOAei;icTall!RMlil Me>KAy KOTOpblMlil MO>KHO 6blJ10 npeHe6pe4b. Apyrasi Clilrya1..1L11R 
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COOTBeTCTBOBana 6onee BblCOKI/IM TeMneparypaM («aApOHHaR 3pa»), KOrAa B 60J1bWIIIX 

KOJll/llJeCTBax IIIMeJll/lCb aAPOHbl Ill aHTl/laApOHbl. 3AeCb, B Q)lll31/1Ke 3JleMeHTapHblX lJacrn4, 

cy1..1.1ecTByeT HeCKOJlbKO pa3J1l/llJHblX MOAeneiii, C noMOl..l.lblO KOTOpblX nbJTalOTCR 06bRCHIIITb 

CBOiiiCTBa aApOHOB. OAHa 1113 HI/IX npeAnonaraeT, lJTO He see lJaCTl/ll.lbl OAIIIHaKOBbl, 

HeKOTOpb1e AeiiiCTBI/ITeJlbHO 3JleMeHTapHbl, a see OCTaJlbHbJe COCTORT 1113 npoCTbJX 

KOM6111Ha4111iii 3JleMeHTapHblX lJaCT1114. ClJI/ITaeTCR, lJTO 3JleMeHTapHoiii lJaCTI/IL1eiii RBJlReTCR 

Q)OTOH Ill Bee 1/13BeCTHble nenTOHbl. OAHaKO aApOHbl He RBJlRIOTCR 3JleMeHTapHblMI/I 

lJacrn4aMI/I. OHi/i COCTORT 1113 6onee QJYHAaMeHTaJlbHblX lJaCTIIILI - «KBapKOB». KsapKI/I 

6bJBalOT pa3J1l/llJHblX TlllnOB 11111111 «apoMaTOB», TaK111e KaK «BepXHllliii», «Hlll>KHllliii», 

«CTpaHHbJiii», «OlJapoBaHHbliii». 6onee TOro, Ka>l(Abliii «apoMaT» KBapKa 6bJBaeT Tpex 

pa3J1l/llJHbJX 4BeTOB - KpacHoro, 6enoro Ill rony6oro. Ec11111 IIIAeR KBapKOB npaBI/IJlbHa, TO B 

3TOiii KOH4en4111111 MO>KHO 06bRCHI/ITb Q)1113IIIKY paHHeiii BceneHHOiii. 3Kcnep111MeHTaJ1bHO 

6bJJ10 noKa3aHO, lJTO np111 CTOJlKHOBeHI/IRX 3JleKTpOHOB C RAePHblMI/I 4acrn4aM111 CIIIJla 

Me>l(Ay KBapKaMI/I 4pe3BbJlJaiiiHO Mana, KOrAa KBapKIII HaXOARTCR 6J11113KO APYr K Apyry. 

TaKI/IM o6pa30M, np111 HeKOTopoiii TeMneparype, OKOJ10 HeCKOJlbKO TblCRlJ MIIIJlJllllapAOB 

rpaAyCoB, aApOHbl pa36IIIBalOTCR Ha cocTaBJlRIOl..l.lllle I/IX KBapKIII, TaK >Ke KaK aTOMbl 

pa36111sa10TCR Ha 3IleKTpOHbl Ill RApa np111 HeCKOJlbKI/IX TblCRlJax rpaAYCOB, a RApa 

pa36IIIBalOTCR Ha npOTOHbl Ill HeiiiTpOHbl np111 HeCKOJlbKI/IX TblCRlJaX MI/IJ1J1I/IOHOB rpaAyCOB. 

TorAa B paHHl/le speMeHa BceneHHYIO MO>KHO paccMaTp111BaTb KaK COCTORI..I.IYIO 1113 

Q)OTOHOB, nenTOHOB aHT111J1enTOHOB, KBapKOB Ill aHTI/IKBapKOB, np1114EiM Ka>l(AaR 

pa3HOBIIIAHOCTb lJaCTIIIL! npeACTaBJlReT co6oiii e1..1.1e OAIIIH Tl/In 1113I1YlJeHI/IR. Me>l(Ay TeM, 

HeCMOTpR Ha ycnewHoe on111caH111e MHOrlllX RBJ1eH111iii, B TOM lJI/ICJle Ill B KOCMOJ10rllllll, 

KBapKOBaR MOAeJlb OAH03HalJHO He nOATBep>l(AeHa, T.K. AO Cl/IX nop HeB03MO>KHO pa36111Tb 

11106oiii aAPOH Ha COCTaBJlRIOl..l.lllle ero KBapKIII, Aa>Ke C nOMOl..l.lblO COBpeMeHHblX 

ycKOplllTeneiii caMblX BblCOKI/IX 3Heprniii. Bee lJTO 6bJJ10 CKa3aHO BbJWe, OTHOCIIIJ10Cb K 

B03MO>KHOiii IIIHTepnpern4111111 pacw111peHI/IR BceneHHOiii Ha OCHOBe CI/IJlbHblX 

B3al/lMOAeiiiCTBllliii 3JleMeHTapHblX lJaCTIIIL!. Me>l(Ay TeM OAHIIIM 1113 Ha1116011ee I/IHTepeCHblX 

cneACTBllliii COBpeMeHHOiii TeOpllllll 3JleMeHTapHblX lJaCTIIIL! RBJlReTCR TO, lJTO BceneHHaR 

Morna IIICnbJTaTb q:ia30Bbliii nepeXOA 1113 OAHOro COCTORHI/IR se1..1.1ecTBa B APYroe. ~ 3TOT 

q:ia30Bbliii nepeXOA CBR3aH C APYrlllM KJlaCCOM KOpOTKOAeiiiCTBYIOI..I.IIIIX B3al/lMOAeiiiCTBllliii -

cna6bJM B3al/lMOAeiiiCTBl/leM. Cna6bJe B3alllMOAeiiiCTBI/IR B RAepHoiii Q)l/l3111Ke OTBeTCTBeHHbl 
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3a onpeAeneHHbre npo4eccb1 PaAIIIOaKTIIIBHoro pacnaAa (Hanp111Mep, pacnaAa cso6oAHoro 

HeiilTpOHa) 1/111111 3a 11106y10 peaK411110, BKJ110lJat01..1.1y10 HeiiiTplllHO. Cna6bJe B3al/lMOAeiiiCTBI/IR 

3HalJIIITeJ1bHO cna6ee CI/IJlbHblX, 11111111 3JleKTpOMarHIIITHblX B3alllMOAeiiiCTBllliii. Me>l(Ay TeM 

cyLJ..leCTByeT rny6oKaR CBR3b Me>KAY cna6bJMI/I Ill 3JleKTpOMarHIIITHbJMI/I B3alllMOAeiiiCTBIIIRMIII, 

KOTOpaR Ill nerna B OCHOBY HOBOiii TeOpllllll nonR, 06beAI/IHRIOl..l.leiii 3TI/I ABe CIIIJlbJ°>. Pa3BIIITl/le 

3TOiii TeOpllllll no3BOJ1I/IJ10 TaK>Ke CAeJlaTb Ba>KHbJe BbJBOAbl no npo6neMaM, OTHOCRI..I.IIIIMCR K 

1/13YlJeHIIIIO paHHeiii BceneHHOiii. 

HyKI1e0CUHme3 

Ha'lanbHbtu 3man HyKI1eocuHme3a 

KaK y>Ke OTMelJaJlOCb BbJWe, Ba>KHYIO pOilb B paHHeiii BceneHHOiii 111rpano 

111311ylJeH111e. 3rn 111311ylJeH111e 111MeeT Tennosoiii cneKTp, TaK lJTO ero MO>KHO xapaKTep1113oBaTb 

TeMneparypoiii T cornacHO COOTHOWeHI/IIO U=ar4, rAe a- noCTORHHaR 1/13J1Y4eHIIIR. no Mepe 

npOABl/l>KeHIIIR K HalJaJlbHOMY 3Tany TeMneparypa 1/13I1YlJeHI/IR paCTEiT no 3aKOHY 

T=Tp(1+Z), rAe Tp - TeMneparypa 1/13I1YlJeHI/IR ceroAHR Ill z - BeJll/llJI/IHa, COOTBeTCTBYIOl..l.laR 

KpaCHOMY cMe1..1.1eHI/IIO. 

Ansi paHHero neplllOAa, KOrAa 1/13I1YlJeHl/le AOMI/IHlllpOBano, 1113 ypaBHeHllliii 

3iilHWTeiiiHa cneAyeT npocrne COOTHOWeHllle Me>l(Ay TeMneparypoiii T III BpeMeHeM t, 

npoweAWeM C MOMeHTa 60J1bWOrO B3pb1Ba: 

1010 

T=a,[tK 

BpeMR t 3AeCb Bblpa>KeHO B CeKYHAaX, a TeMneparypa T - B KenbBI/IHaX. nocTORHHaR a 

I/IMeeT BeJlllllJIIIHY nopRAKa eAI/IHIIIL!bl Ill 3aBIIICI/IT OT COCTORHI/IR se1..1.1ecTBa Ill 1/13J1Y4eHI/IR BO 

BceneHHOiii. Ec11111 nonO>KIIITb a=1, TO cornacHO 3TOMY COOTHOWeHIIIIO cnycTR 1 C nocne 

0OJlbWOrO B3pbJBa TeMneparypa 1/13I1YlJeHIIIR BO BceneHHOiii 6bJJ1a 10
10K. np111 TaKOiii 

TeMneparype B paHHeiii BceneHHOiii , COCTORl..l.leiii 1113 3JleKTpOHOB, n03IIITpOHOB, HeiiiTplllHO, 

aHTIIIHeiiiTplllHO, HeiiiTpOHOB, npoTOHOB Ill Q)OTOHOB MOrillll o6pa3oBaTbCR pa3J1l/llJHble si,ci,pa, 

HalJ111HaR C AeiiiTpOHOB Ill KOHlJaR re11111eM. 6onee TR>KEiJlble RApa, TaKllle KaK RAPa yrnepoAa, 

KIIICilOpOAa Ill T.A., MOrill/l CI/IHTe3lllpOBaTbCR Jll/lWb B XOAe TepMORAepHblX peaK4111iii B 

•> 3a co3,11aHHe :noii TeopHH C.BaiiH6epr, A.CarraM, III.rJiemoy 6bmH y,n:ocrneHbl B 1979 ro.n:y 
Ho6eJieBCKOH rrpeMHH ITO ljJH3HKe 
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3Bei3AaX. npw-rnHa 3TOro 3aKnlOYaeTCR B TOM, YTO ecTb HeKOTOpb1i1 11HTepBan 

Heycrni1Yl1BOCTl1 11erKl1X RAep, pacnOJlO)l(eHHblX OKOJlO R,Qpa J111Tl1R, 11 3TOT 11HTepBaJ1 He 

YAaeiTCR npeOAOileTb B XO,Qe nepBl1YHoro HyKileOCl1HTe3a. no3TOMY Cl1HTe3 B paHHIOIO 

3noxy OCTaHaBJ111BaeTCR Ha CT8Al111 o6pa30BaHl1R rem1R. 

no11ara10T, YTO OAHOH 113 nepBblX peaK411i1, np11BOARLL1ei1 K o6pa3oBaHl1IO TR)l{e\IlblX 

RAep, RBJlReTCR peaK4l1R n + p ➔ a+ y. KaK noKa3a1111 pacYe\Tbl,3Ta peaK411si 11AeiT np11 

TeMnepaTYpe T=9·109 
K, YTO COOTBeTCTByeT COOTHOWeHl1IO Hei1TpOHOB 11 npOTOHOB BO 

BceneHHO~ NjNP=0,2 11 BpeMeH11 ~3 C. np11 3Tl1X YCI10Bl1RX ,Qei1Tep11R 06pa3yeTCR B 

AOCTaTOYHOM KOJ111YeCTBe ,QJlR npOl13BOACTBa RAep C Maccoi1 3 B CI1e,Qy10LL111X peaK411six: 

111111 

d + n ➔ 3H + y, 

d+p ➔ 3He + r 

d +d ➔ 3H + p, 

d+d ➔ 3He +n, 

11 OKOHYaTeilbHO 4He MO)l{eT 6b1Tb o6pa30BaH B pe3y11bTaTe peaK411i1 

3H + p ➔ 4He + y, 

3He + n ➔ 4He + y. 

