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PRE-EQUILIBRIUM EMISSION AND NUCLEAR LEVEL DENSITIES IN 
NEUTRON INDUCED REACTIONS ON Fe, Cr and Ni ISOTOPES 

M.Iva^cu, M.Av/u.geanu, I . I v a ^ c a and V.Avsi<Lg&anu 
Institute, ion ?hy&i.c.& and Nuc£ea* Eng-cnee/i-cng, Euc.hatie.6t, Romania 

A b i t i a c t 

The experimentally well known (n , p ) , (n,a) and (n,2n) reaction 
excitation functions, from threshold to 20 MeV incident energy, and neutron, 
proton and alpha-particle emission spectra at 14.8 MeV from Fe, Cr and Ni 
isotopes are calculated in the frame of a generalized Oeometry-Dependent-
Hybrid pre-equilibrium emission model, including angular momentum and 
parity conservation and alpha-particle emission, and the Hauser-Feshbach 
statistical model. Use of a consistent statistical model parameter set enables 
the validation of the pre-equilibrium emission model. Moreover, an enhanced 
pre-equilibrium emission from higher spin composite system states, associated 
with higher incident orbital momenta, has been evidenced. Higher orbital 
momenta involved also in the emergent channels of this process are suggested 
by calculations of the residual nuclei level populations. Finally, the unitary 
account of the (n, p) and (n, 2n) reaction excitation functions for Fe, Cr 
and Ni isotopes has allowed the proper establishment of the limits of the 
transition excitation range between the two different nuclear level density 
models used at medium and higher excitation energies, respectively. 

1 . I N T R O D U C T I O N 

In t h e f r a m e of t h e IAEA C o o r d i n a t e d R e s e a r c h Programme 
on "Methods f o r t h e C a l c u l a t i o n of F a s t Neutron N u c l e a r Data f o r 
S t r u c t u r a l M a t e r i a l s " ( 1 9 8 6 - 1 9 8 8 ) t h e IPNE group have p lanned t h e 
c o m p l e t i o n of t h e ( n , p ) , ( n , n ' p ) , ( n , a ) , ( n , n ' a ) , ( n , 2n) and 
( n , 3 n ) r e a c t i o n c r o s s s e c t i o n c a l c u l a t i o n s f o r a l l s t a b l e i s o t o p e s 
o:f F e , Cr and Ni e l e m e n t s , i n t h e e n e r g y r a n g e from t h r e s h o l d t o 
20 MeV, in the f r a m e of t h e p r e - e q u i l i b r i u m e m i s s i o n G e o m e t r y - D e p e n -
d e n t Hybrid (GDH) model [ 1 ] and t h e Ha u s e r - F e s hba ch-Mo 1 d ea uer s t a -
t i s t i c a l model [ 2 , 3 ] . The u n i t a r y a c c o u n t of a so abundant e x p e r i -

nd * ) Work presented a t the 2 Meeting of the IAEA Coordinated Research 

Programme on "Methods for the C a l c u l a t i o n of Fast Neutron Nuclear Data for 

S t r u c t u r a l M a t e r i a l s " , IAEA Vienna, February 15-17, 1938. 
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mental da ta b a s e has been t h o u g h t a s a proper v a l i d a t i o n o f t h e 
n u c l e a r mode l s employed . 

In t h e f i r s t y e a r ( 1 9 8 6 ) t h e a c c o m p l i s h e d o b j e c t i v e s were : 
( a ) t h e d e v e l o p m e n t of t h e GDH model t h r o u g h t h e i n c l u s i o n of t h e 
a n g u l a r momentum arid p a r i t y [ 4 ] , (b) t h e e s t a b l i s h m e n t of n u c l e a r 
l e v e l d e n s i t y m o d e l s and p a r a m e t e r s a s more a c c u r a t e and r e a l i s t i c 
a s p o s s i b l e [ 5 ] , and ( c ) t h e a n a l y s i s of t h e gamma-ray s t r e n g t h 
f u n c t i o n s used f o r t h e gamma-ray t r a n s m i s s i o n c o e f f i c i e n t c a l c u -
l a t i o n s [ 6 ] . The second y e a r ( 1987) of t h e p r o j e c t has been d e v o t e d 
t o t h e a p p r o p r i a t e v a l i d a t i o n of t h e improved pr e - e q u i 1 i bri um e m i s -
s i o n model and t h e p r e v i o u s l y a n a l y s e d s t a t i s t i c a l model p a r a m e t e r s 
t h r o u g h t h e c a l c u l a t i o n and c o m p a r i s o n w i t h t h e e x p e r i m e n t a l d a t a 
of some wel l e x p e r i m e n t a l l y known p a r t i c l e e m i s s i o n s p e c t r a and 
r e a c t i o n e x c i t a t i o n f u n c t i o n s of i n t e r e s t . 

The u n i f i e d d e s c r i p t i o n of t h e p r e - e q u i 1 i b r i u m and e q u i l i -
brium p r o c e s s e s i s b e i n g f u l l y a c h i e v e d by the more r i g o r o u s quan-
t u m - a p p r o a c h e s o f the p r e - e q u i 1 i b r i u m e m i s s i o n . However, t h e 
numerous a p p r o x i m a t i o n s y e t under i n v e s t i g a t i o n make t h e s e t h e o r i e s 
l e s s s u i t a b l e f o r a p p l i e d p u r p o s e s . On t h e o t h e r hand, to c o n s i s -
t e n t l y i n v o l v e a s e m i - c 1 a s s i ca 1 pr e - e q u i 1 i bri-um model i n t o a H a u s e r -
F e s h b a c h model c a l c u l a t i o n , t h e a n g u l a r momentum and p a r i t y c o n s e r -
v a t i o n has t o be c o n s i d e r e d a l s o in t h e f i r s t s t a g e of t h e r e a c t i o n . 
T h i s a s p e c t has been t a k e n i n t o a c c o u n t w i t h i n t h e GDH model [ 4 ] , i n 
t h e frame o f t h e computer c od e STAPRE-H [ 7 ] , To v a l i d a t e t h e p r o p o s e d 

a p p r o a c h , the e x p e r i m e n t a l l y we l l known n e u t r o n , p r o t o n and a l p h a 
54 5 6 

p a r t i c l e e m i s s i o n s p e c t r a from ' Fe t a r g e t s a r e c a l c u l a t e d and 
d i s c u s s e d in t h e p r e s e n t work . The s t a t i s t i c a l model p a r a m e t e r s 
have been m a i n l y d e t e r m i n e d or v a l i d a t e d by means o f v a r i o u s 
i n d e p e n d e n t t y p e s of e x p e r i m e n t a l d a t a . 

In t h e f i r s t i n s t a n c e t h e al p ha-par t i cl e e m i s s i o n has been 
a n a l y s e d , a l t h o u g h not d e s c r i b e d by the GDH m o d e l , to a s s u r e t h e 
a c c o u n t i n g of t h e a l l a v a i l a b l e e x p e r i m e n t a l d a t a . To t h i s e x t e n t 
t h e a l p h a - p a r t i c l e pr e -eq u i 1 i bri um e m i s s i o n has been c a l c u l a t e d i n 
t h e frame of t h e e x c i t o n m o d e l , whose f r e e parameter has been 
d e r i v e d f i t t i n g t h e p a r t i c l e e m i s s i o n d a t a . However, t h e r e s u l t e d 
i m p o r t a n c e o f t h e p r e - e q u i 1 i b r i u m a 1 p h a - p a r t i c l e e m i s s i o n f o r an 
a c c u r a t e c r o s s s e c t i o n c a l c u l a t i o n d e t e r m i n e d t h e a c c o u n t i n g of 
a l s o t h i s p r o c e s s in t h e f rame of a g e n e r a l i z e d GDH m o d e l . The 
h y p o t h e s i s of t h e Milano group [ 8 - 1 0 ] on the preformed a l p h a - p a r -
t i c l e e x i s t e n c e in t h e n u c l e u s has been f o l l o w e d i n t h i s r e s p e c t . 
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The l a s t main goa l o f t h i s work c o n s i s t s i n t h e e s t a b l i s h -

