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KapaMstH C.A. 

K Bbi'!HCneHHIO tflyHKUHii ao36y>KileHHR 

P4 • 11339 

(HI, xn) -peaKUHli 

HccnenyeTCst aonpoc o Bbi'!HcneHHH HeKOTOpbiX aeml'iHH, xapaKTepH3YJO

WHX npouecc pacnana B036Y>KileHHbiX cocTaBHbiX anep, o6pa3yiOil!HXCSI non 

lleliCTBHeM TSI>Ke1lb!X HOHOB, Ha OCHOBe 06LI'!Hb!X npenn01IO>KeH!IH CTSTHCTH

'leCKOl\ MO/le11H, C npHMeHeHHeM YHH¢lHUHpOBaHHOf"O BHil8 CneKTpa HCH8pSieMb!X 

BeliTpOHOB -< e </T de nony'!eHa tflopMyna ll11SI Bbi'IHC11eHHSI BepOSITHOCTH p X(E) 

HCnapeHHSI onpeneneHHOf"O 'lf!C118 HeliTpOHOB (x) COCTS"HbiM SlllpOM C 3Heprueli 

B036y:;,:neHH.R E. 3Ta !popMyna HBn.ReTcH MaTeMaTH'leCKH 6onee TO'!Hoii, '!eM 

HMeJOmHecH a mtTepaType. Ha ee ocHoae nony'!eHbi MaTeMaTII'ieCKHe Bblpa

>KeHH.R ll11SI Bbi'!KCneHHSl tflyHK!UIH B036y>KileHH.R (HI, xn) peaKUHH C y'!e~OM 

yrnoaoro MOMeHTa, pacnpeneneHHii no yrnoaoMy MOMeHTY nponyKTOB HCnape-

HIISI X -HeiiTpOHOB H pacnpeneneHRli no OCTaTO'IHOli 3Hepl""HH B036y>K/leHHSI 

H Yf"110BOMY MOMeHTy COCTSBHbiX l!llep HB CTBilHH nocne HCnapeHH.fl HeliTpOHOB 

npH YC110BIIH <!JHKCSUHH KOHe'!HOf"O npOilYKTa peaKUHH. llnSJ npHMepa nponenaHbl 

'!ncneHHble Bbi'!HCneHHSI !pyHKUHH B036Y>KileHHH H yKa3aHHb!X pacnpeneneHHll 

nnst peaKUIIH 120 Sn( 40 Ar,4n)1 56 Er. BwnonHeHHe TBKHX pac'!eTOB cyll!eCTBeHHO 

ll11!t HHTepnpeTSUHH 3KCnepHMeHT811bHblX ll8HHbiX 0 3aceneHHH pOT8IlHOIIHblX 

nonoc B (Hl, xn) -peaKUIISlX, 06cy>Kil8eTCSl BODpOC 0 B11HSIHHH 3tfl4>eKTOB, 

CB!t38HHblX CO cnapHBBHI!eM HyK110HOB H o601IO'le'iHOii CTpyKTypoii ll/lep, Ha 

tflyHKUUH B036y)KileHH.fl (HJ,xn) -pe&KUHii. 

Coo5meHHe 05bellHHeHHOf"O HHCTHTYTB .RuepHbiX HCC11ellOBBHHli • .Qy5Ha 1978 

K.aramian S.A. P4 - 11339 

On Evaluation of the (HT,xn)Reactions Excitation Functions 

The calculation of some values characteristic of the heavy 
ion induced reaction of compound nucleus deexcitation is investi
gated, According to the usual hypotheses of the statistical model 
and using the unified type of evaporation spectrum ~ e•IT dc formula 
has been derived for evaluating the probability P x(E) for the evapo
ration of a fixed number of neutrons (x) by a compound nucleus with 
the excitation energy E. This formula is more precise as compared 
to a"l.·ailable ones, On its basis expressions were obtained for the 
evaluation of the (HI,xn) reactions excitation function with the ac
count of angular momentum, distributions over angular momentum of 
evaporation products of x neutrons, and distributions over residual 
excitation energy and angular momentum of compound nuclei after 
neutron evaporation at a fixed reaction final product.Numerical cal
culations for excitation function and the mentioned distributions for 
the reaction 120Sn( 4°Ar, 4n) 156 Er are given as an example.These 
evaluations are essential for interpreting the experimental data on 
the population of rotational bands in the (Hl,Jtn) reactions. The influ
ence of effects due to pairing of nucleons and nuclear shell structure 
on the (Hl,xn) reactions excitation functions is discussed. 

