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1. BBEAEHHE 

3Kcnepi1MeHTaJlbHO I-13MepeHHble Ce4eHI1l'l 11 <)>yHK41111 B036Yli<AeHI1R 

(HI, xn) - peaK411i1 l'lBJlRIOTCR OAH11M 113 11CT04HI1KOB nony4eHI1R 

AaHHWX o TeMnepaType RAPa np11 3Hepri1RX eo36Yli<AeHI1R E* > 
>/10-20/ M3B, 0 Kpi1TI14eCKOM yrJlOBOM MOMeHTe CJ111RHI1R CJlOli<H~X 

fiAep IKp. 1-1 06 OTHOWeH1111 1'0 /l'r WI1PI1H pacnaAa COCTaBHoro 

flAPa. B o6naCTI-1 aTOMHOro HOMepa COCTaBHoro flAPa Z c > 85 Ce4e-

HI1fl (HI,xn) - peaK411i1 B Hai160JlbWei1 CTeneHI1 onpeAellfiiOTCl'l 

OTHOWeHI1l'lMI1 l'f/}'
0 

113-3a nOAaBJlfl~ei:\ KOHKypeH41111 CO CTOpOH~ 

npo4ecca AeneHI1fl 1 11 • Anfl cna6oAellfi~11XCfl fiAeP eeni1411Ha ce4eHI1fl 

11 <)>OpMa <)>yHK41111 B036Yli<AeHI1fl 3aBI1CRT rnaBHbiM o6pa30M OT Ce4eHI1fl 

o6pa30BaHI1l'l COCTaBHOrO flApa a (E ) = ~ a 1 (E ) 11 TeMnepaTypbl 
c c I c 

cneKTpa 11cnycKaeMbrX Hei1TpOHOB 12·51 • Ha BI1A 4>YHK41111 Bo36Yli<Ae

HI1fl OKa3biBaeT BJ111RHI1e l6l TaKll<e 3aBI1CI1MOCTb r.-1pacT-3Heprl111 RApa 

OT yrnoeoro MoMeHTa E sp. (I) . Ecn11 AJ1fl pac4eTa ce4eHI1fl Cll11RHI1fl 

11Cnonb3yeTcl'l MOAellb pe3Koro o6pe3aHI1R yrnoeoro MoMeHTa, TO 

ay (E c) 3aBI1CI1T OT Belli1411Hbl 6apbepa B3ai1MOAei1CTBI1fl 13 11 

Kp11TI14ecKoro yrnoeoro MoMeHTa IKp. <l>yHK411fl E sp. (I) 4acTo an-

npoKCI1MI1pyeTCfl B MOAelll1 ll<eCTKOro poTaTopa Bblpall<eHHeM E 1111 (I) = 
t2 t2 

= ~~(I-iI) "' 2JI 2 C OAH11M napaMeTpOM - MOMeHTOM 11Hepljl-111 J. 

TaKI1M o6pa3oM, 4>YHK411fl Bo36Yli<AeHI1fl onpeAenReTcl'l Ha6opoM napa

MeTpoe B, T, I Kp •• J .... no3TOMY AOCTOBepHoe HaXOli<AeHHe <)>113114eCKI1X 

Belli1411H 113 aHaJll13a <)>yHK411i1 B030Y*AeHI1l'l (III, xn) -pea1<411i1 Tpe6y-

eT AOCTaT04HO T04HbiX 3KCnepi1MeHTaJlbHbiX AaHHbiX, a Tat<me T04HO

ro MaTeMaTI14eCKoro on11caH11R npr.-1 sw6ope aAeKBaTHoi1 MOAenH. 

B pa6oTe cTaBI1nacb 3aAa4a on11caH11R <)>yHK4Hi1 Bo36ymAeHI1R 

(HI, xn) - peaK411i1 AllR cpaBHI1TellbHO cna6oAelll'l11111XCfl COCTaBHbiX 

fiAep (Z = 68) C 4eJ1biO nony4eHI1fl AaHHbiX 0 Belli1411He RAepHOi1 TeM-

nepaTypbl - T 11 Kp11TI14ecKoro yrnoeoro MOMeHTa Clll1fiHI1fl - J Kp. 

AnR aHanl13a 6blnl1 Bbl6paHbl 3Kcnepr.-1MeHTallbH~e AaHHble pa6oT 17,S 

no 113MepeH~-tiO 4>YHK411i1 eo36Yli<AeHI1R peat<411i1 152sm(t2c, 2n) 162 Er; 

148 Nd ( 16 O, :ll) 161 Er; 150 Nd ( 16 O, a-Sn) t63-161Er; t48Nd( t80, 4 •5n) 162,161 Er; 

118 sn ( 40Ar,5,6nf53•152Er; 74Ge ( 84Kr, 5,6n)153•152 Er. 3TI1 AaHHbre 

xapaKTepi13YIOTCfl T04HbiM 113MepeHI1eM 3Heprl111 6oM6apA11PYIOI1111X 4ac

TI14, 4TO Ha116011ee Cy~eCTBeHHO AJ1R nony4eHI1l'l AaHHbiX 0 BeJli1411He 

TeMnepaTypbl cneKTpa Hei1TPOHOB - T. 
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2. OCHOBHbiE C!>OPMYJlbl 

£e4eHI1e o6paaosaH11R npo,qyKTa (HI, xn) -peaK~I111 a (E*) 
xn 

CBR3aHO C nOJlHbiM Ce4eH11eM o6pa30BaHI1R COCTaBHOro R,qpa: axn (E*)= 
= a0 p x (E *). cJ>opMYJlbl AIIR Bbi411CJleH11R cj>yHK~I111 P (E *) npi1Be,qeHbl 
B paOOTaX /2,9/, OHI1 nOJly4eHbl B CJle,qyi0!1.111X npe,qn~JlOlKeHI1RX: 
1/ cneKTp K11HeTI14eCKO~ :mepr1111 He~TPOHOB 11MeeT BI1,Q W(l}dE-