ment o f t h e l i m i t s o f t h e t r a n s i t i o n e x c i t a t i o n r a n g e be tween 

t h e two d i f f e r e n t n u c l e a r l e v e l d e n s i t y m o d e l s used a t medium and 

h i g h e r e x c i t a t i o n e n e r g i e s , r e s p e c t i v e l y . T h e s e l i m i t s a r e t h e o n l y 

f r e e s t a t i s t i c a l model p a r a m e t e r s w h i c h a r e o b t a i n e d from t h e 

a n a l y s i s o f t h e e x p e r i m e n t a l c r o s s s e c t i o n d a t a . W h i l e t h e a g r e e m e n t 

o f t h e c a l c u l a t e d and e x p e r i m e n t a l d a t a in t h e low e n e r g y p a r t o f 

t h e (n' ,p) and ( n , a ) exc i ta t ion f u n c t i o n s i s • va l i d a t i ng t h e o t h e r 

s t a t i s t i c a l model p a r a m e t e r s , t h e same a g r e e m e n t a t i n c i d e n t e n e r -

g i e s a b o v e 10 MeV have been o b t a i n e d by t h e a p p r o p r i a t e c h o i c e 

of t h e t r a n s i t i o n e x c i t a t i o n r a n g e l i n i t s for thenuc l ear l e v e l d e n s i t y 

m o d e l s . T h i s g o a l has been p r o p e r l y a t t a i n e d t h r o u g h an u n i t a r y 

a c c o u n t o f a w h o l e body o f r e l a t e d d a t a , r e s p e c t i v e l y t h e e x p e r i -

m e n t a l l y we l l known ( n , p ) and ( n , 2 n ) r e a c t i o n e x c i t a t i o n f u n c t i o n s 

f o r F e , Cr and Ni i s o t o p e s . 

F i n a l l y , t h e a c c o m p l i s h m e n t o f t h e s e o b j e c t i v e s i s 

v a l i d a t i n g both t h e pr e - e q u i 1 i br i um e m i s s i o n model employed and t h e 

c a l c u l a t i o n m e t h o d s t o be used in e x t e n s i v e c a l c u l a t i o n s o f s t r u c -

t u r a l m a t e r i a l f a s t n e u t r o n d a t a . 

2 . THE GENERALIZED GDH MODEL INCLUDING ^NGULAR MOMENTUM AND 

PARITY CONSERVATION AND a - P A R T I CLE EMISSION 

F o l l o w i n g both t h e i n c l u s i o n o f j t h e J77 - c o n s e r v a t i o n 

and t h e e n e r g y d e p e n d e n t s i ngl e - p a r t i c l 

[ 4 ] , t h e d i f f e r e n t i a l e m i s s i o n s p e c t r u m 

c h a n n e l e n e r g y e to e + de l o o k s l i k e : 

DE J,TT J £ n V I',TT' n x p i ( p , h , E , J ) 

1 1 j 
* * ' g ^ n r r • ( 2 i x + IMZI'+U.TJ, (O 

e l e v e l d e n s i t y a c c o u n t i n g 

of a p a r t i c l e x w i t h i n t h e 

( D , 

^ ^ —" • — • (Zi:+l)(2rJ-l).T^(e)+(2J+l)X - fe) 
V J1 ' 2irfi g(e+Bx) x 1 1 n+2,xv 

. D n 

where E and U are the exc i ta t ion energies of the n-exc i tons composite s y s t e m 

and r e s i d u a l n u c l e i , r e s p e c t i v e l y , and TJ and t J , a r e t h e t r a n s -

m i s s i o n c o e f f i c i e n t s f o r t h e i n c i d e n t and e m e r g e n t c h a n n e l s c h a r a c -

t e r i z e d by t h e c o u p l i n g s c h e m e : 

J = (I + i ) + A = ( I ' + T ) + V ( 2 ) 

5 



The s p i n d e p e n d e n c e o f t h e p a r t i c l e - h o l e l e v e l d ens i t y p ( p , h, E , J ) 

has been d e s c r i b e d by means o f t h e s i m p l i f i e d r e p r e s e n t a t i o n o f 

Fu [ 1 1 ] . M o r e o v e r , t h e o n e - f e r m i o n t y p e e x c i t o n - s t a t e d e n s i t i e s 

p r e v i o u s l y employed [ 4 ] have , been t r a n s f o r m e d i n t o t w o - f ermi on-1 i ke 

d e n s i t i e s u s i n g t h e r e n o r m a l i z a t i o n p r o c e d u r e o f Akkermans and 

G r u p p e l a a r [ 1 2 ] . The e n e r g y d e p e n d e n c e of t h e s i n g l e - p a r t i c l e l e v e l 

d e n s i t y g has been g i v e n by t h e e n e r g y d e p e n d e n t n u c l e a r l e v e l 

d e n s i t y p a r a m e t e r a_ (E) used in t h e H a u s e r - F e s h b a c h model c a l c u -

l a t i o n s a t h i g h e r e x c i t a t i o n e n e r g i e s [ 4 ] t h r o u g h t h e u s u a l 

r e l a t i o n 
6 

9 = — i IT 
The i n t r a - n u c1 e a r t r a n s i t i o n r a t e s A (E) have been c a l c u l a t e d n + 2 , x v ' . 
e m p l o y i n g t h e same i m a g i n a r y o p t i c a l model D O t e n t i a l s a s i n t h e 

J ^ 

s t a t i s t i c a l model c a l c u l a t i o n s . The l a s t f a c t o r o f ( 1 ) , Dp , i s t h e 

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

a c c o r d i n g t o t h e amount of p a r t i c l e e m i s s i o n f rom s i m p l e r e x c i t o n 

s t a t e s . 

The s p e c i f i c p r o b l e m s c o n n e c t e d w i t h t h e a c c o u n t i n g of t h e 

p r e - e q u i l i b r i u m e m i s s i o n of a l p h a - p a r t i c l e s i n t h e f r a m e o f t h e 

hybr id model were p o i n t e d o u t by C h e v a r i e r e t al . [ 1 3 ] when s i m u l -

t a n e o u s l y a n a l y s e d t h e n e u t r o n , p r o t o n and a l p h a - p a r t i c l e s p e c t r a 3 

i n d u c e d by 2 5 . 6 MeV He i n c i d e n t on A = 60 mass t a r g e t n u c l e i . As 

we l l a s t h e M i l a n o group assumed i n t h e f r a m e o f t h e e x c i t o n model 

a n a l y s e s o f n u c l e o n i n d u c e d r e a c t i o n s [ 8 - 1 0 ] , t h e e m i s s i o n o f 

a l p h a - p a r t i c l e s has been c o n s i d e r e d a p r e - e q u i l i b r i u m p r o c e s s o f 

an a l p h a - p a r t i c 1 e e x i s t i n g p r e f o r m e d i n t h e n u c l e u s . A c t u a l l y , 

o n e has t o t a k e i n t o a c c o u n t a p r o b a b i l i t y t h a t f o u r c o r r e l a t e d 

n u c l e o n s e x i s t in a a 1 pha - p a r t i c 1 e - 1 i ke c o n f i g u r a t i o n w h i c h i s 

e x c i t e d d u r i n g t h e n u c l e a r p r o c e s s . T h e r e f o r e i t i s assumed t h a t 

t h i s p r e f o r m e d a l p h a - p a r t i c 1 e can be t r e a t e d as an e x c i t o n h a v i n g 

t h e 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 g / 4 and b e i n g e m i t t e d from 

n - e x c i t o n s t a t e s , s t a r t i n g w i t h n = 3 . F o l l o w i n g t h e same h y p o t h e s e s , 

t h e f o l l o w i n g e x p r e s s i o n has been d e r i v e d from ( 1 ) f o r t h e a l p h a -

p a r t i c l e e m i s s i o n i n a g e n e r a l i z e d GDH model-. 