© 1978 06f>81lBH8HBblil BHCTBTy'l' JIJ18pHblX. IICCnetiOB8HBil Jly6H8 

1. BBE,4EHHE 

BhiqHcneHHe ceqeHHJI H <llopMhi <iiYHKUHH B036y>K,neHHJI 
,IJ;ilJI peaKUHH HCnapeHHJI Heii:TpOHOB COCTaBHbiM H,IJ;pOM, 
o6pa30BaHHbiM B pe3yilhTaTe CilHJIHHJI ,IJ;BYX CilO>KHhiX Jl,IJ;ep 
/TaKHe peaKUHH 6y,neM B ,nanhHeilmeM o6o3HaqaTh, KaK 
(HI. xn) - peaKUHH/, o6hJqHo BhinonHHeTCJI no MeTo,ny, no
nyqHameMy Ha3BaHHe MeTo,na ,[I.>KeKcoHa- CHKKenaH,na. Bnep
Bble <ilopMynhi ,IJ;ilJI BepOJITHOCTH P x(E) HCUapeHHJI x-HeHTpo
HOB COCTaBHbiM Jl,IJ;pOM C HaqanhHOH JHeprHeH B036y>K,IJ;eHHJI 
E 6hinH npHae,neHbi B pa6oTe 11/. B pa6oTe /2/ anepBbie 
,naHa npHHUHnHanLHaH <llopMyna ,nnH pacqeTa aepoHTHOCTH 
HCUapeHHJI HeHTpOHOB COCTaBHbiM Jl,IJ;pOM C yqeTOM HMero
IUerOCJI pacnpe,neneHHJI yrnoaoro MOMeHTa cocTaBHoro x,npa. 
PacqeTbi HeKoTophiX <iiYHKUHH B036y>K,neHHJI (HI,xn) peaK
UHH npH BhiqHcneHHft / aepoxTHOCTH HcnapeHHJI HeHTpOHOB 
P x (E) no ,<llopMyne L H yqeTe BnHHHHH. yrnoaoro MOMeHTa, 
KaK H a I u, 6hinH c,nenaHbi B pa6oTe i 31, TaM >Ke ,naHo o6o6-
IUeHHe <llopMyn ,nm1 cnyqax ,nenHIUHXCJI .11,nep. B ,nanLHeilmeM 
no,no6Ha.ll cxeMa BhJqHcneHHH c HeKOTOphiMH ycoaepmeHcT
aoaaHHJIMH npHMeHHnach B 6onhiDOM qHcne pa6oT. 

~OpMyna pa60Tbi /l/ ,IJ;il.ll BenHqHHbi p x(E) .IIBil.lleTC.II 
MaTeMaTHqecKH npH6nH>KeHHOH. B HaCTOHIUeil pa6oTe ,naH 
BbiBO,IJ; TOqHOH <ilopMynhi, npHBe,IJ;eHbi pe3yilhTaThi BbiqHcne· 
HHJI C nOMOIUhlO 3TOH <ilopMynhi BepOJITHOCTH HCnapeHHJI 
HeHTpOHOB Px (E), 4lyHKUHH B036y>K,IJ;eHHJI peaKUHH120Sn(1°Ar,4n) 
H pacnpe,neneHHH no JHeprHH B036y>K,IJ;eHHJI H yrnOBOMY 
MOMeHTY npo,nyKTOB yKa3aHHOH peaKUHH Ha CTa,IJ;HH nocne 
HcnapeHHJI HeHTpoHOB. BhiqHcneHHe TaKHX pacnpe,neneHHH 
CyiUeCTBeHHO ,IJ;ilJI HHTepnpeTaUHH 3KCnepHMeHTanhHbiX ,naH
HbiX o JaceneHHH poTaUHOHHhiX nonoc B (HI, xn) -peaK
UHHx/4,5/. 
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2. OCHOBHbiE fPOPMYJibl 

KaK H a pa6oTe /1/, npe,IJ,nono)I(HM, 'ITO: 1/ BMeeTcJI 
TOnbKO O,IJ,BH KaHan pacna,IJ,a COCTaBHOrO JI,IJ,pa - HCnapeHBe 
HeihpoHoa. 2/ CneKTp KHHeTB'IecKoB: 3Heprua ucnapJieMoro 
HeHTpOHa BMeeT BH,IJ,: 

dW(f) - f e -£/T df, /1/ 
r,IJ,e T • KOHCTaHTa, He JaBBCJIII.{aJI HB OT 3HeprBH BOJfiy)l(· 
,IJ,eHBJI COCTaBHOrO JI,IJ,pa, HH OT HOMepa HCnycKaeMOro 
HeiiTpoHa. KpoMe Toro, He 6y,IJ,eM y'IHTbiBaTL yrnoaoB: Mo
MeHT COCTaBHOrO JI,IJ,pa H yrnOBOH MOMeHT BCnycKaeMbiX 
HeHTpOHOB. 

llocne acnycKaHBJI nepaoro HeiiTpoHa BOJHHKaeT pac
npe,IJ,eneHae no OCTaTO'IHOH 3HeprHH U

1
=E-B

01
-E 

1
, KOTO· 

poe HMeeT BB,IJ,: 

E- B -U 
n 1 1 

dW(U ) = C ~- B n1 - U 1 
1 1 e 

T2 

-------
T 

dU 
1
• 

/2/ 

O'leBB.IJ.HbiM ycnoaHeM HOpMapoBKH 3Toro pacnpe,IJ,eneHHJI 
B npe,IJ,nOnO)I(eHBH OTCYTCTBHJI KOHKypeHIJ,HB CO CTOpOHbl 
,IJ,pyrax KaHanoa pacna,IJ,a cocTaBHoro R,IJ,pa JIBnReTcJI: 

E-Bn1 
dW I --dU 1 = 1. 