- E e ~/T dE, r,qe T - cpe,qHRR no KacKa,qy TeMnepaTypa; 2/ He 

Y411TbiBaiOTCR yrnOBble MOM9HTbl COCTaBHOrO R,qpa 11 He~TPOHa • .QnR 
ynp011.1eH11R pac4eTOB 11CnOJlb3yeTCR TaK!Ke npe,qnOJlO!KeHI1e 0 e,qi1H
CTBeHHOM KaHane pacna,qa COCTaBHOro R,qpa - KaHane 11CnycKaHI1R 
He~TPOHa. np11 TaK11X !Ke npe,qnonO!KeHI1RX B paOOTe/10/ Ha~,qeHa 
MaTeMaTI14eCKI1 Donee T04HaR cj>OpMyna, 4eM B /2, 91, 11 y4teHa 

B nepBOM np116n11!KeH1111 KOHKypeH~I1R CO CTOPOHbl y-pacna,qa Ha 11H-
Tepsane 3Heprl111 soa6ym,qeHI1R 113ny4a1011.1ero R,qpa oT B ,qo B +< , 

~ n n y 
r.qe B 0 - 3Hepri1R OTPbiBa He11TpoHa: 

P (E.*)= 0 
X 

np11 E*.::;~x +<y; 

x-1 
= 1- ~ p 

k= 1 k 
np11 ~X +Ey <E*_s~x+1+E y; 

E*-~ -E 

I ( T x + 1 Y ' 2x) 
/1/ 

x-1 
= (1- ~ p ) [ 1-

k=1 k E *-~ l np11 

I( T x, 2x) 

E*>~ +Ey• .X+l 

1 Z X 
r,qe HenonHaR raMMa-cj>yHK~I1R .I (z, m) = f t m - 1 e -t dt; ~ = ~ B . 

(m-1)1 
0 

x 1,. 1 ni 

Ecn11 paccMoTpeTb cny4a~ cocTaBH~X R,qep c 113BeCTH~M pacnpe-

,qeneHI1eM no yrnoeoMy MOMeHTy ~(I) , npeHe6peraR no-npemHeMy 
ac 

yrnOBbiM MOMeHTOM He~TPOHa 11 3aBI1CI1MOCTbiO cneKTpa H9~TPOHOB OT 

yrnosoro MOMeHTa R,qpa, TO nony4aeTCR pacnpe,qeneHI1e cocTaBHbiX 
R,qep no OCTaT04HO~ 3Heprl111 B036ym,qeHI1R nocne 11CnapeHI1R X -
He~TpOHOB 11 yrnOBOMy MOMeHTy I B Bl1,qe110/: 

a2 w , 0 
au ai 

X 

s· ol5:;acTI1 u X ~ E Bp. (I) ; 

=~ 
ac 

2x-1 n ll)(E*-~ -U ) -(E*-~ -u )/T '1,..~ X X e X X 

(2x-1)! T 2x 

B o6naCTI1 E (I)<U <E 8 p (I)+B +l+<y;: Bp. x- • nx 

2 

") 

!• 
•• 

=0 s o6nacTI-1 U > E 8P (I) + B + 1 + < x • nx y 
x.:..l 

1'-~ P [E*-E (I)] 
C (I) = k = 1 k Bp. 

X E*-~ -E (I) 
I( _: Bp. , 2x) 

/2/ 

np11 B~Bo,qe cj>opMyn~ /2/ npe,qnonaraJlOCb, 4TO 3Hepri1R OTp~Ba 

H9~TpoHa B n He 3aB11CI1T OT yrnosoro MOMeHTa COCTaBHOrO R,qpa. 

B ynpouteHHOM paccMoTpeHI111 HeTpy,qHo nony4J.1Tb, 4TO aasJ.1CI1MOCTb 

B 
0
-(I) BblpamaeTCR cj>opMyno~ 

Bn(l) ""B n (0) - t2H 
J 

t 2 f(f+1) 
+-----

2MR2 
/3/ 

r,qe f - op011TaJlbH~~ MOM9HT 11CnY!1.19HHOro He~TpOHa. nocneAH11~ 
4Jl9H Bblpa!KeHI1R /3/ eCTb ~9HTp009)!(Hbl~ Oapbep AJlR 11CnyCKaHI1R 
He~TpoHa. ,ll.nR RA9P cpe,qHe~ Maccbl (A "' 150) pac4eT no /3/ np11 eo
A11T K cna6oMy 113MeHeHI110 B (I) AJIR Ha116onee sepoRTHbiX 3Ha4e
H11~ opOI1TaJlbHOro MOMeHTa n e = .0,1,2. AnR OOJlbW11.X (f ;:::, 3) B ~ 
pe3KO Boa'paCTaeT, 11 HeihpoHbl C TaKVIMI-1 3Ha4eHI1RMH f l-1M910T MaJlyiO 

sepORTHOCTb 11cnycKaHI1R. PacnpeAeneHI-1e /2/ l-1MeeT pe3Kl-1e rpaHI-1-
~bl, 4TO CBR3aHO C ynpo!lleHI-1RMI1, TaKJ.1MI1, KaK pe3KOe BKJll04eHI-1e 

sepo.ATHOCTI1 11cnycKaH1>1R He~TpoHa np1-1 3Heprl111 U -E Bp (I)= B +.rt-< 
~ x • · nx 1 y 

1-1 npeAOOJ10)!(eH~19 0 aaMeHe KBaHTOBOI1 B9Jli14111Hbl 3Hepn-1111 fl,qpa np111 

AaHHOM I KJlaCCI14ecKoi1 HenpepbiBHO~ KOOPAIIlHaTo~ B o6nacT~ 
u X > EBp. (1) . 

(T 

11cnOJlb3YR ,QJlR Bbi411CJleHI1R - 1- Mo,qenb pe3Koro o6pe3aHI1R 
(T 

yrnoeoro MoMeHTa np11 seni1411He c IKp. 11 J.1HTerpl1ptR /2/ no dUx, 
nony411M pacnpeAeneHHe npOAYKTOB peaK~I111 no I 11 ~ 

dW (I) = ~ P [ E *- E
8
p (I)] dl , 

X I 2 X • 
/4/ 

Kp. 

a TaKme eeni1411HY ce4eHI1R 

a xn (E ) = 654 ~ (Al +A2) 
c t 2 A 1A2E c 

(HI, xn) -peaK~I111 ItO/. 

EMaKC. 
np. 