( £) i v Kn i * P _(p»h»U,£,11) 
= T * 2 1 9 j IT;J 11 I . [ E i i ! . - H - 1 ] . 

d £ £ I ' ' 7 r ' ^ p . h ^ - ^ M P n ( P » J ) 

24'+1 1 t1 . (3) 
,7T Tfrff- ' W^J ' W ( 0

 n j 
Dn 
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The coef f ic i e n t s • and K^ . d e f i n i n g t h e n - e x c i t o n s t a t e d e n -p, h p, h 
s i t i e s in t h e c a s e o f t h e e x c i t a t i o n of an a 1 p h a - p a r t i c l e w i t h 
t h e p r o b a b i l i t y <p and o t h e r w i s e of a n u c l e o n v [ 8 ] have been 
t a k e n a s g i v e n by G a d i o l i et a l . [ 9 ] . The p r o b a b i l i t y q> has been 
e s t a b l i s h e d by means o f the compar i son of the e x p e r i m e n t a l and 
c a l c u l a t e d al p ha - p a r t i cl e s p e c t r a . S i m i l a r l y to the n u c l e o n 
e m i s s i o n t r e a t m e n t , the i n t r a - n u c 1 ear t r a n s i t i o n r a t e s Xn +£ a ( e ) 
have been e v a l u a t e d s t a r t i n g from t h e mean f r e e p a t h o f a l p h a - p a r -
t i c l e s in n u c l e a r m a t t e r and u s i n g t h e o p t i c a l model p o t e n t i a l 
p a r a m e t e r s i n v o l v e d i n t h e c a l c u l a t i o n o f t h e t r a n s m i s s i o n c o e f -
f i c i e n t s TJ, (E). 

3 . Fe ISOTOPES 

3.1. NUCLEAR MOVEL PARAMETERS 

The p r e d i c t i o n c a p a b i l i t y of the f a s t n e u t r o n c r o s s s e c t i o n 
c a l c u l a t i o n s i s c l o s e l y r e l a t e d to t h e use o f a s few as p o s s i b l e 
f r e e p a r a m e t e r s . The GDH model has no i t s own such p a r a m e t e r . Howe-
v e r , some of i t s c h a r a c t e r i s t i c e l e m e n t s a r e c o n n e c t e d w i t h the 
s t a t i s t i c a l model p a r a m e t e r s . A c o n s i s t e n t s e t o f i n p u t p a r a m e t e r s 
had to be d e t e r m i n e d or v a l i d a t e d u s i n g in the l o w e s t d e g r e e the 
a n a l y s e d r e a c t i o n c r o s s s e c t i o n d a t a . 

The nuc.le.cLH. Itvzl de.ni> I t l t i ha ve been d e s c r i b e d by means of 
the e m p i r i c a l b a c k - s h i f t e d Fermi gas (BSFG) model [ 1 4 ] , a t medium 
e x c i t a t i o n e n e r g i e s , and of t h e r e a l i s t i c a n a l y t i c a l f o r m u l a of 
Schmidt e t al . [ 1 5 ] a t t h e h i g h e r e x c i t a t i o n e n e r g i e s . The BSFG 
p a r a m e t e r s r e d e t e r m i n a t e d [ 5 ] by a l e a s t - s q u a r e s f i t o f r e c e n t 
e x p e r i m e n t a l t o t a l numbers of the l o w - e n e r g y d i s c r e t e l e v e l s and 
s -wave n e u t r o n r e s o n a n c e s p a c i n g s have been u s e d . In [ 5 ] g i v i n g 
a l s o the d i s c r e t e l e v e l numbers and the c o r r e s p o n d i n g upper e x c i -
t a t i o n e n e r g i e s c o n s i d e r e d in t h e H a u s e r - F e s h b a c h c a l c u l a t i o n s , 
a r e d i s c u s s e d more w i d e l y both the need t o c h o o s e a more r e a l i s t i c 
l e v e l d e n s i t y r e p r e s e n t a t i o n a t h i g h e r e x c i t a t i o n s and the 
Schmidt et a l . [ 1 5 ] f o r m u l a . T h i s o n e , employ ing m i c r o s c o p i c 
s u g g e s t e d p a r a m e t e r s , a l t h o u g h d o e s not take i n t o a c c o u n t the c o l -
l e c t i v e e f f e c t s in t h e n u c l e a r l e v e l d e n s i t y i s i n a r a t h e r good 
agreement w i t h t h e p h e n o m e n o l o g i c a l formula of I g n a t y u k e t al . 
[ 1 6 ] . While the u s e of any of t h e s e f o r m u l a s , c h a r a c t e r i z e d by an 
energy d e p e n d e n t l e v e l d e n s i t y parameter a^(E), i s a b l e t o s o l v e t h e 
n o t i c e d a m b i g u i t i e s in the a p p l i c a t i o n of the s t a t i s t i c a l model a t 
q u i t e h igher e x c i t a t i o n s a s i n v o l v e d in heavy i o n induced r e a c -
t i o n s [ 1 7 ] , in t h e c a l c u l a t i o n s s p e c i f i c a l l y t o f a s t n e u t r o n 
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induced r e a c t i o n s i s a l s o i m p o r t a n t the t r a n s i t i o n rainge be tween 
t h e BSFG model and the h i g h e r e n e r g y r e a l i s t i c f o r m u l a . The p r e -
v i o u s a n a l y s i s [ 5 ] has s u g g e s t e d t h e e x c i t a t i o n e n e r g y r a n g e from 
n e u t r o n b i n d i n g e n e r g y t o a b o u t 25 MeV, where a l i n e a r i n t e r p o l a -
t i o n between t h e s p i n d e p e n d e n t l e v e l d e n s i t i e s as w e l l a s 
between t h e â  v a l u e s g i v e n by t h e two d i f f e r e n t mode l s a t the 
t r a n s i t i o n r a n g e l i m i t s has given t h e r e l a t e d q u a n t i t i e s . 
F u r t h e r m o r e , t h e s e l i m i t s have been c h e c k e d i n the frame of t h e 
p r e s e n t ( n , p ) and ( n , 2 n ) r e a c t i o n e x c i t a t i o n f u n c t i o n c a l c u l a -
t i o n s . 

Ue.utn.on £fia.ni>mission c-oti^lc-lznti, were d e r i v e d from the 

s p h e r i c a l o p t i c a l model p o t e n t i a l (OMP) p a r a m e t e r s of Arthur and 

Young [ 1 8 ] , o b t a i n e d by means o f a s i m u l t a n e o u s f i t o f t h e 

( a ) SQ and S^ s t r e n g t h f u n c t i o n s and p o t e n t i a l s c a t t e r i n g r a d i i , 

(b) t o t a l n e u t r o n c r o s s s e c t i o n s from 20 t o 40 MeV and ( c ) e l a s t i c 

s c a t t e r i n g a n g u l a r d i s t r i b u t i o n s from 6 . 0 to 14 MeV, and c o n f i r m e d 

[ 1 9 ] t h r o u g h t h e a n a l y s i s of the e l a s t i c and i n e l a s t i c s c a t t e r i n g 
54 56 

a n g u l a r d i s t r i b u t i o n s from 6 . 0 t o 14 MeV, f o r ' Fe t a r g e t 

n u c l e i . 
Vfioton Vicin6mli>i>ion coe^ic-Le-ntA g i v e n by t h e OMPs of 

Arthur and Young [ 1 8 ] and K a i l a s e t al . [ 2 0 ] ( g l o b a l s e t ) have 
56 54 been used f o r Mn and Mn n u c l e i , r e s p e c t i v e l y . The f i r s t s e t 

was d e r i v e d from t h e g l o b a l OMP parameter s e t of P e r e y [ 2 1 ] to 

b e t t e r f i t low e n e r g y d a t a as w e l l a s ( p , n) and ( p , 2n) r e a c -
56 

t i o n s on Fe f o r i n c i d e n t e n e r g i e s from 10 to 40 MeV. K a i l a s 

e t a l . , l o o k i n g f o r t h e c o n s i s t e n c y of the low and h igh e n e r g i e s 

o p t i c a l model p r e d i c t i o n s , a n a l y z e d ( p , n) r e a c t i o n e x c i t a t i o n K on 
f u n c t i o n s of n u c l e i from Sc t o Se a t i n c i d e n t e n e r g i e s be low 
- 5 MeV and f i n a l l y d e r i v e d a g l o b a l s e t of OMP p a r a m e t e r s i n 
t h e proton e n e r g y r a n g e between 4 and 180 MeV, f o r medium w e i g h t 
nuc l e i . 