o dU 1 
/3/ 

113 3TOro ypaBHeHBJI HaH,IJ,eM KOHCTaHTY (; l' KpoMe TOrO, 
JICHO, 'ITO COCTaBHOe JI,IJ,pO He fiy,IJ,eT BCnycKaTb nocne
.IJ.YIOIIJ,HX HeB:TpOHOB, ecna nocne acnapeHBJI nepaoro HeiiT
poHa ocTaTO'IHaJI 3HeprBJI 6y,IJ,eT JaKnro'leHa a BHTepaane 
O:s;U 1-s_B02 • 0Tcro,IJ,a nony'IBM aepoJITHOCTL pacna,IJ,a co
cTaBHoro .II.IJ.pa c acnycKaHBeM O.IJ.Horo HeB:TpoHa: 

B 
n2 dW 

p (E) '"' I - dU 1 . 
1 o dU 1 

/4/ 

B cnyqae BCnycKaHBJI ,IJ,BYX HeHTpOHOB COOTBeTCTBYJO" 
IIJ,He cllopMynw ,IJ,nJI pacnpe,IJ,eneHBJI no ocTaTO'IHOH 3Hepraa 

4 

tJ 2 , ,IJ,ml ycnOBHJI HOpMHpOBKH H ,IJ,nJI BepOJITHOCTH He nyc· 
KaHBJI .IJ.BYX HeHTPOHOB, HMeiOT cne,IJ,yiOII.{HH BH,IJ,: 

dW(U ) = 
2 

E-l 2 

C (E-l -P ) 3 
2 2 2 

3! T 4 

J
. dW 

--dU o dU 2 = 1- P 2 1 ' 

p (E) 
2 

8 n3 

I 
dW 
-dU 

o dU 2 
2 

e 

2 

E-l2-u2 

T 

r,IJ,e aae,IJ,eHo o6oJHa'leHHe l = l B . 
2 k = 1 nk 

/5/ 
dU

2 
, 

/6/ 

/7/ 

3TH cilopMynbl MO)I(HO OfiOfiii.{HTb Ha cny'laH DpOH3BOnL· 
HOrO 'IBCna BCnyll.{eHHblX HeHTpOHOB: 

dW(Ux)= (2x-1)! T2x 

C (E-l -U )2x-1 
X X X -

e 

E-I 
x dW x-1 

I -- ctll = 1 - ~ P 
X k' 

0 dUX k= 1 

8 nx+.l 

p (E)= I dW dU 
X dU X 

X 0 

E-Ix-ux 
--T-

dUX • 
/8/ 

/9/ 

/10/ 

3,IJ,ecb a B ,IJ,anbHeiiwew 6y,IJ,ew npawea•Tb o6o!lll&'leHB•: 

X X 

U x = E - I x - I f k ; I It= I B nk • 
k=l k=l 
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Pewax ypaBHeHHJI /9/, /10/, nony':lHM: 

r.n;e 

c = 
X 

x- 1 
1- ~ pk 

-- k=_l ___ _ 

E- ~X 
I( , 2x) 

T 

x- 1 
P (E) = ( 1 - ~ P ) [ 1 -

X k= 1 k 

E -~ x + 1 
2

x) 
I(---' 

T --J, 

E -lx 2x) !(-------, 
'I 

/11/ 

/12/ 

I( z. m) - HenonHaJI raMMa-liJyHI<IJ,HJI B onpe.n;eneHHH / 6/, 

z m- 1 -t 
paBHax I (z, m) = f t e dt 0 

0 

3TO $aKTH':leCKH OKOH':laTeJILHaJI $opMyna ,IJ,JIJI Bhl':lHCJie
HHJI BepOJITHOCTH HCnapeHHJI nw6oro ':lHCna HeHTpOHOB CO
CTaBHhiM JI,Il,pOM C 3HeprHeH B036y)I(,IJ,eHHJI E 0 0Ha OTJIH':la-

1•/ eTCJI OT npHBe,IJ,eHHOH B I J. , 

YTO':lHHM ceH':lac aonpoc o IPYHI<IJ,HJIX B036y)I(,IJ,eHHJI .n;nJI 
HCllYCI<aHHJI Manoro ':lHCna HeHTpOHOB - 0 H 1. 0':leBH,IJ,HO, 
'iTO HeJih3JI npeHe6pe':lh llOJIHOCThW I<OHI<ypeHIJ,HeH CO CTO
pOHhi H3Jiy':leHHJI y -I<BaHTOB, I<ai< 3TO 6LIJIO C,IJ,enaHO BhiWe. 
,il.a)l(e ,IJ,JIJI Jl,IJ,pa C MaJihiM MOMeHTOM B o6naCTH 3HeprBH 
B036y)I(,IJ,eHBJI, cneri<a npeBLIWaiOIIJ,HX 3Heprmo CBJI3H HeHT
poHa, )' - WHpHHa !' y npeBLIWaeT ln. qT06hi y':leCTh 3TOT 
$ai<T, B nepBOM npH6JIH)I(eHHB BBe,IJ,eM nonpaBI<y t v Tai<yro, 
'iTO B o6nacTB 3HeprHH Bo36y)I(,IJ,eHBJI E s_ B n + '( y JI,IJ,po 
He Hcnyci<aeT HeHTPOHOB, a npH E > Bn + c v aepo.sTHOCTh 
HCllYCI<aHBJI XOT.II 6LI O,IJ,HOrO HeiiTpoHa 'paBHa e,IJ,HHBIJ;e. 
B Tai<OM npH6JIB)I(eHHH $opMynLI .n;nJI aepoJITHOCTH ncnyc
KaHBJI Heii'fpOHOB MO)I(HO nepenHCaTh B cne,IJ,yroiiJ,eM BB,IJ,e: 

