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Analysis of neutron and proton spectra from neutron induced 

r eac t ions . 

Final report 

I . Kibansky, I n s t i t u t e of Physics, EHîC, SAS, 342 23 Bra t i s lava , 

Czechoslovakia 

I» Introduction 

The exciton model of Griffin [ l ] developed and extended by 

many authors [2-4] proved to be very succesful in analyses of 

the nonequilibrium part of pa r t i c l e spectra emitted from nuclear 

systems at exc i t a t ion energies from 20 to <*» loo MeV. A global 

set of parameters was deduced [2*4» 5J which makes i t possible 

to calculate needed and not yet measured da ta . The t h e o r e t i c a l 

j u s t i f i c a t i o n of the exciton model was given recent ly [6 - 9] • 

Though the exciton model i s able to reproduce almost the 

whole nonTequilibrium portion of the pa r t i c le spec t ra , there 

i s at leac t one c lass of data -(n,xn) spectra - for which the 

exciton model gives too few high energy p a r t i c l e s [ lO, l l ] • 

The sameapply to the other type of preequilibrium models [12] • 

Yfe have suggested tha t the exciton model energy d i s t r i b u t i o n 

can be improved by assuming the depth of the hole exc i t a t ion 

to be l imi ted . Similar suggestion has been made in [12, 19] • 

I aaiatempt to improve descr ip t ion of (n, xn) spectra we 

have developed the modified exciton model ( LEMj in which only 

a lJmitted number of t a rge t nucléons ore involved in the pre­

equilibrium stage of a r eac t ion . I t turned out that MEM provi ­

des very good descr ip t ion of (n , m ) data at exc i t a t i on ener­

gies E « 20-35 MeV where the experimental angle- integrated 

spectra are ava i l ab le . 
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I I • Modified exc i t on model 

Consider A ~ 60 nuc le i . The she l l model (see e . g . [l3] ) 

predicts a gap ¿ ^ 5 MeV betv/een the l a s t and the next lower 

lying subshell8 for the ground s t a t e s of those nuc le i . Consider 

(nucleón, nucleón) react ion and the portion (6 _ - d , £ ) 
v l max * max ' 
of the emitted spectrum, c i s the maximum energyióf emitted 

nucléons. We see tha t t h i s portion can or iginate only from the 

in terac t ion of the pro jec t i le with the nucléons lying on the 

l a s t subshel l . 

The basic modification of the exciton model i s represented 

by the assumption that only the l a s t subshell nucléons are invol­

ved in the preequilibrium stage of a r eac t ion . 

In the closed form formulation of the exciton model the 

preequilibrium nucleón energy d i s t r i bu t i on ( t ak ing into account 

the d i s t i nqu i sh ib i l i t y betv/en protons 1 and nettrons 1 ) i s given 

SB 

à 6 r V ~ a (n)ww[£ n) 

- 6
R 2_ * X X D (n) ( l ) 

*ex 

An'*2 t"*'» 

where 6 r> i s "the react ion cross sec t ion , n ( «p+h) i s the exciton 

number, S i s the channel energy, A . and w are the intranucleon 

t r an s i t i on ra te and the emission ra te r e sp . and D(n) i s the 

depletion factor - the l a s t three quan t i t i e s are discussed in 

[2-4] • Only the nucleón channels are considered in eq . ( l ) as 

other channels are suff ic ient ly weak for a l l r eac t ion we have 

used to t e s t WU, The coef ic ients a., define the f rac t ion of 

nucléons of a given type in the n-exciton s t a t e s . 

The assumption that only l a s t subshell nucléons are invo l ­

ved i s incomorated in the following wayt 
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F i r s t , the c o e f f i c i e n t s a . aie eva lua ted as 

ûj(n) - i n , J p = Jtv +Ny (2) 

where p i s the number of exc i t ed p a r t i c l e s and NT (Hy) i s the 

number of exc i t ed protons ( n e u t r o n s ) • For example, for neu t ron 

induced r e a c t i o n s and n «= 3 we have 

bni^Ti b^iiy, ^ H T , + 2n 
No * -z + 2 Í3) 

where c< = Ç^/ S99 i s the r a t i o of free NN c r o s s s e c t i o n s and 

n T ( n ^ i s the number of pro tons ( n e u t r o n s ) l y i n g on the l a s t 

subshe l l of the t a r g e t n u c l e u s . P u t t i n g n ^ > Z, n y « lî e q . 

( 3 ) reduces t o one discussed i n L ' l2 ] . ~ 

ttext the q u a n t i t i e s A and w are eva lua ted u s ing the e x c i t o n 

s t a t e dens i ty for f i n i t e p o t e n t i a l we l l E,j [14] 

n h n - 1 

^ ( E ) « ^ T fh)(-)1*B - I E J ~ ©(E-IE.J (4) 
ph p!h!(n-l) ! ̂  W ' [ H J V "' 

l«o 

where g i s the s i n g l e p a r t i c l e s t a t e d e n s i t y and © i s the Heavi -

s ide f u n c t i o n . The Ej, was approximated by the energy spread of 
the l a s t s u b s h e l l (due t o r e s i d u a l i n t e r a c t i o n ) [15] • I n a l l our 

c a l c u l a t i o n s we have assumed E„ « 1 MeV and C< m 2.5» 

The q u a n t i t y A . has been parametr ized i n a usua l way [ 5 j 

\+ « - CE~V"3
 w

+ Í5) 

where C J + i s the a c c e s s i b l e f i n a l Btate d e n s i t y fo r ¿n»+2 p rocess 
f 

and was eva lua ted us ing e q , ( 4 ) • The f a c t o r C was t r e a t e d as a 

f i t parameter of IBM. 