3HeprnR CBR311 npOAYKTOB 3Tl1X peaK411i1 60JlbWe YeM ,Qei1Tepl1R (2,225 M38), TOr,Qa ec1111 

(pOTOH MO)l{eT o6pa3oBaTb Aei1Tep11i1, TO OH MO)l{eT peaJ11130BaTb 11 Apyrne peaK41111. T.K. 

He cyll.leCTByeT CTa611IlbHOi1 MaCCbl 5, TO 
4
He RBilReTCR nocne,QHl1M RAPOM B HaYaJlbHOM 

3Tane HyKneOCl1HTe3a. B np11H411ne, OH MOr 6bl o6pa30BaTb 6011ee TR)l(e\Jlble RApa (A=?) B 

pe3y11bTaTe peaK411i1 

4He + 3H ➔ 7Li + y, 

4He + 3He ➔ 7Be + r, 

HO KYI10HOBCKl1i1 6apbep AilR 3Tl1X peaK411i1 OKOJlO 1 M38, TOrAa KaK RApa np11 

TeMnepaTYpe T=9108 
K 11Me10T K11HernYeCKY10 3Heprn10 TOilbKO 0, 1 M38. 

B pa6oTe [3) np11B0ARTCR B xpOHOJlOrnYeCKOM nopRAKe C06b1Tl1R, KOTOpble 

npOl1CXOAl11111 BO BceneHHOH HaY11HaR C MOMeHTa 10·2c nocne ee po)l(AeHl1R. 
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Ta611114a 1. nepB11YHblH HyKneOCl1HTe3 

Bo3pacm 

BceneHHOU 

10-2 c 

10-1 C 

1c 

13,Bc 

35MUH 

7x1a5 nem 

TeMnepamypa, 

K 

1011 

3x1O10 

1010 

3x1a9 

3x1a8 

3x1D3 

Cocmo,1Hue u cocmaa ae~ecmaa 

n, p, e·, e♦, v, V B TenilOBOM paBHOBec1111; 

n 11 p B OAl1HaKOBOM KOJ111YeCTBe. 

Te )Ke YaCTl14bl, YT0 11 BblWe, HO OTHOWeH11e 

Yl1Clla Hei1Tp0HOB K Yl1CJ1y npOTOHOB n:p=3:5. 
v, v OTAellRIOTCR OT OCTaJlbHblX Yacrn4; e·, e· 

HaYl1HalOT aHHl1rHl111pOBaTb; n:p=1:3. 
HaY11HaeTCR o6pa30BaH11e O 11 4He; 11CYe3alOT 

e-, e♦,. eCTb TaK)l{e CB060AHble n 11 p. 
¢>11Kc11pyeTCR KOJ111YeCTBO O 11 4He no 

OTHOWeHl1IO K Yl1Cl1Y npOTOHOB 11 3JleKTpOHOB; 
4He/H~ 22-28% (no Macce). 

X11Ml1YeCKaR 3HeprnR CBR311 CTaHOBl1TCR 

,QOCTaTOYHOi1, YT06bl o6pa30BaJ111Cb 

ycrni1Yl1Bble Hei1TpallbHble aT0Mbl. Tenepb 

BceneHHaR npo3paYHa AllR 113nyYeH11R. 

BeLL1eCTBO HaYl1HaeT AOM11Hl1POBaTb HaA 

113Jl}'_YeHl1eM. 

(O603HaYeHl1R: n-Hei1Tp0H, p-npOTOH, e--3JleKTpOH, e·-no311TPOH, v-Hei1Tp11HO, v -

aHT11Hei1Tp11HO, 0 -,Qei1Tep11i1, H -BOAOPOA, He -ren11i1.) 

l,13 Ta6J1114bl B11AHO, YTO npo4eCCbl o6pa3oBaHl1R RAeP npeKpaLL1a10TCR np11 t=35 M11H, 

K0r,Qa TeMnepaTYpa BceneHHOi1 naAaeT AO 3108K. 3TO 03HayaeT, YTO npOTOHbl 11 

Hei1Tp0Hbl y)l{e He CJ111B8IOTCR, 06pa3ysi 6onee TR)l(e\Jlble RApa. CneAYIOLl.ll1H 3T8n 

ocyLL1eCTBJ1ReTCR, KOrAa B03paCT BceneHHOi1 AOCrnraeT 7105 neT 11 TeMnepaTYpa 

naAaeT AO 3000° K. np11 TaKOi1 TeMnepaTYpe Xl1Ml1YeCKaR 3Heprnsi CBR311 aT0MHblX RAep 11 

3IleKTpOHOB ,QOCTaTOYHO BblCOKa, YT06bl y,Qep)l{aTb 11X BMeCTe B B11Ae Hei1TpailbHblX 

8TOMOB. 8 3TY 3noxy np011CXOA11T o6pa30BaHl1e BOAOPOAa 11 ren11si. Ha 3TOM 3aBepwaeTCR 

3Tan nepB11YHOro HyKneOCl1HTe3a. 6onee TR)l(e\Jlble RAPa o6pa3ylOTCR y)l{e B pe3yllbTaTe 

npo4ecc0B, CBR3aHHblX C 3BOJ110411ei1 3Bei3,Q. 

3aibaHblU HVKJ1e0CUHme3 

B npo4ecce 3BOJ11041111 BceneHHaR nocrnRHHO 06oraLL1aeTcR ece 6onee TR>KeillbIMl1 

X11Ml1YeCK11Ml1 3JleMeHTaMl1. PacnpocTpaHEiHHOCTb Xl1Ml1YeCK11X 3JleMeHTOB BO BceneHHOi1 
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onpeAemuoT pa3HbIM11 cnoco6aM11: no cneKTpy 11311y4eH11r1 3Be3A, nyTeM 311eMeHTHoro 

aHa11113a 3eMHblX 11 KOCMl14eCK11X 06pa34os (MeTeOpl1TOB, 11YHHblX 06pa34os). 

no11y4eHHar1 TaK11M o6pa30M Kp11sar1 pacnpocTpaHeHHocrn 311eMeHTOB noKa3aHa Ha 

p11c.2. Kp11sar1 11MeeT MaKCl1MYMbl AJlfl rpynnbl KpeMH11fl 11 rpynnbI >Ke11e3a, noc11e 4ero 

Kp11sar1 pacnpoCTpaHeHHOCTl1 pacnaAaeTCfl Ha ABe BeTBl1: OAHa BKJll04aeT 

HeHTPOH006ora~eHHble 1130TOnbl 11 xapaKTep113yeTCfl TpeMfl ABOHHblMl1 n11KaM11 861111311 

Marn4ecK11x 411ce11 N=50,82 11 126, a BTopar1 BKI1to4aeT MeHee pacnpocTpaHeHHbIe 

npoTOH006ora~eHHble 1130TOnbl. 

OAHOH 113 CTYneHeH HyKJ1eOCl1HTe3a fl811fl110Cb o6pa30BaHl1e 12C. KaK 6bll10 

noKa3aHO, yrnepOA MO>KeT 6b1Tb o6pa30BaH B pe3y11bTaTe peaK41111 4He+8Be ➔ 12C + y. 

OAHaKO flAPO 8Be fl811fleTCfl HeCTa61111bHblM no OTHOWeHl1IO K pacnaAY Ha ABe a-4aCTl14bl 

11 >Kl1BeT 10·16c. Me~y TeM, np11 TeMnepaTYpe 611113KOH K 108K 11 n11ornocrn nopRAKa 

105 r/cM2 Tp11 RApa 
4
He MoryT o6pa3osaTb flAPO 

12
C s pe3y11bTaTe ABYXCTYneH4arni1 

peaK41111 4He+4He ➔8Be+4He ➔12C+y, srnpar1 4aCTb KOTOpoi1 HOCl1T pe3oHaHCHblH 

xapaKTep. 3Ta peaK411fl n038011fleT 06bflCHl1Tb cy~eCTBOBaH11e yrnepoAa, a C Hl1M 11 

APYrl1X Ha611toAaeMblX 1130TOnOB. Ha Ka~OH CTaAl111 C1111flHl1fl flAep, l1H1141111pyeMblX 

B3pbIBaM11 sHewHei1 9601104Kl1 3Be3A, 06pa3y10Tcr1 see 6011ee Tr1>Ke11bIe RApa: 4He, 

12C,18O,28S,56Fe. np11 3TOM npo4eccbI 06pa3osaH11r1 conposo~atoTCfl 11 npo4eccaM11 

pacnaAa 3Tl1X flAep. 8 3TOM c11y4ae B Ha116011ee 611aronpl1flTHblX yc11os11r1x HaXOAflTCfl 

1130TOnbl, 11Meto~l1e Ha116011bWYIO CTa61111bHOCTb (3Heprnr1 CBfl311 Ha HYKilOH 

MaKCl1Ma11bHa). K TaKl1M OTHOCflTCfl flApa B 0611acrn A,e60. 3TO 06bflCHfleT nOBblWeH11e 

coAep>KaH11r1 RAep rpynnbI >Ke11e3a_ 

HecK011bKO 11HOH MexaHl13M o6pa3oBaHl1fl flAeP rn>Ke11ee >Ke11e3a. 3TOT MexaHl13M 

06bflCHfleTCfl noc11eAOBaTel1bHblMl1 peaK411flMl1 paA110aKTl1BHOro 3axsarn HeHTpOHOB 

311eMeHTaMl1 rpynnbl >Ke11e3a. Ha1111411e ABOHHblX n11KOB B Kpl180H pacnpOCTpaHeHHOCTIII 

311eMeHTOB (p11c.2) CB11AeTe11bCTByeT O Ha111141111 ABYX pa311114HblX npo4eccos 3axsaTa 

HeHTPOHOB, T.H. r- 11 s-npo4eccos. 3m ABa npo4ecca COOTBeTCTBYIOT pa311114HblM 

HeHTPOHHblM n110THOCTflM. 8 c11y4ae Ma11blX n110THOCTeH HeHTpOHOB (s-(s/owJ-npo4ecc) 

np11 paA11a4110HHOM 3axsaTe (A, Z) + n (A+1, Z)+r 06pa3yeTcr1 1130Ton c Maccoi1 Ha 

eA11Hl14Y 6011bwe, 4eM Macca flApa M11weH11. Ec1111 KoHe4Hoe flAPO (A+1, Z) cTa61111bHO, TO 

Ha HeM TaK>Ke MO>KeT np01130HTl1 paA11a4110HHblH 3axsaT C o6pa30BaHl1eM HOBOro 1130TOna 
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(A+2, Z). np11 Ma11blX nOTOKax flAPO (A+x, Z) pacnaAaeTCfl paHbWe, 4eM nornOTl1T 

HeHTPOH. B OCHOBHOM OHO pacnaAaeTCfl nYTeM J3-pacn8Aa, B pe3y11bTaTe KOToporo 

06pa3yeTcr1 Hosoe RAPO (A+x, Z+1) 111111 >Ke 4e11ar1 4eno4Ka pacn8AOB, 

38K8H41188l0~8f1Cfl Ha flApe, speMfl >Kl13Hl1 KOTOporo 6yAeT AOCTaT04HO 60l1bW11M AJlfl 

TOro, 4T06bl npo113owe11 HOBblH paA11a4110HHblH 38XBaT: 3TOT npo4ecc nosrnpr1eTCfl 

MHOroKparno 11 np11BOA11T K o6pa3088Hl1IO HeHTpOHOAe¢>11411THblX flAep C MaCCOH AO 200. 

noc11e 3TOro flAP8 C 6011bWOH sepoflTHOCTblO Ae11flTCfl; 4TO npepbIsaeT s- npo4ecc. np11 

6011bWl1X n11ornocrnx Hei1TpOHOB (r-(rapid)-npo4ecc) flAPO (A+x, Z) nornornT HeHTpOHbl 

paHbWe, 4eM pacnaAEiTCfl 11 npOl1CXOAflT HOBble P8A1184110HHble 38XBaTbl. 3TO npOl1CXOAl1T 

AO TeX nop, noKa 4en04Ka 38XBaTOB He AOHAEiT AO 1130TOna C 04eHb Mal1bIM nepl10AOM 

no11ypacn8Aa, 11 Mbl np11AeM K npeAblAY~eMy cny4a10. 