p = 1, 0 < E < B + E : p = 0' 8 > B + f ' /13/ 
0 - - nl y 0 nl y 

P 1 =0, 0< E<B 
1

+< ; P
1

= 1, B +f <E<~ 2 +f , 
- -· n y nl y - y 

6 

E- ~ 2- ~.2) 
I( 'I 

'E>l2+fy· p = 1-
1 

flpH X> 2: 

E- Bn_!_ 2) 
I ( ' 

T 

x-1 
P (E)=U- ~ P )fl-

x k= 1 k 

E-~ x + 1- f2.,2x) 
I(-- T 

E- ~ 
I(---!, 2x) 

'I 

c y':leTOM I(z,m) = 0 npH z < 0 0 

l13 nocne.n;Hero ycnoBHJI nony':lHM: 

Px(E)=O a o6nacTH E ::;_ 2:x -+ ( y , 

x-1 

/14/ 

], /15/ 

P (E)= 1- ~ Pk B o6nacTH ~x + fy< E 'S_lx+l HY' 
X k= 1 

P x (E)onpe.n;enxeTcJI liJopMynoH I 15/ B o6nacTH E > ~ x + 1 + f y 

3. PE3YJibTATM BblfJHCJIEHHH 

Ha puc. 1 npHae.n;eHLI 3Ha':leHHJI P x(E) B BHTepaane 
3HeprHH ao36y)I(,IJ,eHH.R E::; 100 M3B, BLI':lHcneHHLie .n;n.B. 
rHTIOTeTH':leCKOrO x.n;pa, HMeroiiJ,ero 3HeprHH CB.B.3B BCeX 
HeHTPOHOB Bnk = 8 M3B, npH BLI6ope napaMeTpOB T = 

= 1 M3B, f Y = 2 M3B. 3TH 3Ha':leHH.B. Px(E) no':lTH coa
na.n;aroT /OTJIBqHe B TpeTheM 3HaKe/ CO 3Ha':leHBJIMH, KOTO
phle MoryT 6LITL nonyqeHLI no liJopMyne H3 pa6oTLI 11 I npH 
Tex )l(e 3HaqeHHxx napaMeTpoB. TaKoe coanaJJ,eHHe o6'hJIC
HJieTcJI TeM, 'ITO liJopMyna pa6oTLI I 11 BMeeT norpew
HOCThl1/ OKOJIO e-Bn/T. EcnB ,IJ,JIJI KaKBX-nH60 JI,IJ,ep OT
HOWeHHe B /T He cTonL aenBKO, KaK npe.n;nonaranocL 
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f.CXJ 1---.---
p x(E) 

a so 

G60 on m 

Ql(() 

azo 

aro 
0 80 OJ 

E /138 

Puc. 1. 3aeucwwocmu om 3Hepzuu eo36yJKOeHUJI E eepoRm
Hocmeu ucnapeHUJI x HeilmpoHoe P x (E), e&I'IUCAeHHble no 
(JopMy/le I 15/. 

Bblme, TO cllopMyna pa6oTbi It/ 6y,D;eT ,D;aBaTL 6onLwee oT

KnoHeHHe pe3ynLTaTa OT TO'IHoro pac'leTa no cllopMyne /15/. 
EcnH H3BeCTHa aepoJITHOCTL P (E) HcnapeHHJI x-HeiiT-

x u 

pOHOB COCTaBHbiM .II,D;pOM C 3HeprHeH E H HyneBbiM yrno-

BbiM MOMeHTOM, TO C nOMO~hiO MaTeMaTH'IeCKOrO Bblpa:>Ke

HHJI, no,D;06Horo cllopMyne H3 pa60Tbi /2/, MO:>KHO HaRTH 

ce'leHHe (HI,xn) peaKIJ,HH c y'leToM HMeJOIIJ,erocJI pacnpe

,D;eneHHJI no yrnOBOMY MOMeHTY COCTaBHbiX JI,D;ep. )J;nJI 3TO

ro, KaK H B 7 2/, He06XO,D;HMO HCnOnL30BaTL nOHJITHe 3Hep

rHH Bpa~eHHJI HnH HpacT- 3HeprHH .II,D;pa E (r ) = E ce ) KO-
R y ' 

h2 
TopyJO npHMeM paBHOR E (f)= -f2 + ~. r,11;e ~ -no-

R 2J 

npaBKa, CBJ13aHHaJI C 3HeprHeR cnapHBaHHJI HYKllOHOB, BKnJO

qaeMaJI B pacqeT ,D;nJI cnyqaJI 'leTHo-qeTHoro npo,D;yKTa 

peaKIJ,HH. 