[ P x (E *-E ap) dEnp. , 

rAe E 0 - 3Hepri1R. 4aCTVIl.lbl s c.1.1.11. s M3B, 
1J2 
2J 

- B M3B, 

axn - B M6. 3AeCb 11CnOJlb30BaHO poTalii10HHOe npi10Jll1)!(eHI1e AJlR 
cj>yHKLI1111 E Bp. (I) 11 cyMMHposaHHe no I 3aMeHeHo 11HTerpanoM no 

dE Bp. 

/5/ 
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~opMyna /5/ Momer 6b1Tb nerKo o6o6~eHa Ha cny4al1 npo~asonb
Horo pacnpe,QeJleH~R COCTaBH~X R,Qep no yrnOBOMy MOMBHTy: 

a (E )=654 ;J (A1+AL jT 1 (E ) P [ E*-E (I)] dE· , !6! 
xn c n2 A1A2Ec 0 c x Bp. Bp, 

r,Qe T 1 - Ko3¢~~411BHTbl np11n11naH~R AN1 cni1RHI1H R,Qep c op6~ranb-
HbiM MOMeHTOM 1 SO BXO,QHOM KaHane, 

B HatTORll.\eH pa6ore .QnR .Bbi4HcneHHR ¢YH1<4HH so35ymAeHHR HC

nonb30BaH~ <!JopMyJl~ /1/,/5/.MoMeHT HHepljHH J C4HTanCR paBH~M 

MoMeHTY 11HeP4HH rsep,Qoro wapa c napaMerpoM pa,QHyca r
0 

=1,22 ~M. 
HaKC11ManbHoe 3Ha4eHHe yrnosoro MoMeHra I MaKe. pacc4HTbiBanocb 

a npe,QnonomeHM~,4To 6apbep B3aHMo,qe11crsHR R.Qep paseH 
1,44 z z 

B = -----
1
-1 ~. r.Qe napaMerp r 3 m,+- 6b1Il 133RT 1-13 CI-1CTeMar~-

r . ( Al .3+Al 3) 't''t'' 

K~.'113}PlP•B Ka4eCTBe HCXO,QHOro npH6JlH>tCeHHR, napaMeTp r
0 

=1 ,22 ~M. 
Pocr IMaKu, c ysen~4eHVIeM E c npeKpall.\anc.R c .QOCTMmeH~eM senH4~
Hbl I Kp. , KOTOpa.R paCC41HbiBanaCb no ~OpMyne 1-13 pa60Tbl /12/ HJlH 
sapb~posanacb. 

neps~e pac4eT~ noKaaanH, 4To onMcaHMe a6con~TH~x 3Ha4eHMA 

ce4eHMH axn Tpe6yeT BBe,QeHH.R .QononHVITenbHoro napaMeTpa: 

K~3¢¢H4Mewra K < 1. YMeHbWeHHe nonHero Ce4eHHR cnHRHVIR R{lep 

M, cne.QoBaTenbHo, a xn aa C4eT ysem14eHMR B HilH yMeHbWeHMR 

I 1\p. npMBO,QVIT K HepeanbHOH ¢opMe <llYHKljMH B036ym,QeHH.R. no3TOMy 

BBe,QeHMe K03¢¢HljMeHTa K 6biJ10 He06XO,QVIMbiM, CMbiCJl ero COCTOHT 

a nponopuMoHanbHOM yMeHbWeHMM acex 3Ha4eHH~ a
1 

a pe3ynbTaTe 

HeHynesoA sepoRTHoCTVI acex APYrVIx HeynpyrVIx npoueccos, KpoMe 

nonHero cnHRHHR. Heo6xo,QVIMOCTb BBe,QeHHR raKoro napaMeTpa He 
RBJlReTCR 04eHb HeOmVI,QaHHOH. 

3. PAC4ET 11 PE3YJ1bTATbl 

.QnR BocnpOH3Be,QeHHR 3KCnepVIMeHTaJlbHbiX C!>YHKljVIH B036YlK,QeHHR 

a xn (E ~) no,Q6HpanVICb napaMeTpbl: r 3¢d:J.• K, T, I Kp •• Pac4eTbl 

BbmonHRJlVICb Ha 3BM 63CM-6 VI CDC-6500. ~Hrerpamt, axo.QHli.\He 

B (jlopMyJlbl /1/, /5/, 6pan~-tcb 4MCJleHHO c waroM 0,5 M3B/ T no 

nepeMeHHoA t 1-1 1 M3B no nepeMeHHoA EBp.• 4To o6ecne4MBano 

T04HOCTb Bbi41-1CJleHVIR ny4we 0, 5%. 3KcnepV1MeHTanbHbl€ T04K11 /7,8/ 

,QnR a J.n (E *) npe,QCTaBJlfiiOT co6ol1 cpe,QHMe 3Ha4eH11R M3MepeHHOH 

BenH4MH~ Ha MHTepsane ycpe,QHeHVI.R, paBHOM noTepRM 3HeprMM 

a MMWeHM. 3roT MHTepsan paseH. "' 2, 7 M3B, .,2 M3B 11 "'4 M3B 

,QJlR MOHOB Hl,l
8 0 171

, 40 Ar 11 84 Kr 18 • lSI COOTBeTCTBeHHO.,. 

Ycpe.QHeHMe Momer HecKonbKO crna.QI-1Tb <!JYHKI.\1-110 Bo36ym,QeHHR a o6-

nacTM peaKoro M3MeHeH!-1R ee KPMBI-13H~. CTporoe aocnpoH3Be.Q~HVIe 

3KCnepVIMeHTaJlbHb!X ,QaHHbiX ,QOnlKHO 6blnO 6bl BI<IliOllaTb VIHTerpHpoaa-

4 

1\ 

1· 
}. 

HHe axn(E*) no 3HepreTVI4ecKoMy VIHTepeany 3Kcnep!-1MeHTa 11, aaTeM 

as.roMaTV14eCKYIO sapHal..(!-110 napaMerpoe c uenb~ no1-1cKa VIX onTVIManb

Horo Ha6opa no KP1<1Tep1-1~ MI-1HMManbHoro x 2• 0.QHaKo pean1-13a41-1R 

TaKoro pac4eTa np1-1sena 6bl K 4pe3MepHo 6onbWI-1M 3arparaM speMeH!-1 

38M. no3TOMY ycpe,QHeHI-1e a xn no 3HepreTH4eCKOMy MHTepeany 

He npOI-13BO,QVIJ10Cb, a OnTI-1ManbHble napaMeTpbl HaXOAVInHCb B pesynb

TaTe nocne,QoearenbHoro cpaBHeHVIR pe3ynbraroe pac4era c 3Kcne

pHMeHTanbH~MI-1 T04KaMM. 