Ha p11c.3 noKa3aHbl 4eno4Kl1 r- 11 s-npo4eccos 06pa3osaH11r1 1130Tono~_113 flAPa 

56
Fe. noATBep~eH11eM cy~eCTBOBaHl1fl r- 11 s-npo4eccos flB11fleTCfl nOBblUJeHHOe 

COAep>KaH11e 1130TOnOB np11 N=50,82 11 126. 3Kcnep11MeHTal1bHO noKa38HO, 4TO 

pacnpocTpaHeHHOCTb 311eMeHTOB o6paTHO nponop4110Hal1bHa n011HblM Ce4eH11flM 3axsaTa 

HeHTpOHOB. ,Q11r1 flAeP C Marn4eCK11Ml1 411C11aMl1 3TO Ce4eH11e Ha HeCK011bKO nopflAKOB 

Hl1>Ke, 4eM A11fl APYrHX COCeAH11X flAep. C T04Kl1 3peHl1fl flAepHOH q:>11311Kl1 3TOT pe3y11bTaT 

fl811fleTCfl npor1s11eH11eM Marn4eCKl1X 411Ce11. ,Qns:1 acTpOq:>11311Kl1 - 3TO AOKa3aTel1bCTBO 

cy~ecTsosaH11s:1 s -npo4ecca. 

6bl110 npeACKa3aHo TaK>Ke cy~eCTBOBaH11e o601104Kl1 C Z=114 11, COOTBeTCTBeHHO, 

nOBblWeH11e CTa61111bHOCTl1 csepXTfl>Kel1blX flAep 861111311 ABa~bl Marn4eCKoro flAPa 

298
114 (114 npOTOHOB 11 184 HeHTpOHa). Pac4eTbl, npoBeAeHHble no 0601104e4HOH 

MOAe1111, noKa3a111-1 803MO>KHOCTb cy~eCTBOBaHl1fl TaKOro csepxrn>Ke11oro flApa C 

nepl10AOM. no11ypacnaAa AO -10811eT. HecMOTPB Ha .TO, 4TO T04HOCTb TaKl1X pac4eTOB 

Hese1111Ka, 11 OHl1 CKOpee HOCflT Ka4ecTBeHHblH xapaKTep, noc11eAHl1e OnblTbl no Cl1HTe3y 

Tfl>Ke11b1x ·113oTono~ 110-ro 311eMeHTa (212
110) noKa3ami, 4TO Ha61110AaeTcr1 nosbIweH11e 

CTa61111bHOCTl1 csepxrn>Ke11blX f!Aep no OTHOLiJeHl1IO I< a-pacmiAY [4], 4TO flB11fleTCfl 

AOno11H11Tel1bHblM nOATBep~eH11eM nOBblWeHl1H CTa61111bH0CTl1 csepXTfl>Kel1blX flAep 

861111311 0601104eK. BMeCTe C TeM aKT1113Hble nol1CKl1 13 np11pOAHblX o6beKTax (KOCMl14eCKl1X 

ny4ax, MaTep11a11ax, _11YHHblX 06pa34ax, KOH4eHTparnx Tfl>Ke11blX X11Ml14eCKl1X 311eMeHTOB 

3eMHblX 06pa34os) He Aa1111 n0110>Kl1Te11bHOro pe3ynbTaTa [5]. Cei14ac rOTOBl1TCfl 
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Puc.2. KpuaaR pacnpocmpaHeHHocmu :meMeHmoa. BepXHRR KpuaaR c oaouHblMU 

r- u s-nuKaMu coomaemcmayem HeumpoH0U36b1mot.1HblM u3omonaM, 

HLJ)KHRR (pfnpomoH006oaauieHHblM u3omonaM . 

S np04e·cc 

1r pacna.a 
I'\ 

-> n 3aXBaT 

::ii 1tpacna.a 

~1~~1-➔~1~~~ ➔ 

r npo4ecc 

Puc. 3. 4eno'IKU 6b1cmpoe0 u MeiJneHHOao 3axaama HeumpoHoa 

(r- U s-npou,eCCbl) iJnR Rapa 56Fe. nyHKmupHblMU flUHURMU 

npeocma611eHbl anbmepHamuaHble KaHanbl o6pa3oaaHUR 65Cu 
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HeCK0ilbK0 3Kcnep11MeHTOB Ha ycKop11Tem1x B ,Qy6He 11 ,QapMWTaATe (fepMaH11H), 

HanpasneHHblX Ha 11CKYCCTBeHHbl'1 Cl1HTe3 csepXTH>KeilblX 3IleMeHT0B B HAepHblX 

peaK1..111flX C TH>KeilblMl1 110HaMl1, HO, ecTeCTBeHHO, np11 MeHbWl1X BpeMeHaX >Kl13Hl1. TaKl1M 

o6paaoM, s 6n11>Ka'1wee apeMH, HaaepHoe, 6yAeT AaH oTBeT Ha aonpoc cyLL1eCTB0BaH11H 

csepXTH>KeilblX 3IleMeHTOB. 

rosopH O npo6IleMe 3Be3AHOro HyKileOCl1HTe3a, He!lb3fl TaK>Ke He ynoMHHYTb 0 

HeKOTOpblX npo1..1eccax, npo11CXOAHL.lll1X B Hl1X 11,B nepsylO 01.1epeAb,Ha COI1H4e, KOTOpble 

cyl.lleCTBeHHO MeHHIOT Ha'!ailbHYIO pacnpocTpaHeHHOCTb 3IleMeHTOB. rnaBHblM o6pa30M 

:no OTHOCl1TCfl K T.H. «CNO»-1..111KI1y, B KOTOpOM ymepOA, a30T 11 Kl1CI10POA 11rpat0T pOilb 

Karnn11aarnpa a 06paaoaaH111141t➔4He (p11c.4). 

RaepHaR K0CM0Xp0HonoeuR 

KoCMOXpOHOI10rl1fl onpeAeI1HeT apeMH np011CXOA11BW11X BO BceneHH0'1 co6b1T11'1 

nyTeM 11ay1.1eH11H 113MeHeHl1fl OTHOCl1TeI1bH0'1 pacnpocTpaHeHHOCTl1 1130TOnos C 

60ilbW11Ml1 nep110AaMl1 nonypacnaAa. C 3T0'1 4eI1blO 11CCileAyeTCfl COAep>KaH11e 

P0A11TeilbCKl1X 11 AO'lepH11X HAep C nepl10AOM nonypacnaAa, Ile>Kal.lll1M B 11HTepaane 106-

1010 neT. 

Ha116onee YA06HblM Ailfl 3TOro flBilfllOTCfl 1..1eno1.1Kl1 [ 4°K(1,3·109IleT) ➔ 40Ar; 

87Rb(4,81010 neT) ➔ 87Sr; 232Th (1,4 ·1010 neT) ➔ 208Pb; 238U (4,5 ·109 neT) ➔ 206Pb]. 

Bee 3Tl1 1130TOnbl 06paaosaI1l1Cb B peaynbTaTe r-npo1..1ecca. Crnpe'1w11e o6pa31..1bl 

3eMH0ro 11 IlYHHOro npo11CXO>l{AeH11'1, a TaK>Ke MeTeop11TOB 11MelOT B03pacT AO 

4,55 rnraneT (4,55 ·109
). lilccI1eAOBaHl1fl B Hl1X AO'lepHl1X aKTl1BHOCTe'1 n0Kaaan11, '!TO 

B03pacT ConHe'IH0'1 Cl1CTeMbl COCTaBilfleT 4,6 - 4,8 rnraneT 11 noCI1eAOBaTeI1bHOCTb ee 

ason101..11111 cneAY10LL1aH: 

1. 60ilbW0'1 B3pb1B, np11BeAWl1'1 K o6pa3oBaHl1IO He'1TpaI1bHblX aTOMOB ( ~106 IleT). 

2. YnnoTHeH11e ranaKTl1K 11 06pa3oaaH11e 3Be3A (apeMeHH0'111HTepaan 

= 8 ~1-2 rnraneT). 

3. HyKileOCl1HTe3 B 3Be3AaX, BeAYL.lll1'1 K o6pa3oBaHl1IO cyLL1eCTBYIOL.lll1X Xl1Ml1'1eCKl1X 

3IleMeHTOB (apeMeHH0'1 11HTepaan =M-
4. O6pa3osaH11e ConHe'IH0'1 Cl1CTeMbl 113 OCTaTKOB paHHl1X 3Be3A (apeMeHH0'1 

11HTepaan = T0=4,6 rnraneT). 
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TaKHM o6pa3oM,B03paCT BceneHHOH onpeAem1eTCR KaK T.=o+,1+Tc. 

.QnR HaXO>K,QeHHR 3THX speMeH 06blYHO cpaBHHB8IOT Ha6IllOAaeMoe COAep>KaHHe Toro Hill,1 

HHOfO H30Tona 1,1 HX COOTHOWeHHe C BblYHCJleHHRMH no KaKoi1-111,160 MOAeilH. 3TH 

pacYeTbl AJlR RAep C Maccoi1 IlerYe 200 06blYHO ycno>KHRIOTCR 1,13-38 Heo6XOAHMOCTH 

yYHTb1B8Tb BKI18A B HX o6pa30B8HHe r- H s-npo1.1eccos . .QrlR 6011ee TR>KeilblX RAep MO>KHO 

paccMaTpHB8Tb BKI18A TOilbKO r-npo1.1ecca. TaK, COOTHOWeHHe 235Uf38U MeHReTCR co 

speMeHeM 1,13-3a pa3Horo nepHOAa nonypacnaAa. B HaCTORI.Llee speMR Hx cooTHoweHHe 

(0,00720) CHilbHO OTilHYaeTCR OT HX COAep>KaHHR B MOMeHT o6pa30B8HHR Co11HeYHOi1 

CHCTeMbl (0,29). B npo1.1ecc o6pa30B8HHR 238U BHOCRT BKI18A nocne ~-pacnaAa 1,130TOnbl C 

Maccoi1 238, 06pa3y101.L.1HecR B pe3y11bTaTe r- npo1.1ecca 1,1 a-pacnaAa RAeP c Maccoi1 242, 

246 1,1 250. rlApa c M8CCOH BblWe 250 HMelOT KOpOTKHH nepHOA nonypacnaAa no 

OTHOWeHHIO K cnoHTaHHOMY AeileHHIO 1,1 no3TOMY He BHOCRT cy1.L.1ecTBeHHblH BKI18A B 

o6pa30B8HHe 238U. C yYeTOM 3Toro MO>KHO 01.1eHHTb COOTHOWeHHe 235U/238 U, 

o6pa3YIOLLIHXCR B r-npo1.1ecce. Ha PHC.5 noKa38Hbl pe3yilbTaTbl 01.1eHKH COOTHOWeHHR 

235U/238U B 38BHCHMOCTH OT speMeHH. TaKHe >Ke pacYeTbl npOBOART AilR 6011ee 11erKHX 

RAep. B 3TOM cnyYae npHXOAHTCR YYHTblBaTb BKilaA s-npo1.1ecca, a TaK>Ke CTPYKTYPY 

caMHX RAep, T.e. cxeMy RAepHblX ypasHeHHH, KOTOpble 3aceJlRIOTCR C pa3H0i1 

sepORTHOCTblO. 3TY HHcj)OpM81.1HIO O CTPYKTYPe RAepHblX ypoBHei1 nOilyY8IOT 1,13 

3KcnepHMeHTOB, npOBOAHMblX Ha YCKOpHTeilRX B 11a6opaTOpHblX YCilOBHRX. 