,D;o cHx nop Mbl HeJIBHO npe,D;nonaranH, 'ITO TaKaJI KBaH

ToBaJI BeilH'IHHa, KaK 3HeprHJI B036y:>K,D;eHHJI .II,D;pa, MO:>KeT 

6biTL 3aMeHeHa HenpepbiBHOR KnaccH'IecKoR Koop,D;HHaToR E. 
CeR'IaC Mhl, KpOMe Toro, Ha'IHHaeM HCnOnL30BaTL npe,D;-

8 

I 
I 

nono:>KeHHe o TOM, 'ITO co6cTBeHHble 3Ha'leHHJI onepaTopa 

KBa,D;paTa yrnOBOrO MOMeHTa f (f + 1) MO:>KHO 3aMeHHTL Ha 

BenH'IHHbl f 2 , T. e. CHOBa OT KBaHTOBOR BellH'IHHbi nepe

XO,IJ;HM K KBa3HKnaCCH'IeCKOMY aHanory, HMeJOIIJ,eMy Henpe

pbiBHbiR cneKTp 3Ha'leHHR. 3TH npH6nH:>KeHHJI BHOCJIT He-

6onLWYIO norpeWHOCTL ,D;llJI ,D;OCTaTO'IHO BLICOKHX yrnOBbiX 

MOMeHTOB, 06bl'IHO HMeiOIIJ,HX MeCTO B cnyqae peaKIJ,HR C 

TJI:>KenbiMH HOHaMH, a TaK:>Ke ,D;llJI 3Ha'IHTenLHbiX 3HeprHR 

B036y:>K,D;eHHJI, OTC'IHTbiBaeMbiX OT HpaCT- llHHHH, E-E R (C). 
B npe,D;nono:>KeHHH, 'ITO pacnpe,D;eneHHe cocTaBHbiX .11,11;ep 

no MOMeHTy, B cornacHH c MO,D;enLJO qepHoro .11,11;pa c pe3-

KHM KpaeM, HMeeT BH,IJ; ap- f npH 0< f < f (f "t ), 
- max en 

ap = 0 npH f > f max(fcrit ) H. npeHe6peraJI yrnOBbiM MO-

MeHTOM H3ily'leHHbiX HeRTpOHOB, nony'IHM: 

a xnCEJ=653 2J (A 1 +·A2) 

112 A A E 

(E R >max 

r,11;e a xn - B M6, 

B C.IJ,.M. B M3B, 

1 2 c 

112 

2J 

(E R) max 

r 
0 

/16/ P x(E-ER)dER, 

- B M 3B, E c- 3HeprHJI HOHa 

- MaKCHManLHOe 3Ha'leHHe 

3HeprHH Bpa~eHHJI, COOTBeTCTBYIO~ee MaKCHManLHOMY HllH 

KpHTH'IeCKOMy yrnOBOMY MOMeHTY f max HllH f crit , 

A 1 • A 2 - Maccoable 'IHcna B3aHMO,D;eRcTBYJOIIJ,HX .11,11;ep. Ha 

puc. 2 npHBe,D;eHa Bbi'IHcneHHaJI no cllopMyne /16/ «liYHKIJ,HJI 

B036y:>K,D;eHHJI peaKIJ,HH 120 Sn( 40 Ar, 4n) 1 56 Er, npH Bbl6ope 

3Ha'leHHR napaMeTpoa: i1 2/2J = 8,68.10--3 M3B, HaR,D;eHHbiR 

H3 3HeprHH nepexo,D;a 16 1 ,.14 1 poTaiJ,HOHHOR nonocbl ocHoB

Horo cocToJIHHJI H3oTona lfl6 Er , r 0 ~ 1,47 Fm - napaMeTp 

pa,D;Hyca B3aHMO,D;eRCTBHJI JI,D;ep, CyiiJ,eCTBeHHbiR ,D;llJI Bbi

'IHCneHHJI 3Ha'leHHR f max , BenH'IHHa f max 3aMeHJinacL 

Ha fcrit ,IJ;llJI 3HeprHR, npH KOTOpbiX fmax :~ fcrit , 'IHC

neHHOe 3Ha'leHHe fcrit onpe,D;enJinOCL no cllopMyne H3 pa6o
Tbl / 4/. 

C nOMO~LIO cllopMynbl /8/ MO:>KHO HaRTH pacnpe,D;eneHHe 

COCTaBHLIX JI,D;ep no yrnOBOMY MOMeHTY f H OCTaTO'IHOR 

nonHoR 3HeprHH B036y:>K,D;eHHJI U x Ha cTa,D;HH nocne He nape-
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200 
d 