Alpha-paitZclz &La.n6mZ6A<Lon coe.&£icZe.ntt> have been c a l c u -
l a t e d u s i n g t h e OMPs d e r i v e d by Arthur and Young [ 1 8 ] , a d j u s t e d 
t o b e t t e r f i t t h e low energy ( a , n) d a t a , and McFadden and 

53 51 
S a t c h l e r [ 2 2 ] , f o r Cr and Cr n u c l e i , r e s p e c t i v e l y . Both a r e 

g i v i n g r e l a t e d r e a c t i o n c r o s s s e c t i o n s , the l a t t e r one be ing 

c o n c l u s i v e l y proved [ 2 3 ] a s p r e f e r a b l y a g a i n s t t h e OMP of 

Huizenga and Igo [ 2 4 ] . 

Ga.mma.-H.aij tnani>mixtion coe^lclenth have been d e r i v e d 

from t h e gamma-ray s t r e n g t h f u n c t i o n s in t h e usua l way. For t h e 
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e l e c t r i c d i p o l e r a d i a t i o n dominant t r a n s i t i o n t h e g i a n t d i p o l e 
r e s o n a n c e model w i t h m o d i f i e d [ 2 5 ] e n e r q y - d e p e n d e n t B r e i t - W i g n e r 
l i n e s h a p e s [ 2 6 ] has been u s e d . 

A ^ficLctlon = 0 PE./ a R p r e - e q u i l i b r i u m e m i s s i o n o f 

t h e a l p h a - p a r t i c l e s has been used t o r e d u c e more t h e compound 
n u c l e u s f o r m a t i o n c r o s s s e c t i o n when t h e a c c o u n t i n g of t h i s 
p r o c e s s has been per formed i n t h e f rame o f t h e e x c i t o n m o d e l . I t s 
c o n s i d e r a t i o n c o m p e n s a t e s t h e s h o r t c o m i n g o f t h e GDH model c o n -
c e r n i n g t h e a l p h a - p a r t i c l e e m i s s i o n . For t h e e v a l u a t i o n o f t h i s 
f r a c t i o n t h e e x c i t o n m o d e l , i n i t i a l l y i n c l u d e d i n t h e c o d e STAPRE,. 
has been e m p l o y e d . The o p t i o n s g = A/13 and p a i r i n g a c c o u n t i n g 
f o r p a r t i c l e - h o l e s t a t e d e n s i t i e s , and t h e q> = 0 . 2 v a l u e f o r t h e 
a - c l u s t e r p r e f o r m a t i o n f a c t o r were u s e d . The f r e e p a r a m e t e r K 
of t h e i n t e r n a l t r a n s i t i o n m a t r i x e l e m e n t has been d e r i v e d a n a -
l y z i n g t h e p r o t o n e m i s s i o n s p e c t r a a t E = 1 4 . 8 MeV and t h e ( n , p ) 

3 
r e a c t i o n exc i ta t i on f u nc t i o ns . A v a l u e of 180 MeV has g i v e n a 

b e t t e r a g r e e m e n t between t h e c a l c u l a t e d and e x p e r i m e n t a l d a t a , 3 
in r a t h e r g o o d . a g r e e m e n t w i t h 160 MeV [ 1 8 ] . 

The a t o m i c m a s s e s and Q - v a l u e s were t a k e n from [27] and 

energy b i n - s i z e s o f 0 . 3 and 0 . 4 MeV were used f o r l o w e r and 

h igher i n c i d e n t e n e r g i e s t h a n E^ £ 15. MeV, r e s p e c t i v e l y . 

3.2. RESULTS OF CALCULATIONS. 

The g o a l s of t h i s p a r t of work have been ( a ) t h e f e a s i -

b i l i t y t e s t o f t h e m o d i f i e d GDH model based c a l c u l a t i o n s t o 

r e p r o d u c e a l a r g e body of c o r r e l a t e d d a t a and. (b ) t h e a n a l y s i s 

of the p h y s i c s r e v e a l e d by t h e a n g u l a r momentum i n c l u s i o n in 

t h e p r e - e q u i 1 ibriurn e m i s s i o n a c c o u n t . T h e r e f o r e , t h e numerous 

t y p e s o f da ta e x i s t i n g f o r t h e f a s t n e u t r o n i n d u c e d r e a c t i o n s on 
54 56 

Fe ( F i g s . 1 - 4 ) and Fe ( F i g s . 5 - 7 ) i s o t o p e s have been c h o s e n 
f o r t h e v a l i d a t i o n of b o t h t h e s t a t i s t i c a l 'model p a r a m e t e r s 
employed and t h e GDH model p r e d i c t i o n s . 

The- ( n , p ) tie.ac.&Lon zxt-itatZon fiunct-ionA ( F i n s . 1 - 5 ) have 
proved t h e a d e q u a c y o f t h e l o w - e n e r g y p r o t o n t r a n s m i s s i o n c o e f -
f i c i e n t s by means of t h e a g r e e m e n t between t h e e x p e r i m e n t a l and 
c a l c u l a t e d d a t a on t h e i r f i r s t few MeV-s. When n e c e s s a r y t h e 
w i d t h f l u c t u a t i o n c o r r e c t i o n [ 3 ] was u s e d , w i t h t h e f l u c t u a t i o n 54 54 
parameter v = 2 . At t h i s p o i n t t h e F e ( n , p ) Mn d a t a d e t e r m i n e d 

t h e a c c o u n t i n g of t h e p r o t o n 0MP of K a i l a s e t a l . [ 2 0 ] , t h e p a r a -

meter s e t of Arthur and Young [ 1 8 ] l e a d i n g t o c a l c u l a t e d c r o s s 

s e c t i o n s w i t h i n »Z5% h i g h e r t h a n the e x p e r i m e n t a l o n e s . Above 
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En(MeV) 

F i g . 1. Comparison of exper imenta l cross sec t ions of the 
54 54 

r e a c t i o n Fe(n ,p ) Mn and c a l c u l a t e d va lues w i t h i n 
the p r e - e q u i l i b r i u m emiss ion model GDH, i n c l u d i n q 
angular momentum and p a r i t y c o n s e r v a t i o n , and Hauser-
Feshbach s t a t i s t i c a l model ( ) . Exper imenta l da ta : 

* . [ 3 3 ] , * [34 ] , A [ 3 5 ] , o 136] , « [ 3 7 ] , * I 38\ 
• [3S} , T [ 4 0 ] , • [41] (numer ica l data a re from the 

computer ized exchange fo rmat EXFOR [42 ] f i l e s ) . 