RiJepHO•c/>U3U'leCKUe 3KCnepuMeHm&I U acmpoc/>U3UKa 

KaK cneAyeT 1,13 Bb1WeCK838HHOf0, H8H6011ee ¢YHA8MeHTailbHble npo611eMbl 

acTp0cpH3HKH - npo1.1ecCbl BblAeileHHR 3Hepri,m npH o6pa30B8HJ,11,1 1,1 B3pb1Be 3Be3A, a 

TaK>Ke HyKileOCHHTEl3 - C8MblM HenocpeACTBeHHblM o6pa30M CBR38Hbl C cj)H3HKOH 

3IleMeHT8pHbl_X - yacrn1.1, a TaK>Ke C HCCileAOBaHHRMH MeTOAaMH RAepHoi1 cj)H3HKH 

3cpcpeKTHBHblX ceYeHHH peaKL1Hi1, Mace H speMeH )1(1,13HJ,1 RAep no OTHOWeHHIO K 

pa3IlHYHOMY BHAY pacnaAOB RAep. 

Ba>KHYIO pOilb B npo1.1eccax HYKileOCHHTe3a HrpalOT RAepHble peaKI.IHH, HAYLLIHe C 

38XB8TOM npOTOHOB, Hei1TpOH0B J,1Jll,1 a-YaCTHLI pa3IlHYHblMH RAP8MH, B TOM YHCile H 

HecTa6HilbHblMH. OnpeAeileHHe CKopocrn npoTeKaHHR 3THX peaKLIHH RBilReTCR CilO>KHOH 

3KcnepHMeHT8IlbHOi1 38A8Yei1. CeYeHHe T8KHX npo1.1eccos TaK>Ke CHilbHO 38BHCHT OT 
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(p,y) 

(p,y) 

10 MHH 

(p,y) 

(p,a) 

"xono,11Hblil" CNO 

"ropR•rnil" CNO 

Puc.4. «XonooH&1i1" u «aop11'lui1" CNO-~uK11&1. YKa3aH&J nepuoo&1 

nonypacnaoa (T112) onR u3omonoe 13N, 14
•
150 

l'1 
:::, 
,;;-
!:l 
:::, 

HyKlleOCHHTe3 ; l~o 9 8 7 6 

Beene ~;HKa 

acop,j,cn.~ u235/U238 

Sr 3 2 1 ~ OTHOCHTenbHblH 

pacna.Q 
► -------- -

CotlH84HaR HaCTOflLL1ee BpeMA 

CHCTeMa 

Puc.5. Cooep)KaHue 235U no omHoweHuJO K 238U a 3aaucuMocmu om apeMeHu c 

MoMeHma o6pa3oaaHUR BceneHHoi1 oo Haweao apeMeHu, Koaoa 3mo 

coomHoweHue cocmaan11em 0,0072 
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.!... 

TeMnepa-rypbl 06beKTa. 8 npo1..1ecce HeB3pblBHOH 3B0fll01..11111 3Be3,Qbl ee TeMnepa-rypa 

0TH0Cl1TeflbH0 Hl13KaH 11 3cpcpeKTl1BH0e ce'-leH11e peaK1..111i-i C0CTaBnHeT OT n11Ko6apH ,QO 
. ' 

HaHo6apH (10-36 - 10-33 CM2). np11 B3pb1Be 3Be3,Q TeMnepa-rypa 0'-leHb BblC0KaH (-1091<) 11 

acpcpeKT11BHoe ce'-!eH11e coCTaanReT M11nn116apHbl c10·21cM2). ,Qns:i M0.Qen11poaaH11s:i ycno. 

a11i1: 3,wc npm.ieccoa a na6opmop11s:ix Heo6xo,Q11Mo 11MeTb w11poK11i-i ,Q11ana3oH 

Pa.Q110aKTl1BHblX H,Qep, K0T0pble 11rpatoT 0CH0BHYIO ponb np11 B3pb1Be 3Be3,Q. TaKas:i 
.--

B03MQ)l(HQCTb B nocne,QHee apeMH nos:ia11nacb C C03,QaHl1eM YCK0p11TeflbHblX K0MnneKC0B 

nY'-!K0B pa,ii11oaKTl1BHblX H,Qep. C nOMOLl..lblO TaKl1X ny'-IK0B 11ccne,QytoT xapaKTep11CT11Kl1 

peaK1..111i-i, 11cnonb3YH np11 3T0M Ml1WeH11 113 B0,QOpO,Qa 11 ren11s:i. np11Be,QeM HeCK0flbK0 

np11Mep0B TaKl1X peaK1..111i-i. 8 nocne,QHee apeMH acTpOcpl1311KaMl1 aKTl1BH0 o6cy>K,QaeTCR 

Cy1.J..1eCTB0BaH11e He0,QH0p0,QH0CTei-i B pacnpe,QeneHl111 a,Qp0HH0H MaTep1111 nocne 

nepexo,Qa KBapK-a,Qp0HHOH cpa3bl. np11 3T0M ·co,Qep>1<aH11e 3fleMeHT0B C Ass? M0>KeT 6b1Tb 

ropa3,Q0 BblWe TOro, '-!TO npe,QCKa3blBaeTCH CTaH,QapTHOH M0,Qenbto. ,Qns:i HyKne0Cl1HTe3a B 

T8KOM He0,QH0p0,QH0M («big band») npo1..1ecce npl1Hl.111nl1anbHblMl1 HBflHIOTCH peaKl.11111 

rnna 6li(a,n}11B; 6He(a,n)9Be. np11 M0,Qen11poaaH1111 rops:i'-lero npoToH-npoT0HHoro KaHana, 

KOT0pblH M0>KeT 11MeTb MeCTO "np11 B3pb1Be caepXH0BblX 3Be3,Q, 11HTepec npe,QCTaBflRIOT 

113MepeH11s:i cKopoc,'11 ·11pornKaH11s:i TaK11x peaK1..11111, KaK· 7Be(p,y)6B; 7Be(p,y)9C; 88e(p,y)9C; 

11 C(p,y)12N . 

Knacc11'-!ecK11i-i CNO-1..111Kn a 3Eie3,Qax npornKaeT TOr,Qa, Kor,Qa peaK1..111si 13N(p,y)'4O 

6onee aepos:iTHa, '-!eM P-pacna,Q H.Qpa 13N. 3m npo1..1eccb1 11rpa10T· aa>1<Hy10 ponb s 

o6pa30BaHl111 cynepH0BblX 11 cynepMaCCl1BHblX 06beKTOB. ,Qns:i 11ccne,Q0BaHl1H CNO-1..111Kna 

M0>KH0 11cnonb30BaTb TaK11e peaKL.11111 C pa,Q11oaKTl1BHblMl1 H,QpaM11, KaK 19Ne(p,y)20Na; 

'4O(a,p)'1F; ,sO(a,y}'gNe. 

,Qpyroi-i Henps:iMoi-i cnoco6 onpe,QeneH11s:i CKopocT11 peaK1..111i-i, a TaK>Ke 

11ccne,Q0BaHl1H HyKne0Cl1HTe3a C0CT011T B nonY'-leHl111 MeT0,QaM11 H,QepHoi-i cp11311Kl1 

cneKTp0CK0nl1'-!eCKl1X ,QaHHblX 0 H,Qpax, y,QaneHHblX OT fll1Hl111 CTa611flbHOCTl1. 3m ,QaHHble 

Henocpe.QCTBeHH0 11cnonb3YtoTCH AJlH on11caH11s:i s- 11 r-npo1..1eccoa. Oco6eHHO aa>KH0 

3HaTb C BblC0K0H T0'-IH0CTblO xapaKTep11CT11Kl1 pacna,Qa H,Qep B T.H. noaop0THblX TO'-li<ax 

npo1..1ecca. Ha p11c.6 a Ka'-!ecTBe np11Mepa np11se,QeHa cxeMa 6blCTporo Hei-iTp0HHoro 

3axaaTa B o6nacrn H,Qep s, Cl, 11 Ar. CxeMa nocTpoeHa Ha 0CH0Be ,QaHHblX, nony'-leHHblX 

B C0BMeCTH0M 3KCnep11MeHTe ,Qy6Ha (POCC11H) - rAH~n (ct>paH1..111H) - Mai-iHI..I (repMaHl1fl) 

86 

Ha ny'-!Kax YCKOPl1Teflfl TH>KeflblX 110H0B. 8 3Tl1X 3KCnep11MeHTaX 6blfll1 C BblC0K0i-i 

TO'-IHOCTblO 113MepeHbl nepl10,Qbl nonypacna,Qa T,,2 11 aep0HTH0CTl1 Hei-iTpOHHoro pacna,Qa 

(Pn) Hei-iTpOH01136blTO'-IHblX 1130TOn0B H,Qep S, Cl, 11 Ar. 8 C00TBeTCTBl111 C 3T0i-i cxeMoii 

6blfl0 paCC'-111TaHo MaKC11MaflbH0e apeMH o6ny'-leHl1R Hei1rpoHaM11, Hei1TpOHHbli1 n0T0K 11 

COOTBeTCTBYIOIJ..laH eMy TeMnepa-rypa 3Be3,Qbl, 11cnycKato1.J..1ei-i Hei-iTpOHbl BO BpeMeHH0ii 

wKane. Cpe,Q11 nocne,QH11x ycnexoa H.QepHoii cp11311K11 - 06Hapy>KeH11e 11 11ccne,QoBaH11e 

HOBblX B11,QOB pa,Q11oaKTl1BH0ro pacna,Qa - P-3ana3,Qb1Bato1.J..1ero ,QeneH11s:i; npoT0HH0ro 

pacna,Qa, 1130Mep1111 cpopMbl. Y'-leT 3Tl1X B11,Q0B pacna,Qa CYIJ..leCTBeHH0 Bfll1HeT Ha 1..1en0'-IKl1 

o6pa3oBaHl1H HYKnl1,Q0B 11 HBflReTCH Ba>KH0ii npo6neMoi1, CBH3b1Batol.J..lei1 H,QepHyto ql11311KY 

11 acrpocpl1311KY. 3TO fl11Wb HeCK0flbK0 np11Mep0B CBH311 qll1311K11 aT0MH0ro H,Qpa C 