Pac4eT 6b1Il C.QenaH .Qn.R To4eK, paa.QeneHH~Ix no wKane 3HeprVII-1 

aoa6ym.QeH'I1H I-1HTepeanoM 2 M3B AnR peaK41-1i1 c 1-1oHaMV1 16·1 8 o 
M 5 M3B AilR peaK41-1~ c I-10HaMVI 40 Ar , 84 Kr. 

napbl peaKL(MH HCnycKaHVIR 4 1-1 5 HeHTPOHOB B ~ny4ae COCTaBHo

ro R,Qpa 166 Er, a raKme 5 1-1 6 Hei1rpoHos e cny4ae RAPa 158Er 

o6pa6aTbiBaJl!-1Cb COBMeCTHO, Ha 3Ha4eHI-1.R napaMeTpOB HaKJla,QbiBaJlMCb 

np~-1 3TOM ¢1-13H4ecKMe orpaHH4eHI-1R: T(xn) <T[(x+l)n] VI K(xn) > 
?. K [ (x + 1) n] - ,QnR Ka>K,QOro COCTaBHoro R,Qpa. napaMeTp ( y-BJli-1R-

eT Ha onpeAeneHHe napaMerpa T, ysenV14eHVIe c Y Be.QeT K yMeHb

weHM~ T.6onee nOAP06Ho ponb KOHKypeHljl-11-1 KaHaJlOB I-1CnycKaHVIR 

HeHTpOHOB H y-KBaHTOB 6y,QeT o6cym,QaTbCR HVIlKe. npl-1 oni-1CaH!-1H 

3KCnep!-1MeHTaJlbHbiX <!>YHK4VIi'1 B036ym,QeHHR BeJli-14!-1Ha £ y 6btna B3RTa 

paeHoA 1,5 M3B .QnR scex peaK411A. napaMeTp IKp. · snVIRer rnaBHbiM 

o6pa3oM Ha nonomeHVIe npaeoro CKnOHa '$yHK4HH soa6ym,QeHVIR 1 141 

VI HMeer onpe.QenR~ll.\ee 3Ha4eHHe .QnH peaK41-1A c MOHaMI-1 40 Ar 1-1 84Kr. 

npVI 3Hepr!-11-1 VIOHOB KMCilOPO.Qa, ,QOCTaT04HO 6nVI3KOH K 6apbepy 

B3aMMOI\eHCTBMR :71, Beni-141-1Ha IKp., no- BMAVIMOMY 1 He CKa3biBaeTCR Ha 

ce4eHI-1H peaKL(HVI. 

CpaeHeH!-1e peaynbTaToB pac4eTa VI 3Kcnepi-1MeHTa npi-1Be.QeHo Ha 

pVIC. 1 , 2. B1-1.QHO, 4TO so acex cny4aRx pac4eT xopowo om1Cb1Baer 

nonolKeHHe MaKCI-1MyMa, Wl-1pMHy 1-1 <)>opMy (jlyHKljl-111 B036y>KAeH~1R. 11Mel0-

ll.\ee Mecro He6onbwoe pacxomAeH!-1e pe3ynbTaroe pac4eTa c 3KcnepVI-

MeHToM B cny4ae peaK411A ( 40 Ar, 5n) 1-1 ( 84Kr, 5n) 6y,QeT o6cy>K.Qe-

HO HH>Ke. 

HaA.QeHHble onr!-1ManbHble 3Ha4eH!-1.R napaMerpoe r 3¢<!J.• K , I Kp. , 

T npe.QcTasneHbl e ra6nV14e. BenH4MHbl r3¢c:h .QJll'l peaK4H~ c I-10HaMVI 

40 Ar 1-1 84Kr 6JlVI3KH K npe,QCKa3aHI-1RM clicreMaTMKM /11/, a B cny-

4ae peaK4V111 c HOHaMH 16 ·18o 1<1Meer MecTo HeKoTopoe pacxom-

.QeHVIe. BenH4HHbl I Kp. OTJlH4aiOTCR or pacc4!-1TaHHbiX no <!>opMyne M3 

pa6oT~ 1121 n~H s~6ope napaMerpa pa.QH~ca ·.R.Qpa pasH~M 1,22 <!JM 

Ha (jlaKTOp 1,10 VI 0,91 ,QJlR VIOHOB 40 Ar VI 84Kr COOTBeTCTBeHHO. 

napaMeTp K yMeHbwaeTCR c pOCTOM 41-!Cna HCMYll.\eHHbiX Hei1TpOHOB 

X , VI ,Qn.R peaKt\11W C HOHaMM 16,"180' HaXO,QVITCR B ,Q!-1ana30He 

0, 75::; K::; 1, 0 no a6coniOTHOI1 aeni-14MHe. 3ro 03Ha4aer yaenl14eHI-1e 

,QOJlVI APYr11X HeynpyrHX npoueccoB, KPOMe o6pa3oBaHMR COCTaBHOro 

R,Qpa, C yeenVI4eHI1eM 3HeprHVI 4aCTHlj. 
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r~c. 1. CpaBHeH~e 3Kcnep~MeH
"'Tali'bHbiX !?l 11 paCC4~1TaHHbiX 
$yHK~~~ B030ymgeH~A ,(lilA peaK
Ij~i:\:a/ 148 Ncl(l8 o, 4. 5n) 161,162Er, 
G/ 150Nd( 16 0; 4,5n) 161.162 Er. 

0 - peaKu~n ~cnycKaH~R 

4 Hei1TpOHOB, 0 - 5 H€i1Tpo
HOB, E * - nonHan 3Hepr~n 
Ba36ymgeH~H cocTasHoro n,qpa. 

0 

., 

0 

• 

~ ~r-
•• •• eo 100 1211 10 eo !GO£ UAd• 

P~c.2. To me, 4To ~ Ha 
p~c. 1, AI1Fl peaK~~i1, May-
4eHH~x 3Kcnep~MeHTanbHO 

s pa6o1e 181 : 
a/ 118 Sn( 40 Ar; 5,6n) 152,153 Er, 
6/ 74 Ge(84 Kr; 5,6n) 152,153 Er. 