54 51 
F i g . 2. The same as F i g . 1, f o r the r e a c t i o n Fe(n, a) Cr, 

w i t h supplemental curve ( • - ) ob ta ined th rough the 
a d d i t i o n of the p r e - e q u i 1 i b r i u m emi t ted alpha p a r t i c l e 
c ross s e c t i o n opE> c a l c u l a t e d w i t h i n the e x c i t o n moar l , 
to the s t a t i s t i c a l c ross s e c t i o n o u r . , , ( F i n . 2 a ) . The Hl"i I n ,a) v - ' 
s ta t is t i ca l and generalized GDH nod'el predictions for orobabi l i ty y 
values 0.2 ( f u l l curve) and 0.3 (dashed curve) are connared with 
exciton r.iodel wi thtp = 0.2 (dotted curve). (Fin.2b). Experimental 
data: 0 [43], - [37], ' [ 4 0 ] , • [44], 
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En(MeV) 

F i g . 3 
54 53 Same as F i q . l . f o r the r e a c t i o n Fe(n,2n) Fe. 

Exper imenta l da ta : » [ 4 5 ] , 
• [ 493 . 

[ 4 6 ] , . [ 4 7 ] , A [433 , 

t h i s energy r a n g e t h e n u c l e a r l e v e l d e n s i t i e s of the dominant 
neutron and p r o t o n c h a n n e l s s t a r t to p l a y t h e i r i m p o r t a n t r o l e . 
Moreover , t h e h igher energy p a r t s 12 MeV) a r e e n l i g h t e n i n g 
the c o r r e c t n e s s of the t r a n s i t i o n e x c i t a t i o n range l i m i t s between 
the models i n v o l v e d in t h e l e v e l d e n s i t y d e s c r i p t i o n . 

The l a s t a s p e c t i s a l s o common to the (n, 2n) fiza.c.tion 
txc.itoiti.on fiunctiont ( F i g s . 3 - 6 ) . The ir y e t i n c r e a s i n g t r e n d a t 
En = 20 MeV i s p a r t i c u l a r l y s e n s i t i v e t o the v a r i a t i o n of t h e 
t r a n s i t i o n h igher l i m i t [ 9 ] . Based on the a n a l y s i s of t h e s e f o u r 
e x c i t a t i o n f u n c t i o n s a s wel l a s o t h e r s i m i l a r data f o r Cr, Ni and 
Ti i s o t o p e s [ 2 8 ] , t h e e x c i t a t i o n t r a n s i t i o n range =3 - =30 MeV has 
been e s t a b l i s h e d . On the o t h e r hand, t h e agreement of the c a l c u -
l a t e d ( n , 2 n ) ' r e a c t i o n c r o s s s e c t i o n s w i t h the exper imenta l o n e s 
n e a r l y the r e a c t i o n t h r e s h o l d s u b s t a n t i a t e d both the l o w - e n e r g y 
neutron t r a n s m i s s i o n c o e f f i c i e n t s and t h e y - ray c o m p e t i t i o n 
a c c o u n t i n g . 

Tkt "^Fe {n, a) ^ C * KncLc.ti.on zxai.ta.ti.on function has been 
c a l c u l a t e d ( F i g . 2) in order to c o n f i r m the s t a t i s t i c a l model p a r a -
m e t e r s f o r a l l c h a n n e l s . Because of the p r e - e q u i l i b r i u m e m i s s i o n 
c h a r a c t e r of the most e n e r g e t i c a lpha p a r t i c l e s , proved by the 
angu lar d i s t r i b u t i o n s tudy [ 2 9 ] , t h e a lpha p a r t i c l e p r e - e q u i l i b r i u m 
e m i s s i o n has been a n a l y s e d w i t h i n both t h e e x c i t o n model ( c f m . 
S e c t . 2) and the g e n e r a l i z e d GDH m o d e l . In t h e f i r s t c a s e t h e 
c o r r e s p o n d i n g c r o s s s e c t i o n OpE has g i v e n the f r a c t i o n o f the 
a b s o r p t i o n c r o s s s e c t i o n , f u r t h e r used in the e s t a b l i s h i n g of 

12 



10* 

> CD 

e 
a . 

tb 
- a 

101 

10° 

*Fe(n,xp) 

\tn,2p) 

S 8 10 

Ep(MeV) 
8 10 12 K 

E^MeV) 

F i g . 4 . Comparison of exper imen ta l [ 29 ] p ro ton (a) and a lpha-

p a r t i c l e (b) em iss ion spec t ra f rom 14.8 MeV n e u t r o n 
54 

induced r e a c t i o n s on Fe w i t h c a l c u l a t e d va lues by 
means o f t h e . p r e - e q u i l i b r i u m emiss ion o e n e r a l i z e d 
GDH model , i n c l u d i n g angu la r momentum and p a r i t y 
c o n s e r v a t i o n , and Hauser-Feshbach s t a t i s t i c a l model 
( ) . The v a r i o u s c o n t r i b u t i o n s shown are f r om : 
GDH ( p r o t o n s ) or e x c i t o n ( a l p h a s ) emiss ion ( . . . . ) , 
f i r s t p a r t i c l e e q u i l i b r i u m emiss ion ( ) , second 
p a r t i c l e emiss ion ( - . - ) . The anomalous low energy end 
o f the (n , 2p) spectrum f o l l o w s the s e p a r a t i o n energy 
d i f f e r e n c e S - S = 1.4 MeV i n t h e compound nuc leus 54 " Mn. Between the c a l c u l a t e d and expe r imen ta l a loha 

p a r t i c l e spec t ra t h e r e i s a s h i f t because the c a l c u l a -
t i o n s a r e i n the c e n t e r - o f - m a s s system w h i l e the data 
a r e in t h e l a b o r a t o r y system (see a l so [ 5 0 ] ) . 

t h e compound n u c l e u s f o r m a t i o n c r o s s s e c t i o n . At t h e same t i m e , 
f o l l o w i n g t h e GDH and H a u s e r - F e s h b a c h c a l c u l a t i o n , t h e s t a t i s t i c a l 
( n , a ) r e a c t i o n c r o s s s e c t i o n has been i n c r e a s e d by °p£ • The 
a s s u m p t i o n of t h e w h o l e a l p h a - p a r t i c l e p r e - e q u i 1 i br i um e m i s s i o n 
c o n t r i b u t i o n t o t h e ( n , a) channe l has been based on t h e a s s o -
c i a t e d high E e n e r g i e s o b s e r v e d e x p e r i m e n t a l l y (around 12 MeV 
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F i g . 5. Same as F i a . 1, f o r the r e a c t i o n 5 6 F e ( n , p ) 5 6 H n . Expe-
r i m e n t a l da ta : v [ 5 1 ] , A [ 5 2 ] , o [ 5 3 ] , A [ 3 5 ] , * [ 31] , 
• [48 ] , * [38 ] , . [ 4 1 ] , • [54 ] . 

F i g . 6. Same as F i g . 1, f o r the r e a c t i o n 5 6 F e ( n , 2 n ) 5 5 F e . Expe-
r i m e n t a l data : • [ 55] , K [ 56] , • [ 57] , A [ 53] . 
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[ 1 9 ] ) . I r r e s p e c t i v e of t h i s c o n t r i b u t i o n , t h e s t a t i s t i c a l e m i s s i o n 
i s w e l l d e s c r i b i n g t h e e x p e r i m e n t a l d a t a up to En = 10 MeV 
( F i g . 2 a ) . An i m p o r t a n t f a c t o r in a c h i e v i n g t h i s was t h e u s e .of . 
t h e McFadden and S a t c h l e r OMP [ 2 2 ] , i n c r e a s i n g t h e ( n , a ) r e a c -
t i o n c r o s s s e c t i o n s by =30% w i t h r e f e r e n c e t o o t h e r p a r a m e t e r s e t 
[ 1 8 ] . T h e a g r e e m e n t be tween c a l c u l a t i o n s and exper iment , a t h i g h e r 
e n e r g i e s i s a l s o shown by t h e a n a l y s i s o f t h e a lpha p a r t i c l e 
e m i s s i o n s p e c t r a ( F i g s . 4b , 7 c ) , f r o m w h i c h the p r o b a b i l i t y v a l u e 
<p = 0 . 3 has been d e r i v e d in t h e g e n e r a l i z e d GDH mod el . However, 
t h e d e c r e a s i n g v a l i d i t y o f t h e above method u s i n g t h e f r a c t i o n 
f p ^ w i t h t h e i n c i d e n t e n e r g y i n c r e a s i n g i s proved by t h e r e s u l t s 
of t h e g e n e r a l i z e d GDH model ( F i g . 2 b ) . 