MaKpOCKon11'-leCK0i1 qll1311KOi1. HeCMOTPH Ha Mance '-111Cfl0 '-!acrn1..1, y'-laCTBYIOIJ..ll1X B 

cpopM11poaaH1111 aTOMHoro H,Qpa (He 6onee 300), 0H11 npe,QCTaBflHIOT co6oi,i YHl1KaflbHYIO 

Cl1CTeMy ,Qflfl MO,Qen11poBaHl1H npo6neM MaKp0Ml1pa. B na6opaTOpHblX YCfl0B11HX C 

nOMOIJ..lblO H,QpO-H,QepHblX CT0flKH0BeH11i1, pea11113yeMblX Ha C0BpeMeHHblX ycKop11remix 

TR>K9flblX 110H0B np11 3Heprns:ix HeCK0flbK0 C0TeH MaB Ha HYKn0H, M0>KH0 nony'-!aTb H,Qpa C 

He06bl'-!HblM11 CB0i1CTBaMl1, T.H. 3K30T11'-lecK11e H,Qpa (c BblC0K0H TeMnepa-rypoii, C BblC0K11M 

yrnoBblM M0MeHT0M, C0CTOHIJ..ll1e npaKT11'-leCK11 113 0,QH11X Hei-iTpOHOB, 

cynep,QecpopM11poBaHHble), K0T0pble 7 B np11H1..111ne, pean113ytoTCH B K0CMl1'-leCKl1X 

npo1..1eccax. Ha p11c.7 npe.QcTaaneHa 3aa11c11Mocrb TeMnepa-rypb1 H.Qpa OT ero 3Hepr1111 

B036y>K,QeH11H, nponop1..1110HaI1bH0i1 3Hepr1111 60M6ap,Q11pyto1.J..1ei1 '-1aCT11L1bl. 3m ,QaHHble 

nony'-!eHbl a Tpex 3Kcnep11MeHTax - np11 Hl13Kl1X 3Heprns:ix B ,Qy6He, np11 3Hepr1111 

so36y>K,QeH11s:i 2 - 8 MaB L!EPH (Waei-i1..1ap11s:i) 11 8 - 15 MaB a ,QapMWTa.QTe (repMaH11R). 

B11,QHO, '-!TO C P0CTOM 3Hepr1111 B036y>K,QeHl1H B ,Ql1ana30He 2 - 8 MaB TeMnepa-rypa R,Qpa 

He yae1111'-!11saeTcs:i; ror,Qa KaK np11 H113K11x 3Hepr11s:ix npo11cxo,Q11T pe3Koe ysen11'-!eH11e 

TeMnepa-rypbl TaK >Ke, KaK 11 np11 0'-!eHb BblC0Kl1X 3Heprns:ix. 3TOT ceHca1..1110HHbli1 pe3ynbTaT 

,QeMOHCTp11pyeT, B0-nepBblX, B03M0>KH0CTb ,Q0CTl1>KeHl1H B H,QepHblX peaK1..111RX 

TeMnepa-ryp, K0T0pble cyl.J..leCTBYIOT T0flbK0 B M0MeHT o6pa30BaHl1H 3Be3,Q, B0-BTOpblX, 

no,QTBep>K,QatoT Cy1.J..1eCTB0BaH11e cpa30BblX nepeX0,Q0B B ropH'-111X 06beKTax, '-!TO 

npe,Qnonaranocb np11 paccM0TpeH1111 pacw11ps:ito1.J..1ei1cs:i BceneHHoii 11 B3pb1Be 3B93.Q. 3TO 

Il11Wb HeCK0flbK0 np11Mepoa, noKa3blBalOIJ..ll1X B03M0>KH0CTl1 MeT0,Q0B H,QepHoii ql11311K11 B 

11ccne,Q0BaH1111 K0CMl1'-!eCKl1X 06beKTOB 11 CB0iiCTB BceneHHOii. 
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Puc.6. Ueno'IKU 6blcmpoeo 3axeama HeiimpoHOB (r-npo"ecc) B KBHanax 1sS 

u ,,Ard/JR meMnepamypbl T=FJ1cf Ku HeiimpoHHOii nnomHocmu 

s·· 1o-6 MonblcAI, nonY"leHHble a 3KCnepuMeHme £1y6Ha - rAHllffl (11>paH"UR)

-MaiiH" (repMBHUR). Jlf3omonbl "s U 46CI C o6ono'le'IHb/M 'IUCl10M HeiimpoHOB 

N=28 RB17R/OmCR nooopomHb/MU ffl0'IKBMU B 3ffl0M npo"ecce. tio 

iJBHH0e0 3KCnepuMeHma C'lumanOCb, 1./ffl0 nooopomHblMU m0'IKBMU 

RBl1RJOmCR • 47 Cl 
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15 20 
3HeprnR B036y,KAeHIIIR Ha HYKilOH (M3B) 

Puc. 7. 3KCnepuMeHman&HaR 3aeucuMocm& meMnepamypbl Rdpa om eeo 

3Hepeuu B036r,,<deHUR. tiaHHble n0nY"/eHbl B O/lfRllf (£1y6Ha), 

re/If (repMaHuR) u UEPH (Weeii"apuR). nepeeu6bl e Kpueblx, 

npooedeHHblX 'lepe3 3KCnepuMeHman&Hble m0'IKU, 

coomeemcmey,om ct,a30B0MY nepexody <r)KIJdKOCm&-ea3» 
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B CBH31,1 C orpaHlll'leHHblM o6beMOM ny6n111Ka1..1111111 aarop He CMOr OCTaHOBIIITbCH Ha 

6onbWOM y1,1cne TaKIIIX nplllMepoB, KaK, Hanp111Mep, npo6neMa 1113MepeHIIIH noTOKa 

conHeYHblX HeHTPIIIHO, 1,13y-ieH111e ero MaCCbl B ,QBOHHOM P-pacna,Qe, 111ccne,QOBaH111e 

CBOHCTB Hei:iTpOHHblX H,Qep (H,Qep, COCTOH~IIIX 1,13 HeCKOnbKIIIX npOTOHOB 1,1 6onbworo 

y1,1cna HeHTpOHOB). B 1..1enoe HanpaaneHllle H,QepHOH ql1,131,1Kl,1 Bblnlllnacb qllll3111Ka 

KOCMIIIYeCKIIIX ny-iei:i, r,Qe a nocne,QHee apeMH o6Hapy>KeH PH.Cl IIIHTepecHeHWIIIX HBfleHIIIH. 

<l>opM111poaaH111e HaWIIIX npe,QCTaBneHIIIH 06 o6pa30BaHl,11,1 BceneHHOH, 

HyKneOCIIIHTe3e, CBOHCTBax HOBblX 3Be3,QHblX o6pa30BaHIIIH npo,Qon>KaeTCH, Ill OHl,1 

Hepa3pb1BHO CBH3aHbl C HaKonneHllleM HOBblX ,QaHHblX B H,QepHOH ql1113111Ke 1,1 qllll3111Ke 

:meMeHTapHblX -iacrn1..1. noaTOMy onlllCblBaeMble B nepBblX Tpex rnaaax MexaHlll3Mbl 

o6pa30BaHIIIH BceneHHOH Ill HyKneOCIIIHTeJa HBnHIOTCH 0,QHOH 1,13 rnnoTe3, OCHOBaHHblX Ha 

coapeMeHHblX npe,QcraaneHIIIHX H,QepHOH acrpocp1,131,1K111, OCHOBHOH 3a,QaYei:i KOTOpOH 

RBnHeTCH nocrpoeHllle e,QIIIHOH KOCMOnorn-iecKOH MO,Qen111. 

numepamypa. 
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nPl-1KnA.QHA.fl .fl.QEPHA.fl <l>l-13l-1KA 

AHHomauuR 

B cmambe paccKa3btaaemcR 06 ucnonb30BaHuu Memoaoa RaepHoii cj)u3uKu a 
p83flU'IHblX o6nacmRX HayKu, mexHUKU, np0MbtWneHH0Cmu. noKa3aHbl 603M0)l(H0Cmu 
:Jmux Memoaoa anR motJHoao onpeaeneHUR coaep)l(aHuR :JneMeHmoa e pa3nutJHbtx 
06pa3qax, npou3eoacmea paauou3omonoe anR MeauquHbt, nonYtJeHue u ucnonb3oeaHue 
RaepHb/X MeM6paH. .[leMOHCmpupyeMble ucnonb3068HUR RaepHb/X U3nytJeHuii 
aoKa3bl88/0m ux wup0KUe 803M0)l(H0Cmu 8 peweHUU C8Mb/X pa3Hb/X npo6neM, 8 moM 
l/Ucne U 3K0fl0ZU'leCKUX. 

BeeaeHue 

npeACTaBI1eH11e 0 RAepHOH (pl1311Ke y MH0rl1X IllOAeH CKilaAblBafl0Cb noA BI111HHl1eM 

Ha116011ee HpKoro 11 Tpar11YeCK0ro 11cn0I1b30BaHl1H 3TOH HayK11 AflH C03AaHl1H aT0MH0H 

60M6bl. Me>K,[ly TeM C M0MeHTa 0TKpblTl1H paA110aKTl1BH0CTl1 cynpyraM11 Kiop11 B 1895 

rDAY, RAepHaH (p11311Ka 11 60ilbWl1HCTBO ee cfJYHAaMeHTaflbHblX pe3yflbTaTOB BHec1111 

pewal0~11H BKilaA B pa3B11Tl1e MH0r11X 0611acTeH HayK11, TeXHl1Kl1 11 MeAl11..111Hbl. 8 CBH311 C 

3Tl1M CT0l1T ecn0MHl1Tb 11cn0ilb30BaH11e peHTreH0BCKl1X nyYeH B MeAl11..111He, 3cpcpeKTa 

Mecc6ay3pa AflR aHa11113a CTpyKTypHblX oco6eHHOCTeH TBepAblX Ten, paA1101130T0nHblH 

MeT0A onpeAeI1eH11H B03pacTa pa3Ill14HblX ,06beKTOB, aKT11ea4110HHblH MeTOA 

onpeAefleHl1H 3IleMeHTH0ro cocraea ee~ecTBa C BblC0KOH YYBCTBl1TeflbH0CTblO (AO 

10·10 
r/r ), He r0B0pH Y)Ke 06 11CnOilb30BaHl111 HAepH0H 3Hepr1111 AflH no11yYeHl1H 

3IleKTp03Hepr1111. Bo MH0r11X CTpaHax 3T0T 11CT0YHl1K 3IleKTp03Hepr1111 AaeT 6011ee 50% OT 

BCeH 3IleKTp03Hepr1111, np0l13B0A11M0H B CTpaHe. 8 H8CTOR~ee epeMH (p11311K11-HAep~l1Kl1 

ecex crpaH pa6oTalOT H8A C03A8Hl1eM H0Boro 3cpcpeKTl1BHOro MeT0Aa no11yYeH11H 

3IleKTp03Hepr1111 C n0M0~blO ynpaensieMoro TepM0HAepHoro Cl1HTe3a. 3TOT cn11coK 

M0>KH0 6blfl0 6bl e~e 11 e~e np0A0il>K8Tb. no3TOMY HaM BCeM He06XOA11MO coeepweHH0 

YeTK0 npeACTaBilSITb ce6e, YT0 RAepHaH (p11311Ka HaCT0ilbK0 TeCH0 B0Wila B Hawy >K113Hb, 

YT0 6e3 Hee Y)Ke HeMblCI111M0 411Bl1Il1130B8HH0e cy~eCTB0B8Hl1e Hawero o6~ecTBa. 