0 - peaKU~H ~cnycKaHMH 
5 Hei1TpOHOB, G - 6 Hei1T
pOHOB. 

On~caH~e peaKL!Mi1 152 Sm( 12 C,2n), 148 Nd( 16 o,3n) ~ 150 Nct (160,3n) 
npoM3BOAMnacb no HecKonbKO ~Hoi1 cxeMe. nonomeHI1e $yHKL!I1i1 
B036ym,q€HHR ::n~x peaKl.lMi1 86!1~311 ?apbepa B3ai1MO,qei1CTBIHl CTan
K~ B810Ul~XCH HAep np~ BOAHT K TO My, 4TO B€J1MlH1H8 C€4€H~A peaK
Lli1H B MaK01MyMe ~ ¢opMa ¢YHKL!~~ B036YlKAeH~fl oKa3bJBaJOTCfi 4pea
BbJ4ai1HO 4yBCTB~T€!1bHbiMVI K napaMeTpaM r 3<jlrjJ. 11 T. no:not~y npeA
nonaranocb, llTo K03$$11L!~eHT K =1_. Beni1411Ha r :3¢qJ •. Bb16Mpanac~ 
~CXOAR 113 YCilOB~R BOCnpOI13B€A€HI1fl nonOlK€1-fltiFl M8KC~MyMa ()>yHKL!MI1 
soa6ymAeHHR, a napaMeTp T - 113 ycnoBMR socnpoMaee,qeHVJR 
eenH4~Hbl ce4eHHR B MaKCMMyMe. Pe3ynbTaTbl pac4eTa npMee,qeHbl Ha 
pMc.3. CneAyeT 3aMeTI1Tb, 4To B paMKax Mcnonb3yeMoi1 MOAenM 

~r 

f) 

•' 

., 
·~ 

Ta6n11Lla 

OnTMManbHble napaMeTpw pac4eTa, Hai:i,qeHHble npM onMcaHMM 
4JYHKL!Mi1 B036ymA€HMFl peaKqv.i1 

PeaKL\f.1fl ['3¢¢. I Kp. T To xn K 
(t) /¢1M/ /M~B/ /M38/ 

152sm + 12c 2n 1 ,56 1, 00 - 1 ,30 1 '30 
148Nd + ta 0 3n 1,56 1, 00 -· 1 '30 1, 28 
150Nd + 16o 3n 1,56 1, 00 - 1, 35 1,34 

4n 1, 56 0,91 - 1 ,20 1 '18 
5n 1,56 0,75 - 1 '35 1 '31 

148Nd + 1e0 4n 1,56 1 ,00 - 1, 20 1 , 18 

5n 1 '56 0,80 - 1, 20 1,16 
118 Sn + 40Ar 5n 1, 45 1 ,00 * 65 1 ,50 1 , 33 

6n 1, 45 0,57 65 1 ,50 1 , 33 
74Ge + 8~r 5n 1, 43 1 ,00 * 62 1 ,50 1, 35 

6n 1,113 0,63 62 1 ,50 1, 35 

*HopMJ.1pOBaHo K 3KCnep~M€HTy, 

100r l on PHc.3. To me, 4TO H Ha p1-1c. 1, 
, ... ~, AI1R peaK4J.1i1 171: 152Sm(12C,2n)162Er -

10~\-j 

~or-----r-----~------------~ 

30 40 50 ['(Mt&l 60 

_ 1'1; t5°Nct(16o, 3n)163Er - o; 
t48Nd(16 o, 3n) 161Er _ •. 

TPYAHO AOCT~4b ny4wero onHca
HHR ()>opMbl ~YHKL\J.1i1 B036ymA€HHR 
no,q6apbepHbiX peaKL!J.1i1 f.1cnapeHv.R 
Manoro 4~cna Hei1TpoHoe. Pe
aynbTaTbl, npf.1B€A€HHbl€ B Ta6-
J1~Ll€, noKa3bJBaJOT, 4To eenf114H
Hbl napaMeTpos TeMnepaTypbJ, 
Hai1,qeHHble ,qnR peaK~J.1i1 f.1cnape
H~R OT 2 AO 5 Hei:\TpOHOB CQ
CTaBHbiM11 FlAPaMJ.1 164 • 166 Er, 
AOCTaT04HO 6nH3KJ.1 APYr K gpyry. 
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T. 
1,5 

/M3B/ 

I 
1,0 

!!!fl\_ 
P~c.4. CpaeHeHHe napaMeT

poe R,QepHO~ TeMnepaTyp~, 
nony4e~H~X B HaCTOR~e~ pa-

6oTe (0) ,C ,QaHHbiMH, OCHOBaH

HbiMH Ha aHanHse y -cneKT

poe CTaTHCTH4eCKOrO H3ny-

48HHH npO.QYKTOB peaK~H~ 

UL t 
148,150Nd( 18,16o; 4,5n) 171 (!1}, 

H 3Ha4eHHRMH, HaM,QeHH~MH 
npH aHanHse 116/ epeMeH1;1 

lKH3HH COCTaBHOrO R,Qpa 208p0 
c y4eToM nonpaBKH Ha pas

nH4He Maccoe~x 4Hcen 

/cnnowHaR nHHHR/. U -Ten-

20 40 10 10 u noaaR 3HeprHH eos6ym,QeHHH 

/M3B/ R.Qpa. 