The study of the ne.utx.on and photon e.ml&&lon ipzctfia 
( F i g s . 4 , 7) t h u s f o l l o w s t h e v a l i d a t i o n o f t h e n u c l e a r l e v e l 
d e n s i t i e s and t h e p a r t i c l e and y - ray t r a n s m i s s i o n c o e f f i c i e n t s . 
C o n s e q u e n t l y , t h e s p e c t r a r e s u l t i n g from t h e c o n v o l u t i o n of c o n -
t r i b u t i o n s from more c h a n n e l s may h e l p in s u b s t a n t i a t e d t h e p r e -
e q u i l i b r i u m e m i s s i o n model t o o . Whi le t h e low e n e r g y end of t h e s e 
s p e c t r a i s p o i n t i n g out t h e c o r r e c t a c c o u n t i n g o f t h e second 
p a r t i c l e e m i s s i o n , t h e m i d d l e p a r t m a i n l y c o r r e s p o n d s to t h e 
f i r s t p a r t i c l e s t a t i s t i c a l e m i s s i o n and t h e h i g h e r e n e r g y p a r t 
i s r e l a t e d t o t h e pr e - equ i 1 i br i um e m i s s i o n ( s e p a r a t e c o n t r i b u t i o n s 
a r e d e p i c t e d in F i g s . 4 , 7 ) . I t i s worthy of no te t h a t e v e n t h e 
low e n e r g y or m i d d l e p a r t s may be a f f e c t e d by t h e p r e - e q u i 1 i b r i u m 
p r o c e s s , t h r o u g h t h e a l t e r a t i o n of t h e h igh e x c i t a t i o n f i r s t 
r e s i d u a l n u c l e u s p o p u l a t i o n ( i n t h e o t h e r c h a n n e l ) or of t h e 
f i r s t compound n u c l e u s i n i t i a l p o p u l a t i o n ( s t a t i s t i c a l l y d e - e x -
c i t a t i n g in t h e same c h a n n e l ) . T h e r e f o r e , t h e r a t h e r good a g r e e -
ment o f t h e c a l c u l a t e d s p e c t r a w i t h t h e e x p e r i m e n t a l d a t a not 
o n l y in the s e c o n d a r y h igh e n e r g y r a n g e , where t h e p r e - e q u i l i -
brium e m i s s i o n i s t h e d omi na nt p roc es s , but a t a l l e n e r g i e s i s 
v a l i d a t i n g t h e GDH model u s e d . 

I n c l u s i o n of the a n g u l a r momentum and p a r i t y c o n s e r v a t i o n 
in t h e GDH model a l l o w s f o r t h e proper c o m p a r i s o n of t h e 
pr e - e q u i 1 i br i um and s t a t i s t i c a l p r o c e s s e s . The s t u d y of the emlit&lon 
ch.o&t>-Auction di&tn.lbutlon along the composite 6 tem angular, mo-
mentum ( e . g . F i g . 8 ) shows t h e p r e - e q u i 1 i b r i u m component more or 

l e s s l o c a l i z e d a t t h e high J - v a l u e s e n d . As t h e ground s t a t e s p i n 
54 55 

f o r t h e both ' Fe t a r g e t n u c l e i i s z e r o , r e s u l t s t h a t the p r e -

e q u i l i b r i u m e m i s s i o n o r i g i n a t e s from high ^ - j p c ' V 3 ^ 6 induced 

p r o c e s s e s . I n v o l v i n g o f t h e h i g h e r a n g u l a r momenta i s s t r e n g t h e n i n g 



En-(MeV) 

EplMeV) 

F i g . 7 . Same as F i g . 4, f o r the neut ron ( a ) , p ro ton (b) and 
a lpha p a r t i c l e (c ) emiss ion spec t ra from the t a r q e t 

56 
nucleus Fe. Exper imenta l d a t a : ( a ) : • [ 5 9 ] , o - averaged 
va lues [ 60] , • [ 60] ; ( b ) : -*• [29 ] ; ( c ) : . [ 2 9] - t r a n s -
formed i n the c e n t e r - o f - m a s s system [ 5 0 ] , • [ 5 0 ] . The 
p i c t u r e of the d i s c r e t e l e v e l s taken i n t o account in 
the c a l c u l a t i o n s ( t h e v e r t i c a l l i n e s above absc i sa ) 
ev idences t h e n e c e s s i t y to i n c l u d e i n such ana l yses 
a l so c o n t r i b u t i o n s f rom d i r e c t - r e a c t i o n neut ron i n e l a s t i c 
s c a t t e r i ng. 

1 6 



J(M 

F i q . 8 . The d i s t r i b u t i o n s of the p r e - e q u i 1 i b r i u m (DE) and 
3 s e c t i o n s statistical Hauser-Feshbach (HF) proton enission cross/ 

along the compos i te system angu lar momentum J , f o r the 
55 57 systems Fe(a) and Fe (b) a t d i f f e r e n t e x c i t a t i o n 

energ ies E* r e s u l t i n g from neut ron induced r e a c t i o n s a t 
En = 14.8 and 20 MeV. 

t h e r e p r e s e n t a t i o n of t h e pr e - e q u i 1 i br i urn s t a g e t h r o u g h p r e d o m i n a n t 
s u r f a c e r e a c t i o n s , a s s u g g e s t e d Shi X i a n g j u n e t al . [ 3 0 ] . The more 

57 
pronounced r e s u l t f o r t h e p r o t o n e m i s s i o n from Fe compound n u c l e u s 
( F i g . 8b) a r i s e due t o t h e i n c r e a s e o f t h e p r e - e q u i 1 i bri um c o n t r i -
b u t i o n t o t h e ( n , p) r e a c t i o n c r o s s s e c t i o n w i t h t h e i n c r e a s i n g 
of t h e asymmetry parameter ( N - Z ) / A . T h i s a s p e c t , l a r g e r l y d i s c u s -
sed e l s e w h e r e [ 9 ] , i s e x e m p l i f i e d w h i t h i n t h e p r e s e n t c a l c u l a t i o n s 
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r i g . 9. The proton p r e - e q u i 1 i b r i um emission f r a c t i o n s (a) and 
the pr e-equi 1 i'bri um' (PE) and s t a t i s t i c a l Hauser-Feshbach 
(HF) proton emission cross sections ( b - c ) , versus the 
composite system e x c i t a t i o n energy, for the systems 
55,57 

F e . 
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(b) 
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r^ iQt,QV:n , 

56Fe(n p)56Mn 
( r ^ . p u l a t , o n ( E - . V ) , 
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I'(fi) 

F i g . 1 0 . Nuclear l e v e l p o p u l a t i o n c ross s e c t i o n s (E ' , I 1 ) a t 
e x c i t a t i o n energ ies E ' and l e v e l sp ins I ' , t h rough 
p r e - e a u i l i b r i u m (PE) and s t a t i s t i c a l Hauser-Feshbach 

5 6 
(HF) e m i s s i o n s , f o r the r e s i d u a l n u c l e i Fe ( a - b ) and 
56 

Mn ( c - d ) in the 14.8 MeV neu t ron induced r e a c t i o n s 

on 5 6 F e . 
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in F i g . 9: t h e d e c r e a s i n g of the p r o t o n p r e - e q u i l i b r i u m f r a c t i o n 
fP^ = a ^ / a ^ w i t h t h e asymmetry i n c r e a s i n g ( F i a . 9a) i s e x c e e d e d 
by t h e s t a t i s t i c a l e m i s s i o n d e c r e a s i n g ( F i g . 9 b - c ) ( t h e l a t t e r 
t r e n d be ing m a i n l y e s t a b l i s h i n g the known " i s o t o p e e f f e c t " [ 3 1 ] ) . 
From both F i g u r e s 8 and 9 comes out t h a t t h e enhanced p r e - e q u i l i -
brium e m i s s i o n from h igher s p i n c o m p o s i t e s y s t e m s t a t e s i s a l s o 
more pronounced w i t h e x c i t a t i o n e n e r g y i n c r e a s i n g . 