8 3T0H K0P0TK0H CT8Tbe aBT0p X0Tefl 6bJ 0CTaH0Bl1TbCH T0ilbK0 Ha HeCK0ilbK11X 

Ba>KHblX AflH o6~eCTBa npo611eMax, pewaeMblX C noM0~blO MeTOA0B RAepHOH (p11311Kl1 -

3T0 aKT11ea4110HHblH aHafll13 ee~ecTBa, no11Y4eH11e HeK0T0pblX P8Al101130T0noe AflH 
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MeAl11..111Hbl 11 np0113B0ACTB0 cne411a11bHblX Ml1Kpocp11I1bTpOB. 3m Ba>KHble Hanpae11eHl1H 

11cn0I1b30B8Hl1H peaynbTaT0B cpyHAaMeHT8IlbHblX 11CCileA0BaHl1H HAepHOH (p11311Kl1 11 

cp11311Kl1 TR>KeflblX 110H0B B YaCTH0CTl1, ycnewH0 paae11ea10TCH B Jla6oparnp1111 HAepHblX 

peaK411H 11M. r.H.Cl>nepoea O6beA11HeHHOr0 11HCTl1ryTa HAepHblX 11CCileAOBaHl1H B ,Qy6He 11 

B APYrl1X BeAY~l1X HayYHblX 4eHTpax M11pa. 

AKmueaqUOHHblU aHanU3 

AKT11ea4110HHblH aHafll13 0CH0BblBaeTCH Ha HAepHblX B3al1MOAeHCTBl1HX 11 

CB0HCTBaX B036y>K,[leHHblX (P8A110aKTl1BHblX) aT0MHblX HAep. 3TO 411CT0 HAepH0-

(p11311YeCKl1H MeT0A HBilHeTCH HeYyBCTBl1TeflbHblM K Xl1Ml1YeCK0MY C0CTaey aToMa 

onpeAeflHeMoro 3IleMeHTa B 11CCileAyeM0M ee~ecTBe, T.e. aKT11ea4110HHblH 8H8Ill13 AaeT 

Ill1Wb K0I1114eCTBeHHYIO l1HcpopMa41110 C0Aep>KaHl1H 3IleMeHTa B 06pa34e 11 6e3 

np11e11eYeHl1H A0n0I1Hl1TeflbHblX X11Ml14eCKl1X MeT0A0B He n03B0IlHeT pa3AeilbH0 

onpeAeflHTb 3IleMeHT B pa3HblX Xl1Ml14eCKl1X C0CT0HHl1HX. OAH8KO coepeMeHHble MeT0Abl 

HAepHOH cpl1311Kl1, pacnonaraio~eH 60ilbWl1M Ha6op0M 11CT04Hl1K0B aKTl1B11PYIO~ero 

113IlyYeHl1H, no3B0IlHT ocy~eCTBl1Tb aKT11ea4110HH0e onpeAeI1eH11e npaKTl.1YeCKl1 ecex 

3IleMeHTOB nep110Al1YeCKOH Cl1CTeMbl. AKT11ea411H 06paa4oe M0>KeT ocy~eCTBilHTbCH 

pa3Ill14Hb1Ml1 11CT04Hl.1KaMl1 113IlyYeHl1H - y-KBaHTaMl1, HeHTP0HaMl.1, 11erKl1Ml1 aapH>KeHHblMl1 

YaCT114aM11 11 TR>KeI1blMl1 110HaMl1. lllcnycKaeMoe >Ke nocne aKT11ea41111 B 0CH0BH0M 

y-11a11yYeH11e HBilHeTCH xapaKTep11crnYeCKl1M, YT0 AaeT B03M0>KH0CTb no napaMeTpaM 

113IlyYeHl1H (3HeprnH, nep110A nonypacnaAa 11 11HTeHCl1BHOCTb) np0B0A11Tb 

11AeHrncp11Ka41110 3IleMeHT0B 11 onpeAeI1eH11e 11X K0I111YecTBeHH0ro C0Aep>K8Hl1H. 

Heo6XOA11MO 3aMeTl1Tb, YT0 aKTl1Ba4110HHblH aHa11113 0TH0Cl1TCH K 411CI1Y Ha116011ee 

YYBCTBl1TeflbHblX aHafll1Tl1YeCKl1X MeT0A0B. npeAefl o6HapY)KeHl1SI AflH 60ilbWl1HCTBa 

3IleMeHT0B HaX0Al1TCH B l1HTepea11e 10·1 
- 10·11 %. OAHaK0 3Tl1 BblC0Kl1e aHafll1T11YecK11e 

napaMeTpbl aKT11Ba4110HH0ro aHa1111aa M0ryT 6b1Tb A0CTl1rHYTbl C n0M0~blO 0TH0Cl1TeI1bH0 

A0pororo 11 Cil0>KH0ro B 3KCn11yarn41111 o6opyAOBaHl.1H - HAepHblX peaKTopoe, 

ycKop11re11eH aapH>KeHHblX yacrn4, AeTeKT0p0B 110Hl1311PYIO~l1X 113IlyYeHl.1H BblC0K0ro 

paapeweHl1H, Bbl411CI111TeflbHblX Maw11H, no3B0IlHIO~l1X 3KCnpeCCH0 11AeHrncp11411poeaTb 

xapaKTep11crnYeCK0e 11a11yYeH11e. Me>K,[ly TeM aKT11Ba4110HHble MeTOAbl aHa1111aa 
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3KcnpeCCHOCTb 8KTIIIB81..11110HHOro 8H8f111138 Ill ero BblCOK8fl YYBCTBIIITeflbHOCTb 

n03B0flfllOT IIICnOflb30B8Tb ero B C8MblX pa3HblX 0611acrnx H8YKIII Ill TeXHIIIKIII. npe>K,Ae Bcero 

Cfle.QyeT OTMeTI/ITb 60flbWOH BKI18.Q B reOXIIIMIIIIO Ill KOCMOXIIIMIIIIO. 111HcpOpM81..1111fl 0 

CO.Qep>K8HIIIIII M8flblX KOHL1eHTpa1..1111Cl 3fleMeHTOB B 3eMHblX He.Qpax .QaeT B03MO>KHOCTb 

.Qef18Tb BblBO.Qbl O reOXIIIMI/IYeCKIIIX npo1..1eccax Ill OK83b1B8Tb noMOIJ..lb B nOIIICKax 

MeCTOpO>K,AeHIIIH pe.QKIIIX Ill pacceHHHblX 3fleMeHTOB. 8 nocne.QHee speMfl 8KTIIIB81..11110HHblH 

8H8f11113 flBflfleTCfl O.QHIIIM 1113 OCHOBHblX MeTO.QOB np111 1113yYeHI/IIII XIIIMI/IYeCKoro COCTasa 

Be1.J..1eCTB8, .QOCTaBfleHHOro C nosepXHOCTIII IlyHbl. Ha p111c. 1 nOK838H xapaKTepHblH cneKTp 

raMM8-1113f1YYeHIIIH npo6bl MOpCKOH B0.Qbl, 1113 KOTOporo cne.QyeT BblCOKOe CO.Qep>K8Hllle B 

Heel WlllpOKOro cneKTpa C8Mb1X pa3HblX 3fleMeHTOB, B TOM YIIICfle Ill pe.QK03eMeflbHblX, YTO 

n03B0flfleT H8.QeflTbCfl Ha B03MO>KHOCTb npOMblWfleHHOro 111cnOI1b30B8Hlllfl MOpCKOH BO.Qbl 

.Qflfl .Q06blYIII MHOrlllX pe.QKIIIX 3fleMeHTOB. 

Be11111Ka pOilb 8KTIIIB81..11110HHOro 8H8f111138 .Qflfl 6111011or111111, Me.QIIIL!IIIHbl Ill CMe>KHblX C 

HIIIMIII HayK. OHIII 38111HTepecosaHbl B onpe.QefleHIIIIII CO.Qep>K8Hlllfl M8flblX KOMnOHeHTOB, 

pOilb KOTOpblX B 6111011or111YeCKIIIX npo1..1eccax se11111Ka. W111pOKO 111cnOI1b3yeTCfl 

8KTIIIB81..11110HHblH 8H8f11113 B Kp111MIIIH8f1111CTI/IKe. 60flbWl/le nepcneKTIIIBbl 8KTIIIB81..11110HHOro 

8H8f111138 B npOMblWfleHHOCTIII, r.Qe 0611aCTb ero IIICnOflb30B8Hlllfl npocrnpaeTCfl OT nOIIICKa 

none3HblX IIICKOnaeMblX .QO onepaTIIIBHOro KOHTpOilfl 38 KaYeCTBOM rOTOBoro npo.QyKTa 

(Hanp111Mep, co.Qep>1<aH111H K111c11opo.Qa B npo.QyKTax Mern1111ypr111YecKoro npo1113so,cicTsa). 

Heo6XO.QIIIMO 38MeTI/ITb, YTO 3.QeCb IIICnOflb3YIOTCfl B K8YeCTBe IIICTOYHIIIKOB 8KTIIIBIIIPY10L11er.o 

1113flyYeHl/lfl OTHOCI/ITeflbHO He.Qopor111e Ill _p8.Qlll81..11110HHO 6e3onaCHble pa.Q11108KTlll8Hble 

IIICTOYHIIIKIII, reHepaTOpbl HeHTpOHOB Illy- KB8HTOB (MIIIKPOTpOHbl) • 

nony'leHue u ucnon&3oaaHue paiJuoa«muaH&tx u3omonoa 

a MeiJuquHe 

C MOMeHT8 nOflBfleHlllfl nepBblX ycKop111Te11eel 38pH>KeHHblX Y8CTIII~ (6011ee 60 neT 

H838.Q) - OHi/i 3cpcpeKTIIIBHO 111cnOflb30B8f1111Cb np111 nonyYeHIIIIII pa.QIII011130TOnOB .Qflfl 

pa.QIIIOcpapM8KOI10r111111. B H8CTOH1.J..1ee speMfl OKOflO 200 cne1..1111aI1bHblX Manora6aplllTHblX 

I..IIIIKflOTpOHOB Ill 25 APYrlllX ycKop111Te11eel 3apH>KeHHblX Y8CTIIILI pa60TalOT .Qflfl 

npOlll3B0.QCTB8 pa.Q111011130T0nOB B Me.QIIIL!IIIHCKIIIX 1..1e11Hx. KaK npas111110, B 3TIIIX ycKop111Tef1f1X 

nonyYalOT nyYOK npOTOHOB 11111111 .QeHT0HOB C 3Hepr111eel .QO 40 M38 Ill C IIIHTeHCIIIBHOCTblO 
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pa311U'-IHblX 3neMeHmoe, npucymcmey10u.iux e eoae 

• 
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ny1..1Ka AO 500 MHKpOaMnep. Ha TaKHX ycKOpHTeill'lX no11y1..1atoT paAHOH30TOnbl B 

KOilH'-leCTBax, AOCTaTO'-IHblX AJ15l npoBeAeHH5l AHarnocrn1..1eCKHX HCCileAOBaHHH 

HeCKOilbKHX TblCH'-1 na4HeHTOB B roA. ECTb HeCKOilbKO npo611eM, KOTOpble Heo6XOAHMO 

peWHTb npH npoH3BOACTBe H HCnOilb30BaHHH paAHOH30TOnOB. nepBa5l H3 HHX - BblCOKa5l 

'-IHCTOTa no11y1..1aeMblX Ha ycKopHTenHx npenapaToB. Bo speMH 0611y1..1eHHH Bell\eCTBa l 
,l 