3ToT $aKT noseonHeT AYMaTb, 4TO npHHRToe ynpo~eHHOe onHcaHHe 
cneKTpa HeMTpOHOB RBJlHeTCR YAOBJleTBOpHTenbHbiM B WHPOKOM ,QHana-
30He 3HeprH~,. nOCKOnbKy B peaK~HRX HCnapeHHR 2 H 3 He~TpOHOB 
H3ny4aiOTCR HeMTpOHbl C 3HeprHer::i 3Ha4HTenbHO 6onbWei1, 48M HaH-
6onee BepORTHafl 3HeprHR Her::iTpOHOB, xapaKTepHaR ,QnR peaK~H~ 
(16 •18 0; 4, 5n) B6nH3H MaKCHMYMOB $yHK~HH B036ym,QeHHH, 

BenH4MH~ T xapaKTepH3YIOT KHHeTM4ecKyiO 3HeprHIO HeArpoHoe, 
cpe.QHRR 3HeprHR KOTop~x pasHa 2T. HseecrHo, 4To cpe.QHRR 3Hep
rHR He~TPOHOB CO,QepmHT HeKOTOPblr::i BKna,Q, CBR3aHHbl~ C apa~eHHeM 
fl,Qpa /15/, KOTOpbl~ 3$$eKTHBHO yeenH4HBaeT HCKOMble 3Ha4eHHfl TeM
nepaTypbl, nocKonbKy Hccne,QyeMbre cocraBHble R.Qpa HMeror He Manbl~ 
cpe,QHH~ yrnOBO~ MOMeHT, no3TOMy ,QnR cpaBHeHHR nony4eHHbiX ,3Ha-
48HH~ T C BenH4HHaMH TeMnepayyp~, BXO,Qfl~HMH 8 CTaTHCTH4eCKHe 
$OpMynbl paC4eTa WHPHH r n H rr, He06XO,QHMO H3 BenH4HH T Bbl-
4eCTb nonoBMHY cpe,QHe~ .Q06aeo4HOM 3HeprHH He~TpOHa, o6ycnoa
neHHO~ apa~eHHeM R.Qpa: t:,€ap. /2. BenH4HHa t:,< ap. Bbl4"(cnRnacb 
no ~opMyne H3 pa?orbt 1 1 51~pH4eM cpe.QHee 3Ha4eHHe yrnoeoro Mo
MeHTa ,QnR onpe,QeneHHOi:i $YHK~HH B036ym,QeHHfl Bbi4HCnflnOCb C 11C
nOJlb30Ba~HeM pacnpe,QeneHHfl /4/ npH 3HeprHH, COOTB8TCTBYIO~e~ 
~eHTpy /flli\8CTH $yHK~HH 17 xn (E c ) • nonY,48HHble 3Ha4eHHf1 T 0 

u.€ Bp 
= T-

2 
• npHBe.QeHbl e ra6nH~e. BHAHO, 4To 3Ha4eHHf1 T 0 

nemaT B ,QHanasoHe /1 ,15-1,35/M3B,'oHH COOTBeTCTByiOT cpe,QHe~ 
rennoeo~ 3HeprHH eos6ym,QeHMR.R.Qep or 15 AO 35 M3B. Ha pHc.4 
3TH 3Ha4eHHR cpaBHHBaiOTCfl c .. BenH4HHaMH, nony4eHHbiMH paHee H3 
aHanM3a BpeMeH lKH3HH COCTaBH~X R,Qep B o6naCTH :Ac > 200 /16/ 
np11 y4eTe Heo6xo,QHMo~ nonpaBKH Ha yeenH4eHHe reMneparypbl 

8 , 

~ , 

~( 
j 

tt·· 
I 

c yMeHb~eHHeM Maccw cocraaHoro R.Qpa, BBOAHBwer::icR no $opMyne 
T 0 ~A; 16 

. Ha pHCYHKe npHBe.QeHbl TaKlKe T04KM, nony4eHHbre npM 
HH3KOr::i TennOBOM 3HeprMH B036ym,QeHHR U ""5 /•138, COOTBeTCT.Byi0-
1JjH8 pesynbTaTaM onpe.QeneHI-1-R TeMneparypbr Ha ocHoae aHam1aa 
CTaTMCTH48CKHX cneKTpoa y-M3fly48H11R npo,QyKTOB peaK4MH 
148,150Nct(16,18o; 4,5n) a pa6ore 171 .1\aHHbre, noKaaaHHble 

Ha PMC.4, ,QOfiOfiHRIOT CHCTeMaTI1t<y 3Ha48HI1r::i RA8PHOH TeMnep<Hypbl, 
nony48HH~X nyTeM aHanM3a 3KCnepMM8HTanbH~X ,QaHH~X. 

4. Y4ET KOHKYPEHUHH HERTPOHHOrO H rAMMA-KAHAflOB 

06CY.QMM Tenepb no,Qp06Hee BOnpoc 0 KOHKypeH4MH M3fly4eHMR 
Her::iTpOHOB 11 y-KBaHTOB B o6naCTM 3HeprMr::i Bo36ym,Q8HHR, cnerKa 
npeB~Wai0~11X 3HeprHIO CBR311 H8HTPOHa On. Y4eT 3TOH KOHKypeH4MM 
BBe,QeHMeM nonpaBKI1 f ABfiReTCR ynpo~8HI18M, a Bbi60p ee Lfi1C-
fi8HHOro 3Ha4eHI1H Tpe$yer 060CHOBaHI1R 'fECfll-1 H3B8CH!a 3HepreTM-
Lf8CKaR 3aBMCMMOCTb OTHOW8HHR WMPI1H ~(lJX) B6fll1311 Bn , 

rn Tb Be!lH411Ha p X MOmeT 6b1Tb BbiLIHCfleHa no $opMyne 
x-1 

1- 2: pk 
k=O ---(! ( 

E *-2: 
I ( ~ x , 2x) 

p 
X 

E*-2: E*-2: 
__ x 2x)- I( ---t-.':_~- 2x) 
- ' T ' 

171 

+ 
E *-2:x 

J r r<0 x) ctw 
----- --dU ], 

rn (Ux)-tr;,<ux) dUX X 8 nx+l 

r.qe 
dW 

dUX 
Bbi411CnReTcR no $OpMyne pa6oTbl 1101• B /7/ He YYMTbiBaror-

CR npo~eCCbl BTOporo nopfl.qKa KOHKypeHl\1111 Her::iTpOHHOro 11 y -Ka
HanOB nOC!le HCnycKaH11fl O,QHOrO 1-1!111 H8CK0flbi<11X y -I<BaHTOB, OA
HaKO norpeWHOCTb, CBR3aHHafl C 3TMM, BH,QMMO, npeHe6pemHMO Mana 
B 6o!lbWI1HCTBe C!ly4aeB. 