The c a l c u l a t i o n of t h e fiti-Ldual nualzi Itvtl population* 
t h r o u g h t h e two d i f f e r e n t mechanisms c o m p l e t e s t h e p r e s e n t a n a l y s i s . 
The y r a s t d i a g r a m s of t h e s e p o p u l a t i o n s ( F i g . 10) e v i d e n c e maxima 
of t h e p o p u l a t i o n c r o s s s e c t i o n s f o l l o w i n g the p r e - e q u i l i b r i u m 
e m i s s i o n a p p e a r i n g a t s m a l l e r r e s i d u a l l e v e l s p i n v a l u e s , r e l a t i v e 
t o the s i m i l a r maxima f o r t h e s t a t i s t i c a l p r o c e s s . T h e r e f o r e , the 
p r e - e q u i l i b r i u m e m i s s i o n i s c h a r a c t e r i z e d by h i g h e r o r b i t a l momenta 
in the emergent c h a n n e l s , t o o . Th i s a s p e c t can be r e l a t e d to 
the e x p e r i m e n t a l l y o b s e r v e d hard p a r t i c l e e m i s s i o n s p e c t r a . 

4. cr ISOTOPES 

4.1. NUCLEAR MODEL PARAMETERS 

The c o n s i s t e n t s e t of s t a t i s t i c a l model i n p u t p a r a m e t e r s 
used i n the c r o s s s e c t i o n c a l c u l a t i o n s f o r Cr i s o t o p e s has been 
e s t a b l i s h e d s i m i l a r l y to t h a t employed f o r Fe i s o t o p e s . A s p e c i a l 
comment r e q u i r e s the OMP p a r a m e t e r s used f o r c a l c u l a t i o n of the 
n e u t r o n and p r o t o n t r a n s m i s s i o n c o e f f i c i e n t s . 

Recent s t u d i e s of f a s t n e u t r o n s c a t t e r i n g on Cr a r e t h o s e 

of Guenther e t a l . [ 6 1 ] and Korzh et a l . [ 6 2 ] . In t h e former an OMP 
has been d e r i v e d based on t o t a l and e l a s t i c and i n e l a s t i c s c a t t e r i n g 
data in t h e n e u t r o n e n e r g y range from 1. t o 4.5 MeV. In t h e l a t t e r 
t h e g l o b a l OMP parameter s e t of P a s e c h n i k e t al . [ 6 3 ] has been used 
f o r n e u t r o n e n e r g i e s up t o 9 MeV. However, both OMPs a r e p r e d i c t i n g 
t o t a l c r o s s s e c t i o n s h i a h e r than t h e e x p e r i m e n t a l data f o r E ^ 1 . 5 n 
MeV. An a l t e r n a t i v e OMP has appeared t o be t h a t of E n a e l b r e c h t 
and F i e d e l d e y [ 6 4 ] which i s an e x t e n s i o n o f parameter s e t o b t a i n e d 
by Moldauer [ 6 5 ] in an e x t e n s i v e a n a l y s i s o f s -wave s t r e n g t h f u n c -
t i o n s , t o t a l c r o s s s e c t i o n s f o r e n e r g i e s Ep ^ 1 MeV and s c a t t e r i n g 
d a t a , in t h e A = 40 - 150 mass r e g i o n . N e v e r t h e l e s s a l s o t h e s e OMP 
p r e d i c t i o n s a r e o v e r e s t i m a t i n g the t o t a l c r o s s s e c t i o n s on Cr below 
En = 1 . 5 MeV. Fi nal 1 y , t h e s e data have been V a t h t e r w e l l r eproduced 
t a k i n g t h e c o n s t a n t r e a l and imag inary d e p t h s of the E n o e l b r e c h t -
F i e d e l d e y OMP VQ = 44 and WQ = 10 MeV as we l l as the r e a l depth 
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r a d i u s R q = ( 1 . 1 6 A 1 / / 3 + 0 . 4 5 ) fm. The m o d i f i e d p o t e n t i a l d e p t h s 

have a p p r o a c h e d t h e " a s y m p t o t i c " v a l u e s (VQ = 4 3 , W = 8 ) o b t a i n e d 

f o r t h e same OMP by S m i t h e t a l . [ 6 6 ] t h r o u g h t h e f i t o f e l a s t i c 

s c a t t e r i n g d a t a around En = 1 MeV on Vanadium. 

C o n c l u s i v e l y , t h e n e u t r o n t r a n s m i s s i o n c o e f f i c i e n t s w e r e 

c a l c u l a t e d u s i n g t h e m o d i f i e d E n g e l b r e c h t - F i e d e l d e y OMP f o r 

En < 1 . 0 MeV and t h e OMP o f Guenther e t a l . [ 6 1 ] a t t h e h i g h e r e n e r -

g i e s . In d o i n g so has been used t h e o b s e r v a t i o n o f a c l o s e r e l a t i o n 

be tween t h e compound n u c l e u s c r o s s s e c t i o n s g i v e n by [ 6 1 ] and t h e 

•well known S t u d s v i k g l o b a l OMP [ 6 7 ] up t o around 14 MeV. 

The p r o t o n t r a n s m i s s i o n c o e f f i c i e n t s w e r e c a l c u l a t e d u s i n g 

t h e BARC [ 2 0 ] g l o b a l OMP a b o v e = 4 - 5 MeV and t h e 3ARC [ 2 0 ] OMP 

w i t h a v a r i a b l e i m a g i n a r y d e p t h Wq a t l o w e r e n e r g i e s . The I'JQ v a l u e 

has been c h o s e n t o a l l o w t h e a g r e e m e n t between c a l c u l a t i o n s and t h e 

e x p e r i m e n t a l d a t a f o r t h e low e n e r g y end o f t h e ( n , p) r e a c t i o n 

e x c i t a t i o n f u n c t i o n s and s o m e t i m e s a l s o f o r t h e ( n , n ' p ) peak o f t h e 

p r o t o n s p e c t r a . Under s u c h c i r c u m s t a n c e s q u i t e l a r g e W v a l u e o f 

6 Me V has r e s u l t e d . 

C o n c e r n i n g the p r e - e q u i l i b r i u m e m i s s i o n of t h e a l p h a - p a r t i -

c l e s , i t has been d e s c r i b e d o n l y by means o f t h e g e n e r a l i z e d GDH 

model . 

4.2. RESULTS AMV V1SCUSSJ0NS 

The l a r g e d a t a b a s e e x i s t i n g a l s o f o r Cr i s o t o p e s has been 

a n a l y s e d w i t h v i e w t o t h e g o a l s m e n t i o n e d . The p r o t o n and a l p h a - p a r -

t i c l e e m i s s i o n s p e c t r a ( F i g s . 11 , 12) have p r o v e d t h e a c c u r a c y of 

t h e g e n e r a l i z e d GDH m o d e l , a s w e l l a s t h e c o r r e c t n e s s o f t h e c h a r a e d -

p a r t i c l e t r a n s m i s s i o n c o e f f i c i e n t s and t h e l e v e l d e n s i t i e s a t t h e 

medium e x c i t a t i o n e n e r g y . On t h e o t h e r hand, t h e s y s t e m a t i c a l l y u n d e r -

e s t i m a t e d h i g h - e n e r g y end o f t h e s p e c t r a e m p h a s i z e d t h e need t o 

t a k e i n t o a c c o u n t t h e t r a n s f e r d i r e c t i n t e r a c t i o n s f o r a c o m p l e t e 

u n d e r s t a n d i n g o f t h e f a s t n e u t r o n r e a c t i o n m e c h a n i s m s . 