The e q u i l i b r i u m por t ion of nucleón s p e c t r a was a p p r o x i ­

mated by the evapora t ion process assuming s t a t e d e n s i t y of the form 

P('U) °< I T 2 exp ( Ï2 fen) 

ü - E - cT ( ^ 



where a i s the level density parameter and o i s the pair ing 

correct ion, 

I I I . Resuit8 

/ number of experimental neutron [16J and proton [ 17] 

spectra measured at ~> 14 MeV incident neutron nenergy have 

been used to t e s t MRU. As a r e s u l t s of t h i s analys is the para­

meters C, a and ¿T were ex t rac ted . They are collected in t a b . 1 . 

Table 1. 

Parameters resulting from the analysis of 14 MeV data 

Target 
nucleus 

"V 
MFe 
>6Fe 
58Ni 
M'Ni 

"Cu 
"Cu 
v3Nb 

«., 

1 
6 
6 
8 
8 
1 
1 
1 

«> 

8 
8 
2 
2 
4 
2 

4 
2 

C 
[MeVJ] 

6400 
5000 
4500 
5540 
6000 
7000 
7400 
6000 

M3) 
io2-v 

1.9 
1.5 
1.3 
1.7 
1.7 
2.0 
2.0 
2.2 

a 

[MeV-'l 

6.8 
6.7 
7.2 
7.2 
7.5 
7.9 
8.1 
9.0 

6, 
(MeV) 

2.1 
0 
0 
0 
0 
2.0 
2.0 
1.2 

[MeV] 

2.2 
3.0 
3.0 
3.5 
3.5 
1.7 
1.7 
0.9 

The numbers n T and n y were taken from [ l3] • However, for 

^nT+n react ion the simultaneous f i t of both neutron and proton 

channels n , =1 gave much better l i t than n * »3 . This i s probab­

le the demons!ration that the unpaired nucleón i s p r e f e r en t i a l ­

ly exci ted . 

An éxnmple of the analysis of 14 MeV spectra i s shown in 

f i g s . 1-3 for Pe+n reac t ion . In f i g . 1 the experimental neutron 

spectrum i s compared with our ca l cu la t ions . The solid curve r e -

presents the weighted of neutron spectra for ^nFe and J Te t a r ­

g e t s . The dotted curve represents the MEM cont r ibu t ions . The 

dashed curve i s the sum of preequilibrium and equil ibrium con­

t r ibu t ions cnlculoted under the asnumption EJJ=20 MeV, n* « Z, 

n y « !Tf c< » 1 and exciton model parameters from réf . [4J • We 
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Pig. 1 Comparison of our ca lcu la t ions with the experimental 

^ ^ P e in xn) B P e c ' t r a • & 0 • T n e f"11 l i n t re pre sent s 

the sum of the modified exciton model /dot ted l i n e / 

and the evaporation con t r ibu t ions . The dashed l ine i s 

the same sum but calculated using the exciton model 

3,4 . 

see that our MEM describes the high energy neutron t a i l be t t e r 

than the exciton model. Por proton spectra t h i s difference i s 

not so v i s i b l e . Here the pre equilibrium e f fec t s are l e s s 

pronounced as - due to Coulom bar r i e r - the evaporation peak 

i s shifted to higher energ ies . In e i the r case M13M describes 

the proton spectra s l i gh t ly be t te r than the exciton model 

j~3» 4] • Similar r e s u l t s were obtained for other r e a c t i o n s . 

In f i g . 4 and 5 the comparison of the experimental neutron 

spectra measured at ^ 26 IleV with our ca lcu la t ions are shown. 

The solid curves represent only the LE M contr ibut ions as the 
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54, Pig, 2 The same as in f i g . 1 but for p^Pe(n,xp^ reac t ion 
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Fig. 3 The same as in f i g . 2 but for n,xp) react ion 
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Pig , 4 Coraparicon of our ca lcu la t ions with the experimental 

* U and •'Tib (n,xn} neutron spectra ¿bars^.The fu l l 

l ines represent the MELT contr ibut ions 
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Fig» 5 Comparison of our ca lcu la t ions with the cxperiioental 

Pe and •'Cu (.n, *&) neutron spectra (barsi. The fu l l 

l ines represent the T.1EH contr ibut ions 



d i s p l a y e d ene rgy r e g i o n i s f r e e from t h e e v a p o r a t i o n c o n t r i b u ­

t i o n s . They v/ere c a l c u l a t e d u s i n g p a r a m e t e r s o f t a b . 1 . V/e Bee 

t h a t t h e p a c u l i a r f l a t ehnpe o f t h e e x p e r i m e n t a l s p e c t r a a r e 

n i c e l y r e p r o d u c e d by LIE M a s v/e 11 a s i t s m a g n i t u d e , / .s f o r a s we 

know no o t h e r p r e e q u i l i b r i u i a model can d é s c r i b e t h e s e d a t a a s 

c l o s e l y a s our MEM. 

TTore d e t a i l s a re g i v e n i n r e f , [ l 8 ] . 
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