Pac4eT aeni14MH rll 11 r y B o6naCTI1 3HeprMC1 B036ym.qeHV.R 
a6nVI3M Bn BblnOnHf!JlC.A no CXeKe, 11M8BUJer::i CXO,QCTBO C pac4eTa~1M, 
onHcaHHbiMI1 B /141. Her::iTpoHHafl WMPHHa Bbi4MC!lflnacb no tllopMyne 
CTaTI1CTM48CKOH MO,Q8fiM np11 11Cnonb30BaHio111 ~JYHKlJMM nnOTHOCTM YPOB-

-5/ 4 2 y'-;u-
Her::i p(U) ~ u e ; a= 0,1 A. raMMa-wVIpHHa H0H(8T 6b1Tb 
nony4eHa np11 Mcnonb30BaHI111 TeopeMbl saai1MHOCTI1 114/ a npe.qnono
lK8HMI1, 4TO cneKTp ,QI1nOnbHOrO y -l-13fiY48HMR OnHCbiBa8TCR Bbrpa-

lK8HH8M W(€)d€ ~ < 5 e-dT d< cornacHo 17 •171 , ylfi1Tb1Baro~I1M 
CHnOByiO $yHK~HIO, CBR3aHHyiO C r11raHTCKMM ,QHnOflbH~M pe30HaHCOM. 

9 



6 
t-.61 

'0 70 10 '0 !DO no 120 120 (tM.!J 

PHc.5. CpaeHeHHe $yHK~HH 
B036ym~eHI1R peaK~HI-1 
118Sn(40 Ar, 4n) , pacc411-
TaHH~X no ¢opMynaM 15,71 -
KpHBaR 1 11 no $OpMynaM 
/1,5/ - KPHBaR 2. 

Ecn~-1 npe~nonomHTb ,. 4TO 3Hep
rHR rHraHTcKoro pe3oHaHca pas
Ha Ern =77A-113, aero 
WHp11Ha He 3aBHCHT OT A, TO 
nonY411M: 

f y =cA
113

(A-Z) ZT
6 181 

r~e T oTBe4aeT 3a onHcaHHe 
cneKTpa y -H3ny4eHHR. T. e. T 
npHMepHO COOTBeTCTByeT 3HeprHH 
B036ym~eHI1fl, paBHOH "'0,7E *, 
r,qe E * - 3HeprHff' B036ym,qeHH.R 
pacna~a~~eroc.R R,qpa. A6con~T~~~-
3HPYIOI!IHK K03¢¢HttHeHT 6bln 
cHa4ana nony4eH no TeopeMe 
B3aHMHOCTH C HCnOnb30BaHHeM 
eeni14HH~ ce4eHI1R rHraHTCKoro 
pe30HaHca B MaKCHMyMe,• paBHOH 

cornacHo 1181 a =84 NZ _l_ M6 rn 7\r_/- , . yrr 
r,qe r - WHpHHa peaoHaHCa B M3B. 
0Ka3anocb, 4TO c, onpe,qeneHHbtH 
TaKHM ofipa30M, B HeCKOJlbKO pa3 
6onbwe, 4eM cne,qyeT 1-13 3Kcnep~
MeHTaJlbH~x raMMa-wl1pHH HeHT
pOHH~X peaoHaHCOB. no3TOMy 
K03$¢H~I1eHT C Bbi4HCJl.RJlC.R 1-13 
H3BeCTHbiX raMMa-wHpHH /19/ AJlfl 
Hei1TpoHHo-He4eTHbiX pacna,qa~~~~~x-

11 ycpe~HR!lCR. B 

l' = 4 93. 10 -s 

pe3yJlbTaTe 6btna 

Z(A-Z) E* 3 
A 8/3 ' 

C.R R,qep B o6nacTH OT Sm AD W 
nony4eHa $opMyna 

191 y • 

KoTopoH E * - Tennoea.R 3HeprHR • pacna,qa~eroc.R R,qpa a M3B, 
- B M3B. 11cnOJlb30BaHa 3aBI1CI-1M9CTb T ~vE*/A. noH!IIlKeHHOe 

B 

rY 
3Ha4eHI-1e c no cpaeHeHHID c pac4eToM no TeopeMe eaai-1MHOCTH oa
Ha4aeT, eepoRTHO, 4TO np11 pacna,qe cocTaBHoro RApa r1-1raHTCKI1H 
pe30HaHC npORBJlfleTCR C MeHbWeH C~J10H, 4eM np11 norno~eHI-11-1 y-
113J1y4eHHR. TaKaR B03MOmHOCTb npe,qnonaranacb a pa6oTe 

1
201, 

C I-1Cnonb30BaHI-1eM ¢opMyn 15 ,7 I ,qn.R npH"1epa 6btna Bbl41-1cneHa 
¢yHK~I-1R Bo36ym,qeHI-1R peaKI.(YII-1 118 sn( 40 Ar, 6n) 152 Er. 0THOUJeHYie 
Wi-1pi-1H' HeHTpOHHOrO Y1 raMMa-KaHaJlOB . ~E*) paCC4YITbiBaJ10Cb no 