The a n a l y s i s o f t h e h igh e n e r g y p a r t o f t h e a v a i l a b l e ( n , p ) 

and (rt, 2n) r e a c t i o n e x c i t a t i o n f u n c t i o n s ( F i n s . 1 3 - 1 5 ) has c o n t r i -

b u t e d , t o g e t h e r w i t h t h e p r e v i o u s l y Fe d a t a d i s c u s s e d and t h e Ni 

i s o t o p e i n v e s t i g a t i o n [ 2 8 ] , t o the e s t a b l i s h i n g o f t h e t r a n s i t i o n 

e n e r g y r a n g e l i m i t s f o r t h e mixed, l e v e l d e n s i t y m o d e l s e m p l o y e d . 

However, in t h e c a s e o f t h e Cr i s o t o p e s t h e ( n , 2n) r e a c t i o n e x c i t a -

t i o n f u n c t i o n s , mos t u s e f u l f o r t h i s a n a l y s i s , a r e l e s s e n l i g h t e n i n g . 
50 49 

The c a l c u l a t e d Cr ( n , 2 n ) Cr r e a c t i o n e x c i t a t i o n f u n c t i o n shows a 

c h a n g e of i t s s l o p e due to t h e qaps i n t h e l o w - l e v e l s t r u c t u r e of 
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F i g . 11. 
Same as F i g . 4, f o r the n e u t r o n (a ) and p ro ton (b) 
emiss ion spec t r a f rom the t a r g e t nuc leus 



F i g . 12. Same as F i g . 4, f o r the neu t ron (a ) and p r o t o n (b) 
52 e m i s s i o n spec t ra f rom t h e t a r g e t nuc leus Cr . 
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F i g . 1-3. 

Same as F i g . 1, f o r the r e a c t i o n 5 0 C r ( n , 2 n ) 4 9 C r . 
Expe r imen ta l d a t a : o [ 6 8 ] , A [ 6 9 ] , » [ 3 3 ] , » [ 7 0 ] , 

• ' [ 7 1 ] , - [ 7 2 ] , t [ 7 3 ] , A [ 4 4 ] , • [ 7 4 ] , • [ 7 5 ] , 

E n (M eV) 

F i g . 14. 52 52 Same as F i g . 1, f o r the r e a c t i o n C r ( n , p) V. 
Expe r imen ta l d a t a : o [ 7 6 ] , v [ 7 7 ] , a [ 7 8 ] , X [ 5 6 ] , 

• [ 7 9 ] , • [ 4 1 ] , t [ 8 0 ] , 4 [ 7 5 ] , * [ 7 4 ] . 



En (MeV) 

52 51 
F ig . 15. Same as F i g . 1, f o r the r e a c t i o n C r (n , 2n) Cr . 

Exper imental d a t a : o [ 8 1 ] , » [ 4 5 ] , [ 8 2 ] , [ 7 2 ] , 
• [ 7 1 ] , * [ 8 3 ] , • [ 7 5 ] , • [ 7 4 ] , 

49 t h e V n u c l e u s and i s not too much a f f e c t e d by the v a r i a t i o n s o f 
the t r a n s i t i o n l i m i t s . On t h e o t h e r hand, the c a l c u l a t e d 
52 51 

Cr(n , 2n) Cr r e a c t i o n e x c i t a t i o n f u n c t i o n i s o v e r e s t i m a t i n g t h e 
h igher e n e r g y d a t a . P o s s i b l e r e a s o n s might be an improper known 
compound n u c l e u s c r o s s s e c t i o n or t h e e f f e c t of d i r e c t i n t e r a c t i o n s 
not t aken i n t o a c c o u n t . N e v e r t h e l e s s , a l s o t h e s e data seem to 
support t h e t r a n s i t i o n r a n g e =10 - =35 MeV g i v e n by t h e Fe and Ni 
data a n a l y s e s . 

C O N C L U S I O N S 

The g e n e r a l i z e d GDH p r e - e q u i l i b r i u m e m i s s i o n mode l , a l o n g 
wi th the Hau ser-Fes .hbach s t a t i s t i c a l mode l , i s a b l e to r e l i a b l y 
a c c o u n t f o r a l a r g e body of r e l a t e d e x p e r i m e n t a l d a t a , w i t h o u t 
use of any f r e e p a r a m e t e r . The s i g n i f i c a n c e of t h i s a s p e c t i s 
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p o i n t e d o u t by the r a t h e r extended range o f the v a l u e s t aken by 
t he f r e e parameter K o f t h e exc i t ' on p r e - e q u i l i b r i u m model i n 
var i ou s stud i es [ 3 2 ] . 

The i n c l u s i o n o f t h e a n g u l a r momentum and p a r i t y c o n s e r -
v a t i o n i n t h e GDH model has a l l o w e d t h e c o n s i s t e n t c o n n e c t i o n o f 
t h i s model w i t h the Hau ser -Fe shbac h s t a t i s t i c a l mode l . Moreove r , 
i t a l l o w s t h e s tudy o f the p r e - e q u i l i b r i u m em iss i on p rocess w i t h 
r e f e r e n c e to t h e p o p u l a t e d s t a t e s . Thus, an enhanced D r e - e q u i l i -
br ium e m i s s i o n f rom the h ighe r s p i n c o m p o s i t e system s t a t e s has 
been e v i d e n c e d . The e f f e c t is more. pronounced f o r h igher asym-
m e t r y parameter v a l u e s and h i g h e r e x c i t a t i o n e n e r g i e s . C o n c l u s i -
v e l y , t h i s e m i s s i o n i s a s s o c i a t e d w i t h the h i g h e r i ncoming o r b i t a l 
momenta and , t h e r e f o r e , w i t h p redominan t s u r f a c e r e a c t i o n s . From 
the c a l c u l a t i o n o f t he r e s i ' i u a l n u c l e i l e v e l p o p u l a t i o n s r e s u l t s 
t h a t h ighe r o r b i t a l -momenta a r e 5.1 so i n v o l v e d i n t he emergent 
channe ls o f t h i s p r o c e s s . T h i s remark i s w e l l c o r r e l a t e d w i t h 
t h e hard e x p e r i m e n t a l p r e - e q u i l i b r i u m e m i s s i o n s p e c t r a . 

Whi le the a n a l y s i s o f t he c h a r g e d - p a r t i c 1 e s p e c t r a have 
v a l i d a t e d t he g e n e r a l i z e d GDH model , compar i sons o f t h e e x p e r i m e n t a l 
and c a l c u l a t e d ( n , p) and ( n , 2n) r e a c t i o n e x c i t a t i o n f u n c t i o n s 
a l l o w the e s t a b l i s h m e n t o f the t r a n s i t i o n energy range l i m i t s cha -
r a c t e r i z i n g the use o f a s e m i - e m p i r i c a l l e v e l d e n s i t y model a t 
medium e x c i t a t i o n e n e r g i e s and of a r e a l i s t i c one a t h i g h e r e x c i -
t a t i o n s . F o l l o w i n g a n a l y s e s o f Fe, Cr and Ni da ta the t r a n s i t i o n 
range =10 - =35 MeV i s o b t a i n e d . 

Achnowledgements are made to Dr. G.Semenescu for stimu-
lating discussions on non-equilibrium processes. This work has been 
carried out under the contract ©3-84-34 with the State Cojaaittee for Nuclear 
Energy, Bucharest, and under the research contract 3802/R2/RB 
between IPNE and International Atomic Energy Agency, Vienna. 
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