/'10 

fCXJ 

0 f{X) 110 120 130 lifO f!j{) H. 
8 

160 
I 1 1 1 1 1 1 Ec 1 

3 
1 1 I 

{/{() f50 160 ro tao I9J m 210 220 
£L /1.38 

Puc. 2. (f>yHKI.IWI eo36yxoeHUJI peaKI.IUU 
120

Sn( 
40Ar,4n) 156 Er~ 

6bl'lUCA€HHQJI no (JopMyAe /16/ npu 3HQ'l€HUU f . = 7211 /4/ 
cnt 

HHH X -HeiiTpOHOB )J,JIH $HKCHpOBaHHOrO KOHeqHoro npo,!J,yK-

Ta peaKIJ;HH 

0 

2 
iJ wcux.n ae 

au ae ac 
X 

0 

10 

B o6JiaCTH ll <E(f) 
X - R 

c; (£ )(E-L -U )2x-1 
X X X 

E-L -u 
~ X 

T 
----~·-- e 

(2x-l)! T 2x 

B 06JiaCTH E (e)<U <E (O+B H 
R x- R nx+l y 

B o6nacTH Ux>ER(e)+Bnx+ 1 +cy 

/17/ 

r)J,e ap - ceqeHHe o6pa30BaHHH COCTaBHOrO H)J,pa C )J,aH

HblM f , a c - nOJIHOe ceqeHHe o6pa30BaHHH COCTaBHOrO 

H,!J,pa, C x (f) BblqHCJIHeTCH no CJie)J,yiOI:u;eH $opMyJie: 

x-1 
1-LP[E-E(e)] 

k= 1 k R 
---· c (e)= 

X 

E-L -E (e) 
X R 

I [ , 2x ] 
T 

llpH npH6JIIDKeHHH OCTaTOqHOH 3HeprHH Ux K HpacT-3Hep

rHH ER (£) aenHqHHa U x cTaHOBHTCH cymecTBeHHO KBaH

TOBOii BeJIHqHHOH, npHHHMaiOI:u;eii BnOJIHe onpe)J,eJieHHble qHc

JieHHble 3HaqeHHH, COOTBeTCTBYIOI:u;He ypOBHHM B036y:lK)J,eHHH 

H)J,pa. ll03TOMY, eCTeCTBeHHO, BepOHTHOCTb 3aCeJieHHH 3TOH 

o6JiaCTH 3HeprHii lJ -EJe) B pacqeTe Ha e)J,HHHqHblH HHTep

BaJI 3HeprHH 6y)J,eT nci'HH:lKeHa no cpaaHeHHIO c $opMynoii I 17 I, 
H noBe)J,eHHe BeJIHqHHbl BepOHTHOCTH 3aCeJieHHH 6y,!J,eT 3a

BHCeTb OT KOHKpeTHOrO BH)J,a cneKTpa B036y:lK)J,eHHH TOrO 

HJIH HHOro H)J,pa npH onpe)J,eJieHHOM e. O,!J,HaKO MO:lKHO yT

Bep)t()J,aTL, qTo )J,JIH BCeX H)J,ep npH JII06blX £ 6y)J,eT HMeTb 

MeCTO He pe 3Koe o6pe 3aHHe pacnpe)J,eJieHHH I 17 I npH 

U x = ER ( E ) , a MOHOTOHHoe yMeHLWeHHe Ha KOHeqHoM 3Hep

reTHqecKoM HHTepaane. KpoMe Toro, pe3Koe orpaHHqeHHe 

pacnpe)J,eJieHHH I 17 I npH u X = ER ( n + B nx + 1 + f y CBH3aHo 
C npOCTeHWHM yqeTOM KOHKypeHIJ;HH CO CTOpOHbl HcnycKa

HHH y -nyqeii nyTeM BBe)J,eHHH nonpaBKH f)' /CM. BblWe/. 

ECJIH TaKyiO KOHKypeHIJ;HIO yqecTb 6oJiee KOppeKTHO, TO 3TO 

npHBe)J,eT K crJia:lKHBaHHIO pe3KOH rpaHH:Ubl pacnpe)J,eJieHHH 

npH Ux=ER(f)+ Bnx+ 1+<y-TaKHM o6pa30M, peaJILHble pac
npe,!J,eJieHHH 6y)J,yT HMeTL CrJia:lKeHHble rpaHHIJ;bl, B OTJIHqHe 

OT pacnpe,!J,eneHHH /17/. TeM He MeHee, no3H:UHH pacnpe,!J,e

JieHHH no KOOp)J,HHaTaM Ux H f, a TaK:lKe ero )J,HCnepCHH 

npaBHJILHO nepe,!J,aiOTCH $opMynoii I 17 I. 
Ha puc. 3 )J,JIH npHMepa npHBe)J,eHo BblqHcneHHoe no $op-

a2w 
Myne /17 I pacnpe,!J,eJieHHe ----(U , f) )J,JIH npo,!J,yKTOB 

JU x()f X 

peaKIJ;HH 120 Sn( 40 Ar,4n) 156 Er npH 3HeprHH HOHOB 40Ar, 

paBHOii 170 M3B B n.c. 
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32w 3 --·() 
BE clt .lD 

O·L-----~-------------------+------J 
0 ({) t:rJ 3() 1/(J f 1'1.98 

Puc. 3. PacnpeoeAeHue no noAHOU ocmaliiO'lHou 3Hepzuu 
6036yxOeHUJI E /UAU u 4 I u YZA060MY MOMeHIIIY e OAJI 
COC111Q6HbtX JIOep nocAe ucnapeHUJI 4 HeU111POH06 6 peaKf4UU 
120sn( 40.Ar, 4n) 156 Er npu 3Hepzuu UOH06 170 M3B 6 

A.C., 6bt'lUCAeHHOe no (JopMyAe /17/. 