MHWeHH B HAepHblX peaK4HHX o6pa3yeTC5l 60ilbWOe KOilH'-leCTBO pa3HbIX H30TOnOB, -

MHOrne HX KOTOpblX 5lBI15llOTC5l He>KeilaTeilbHblMH AJ15l BHeApeHH5l B opraHH3M (HanpHMep, 

60ilbWOe BpeMH >KH3HH). ,[l.nH nony'-leHH5l '-IHCTblX npenapaTOB ('-IHCTOTa AO 10-6 - 10·1) 

nOA6HpatoT HAepHble peaK4HH, B KOTOpblX He06XOAHMblH H30TOn 06pa3yeTC5l C 6011bWHM 

BblXOAOM. O'-IHCTKY OT APYrHX 3IleMeHTOB oCyll\eCTBI15llOT C noMOLl\blO paAHOXHMH'-leCKHX 

MeTOAOB, a H30TOnOB - C HCnOilb30BaHHeM MarHHTHblX Macc-cenaparnpos. BrnpaH 

npo611eMa COCTOHT B TOM, '-ITO Heo6XOAHMO no11y1..1aTb H30TOnbl, >KHBYLl\He OTHOCHTeilbHO 

Manoe BpeMH - OT AeCHTKOB '-laCOB AO HeCKOilbKHX AHeH. 3TO Heo6XOAHMO AI15l TOro, 

'-IT06bl nocne BBeAeHH5l HX B opraHH3M 1..1e110BeKa H nocne npoBeAeHH5l HCCileAOBaHHH 3TH 

paAHOHYKilHAbl AOil>KHbl pacnaCTbC5l H npeKparnTb CBOe paAHOaKTHBHOe B03AeHCTBHe Ha 

opraHH3M. 3TO Tpe6oBaHHe '-lpe3Bbl'-laHHO YCI10>KH5leT MeTOAHKY HCnOilb30BaHH5l H30TOna -

HY>KHbl 6blCTpble MeTOAbl cenapa4HH H AOCTaBKH HX OT MeCTa npOH3BOACTBa AO 

60ilbHH4bl, KOT0pbIe '-laCTO HaXOA5lTC5l Ha 60ilbWOM pacCTOHHHH APYr OT APYra. 

PaAHOH30TOnbl B OCHOBHOM HCnOilb3YIOTC5l AI15l ABYX 4e11eei: HCCileAOBaHHe MeTa6011H3Ma 

TeX HilH HHblX 3IleMeHTOB B opraHH3Me 1..1e110BeKa H AHarHOCTHKH COCT05lHH5l pa311H'-IHblX 

opraHOB. 8 nepBOM c11y1..1ae na4HeHTY BBOAHTC5l onpeAeileHHblH paAHOH30TOn B 

3aBHCHMOCTH OT Toro, KaKOH opraH npeAnonaraeTC5l HCCileAOBaTb. 3TOT MeTOA OCHOBaH 

Ha TOM, '-ITO Ka)l(AblH opraH HaH6011ee cerieKTHBeH K OAHOMY 311eMeHry. B Ta611H4e 

noKa3aHbl OCHOBHbi°e paAHOH30TOnbl, no11y1..1aeMble Ha ycKOpHTe115lX AI15l AHarHOCTHKH Toro 

HilH HHOro opraHa. 

~,faornn BpeMH >KH3HH, 3HeprnH raMMa- A,qcop6Hpytoll\HH opraH 

'-laCbl H3Ily'-leHH5l, K38 
20,TI 73,0 80 CepA4e 

111 In 67,2 240 PacnpocTpaHeHHe HHqieK4HCi 

s1Ga 78,3 100-300 )KenyAOK 

1231 13,2 160 I.LIHTOBHAHa5l >Ke11e3a 
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8 nocneAHee speMH CTailH HCnOilb30BaTbC5l H30TOnbl 6011ee rn>KeilblX 3IleMeHTOB, 

HanpHMep 237Pu. 3TOT paAHOHYKilHA C nepHOAOM nonypacnaAa T112 = 45,3 AHH 

npHMeHHeTC5l MeAHKaMH AI15l HCCileAOBaHH5l MeTa6011H3Ma TpaHcypaHOBblX 3IleMeHTOB B 

opraHH3Me, '-ITO '-lpe3Bbl'-laHHO Ba>KHO npH npOqJHilaKTHKe 3a6011esaeMocrn >KepTB 

KpynHblX 3KOI10rH'-leCKHX KaTaCTpoqi (HanpHMep, 4epH06blilbCKa5l A3C, paCiOHbl 

HCnbITaHH5l HAepHoro OPY>KHH). ,QpyraH 4e11b HCnOilb30BaHH5l paAHOHYKilHAOB AJ15l 

AHarHOCTHKH - 3TO n03HTPOHHa5l TOMOrpaqiHH. npH o6cneAOBaHHH 60111:.Horo MeTOAOM 

no3HTpOHH0-3MHCCHOHHOH TOMOrpaqiHH (n3T) B onpeAeileHHblH opraH 1..1e110BeKa 

BBOAHTC5l OAHH H3 KOpOTKO>KHBYLl\HX H30Tonos: ymepOA-11 (nepHOA nonypacnaAa -

20 MHHYT), a30T-13 (10 MHHYT) HilH KHCilOPOA-15 (2 MHHYTbl). 3m H30TOnbl, pacnaAaHCb, 

HcnycKatoT OAHOBpeMeHHO ABa raMMa-KBaHTa C 3Heprneei 511 K3B. 3m raMMa-KBaHTbl 

H3Mep5ltoTC5l cne4HaI1bHblMH AeTeKTopaMH, pacnono>KeHHblMH BOKpyr Tena 1..1e110BeKa. 

nocne cno>KHeCiweCi o6pa6oTKH no11y1..1eHHblX CHrHanos OT raMMa-11y1..1eCi, nepeAaBaeMblX 

Ha KOMnbtoTep OT 60ilbWOro KOilH'-leCTBa AeTeKTOPOB, CHrHailbl npeo6pa3ytoTC5l B 

H306pa>KeHHe opraHa. B OTilH'-IHe OT peHTreHOBCKOro CHHMKa, H306pa>KeHHe 3TO 

o6beMHOe C BblCOKHM npocTpaHCTBeHHblM pa3peweHHeM H a6COiltoTHO 6e3onaCHO AI15l 

opraHH3Ma. 3AeCb He06XOAHMO 3aMernTb, '-ITO HCnOilb30BaHHe paAHOHYKilHAOB B 

MeAH4HHe 5lBI15leTC5l a6COiltoTHO 6e3onaCHblM BBHAY O'-leHb MailblX A03 H KOpOTKOro 

BpeMeHH >KH3HH HCnOilb3yeMblX paAHOHYKilHAOB. 

RiJepHbte MeM6paHbl 

OAHHM H3 HaH6011ee 5lpKHX npHMepoB HCnOilb30BaHH5l flAepHOH qJH3HKH B CMe>KHblX 

0611acTflX 5lBI15leTC5l npoH3B0ACTBO HAepHblX MeM6paH. MeM6paHHa5l qJHilbTpa4Hfl no 

COBOKYnHOCTH CBOHX TeXHHK0-3KOHOMH'-leCKHX noKa3aTeneCi 5lBilfleTC5l TeXHOilorneCi 

XXI BeKa. B HaCTOflll\ee speMH Ba>KHeCiwHe npo4eCCbl B TO'-IHOH TeXHOilOrHH 

(311eKTpOHHKa, 6HOTeXHOI10rH5l, MHKp06HOI10rH5l, ¢apMa4eBrnKa H AP-), MeAH4HHe, 

ceJlbCKOM X035lHCTBe, 3KOI10rHH HeB03MO>KHO npeACTaBHTb 6e3 npHMeHeHH5l WHpOKOH 

raMMbl MeM6paH. TaK Ha3blBaeMble HAepHble HilH TpeKOBble MeM6paHbl 5lBI15llOTCfl 

OC06blM rnnoM HCKYCCTBeHHblX nonHMepHblX MeM6paH. OT KilaCCH'-leCKHX MeM6paH, 

no11y1..1aeMblX B OCHOBHOM MeTOAaMH XHMH'-leCKOH TeXHOilOrHH, HAePHble MeM6paHbl 

OTilH'-latoT BblCOKaH OAHOPOAHOCTb reoMeTpH'-leCKHX pa3MepoB H npaBHilbHafl qiopMa nop, 

97 



BblCOKaR cenerrn,1BHOCTb no OTHOWeH"1IO K Bbl,D,enReMOMY KOMnOHeHry, 61,1onorw-leCK8R 

"1HepTHOCTb. 

4TO >Ke TaKOe R,o,epHaR MeM6paHa, KaK OHa np0"13BO,D,"1TCR 1,1 r,o,e 1,1cnonb3yeTcR? 
l 

B 1974 ro,o,y a na6opaTop1,11,1 R,o,epHbrx peaK1..1r.1H r.1M.r.H.<l>nepoea m1s:iv1 a r. ,Qy6He ' 

enepBble 6bln0 npe,o,no>KeHO 1,1cnonb3088Tb ,D,nR "13roTOeneH"1R R,D,epHblX <p"1flbTpoe 

ycKop1,1ren1,1 TR>KeflblX "10HOB [3,4]. TR>Keflble "10Hbl BblCOKOH 3Heprn1,1 C03,D,8IOT B BelJ..leCTBe 

B,D,Oflb CB0"1X TpaeKTOP"1H o6nacrn C BblCOKOH nnOTHOCTblO "10H"1381..1"1"1, B KOTOpblX 

npor.1cxo,o,r.1T ,o,ecTPYK1..1"1R nonr.1Mepa. Cne1..1r.1anbHaR X"1M"1'•leCK8R o6pa6oTKa 

,o,ecTpyKTr.1poeaHHOro r.10Hr.13a1..1r.1eH MaTepr.1ana npeepalJ..laeT 1,1cxo,o,Hy10 nneHey e 

M"1KpO<p"1flbTpa1..1r.10HHYIO co CKB03HblMl,1 nopaMr.1 1..1"1fl"1H,D,p"14eCKOH cpopMbl (CM. p1,1c.2). 

Pa3Mepbl nop 1,1 "1X nnOTHOCTb B R,o,epHblX MeM6paHaX MO>KHO perynr.1pOB8Tb nyTeM 

Bb16opa pe>1<r.1Ma X"1M"14eCKOH o6pa60TK"1 1,1 M8CCbl 60M6ap,o,1,1py10IJ..l"1X R,D,ep. ,[\nR 

yny4weH"1R Ka4eCTB8 R,D,epHblX <p"1flbTpoe nepe,Q X"1M"14eCKOH o6pa60TKOH nneHKa 

no,o,eepraeTCR 06nyYeHr.110 ynb Tpacp1,1one10eb1M ceeToM ceHca61,1n1,13a1..1r.1r.1. 