6 1,! onHcaHHOH cxeMe ,qnH !llcnycKaHIIIH -ro HeYITpoHa, T.e. np11 pacna,qe 

10 , 

,, 

( 

HeHTpoHHo-He~THoro R,qpa 153Er. 3aTeM npe,qnonaranocb, 4To 
3aBI1CYIMOCTb !.....L..(E*) 6y,qeT TOH IKe CaMOH H AJ1R 1-1CnycKaHI-1R ln 
7-ro He~TpoHa. Pacc411TaHHaR TaKYIM o6paaoM $yHKI.(I-1R 8os6ylK,qeHYIR 
Ha PHC.5 CPBBHHDBeTCR C pac4eTOM no $OPMY!1BM 11,51, napaMeTp~, 
He ~Httble C Y46TOM KOHKypeH~i-1111 HeHTpOHHOro 11 raMMB-KaHaJ108, 
6biJ1H O,[IHHBKODbl 1-1 pBBHbl npHBe,qeHHbiM B TB6J11-1~e 8 TOM 1-1 ,qpyroM 
C!lyl.lae. BH,t~HO, 4TO 6onee KOppeKTHbl~ y4eT POill-1 raMMa- KBHBJ1B 
npY180,qi-1T K c,qe1-1ry 4>YHK~I-111 eosfiy!K,qeHHR enpaeo np!IIMepHo Ha 1 M3B 
1-1 HCCKOJ1bKO 113MeHA6T ¢OPMY $YHKUI-11-1 B036y>K,qBHHfl 8 o6naCTYI ee 
neeoro CKJ10HB. 3To I-13MCHCHI-16 I-1MEJBT TOT lite XBPBI<TC~, KOTOPbli:i 
noKB3bi8BIOT 3KcncpHMCHTilJ1bHbiO T04KI1 ,qnR peaK~HH ll Sn(4° Ar. 5n) 
H 74 Ge( 84 Kr, 5n), OTKJ10HRI0~110CR OT pac4eTHOH I<PHBOH /eM. 
pY!c.21. Ecnl-1 C41-1TBTb TOICOO CODJ18,qeHI-1C HBCJ1y4BHHbiM, TO, no
BHAHMOMy, MOIKHO D~CK030Tb rl-1nOTC3y, 4TO ,[lilA pacna,qa 4eTHOro 
R,qpa 154Er np1-1 I-1CnyCKOHI111 5-ro HCHTPOHB KOHI<ypeH~HR CO CTO-
POHbl y-KaHana fiD!lRElTCfl 3H041-1TOJ1bHO fionco Cl-11lbHOH, 4eM ,qnR 
pacna,qa He4eTHOrO ,I tillEr. 11Hb1MI1 CJ10DBMI-1, nOBbiWBHIIIe 3HeprYII-1 
0Tpbi8B HeHTPOHB npl-1 POCilOAO 40THoro no HeHTpOHBM R,qpa MOIKeT 
npHBOAHTb K Cy~eCTDt!IHHOMy nOHIIIIKeHI-110 WI1PI-1H 1'11 1-1 K cy~eCTBeH-

J' 
HOH 4eTHo-He4eTHOH oapl-101.(111-1 r· EcnH oficylft,qaeMble s,qecb 

n 
oco6eHHOCTH KOHKypBHI.(I-11-1 HO~TpOHHOrO H raMMB-KBHBJlOB peanbH~, 
To np1-1 ynpo~eHHOM pocqeTo no ¢OPMYI1BM I 1 , 5/ Heo6xo,qi-1MO 6btno 
6bt 6paTb ,qnR He4eTHoro pocna,qliiOU\erocn .R,qpa eeni141-1Hbt f Y 6onb
WHMI-1, 4eM 1,5 M3B • .llaHHbiO, npi-1De,qeHHbiC HS ~' rODOpRT 0 TOM, 
4To napaMeTp ty paooH np!IIMOpHo 2,5 M3B. A ,qnR 4eTHoro R,qpa* 
!y MomeT 6biTb e~a (5oJ1bWO. BbtWO OTM04anocb, 4To yoenl-14eHI-1e ey 
8e,qeT I< yMeHbWeHH~ napOMOTPO TCMnOpOTYPbl T. no3TOMy y4eT KOH
KypeHI.(HH HeHTPOHHOrO H roMMll-l<llHQJlOD no on!IICSHHO~ CXeMe AO!llKeH 
np!-18eCTI-1 K nOHHIKeHI-1~ DCJ11141-1H T 1-1 To HB o, 1-0,2 M3B. r 

3,qecb yMeCTHO C,QBJlBTb 38MQ40HHC, ~TO pllC4CT OTHOWeHHR ~ 

B o6nacTI-1 3Hepri-1H D03fSYIII,(ICHHJl, fSJ1113KOH K 3HOprHI-1 0Tpbi8B Hei:i~
pOHB, RBJ1ReTCR 4pe3Db141l~HO 4YDCTDHT6J1bHbiM I< ,qeTSJ1RM CXeMbl 
Bbi41-1CJleHHR [' n H f y 1-1 I< Obtt5opy 41-1CJ1tiHHbiX 3H84CHI-1H napaMeTpOB, 
npi-1Be,qeHHbiH 3,QeCb PBC4CT RDJl.ROTCfl OAHHM 1-13 D03MOIKHbiX DBplo1aH
TOB. ,lleTB!lbHOe On!IICllHHO DCCX $YHK~I-1H DQ3(5ym,qeH11R no 3TOH CXeMe 
BPRA 111-1 fl81-1J10Cb 15bl O,qH03HO~HO AOCTODCPHbiM. no3TOMY MOIKHO or
PBHH41-1TbCR ynpo~BHHbiMI-1 paC40TSMI1 /pa3,qen 31, npHDO,QRU\HMI-1 
K ,QOCTBT04HO XOPOW8My On!IICBHI-1~ $yHI<~H~ D03fiy1K,QOHI-1R, HO cne
,qyeT IIIMeTb B BIIIAY, 4To nony4ae~te np1-1 3ToM 3Hll40HHR R,qepHo~ 
TeMnepaTypbt T0 4yBCTDI-1TenbH~ K yT04HeHI-1~ pac4eTa KOHKypeH~~~~~~~ 
HeHTPOHHOrO 1-1 raMMS-KBHBJlOB. 

*T.e. ,qnfl He4eTHoro npo,qyKTa pea1<41-11-1. 
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TaK~M o6pa3oM, on~caH~e s cTaT~CT~4ecKo~ MoAen~ HecKonbK~x 
3KCnep~MeHTanbHO ~3MepeHH~X $YHK~~~ B036ymAeH~R (HI, Xn) 

peaK~~~. oToopaHHbiX no np~3HaKy Ha~oonee T04Horo onpeAeneH~R 
3Hepr~~ ~OHOB cpeA~ np~BeAeHH~X B n~TepaType ADR cna6oAenR~~XCR 

COCTaBH~X RAep, nOATBepmAaeT B03MOmHOCTb nony4eH~R TaK~X Be
n~4~H, KaK RAepHaR TeMnepaTypa ~ Kp~T~4eCK~~ yrnoBO~ MOMeHT 
o6pa30BaH~R COCTaBHOrO RApa. 0TMe4eHO Bn~RH~e Ha $yHK~~~ B03-
6ymAeH~R (HI, xn) -peaK~~~ npo~ecca KOHKypeH~~~ He~TpOHHOro 

~ raMMa-KaHanos B ofinacT~ 3Hepr~~ B036ymAeH~R, 6n~3K~x K 3Hep
r~~ OTp~Ba He~TpOHa. 
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