HHTerpHpyJI Bblpa:lKeHHe I 17 I no au . nony'IHM pacnpe. X 
~eneHHe npo~yKTOB (HI, xn) peaKUHH no yrnOBOMY MOMeHTY 
B cne~yromeM BH~e: 

dWx (f) 2f p [E-ER(e)]df. 
2 X 

e max 
1181 

llpH BbiBO~e 3Toi ~opMynbl npe~nonaranacL Mo~enL qep
uoro Jl~pa c pe3KHM KpaeM ~nJI BLI'IHcneHHJI a p H a c • Ha 

dW 
puc. 4 npHBe~eHbl pacnpe~eneHHJI ___ x(C) ~Jl peaKUHi 

df 
12° Sn( 40 Ar, xn) npH 3HeprHH 170 M3B B n.c. 113 pHcyH
Ka BH~HO, 'ITO HMeeT YeCTO cenapaJlHJI COCTaBHbiX Jl~ep no 
yrnOBOMy MOMeHTY, a HMeHHO: ManbiM yrnOBbiM MOMeH
TaM OTBe'laeT HCnapeHHe 6onLWOrO 'IHCna HeiTpOHOB -
6,7, a 6onLWHM MOMeHTaM B6nH3H f max • HCnapeHHe 
Tpex HeiTpOHOB. 

12 

a a, 

~(~ 

Q02 

a01 

0 f() 20 30 ItO 50 {J{) 70 
tmax 

Puc. 4. PacnpeoeAeHUJI no yzAo6oMy MOMeHIIIY npooyK1fi06 
120 Sn(40 Ar, xn) - peaKf4UU npu 3Hepzuu uoHo6 170 M3B 

6 A.C., 6bt'lUCAeHHbte no (JopMyAe /18/. 

HJ paccMoTpeHHJI peJynLTaToB pac'leToB cne~yeT cy
mecTBeHHbiB B MeTO~H'IeCKOM OTHOWeHHH BbiBO~: 3Hepre
TH'IeCKaJI D03HilHJI, Ce'leHHe B MaKCHMyMe H ~OpMa ~YHKilHH 
B036y:JK~eHHJI, Bbi'IHCneHHble KOppeKTHbiM o6pa30M ~~op
Myna 11611, Mano OTnH'IaiOTCJI OT peJynLTaTOB ynpOIJ.leH· 
uoro pac'leTa, npHBe~eHHbiX B pa6oTe/5/ ~nJI Toii :JKe peaK
IlHH. KpoMe Toro, cpe~uue JHa'leHHJI yrnoaoro MOMenTa 
~Jl ~HKCHpOBaHHbiX npO~YKTOB peaKJlHH Ha CTa~HH nocne 
HcnapeHHJI ueiTpoHOB TaK:JKe MoryT 6biTL ~ony'leHbl ynpo
menHbiM cnoco6oM, onHcaHHbiM B pa6oTe 14~npH'IeM peJynL
TaT ynpomeuuoro pac'leTa Mano OTnH'IaeTCJI oT KoppeKTHo
ro Bbi'IHcneHHJI c noMOIJ.lltiO pacnpe~eneHHi, noKaJaHHbiX 
ua puc. 4. 

06cy~HM TenepL BnHJIHHe 3!W>eKTOB; CBJ13aHHbiX CO 
cnapHBaHHeM HyKnOHOB H o6onO'Ie'IHOH CTpyKTypoi Jl~ep Ha 
~YHKilHH B036y:JK~eHHJI (HI, xn) peaKUHi. H3 ~opMynbl 1151 
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CJie,nyeT, 'iTO HMeiOIQaJI MeCTO "leTHo-He'ieTHa.ll BapHaUH.II 

3HeprHH CB.II3H Heii:TpoHa npHBO,IJ;HT K 3aMeTHOMY nOBbiWeHHIO 

Ce'ieHH.II ,IJ;JI.II npo,nyKTa C "leTHbiM "'HCJIOM Heii:TpOHOB, 'iTO 

OTMe'iaJIOCL H a pa6oTell~ O,nHaKo aae,neHHaJI nonpaaKa £y 
MO)I(eT 3aBHCeTb OT 'ieTHOCTH 'iHCJia Heii:TpOHOB (N c -x) B 