CeHca61,1n1,13a1..1r.1R, CBR38HH8R C npo1..1ecCOM <pOTOOK"1CneH"1R npo,o,yKTOB pa,o,1,1on1,13a B 

TpeKax no,o, ,o,eHcTer.1eM ynbTpacpr.1oneToeoro ceera, no3_eonReT e 3 - 5 pa3 noeb1Cr.1Tb 

1,1361,1parenbHOCTb TpaeneH"1R "1X "1 CH"13"1Tb KOHYCHOCTb KaHanoe nop, T.e. nony48Tb nopbl 

1,1,0,eanbHOH 1..1"1fl"1H,D,P"14eCKOH cpopMbl. O,D,HO 1,13 nper.1MylJ..leCTB R,D,epHblX Q)"1flbTpoe 

COCT0"1T B TOM, 4TO R,D,pa ycKOpReMblX "10HOB CTa6"1nbHbl, a 3HeprnR l,1X He,D,OCTaT04Ha ,D,nR 

ecrynneH"1R B R,D,epHble peaKl..1"1"1 C R,D,p8M"1 3fleMeHTOB M"1WeH"1. no3TOMY nonHOCTblO 

oTcyrcrnyeT a1<Tr.1ea1..1r.1R nonr.1MepHoro MaTep1,1ana e npo1..1ecce o6nyYeH"1R. K HaCTORIJ..leMy 

epeMeHr.1 pa3pa6oraHa TexHonornR 1,13ro10eneHr.1R R,o,epHbJX cpr.1nbTpoe c ,o,r.1aMeTpoM nop 

OT HeCKOflbK"1X ,o,ecRTKOB aHrCTpeM ,D,O ,o,eCRTKOB Mr.1KpOH. v1CXO,D,HbJM MaTepr.1anoM ,D,nR 

npo1,13eo,o,crna R,o,epHbJX cpr.1nbTpoe cny>1<r.1T, KaK npaer.1no, naecaHoeaR nneHKa. OHa 

om1,14aeTCR BblCOKOH MexaH"14eCKOH np04HOCTblO, ycTOH4"1BOCTblO K B03,D,eHCTB"1IO 

MHOrnX paCTBOpr.1TeneH 1,1 peaKTr.1808, 6onbWOH pa,o,r.1a1..1r.10HHOH CTOHKOCTblO. v10H"1381..1"1R, 

np0"13BO,D,"1M8R TR>KenbJMl,1 "10H8Ml,1 B,D,Oflb "1X Tpae1<Top1,11,1 B BelJ..leCTBe,HaCTOflbKO C"1flbH8, 

4TO ,o,a>Ke B BbJCOKOTepMOCTOHK"1X "1 pa,o,r.1a1..1r.10HHO-CTOHK"1X nonr.1Mepax OCTalOTCR 

,QecpeKTbl, npeepalJ..laeMble B nopbl nocne COOTBeTCTBYIOIJ..leH X"1M"14eCKOH o6pa60TK"1. 3m 

YH"1K8flbHbJe CBOHCTB8 MeM6paH n0380flRIOT "1X w1,1poKO 1,1cnonb3088Tb B C8MblX 
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Puc.2. CHUM0K RoepHoao cpunbmpa noo 3fleKmp0HHb/M MUKP0CK0n0M. 

a) Cpe3 RoepHoao cpunbmpa. B npaeoM HWKHeM yany 6enou nwweu 

no1<a3aH Macwma6 CHUMKa 

. sijfioc;; 
-· &i?AtfE~~

~ -~}~:-:~~;:: 
: ~w: -,,.}"': . .__ ._;,,,,__ ;,.~ 

~ ... :. -

6) CHUMOK RiJepHOao q:,unbmpa nod 3neKmp0HHb/M MUKpOCK0n0M Ha 

c/)oHe 'lenoee'lec1<oao eonoca 
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pa3Jll14HblX 0611acn1x. OTMeT11M Jll1Wb Ha116011ee aa>KHOe 11cnOJ1b30BaH11e HAepHblX 

MeM6paH. 

l,faaeCTHO, HaCKOJlbKO Ba>KHa B coapeMeHHO~ 3JleKTpOHHO~ npOMblWJleHHOCTl1 

411CTOT8 TeXHOJl0rl1YeCKl1X cpeA, B YaCTHOCTl1 BOAbl 11 B03AYXa. np11cyrcTB11e noCTOpOHHl1X 

Bel.J.leCTB 11 4acrn4 B npo4ecce C03AaHl1l'l Ml1KpocxeM 11 no11ynpoBOAHl1KOBblX np116op0B 

OKa3blBaeT CYIJ.leCTBeHHOe BJ111l'IHl1e Ha KaYeCTBO 11 BblXO~ np°.AYKl..11111. 8 CBs:1311 C 3Tl1M Ha 

npeAnpl1l'ITl1l'IX 3JleKTpOHHOH npOMblWJleHHOCTl1 . B . Ka4eCTBe. 'ripoMblBOYHOH cpeAbl 

11cnOJ1b3yeTCl'l oco6o 411CTal'l BOAa, co~ep~~IJ.lal'l lie 6bJ~e ·s.o :-150 Ml1KpOYacrn1..1 

(pa3MepoM :5 0,2 MKM) B :r.111J1Jll1Jll1Tpe •. f(£1epH~1e :q>l1JlbTJb1--' l'IB~l'l;~:rcs:1 11AeaJlbHblM 
.· . -, "" - -,, . ·•_ ·- -- ·, -

MaTep11a110M AJll'l KOHeYHOH OY~CTKl1 BOAbi oT M11Kpo.'.iaCT114. 3To 06yc.iioa11eHo TeM, YTO, 
• -· - , "-1 ' 

BO-nepBblX, l'IAepHble . Q)l1JlbTpb1 c· A11aMeTpOM nop. 0,2 MKM 3aAep>K11BalOT ace 

M11Kpoyacrn1..1b1 6011bwero pa,3Mepa, B _TOIII! Y11c11e 6ai<jep_11·11·:--~lai'opt:,1x, a om11Y11e OT 

60JlbWl1HCTBa APYrl1X q,·~!]b~poa 'i;Hl-1; ri~aKT~Y-ciciK~ HE/ ~blA8riSllQ~. B'. ~~iii.rpaT KaK11x-111160 
\": ,,. . :: _,-·-:· ··-- ·, •·. <"·-!'- .•. , , •._ - -· ,_., ."' 

H113KOMOJleKYlll'lpHblX np11MeceH. TIAepHble Q)l1JlbTpb1, 11cnOJ1b3yeMble AJll'l 3Tl1X 4e11eH, 

3aps:1>KeHHble B cne411aJ1bHblH naTpOH, 11Me10T np0113BOAl1TeJlbHOCTb 6011ee 0,25 M3 

411CTOH BOAbl B Yac. Ha p11c.3 npeACTaBJleH.bl pa3Mepbl pa3Jll14Hb1X Bel.J.leCTB 11 

COOTBeTCTBYIOIJ.ll1e 11M . pa3Mepbl HAepHblX MeM6paH. B11AHO, YTO HAepHble MeM6paHbl 

n03B0Jll'IIOT Q)l1JlbTpoaaTb caMble pa3Jll14Hble Bel.J.leCTBa, a3po- 11 r11AP030Jll1. OTCIOAa 

cpa3y CJleAYIOT APYrl1e B03MO>KHble 0'611acrn ' np11MeHeHl1l'l HAel)HblX Q)l1JlbTpOB, 

aa>t<HeHwei;i 113 KOTOpblX. l'IBJll'leTCl'l MeA11Ll11Ha. TIAepHble Q)l1JlbTpbl 06J1aAa10T, no 

cpaBHeHl1IO C APYrl1Ml1 Me,:,,6~:HaM~, 3~;~11TeJ1bHO MeHbWeH (2 - 5%) A11Cnepc11ei;i nop, 11 

3TO AeJlaeT 11X He3aMeH11MblMl1 B . npo4eccax 0411CTKliJ, KOH4eHTp11poaaHl1l'l 11 

CTepl111113YIOIJ.leH Q)l1JlbTpa41111 a11pycoa 11 BaK411H. Ha p11c.4 .noKa3aHbl q>ornrpaq,1111 
' ,, ·._ __·,_- ... ·-

noaepxHocTeH pa3Jll14HblX HAepHblX q,1111i.Tpcis, Clil'ITblX f:lci311~KTpOHHOM Ml1KpocKone np11 

yae1111YeH1111 104 pa3. Ha noaepxHocT~-~AePHblX MeM6paH•9A11~Me!P?M nop 0,2 MKM 
' . ·. :-.. : :. · .. ~-. --~ > .,.... :-; .':-➔ •~'.<. ,;<-

3aAep>KaHbl JlaTeKC, m,IJlb;•.6aKTep1111, .OCK0JlKl1 CTeKOJl 1,13 aMny11 .c BOAOH AJll'l l1HbeK411H. 
_. -~- · --~~-'->---~ .. r- . -. ·-~• ·;_ •: .. -:::.·~. ,:· · · .. _. __ ::::~~o:··;· · •t··\~-;.._·: .. ? •;- :-:,:: 

Bee 3TO AeMOHCTp11pyeJ,.CaMble w11poK11e ·ao3MOlKHOCTl1; ·11cnoJ11,30BaHl1l'l HAepHblX 

MeM6paH. KpoMe 311~KTp~li;~H npoMbl~~-eHH_o~rn 11 •fM~A~ri~~-~1,". 6H11 ~11cno11b3y10Tcs:1 a 

pa6ornx no 113yYeHl1IO 11 KOHTPOJllO 3arpl'l3HeHl1l'l OKpy>t<alOIJ.leH cpeAbl, B Kp11oreHHOH 

TeXHl1Ke np11 113fOTOBJleHl111 3KpaHHO-BaKYYMHOH 1130Jll'll.11111, B nl11.J.leBOH npoMblWJleHHOCTl1 
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PaJMCpbl, MKM 

0.01 

~ncpHhlC MCM6paHhl 

nponyKnr cropa1111J111ecjlrn 

KpaCJllUHC nlffMCHTbl 

Ca>Ka 

Ta6a'lllh1H JlhlM YronbHaJl nblnb 

A n,,10ccpcp11aR nbrnb 

EaKTcp1m 

B11pycb1 

Puc.3. 1Juana30H p.a3Mep.oe nop. Rdep.HbJX cpunbmpoe e MUKPOHax e cpaeHeHuu c 

xapaKmepHbtMU pa3MepaMu 1./acmuu, HeKomopbtx a:;po3onei1 
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a) 6) 

e) 
e) 

Puc.4. CHUMOK noeepxHocmu RoepHou MeM6paHbt (0,22 MKM) nocne (j]unbmpau,uu 

nameKca {0,25 MKM) (a), nbmu (6 ), 6aKmepuu u ocKonKoe cmeKOn aMnyn c 

eooou OnR UHbeKU,UU (e,e) 
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ii 
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np111 npo1113BOACTBe cpepMeHTHblX npenapaTOB, KOPMOBOro I11/131/1Ha, CTep111111113a1..1111111 >KIIIAKIIIX 

n1111.1..1eabl~ npOAYKTOB Ill MHOrlllX APYrlllX 0611acnix. 

TaKIIIM o6pa30M, 8 HaCTORIJ..lee apeMR npaKTlll'•leCKI/I HIii OAHa 0611aCTb HayKIII, TeXHIIIKIII, 

np01113BOACTBa, 111cnoI1b3Ytol.J..IIIIX BblCOKllle TeXHOilOrllllll, He MO>KeT o6xOAIIITbCR 6e3 MeTOAOB 

RAepHOi-1 cplll31/1KI/I. 3rn MeTOAbl npOAOil>KatoT pa3BI/IBaTbCR Ill coaepweHCTBOBaTbCR C 

1..1e11bto o6ecne4eHIIIR nOilHOi-1 6e30naCHOCTI/I np111 I/IX np11MeHeHI/II/I. VI 8 OCHOBHOM 3Ta 1..1eI1b 

y>Ke AOCTlllrHyTa - np111KI1aAHble MeTOAbl RAepHoi-1 cplll31/1KI/I 80 MHOrlllX c11y4asix 

OKa3blBatoTCR 6onee 6e3onaCHblMI/I, 3KOI10rlll4eCKI/I 41/iCTblMIII, 4eM KOHKYPIIIPYIOIJ..lllle C 
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