ocTaTO'iHOM JI,npe. BapHaUHJI E Y c "leTHOCTLIO 'iHCJia HeiiT

poHoB 6y,neT CrJia)I(HBaTL, B KOHe"'HOM HTOre, OTMe'ieHHYIO 

BbiWe BapHaUHIO Ce'ieHHH o6pa30BaHH.II 'ieTHbiX H He'ieTHbiX 

no N npo,nyKTOB peaKUHH, o,nHaKo, B03MO)I(HO, 3TO crna

)I(HBaHHe 6y,neT HenOJIHbiM. 3aMeTHM e~Qe, 'iTO BbiBO.IJ:IiiOPMYJI 

OCHOBaH Ha YHHiiiHUHPOBaHHOM BH.IJ;e 3HepreTH'ieCKOrO cneKT

pa HeHTpOHOB - t 8 -E/T dt, O.IJ;HaKO TaKOH BH,IJ; cneKTpa e,naa 

JIB 6y,neT cnpaae,nJIHB ,nJI.II ucnapeHHJI nocne,nHero HeiiTpo

Ha, B OC06eHHOCTH ,IJ;JI.II O'ieHb MaJIOH OCTaTO'iHOH 3HeprHH 

B036y)I(,IJ;eHH.II KOHe"'HOrO npo,nyKTa. 3TO CBJ13aHO C Cy~QeCT

BeHHOH 3aBHCHMOCTblO nJIOTHOCTH ypOBHeH Jl,nep B 06JiaCTH 

MaJibiX 3Hepruil B036y)l(,neHHJI /- 1-5 M :JB/, oT qeTHOCTH 

'iHCJia HYKJIOHOB H OT o6onoqeqHoil CTPYKTYPbl Toro HJIH 

HHOrO .II,IJ;pa. 0TCIO,IJ;a CJie,nyeT, 'iTO TO'iHOe H3MepeHHe lilop

Mbl lflyHKUHH B036y)I(,IJ;eHH.II B6JIH3H nopora (HI, xn) peaK

UHH ~X + c y , MO)I(eT ,naTb HHiiJOpMaUHIO 0 KOJIH'ieCTBeHHOM 

Bb160pe napaMeTpa t , a TaK)I(e 0 3aBHCHMOCTH lflyHKUHH 

nnoTHOCTH ypoaHeil dT MHKpocKonuqecKoil cTpyKTYPbl Ko

He"'Horo JI,npa npu HH3KHX 3HeprHJIX B036y)l(,neHHJI < B • 
- n 

EcJIH BJIH.IIHHe 'ieTHOCTH 'iHCJia HYKJIOHOB Ha au,nlflyHK

UHH nJIOTHOCTH ypOBHeH KOHe'iHOrO .II,IJ;pa yqeCTb B npOCTeii

WeM BH,ne nyTeM C,IJ;BHra Ha BeJIH'iHHY o(Z, l'J) Ha'iaJia 

OTC'ieTa ,IJ;JI.II 3HeprHH B036y)I(,IJ;eHH.II p(U) = p [E-o (Z, !\J)], a 

BH,IJ; cneKTpa 3HeprHH HeHTpOHOB OCTaBHTb npe)I(HHM, TO 

3TO npHBe,neT K nOJIHOMY HC'ie3HOBeHHIO BapHaUHH ceqe

HH.II C "leTHOCTbiO 'iHCJia HeHTpOHOB npo,nyKTa (HI,xn) peaK

UHH. 

AaTop 6naro,napeH H.11. TapaHTHHY Ja noneJHoe o6-

cy)l(,neHue peJyJILTaToB pa6oTbl. 

IlpuMe'laHue npu KoppeKITtype: Ilocne c,naqu pyKonucu 

B neqaTb aBTOpy CTaJia H3BeCTHa pa6oTa/71;B KOTOpOH 

npe,nJiaraeTC.II C'iHTaTb 3HeprHIO CB.II3H HeHTpOHa 3aBHCJI

ll{eH OT yrJIOBOro MOMeHTa COCTaBHOrO .II,IJ;pa I no lflopMyJie 

14 

B ( n) h 2 If n ~ u 

n L = Bn (0) - , r.ne t - MaKCHMaJILHbiH yrnoaou 

Jrig 

MOMeHT CBJI3aHHOrO HYKJIOHa B .II,IJ;pe f=6.llpe,ncTaBJIJieTCJI, 

'iTO npH paCCMOTpeHHH H3Jiy'ieHHJI HeHTpOHa C op6HTaJIL

HbiM MOMeHTOM E 34xl!eKTHBHa.11 3HeprHJI CBJI3H ero .IJ:OJI)I(Ha 

1i~f ti 2 f(f + 1) 
Bhi"'HCJIJITLCJI no lflopMyne B (f) = B (0)- --- ' - , 

n n J. 2mR 2 
ng 

r.ne nocne,nHHH 'iJieH ecTL ueHTpo6e)I(HbiH 6apLep .IJ:JIJI HeiiT

poHa. B pe3yJILTaTe ,IJ;JIJI HeHTPOHOB c 60JILWHMH e, BKJia.n 

KOTOpbiX HeBeJIHK, 3HeprHJI CB.II3H cy~eCTBeHHO paCTeT, 

HO MaJIO OTJIH'iaeTC.II OT Bn (0) ,IJ;JIJI HaH60Jiee BepO.IITHbiX 

e = 1 H 2 B o6JiaCTH JI.n;ep c A"'150 co cnHHOM I BnJIOTb 

.no Icrit • IlOHH)I(eHHe 3HeprHH CB.113H .IJ;JI.II e"' 4-6 MO)I(HO 

O)I(H.IJ:aTL npH I"' 50 TOJILKO .IJ:JIJI o'ieHL nerKHX .11.n;ep c A<40. 
Il03TOMY B HaCTOJI~eH pa6oTe 3HeprHJI CB.II3H HeHTpOHa 

C'iHTaeTC.II .IJ;JIJI JI,IJ;ep cpe,n.HeH MaCChi He 3aBHCJI~eH OT yr

JIOBOrO MOMeHTa COCTaBHOrO Jl,npa I /HJIH f B TeKCTe/. 
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